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Abstract

ERBB4/HER4 (referred to here as ERBB4) is a unique
member of the epidermal growth factor receptor (EGFR)
family of receptor tyrosine kinases. In contrast to the other
three members of the EGFR family (i.e., EGFR, ERBB2/HER2/
NEU, and ERBB3), which are associated with aggressive
forms of human cancers, ERBB4 expression seems to be
selectively lost in tumors with aggressive phenotypes. Con-
sistent with this observation, we show that ERBB4 induces
apoptosis when reintroduced into breast cancer cell lines or
when endogenous ERBB4 is activated by a ligand. We further
show that ligand activation and subsequent proteolytic
processing of endogenous ERBB4 results in mitochondrial
accumulation of the ERBB4 intracellular domain (4ICD) and
cytochrome c¢ efflux, the essential and committed step of
mitochondrial regulated apoptosis. Our results indicate that
4ICD is functionally similar to BH3-only proteins, proapop-
totic members of the BCL-2 family required for initiation of
mitochondrial dysfunction through activation of the proa-
poptotic multi-BH domain proteins BAX/BAK. Similar to
other BH3-only proteins, 4ICD cell-killing activity requires an
intact BH3 domain and 4ICD interaction with the antiapop-
totic protein BCL-2, suppressed 4ICD-induced apoptosis.
Unique among BH3-only proteins, however, is the essential
requirement of BAK but not BAX to transmit the 4ICD apo-
ptotic signal. Clinically, cytosolic but not membrane ERBB4/
4ICD expression in primary human breast tumors was asso-
ciated with tumor apoptosis, providing a mechanistic
explanation for the loss of ERBB4 expression during tumor
progression. Thus, we propose that ligand-induced mito-
chondrial accumulation of 4ICD represents a unique mech-
anism of action for transmembrane receptors, directly
coupling a cell surface signal to the tumor cell mitochondrial
apoptotic pathway. (Cancer Res 2006; 66(12): 6412-20)
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Introduction

Regulation of cell death pathways represents an important
mechanism, whereby tumor cells gain a selective growth advantage
and evade therapeutic eradication. Death decisions within
mammalian cells are primarily regulated by the interplay between
proapoptotic and antiapoptotic members of the BCL-2 family (1).
In general, malignant cell survival is favored with enhanced protein
expression of antiapoptotic and oncogenic BCL-2 family members,
including BCL-2, BCL-XL, and MCL-1. These antiapoptotic proteins
have in common four conserved BCL-2 homology domains (BH1-
BH4). In contrast, the proapoptotic BCL-2 family members belong
to two distinct functional classes: the BH3-only and multi-BH
domain proteins. The BH3-only proteins, including BID, BIM, BIK,
HRK, NOXA, and PUMA, share a single BH3 domain that is
essential for cell-killing activity. They are activated in response to
diverse developmental and cell stress stimuli and converge their
apoptotic signal at the mitochondria or endoplasmic reticulum
through activation of the multi-BH domain proteins BAX and BAK.
Likewise, BAX and BAK require a BH3-only protein signal to
initiate mitochondrial membrane permeabilization and subsequent
cytochrome c efflux, the essential and committed step of the
intrinsic apoptotic pathway. Cytosolic cytochrome c activates a
cascade of potent cysteine proteases, referred to as caspases, which
degrade numerous substrates typical of apoptotic cells. Although
the BCL-2 family clearly influences tumorigenesis, the exact
molecular mechanisms that underlie the complex interplay
between BCL-2 family members and ultimately regulate mitochon-
drial dysfunction in tumor cells remain elusive.

Three members of the epidermal growth factor receptor (EGFR)
family, EGFR, ERBB2/HER-2/neu (referred to here as ERBB2), and
ERBBS3, are associated with mitogenic pathways directly contributing
to aggressive tumor phenotypes (2); however, the final member of
this family, ERBB4, suppresses tumor cell proliferation (3, 4), possibly
through modulation of cell death pathways (4). The influence of the
EGFR family on human cancer is most apparent in breast cancer
where ERBB2 is a key player during the progression of primary
tumors to widespread and often lethal metastatic disease (2). In
contrast, the levels of ERBB4 protein expression in breast cancer
inversely correlate with tumor grade (5, 6), disease recurrence (7),
and overall worsening patient prognosis (8, 9). Paradoxically, ERBB4
expression is essential for normal breast function (10, 11), prompting
us to investigate the molecular mechanisms underlying the loss of
ERBB4 expression during breast tumor progression. Consistent with
clinical observations, initial studies of ligand-activated ERBB4 in
breast cancer cell lines identified an antiproliferative function for
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ERBB4 (3), and our most recent findings suggest that ERBB4 induces
apoptosis when reintroduced into transformed cells (4).

In addition to its unique ability to suppress malignant cell
growth, ERBB4 is also the only EGFR family member to undergo
ligand induced proteolytic processing. Ligand activation of ERBB4
results in tumor necrosis factor-o converting enzyme (TACE)
cleavage and shedding of the 120-kDa receptor ectodomain,
whereas the 80-kDa intracellular domain remains tethered to the
cell membrane (12). Subsequent intramembrane cleavage by
presenilin-dependent vy-secretase activity results in release of the
ERBB4 intracellular domain (4ICD; refs. 4, 13, 14). Interestingly,
4ICD accumulates within several subcellular compartments,
including endosomes (15), the nucleus (16), and mitochondria
(4). A physiologic role for 4ICD has been identified in the nucleus
where 4ICD directly regulates gene expression (4, 16, 17) by
functioning as a nuclear chaperone for the transcription factor
signal transducers and activators of transcription 5A (STAT5A)
followed by 4ICD binding to DNA at STAT5A target promoters (16).
Although both ERBB4 transcriptional coregulation and cell-killing
activity require proteolytic processing at the cell surface to release
4ICD (4), the molecular mechanisms underlying ERBB4 apoptotic
activity remain to be established.

Here, we show that ligand activation and proteolytic processing
of ERBB4 in multiple breast cancer cell lines results in
mitochondrial accumulation of 4ICD, cytochrome c release from
permeabilized mitochondria, and apoptotic cell death. We further
show that 4ICD harbors a BH3 domain, which is essential for 4ICD
proapoptotic activity. Thus, 4ICD represents a novel BH3-only
protein member of the BCL-2 family, capable of directly coupling a
cell surface signal to mitochondrial dysfunction.

Materials and Methods

Plasmid constructs. Generation of the plasmids pERBB4-EGFP and
pERBB4KD-EGFP has been described elsewhere (16). The plasmid p4ICD-
EGFP expressing 4ICD (residues 673-1309) fused at the COOH terminus to
enhanced green fluorescent protein (EGFP) was created by replacing the
2.4-kb Sall-Bcll fragment from pBIERBB4 (16), with the Sall-Bcll digested
PCR product generated with the oligonucleotide primers 5-CCACGCGTC-
GACCCTGACATTTGCTGTT (nucleotides 2038-2052; NMO005235) and
5-GGATGGTTGGGCTCAGAC (nucleotides 2410-2392; pBMICD-Flag). The
2.9-kb Sall-Acll fragment of pERBB4-EGFP was replaced with the 0.8-kb
Sall-Acll fragment from pBI4ICD-Flag, and the resultant Sall-Sacl fragment
was replaced with the Kozak translational start sequence. The construct
p4HICDmuBH3-EGFP containing base substitutions L986A and D991A was
created by inserting the oligonucleotide linker 5-TCGAGACCCTCAAAGA-
TACCTAGTTATTCAGGGTGATGATCGTATGA (nucleotides 2967-3013) into
the corresponding Xhol-HindIIl sites of p4ICD-EGFP. The construct
p4ICDKD-EGFP was created by replacing the 0.6-kb Kpnl-Acll fragment
of p4ICD-EGFP with the same fragment from pERBB4KD-EGFP. The
construct pBM4ICDdelBH3-Flag with an in-frame deletion (residues 740-
1020) containing the putative BH3 domain was generated by collapsing the
Kpnl/Scal sites of pB4ICDFlag.

Cell lines. The cell line hTERT-HME was purchased from Clontech (Palo
Alto, CA), and the human breast cancer cell lines MDA-MB-231, MDA-MB-
361, T47D, MCF-7, and SKBr3 were purchased from the American Type Cell
Culture (Manassas, VA). All cell lines were maintained according to the
manufacturer’s recommendations. The MCF-7/BCL-2 cell line stably
overexpressing human BCL-2 has been described elsewhere (18). Generation
and growth conditions of the mouse embryonic fibroblast (MEF) cell lines
with deletions of BAX (BAX /™), BAK (BAK /"), or both (BAX/BAK /")
have been described elsewhere (19).

Apoptosis assays. Apoptosis was determined visually by examining cells
at 40 hours after transfection using an inverted Leica DMIRB fluorescent

microscope and calculating the percentage of EGFP-positive cells displaying
morphologic signs of apoptosis following 4’,6-diamidino-2-phenylindole
staining. All samples were prepared in duplicate, and each experiment was
repeated at least thrice. Significant differences between data sets was
determined using the paired Student’s ¢ test.

Apoptosis was also determined by Annexin V-APC/7-AAD (BD PharMin-
gen, San Diego, CA) staining of cells cotransfected with pEGFPN3 and
pLXSN, pLXSN-ERBB4, or pLXSN-ERBB4KD exactly as described by the
manufacturer. The level of apoptosis was determined by flow cytometry
analysis of EGFP-positive cells using a Becton Dickinson FACSCalibur. Data
was analyzed using CellQuest (Becton Dickinson, Mountain View, CA)
software according to the manufacturer’s instructions. All samples were
prepared in duplicate and each experiment was repeated at least thrice.
Significant differences between data sets was determined using the paired
Student’s ¢ test.

Apoptosis induced DNA fragmentation of heregulin 31 (R&D Systems,
Minneapolis, MN)-stimulated T47D cells was determined by terminal
deoxynucleotidyl transferase-mediated nick-end labeling (TUNEL) assay. In
these experiments, T47D cells were stimulated with 50 ng/mL of heregulin
1 for 24 or 48 hours, and DNA fragmentation was detected using ApopTag
Fluorescein In situ Apoptosis Detection kit (Chemicon) exactly as described
by the manufacturer. Where indicated, T47D cells were preincubated for
1 hour before heregulin Pl stimulation with 20 pmol/L of the broad
spectrum caspase inhibitor Z-VAD-FMK (zVAD; BD PharMingen).

Suppression of ERBB4 expression. To suppress expression of
endogenous ERBB4, T47D cells were transfected with erbB-4/HER-4 siRNA
SMARTpool or Nonspecific siRNA Negative Control Pool using silMPORTER
transfection reagent (Upstate Biotechnology, Lake Placid, NY) according to
the manufacturer’s instructions. Suppression of ERBB4 was confirmed by
Western blot analysis of total cell lysates as described previously (20) using
antibodies directed against ERBB4 (Santa Cruz Biotechnology, Santa Cruz,
CA) and a-tubulin (Upstate Biotechnology) as a loading control.

In vitro transcription/translation and pull-down assay. In vitro
transcription/translation was done with linearized pBluescript II SK,
pBHMICD-Flag, pBl4ICDdelBH3-Flag, or pcDNA-BCL-2 (generously supplied
by Stanley Korsmeyer, Harvard Medical School, Boston, MA) using the TnT
Quick Coupled Transcription/Translation System (Promega, Madison, WI)
supplemented with 20 pCi of Redivue L-[**S]methionine (Amersham,
Arlington Heights, IL) exactly as described by the manufacturer. The
pull-down assay was done using standard procedures with ANTI-FLAG
M2-Agarose (Sigma, St. Louis, MO) as the affinity reagent.

Mitochondrial staining in situ. Mitochondrial localization of ERBB4-
EGFP in transfected SKBr3 cells was visualized at 24 hours after
transfection by incubating transfected cells in growth media containing
250 nmol/L Mito Tracker Red (Molecular Probes, Eugene, OR) for 30
minutes at 37°C. Cells were fixed in 4% paraformaldehyde, counterstained
with Hoechst, and coverslipped with Prolong Antifade Media (Molecular
Probes). The slides were analyzed by deconvolution microscopy on a Leica
DMRXA automated upright epifluorescent microscope (Leica Microsystems,
Bannockburn, IL).

Subcellular fractionation. Subcellular fractions were prepared from ca.
3 x 10 cells using modifications of procedures described elsewhere (21, 22).
Cells were harvested by scraping and resuspended into 600 uL of hypotonic
RSB buffer [10 mmol/L Tris-HCl (pH 7.5), 10 mmol/L NaCl, 1.5 mmol/L
MgCl,, with Complete Protease Inhibitors (Roche Diagnostics, Indianapolis,
IN)] and incubated on ice for 20 minutes. Cells were disrupted with
25 strokes of a Dounce homogenizer fitted with a B pestle followed by
20 passages through a 27-gauge needle. A 25X MS buffer [12.5 mmol/L
Tris-HCI (pH 7.5), 525 mmol/L mannitol, 175 mmol/L sucrose, 2.5 mmol/L
EDTA (pH 7.5)] was added to the iso-osmotic concentration of 1X MS
(400 puL). Cell lysates were centrifuged at 1,300 X g for 6 minutes at 4°C. In
some experiments, this cleared lysate was processed, as described below, to
assay for BAK oligomerization. A crude mitochondria pellet was obtained
by centrifugation of the cleared lysate at 16,100 X g for 20 minutes at 4°C.
The supernatant was centrifuged at 100,000 X g for 1 hour at 4°C. The
supernatant from this spin was saved as the cytosolic fraction (Cyto), and
the pellet was dissolved in 200 UL of radioimmunoprecipitation assay buffer
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[10 mmol/L Tris (pH 8), 140 mmol/L NacCl, 1% sodium deoxycholate, 0.1%
SDS, 1% NP40] and saved as the endoplasmic reticulum/microsomal
fraction. The crude mitochondria pellet from above was resuspended in
1 mL of ice-cold 1X MS buffer, and mitochondria were purified at the
interface of a 1.0:1.5 mol/L sucrose step gradient by centrifugation in a
swinging bucket rotor at 60,000 X g for 1 hour at 4°C. The isolated
mitochondria were diluted to 0.25 mol/L sucrose by adding 4 volumes of
dilution buffer [5 mmol/L Tris-HCI (pH 7.5), 1 mmol/L EDTA (pH 7.5)] and
then pelleted by centrifugation at 16,100 X g for 20 minutes at 4°C. The
mitochondria pellet (Mito) was dissolved in 200 pL of RIPA buffer. Fifty
micrograms of total protein were separated by PAGE and analyzed by
Western blot using antibodies directed against ERBB4 (Santa Cruz
Biotechnology), BAX (Upstate Biotechnology), BAK (Upstate Biotechnology),
calnexin (Stressgen Bioreagents), cytochrome ¢ (BD Biosciences, San Jose,
CA), and TOM40 (Santa Cruz Biotechnology).

Assay for BAK oligomerization. The cleared cell lysate from above was
cross-linked with 1 mmol/L bismaleimidohexane (Pierce Chemical Co.,
Rockford, IL) for 30 minutes. The reaction was quenched by incubating
with 1 mmol/L B-mercaptoethanol for 15 minutes, and cross-linked mito-
chondria were pelleted by centrifugation at 16,100 X g for 20 minutes. BAK
oligomerization was analyzed by Western blot.

Western blot analysis of poly(ADP-ribose) polymerase cleavage.
Cleavage of the caspase-3 substrate poly(ADP-ribose) polymerase (PARP)
was examined in heregulin P1-stimulated T47D cells by Western blot
analysis. Briefly, T47D cells were mock stimulated or stimulated with 50 ng/
mL heregulin 1 for 12, 24, or 48 hours, and cell lysates were prepared in a
high salt extraction buffer [20 mmol/L HEPES (pH 7.9), 350 mmol/L NaCl,
1 mmol/L MgCl2, 0.1 mmol/L EDTA, 0.5 mmol/L DTT, 1% NP40, 20% glycerol,
and supplemented with 1 mmol/L phenylmethylsulfonyl fluoride, and
Complete Protease Inhibitor (Roche Diagnostics)]. Fifty micrograms of each
sample were separated by PAGE and analyzed by Western blot as described
elsewhere (20) using rabbit anti-PARP at 1:1,000 (Roche Diagnostics).

Tumor microarray construction. The tissue microarrays were
generated from retrospectively identified, archival formalin-fixed, paraffin-
embedded primary breast cancer cases diagnosed at the Glasgow Royal
Infirmary between 1984 and 1993. None of the patients in this sample set
received neoadjuvant therapy. Three 0.6-mm® cores of primary human
breast cancer tissue were removed from representative tumor areas on each
paraffin block identified by a pathologist. These cores were used to
construct tissue microarray blocks in triplicate (80-120 cores per block).
Cores of normal skin, smooth muscle, testes, lymph node, placenta, and
tonsil were also included in the tissue microarray as controls.

Immunohistologic and statistical analysis of primary human breast
tumors. Immunohistochemical staining for ERBB4/HER4 was done on
tissue microarray samples using an antibody directed against the ERBB4
COOH terminus (Neomarkers, Fremont, CA) exactly as described elsewhere
(9). The in situ TUNEL assay was done using the ApopTag Plus Peroxidase
In situ Apoptosis Detection kit (Chemicon International, Temecula, CA)
exactly as described by the manufacturer. Membrane or cytosolic ERBB4
staining and TUNEL staining was scored by first determining the intensity
of tumor cell staining on a scale of 1 to 4, with 4 being the most intense
staining. This number was multiplied by the percentage of tumor cells in
each tissue microarray exhibiting positive staining and then divided by 100.
Using this criteria, staining was recorded on a scale of 1 to 4 with 4 being
the most intense widespread staining (examples of TUNEL staining are
presented in Supplementary Fig. S1). Samples with staining of 3 to 4 were
considered to be unequivocal positives and used for statistical analysis. In
addition, all samples were examined by a total of four observers with a
consensus obtained on all staining of 3 to 4. Examples of apoptosis staining
from 1 to 4 are included as Supplementary Data.

Results

ERBB4 induces apoptosis of breast cancer cell lines. ERBB4
expression seems to be selectively lost as primary breast tumors
progress to a more aggressive phenotype (5, 6). In addition,
established human breast cancer cell lines either express low levels

of ERBB4 protein or fail to express ERBB4 altogether (23). We have
previously shown that reintroduction of ERBB4 into a breast cancer
cell line resulted in an antiproliferative response (3). To determine
the molecular mechanism underlying this apparent ERBB4-
mediated growth suppression, we determined the effect of ectopic
ERBB4 expression on the viability of multiple breast cancer cell
lines, each differing in their expression of the estrogen receptor, the
ERBB2 breast oncogene, or endogenous ERBB4. Reintroduction of
ERBB4 into each breast tumor cell line tested resulted in apoptotic
cell death of >60% of ERBB4-EGFP expressing cells (Fig. 14).
Estrogen receptor, ERBB2, or endogenous ERBB4 expression failed
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Figure 1. ERBB4 induces apoptosis of breast cancer cell lines. A, the
indicated cell lines were transfected with ERBB4-EGFP or pEGFPN3 vector
control. The expression of estrogen receptor (ER), ERBB2, and ERBB4 in each
cell line is indicated. The percentage of apoptotic EGFP positive cells was
determined by morphology and chromosomal condensation following 4,6-
diamidino-2-phenylindole staining at 40 hours after transfection. Columns, mean
of three experiments; bars, SE. B, Annexin V assay for apoptosis. The indicated
breast cancer cell lines were cotransfected with pPEGFPN3 and control,
ERBB4, or ERBB4KD expression vectors. The percentage of apoptotic
EGFP-positive cells was determined by flow cytometry analysis following
Annexin V/7-AAD staining at 40 hours after transfection. Columns, mean of three
experiments; bars, SE. The lower region of each column indicates percentage of
7-AAD-positive cells. *, significant differences in each data set as determined
by Student’s t test. C, ligand activation of endogenous ERBB4 results in
apoptosis. T47D breast cancer cells were stimulated with 50 ng/mL heregulin
B1 for 24 or 48 hours, and apoptosis was assayed by TUNEL. In some
experiments, cells were pretreated with zZVAD at 20 pmol/L for 1 hour before
addition of heregulin 31. To suppress ERBB4 expression, cells were pretreated
for 72 hours with erbB-4/HER-4 siRNA SMARTpool (ERBB4 RNAI) or
Nonspecific siRNA Negative Control Pool (Control RNAi), and TUNEL assay was
done after a 24-hour heregulin p1 stimulation. D, Western blot analysis showing
RNAi-mediated down-regulation of ERBB4. T47D cells were mock treated

or treated with control or ERBB4 RNAI for 80 hours, and 50 pg of total cell lysate
was analyzed by ERBB4 or a-tubulin Western blot.
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Figure 2. An intact BH3-domain is required for ERBB4 cell-killing activity. A, schematic of ERBB4 functional domains. The ERBB4 extracellular domain (4ECD)
consists of an NHo-terminal ligand-binding region composed of two cysteine-rich regions (cys1 and cys2). Proteolytic processing by tumor necrosis factor-a converting
enzyme (TACE) and vy-secretase results in membrane release of the ERBB4 intracellular domain (4ICD; residues 673-1309), which harbors a potential BH3 domain
(residues 986-992). B, alignment of the BH3 domains between ERBB4 and regulatory BCL-2 family members. BH3 domain consensus residues are stippled, and
residues altered in 4lICDmuBH3 are underlined. C, cell-killing activity of 4ICD requires an intact BH3 domain. SKBr3 cells were transfected with pEGFPN3 vector
control, ERBB4-EGFP, 4ICD (residues 673-1309) fused to EGFP (4ICD-EGFP), the same construct harboring mutations within the kinase domain (4ICDKD-EGFP) or
the BH3 domain (4ICDmuBH3-EGFP), and the percentage of apoptotic EGFP positive cells was determined at 40 hours after transfection by morphology and
chromosomal condensation following 4’,6-diamidino-2-phenylindole staining. Columns, mean of three experiments; bars, SE. *, sample significantly different from 4/CD
and 4ICDKD but not EGFP control as determined by paired Student’s ¢ test. Equivalent levels of ectopic ERBB4 and 4ICD expression was confirmed by Western blot

analysis (top) of 50 pg of total cell lysate.

to affect ERBB4 cell-killing activity. ERBB4 apoptotic activity was
substantiated by examining Annexin V binding to ERBB4-
transfected MCF-7 and SKBr3 breast cancer cell lines. Annexin V
binds to cell surface phosphatidyl serine, a specific marker for early
apoptosis. Ectopic expression of ERBB4, but not the ERBB4 kinase
mutant ERBB4KD, induced Annexin V binding to ~40% and 80%
of transfected SKBr3 and MCF-7 cells, respectively (Fig. 1B).

We next determined if ligand activation of endogenous ERBB4
induced breast tumor cell killing. Stimulation of the ERBB4
expressing T47D breast cancer cell line, a rare cell line that
overexpresses ERBB4, with the ERBB4 ligand heregulin p1
resulted in >20% of stimulated cells undergoing apoptosis after
24 hours with nearly 40% of the cells apoptotic following a
48-hour heregulin R1 stimulation (Fig. 1C). Heregulin p1 also
induced apoptosis of the MCF-7 breast cancer cell line (Fig. 3C),
another cell line that expresses ERBB4. Suppression of ERBB4
expression in the T47D cell line by RNA interference (RNAj;
Fig. 1D) inhibited heregulin Pl-induced apoptosis confirming
that ERBB4 mediates the apoptotic response of T47D cells to
heregulin B1 (Fig. 1C). Control RNAi did not affect apoptosis
induced by heregulin R1 (Fig. 1C). Heregulin R1l-induced apop-
tosis was dramatically suppressed by preincubating T47D cells
with the broad spectrum caspase inhibitor zVAD (Fig. 1C). These
latter results imply that heregulin p1-induced apoptosis involves
activation of cellular caspases.

Cell-killing activity of the ERBB4 intracellular domain
(4ICD) requires an intact BH3 domain; however, intrinsic
kinase activity is dispensable. Having identified a dominant
apoptotic function for ERBB4, we next designed experiments to
identify the cellular apoptotic pathway recruited by ERBB4. We
identified a potential BH3 domain within 4ICD (Fig. 24 and B),
raising the possibility that 4ICD functions as a proapoptotic BH3-
only protein member of the BCL-2 family. Significantly, ectopic
expression of 4ICD in SKBr3 cells exhibited apoptotic activity at
levels equivalent to the ERBB4 holoreceptor (Fig. 2C). In contrast to

the ERBB4 holoreceptor, which required an intact kinase domain
for cell-killing activity, 4ICD induced significant levels of apoptosis
in the absence of kinase activity (Fig. 2C). Mutations of 4ICD
predicted to inactivate the BH3 domain (Fig. 2B), however,
abolished 4ICD-mediated apoptosis (Fig. 2C). These results provide
evidence that 4ICD has independent apoptotic activity and raises
the possibility that 4ICD functions as a proapoptotic BH3-only
protein member of the BCL-2 family. Similar BH3 domain base
substitutions in full-length ERBB4 inactivated the intrinsic kinase
essential for ERBB4 cell-killing activity; thus, the contribution of
the BH3 domain to apoptosis induced by the ERBB4 holoreceptor
was uninterruptible (data not shown).

4ICD forms a functional interaction with BCL-2. Similar to
other BH3-only proteins (24, 25), the 4ICD BH3 domain sequence
(residues 975-1002) can be modeled to form an amphipathic
o-helix, which threads into the hydrophobic binding pocket of
BCL-XL (Fig. 34). This interaction between BH3-only proteins and
antiapoptotic BCL-2 family members suppresses BH3-only protein
cell-killing activity (1). We, therefore, determined if the 4ICD BH3
domain mediated a functional interaction with BCL-2. Consistent
with the idea that the 4ICD BH3 domain is a protein interaction
motif, we coimmunoprecipitated ir vitro translated BCL-2 with
4ICD but not with a 4ICD deletion mutant lacking the BH3 domain
(4ICDdelBH3; Fig. 3B). Overexpression of the antiapoptotic BCL-2
oncogene disrupts apoptosis, in part, by binding to and
sequestering BH3-only proteins (26). Likewise, heregulin P1-
induced apoptosis was suppressed by stable overexpression of
BCL-2 in the MCF-7 cell line (Fig. 3C). Furthermore, BCL-2
overexpression also repressed apoptosis induced by ectopic
expression of ERBB4 (Fig. 3D). ERBB4-induced cell killing was,
however, restored in the presence of BCL-2 by coexpression with
BAD (Fig. 3D). BAD also harbors a BH3 domain and regulates
apoptosis by binding to BCL-2, thereby releasing BH3-only proteins
with intrinsic cell-killing activity (27). Taken together, these results
strongly implicate 4ICD as a proapoptotic BH3-only protein and
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Figure 3. 4ICD forms a functional interaction with BCL-2. A, molecular model of
the potential BH3 domain of ERBB4 interacting with BCL-XL (25). The helical
backbone of the ERBB4 BH3 motif (residues 975-1002) is shown in yellow
ribbon, and the conserved residues of the motif are in CPK (spacefilling) mode.
Leucine (L986) is black; glycine (G990) is magenta; and the essential

aspartic acid residues (D991 and D992) are red. The hydrophobic pocket of the
binding site is green. The remainder of the surface of BCL-XL is colored by
electrostatic potential showing the basic residues (blue) of BCL-XL that interact
with the conserved acidic residues of the BH3 motif. B, 4ICD interacts with
BCL-2. Equivalent amounts of in vitro translated BCL-2 were incubated with

in vitro translated 4ICD-Flag, 4/ICDdelBH3-Flag, which lacks the BH3 domain, or
the empty vector control. The [3°S]methionine-labeled translation products were
coimmunoprecipitated with a Flag-specific antibody coupled to agarose.

The BCL-2 input represents one tenth of the amount added to each
coimmunoprecipitate. C, BCL2 suppresses heregulin p1 (HRG)—induced
apoptosis of MCF-7 cells. MCF-7 and MCF-7 cells stably overexpressing BCL-2
(MCF-7/BCL-2) were treated with 50 ng/mL heregulin 31 for 24 or 48 hours, and
the percentage of morphologically apoptotic cells was determined by

4’ 6-diamidino-2-phenylindole staining. Columns, mean of three experiments;
bars, SE. D, BCL-2 suppresses ERBB4-induced apoptosis. MCF-7 and MCF-7/
BCL-2 cells were transfected with ERBB4-EGFP, ERBB4KD-EGFP, or
pEGFPNS3, alone or in combination with a vector expressing BAD. The
percentage of morphologically apoptotic EGFP-positive cells was determined by
4’ 6-diamidino-2-phenylindole staining at 40 hours after transfection. Columns,
mean of three experiments; bars, SE.

show that 4ICD cell-killing activity can be regulated by members of
the BCL-2 family.

Heregulin 31-induced mitochondrial accumulation of 4ICD
results in mitochondrial permeabilization. We next determined
the molecular mechanism(s) underlying ERBB4 cell-killing activity.
An important functional characteristic of BH3-only proteins is their
ability to regulate apoptosis by localizing to and integrating signals
at the mitochondria (1). We, therefore, determined if ectopically
expressed ERBB4 localized to the mitochondria of transfected
SKBr3 cells. Mitochondria were stained with MitoTracker Red
(CMXRos), and CMXRos colocalization with ectopic ERBB4-EGFP
was determined by deconvolution microscopy. The results indicate
that a substantial perinuclear population of ERBB4 localizes to the
mitochondria of SKBr3 cells undergoing apoptosis (Fig. 44). We
have previously shown that a point mutation introduced into the
juxtamembrane region of ERBB4 (V673I) abolished v-secretase
processing of ERBB4 and subsequent membrane release of 4ICD.
Significantly, and in contrast to wild-type ERBB4, this ERBB4
processing mutant (referred to as ERBB4V673I) was not detected
in isolated mitochondria and lacks cell-killing activity (4).
ERBB4V673I was, therefore, used as a negative control in our

mitochondrial localization experiments. Similar to ERBB4,
ERBB4V673I also accumulates in the perinuclear region of trans-
fected SKBr3 cells, but ERBB4V6731 fails to colocalize with
CMXRos (Fig. 4B), providing additional evidence that ERBB4V673I
is excluded from mitochondria. We confirmed these observations
by Western blot analysis of mitochondria isolated from SKBr3 cells
ectopically expressing ERBB4 or ERBB4V673I each lacking an EGFP
fusion. Consistent with our previous results (4), 4ICD was the
predominant form of ERBB4 localizing to mitochondria of ERBB4-
transfected cells, whereas both the ERBB4 holoreceptor and 4ICD
were excluded from the mitochondrial fraction of ERBB4V673I-
transfected cells (Fig. 4C). We next determined if heregulin p1
stimulation of endogenous ERBB4 promoted mitochondrial
accumulation of 4ICD. Mitochondria were isolated from T47D
cells following a 1-hour heregulin B1 stimulation, and ERBB4 was
detected by Western blot analysis. Consistent with ectopic
expression of ERBB4 in SKBr3 cells, heregulin R1 stimulation of
T47D breast cancer cells resulted in ERBB4 proteolytic processing,
4ICD membrane release, and mitochondrial accumulation of endo-
genous 4ICD (Fig. 4D). Low but detectable levels of mitochondrial
ERBB4 holoreceptor was also observed (Fig. 4D). These results
show that the 4ICD BH3-only protein is the predominant form of
ERBB4 localizing to mitochondria in response to heregulin B1.

We next determined the effect of heregulin 1 stimulation and
mitochondrial accumulation of 4ICD on mitochondrial membrane
integrity. During activation of the intrinsic apoptotic pathway, the
outer mitochondrial membrane is permeabilized, resulting in the
efflux of cytochrome ¢ from the intermembrane space. Subsequent
cytosolic accumulation of cytochrome ¢ is a hallmark of mito-
chondrial dysfunction essential for activation of cellular caspases
and the intrinsic cell death cascade (1). Significantly, heregulin p1
stimulation of T47D cells resulted in a dramatic increase in
cytosolic cytochrome ¢ (Fig. 4D) and cleavage of the caspase-3
substrate PARP (Fig. 4E). These results indicate that heregulin
Bl-induced mitochondrial accumulation of 4ICD promotes
mitochondrial permeabilization, cytochrome c efflux, and caspase
activation, culminating in cell death. Detection of the integral
mitochondrial membrane protein TOM40 was used to confirm
purity of subcellular fractions (Fig. 4C and D).

BAK is the essential mediator of 4ICD-induced apoptosis.
Cell death signals that activate the intrinsic apoptotic pathway
must converge at the mitochondria through the multiple BH
domain proteins BAX and BAK (28). Activation and subsequent
oligomerization of mitochondrial BAX or BAK results in mito-
chondrial permeabilization and is the essential and committed
step of the intrinsic apoptotic pathway. We, therefore, determined
the effect of heregulin B1 stimulation of ERBB4 in T47D cells on
endogenous BAX and BAK activation. When activated, BAX
monomers translocate from the cytosol and oligomerize within
the endoplasmic reticulum (22) and mitochondrial membranes
(29) to initiate mitochondrial permeabilization, whereas activated
BAK monomers residing within the mitochondrial membrane
oligomerize to induce mitochondrial dysfunction (30). Heregulin
Pl stimulation of T47D cells failed to stimulate endoplasmic
reticulum or mitochondrial accumulation of BAX (Fig. 54), sug-
gesting that BAX is not involved in the heregulin PB1/4ICD
apoptotic pathway. Calnexin and TOM40 were included as con-
trols for endoplasmic reticulum and mitochondrial fractions,
respectively. In contrast, heregulin R1 stimulation of T47D cells
promoted a depletion of BAK monomers with a corresponding
increase in BAK dimer formation (Fig. 5B, compare lanes 2 and 4).

Cancer Res 2006; 66: (12). June 15, 2006

6416

www.aacrjournals.org



4ICD Induces Apoptosis of Breast Tumor Cells

Figure 4. Heregulin p1 (HRG) induces mitochondrial
accumulation of 4ICD and subsequent permeabilization of
mitochondria. A and B, mitochondrial localization of
ERBB4. SKBr3 cells were transfected with (A)
ERBB4-EGFP or (B) the y-secretase processing mutant,
ERBB4V673I-EGFP (4); stained with MitoTracker Red
(CMXRos) at 24 hours after transfection; and observed by
deconvolution microscopy. Colocalization was measured
using a pixel correlation algorithm with red, indicating
highly significant levels of colocalization. C, accumulation
of 4ICD in purified mitochondria. SKBr3 cells were
transfected with vector control, ERBB4, or ERBB4V673I.
Cells were harvested at 40 hours after transfection, and cell
lysates were fractionated into cytosol-rich S100 (C) and
mitochondria (M). Forty micrograms of each fraction
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Figure 6. Cytosolic accumulation of 4ICD is associated with increased
apoptosis in primary human breast tumors. A cohort of 136 therapy naive
archived primary human breast tumors prepared as tissue microarrays were
stained by immunohistochemistry for (A and C) ERBB4 using an antibody
directed against the ERBB4 COOH terminus or (B and D) apoptosis indicated by
DNA fragmentation (TUNEL assay) using an ApopTag /n situ Apoptosis
Detection kit. A and B, the majority of tumors with membrane associated ERBB4
(A, arrowheads) were TUNEL negative (B, nuclei indicated by arrows). C and D,
cytosolic 4ICD expression (C, arrowheads) was significantly associated with
increased tumor cell apoptosis (xZ analysis, P < 0.0001). D, TUNEL-positive
nuclei (arrows). Arrowheads in (A) indicate membrane staining of ERBB4.
Arrowheads in (C) indicate perinuclear accumulation of 4ICD. Arrows in all
panels indicate nuclei. Bar, 50 um (C).

dysfunction and cell killing through activation of the apoptosis
“gateway” protein BAK.

Cytosolic 4ICD is associated with breast tumor apoptosis.
Our current results imply that cytosolic accumulation of 4ICD may
suppress tumor cell proliferation by activating cellular apoptotic
pathways; however, can these findings be translated to a clinically
relevant setting? To address this question, we analyzed a cohort of
136 therapy naive archived primary breast tumors for ERBB4
expression by immunohistochemistry and apoptosis using an
in situ DNA fragmentation assay (Supplementary Fig. S1). Of the
primary tumors analyzed, 17 of 136 (12.5%) displayed strong
staining (3+) for membrane ERBB4; 15 of 136 (11%) exhibited
strong cytoplasmic staining of 4ICD; and 15 of 136 (11%) of the
primary tumors exhibited extensive (3+) apoptosis. Eight tumor
samples were positive for cytosolic 4ICD expression and TUNEL
(Fig. 6C and D), indicating a highly significant association
(x> analysis, P < 0.0001). Cytosolic 4ICD staining was most
prominent in perinuclear regions (Fig. 6C, arrowheads), where the
majority of mitochondria reside. An additional tumor sample
positive for cytosolic 4ICD and TUNEL is illustrated in Supple-
mentary Fig. S1. Interestingly, nearly all tumors with ERBB4
localized to cell membranes were also TUNEL negative (Fig. 64
and B). Indeed, only 1 of the 17 tumors with membrane ERBB4
was TUNEL positive (x> analysis, P > 0.6).

Discussion

The aberrant genetic milieu that contributes to tumor deve-
lopment and progression is highly variable and complex. One
generalization that has gained recent experimental and clinical

support, however, is that successful tumor development requires
evasion of cellular apoptotic pathways. In breast cancer, several
mechanisms may contribute to apoptotic resistance, including
overexpression of the antiapoptotic proteins BCL-2 and BCL-XL
(31, 32). Here, we present evidence that the EGFR family member
ERBB4 functions as a unique proapoptotic protein. We propose
that loss of ERBB4 expression during breast carcinogenesis
disrupts an important apoptotic pathway and contributes to the
ability of breast tumors to avoid apoptotic cell death.

Our findings provide evidence that ERBB4 suppresses breast
cancer cell growth through activation of the intrinsic apoptotic
pathway, by functioning as a proapoptotic BH3-only protein.
Although members of the BH3-only protein class of the BCL-2
family are functionally diverse, these proteins share several critical
mechanistic properties. For example, an intact BH3 domain is
required to initiate apoptotic signals at the mitochondrial
membrane through activation of BAX or BAK. The BH3-only
protein apoptotic signal may however be disengaged at the
mitochondria through interaction with antiapoptotic proteins
including BCL-2, BCL-XL, or MCL-1. Likewise, ERBB4 cell-killing
activity requires an intact BH3 domain and is inhibited by an
interaction with BCL-2. Furthermore, ligand stimulation of endog-
enous ERBB4 results in mitochondrial accumulation of the BH3
domain-bearing 4ICD, oligomerization of BAK, and subsequent
cytochrome c efflux from permeabilized mitochondria (Fig. 7).

As a transmembrane receptor, however, ERBB4 would represent
a unique member of the BH3-only protein class. Indeed, our results
describe a novel mechanism of action for a transmembrane
receptor, with ERBB4 directly coupling an external stimulus to
mitochondrial dysfunction and cell death through membrane
release of 4ICD. Another mechanistic difference between ERBB4
and other BH3-only proteins is the essential contribution of BAK to
ERBB4 cell killing. Other BH3-only proteins examined to date
efficiently transmit their apoptotic signals through either BAX or
BAK (19, 26, 33). Although the functional significance of a coupled
ERBB4/BAK apoptotic pathway remains to be determined, clinical
studies imply that the two proteins are coregulated in breast

Figure 7. Model of ERBB4 cell-killing activity. Ligand-activated ERBB4 is
proteolytically processed at the cell surface to release the 4ICD BH3-only
protein. We propose that mitochondrial accumulation of 4ICD results in BAK
activation, cytochrome c release from permeabilized mitochondria, and cell
death. See text for additional details.
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cancer. Indeed, both ERBB4 and BAK are associated with estrogen
receptor—positive (7, 31, 34) and low-grade breast tumors (6, 32). In
contrast, BAX expression is associated with estrogen receptor—
negative (31) and high-grade tumors (32). Another clinical study
suggests that BAK is the multi-BH domain protein critical for
regulating apoptosis in breast cancer (35). Thus, both experimental
and clinical evidence support the notion that suppression of early-
stage breast carcinogenesis is influenced by a 4ICD/BAK-coupled
apoptotic program.

Critical for the appropriate function of BH3-only proteins is a
mechanism to regulate apoptotic activity, thereby preventing
deleterious apoptosis. The activities of several BH3-only proteins,
including BIM, HRK, BBC3, NOXA, and PUMA, are transcriptionally
regulated, whereas the apoptotic activities of BID, BAD, and BIK
are regulated by different posttranslational mechanisms (36, 37).
Posttranslational regulation of ERBB4 apoptotic activity seems to
involve both activation of its intrinsic tyrosine kinase and
subsequent proteolytic processing at the cell surface to release
4ICD. Interestingly, an intact kinase domain, essential for apoptosis
induced by the ERBB4 holoreceptor, was dispensable for 4ICD-
mediated cell killing, suggesting that signaling pathways coupled to
the ERBB4 holoreceptor are not required for cell killing. In support
of this contention, we have previously shown that an ERBB4
mutant that lacks +y-secretase processing, therefore failing to
release 4ICD while retaining canonical signal transduction path-
ways, lacked cell-killing activity (4). Furthermore, here, we show
that cytosolic 4ICD but not membrane-tethered ERBB4 was
associated with tumor apoptosis, providing additional evidence
that ERBB4 signaling from the cell surface has little, if any, effect on
tumor apoptosis. Thus, we propose that the ERBB4 tyrosine kinase
provides an essential contribution to apoptosis by supplying a
mechanism for ERBB4 proteolytic processing, thereby releasing the
apoptotic activity of 4ICD.

Although we show a significant association between cytosolic
4ICD and tumor apoptosis, the lack of apoptosis in some primary
breast tumors expressing cytosolic 4ICD indicates that cytosolic
accumulation of 4ICD is insufficient for tumor cell apoptosis. There
exist several possible explanations for the lack of apoptosis in
tumors with cytosolic 4ICD. Cytosolic staining of 4ICD indicates
successful cleavage of ERBB4 by TACE; however, v-secretase-
mediated cleavage is required to release 4ICD from -cellular
membranes. Thus, cytosolic staining of 4ICD may represent
endosome-tethered 4ICD in tumors lacking +y-secretase activity.
Alternatively, these tumors may have altered expression of
regulatory BCL-2 family members. For example, our results predict
that tumor overexpression of BCL-2 or the absence of BAK would
disengage the 4ICD apoptotic signal. Nevertheless, our results
suggest that proteolytic processing of membrane-bound ERBB4
and subsequent mitochondrial accumulation of the 4ICD BH3-only
protein represents a clinically important event contributing to
tumor cell death.
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