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HER4 expression in human breast cancers correlates with a positive prognosis. While heregulin inhibits the
growth of HER4-positive breast cancer cells, it does so by undefined mechanisms. We demonstrate that
heregulin-induced HER4 activity inhibits cell proliferation and delays G,/M progression of breast cancer cells.
While investigating pathways of G,/M delay, we noted that heregulin increased the expression of BRCAl in a
HER4-dependent, HER2-independent manner. Induction of BRCA1 by HER4 occurred independently of the
cell cycle. Moreover, BRCA1 expression was elevated in HER4-postive human breast cancer specimens.
Heregulin stimulated c-Jun N-terminal kinase (JNK), and pharmacologic inhibition of JNK impaired heregulin-
enhanced expression of BRCA1 and mitotic delay; inhibition of Erkl/2 did not. Knockdown of BRCA1 with
small interfering RNA in a human breast cancer cell line interfered with HER4-mediated mitotic delay.
Heregulin/HER4-dependent mitotic delay was examined further with an isogenic pair of mouse mammary
epithelial cells (MECs) derived from mice harboring homozygous LoxP sites flanking exon 11 of BRCAL, such
that one cell line expressed BRCA1 while the other cell line, after Cre-mediated excision, did not. BRCA1-
positive MECs displayed heregulin-dependent mitotic delay; however, the isogenic BRCA1-negative MECs did
not. These results suggest that heregulin-mediated growth inhibition in HER4-postive breast cancer cells

requires BRCAL.

Cell proliferation, differentiation, and survival are highly
coordinated processes during the development and maturation
of the mammary gland, and control of these mechanisms is
critical for the prevention of breast cancers (reviewed in ref-
erence 39). Aberrant regulation of the HER/ErbB family of
receptor tyrosine kinases (RTKs) and their ligands is a com-
mon occurrence in many human cancers, including breast can-
cer (14, 15, 45). This family consists of four related members,
HER1/ErbB1/EGFR (epidermal growth factor receptor),
HER2/ErbB2/Neu, HER3/ErbB3, and HER4/ErbB4. Each
protein is comprised of a large amino-terminal extracellular
domain, a transmembrane domain, and a large intracellular
domain with a tyrosine-rich carboxy-terminal region and a
tyrosine kinase-like sequence (27, 33, 56). The tyrosine kinase
activity of the ErbBs is induced upon ligand interaction, lead-
ing to receptor dimerization (homo- and heterodimerization)
and subsequent receptor transphosphorylation. Although
HER?2 is the preferential heterodimeric partner, HER2 does
not bind any conventional ligand within the two major families
of ErbB ligands (EGF-like ligands and heregulin [HRG]/neu-
regulin-like ligands) and therefore relies on HER1, HER3, or
HERA4 for activation of its tyrosine kinase activity.

The well-documented growth stimulatory effects of HER1
and HER?2 have driven the investigation of ErbB signaling in
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breast cancer. HER1 is expressed in nearly all human carcino-
mas, including breast cancers, while nearly 20 to 25% of breast
cancers overexpress HER2 and/or exhibit gene amplification at
the her2 locus (26, 37, 40, 48). Expression of either HER1 or
HER?2 in tumor specimens correlates with a shorter survival
period, a higher grade of malignancy, and an overall poor
prognosis (10, 12-14, 19, 24). Genetically engineered animal
models of breast cancer confirm the role of HER1 and HER2
in driving proliferation of the mammary epithelium (reviewed
in reference 39). Recent evidence suggests that increased ex-
pression of HER3 in breast cancers also correlates with a poor
prognosis. HER3 is overexpressed in about 20% of all breast
cancers and is frequently coexpressed with HER?2 (2, 5, 10, 23,
31, 52, 53). This has generated the hypothesis that HER2/
HER3 heterodimers may function to simultaneously drive cel-
lular proliferation and survival in breast cancer cells.

In contrast, there is evidence that HER4 expression correlates
with a more differentiated tumor grade, longer survival, and pos-
itive prognostic indicators, such as estrogen receptor expression
(1,17,29, 38, 41, 44). Women whose breast tumors express HER4
exhibit the lowest risk of death due to cancer compared to women
whose tumors express HER1, HER2, or HER3. During breast
development, HER4 expression and activity (measured by ty-
rosine phosphorylation) are lowest during phases of epithelial cell
proliferation and highest during phases of differentiation (35).
Mammary glands from mice that lack HER4 activity, either by
Cre-Lox technology, cardiac-specific transgene rescue of a HER4
knockout (with the mammary epithelium therefore remaining
ErbB4 deficient), or mammary-specific expression of a dominant-
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negative HER4 mutant, have lactational defects due to an im-
paired program of differentiation (16, 20, 43). Decreased bioavail-
ability of HB-EGF (a ligand for both HER1 and HER4) in the
mammary epithelium causes a similar lactational deficiency (57).
Taken together, the evidence suggests that HER4 signaling
may impair cellular proliferation or promote differentiation
of breast epithelium. In support of this hypothesis, it was
reported that heregulin-dependent growth inhibition occurs
in HER4-positive breast cancer-derived cell lines but not in
HER4-negative cells (34).

We investigated the mechanism by which heregulin mediates
growth inhibition in a HER4-dependent manner, using human
breast cancer cell lines and BRCA1-deficient mouse mammary
epithelial cells (MECs). The data demonstrate that heregulin
induces a cell cycle delay in the early phases of mitosis and
increases expression of the tumor suppressor protein BRCAI.
Mitotic delay in response to HER4 requires the expression of
BRCAL.

MATERIALS AND METHODS

Cell culture and transfections. SUM102 cells were derived from a microinva-
sive primary breast tumor, whereas SUM44 cells were derived from a metastatic
pleural effusion. SUM44, SUM44-pBABE, SUM44-5R, SUM102, SUM102-
pLXSN, SUMI102-HER4, SUM102-HER4-pBABE, and SUM102-HER4-5R
cells were grown in serum-free, growth factor-defined media as previously de-
scribed (34). BT-474 and MCF-7 cells were cultured in 5% CO, in growth
medium (Dulbecco’s modified Eagle’s medium/F12 [Gibco Life Sciences] sup-
plemented with 10% fetal bovine serum [FBS], EGF [10 ng/ml; Invitrogen], and
insulin [5 pg/ml; Sigma-Aldrich, St. Louis, MO]) with hydrocortisone (1 pg/ml;
Sigma-Aldrich) unless otherwise indicated. SKBr3 cells were cultured in McCoy’s
5A medium supplemented with 15% FBS. HeLa cells were transfected with
empty pLXSN or pLXSN-HER4 (34) and then selected with 250 pg/ml G418.
BT-474 and HeLa cells were transfected with pcDNA3-BRCA1 and pcDNA3-
BRCA151423A (q gift from Michael Kastan, St. Jude Children’s Research Hos-
pital, Memphis, TN) and then selected with 400 wg/ml G418. BRCA1* and
BRCA1™ mouse MECs have been described previously (36) and were cultured
in Dulbecco’s modified Eagle’s medium/F12 (Gibco Life Sciences) supplemented
with 10% FBS. All cells were grown in a humidified incubator at 37°C with 5%
CO,. Where indicated, cells were treated with HRGB, (10 ng/ml; a gift from
Genentech), the ErbB inhibitor GW572016/lapatinib (5 pM; GlaxoSmithKline,
Research Triangle Park, NC), hydroxyurea (10 wM; Sigma-Aldrich), or olo-
moucine (10 pg/ml; Promega, Madison, WI) according to the manufacturer’s
directions. Small interfering RNA (siRNA) sequences targeting BRCA1 or non-
specific siRNA sequences were purchased from Santa Cruz Biotechnologies and
were transiently transfected into cells in serum-free medium for 4 h, according to
the manufacturer’s directions, using an siRNA transfection reagent (Santa Cruz
Biotechnologies). The medium was changed after 4 h to serum-free medium plus
insulin and hydrocortisone in the presence or absence of HRG. Cell lysates were
harvested 30 h after transfection.

Quantitative reverse transcription-PCR (RT-PCR). Gene-specific 5'-3" oligo-
nucleotides and intervening fluorescent dye-labeled probes for human genes
encoding HER4, heregulin, BRCAL, keratin 18, and amphiregulin were designed
using Primer Express software (ABI/Perkin-Elmer). The nonextendable probes
were synthesized, labeled with 5’ 6-carboxyfluorescein reporter and 3’ 6-car-
boxytetramethylrhodamine quencher dyes (Integrated DNA Technologies), and
purified by high-performance liquid chromatography. Real-time fluorescence
quantitative PCR (qPCR) was performed with an ABI PRISM 7900 instrument
(PE Bio). mRNA sequences for each gene were transcribed in vitro, using
MEGAscript (Ambion), and used as positive controls and absolute quantitation
standards for the assays. Amplification of twofold serial dilutions of RNA was
used to construct standard linear curves that permitted accurate measurements
of 200 to 90 million template copies. Total RNA was isolated from each cell line
or from human tumor specimens by using an RNeasy kit (QIAGEN) and was
treated with RNase-free DNase (Ambion). Total RNA (10 ng) isolated from
each cell line was assayed. De-identified human tumor specimens were obtained
from the Tissue Procurement Core Facility, UNC-Lineberger Comprehensive
Cancer Center. The tumor identification numbers listed in Table 1 cannot be
linked to clinical identifiers for this anonymous donor collection.
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TABLE 1. Quantitation of HER4 and BRCAL1 transcripts
by real-time RT-PCR*

Avg no. of transcripts Presence of

fumor no- HER4 BRCAL1 HRG
1 50 817 —
2 330 301 +
3 470 3,411 —
4 960 821 —
5 1,220 891 +
6 1,450 1,882 —
7 2,710 1,087 +
8 8,450 1,770 +
9 8,770 2,617 -
10 12,180 1,603 —
11 16,570 2,427 +
12 20,860 6,207 +
13 22,960 11,126 +
14 25,950 2,318 —
15 49,330 6,447 —
16 50,910 4,583 +
17 57.820 4714 +
18 77,930 8,922 +
19 95,860 4,934 +

“ Breast cancer specimens were used to measure absolute levels of HER4 and
BRCA1 mRNAs by qPCR. Each sample was independently analyzed three
times. qPCR was used to detect the presence (+) or absence (—) of HRG in each
of the breast tumor specimens.

Cell growth and TUNEL assays. Cells were plated in 96-well plates at a density
of 0.5 X 10* cells per well and grown in serum-free medium plus insulin and
hydrocortisone, as described above, with or without recombinant heregulin 1
for 48 h. Relative cell numbers were analyzed using a 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay
(Promega, Madison, WI) according to the manufacturer’s directions. For termi-
nal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) analysis (for in situ detection of apoptotic cells), cells were cultured
with or without HRG for 48 h or in the presence of paclitaxel (Taxol; 50 nM) for
the final 16 h of culture. Cells were fixed in methanol and then analyzed using a
DeadEnd colorimetric TUNEL analysis kit (Promega, Madison, WI).

Immunoprecipitation and Western analysis. Whole-cell extracts were pre-
pared by washing cells with cold phosphate-buffered saline and lysing them in
cold NLB (20 mM HEPES [pH 7.3], 50 mM sodium fluoride, 10% glycerol, 1%
Triton X-100, 5 mM EDTA, 0.5 M NaCl, 1 mM Na;VO,, aprotinin [6 wg/ml],
and leupeptin [10 pg/ml]). Receptor proteins were precipitated with a purchased
antibody against HER2 (clone 9G6.10; Neomarkers, Inc.) and with antibodies
against HER1 (V22), HER3 (1511), and HER4 (132), each produced in our lab
and described previously (34). Immunocomplexes were pulled down with protein
A/G- or protein A-agarose (Santa Cruz) for 3 h at 4°C, washed three times with
NLB, and analyzed by immunoblotting using an antiphosphotyrosine antibody
(PY20-HRP; Santa Cruz Biotechnologies), as previously described (34). Whole-
cell lysates were analyzed directly by immunoblotting using antibodies against the
following proteins: cyclin D1, cyclin A, cyclin B1, total cdc2, and BRCA, obtained
from Santa Cruz Biotechnologies; HER4 (clone HFR) and STATSA, obtained
from Neomarkers Lab Vision; and phosphoserine pRb, phosphotyrosine 15 cdc2,
phospho-serine 10 histone H3, phospho- and total JNK, phospho- and total
p44/42, and phospho- and total p38, obtained from Cell Signaling.

Cell cycle analysis. Cells growing in serum-free medium supplemented with
insulin and hydrocortisone were harvested by trypsinization, fixed in ice-cold
methanol, labeled with 50 pg/ml of propidium iodide (Sigma-Aldrich), and
treated with RNase A. A total of 10,000 stained nuclei per sample was analyzed
in a FACSCalibur flow cytometer (Becton Dickinson). Where indicated, fixed
cells were stained with anti-phospho-Ser 10 histone H3 antibody (Cell Signaling),
washed, and incubated with a fluorescein isothiocyanate (FITC)-conjugated anti-
rabbit secondary antibody (Molecular Probes, Invitrogen) prior to fluorescence-
activated cell sorting (FACS) analysis. Where indicated, cells were labeled with
bromodeoxyuridine (BrdU; 10 mg/ml) for 6 h prior to cell fixation. DNA in
BrdU-labeled cells was denatured in 2 M HCI for 30 min, and then cells were
stained with FITC-conjugated anti-BrdU antibody (Becton Dickinson) prior to
analysis. DNA histograms were modeled using Modfit-LT software (Verity).
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FIG. 1. HRG-mediated growth inhibition requires HER4 expression. (A) Absolute levels of HER4 mRNA transcripts were measured by
quantitative real-time RT-PCR and are shown for each cell line in parentheses (average number of transcripts * standard deviation [SD]; n = 3).
Equal numbers of cells from each cell line were plated and cultured for 48 h with or without HRG; relative cell numbers were determined by using
the MTS assay, which converts cell density to optical density (OD). The values represent the average OD * SD, represented as a ratio to the OD
produced by cells grown in the absence of HRG. Each experiment was performed in triplicate and repeated three times. (B) In situ TUNEL
analysis of HRG-treated MCF-7, BT-474, and SUM44 cells treated with or without HRG for 0 to 48 h. (C and D) Western analysis of whole-cell
extracts or HER1, HER2, HER3, and HER4 immunoprecipitates from SUM44 cells (C) or BT-474 cells (D), treated with HRG for the indicated
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In vitro cdc2 kinase activity. Total cdc2 was immunoprecipitated from whole-
cell extracts, washed in ice-cold phosphate-buffered saline, equilibrated in ice-
cold kinase buffer (50 mM HEPES, pH 7.5, 10 mM MgCl,, 2.5 mM EGTA, 1 mM
dithiothreitol, 0.1 mM NaF, 0.1 mM Na;VO,, 1 pM ATP) for 20 min, and
resuspended in 20 pl of kinase buffer. cdc2 immunoprecipitates were assayed for
kinase activity against 0.1 wg histone H1 (Roche Applied Science). Kinase
reactions were performed in a final volume of 30 wl in the presence of 0.5 pM
biotinylated ATP (Promega, Madison, WI) for 45 min at 30°C. The entire
reaction volume was electrophoresed in an 8% polyacrylamide gel at 60 mA
for 3 h at 4°C, transferred to a polyvinylidene difluoride membrane, and then
analyzed by immunoblotting using a horseradish peroxidase-conjugated anti-
biotin antibody (Santa Cruz Biotechnologies).

RESULTS

Heregulin decreases growth of HER4-positive breast cancer
cells. A panel of human breast cancer cells was examined by
real-time quantitative RT-PCR to measure the absolute level
of HER4 mRNA in each cell line. Three lines (SUM44, BT-
474, and MCF-7) expressed >4,000 copies of HER4 mRNA
(per 10 ng total RNA), while two lines (SUM102 and SkBR-3)
expressed <1,000 copies (Fig. 1A). In fact, SUM102 cells con-
tained no detectable HER4 transcripts, consistent with previ-
ous results (34). Western analysis of SUM102 and SKBr3 cells
did not reveal any HER4 protein expression (data not shown).
SUM102-HER4 cells, stably transfected with pLXSN-HER4
encoding full-length human HER4 (Jma/Cyt-1 isoform), ex-
pressed >14,000 HER4 transcripts.

It was previously reported that HRG-mediated growth inhi-
bition requires HER4 expression. To confirm and extend these
findings, cells were plated in equal numbers (0.5 X 10° cells),
and relative cell numbers were determined after 48 h of incu-
bation with or without HRG (Fig. 1A). HER4-positive cells
grown in the presence of HRG displayed a decreased cell
number compared to cells grown in the absence of HRG. In
contrast, HER4-negative cells displayed a greater number of
cells after 48 h in the presence of HRG than did untreated
control cells. These results are consistent with previous find-
ings suggesting that HRG-mediated growth inhibition is a
HER4-dependent process. Although some reports suggest that
HER4 expression may stimulate the growth of various cell
types, it is possible that the effect of HER4 on growth may be
modulated by variables including the splice variant of HER4
(there are four naturally occurring splice variants), the cell
type, the complement of ErbB receptors within the cell, and
the cell type. There are four HER4 isoforms, which are
thought to result from alternative splicing. HER4-Jma harbors
an ADAMI17/TACE cleavage site in the extracellular juxta-
membrane domain that is absent from HER4-JMb. HER4-Cytl
harbors a 16-amino-acid sequence in the cytoplasmic domain that
binds to phosphatidylinositol 3-kinase and the transcription factor
YAP. This region is absent from HER4-Cyt2. We have deter-
mined that SUM44, BT-474, and SUM102-HER4 cells express
the Jma-Cytl isoform of HER4.
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Heregulin results in accumulation of HER4-positive cells in
G, or M phase. Cell growth is a balance between cell cycle
progression and cell death. However, using in situ TUNEL
analysis to detect apoptotic cells, we did not observe increased
apoptosis in HRG-treated breast cancer cells at any time point
observed, regardless of HER4 expression (Fig. 1B). As a pos-
itive control, 50 nM paclitaxel induced apoptotic cell death in
each cell line examined. Next, we examined the effects of
HRG on the cell cycle of SUM44 cells, using Western anal-
ysis to detect molecular markers of each cell cycle phase
(Fig. 1C). HRG resulted in prolonged tyrosine phosphory-
lation of HER2, -3, and -4 in SUM44 cells over 5 days of
treatment with HRG (Fig. 1C). SUM44 cells do not express
HERI1 at the RNA or protein level (34). Decreased expression
of cyclin D1 was observed within 24 to 72 h of HRG treatment,
suggesting a decreased percentage of cells in G,/S phase, a
supposition reinforced by decreased phosphorylation of the
retinoblastoma gene product, pRb. By 24 h, increased protein
expression of cyclin B1 was observed in HRG-treated cells, and
it continued to increase throughout the 5-day period. It is
known that cyclin B1 expression begins to increase in late S
phase and remains elevated until its degradation in mitosis
(anaphase) (reviewed in reference 30). Therefore, our data
suggest that HRG-dependent HER4 signaling may increase in
the proportions of cells in either G, or M phase.

We examined the effects of HRG on the expression of cyclin
D and cyclin B in another HER4-positive cell line, BT-474.
BT-474 cells differ from SUM44 cells in that BT-474 cells
express HER1 and overexpress HER2. Vast overexpression
of HER2 in BT-474 cells may explain the high basal levels of
HER2 and HER3 tyrosine phosphorylation observed (Fig.
1D). HRG induced the tyrosine phosphorylation of HER4 and
HERI (presumably via heterodimerization) through 72 h. Sim-
ilar to the case in SUM44 cells, the cyclin B level increased and
remained elevated in HRG-treated BT-474 cells, while cyclin
D expression decreased.

Cell cycle analysis of propidium iodide-stained cells demon-
strated that HRG increased the proportion of 4N DNA (4N)-
containing cells among SUM44 and BT-474 cells (Fig. 1E).
However, HRG did not significantly alter the number of cells
undergoing DNA synthesis, as determined by analyzing the
percentage of cells that incorporated BrdU over a 6-hour la-
beling period (>10,000 cells; n = 3) (Fig. 1E). This confirms
that HRG delays progression through G, or M in these two
HER4-positive cell lines. The response of BT-474 cells to
HRG was particularly pronounced. HeLa cells stably trans-
fected with HER4 also displayed an increase in the G,/M
population compared to that in HeLa cells expressing the
empty pLXSN vector. SKBR-3 and SUM102-pLXSN cells did
not display any HRG-dependent alterations of the 4N-contain-
ing population of cells, consistent with the observation that
HRG did not inhibit the growth of these HER4-negative cell

time courses, to detect the expression of cyclin D, cyclin B, or phospho-pRb or phosphotyrosine residues. (E) Cell cycle analysis of cells cultured
in serum-free medium with or without HRG for 72 h. The percentages of the cell population in the G, and G,/M phases of the cell cycle are shown.
In addition, cells were labeled with BrdU for 6 h, stained with an FITC-conjugated anti-BrdU antibody, and analyzed by flow cytometry. The
percentages of BrdU-positive cells are indicated. A total of >10,000 nuclei per sample were counted (n = 3).
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FIG. 2. HRG delays progression through mitosis. (A) Western
analysis of cdc2 immunoprecipitates from whole-cell extracts of
SUM44 cells cultured with or without HRG for 0 to 72 h, detecting
total cdc2, phosphotyrosine 15 cdc2, or coprecipitation of cyclin B.
(B) In vitro kinase activity of cdc2 immunoprecipitates from SUM44
cells cultured in the presence of HRG for 0 to 24 h. cdc2 immunopre-
cipitates were divided. One-half was analyzed by Western analysis for
total levels of cdc2; the other half was used in the cdc2 kinase assay,
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lines (33). However, while HRG-mediated growth inhibition of
SUM102-HER4 cells was observed (Fig. 1A), HRG increased
the proportion of 2N- rather than 4N-containing cells in this
particular cell line. Therefore, HRG-mediated growth inhibi-
tion in SUM102-HER4 cells occurs by a different mechanism
than that in SUM44 or BT-474 cells.

Mitotic delay in response to heregulin. Because cells in the
G, phase of the cell cycle and cells undergoing mitosis each
contain 4N DNA, we were unable to determine in which
phase HRG-treated SUM44 and BT-474 cells were delayed.
Therefore, we examined the activity of cdc2, a kinase that is
activated at the G,/M transition. In this process, cdc2 inter-
acts with its catalytic partner, cyclin B1, becomes dephosphor-
ylated at tyrosine 15, and becomes kinase active. Total cdc2
was immunoprecipitated from whole-cell extracts of SUM44
cells cultured in the presence or absence of HRG for 72 h.
Immunoprecipitates were analyzed by Western analysis, re-
vealing an HRG-dependent decrease in inhibitory Tyr15 phos-
phorylation of cdc2 and increased cyclin B coprecipitation with
cdc2 (Fig. 2A). In contrast, SUM44 cells grown without HRG
did not display any alterations in the level of cdc2 tyrosine 15
phosphorylation or in cdc2-cyclin B coprecipitation (Fig. 2A).
Immunoprecipitates of cdc2 were used for an in vitro kinase
assay, with a histone H1 peptide as the substrate. Although
equal amounts of cdc2 were immunoprecipitated from SUM44
cells cultured with and without HRG at each time point, we
found enhanced cdc2 kinase activity in cells treated with HRG
for at least 24 h (Fig. 2B). Similarly, a quantitative, luciferase-
based assay detecting in vitro cdc2 kinase activity demon-
strated increased kinase activity in cdc2 immunoprecipitates
from SUM44 cells treated for 48 h with HRG (Fig. 2C).

To determine if HRG increased cdc2 activity in other
HER4-positive breast cancer cell lines, we examined phospho-
tyrosine 15 cdc2 expression as a surrogate marker of cdc2
activity. HER4-positive SUM44, BT-474, and MCF-7 cells
each displayed decreased cdc2 Tyrl5 phosphorylation, while
HER4-negative cells (SUM102 and SkBR-3) did not (Fig. 2D).
Interestingly, SUM102-HER4 cells did not display HRG-de-
pendent alterations in phospho-cdc2 levels, consistent with
flow cytometry results showing no HRG-dependent accumula-
tion of SUM102-HER4 cells with 4N DNA (Fig. 1).

Phosphorylation of histone H3 at serine 10 occurs specifi-
cally during mitosis. We observed a substantial increase in
Ser10 phosphorylation of histone H3 in SUM44 cells treated

directing phosphorylation against a fragment of histone H1. (C) Quan-
tification of a luciferase-linked in vitro cdc2 kinase assay (Promega),
with luciferase activity measured in relative light units (RLU). Cells
were cultured for 0 or 48 h with or without HRG, and cdc2 was
immunoprecipitated from 500 pg whole-cell extract to be used directly
in each reaction. Results are presented as the average relative light
units per sample = SD (n = 3). (D) Western analysis to detect phos-
photyrosine 15 cdc2 and total cdc2 in cdc2 immunoprecipitates from a
series of cell lines cultured with or without HRG for 48 h. (E) FACS
analysis of BT-474 cells treated with or without HRG for 0 or 48 h.
Methanol-fixed cells were stained with an antibody against phospho-
histone H3 (and an FITC-labeled secondary antibody) and with pro-
pidium iodide. A total of >20,000 cells were analyzed by flow cytom-
etry. The percentage of cells that were positive for FITC is shown
below each panel.
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FIG. 3. HRG results in increased expression of BRCA1 in HER4-positive cells. (A) Western analysis of whole-cell extracts from BT-474 cells
cultured with HRG for 0 to 96 h, detecting BRCA1 and HER4. (B) BT-474 cells were cultured with or without HRG for 48 h in the presence of
hydroxyurea (to synchronize cells in S phase) or olomoucine (a cdc2/cdkl inhibitor that synchronizes cells in late G,). Whole-cell lysates were
analyzed by Western analysis to detect BRCA1 or HER4. (C) Expression of BRCA1 mRNA was measured using real-time quantitative RT-PCR.
Each cell line was grown in serum-free medium plus insulin and hydrocortisone, with or without HRG, for 24 h. The BRCALI transcript level in
total RNA (10 ng) was assessed by qPCR as described in Materials and Methods. Comparison to a BRCALI standard allowed quantitation of
transcript numbers. The average number (* SD) is represented as a ratio to that in untreated controls, assigned the value of 1 (n = 3). (D) Western
analysis of HER2, HER3, and HER4 immunoprecipitates from cells cultured with or without HRG and with or without the ErbB-specific
small-molecule inhibitor GW572016. 5R cells express an intracellular antibody that eliminates HER2 surface expression. Immunoprecipitates were
analyzed by Western blotting to detect phosphotyrosine residues. (E) Expression of BRCA1 mRNA was measured by real-time quantitative
RT-PCR. Each cell line was grown in serum-free medium plus insulin and hydrocortisone, with or without HRG, for 24 h. Total RNA (10 ng) was
analyzed as noted above (n = 3). The number of BRCAL1 transcripts in each untreated cell line was given a value of 1, and the number of BRCA1
transcripts in the HRG-treated cell line (24 h of HRG treatment) is given relative to that in the control. Experiments were repeated three times,
with each sample analyzed in triplicate. (F) Expression of BRCA1 mRNA was measured by real-time quantitative RT-PCR (as described above)
in SUM44 cells cultured with or without HRG (24 h) in the presence or absence of the ErbB tyrosine kinase inhibitor GW572016 (1 uM).
Experiments were analyzed in triplicate and repeated three times.

with HRG for 48 h by FACS analysis of cells stained with an in HRG-treated cells. While the expression of many proteins

antibody against phospho-Ser 10 histone H3 (Fig. 2E). This
suggests that HRG-treated SUM44 cells may accumulate in
early mitosis.

Increased expression of BRCA1 in heregulin-treated cells
requires HER4 but not HER2. We examined the expression of
several regulators of progression through the G, and M phases

was unaltered by HRG (CHKI1, CHK2, p53, and AuroraA)
(data not shown), we found increased expression of BRCAL1
within 24 h in HRG-treated BT-474 cells; elevated BRCA1
expression was sustained through 96 h (Fig. 3A). Because
BRCA1 mRNA levels are regulated in a cell cycle-dependent
manner, we determined if changes in BRCAL1 expression were
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secondary to the HRG-induced cell cycle changes or if they
occurred independently of the cell cycle. We treated BT-474
cells with or without HRG in the presence of hydroxyurea (to
synchronize cells in S phase) or olomoucine (to synchronize
cells at the G,/M boundary). We found increased expression of
BRCAI in HRG-treated synchronized cells compared to that
in synchronized cells that were not treated with HRG (Fig.
3B), suggesting that BRCAI induction by HRG occurred in-
dependently of the cell cycle.

To determine if HRG altered the mRNA expression of
BRCAL, real-time RT-PCR was used to quantitate BRCAL1
transcripts in HRG-treated cells. HRG increased the number
of BRCAL transcripts >3-fold in HER4-positive SUM44, BT-
474, MCF-7, and SUM102-HER4 cells (Fig. 3C). In contrast,
SUM102-pLXSN, MDA-MB-453, and SkBR-3 cells, which are
HERA4 negative, did not demonstrate HRG-enhanced BRCA1
expression. This suggests that HRG-mediated BRCA1 induc-
tion requires HER4. However, there was no correlation be-
tween basal levels of BRCA1 expression and HER4 expression
in untreated cells (data not shown).

Since HRG stimulates the tyrosine kinase activities of both
HER?2 and HER4, we next examined the requirement for
HER?2 in HRG-mediated induction of BRCA1. HER2 signal-
ing was impaired by the elimination of HER2 cell surface
expression. This was accomplished by sequestration of HER2
in the endoplasmic reticulum, using a single-chain anti-HER2
antibody containing an endoplasmic reticulum targeting se-
quence known as scFv-5R (34). This protein is referred to
herein as SR, and it was retrovirally expressed in SUM44
and SUM102-HER4 cells. The expression of 5R in each of
these cells has been described previously (34), and it com-
pletely abolished HRG-dependent HER?2 tyrosine phosphor-
ylation in both SUM44-5R cells and SUM102-HER4-5R
cells (Fig. 3D) compared to that in SUM44-pBABE and
SUM102-HER4-pBABE cells, respectively. The expression
of 5R did not eliminate HRG-dependent tyrosine phosphor-
ylation of HER4 or HER3 in SUM44-5R or SUM102-
HER4-5R cells (Fig. 3D). Previous reports demonstrated
that SUM44-pBABE and SUM44-5R cells maintain HRG-
dependent growth inhibition (34).

The expression of SR and elimination of HER?2 signaling did
not block the HRG-dependent induction of BRCA1 mRNA in
SUMA44 cells (Fig. 3E). In contrast, SUM44-5R cells displayed
a heightened induction of BRCA1 expression in response to
HRG compared to SUM44-pBABE cells. Furthermore, in
SUM102-HER4 cells, which had acquired an antiproliferative
response to HRG by virtue of HER4 expression, sequestration
of HER?2 did not abolish HRG-mediated induction of BRCAI.
Thus, HER?2 is not necessary for the HRG-dependent increase
in BRCALI expression in cells with either endogenous (SUM44)
or exogenously expressed (SUM102-HER4) HER4. Although
increased BRCA1 induction was seen in HRG-treated SUM44-
5R cells compared to that in SUM44-pBABE cells, we did not
see exaggerated HRG-mediated growth inhibition in SUM44-5R
cells compared to that in SUM44-pBABE cells (data not
shown), consistent with previous observations that HRG-me-
diated growth inhibition is similar in SUM44-5R and SUM44-
pBABE cells (34).

We treated SUM44 cells with the pan-ErbB kinase inhibitor
GW572016 (1 uM) to determine if ErbB kinase activity is
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FIG. 4. HER4-positive breast tumors express greater amounts of
BRCA1 than HER4-negative breast tumors. RNAs extracted from
frozen breast cancer specimens were used to measure the absolute
levels of HER4 and BRCA1 mRNAs by quantitative real-time RT-
PCR. Each sample was analyzed independently three times. The figure
shows a Pearson’s correlation plot, comparing absolute levels of
BRCA1 mRNA to those of HER4.

required for the induction of BRCA1 mRNA in these HER4-
positive, HER1-negative cells. In the absence of HRG, the
expression of BRCA1 was similar in cells treated with or with-
out GW572016 (Fig. 3F). While HRG induced BRCA1 tran-
script levels in the absence of GW572016, the HRG-mediated
increase in BRCA1 was not observed in cells cultured in the
presence of GW572016. Since HER2 expression is not re-
quired for HRG-inducible BRCA1 expression and since these
cells do not express HERI, this suggests that HRG-induced
HERA4 kinase activity is required for BRCA1 induction.

Clinical correlation of HER4 and BRCA1 expression. To
examine the relationship between HER4 and BRCAL1 expres-
sion further, we measured mRNA expression of HER4 and
BRCAI in human breast cancer specimens. HER4 mRNA ex-
pression was determined using real-time quantitative RT-PCR,
measuring the absolute number of HER4 transcripts in 10 ng of
tumor total RNA (Table 1). We assayed 19 human breast
cancer samples, finding that HER4 mRNA expression could be
detected at various levels. We also measured the BRCA! tran-
script number in each tumor, using quantitative real-time RT-
PCR. Interestingly, a correlation was observed between the
numbers of HER4 and BRCAL transcripts (Fig. 4) (Pearson’s
correlation coefficient = 0.73). Transcripts encoding HRG
were detected in some, but not all, of the breast tumor speci-
mens (Table 1). As controls, we quantified the mRNAs encod-
ing amphiregulin and keratin 18. Unlike that of BRCA1, expres-
sion of amphiregulin did not correlate positively or negatively
with HER4 expression in these tumor samples, nor did gene
expression of the epithelial structural protein keratin 18 (data
not shown). The consent forms from these anonymous donors
do not allow linkage to clinical data or clinical outcomes. None-
theless, these results are consistent with our findings for breast
cancer cell lines that HER4 enhances the expression of BRCAI
mRNA.

Heregulin-induced BRCAL1 expression requires JNK activity.
To determine which signaling pathways may be involved in
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FIG. 5. BRCAL induction and growth inhibition in response to
HRG requires JNK activity. (A) Western analysis of whole-cell ex-
tracts of BT-474 or SUM102 cells treated with or without HRG for
48 h. Antibodies used for Western analysis are shown to the right.
Results shown are representative of three experiments. (B) Western
analysis of BT-474 cells cultured for 48 h with or without HRG and
with or without SP600125 (a small-molecule pan-JNK inhibitor). An-
tibodies used for Western analysis are shown to the right. (C) Western
analysis of BT-474 cells cultured for 48 h with or without HRG and
with or without U0126 (a small-molecule p44/42 inhibitor). Antibodies
used for Western analysis are shown to the right. (D) Western analysis
of SUM102-HER4 cells cultured for 48 h with or without HRG and
with or without SP600125 (a small-molecule pan-JNK inhibitor). An-
tibodies used for Western analysis are shown to the right. (E) Cell cycle
analysis of propidium iodide-stained BT-474 cells cultured for 48 h
with or without HRG and with or without SP600125. (F) FACS anal-
ysis of BT-474 cells treated with HRG and with or without SP600125
for 48 h. Methanol-fixed cells were stained with an antibody against
phospho-histone H3 (and an FITC-labeled secondary antibody) and
with propidium iodide. A total of >20,000 cells were analyzed by flow
cytometry. The percentage of cells that were positive for FITC is
shown below each panel.
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HRG-mediated induction of BRCA1, we examined the activ-
ities of JNK, p44/42, and p38 in BT-474 cells (HER4 positive)
and in SUM102 cells (HER4 negative). In BT-474 cells and
SUM102 cells, HRG-dependent phosphorylation of p44/42
and, to a lesser extent, p38 was observed; however, HRG
induced an increase in phosphorylation of JNK in HRG-
treated BT-474 cells only (Fig. 5A). Therefore, we treated
BT-474 cells with SP600125, a pharmacologic inhibitor of
JNKI1 and JNK2 activity. SP600125 inhibited HRG-induced
JNK phosphorylation without affecting the expression of
total JNK1 or JNK2 (Fig. 5B). Moreover, BT-474 cells cul-
tured in the presence of SP600125 did not display the HRG-
mediated increase in BRCAL1 expression (Fig. 5B) or increased
phospho-histone H3 expression. In contrast, inhibition of p44/42
activity using the small-molecule inhibitor U0126 did not affect
the HRG-dependent increase in BRCA1 protein expression
(Fig. 5C).

Because BRCAL expression is lowest in the G, phase of the
cell cycle and since JNK inhibition may halt the cells in G,,
therefore indirectly inhibiting HRG-induced BRCAL1 expres-
sion, we examined the HRG-mediated induction of BRCA1 in
SUM102-HER4 cells. These cells have increased BRCALl
mRNA expression in the presence of HRG (Fig. 3) but do not
undergo a G,/M delay in response to HRG, instead demon-
strating an increase in G, cells (Fig. 1). Treatment of SUM102-
HER4 cells with HRG induced the phosphorylation of JNK
and increased protein expression of BRCA1 (Fig. 5D). Inhibi-
tion of JNK activity with SP600125 in SUM102-HER4 cells
also impaired the induction of BRCAI, suggesting that the
induction of BRCA1 by HRG is cell cycle independent and
that JNK is required for induction of BRCA1 by HRG.

Consistent with these observations, SP600125 impaired the
HRG-dependent accumulation of BT-474 cells with 4N DNA
(Fig. 5SE). The HRG-induced increase in phospho-histone H3-
positive cells was also impaired by SP600125 (Fig. 5F). These
data suggest that JNK may be required for the HRG-mediated
cell cycle delay at the G,/M transition.

Heregulin-mediated growth inhibition requires BRCAL. To
examine the role of BRCA1 in HRG/HER4-mediated growth
inhibition, we inhibited the expression of BRCA1 in BT-474
cells, using transient transfection of siRNA sequences target-
ing BRCAL. Cells were transfected and then cultured in se-
rum-free medium in the presence or absence of HRG for 30 h.
Cells transfected with BRCA1 siRNA sequences demonstrated
a dose-dependent decrease in BRCALI expression without al-
tering HRG-induced tyrosine phosphorylation of HER4 (Fig.
6A). Western analysis demonstrated that the HRG-dependent
dephosphorylation of cdc2 at tyrosine 15 was not observed in
the absence of BRCAL, nor was the HRG-dependent increase
in immunodetection of phosphorylation of histone H3 at Ser10
(Fig. 6B). In contrast, HRG-induced phosphorylation of JNK
and p44/42 was unaffected by transfection with BRCA1
siRNA, demonstrating that the effects of BRCAL1 inhibition
are beyond the initial signaling events. These results further
suggest that JNK activation in response to HRG is required
upstream of BRCAL induction, although our results do not
rule out other functions of JNK that may lie downstream of
BRCAI1 induction.

Transfection of cells with BRCA1 siRNA impaired the
HRG-mediated accumulation of BT-474 cells with 4N DNA,
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FIG. 6. BRCAL expression is required for HRG-mediated growth inhibition in BT-474 cells. (A) Western analysis of BT-474 cells transfected
with increasing concentrations of BRCA1 siRNA sequences and treated with or without HRG. Cells were collected at 30 h posttransfection. (Top)
Western analysis of HER4 immunoprecipitates from whole-cell extracts to detect phosphotyrosine residues. (Bottom) Western analysis of
whole-cell extracts to detect BRCA1. (B) Western analysis of whole-cell lysates from BT-474 cells transfected with 10 nM BRCAL1 or control
siRNA and treated with or without HRG. Lysates were collected 30 h after transfection. Antibodies used for Western analysis are shown to the
left of the panel. (C) Cell cycle analysis of propidium iodide-stained BT-474 cells transfected with 10 nM BRCA1 or control siRNA and treated
with or without HRG. Cells were collected after 30 h. A total of >10,000 nuclei were counted per sample. (D) FACS analysis of BT-474 cells
transfected with control or BRCA1 siRNA and then treated with HRG and with or without SP600125 for 36 h. Methanol-fixed cells were stained
with an antibody against phospho-histone H3 (and an FITC-labeled secondary antibody) and with propidium iodide. A total of >20,000 cells were
analyzed by flow cytometry. The percentage of cells that were positive for FITC is shown below each panel.

as determined by flow cytometric analysis of propidium iodide-
stained cells (Fig. 6C). In contrast, BT-474 cells transfected
with a nonspecific siRNA sequence displayed an HRG-medi-
ated increase in the 4N DNA-containing cell population.
While cells transfected with control siRNA sequences dis-
played an HRG-induced increase in the population of phos-
pho-histone H3-positive cells compared to that in untreated
cells, transfection with BRCAL1 siRNA sequences impaired the
HRG-mediated induction of phospho-histone H3-positive cells
(Fig. 6D). This suggests that the HRG-dependent delay in the
G,/M transition is not observed in cells transfected with
BRCAL1 siRNA.

To further test the requirement for BRCA1 in HRG-medi-
ated growth inhibition, we used a genetic model of BRCAL1

depletion. Mouse MECs were derived from a mouse model in
which exon 11 of the BRCALI gene is flanked with LoxP sites
(36). Exon 11 was excised by retroviral expression of Cre re-
combinase in culture, producing an isogenic pair of MECs
differing only with respect to BRCAL1 expression, referred to
herein as BRCA1Y" and BRCA1*'/A'* MECs. We cultured
these two cell lines in serum-free medium in the presence or
absence of HRG for 0 to 48 h, resulting in HRG-dependent
tyrosine phosphorylation of HER2, HER3, HER4, and, to a
lesser extent, HER1 at 48 h (Fig. 7A). We analyzed whole-cell
extracts from BRCA1WT and BRCA14!'"A!! MECs treated for
48 h with HRG for phosphorylation of cdc2 at tyrosine 15 by
Western analysis. While equal amounts of cdc2 were detected
regardless of HRG treatment or BRCAL status, we found an
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FIG. 7. Growth of BRCA1-deficient mammary epithelial cells is not inhibited by HRG. (A) Mouse mammary epithelial cells carrying a targeted
deletion of exon 11 of the BRCA1 gene (BRCA1™) and their congenic wild-type counterparts (BRCA1") were cultured for 0 to 7 days with or
without HRG. (Top panels) Western analysis of HER4 immunoprecipitates to detect tyrosine phosphorylation. (Bottom panels) Western analysis
of whole-cell lysates. Antibodies used for analysis are shown to the left of each panel. (B) Cells were grown with or without HRG for 0, 1, or 7
days in serum-free medium. Cells were collected and analyzed by Western analysis using the antibodies indicated to the left. (C) Analysis of
propidium iodide-stained cells by flow cytometry. BRCAIWT and BRCA14'/A!! cells were treated with or without HRG for 0 or 48 h prior to
analysis. (D) FACS analysis of BRCA1" and BRCA1~ MECs treated with or without HRG for 7 days. Methanol-fixed cells were stained with an
antibody against phospho-histone H3 (and an FITC-labeled secondary antibody) and with propidium iodide. A total of >20,000 cells were analyzed
by flow cytometry. The percentage of cells that were positive for FITC is shown below each panel.

HRG-dependent decrease in cdc2 phosphorylation at Tyr15 in
BRCA1™" MECs but not in BRCA14'/A!" MECs.

Whole-cell extracts revealed an HRG-dependent increase in
cyclin B expression and increased phosphorylation of histone
H3 serine 10, consistent with an increase in the G,/M popula-
tion of BRCAIWT cells (Fig. 7B). In contrast, HRG failed to
enhance cyclin B expression in BRCA14'A41! MECs. The ab-
sence of exon 11 of BRCAI did not affect other aspects of
HER4 signaling, such as HRG-dependent phosphorylation of
p44/42. Western analysis of STATSA demonstrated equal
loading in each lane of the gel. An HRG-dependent increase
in the G,/M population of BRCA1WT cells compared to that
of untreated cells was observed (Fig. 7C). In contrast,
BRCAI14"/A!" cells did not have an increased 4N population
in response to 48 h of incubation with HRG. The HRG-de-
pendent increase in 4N DNA was also observed in BRCA1WT
cells examined 7 days after HRG treatment, but not in
BRCA14""/2!! cells (data not shown). Phospho-histone H3 was
detected at higher levels in HRG-treated BRCAIWT MECs
than in untreated BRCAIW™T cells (Fig. 7D); however,
BRCA12'VA11 cells did not display increased phospho-histone
H3 staining after being treated with HRG. These results are
consistent with the hypothesis that HRG induces a BRCA1-
dependent G,/M checkpoint.

To determine if BRCA1 overexpression is sufficient to in-
duce mitotic delay in the absence of HRG signaling, we gen-
erated BT-474 cell lines stably transfected with expression vec-
tors expressing human BRCA1 or BRCA15'43A with the

latter being deficient in a BRCA1-dependent G,/M checkpoint
induced by ionizing radiation (53, 54). Selection-resistant
clones were analyzed individually for expression of BRCAI,
and more than five clones were pooled together for further
analysis. While total HER4 expression was equal across all
samples analyzed, Western analysis demonstrated that BRCA1
expression was increased in cells stably transfected with the
BRCA1 or BRCA15'% expression construct (Fig. 8A). Al-
though the cells were grown under serum-free conditions and
not treated with HRG, cells expressing BRCAL1 displayed an
increase in the level of cyclin B expression compared to that in
cells expressing BRCA15'4%*4 or cells transfected with the
empty parental vector pcDNA3. Cells that overexpressed
BRCALI contained less phospho-Tyr 15 cdc2 than did controls.
Finally, the percentage of phospho-histone H3-positive cells
increased in BT474 cells overexpressing BRCA1 (Fig. 8B)
but not in BT-474 cells overexpressing BRCA15'4%4 sug-
gesting that BRCA1 overexpression may be sufficient to
delay mitosis in the absence of HRG.

DISCUSSION

Members of the ErbB/HER family of receptor tyrosine ki-
nases are known to stimulate the proliferation of breast epi-
thelial cells and to play causative roles in the formation and
progression of breast cancer. However, recent evidence sug-
gests that HER4 activation prevents the growth of breast ep-
ithelial cells while promoting cellular differentiation. Most



6422 MURAOKA-COOK ET AL.

A t:,jb"“
5> N 2
F R

% . | HER4

o - q BRCA1

- Cyclin B
P-Tyr15
-2
B
pcDNA3 BRCA1

BRCA1S1423A

178 152 [} 64 128 152
DA araa DA srwn

a 0 64

e
L 64 128
ONA ama

P-Histone H3=1.19%  P-Histone H3=2.44% P-Histone H3=1.08%

FIG. 8. Overexpression of BRCAL is sufficient to induce mitotic
delay in the absence of HRG. (A) Western analysis of lysates from
BT-474 cells stably transfected with pcDNA3, pcDNA3-BRCA1, or
pcDNA3S14234 (defective in Go/M checkpoint induced by ionizing ra-
diation). Cells were cultured in serum-free medium for 16 h prior to
analysis. Antibodies used for Western analysis are shown to the right.
(B) FACS analysis of BT-474 pcDNA3-, pcDNA3-BRCAIl-, or
pcDNA3S1423A_expressing cells grown in serum-free medium for 16 h,
fixed in methanol, and stained with a phosphoserine 10 histone H3
antibody. The percentage of cells positive for phospho-histone H3 is
shown below each panel (n > 20,000 cells).

studies agree that HER4 expression correlates with better out-
comes for human breast cancer patients. However, the mech-
anism by which HER4 promotes a better prognosis or de-
creases the growth of breast cancer cells is currently unknown.
We describe results herein suggesting that HER4 impairs the
growth of breast cancer cells through a BRCAIl-dependent
delay in mitotic progression.

It is known that BRCA1 mRNA expression is regulated in a
cell cycle-specific manner, with the lowest levels of BRCAL1
expression detected during G, and with increasing levels de-
tected as cells transition through S phase and G, (8, 12, 46).
This is consistent with the proposed functions of BRCAL in
mediating DNA repair and checkpoint controls in the later
phases of the cell cycle. Because BRCA1 expression is influ-
enced by cell cycle dynamics, it is possible that the regulation
of BRCAL expression by HER4 activity might be an indirect
reflection of the demonstrated HER4-induced cell cycle delay
in late G, or early M phase. However, our data with SUM102-
HER4 cells demonstrated that HRG increased BRCAI ex-
pression >4-fold (Fig. 3), while cells accumulated in G, (Fig.
1). Furthermore, HRG treatment of synchronized BT-474 cells
increased BRCAL1 expression regardless of the cell cycle phase
in which cells were synchronized. Therefore, it seems as if
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HER4 increases BRCAL expression by mechanisms that are
independent, at least in part, of cell cycle dynamics.

The mechanism by which HER4 triggers BRCA1 expression
is currently unknown. Two likely possibilities are that HER4
stabilizes BRCAI transcripts and that HER4 induces the tran-
scription of BRCAL. Given that the intracellular domain of
HER4 becomes liberated upon ligand binding to form a con-
stitutively active tyrosine kinase that can translocate to the
nucleus (25, 47), bind transcription factors such as p53, YAP,
and STATSA (4, 18, 28, 51), and perhaps exhibit transcrip-
tional activity on its own (25), it is interesting to speculate that
HER4 may contribute directly to the transcriptional activation
of the BRCAL1 gene. Alternatively, HER4 could activate gene
transcription of BRCA1 through a conventional RTK signaling
cascade. The observations that JNK signaling was triggered by
HER4 activity and that JNK was required for HRG-induced
BRCALI induction (Fig. 5) suggest that classical RTK signaling
pathways, or perhaps tyrosine kinase signaling by the liberated
intracellular domain of HER4, may be involved in the regula-
tion of BRCALI, as opposed to direct transcriptional activation
by the HER4 intracellular domain. It is clearly possible that
both signaling pathways (classical signaling and a novel action
of the intracellular fragment of HER4) may simultaneously be
involved in BRCA1 induction. Similarly, while Fig. 8 demon-
strates that overexpression of BRCA1 produces the same
G,/M delay as does HRG-induced HER4 activity, it is possible
that maximal growth inhibition via HER4 involves both
BRCALI induction and other HER4-dependent signaling steps.

The observation that molecular signals initiated at or ema-
nating from the cell surface could enhance expression of the
BRCAI gene may hold therapeutic potential, given the impor-
tance of BRCAL as a tumor suppressor. In addition to the
numerous inactivating mutations or deletions in the BRCA1
gene detected in hereditary breast cancer families (9, 22), de-
creased BRCA1 expression is often detected in sporadic cases
of breast cancer (42). Our studies showed that human breast
cancers expressing higher levels of HER4 mRNA generally
displayed greater BRCA1 mRNA levels (Fig. 4), supporting
the idea that HER4 expression may confer a better breast
cancer prognosis, in part by virtue of elevated BRCA1 expres-
sion. Although our translational analysis examined only a small
number of tumors (n = 19), we found repeated evidence that
HER4-expressing breast cancer-derived cell lines had in-
creased BRCAL expression at both the protein and mRNA
levels when treated with HRG (Fig. 3), while HER4 ™ cell lines
did not. HRG-dependent induction of BRCA1 mRNA re-
quired HER4 tyrosine kinase activation (Fig. 3F) but was in-
dependent of HER2 and, in fact, might be enhanced in the
absence of HER?2 (Fig. 3D and E). The introduction of HER4
into a HER4-negative breast cancer cell line conferred HRG-
mediated BRCA1 induction. Because BRCAL is a protein with
numerous and diverse functions, including control of genomic
stability, regulation of cell cycle checkpoints, DNA repair, and
regulation of gene transcription, BRCA1 has many pathways
by which it can carry out its critically important tumor suppres-
sor activity (58). The interest in this bona fide human tumor
suppressor has produced much data and many hypotheses to
explain how it works; our findings add to this list the possibility
that increased expression of BRCAL in response to HER4
activation may confer greater control over cellular decisions
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regarding growth, particularly in the G,/M region of the cell
cycle (see below).

Although the accumulation of cells with 4N DNA in re-
sponse to HRG may have suggested a delay in G, or at the
G,/M transition, our data suggest that HER4-positive breast
cancer cells are delayed in early mitosis. Mitotic delay was
demonstrated by increased phosphorylation of histone H3, sus-
tained cyclin B expression and cyclin B-cdc2 interaction, and
sustained cdc2 activity, each of which initially becomes evident
in early mitosis. As cells progress through mitosis and chro-
mosomes align in anaphase, cyclin B dissociates from cdc2,
cdc2 becomes inactivated, and cyclin B is targeted for degra-
dation by the anaphase promoting complex. Because we ob-
served sustained cyclin B-cdc2 association and cdc2 activity in
response to HRG, it is likely that HRG resulted in a delay at
a checkpoint in mitosis known as the spindle assembly check-
point (SAC). Most of what is known with regard to the SAC
has been studied in response to cellular damage rather than in
response to a physiologic ligand such as HRG. We examined
several SAC proteins in HRG-treated BT-474 cells but did not
find any difference in the subcellular localization of BRCAL,
cdc20, MAD?2, or BubR1 (data not shown), nor did we observe
any overall change in the phosphorylation status of these four
proteins, as assessed by phosphoserine and phosphothreonine
Western analysis of immunoprecipitates from cells treated with
or without HRG. This does not rule out HRG-dependent
posttranslational modifications of BRCA1. In fact, HRG-
dependent BRCA1 phosphorylation has been reported pre-
viously (3). The data herein showing that BRCA15'4734
overexpression did not result in a G,/M delay may suggest
that HRG-dependent modification by a serine-threonine ki-
nase is involved.

The role of BRCAL1 as a necessary intermediary in HRG-
and HER4-dependent growth delay was demonstrated by in-
dependent means in assays with human breast cancer cell lines,
using RNA interference (Fig. 6), and in genetic experiments
using isogenic mouse mammary cell lines that either express
BRCALI or do not. HRG-dependent mitotic delay occurred in
BRCAL1™" cells and was absent in BRCA1~ cells (Fig. 7). Al-
though the precise role of BRCAL1 in regulating mitotic pro-
gression in response to HER4 activation is still under investi-
gation, it may relate to the ability of BRCAI to activate the
SAC, a checkpoint that ensures the accurate alignment and
segregation of chromosomes and prevents cells with mis-
aligned chromosomes from exiting mitosis. The requirement
for BRCAL in the SAC is highlighted by the remarkable num-
ber of aneuploid cells derived from mice carrying a homozy-
gous targeted deletion of BRCA1 exon 11, the inability of
these cells to inhibit the anaphase promoting complex in the
presence of mitotic poisons, and their inability to arrest in
mitosis (6, 7, 49, 50, 55).

Evidence from animal models demonstrates that HER4 ac-
tivity is required for lactational differentiation of the mammary
epithelium. Mammary glands from mice that lack HER4 ac-
tivity as a result of multiple genetic strategies each have lacta-
tional defects due to an impaired program of differentiation
(16, 20, 43), as measured by a decrease in the expression of
milk proteins (B-casein and whey acidic protein) and a de-
crease in activity of the transcription factor STATSa, which is
required for lactation. Interestingly, the role of BRCAL in the
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differentiation of mammary epithelial cells has recently be-
come apparent. BRCAL1 expression is spatially and temporally
regulated at each distinct stage of mammary gland develop-
ment (21, 32). Also, mammary glands from mice with a con-
ditional BRCA1 knockout displayed an impaired program of
growth and differentiation (55). In cell culture models, the role
of BRCAL1 in morphological differentiation has been studied in
three-dimensional cultures of MCF10A cells. Depletion of
BRCALI using RNA interference revealed that acinus forma-
tion, the formation of a single-layered, polarized epithelial
structure surrounding a lumen, relied on BRCALI expression
and inversely correlated with increased growth of the MCF10A
cells in the absence of BRCA1 expression (11). These studies
support a hypothesis currently under investigation that the
mechanism by which HER4 regulates mammary differentiation
may rely on BRCA1 activity, similar to the BRCA1-dependent
mechanism by which HER4 decreases the growth of breast
cancer cells, as demonstrated herein.

In summary, our data suggest that HER4-mediated induction
of BRCAL expression may inhibit the growth of breast cancer
cells by two mechanisms, by decreasing progression through mi-
tosis and by enhancing cellular differentiation. These data warrant
further investigations examining the potential synergy between
HER4 and BRCAL in mitotic delay with regard to tumor forma-
tion and progression.
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