
ErbB4 localization to cardiac myocyte nuclei, and its role in
myocyte DNA damage response

Basak Icli*, Ajit Bharti†, Laura Pentassuglia¶, Xuyang Peng¶, and Douglas B. Sawyer¶,‡

*Brigham and Women’s Hospital, Harvard Medical School, Department of Medicine, Boston,
Massachusetts 02115
†Center of Molecular Stress Response Whitaker Cardiovascular Institute, Department of
Medicine, Boston University Medical Center, Boston, Massachusetts 02118
¶Department of Medicine, Vanderbilt University Medical Center, Nashville, TN

Abstract
The intracellular domain of ErbB4 receptor tyrosine kinase is known to translocate to the nucleus
of cells where it can regulate p53 transcriptional activity. The purpose of this study was to
examine whether ErbB4 can localize to the nucleus of adult rat ventricular myocytes (ARVM),
and regulate p53 in these cells. We demonstrate that ErbB4 does locate to the nucleus of cardiac
myocytes as a full-length protein, although nuclear location occurs as a full-length protein that
does not require Protein Kinase C or γ-secretase activity. Consistent with this we found that only
the non-cleavable JM-b isoform of ErbB4 is expressed in ARVM. Doxorubicin was used to
examine ErbB4 role in regulation of a DNA damage response in ARVM. Doxorubicin induced
p53 and p21 was suppressed by treatment with AG1478, an EGFR and ErbB4 kinase inhibitor, or
suppression of ErbB4 expression with small interfering RNA. Thus ErbB4 localizes to the nucleus
as a full-length protein, and plays a role in the DNA damage response induced by doxorubicin in
cardiac myocytes.
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INTRODUCTION
ErbB4 is a member of the epidermal growth factor receptor (EGFR) family including
ErbB1/EGFR, ErbB2/HER2, ErbB3/HER3, and ErbB4. ErbB4 is expressed in many tissues
including heart, skeletal muscle, and epithelial cells [1] and has diverse function in part due
to alternative splicing (for review see [2]). Alternative splicing of ErbB4 at a cytoplasmic
site results in the presence (CYT-1) or absence (CYT-2) of a PI-3-kinase interacting domain
that couples ErbB4 to prosurvival and metabolic pathways. This functions of ErbB4 in the
heart, including regulation cardiac development at the stage of trabeculation [3] and
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maintenance of cardiac function in the adult mouse [4], presumably involves CYT-1 ErbB4
given the critical role for signaling through PI-3-kinase in response to the ligand
Neuregulin-1β (Nrg-1β) [5; 6].

A juxtamembrane (JM) splice site leads to JM-a and JM-b ErbB4 variants which can couple
this receptor to other pathways. TACE (tumor necrosis factor- alpha converting enzyme) and
γ-secretase both cleave ErbB4 JM-a in response to protein kinase C (PKC) activation
through phorbol esters, generating a 120kDa receptor extracellular domain and a soluble
80kDa (s80) fragment [7; 8; 9]. The s80 fragment can translocate to the nucleus where it has
pro-apoptotic activity involving the Mdm2-p53 dependent pathway [8; 10; 11; 12]. Nrg-1β
is also known to stimulate the cleavage and nuclear translocation of s80 ErbB4 in some cell
types [13]. Previous expression profiling work suggested the absence of JM-a isoform
expression in the heart [7]. However immunolocalization studies in our laboratory suggested
that ErbB4 can be found in the nucleus of cardiac myocytes. The purpose of this study was
to examine in what form ErbB4 can locate to cardiac myocyte nuclei, and examine whether
ErbB4 regulates DNA damage responses in these cells.

METHODS
Primary Culture of Ventricular Myocytes

ARVMs were isolated as previously reported [14; 15]. ARVMs were plated at densities of
80–150 myocytes/mm2 and maintained with Dulbecco’s modified Eagle Medium
supplemented with 7% fetal calf serum (Gibco) for 7 to 10 days before serum starvation.

Immunohistochemistry
ARVMs were fixed with 4% paraformaldehyde for 15 min and permeabilized in 0.2%
Triton X-100 for 5 min. Adult C57 BL6 mice hearts were embedded in O.C.T. medium
(Tissue-Tek), and 5 µM sections were prepared with a cryotome. Nonspecific binding was
blocked with 5% Bovine serum albumin in PBS for 1 h, and coverslips were incubated
overnight with anti-ErbB4 (Upstate Cell Signaling). A secondary antibody conjugated with
FITC and TXRD-conjugated phalloidin (Molecular Probe) was added for 1 hr. Coverslips
were mounted using Vectashield (Vector laboratories). TO-PRO-3 staining (Molecular
Probes) or DAPI (Vector laboratories) were used according to manufacturers instructions for
nuclear staining. Images were generated with FV100 or LSM510 confocal microscope
(CIRC, Vanderbilt University).

ErbB4 isoform identification by RT-PCR/plasmid cloning strategy
A cDNA pool was generated by reverse transcriptase (SuperScript First Strand Synthesis
System, Gibco BRL) with oligo(dT) priming of total RNA isolated from ARVM primary
cultures grown to confluence over 7–10 days. The cDNA underwent PCR amplification with
primer sets designed from known rat exon sequences to a common upstream sequence
targeting the juxtamembrane domain and a downstream sequence (see Table 1 for primer
sequences). The PCR products were TA-cloned into the pCR 2.1-TOPO vector. Colonies
were screened by PCR using primer pairs for each isoform, and sequences were confirmed
at the Boston University Medical Center Gencore Sequencing Facility (ABI 377–96).

Western Blot Analysis and Cellular Fractionation
For total protein isolation, cells were lysed in a modified RIPA buffer containing 1%NP-40
(Calbiochem), 0.25% deoxycholic acid, 50mM Tris-HCl (pH 7.4), 1mM EDTA, 150 mM
NaCl, protease inhibitor cocktail (Roche). Protein concentrations were quantified with
Bradford Reagent (Bio-Rad). 20–50ug of sample was run on a Tris-HCl ready gel (Bio-
Rad), and transferred to a PVDF membrane (BioRad). Antibodies for actin (Sigma), ErbB4
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(sc283, Santa Cruz), p53 Ab-1 (Calbiochem, #OP03T), bax Ab-5 (Neomarkers #MS1335),
mdm2 (Santa Cruz, #sc965), p21WAF1/CIP1 (Santa Cruz), tubulin (Santa Cruz),
topoisomerase (BD Bioscience), p53 phospho-serine 15 (Cell Signaling), Mdm2 serine 166
(Cell Signaling) were used for immunoblots using dilutions and blocking conditions as
recommended by the supplier.

To obtain nuclear and cytoplasmic fractions, cells were lysed in homogenization buffer (10
mM HEPES pH 7.2, 10mM MgCl2, 24 mM KCl, protease inhibitor cocktail (Roche), 0.2%
NP40 (Calbiochem)) and centrifuged (2600 rpm for 10 min). The supernatant was saved as
the cytoplasmic fraction; the nuclear pellet was washed and resuspended in homogenization
buffer, loaded on 1M sucrose solution and centrifuged (2600 rpm for 15 min). The pellet
was resuspended in nuclear extraction buffer (50mM Hepes, 50mM KCl, 300mM NaCl,
10% glycerol plus inhibitors as above). Both the cytoplasmic and the nuclear fractions were
then centrifuged (13,000 rpm for 10 min), and the pellet was discarded.

ErbB4 siRNA treatment
ErbB4 siRNA (Xeragon Oligoribonucleotides) was designed to target a common sequence
present in all ErbB4 isoforms. Cell were serum starved for 24 hrs followed by RNA
transfection (Qiagen TransMessenger Transfection Reagent) with either double-stranded
randomly generated control siRNA (uucuccgaacgugucacgu) or ErbB4 siRNA
(cgggaaucucaucuuucuu). Cells were lysed 90–96 hrs post-transfection and analyzed for
ErbB4 expression by Western blot.

RESULTS
ErbB4 is present in the nucleus of cardiac myocytes as a full-length protein

We examined the cellular localization of ErbB4 in heart tissue and in cultured cardiac
myocytes by immunostaining and cell fractionation. In the intact heart, ErbB4 was localized
primarily in cellular membrane of myocytes with pronounced staining at the intercalated
disk (Fig 1A, B). Low levels of nuclear ErbB4 staining was also apparent in some myocyte
nuclei. Nuclear ErbB4 staining was present in all cardiac myocytes immediately after
isolation (Fig 1C), and increased further when myocytes were kept in culture (Fig 1D).
ErbB4 nuclear staining was confirmed in these cells using a second polyclonal C-terminal
anti-erbB4 antibody that gave identical pattern of localization (data not shown).

We examined whether ErbB4 localizes to cardiac myocyte nuclei via a PKC/γ-secretase
pathway as occurs in other cell types [11]. ARVMs were treated for 30 with PMA, and
western blots were performed in total cell lysates (Fig 1E) as well as nuclear and
cytoplasmic fractions (Fig 1F). In MCF7 cells PMA treatment results in a decrease in full-
length ErbB4 with increased expression of an ~80 kDa protein, consistent with γ-secretase
dependent ErbB4 cleavage. In contrast, we did not observe the 80 kDa cleavage product in
ARVMs, and treatment with phorbol-12-myristate-13-acetate (PMA) did not decrease
expression of full length ErbB4. In fact we found that PMA induced an increase in the
expression of ErbB4 (Fig 1E). ErbB4 was present in nuclear fractions as a ~185 kDa protein
consistent with full-length ErbB4, and this did not change after PMA treatment (Fig 1F).
Treatment of ARVM with the γ-secretase inhibitor Compound E also did not change nuclear
localization of ErbB4 (data not shown). Thus it appears that nuclear ErbB4 is not a result of
γ-secretase-dependent cleavage of ErbB4 in ARVM.

To determine whether the γ-secretase cleavable JM-a isoform of ErbB4 is expressed in
ARVM, we assessed the relative expression of ErbB4 isoforms in ARVMs by cloning
ErbB4 from ARVMs. We amplified all ErbB4 variants expressed in ARVM as described in
methods, and screened clones for specific CYT-1/2, JM-a/b isoform expression. We
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detected both known cytoplasmic variants CYT-1 and CYT-2 in ARVMs, with CYT-1
isoform appearing more often than CYT-2 (ratio of 4:1). In contrast, 25 of 25 clones
screened were JM-b isoform. Thus we conclude that in ARVMs full-length JM-b ErbB4 is
able to localize to the nucleus.

Doxorubicin induces a DNA damage response involving p53 and p21/WAF1/CIP1
ErbB4 can regulate transcriptional activity of p53 [10; 16]. To examine whether ErbB4 can
play a similar role in myocytes we characterized myocyte response to doxorubicin, an
inducer of DNA damage and p53 activation. Doxorubicin treatment increased H2A.X
phosphorylation at serine 139 (Fig 2A), a marker of DNA damage [17; 18]. Doxorubicin
treatment also induced p53 phosphorylation at serine 15 (Fig 2B), a site known to cause p53
stabilization and increased activity [19; 20; 21; 22; 23; 24]. While doxorubicin treatment
increased expression of p53, there was no change in the expression of bax, and a variable
change in expression of p21WAF1/CIP1 at 24 h (compare Fig 2C and 4A). Treatment with
Nrg-1β had no effect on expression of any of these proteins under these conditions.

Mdm2 is an E3 ubiquitin ligase that induces the degradation of p53 (and itself) [25] thereby
negatively regulating p53 [26]. Phosphorylation of Mdm2 at serine 166 can enhance its
ubiquitin ligase activity [13; 27]. There was no effect of doxorubicin on Mdm2
phosphorylation until late (24h) after treatment (Fig 2D). Thus doxorubicin increases p53
expression early, as well as activates counter-regulatory pathways that lead to p53
degradation at later time points.

Role of ErbB4 and its kinase activity in the doxorubicin DNA damage response
Following doxorubicin (1µM) treatment for 24 hrs, we observed a decrease in total as well
as nuclear ErbB4 levels compared to the untreated control that was evident by
immunofluorescent staining as well as western blot (Fig 3). To examine the role of ErbB4 in
the regulation of p53 and p21WAF1/CIP1, we used tyrphostin AG1478, which we have
shown inhibits ErbB4 signaling in myocytes [5; 6]. AG1478 inhibited doxorubicin-induced
p53 and p21WAF1/CIP1 protein levels (Fig 4A). To confirm the role of ErbB4 in this
pathway, we used ErbB4 siRNA to suppress ErbB4 expression. SiRNA treatment led to
~50% suppression of ErbB4 expression (e.g. Fig 4B and 4D). In the presence of doxorubicin
and erbB4 siRNA, ErbB4 expression decreased ~90%, Treatment with ErbB4 siRNA
decreased doxorubicin-induced p53 and p21WAF1/CIP1 expression. Although we observed
lower actin levels when ARVMs were treated with ErbB4 siRNA and doxorubicin,
quantification of the signal intensity normalized to actin still showed ~80% inhibition of
p21WAF1/CIP. We observed no effect of inhibition of ErbB4 kinase activity or ErbB4
siRNA on phospho-Ser15 p53 (Fig 4C and 4D). Thus ErbB4 in ARVMs appears to play a
role in regulating p53 accumulation and activity in response to doxorubicin.

DISCUSSION
ErbB4 is required for cardiac development and mediates a number of adaptive responses in
cardiac myocytes when activated by ligands such as Nrg-1β [3; 5; 6; 28; 29]. In this study
we demonstrate that ErbB4 localizes to the nucleus in cardiac myocytes, and plays a role in
regulating p53 activity in response to DNA damage. While these findings are conceptually
similar to what has been described for ErbB4 in cancer cells [10], the molecular details are
quite distinct.

Previous studies have shown that the JM-a isoform of ErbB4 can be cleaved by the action of
TACE, a disintegrin and metalloprotease (ADAM) family protease and γ-secretase [7; 30],
and the soluble 80 kD cytoplasmic domain of ErbB4 translocates into the nucleus [8; 11;
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31]. We did not find expression of JM-a ErbB4 mRNA in ARVMs, confirming prior
expression profiling [7]. Moreover, ErbB4 protein nuclear localization was not sensitive to
treatment with PKC inhibitors of γ-secretase. Rather nuclear ErbB4 in cardiac myocytes
appears to be full-length ErbB4. This is similar to other receptor tyrosine kinases that
localize to the nucleus as full-length proteins, i.e. EGF receptor and FGF (fibroblast growth
factor) receptors [32].

Nuclear ErbB4 increased upon isolation of cardiac myocytes compared to the intact rodent
heart. The marked increase in nuclear ErbB4 in ARVM with cell isolation suggests that this
may be an indicator of cell stress as has been observed for other receptor tyrosine kinases. In
liver tissue, for example, a very low fraction of cells demonstrate EGFR staining in the
nucleus at baseline, with a marked increase after liver injury [33]. Similarly ionizing
radiation, oxidative stress, and heat all stimulate nuclear localization of full-length EGFR in
an epithelial cancer cell line where it regulates the DNA damage response [34; 35].

The cellular mechanisms for nuclear translocation of full-length type I transmembrane
proteins are still unclear. Nuclear EGFR appears to be derived from perinuclear EGFR, and
not from the plasma membrane. Alternatively, ErbB4 has been observed to internalize in
neuronal cells via an endocytosis related pathway after Nrg stimulation [36]. Similarly
ErbB2 is also known to be internalized into an endosomal compartment that results in
transfer of the receptor from an early-endosomal compartment into the nucleus [37].
Chaperone proteins such as importin beta1, Sec61β a member of the Sec61 translocon, and
Nup358 can bind to the receptor tyrosine kinases, assisting endocytosis and/or nuclear entry
[37; 38]. Further work is necessary to fully understand the mechanisms for ErbB4 nuclear
localization in cardiac myocytes.

Prior work has demonstrated the role of ErbB4 in transmitting signals that regulated
myocyte survival, growth, glucose uptake and formation of focal adhesions (for review see
[39]). The present results suggest a more complicated description of ErbB4, coupling
extracellular signals for tissue growth and metabolism under favorable conditions, and DNA
repair, cell-cycle arrest and/or suppression of growth under conditions of cellular or tissue
stress. For example, recent studies suggest potential roles of p21WAF1/CIP1 that are
independent of its function in cell cycle regulation [40], including actin cytoskeleton
organization [41; 42; 43]. Thus ErbB4 dependent p53 activity may serve to regulate
myocyte cytoarchitecture and/or growth via regulation of this and/or other pathways.

Highlights

ErbB4 localizes to cardiac myocyte nuclei as a full-length receptor

Cardiac myocytes express predominantly JM-a/CYT-1 ErbB4

Myocyte p53 activation in response to doxorubicin requires ErbB4 activity
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Figure 1. ErbB4 cellular localization and processing
Cross-section of mouse heart (A&B) or short term (C) or long term cultured ARVMs (D)
were immunostained for ErbB4 (green), actin was stained with phalloidin (red) and
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visualized by confocal microscopy. TO-PRO-3 or DAPI was used for nuclear staining
(blue). Controls lacking primary anti-ErbB4 antibody showed minimal background staining
(data not shown). The bar represents 20 µM. E) ARVM or MCF7 cells were serum starved
overnight following PMA (10µM) treatment for 3 hours. Cells were lysed with TGH buffer
and lysates were analyzed by immunoblot. For cellular fractionation (F) cells were lysed and
separated into nuclear and cytoplasmic fractions. Tubulin (cytoplasmic) and
topoisomerase-1 (nuclear) antibodies were used to assess the purity of fractions.
Photomicrographs and blots are representative of at least three independent experiments.
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Figure 2. Doxorubicin induces a DNA damage in ARVMs
Confocal microscopy images were taken of ARVMs maintained in the absence or presence
of doxorubicin (Doxo) for 24 hours. Cells were fixed and stained with anti-phospho Ser139
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H2A.X antibody (blue) (A). No staining was seen in the absence of primary antibody (data
not shown). ARVMs were serum starved for 24 hrs followed by treatment with doxorubicin
(1µM) for indicated durations (B, D) or 30 min with doxorubicin or Neuregulin-1β (Nrg-1β)
at the indicated concentrations (C). Cells were lysed in modified RIPA buffer and subjected
to Western blot analysis to assess p53 phospho-Ser 15, p53, Bax, p21WAF1/CIP1, Mdm2
phospho-Ser166, Mdm2 and actin contents. Photomicrographs and blots are representative
of at least three independent experiments.
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Figure 3. Doxorubicin decreased full length nuclear ErbB4 levels
A) Confocal microscopy images of ARVMs maintained in the absence or presence of
doxorubicin as described previously. Cells were fixed and stained with anti-ErbB4 antibody
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(green) (A) or phalloidin (red). Doxorubicin fluorescence was detected in the nucleus of
Doxorubicin treated myocytes (red). The bar represents 20 µm. B) Western blots of lysates
of similarly treated ARVM showed a decrease in the relative amount of ErbB4 in the nuclear
fraction. Tubulin (cytoplasmic) and Topoisomerase-1 (Topo-1, nuclear) antibodies were
used to check the cross-contamination between cytoplasmic and nuclear fractions.
Photomicrographs and blots are representative of at least three independent experiments.
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Figure 4. AG1478 and ErbB4 siRNA inhibited doxorubicin induced p53 and p21WAF1/CIP1
protein levels
Primary cultures of ARVMs serum starved for 24 hours were pretreated with AG1478 for
1hr followed by doxorubicin for 24 hrs at indicated concentrations (A, C). ARVMs were
transfected with ErbB4 (100 nM) siRNA for 96 hrs. During the last 24hrs of the siRNA
treatment, cells were treated with Doxorubicin (B, D). Cells were lysed in TGH buffer and
subjected to Western blot analysis. Immunoblot analyses were performed for ErbB4, p53,
p21WAF1/CIP1, p53 phospho-Ser 15 and actin expression as indicated. Blots are
representative of at least three independent experiments.
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Table 1

Primers for ErbB4 cloning1 and Juxtamembrane (JM) and Cytoplasmic (CYT) isoform detection2

Forward Primers: 5’-3’ Reverse Primers: 5’-3’

ErbB41 TGTCCTACAGGGAGCAAACA TGGGCATTCCTTGTTGTGTA

JM-a2 GCCTACAGGGAGCAAACAGT GCATGTTGTGGTAAAGTGGAA

JM-b2 ACCGGGACCTGACAACTGTA GGCCGATGCAGTCTTCAATA

CYT-12 GGACGCTGAGGAATATTTGG CCTCTGGTATGGTGCTGGTT

CYT-22 GGACGCTGAGGAATATTTGG CCTCTGGTATGGTGCTGGTT

1
Primers used for the cloning of 1454bp ErbB4.

2
Primers used for the screening of 167bp JM-a, 157bp JM-b, 221bp CYT-1 and 173bp CYT-2 isoforms.
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