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Abstract: We have shown that the receptor tyrosine kinase ErbB4 signals neuregulin1-stimulated proliferation of hu-
man cells. Some isoforms of ErbB4 are cleaved to release the soluble intracellular domain p80; however, the func-
tion of p80 in cell proliferation remained unclear. Here we propose the possibility for p80 as a negative feedback 
modulator of ErbB4-mediated cell proliferation. Cells exposed to lower doses of neuregulin1 displayed a stimulated 
proliferation and contained ErbB4 but barely p80. By contrast, cells exposed to its higher doses displayed a sup-
pressed proliferation and contained p80 but barely ErbB4. Analyses with cells overexpressing the p80 wild type and 
mutants indicated that nuclear p80 inhibits cell proliferation independently of the tyrosine kinase activity. A screen 
for a novel protein that interacts with p80 identified α-enolase, which is reported as a transcriptional inhibitor for 
the proliferation-associated c-myc gene. The c-myc mRNA expression was induced by lower doses of neuregulin1 
but was suppressed by its higher doses. Subcellular fractionation demonstrated the localization of not only p80 
and α-enolase but also the decrease of the functional c-myc amount in the nuclei of cells exposed to higher doses 
of neuregulin1. These results suggested that p80, which is generated from ErbB4 and translocates to the nuclei, 
interacts with α-enolase and inhibits neuregulin1-dependent ErbB4-mediated cell proliferation by impairing the c-
myc gene transcription.
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Introduction

Receptor tyrosine kinases of the ErbB family 
mediate cell proliferation, differentiation, 
migration, and survival [1]. Not only their dereg-
ulated expression but also mutation highly cor-
relates with human tumorigenesis [1]. The fam-
ily includes ErbB1 or epidermal growth factor 
(EGF) receptor, ErbB2, ErbB3, and ErbB4 [2-5]. 
Binding with the EGF family ligands induces the 
receptor dimerization and activation of the tyro-
sine kinase activity and then causes the tyro-
sine autophosphorylation and activation of 
intracellular signaling pathways that regulate 
gene transcription, resulting in physiological 
and pathological outcomes.

ErbB4 is activated by neuregulin (NRG) 1, a 
member of the neu differentiation factor (hereg-
ulin) or NRG subfamily, and then activates the 
downstream signaling pathways [6]. ErbB4 is 
widely expressed in human fetal and adult tis-
sues as well as in human breast, ovary, and 
lung cancers [7-9]. ErbB4 signaling is implicat-
ed in the development and homeostasis of the 
nervous system and the heart [10-12]. ErbB4 
can stimulate cell proliferation [13-17]. We have 
recently demonstrated in human cervical carci-
noma HeLa cells a novel ErbB4-mediated sig-
naling pathway that activates the rapid tran-
scription of c-fos gene, a proliferation-associated 
immediate early gene, through extracellular 
signal-regulated kinase and the transcription 
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factor serum response factor, and then stimu-
lates cell proliferation in response to NRG1 
[18].

Unlike other ErbB proteins, ErbB4 gene gener-
ates four isoforms by alternative mRNA splic-
ing. Two of the isoforms differ in the extracellu-
lar juxtamembrane region (JM-a and JM-b), and 
two in the intracellular cytoplasmic domain 
(CYT-1 and CYT-2) [19, 20]. The ErbB4 JM-a iso-
forms are cleaved within the extracellular juxta-
membrane region by tumor necrosis factor-α-
converting enzyme and sequentially within the 
intramembrane region by γ-secretase activity 
[21, 22], releasing the intracellular domain 
p80. It can translocate to the nuclei and inter-
act with several transcription factors, modulat-
ing their activity and then regulating the tran-
scription of target genes [23-29]. In addition, 
p80 has been shown to control astrogenesis in 
the developing brain [27] and proliferation and 
differentiation in the mammary epithelium [30]. 
Thus, p80 plays a role in a variety of biological 
processes through transcriptional events. 
Nevertheless, less is known about how nuclear 
p80 signaling regulates cellular functions 
including cell proliferation. In the present study, 
we found that the accumulation of p80 occurs 
in parallel with the suppression of cell prolifera-
tion in HeLa cells exposed to higher doses of 
NRG1. We also showed that the suppression of 
cell proliferation is caused by the overexpres-
sion of p80 in the nuclei in a manner that is not 
dependent on the tyrosine kinase activity. 
Moreover, we identified with co-immunoprecipi-
tation and proteomics α-enolase that interacts 
with p80 in the nuclei and suppresses the 
c-myc gene expression in a manner dependent 
on higher doses of NRG1. These data suggest a 
role of p80 in the autoregulation of ErbB4-
stimulated cell proliferation, and may provide a 
novel mechanism for the control of cellular 
functions by the signaling of an intracellular 
domain of a receptor tyrosine kinase in the 
nuclei.

Materials and methods

NRG1 and plasmids

Recombinant NRG1 protein was expressed in 
bacteria and purified [18]. The expression plas-
mids for p80 wild type and mutants were con-
structed [31]: p80, the wild type intracellular 
domain of the intact ErbB4 and no tags; NLS-

p80, a mutant introducing to p80 Flag and 
hemagglutinin (HA) tags and a nuclear localiza-
tion signal (NLS) amino-terminally in this order; 
NLS-p80 KD, the same mutant as NLS-p80 
except lacking the tyrosine kinase activity by 
substituting Lys of residue 751 to Arg.

Cell culture, transfection, and treatment with 
NRG1

HeLa cells were maintained in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% 
fetal bovine serum (FBS) at 37°C under an 
atmosphere of 5% CO2. Cells were plated at 
approx. 5000 cells/well onto 96-well plates, 1 
day later serum-starved for 8 h, and treated for 
24 h with or without various doses of NRG1, fol-
lowed by cell proliferation assay and Western 
blot analyses. For forced expression of the p80 
wild type and mutants, cells were seeded at 
50% confluency onto 24-well plates and at 
approx. 5000 cells/well onto 96-well plates, 
and 1 day later transfected with 0.4 and 0.1 μg 
of each of the expression plasmids and the 
empty vector (mock) in OPTI-MEM (Invitrogen) 
supplemented with 10% FBS using 1.25 and 
0.5 μl of FuGENE HD (Promega), respectively, 
according to the manufacturer’s protocol. The 
cells were cultured for 45 h after transfection, 
followed by cell proliferation assay, Western 
blot analyses, and immunofluorescence stain- 
ing.

Cell proliferation assay

The proliferation activity of cells was deter-
mined [21]. Briefly, cells were cultured in 100 
μl/well of the medium in a 96-well plate for the 
indicated periods after exposure to NRG1 and 
transfection with each of the expression plas-
mids, and incubated for further 2 h after 10 μl/
well of Cell Counting Kit-8 reagent (Dojindo) 
was added. The proliferation was determined 
by measuring the absorbance of 490 nm in 
each well using a micro-plate reader (Bio-Rad).

Subcellular fractionation

Confluent cells grown on 35-mm dishes were 
deprived of serum for 8 h, treated for 24 h with 
50 or 200 ng/ml NRG1, and then lyzed for 1 h 
on ice with 150 μl of cytoplasmic extraction 
buffer (CEB: 50 mM PIPES/KOH, pH 7.4, 50 mM 
KCl, 5 mM EGTA, 2 mM MgCl2, 0.1% Nonidet 
P-40, 1 mM phenylmethylsulfonyl fluoride 
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(PMSF), protease inhibitors (protease inhibitor 
cocktail, Roche), phosphatase inhibitors (Cal- 
biochem)) under occasional rotation. The 
extracts were collected and centrifuged at 
17900 g for 10 min at 4°C, and the superna-
tants were used as the cytoplasmic fraction. 
The nuclei leaving on the same dishes were 
extracted with 150 μl of SDS-PAGE sample buf-
fer (125 mM Tris/HCl, pH 6.8, 10% sucrose, 4% 
SDS, 0.08% bromophenol blue, 10% β- 
mercaptoethanol), and the extracts were used 
as the nuclear fraction. The cytoplasmic and 
nuclear fractions were added with equal vol-
umes of SDS-PAGE sample buffer and CEB, 
respectively, and then the same volumes of the 
mixtures were loaded onto SDS-PAGE gels, fol-
lowed by Western blot analyses.

Western blotting

For preparation of whole extracts, cells cultured 
in 96- and 24-well plates were lyzed with 10 
and 50 μl/well of SDS-PAGE sample buffer, 
respectively. The whole extracts and the sub-
cellular fractions described above (10 μl, each) 
were subjected to SDS-PAGE and transferred to 
polyvinylidene difluoride membranes (Immo- 
bilon-P Transfer Membrane, Millipore). After 
blocking with 5% non-fat milk or Blocking One-P 
(1:20) (Nacalai Tesque) in Tris-buffered saline 
containing 0.1% Tween-20, the membranes 
were probed with a primary antibody to ErbB4 
(1:1000) (Santa Cruz), phosphorylated tyrosine 
residues (4G10, 1:1000) (Upstate), α-enolase 
(1:1000) (Santa Cruz), calpain 1 (1:1000) 
(Sigma), histone H3 (1:3000) (Sigma), c-myc 
(1:1000) (Takara), or β-actin (1:3000) (Mi- 
llipore), detected with the appropriate second-
ary antibodies conjugated with horseradish 
peroxidase (GE Healthcare), and developed 
with an enhanced chemiluminescence system 
(ImmobilonTM Western Chemiluminescence 
HRP Substrate, Millipore).

Immunofluorescence

Cells grown on coverslips were fixed for 15 min 
at room temperature with 4% paraformalde-
hyde in phosphate-buffered saline (PBS), per-
meabilized for 10 min at room temperature 
with 0.2% Triton X-100 in PBS, and blocked for 
60 min at room temperature with 5% normal 
swine serum (Vector) in PBS containing 0.3% 
Triton X-100. The coverslips were incubated for 
1 h at room temperature with 2 μg/ml (diluted 

in PBS containing 0.3% Triton X-100) of the 
polyclonal rabbit antibody to ErbB4 or normal 
rabbit immunoglobulin (Dako) as the control. 
After washing with PBS extensively, the cover-
slips were incubated with for 1 h at room tem-
perature with a swine anti-rabbit immunoglobu-
lin antibody conjugated with fluorescein 
isothiocyanate (Dako) (1:500, diluted in PBS 
containing 0.3% Triton X-100). After washing 
with PBS, the coverslips were counterstained 
with 0.5 μg/ml 4’,6-diamidino-2-phenylindole 
(DAPI) and then observed for fluorescence 
under a microscope (BX60, Olympus).

Co-immunoprecipitation and proteomics

Immunoprecipitation was performed using FL- 
AG HA Tandem Affinity Purification Kit (Sigma) 
according to the manufacturer’s instructions. 
Extracts (approx. 4 mg of protein, each) were 
prepared from cells transfected with the 
expression plasmid for NLS-p80, the expres-
sion plasmid for NLS-p80 KD, or the empty vec-
tor (mock) by using RIPA buffer (50 mM Tris/
HCl, pH 8.0, 150 mM NaCl, 1% IGEPAL CA-630, 
0.5% sodium deoxycholate, 0.1% SDS) contain-
ing 1 mM PMSF, protease inhibitors, and phos-
phatase inhibitors, followed by centrifugation 
at 17900 g for 10 min at 4°C. The supernatants 
were precleared for 6 h at 4°C with protein 
G-sepharose beads (GE Healthcare) under con-
stant rotation, and incubated for 16 h at 4°C 
with anti-Flag M2 resin under constant rota-
tion. After centrifugation at 3000 g for 30 s at 
4°C, the immunoprecipitates were washed 
extensively. Coprecipitated proteins were elut-
ed from the immunoprecipitates with 150 ng/
μl of the Flag peptide, resolved on SDS-PAGE, 
and stained with Oriole Fluorescent Gel Stain 
(Bio-Rad), followed by proteomics. Proteins 
within the gel-excised bands were reduced, 
carboxyamido-methylated, and digested to 
peptides with trypsin. The resulting peptides 
were subjected to LC-MS/MS. Fragmentation 
data were used to search the National Center 
for Biotechnology Information database using 
the MASCOT search engine. Probability-based 
MASCOT scores were used to evaluate identifi-
cations of proteins. Only matches with p values 
< 0.05 for random occurrence were considered 
significant.

RT-PCR

Confluent cells grown on 35-mm dishes were 
deprived of serum for 8 h and treated for 24 h 
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with or without each of 50 and 200 ng/ml 
NRG1. Total RNA was extracted from the cells 
by using ISOGENE (Nippon Gene) and treated 
with RNase-free DNase I (Takara), and then 1 
μg of the total RNA was reverse-transcribed 
using random hexamers with a reverse tran-
scriptase Superscript III (Invitrogen). In all, 10% 
of the reaction mixture was subjected as the 
template to PCR with Ex Taq DNA polymerase 
(Takara) as follows: for 35 cycles at 95°C for 30 
s, at 62°C for 30 s, and at 72°C for 30 s using 
forward and reverse primers 5’-TCC AGC TTG 
TAC CTG GAG GAT CTG A-3’ and 5’-CCT CCA GCA 
GAA GGT GAT CCA GAC T-3’ for c-myc; for 30 
cycles at 95°C for 30 s, at 56°C for 30 s, and at 
72°C for 30 s using forward and reverse prim-
ers 5’-GTC AGT GGT GGA CCT GAC CT-3’ and 
5’-TGA GCT TGA CAA AGT GGT CG-3’ for glycer-
aldehyde 3-phosphate dehydrogenase (GAP- 
DH). The PCR products were separated by 1% 
agarose gel electrophoresis and detected by 
ethidium bromide staining.

Statistics

Data were presented as the mean ± S.E. For 
statistical comparison, Student’s t-test was 
used. P values < 0.05 were considered to be 
statistically significant.

Others

Protein concentrations were estimated by 
Coomassie dye binding (Bio-Rad) using bovine 
serum albumin as a standard. For some experi-
ments, signals detected in the Western blotting 
and RT-PCR were quantified by densitometry 
using the Image-J software that had been devel-
oped by National Institutes of Health.

Results and discussion

The presence of ErbB4 or p80 confers a posi-
tive or negative response of cell proliferation 
to NRG1

We and others have previously shown that 
ErbB4 mediates NRG1-stimulated cell prolifera-
tion [13-18]. To further clarify the dose response 
of cell proliferation to NRG1, HeLa cells were 
cultured with various doses of NRG1 and then 
the cell proliferation was determined (Figure 
1A). We found that ErbB4-mediated cell prolif-
eration was stimulated by lower doses of NRG1 
but was inhibited by its higher doses, consis-
tent with our previous data [18]. To dissolve the 
reason, we examined changes in the endoge-
nous ErbB4 expression and p80 amount to the 
various doses of NRG1 (Figure 1B). Both ErbB4 
and p80 can be detected with the antibody 
used here because it recognizes the carboxyl-
terminal region of ErbB4. At the lower doses 
exhibiting an enhanced proliferation, ErbB4, 
but no p80, was detected. By contrast, at the 
higher doses exhibiting a suppressed prolifera-
tion, the ErbB4 expression decreased but the 
p80 amount increased. Thus, the presence of 
ErbB4 and p80 is associated with the stimula-
tion and suppression of cell proliferation, 
respectively. Cleavable isoforms of ErbB4 may 
be expressed in the plasma membrane of HeLa 
cells and stimulate NRG1-dependent cell prolif-
eration by activating a downstream signaling 
pathway [18]. On the other hand, p80 may be 
released from cleavable isoforms of ErbB4 and 
accumulate within cells under pathophysiologi-
cal conditions such as the actions of higher 
doses and prolonged periods of NRG1 that 

Figure 1. Dose responses of cell proliferation and 
the ErbB4 and p80 amounts to NRG1. A: Cells were 
deprived of serum for 8 h and treated for 24 h with-
out (0) or with the indicated doses of NRG1, followed 
by cell proliferation assay. Data are presented as 
mean ± S.E. (fold of control) of relative values nor-
malized to the mean value of control cells cultured 
without NRG1, obtained from three independent 
experiments. a and b, p < 0.05 vs control cells and 
cells treated with 50 ng/ml NRG1, respectively. B: 
The same cells used for cell proliferation assay were 
analyzed by Western blotting for endogenous ErbB4, 
p80, and β-actin as the loading control.
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leads to the excessive activation of ErbB4, 
resulting in the suppression of NRG1-dependent 
cell proliferation.

Nuclear p80 abrogates cell proliferation inde-
pendently of the tyrosine kinase activity

Next we tested whether and where p80 sup-
presses cell proliferation. Because p80 is 
reported to be localized both in the cytoplasm 
and in the nuclei [32], we transfected cells with 
each of the expression plasmids for p80, NLS-
p80, and NLS-p80 KD (Figure 2A), and exam-
ined their tyrosine autophosphorylation (Figure 
2B), subcellular localization (Figure 2C), and 
effects on cell proliferation (Figure 2D). Normal 
proliferation was observed in the control cells 
(mock), where endogenous p80 expression and 
autophosphorylation were undetectable. Com- 
pared to in the control cells, proliferation was 
drastically suppressed in cells overexpressing 

p80, where it underwent autophosphorylation 
and was localized both in the cytoplasm and in 
the nuclei. Similarly, in cells overexpressing 
NLS-p80, where it underwent autophosphory-
lation and was localized only in the nuclei, pro-
liferation was suppressed. Strikingly, in cells 
overexpressing NLS-p80 KD, where it did not 
undergo autophosphorylation and was local-
ized in the nuclei, proliferation was suppressed. 
These results suggested that nuclear p80 is 
responsible for the suppression of cell prolifer-
ation in a manner independent of the tyrosine 
kinase activity. The activity is required for 
ErbB4 signaling via the intracellular pathways, 
but not probably required for p80 signaling, 
which is consistent with the previous report 
[26], eliminating the possibility that nuclear 
p80 regulates cell proliferation by phosphory-
lating and activating intracellular pathways. 
Moreover, cells overexpressing each of exoge-
nous p80 wild type and mutants led to a higher 

Figure 2. Effects of forced expression of the p80 wild type and mutants on their autophosphorylation and subcel-
lular localization and on cell proliferation. A: The schematic structures of p80, NLS-p80, and NLS-p80 KD. F, a Flag 
tag; H, a HA tag; N, a NLS; X, a point mutation substituting Lys of residue 751 to Arg; a dashed box, the tyrosine 
kinase region. B-D: Cells were transfected with each of the expression plasmids for p80, NLS-p80, and NLS-p80 
KD, or the empty vector (Mock), and analyzed by Western blotting for p80, phosphorylated tyrosine residues (pTyr), 
and β-actin (B), by immunofluorescence staining for p80 (green) (C), and by cell proliferation assay (D). C: Cells were 
incubated with an antibody against ErbB4 or normal rabbit immunoglobulin (NRI), and counterstained with DAPI 
(blue). D: Data are presented as mean ± S.E. (fold of control) of relative values normalized to the mean value of the 
control cells, obtained from three independent experiments. a, p < 0.01.
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level of p80 abundance and a more potent inhi-
bition of proliferation than cells accumulating 
endogenous p80 upon higher doses of NRG1 

(Figures 1A and 2D), implicating a large amount 
of p80 in the effective suppression of cell pro-
liferation (Figures 1B and 2B).

Figure 3. Identification and subcellular distribution of α-enolase as a novel p80-binding protein. A: Cells were trans-
fected with each of the expression plasmids for NLS-p80 and NLS-p80 KD, or the empty vector (Mock), and sub-
jected to immunoprecipitation with p80. Coimmunoprecipitates were loaded onto SDS-PAGE gels and stained by 
Oriole Fluorescent Gel Stain, followed by proteomics. Proteins detected in both of the cells overexpressing NLS-p80 
or NLS-p80 KD but not in the control cells are indicated by arrows; proteins detected more strongly in both of the 
cells overexpressing NLS-p80 or NLS-p80 KD than in the control cells are indicated by arrowheads; NLS-p80 and 
NLS-p80 KD are indicated by parentheses. A protein of the band No. 4, indicated by an arrowhead, is α-enolase. B 
and C: Total RNA was extracted from cells treated for 24 h without (0) or with each of 50 and 200 ng/ml NRG1 and 
analyzed by RT-PCR for c-myc (338 bp) and GAPDH (212 bp) as the internal control. Results were representative 
of three independent experiments (B) and quantified by densitometry as a fold (mean ± S.E.) of c-myc expression, 
normalized to GAPDH expression, in cells treated with NRG1, relative to c-myc expression in untreated cells (C). D 
and E: Whole extracts (W) and the cytoplasmic (C) and nuclear (N) fractions were prepared from cells treated for 24 
h with 50 or 200 ng/ml NRG1 and analyzed by Western blotting for the indicated proteins. For c-myc, the alternative 
translation initiations from an upstream, in-frame non-AUG (CUG) and a downstream AUG start site result in the pro-
duction of two isoforms with distinct amino-termini (67 and 64 kDa) [41]. Results were representative of three inde-
pendent experiments (D) and quantified by densitometry as a percentage (mean ± S.E.) of c-myc amounts (the sum 
of the 67-kDa and 64-kDa protein), normalized to histone H3 amounts, in the nuclear fraction derived from cells 
treated with NRG1, relative to c-myc amounts in the nuclear fraction derived from untreated cells (E). *, p < 0.05.
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Nuclear p80 regulation of α-enolase function 
represses the c-myc gene expression

To determine how nuclear p80 suppresses cell 
proliferation, we performed co-immunoprecipi-
tation separately from each of cells overex-
pressing the two p80 mutants and then pro-
teomics for proteins that interact with nuclear 
p80 (Figure 3A). Compared with the control 
cells (mock), some proteins were identified 
commonly in co-immunoprecipitates from each 
of the transfectants, and we investigated 
α-enolase, which is indicated by an arrowhead 
of No. 4 shown in Figure 3A. α-enolase (47 
kDa), also called enolase 1, is well known as a 
glycolytic enzyme resided in the cytosol, but, 
interestingly, as well as its alternative transla-
tion product c-myc-binding protein-1 (37 kDa) 
corresponding to the carboxyl-terminal region, 
is reported as a transcriptional inhibitor resided 
in the nuclei for c-myc gene, an immediate early 
gene [33-36]. This gene encodes a transcrip-
tion factor that regulates transcription of target 
genes and plays a role in cell proliferation and 
transformation [37]. Because α-enolase may 
thus exert transcriptional inhibition of cell pro-
liferation-associated c-myc gene, we proposed 
a hypothesis that the interaction between p80 
and α-enolase in the nuclei causes the inhibi-
tion of ErbB4-stimulated cell proliferation by 
repressing the c-myc gene transcription.

To test this hypothesis, we examined the 
expression of c-myc mRNA in cells exposed to 
lower or higher doses of NRG1 (Figure 3B and 
3C). Treatment with lower doses of NRG1 stim-
ulated cell proliferation and did not produce 
p80 whereas treatment with its higher doses 
suppressed cell proliferation and produced 
p80 (Figure 1). Compared to in cells cultured 
without NRG1 (control), the c-myc mRNA 
expression was enhanced in cells exposed to a 
lower dose (50 ng/ml) of NRG1. By contrast, 
the c-myc mRNA expression in cells exposed to 
a higher dose (200 ng/ml) of NRG1 was attenu-
ated to that in the control cells. The differential 
responses of the c-myc mRNA expression to 
NRG1 were consistent with those of p80 accu-
mulation and cell proliferation (Figure 1). 
Accordingly, to clarify whether the decrease of 
c-myc mRNA results in the decrease of the 
functional protein that leads to the decrease of 
cell proliferation, we fractionated cells exposed 
to lower or higher doses of NRG1 into the cyto-
plasmic fraction, including plasma membrane 
proteins, cytosol proteins, and organelle pro-

teins, and the nuclear fraction, and examined 
the subcellular distribution of endogenous p80, 
α-enolase, and c-myc (Figure 3D and 3E). The 
subcellular fractionation was evaluated using 
calpain 1 as a cytoplasmic marker [38] and his-
tone H3 as a nuclear marker [39]; β-actin was 
used as a loading control in the whole extracts 
[40] (Figure 3D). In cells exposed to a lower 
dose (50 ng/ml) of NRG1, ErbB4 was detected 
only in the cytoplasmic fraction, but no p80 
was detected in any fractions. By contrast, in 
cells exposed to a higher dose (200 ng/ml) of 
NRG1, ErbB4 was barely detected in any frac-
tions, but p80 was detected in both the cyto-
plasmic and nuclear fractions. These results 
suggested that endogenous ErbB4 is localized 
in the plasma membrane of intact cells, but fol-
lowing NRG1 stimulation of the cells p80 is 
released from ErbB4 and localized to both the 
cytoplasm and nuclei, consistent with subcel-
lular distribution of exogenous p80 (Figure 2C). 
On the other hand, strikingly, α-enolase and, 
expectedly, c-myc were exclusively detected in 
the nuclear fraction of cells exposed to the 
lower dose of NRG1. In response to the higher 
dose of NRG1, the amount of nuclear α-enolase 
was left unchanged whereas the amount of 
nuclear c-myc decreased. Therefore, the c-myc 
gene expression may be controlled by NRG1 at 
the transcriptional level. These results suggest-
ed that endogenous α-enolase and c-myc are 
predominantly localized in the nuclei of intact 
cells, but following NRG1 stimulation of the 
cells the activation of the α-enolase’s transcrip-
tion-inhibiting activity induces the suppression 
of the c-myc gene transcription, resulting in the 
decrease of c-myc protein. This decrease could 
be caused by the presence of both p80 and 
α-enolase within the nuclei, but not by the pres-
ence of α-enolase only, implying the recruit-
ment of α-enolase by p80 to the promoter 
region of c-myc gene to repress the α-enolase-
mediated c-myc gene transcription. Collectively, 
p80 may interact with α-enolase mainly within 
the nuclei in a manner dependent on higher 
doses of NRG1, downregulating the c-myc gene 
expression and thereby cell proliferation.

In conclusion, the current study reports a role 
of the soluble intracellular p80 in the regulation 
of cell proliferation and some features of the 
molecular mechanisms: p80 is produced from 
cleavable isoforms of ErbB4 and translocates 
to the nuclei in response to NRG1; the interac-
tion of p80 with α-enolase suppresses ErbB4-
stimulated cell proliferation through the 
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α-enolase-mediated repression of the c-myc 
gene expression. Thus, p80 may function as a 
transcriptional regulator together with α- 
enolase to control NRG1-dependent ErbB4-
mediated cell proliferation properly. Alternately, 
p80 may block cell proliferation and stimulate 
cell differentiation in response to NRG1, as 
supported by previous reports [29, 32]. This 
report might provide first evidence for the pres-
ence of a negative feedback regulation to pre-
vent cells from aberrant proliferation by the sig-
naling of an intracellular domain of a receptor 
tyrosine kinase.
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