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Amplification and elevated expression of the ErbB2 receptor tyrosine kinase occurs in 20% of human breast
cancers and is associated with a poor prognosis. We have previously demonstrated that mammary tissue-
specific expression of activated ErbB2 under the control of its endogenous promoter results in mammary tumor
formation. Tumor development was associated with amplification and overexpression of ErbB2 at both the
transcript and protein levels. Here we demonstrate that the EGR2/Krox20 transcription factor and its coac-
tivator CITED1 are coordinately upregulated during ErbB2 tumor induction. We have identified an EGR2
binding site in the erbB2 promoter and demonstrated by chromatin immunoprecipitation assays that EGR2
and CITEDI1 associate specifically with this region of the promoter. EGR2 and CITED1 were shown to
associate, and expression from an erbB2 promoter-reporter construct was stimulated by EGR2 and was further
enhanced by CITED1 coexpression. Furthermore, expression of the 14-3-3¢° tumor suppressor led to down-
regulation of ErbB2 protein levels and relocalization of EGR2 from the nucleus to the cytoplasm. Taken
together, these observations suggest that, in addition to an increased gene copy number and upregulation of
EGR2 and CITEDI1, an elevated erbB2 transcript level involves the loss of 14-3-3c, which sequesters a key

transcriptional regulator of the erbB2 promoter.

ErbB2 (HER2, Neu) belongs to the epidermal growth factor
receptor (EGFR) family of receptor tyrosine kinases (11, 21).
Overexpression of ErbB2 has been implicated in 20 to 30% of
primary breast cancers and correlates with a poor prognosis
and clinical outcome (22, 42, 43). ErbB2 overexpression in
human breast cancer has been shown to occur through
genomic amplification (23); however, overexpression has also
been observed for single-copy genes (24). In addition, ErbB2-
overexpressing human breast cancer cell lines have been dem-
onstrated to have higher erbB2 transcript levels per gene copy
number compared to cell lines expressing low levels of ErbB2
(20, 26). In contrast to the rodent promoters, the human erbB2
promoter has been analyzed more extensively and the proximal
0.22 kb is thought to contain the most positive-acting elements.
Several transcription factors that regulate expression from this
region of the promoter have been identified. Transcription
factor AP-2 was shown to activate erbB2 expression (7), and
this activity was attributable to the AP-2a, -B, and -y family
members (6). In addition, an Ets binding site positioned be-
tween the two transcriptional start sites, located at positions
—69 and +1, has been shown to be bound by three Ets family
members, namely, PEA3, ESX/EIf-3, and Elf-1, resulting in
activation from the erbB2 promoter (5, 9, 39).
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The importance of ErbB2 in mammary tumor development
has been demonstrated through the use of transgenic-mouse
models expressing various constitutively active forms of the
receptor in the mammary epithelium by use of the mouse
mammary tumor virus (MMTV) promoter-enhancer (8, 15,
41). More recently, we have shown that the expression of
activated ErbB2 from the endogenous erbB2 promoter also
leads to mammary tumor formation. Tumor progression in this
mouse model was associated with a dramatic elevation of both
ErbB2 protein and transcript levels. Elevated ErbB2 expres-
sion was further correlated with genomic amplification of the
activated allele (3). Reminiscent of the findings obtained with
human mammary carcinoma cell lines, the significant upregu-
lation of the ErbB2 protein and transcript in these mammary
tumors cannot simply be attributable to amplification of the
activated erbB2 allele. In addition to genomic amplification of
erbB2, mammary tumors that arise exhibit frequent loss of the
distal end of chromosome 4. Subsequent fine mapping of this
region by comparative genomic hybridization-bacterial artifi-
cial chromosome array analyses revealed that the putative tu-
mor suppressor 14-3-3¢, which mapped to this interval, was
frequently lost during tumor induction in this mouse model
(17).

One possible explanation for the dramatic upregulation of
activated ErbB2 expression is that the levels of key transcrip-
tion factors involved in regulating the erbB2 promoter have
been altered. Comparison of the gene expression profile of
tumors derived from transgenic mice expressing activated
ErbB2 under the transcriptional control of the erbB2 promoter
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with mice expressing activated ErbB2 from the MMTV pro-
moter identified a number of transcription factors that were
differentially expressed (1). In this study, we have explored the
role of two of these candidate transcription factors, EGR2 and
CITED1, which were both upregulated in tumors derived from
mice expressing activated ErbB2 from the endogenous pro-
moter.

EGR2/Krox20 is a zinc finger transcription factor belonging
to the early growth response (EGR) family. The EGR family
members are characterized by a DNA-binding domain consist-
ing of three zinc finger motifs which bind to 9-bp GC-rich
DNA sequences. EGR2 functional studies have been con-
ducted most extensively in the mouse nervous system. In the
central nervous system, EGR2 has been shown to directly
regulate the genes for Hoxb2 and Hoxa2 (36, 37), as well as the
gene for the EphA4 tyrosine kinase (46), in rhombomeres 3
and 5 of the developing hindbrain. EGR2 has also been shown
to activate the expression of Hoxb3 in rhombomere 5 (30). A
negative role for EGR2 in regulating the expression of another
Hox-encoding gene, Hoxb1, has been reported, although in this
case the regulation is indirect in that EGR2 antagonizes the
positive regulatory factor PIASxB (13). Other studies have
revealed a role for EGR2 in the peripheral nervous system,
notably in Schwann cells, where it has been demonstrated that
EGR?2 regulates the expression of myelination-related genes,
including the direct activation of mpz expression (27).

CITEDI1, a transcriptional coactivator belonging to the
CITED family, was originally identified in a murine melanoma
cell line and implicated in the melanogenesis process (33, 40).
Members of this family of non-DNA-binding proteins contain
a well conserved C-terminal acidic domain that accounts for
their strong transcriptional activating activity (40). CITED1
has been shown to interact with SMAD4 and CPB/p300, serv-
ing to enhance SMAD-mediated transcription by strengthen-
ing the link with CBP/p300 (52). It has also been demonstrated
that CITEDI interacts with ERa and ERB and through this
association enhances estrogen-induced transcription (53).

Although many studies have examined the impact of erbB2
overexpression in terms of the downstream signaling pathways,
very little is known regarding the precise mechanisms by which
erbB2 overexpression occurs. Here we provide evidence that
EGR?2 and CITEDI1 function to positively regulate erbB2 ex-
pression. We have identified an EGR2 binding site within the
erbB2 promoter and demonstrated association between EGR2
and the CITEDI transcriptional coactivator. EGR2 and
CITED1 were shown to associate with the erbB2 promoter
region containing the EGR2 binding site, and both activated
transcription from an erbB2 promoter construct, in the case of
CITEDI in a manner dependent on the coexpression of
EGR2. Furthermore, we demonstrated that EGR2 associates
with 14-3-30 and expression of 14-3-3¢ led to the sequestration
of EGR2 in the cytoplasm and thus provides a means of down-
regulating erbB2 levels. Collectively, the results of this study
suggest that the loss of 14-3-3¢ can cooperate with amplifica-
tion of erbB2 to elevate ErbB2 expression during mammary
tumor progression.

MATERIALS AND METHODS

Mice. MMTV-Cre/FloxNeoNeuNT- and MMTV-activated ErbB2 mice were
bred in our animal facility. All animal experiments were performed in accor-
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dance with the guidelines of the Royal Victoria Hospital Facility Animal Care
Committee.

Plasmid construction. EGR2 and CITEDI cDNAs were prepared by reverse
transcriptase PCR (RT-PCR) from RNA isolated from a KI mammary tumor
and ligated into pEF6-V5/His-TOPO (Invitrogen) as a PCR product or
pCMV-HA (Clontech) as an EcoRI-Kpnl fragment, respectively. EGR2 cDNA
was then subcloned as a BamHI/Pmel fragment into the Bglll/Hpal sites of
pMSCV-puro (Clontech). CITED1 cDNA was subcloned as a blunted NcoI/Clal
fragment into the Hpal site of pMSCV-puro. A 1,044-bp region of the erbB2
promoter was cloned by PCR from DNA isolated from an FVB/n mouse, ligated
into pCR2.1-TOPO (Invitrogen), and subcloned as a KpnI-Xhol fragment into
the pGL3-Basic vector (Promega). Site-directed mutagenesis of the EGR2 bind-
ing site was performed with the QuikChangeXL kit from Stratagene. Mouse
14-3-30 ¢cDNA was a kind gift from Joe W. Gray (Ernest Orlando Berkeley
National Laboratory, University of California, San Francisco) and was subse-
quently amplified and cloned into the BglII/Hpal site of pMSCV-hygro (Clon-
tech). A 14-3-3( expression construct was a kind gift from Dihua Yu (MD
Anderson Cancer Center, University of Texas, Houston). All constructs were
verified by sequencing.

Cell culture and transfection. 293T and C6 cells were grown in Dulbecco
modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). HS578T cells were grown in DMEM supplemented with 5% FBS. The KI
mammary tumor-derived cell line TM15 was maintained in DMEM supple-
mented with 10% FBS and Single Quots (Clonetics). Transfections were per-
formed with FuGENE 6 (Roche) in accordance with the manufacturer’s instruc-
tions at a ratio of 3 pl of FuGENE 6 to 1 pg of DNA. TM15 cell lines expressing
EGR2, CITEDI, 14-3-30, and 14-3-3( were generated by retroviral infection.
Following infection, resistant TM15 cells were selected with 4 pg/ml puromycin
or 300 pg/ml hygromycin.

Coimmunoprecipitations. 293T cells were transfected with 2 ug of total DNA,
harvested at 48 h following transfection, and lysed with modified TNE buffer (50
mM Tris [pH 8.0], 150 mM NaCl, 1% Nonidet P-40 [NP-40], 10 mM sodium
fluoride, 10 mM sodium pyrophosphate, 2 mM EDTA) supplemented with 1
pg/ml leupeptin, 1 pg/ml aprotinin, and 1 mM sodium orthovanadate (Na;VO,).
Subconfluent TM15 cells were lysed with modified TNE buffer supplemented
with protease inhibitors and Na;VO,. Immunoprecipitations were performed
overnight at 4°C with antibodies to V5 (1:500; Invitrogen or GenWay Biotech),
hemagglutinin (HA; 1:500 [HA.11]; Covance), and 14-3-3c0 (clone CS112-2A8 at
1:250; Upstate Biotechnology). Immunoprecipitations were then incubated for
2 hwith protein G-agarose (Amersham Biosciences). The reaction products were
washed with lysis buffer, and the immune complexes were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The proteins
were electrotransferred to polyvinylidene difluoride membranes, and the mem-
branes were immunoblotted with antibodies to V5 (1:2,000; Invitrogen), EGR2
(1:1,000; Covance), and 14-3-30 (C-18 at 1:100; Santa Cruz Biotechnology); a
chicken anti-HA antibody (1:1,000; Chemicon International); and a rabbit poly-
clonal anti-CITED1 antibody (MGO043) raised against a synthetic peptide corre-
sponding to amino acids 154 to 168 of mouse CITEDI (1:1,000). Secondary
antibodies (goat anti-mouse, goat anti-rabbit, donkey anti-goat, and rabbit anti-
chicken antibodies conjugated to horseradish peroxidase [HRP]; Jackson Labo-
ratories) were used at 1:10,000, and the proteins were visualized by enhanced
chemiluminescence (ECL; Amersham Biosciences).

Tissue harvesting and analysis. Mammary tumors were excised and snap-
frozen in liquid nitrogen. For protein analyses, extracts were prepared in mod-
ified TNE lysis buffer supplemented with protease inhibitors. The proteins were
separated by SDS-PAGE and transferred to polyvinylidene difluoride mem-
branes. Immunoblotting was performed with a rabbit polyclonal antibody
(MG044) raised against a synthetic peptide corresponding to amino acids 354 to
368 of mouse EGR2 (1:1,000), a mouse monoclonal antibody (2H6) against
full-length human CITED1 (1:1,000), and an anti-Grb2 antibody (C-23 at
1:1,000; Santa Cruz Biotechnology). Secondary antibodies conjugated to HRP
were used at a 1:10,000 dilution, and the proteins were visualized by ECL. Total
RNA was isolated from flash-frozen mammary tumors with the RNeasy Midi Kit
(QIAGEN). Tumor tissue RNA was analyzed by RT-PCR with a LightCycler
and a SYBR green I RNA amplification kit (Roche). RT-PCRs were performed
in triplicate, and transcript levels were normalized to glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). Primer sequences were as follows: EGR2
sense, 5'-CAGGAGTGACGAAAGGAAGC-3'; EGR2 antisense, 5'-GAAGA
CTGGGCAGATGGAGG-3'; CITED1 sense, 5'-CTCCTCTGGATCGACATC
TCC-3'; CITEDI antisense, 5'-CTTCTGAAGCTGCATGCTGG-3'; GAPDH
sense, 5'-GCAAAGTGGAGATTGTTGCC-3'; GAPDH antisense, 5'-ATTCT
CGGCCTTGACTGTGC-3'.
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Electrophoretic mobility shift assays. 293T cells were transfected with a V5-
tagged EGR2 expression vector, and extracts were prepared at 48 h posttrans-
fection. Gel shift probes were prepared by annealing the oligonucleotides EGR2
binding consensus F (5'-CAGCACCAAAGTGGGTGGGCGGCACCCTGTA
A-3") and R (5'-GAGTTACAGGGTGCCGCCCACCCACTTTGGTG-3") and
mutated EGR2 binding consensus F (5'-CAGCACCAAAGTGGGTGGGGGG
CACCCTGTAA-3') and R (5'-GAGTTACAGGGTGCCCCCCACCCACTTT
GGTG-3") (nucleotide substitution underlined). Annealed oligonucleotides
were labeled with 5 pCi of [a-*?P]dCTP with Klenow and purified on a G50
Sephadex column (Amersham). Binding reactions were performed with buffer
containing 20 mM HEPES (pH 7.5), 10 uM ZnSO,, 2 mM dithiothreitol, 10%
glycerol, 0.02 wg/pl poly(dI-dC) - poly(dI-dC), 0.1 pg/pl bovine serum albumin,
1 mM phenylmethylsulfonyl fluoride, and 60 mM KCI and incubation for 30 min
at 30°C. For supershift reactions, 1 pug of anti-V5 antibody was added following
the initial incubation period and the mixture was incubated for an additional 10
min at 30°C. Probe bound to protein was then separated from free probe by
electrophoresis at 150 V through a 5% nondenaturing polyacrylamide (29:1) gel
containing 0.5X Tris-borate-EDTA and 3% glycerol. The gels were dried and
visualized by autoradiography.

Luciferase assays. Cells were seeded into six-well plates. In one assay (see Fig.
4), a total of 1,150 ng of DNA (200 ng of reporter DNA, 750 ng of effector DNA,
and 200 ng of pEF1-V5/His-LacZ [Invitrogen]) was transfected. In another assay
(see Fig. 5), a total of 1,400 ng of DNA (200 ng of reporter DNA; 250 ng of
EGR?2; 125, 250, 500, or 750 ng of CITEDI, as indicated; 200 ng of pEF1-V5/
His-LacZ; and empty vector to a total of 1,400 ng) was transfected. Cells were
harvested at 48 h posttransfection in lysis buffer (1% Triton X-100, 15 mM
MgSO,, 4 mM EDTA, 1 mM dithiothreitol), and luciferase activity was deter-
mined. The luciferase activity was normalized to B-galactosidase activity. To
ensure effector protein expression, all lysates were subjected to Western blot
analysis.

Chromatin immunoprecipitations (ChIPs). Formaldehyde cross-linking was
performed on subconfluent TM15 cells, the cells were harvested by centrifuga-
tion, and extracts were prepared in 100 wl of lysis buffer (50 mM Tris [pH 8], 1%
SDS, 10 mM EDTA [pH 8], Complete Mini-EDTA protease inhibitor tablets
[Roche]) for each 150-mm plate. The chromatin was sheared to fragments with
average lengths of 200 to 500 bp by sonication, the supernatant was collected,
and chromatin fragment length was verified by electrophoresis. For each ChIP,
150 pl of soluble chromatin was diluted with 1.2 ml of dilution buffer (20 mM
Tris [pH 8.1], 1% Triton X-100, 2 mM EDTA [pH 8], 150 mM NaCl) and
precleared with a 50% protein A-salmon sperm DNA slurry (Upstate Biotech-
nology) for 2 h at 4°C. Precleared chromatin solutions were incubated overnight
with 2 pg of an antibody to V5, HA (HA.11, Covance), or EGR2 (H-220; Santa
Cruz Biotechnology); a mouse monoclonal antibody (2H11) raised against full-
length human CITEDI; or 10 ul of antiserum to EGR2 (MG044) or CITED1
(MG043). Antibody-bound protein-DNA complexes were precipitated with a
50% protein A-salmon sperm DNA slurry for 2 h at 4°C. The immunoprecipi-
tates were washed for 10 min each in low-salt immune complex buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA [pH 8.0], 20 mM Tris [pH 8.1], 150 mM
NaCl), high-salt immune complex buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA [pH 8], 20 mM Tris [pH 8.1], 500 mM NaCl), and LiCl immune complex
buffer (0.25 M LiCl, 1% NP-40, 1% Na-deoxycholate, 1 mM EDTA [pH §], 10
mM Tris [pH 8.1]) and twice with Tris-EDTA. The chromatin was eluted,
de-cross-linked, and purified on a QIAquick PCR purification column
(QIAGEN) in accordance with the manufacturer’s instructions. PCR was per-
formed with primers that amplify a region containing the EGR2 binding site
(positions —723 to —612; EGR2 site sense [5'-GACCCAAGTTCTGTTTCCA
GC-3'] and EGR2 site antisense [5'-GTCACATAAGTGCTGTTGCC-3']) or an
upstream site (positions —2284 to —2136 of the erbB2 gene; upstream site sense
[5'-GTTGCAGTTCAACCGCTGAGG-3'] and upstream site antisense [5'-GA
GCCATTGCTGGCTGTATCC-3']) by standard PCR and quantitative PCR
(Q-PCR). For Q-PCR, each reaction was done in triplicate with a LightCycler
and a QuantiTect SYBR green PCR kit (QIAGEN). n-Fold enrichment was
determined by comparing the relative amounts of specific chromatin present in
the antibody-immunoprecipitated samples with the amount present in the no-
antibody control following normalization for the amount of input DNA.

Immunostaining. For immunohistochemical analysis, paraffin-embedded sec-
tions were deparaffinized in three changes of xylene. Sections were heated in 10
mM sodium citrate (pH 6), followed by incubation in 3% H,O, for 20 min.
Samples were incubated in a primary antibody (EGR2, MGO44; CITEDI,
MGO043) diluted 1:100 in phosphate-buffered saline (PBS)-2% bovine serum
albumin (BSA) for 1 h at room temperature, washed with PBS, and then incu-
bated for 30 min at room temperature with an HRP-conjugated secondary
antibody (diluted 1:1,000 in PBS-2% BSA; Jackson Laboratories). Immunore-
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activity was visualized with the DAB+ substrate chromogen system (DAKO),
and the tissues were counterstained with hematoxylin. For immunofluorescent
staining, cells were fixed with 2% paraformaldehyde in PBS, permeabilized in
0.5% Triton X-100 in PBS, and then washed with 100 mM glycine in PBS.
Blocking was performed with IF buffer (PBS, 0.1% BSA, 0.2% Triton X-100,
0.05% Tween 20) plus 2% BSA, followed by a 1-h incubation at room temper-
ature in a humidified chamber with primary antibodies to EGR2 (1:100; Co-
vance), 14-3-3¢ (1:100 clone CS112-2A8 [Upstate Biotechnology] and 1:100 C-18
[Santa Cruz Biotechnology]), HA (1:5,000), and ErbB2 (Ab3 at 1:100; Onco-
gene) diluted in IF buffer. Cells were washed in IF buffer and incubated in a
humidified chamber with the appropriate Alexa-Fluor-conjugated secondary an-
tibodies diluted in IF buffer (1:1,000; Molecular Probes) for 40 min at room
temperature. The nuclei were counterstained with 4',6'-diamidino-2-phenylin-
dole (DAPI).

Confocal imaging. Confocal imaging was performed with an Axiovert 200 M
microscope (Carl Zeiss MicroImaging, Inc.) with 100x/1.4 plan-Apochromat
objectives equipped with a confocal microscope system (LSM 510 Meta confocal
microscope; Carl Zeiss MicroImaging, Inc.). Image analysis was carried out with
the LSM 5 image browser (Empix Imaging).

RESULTS

EGR2 and CITED1 are upregulated in MMTV-Cre/Flox-
NeoNeuNT mammary tumors. We have previously shown by
microarray analysis that EGR2 and CITED1 are overex-
pressed in mammary tumors induced by expression of activated
ErbB2 under the transcriptional control of the erbB2 promoter
(herein referred to as the KI model) compared to MMTV-
activated ErbB2 mammary tumors (1). To confirm the mi-
croarray results, we analyzed the mRNA and protein levels of
EGR2 and CITEDI1 in nine independent KI and MMTV-
activated ErbB2 mammary tumors. Consistent with the mi-
croarray results, a general trend was observed in a real-time
RT-PCR in which EGR2 and CITED1 transcript levels were
elevated in the individual KI tumors (Fig. 1A). EGR2 mRNA
was elevated an average of 5-fold and CITED1 mRNA was
elevated 14-fold in the KI tumors compared to the transcript
levels in the MMT V-activated ErbB2 tumors. To confirm that
EGR2 and CITEDI1 were also elevated at the protein level,
mammary tumor tissue lysates were immunoblotted for EGR2
and CITEDL1. In agreement with the Q-RT-PCR results, the
levels of both the EGR2 and CITED1 proteins were elevated
in the KI mammary tumors (Fig. 1B). In the EGR2 immuno-
blot assays, we detected two related EGR2 isoforms that result
from differential splicing (10). The results demonstrate not
only that are EGR2 and CITEDI elevated at the transcript
level but that this overexpression results in increased protein
levels. Furthermore, immunohistochemical staining of KI tu-
mor tissues with EGR2- and CITED1-specific antibodies re-
vealed that both EGR2 and CITED]1 are nucleus localized in
the tumors (Fig. 1C and D), demonstrating that they are both
present at a location where they can fulfill their function as
transcriptional regulators. Taken together, these observations
suggest that EGR2 and CITED1 are coordinately upregulated
with ErbB2 in mammary tumors induced in the KI model.

EGR?2 associates with the erbB2 promoter. The upregulation
of EGR2 expression in mammary tumors derived from mice
expressing activated ErbB2 under the control of the endoge-
nous erbB2 promoter suggests that EGR2 may be an important
transcriptional regulator of erbB2 expression. Sequence anal-
ysis of the erbB2 promoter revealed a potential EGR2 binding
site located at positions —695 to —686 upstream of the erbB2
transcription initiation site. A previous study examining the



VoL. 27, 2007

B MMTV-Cre/FloxNeo NeuNT

12345678 9101112131415161718

AN EGR2/CITED1 COMPLEX REGULATES erbB2 TRANSCRIPTION

A_ " EGR2
: I MMTV-Cre/FloxNeo NeuNT
2 e i I MMTV-NeuNDL
225
-
82 L
G
@15
£
= 9
@
2
£ 05
=
= 9

8651

CITED1

l O MMTV-Cre/FloxNeo NeuNT,
I MMTV-NeuNDL

Relative Transcript Levels (AU)
N W A O~

12345678 911112131415161718

MMTV-NeuNDL

W =

L -i-.- -

CITED1

Grb2

1 2 3 4 5 6 7 8 9

g

10

1 12 13 14 156 16 17

IHC: anti-ITD1

e Wy

g

FIG. 1. EGR2 and CITED1 are overexpressed in KI mammary tumors and show nuclear localization. (A) EGR2 and CITED1 transcript levels
were analyzed in KI and MMTV-activated ErbB2 mammary tumors by real-time RT-PCR. EGR2 and CITEDI transcript levels were normalized
to GAPDH by the AACT method. Each relative transcript level represents the mean value of three independent amplification reactions (= the
standard deviation). (B) Lysates prepared from primary mammary tumor tissues were subjected to SDS-PAGE and blotted with an EGR2 (top)-
or CITED1 (middle)-specific antibody. Grb2 (bottom) was used as a control for equal loading. EGR2 (C) and CITED1 (D) expression (brown)
in tissue excised from primary KI breast tumors by immunohistochemical (IHC) staining with antibodies specific to EGR2 and CITED] is also

shown. AU, arbitrary units.

binding specificity of the EGR family has shown that EGR2
can bind to a probe corresponding to this sequence (45). To
directly address whether EGR2 can bind to this sequence in
the context of the flanking sequences present within the erbB2
promoter, gel shift assays were performed with a probe corre-
sponding to positions —706 to —672 of the erbB2 gene. When
the probe was incubated with EGR2-transfected 293T lysates,
a retarded complex was detected (Fig. 2A, lane 2). The pres-
ence of EGR2 in this complex was confirmed by the supershift
observed upon the addition of a V5-specific antibody to tagged
EGR2 (Fig. 2A, lane 3). Furthermore, this interaction could be
eliminated upon the addition of an unlabeled competitor probe
but not upon the addition of a large excess of a nonspecific
competitor (Fig. 2A, compare lanes 4 and 5 to lane 6). To further
substantiate the specificity of this interaction, the use of a probe
containing a single base pair change of C to G at position 8 of the
EGR?2 binding consensus eliminated EGR2 binding (Fig. 2B,
lanes 5 and 6). The use of the mutated probe still resulted in a
shifted complex, likely corresponding to other DNA-binding fac-
tors that do not require the intact EGR2 consensus sequence. As
the protein source used in this assay was the total lysate of 293T

cells, a variety of other DNA-binding proteins were present in the
reaction mixtures. Indeed, this complex was not supershifted
when incubated with a V5-specific antibody to tagged EGR2 (Fig.
2B, lane 6), arguing that EGR2 is not present in the complex
associated with the mutated probe.

To establish whether EGR2 interacts with the endogenous
erbB2 promoter, a cell line derived from a KI tumor (TM15)
was generated to stably express V5-tagged EGR2 and ChIP
experiments were conducted. DNA from the immunoprecipi-
tated complexes was amplified with primers corresponding to
positions —723 to —612 of the erbB2 gene, where the EGR2
binding site is located, or with primers specific to a control
upstream region. The V5 immunoprecipitates resulted in a
product for the EGR2 binding region of the erbB2 promoter
(Fig. 2D, top), whereas no product was observed for the up-
stream control (Fig. 2D, bottom). To further substantiate this
binding, the ChIPs were repeated with the parental TM15 cell
line without expression of exogenous EGR2. Upon immuno-
precipitation of endogenous EGR2, chromatin fragments con-
taining the EGR2 binding site in the erbB2 promoter were
again present in the isolated chromatin (Fig. 2E), demonstrat-
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FIG. 2. EGR2 binds to a probe corresponding to a region of the erbB2 promoter and associates with the erbB2 promoter in vivo. (A) Lysates
of 293T cells transfected with V5-tagged EGR2 were incubated with a radiolabeled probe corresponding to positions —706 to —675 of the erbB2
promoter (lanes 2 to 6). Anti-V5 antibody (Ab) (lane 3), an unlabeled specific competitor (lanes 4 and 5), or a nonspecific competitor (lane 6) was
added. (B) A probe with a single base pair substitution (lanes 4 to 6) was used. Black, gray, and white arrowheads represent free probe, shift, and
supershift, respectively. WT, wild type. (C) Diagrammatic representation of the probes used. The EGR2 binding site is in bold, and the mutated
oligonucleotide is underlined. (D) Chromatin from a KI mammary tumor-derived cell line expressing V5-EGR2 was immunoprecipitated (IP) with
a V5-specific antibody, a nonspecific antibody, or a no-antibody control. Chromatin was amplified with primers to the EGR2 binding site within
the erbB2 gene (positions —723 to —612) or an upstream site (positions —2284 to —2136). (E) Endogenous EGR2 was immunoprecipitated from
KI mammary tumor cells with an antibody directed to mouse EGR2 (Covance) and the associated chromatin amplified with the primers described
for panel D. (F) Q-PCR of EGR2-associated chromatin. n-Fold enrichment represents the amount of chromatin corresponding to the amplified
region with respect to the product obtained with the no-antibody control following normalization for input levels. Each result shown is the mean
value obtained in three amplification reactions performed for two independent immunoprecipitations (* the standard deviation). (G) Diagram-

matic representation of the primers used.

ing that this association occurs in a physiological context. The
chromatin associated with endogenous EGR2 in ChIP assays
was also analyzed by Q-PCR, which demonstrated 18.3- and
21.4-fold enrichment of chromatin representing the EGR2
binding region with two different EGR?2 antibodies compared
to the amount of corresponding chromatin isolated with the
no-antibody control (Fig. 2F). In contrast, no enrichment of
chromatin corresponding to the upstream control region of the
erbB2 gene was observed (Fig. 2F).

EGR2 activates transcription from the erbB2 promoter. To
determine whether EGR2 binding has a direct effect on tran-
scription from the erbB2 promoter, an approximately 1-kb re-
gion of the mouse erbB2 promoter (positions —1225 to —182)
containing the EGR2 binding site was cloned into a luciferase
reporter plasmid (pGL3-wt-erbB2). Because previous studies
have shown that erbB2 is expressed in the glial cell compart-
ment (38), we initially tested the erbB2 promoter construct in
Co6 glioblastoma cells. Transfection of the erbB2 promoter-
reporter plasmid into rat C6 glioma cells resulted in an in-

crease in luciferase activity compared to that of the reporter
plasmid lacking a promoter (Fig. 3A). This suggests that en-
dogenous transcription factors within C6 cells are capable of
activating transcription from the erbB2 promoter construct.
However, cotransfection of an EGR2 expression plasmid with
the erbB2 promoter-reporter construct resulted in an addi-
tional threefold increase in luciferase activity (Fig. 3A). This
activation suggests that EGR2 plays a positive role in regulat-
ing erbB2 expression. To confirm the necessity of a functional
EGR?2 binding site, an erbB2 promoter luciferase construct
containing the single base pair substitution in the EGR2 bind-
ing site that was shown to ablate EGR2 binding in the gel shift
assays described above was used (pGL3-mutated-erbB2). In
the absence of exogenous EGR2, similar basal luciferase ac-
tivity levels were observed. However, in contrast to the wild-
type erbB2 promoter construct, cotransfection of EGR2 with
the mutated reporter plasmid did not result in an increase in
transcriptional activation (Fig. 3A). This suggests that the
identified EGR?2 binding site is indeed the site by which EGR2
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FIG. 3. EGR?2 activates transcription from the erbB2 promoter. (A) C6 cells were cotransfected with 200 ng of a reporter construct containing
no promoter (pgL3-basic), the —1225 to —182 region of the erbB2 promoter (pGL3-wt promoter), or the same region containing a mutated EGR2
binding site (pGL3-mut. promoter) and 750 ng of empty vector or EGR2 expression plasmid as indicated. Cytoplasmic extracts were prepared, and
luciferase activity was measured. (B) HS578T cells were cotransfected with 200 ng of the pGL3-wt promoter construct and empty vector or EGR2
expression vector in the amounts indicated. Cytoplasmic extracts were assayed for luciferase activity. Luciferase activity is shown as relative light
units normalized to B-galactosidase activity and is the mean result of three separate experiments with triplicate wells (= the standard deviation).
AU, arbitrary units. (C) Diagrammatic representation of the reporter constructs used with the EGR2 binding site mutation indicated.

mediates its transcriptional activating effect from the region of
the erbB2 promoter used in these assays. The ability of EGR2
to activate transcription from the erbB2 promoter was further
validated in a human breast carcinoma cell line, HS578T. Con-
sistent with the results obtained with the C6 glioblastoma cell
line, EGR2 also activated transcription from the erbB2 pro-
moter construct in HS578T cells, and this occurred in a dose-
dependent manner (Fig. 3B). These results argue that the
observed binding of EGR2 to the erbB2 promoter is directly
involved in the transcriptional upregulation of erbB2.
CITED1 associates with EGR2 and the erbB2 promoter and
enhances EGR2-mediated transcriptional activation. In addi-
tion to elevated expression of EGR2, CITED1 has been previ-
ously shown to be upregulated in KI tumors (1). Given that
CITEDI has been described as a potent transcriptional coactiva-
tor that associates with transcription factors (40, 52, 53), we ex-
amined the ability of CITED1 to interact with EGR2. With ly-
sates of EGR2- and CITEDI-cotransfected 293T cells, we
detected V5-tagged EGR2 in HA immunoprecipitates for tagged
CITED1 (Fig. 4A, top). This interaction was confirmed by per-
forming the reciprocal immunoprecipitation in which V5 immu-
noprecipitates were immunoblotted for CITED1 (Fig. 4A, bot-
tom). We then proceeded to examine what effect this had on
transcription from the erbB2 promoter. HS578T cells cotrans-
fected with an erbB2 promoter-luciferase construct and increasing
amounts of a CITED1 expression plasmid showed no differences
in luciferase activity (Fig. 4B). However, when cells were cotrans-
fected with EGR2, increasing amounts of CITEDI led to a co-

ordinated increase in activation (Fig. 4B). These observations
suggest that CITED1 can potentiate EGR2-mediated transcrip-
tional activation from the erbB2 promoter. Again, this activation
was dependent on the presence of a functional EGR2 binding
site, whereby the use of the mutated erbB2 promoter construct in
which the EGR2 binding site is mutated showed no increase in
transcriptional activation (Fig. 4B). Given that CITEDI can as-
sociate with EGR2 and affect transcription from the erbB2 pro-
moter in an EGR2-dependent manner, we proceeded to examine
whether CITEDI associates with the EGR2 binding site region of
the erbB2 promoter. To accomplish this, we generated a TM15
cell line stably expressing HA-tagged CITEDI1 and performed
ChIP assays. An HA-specific antibody was able to precipitate the
—723 to —612 region of the erbB2 promoter, whereas this chro-
matin was not detected in immunoprecipitates with a nonspecific
antibody or in a no-antibody control (Fig. 4C). Furthermore, the
upstream control region of the erbB2 promoter was not detected
in the CITED1 immunoprecipitates (Fig. 4C). To validate this
association, the ChIPs were performed with the parental TM15
cell line and immunoprecipitation for endogenous CITED1 was
performed. Again, we were able to confirm that CITED1 associ-
ates with the erbB2 promoter region at which EGR2 binding was
demonstrated (Fig. 4D). We further validated the standard PCR
results by performing Q-PCR on chromatin eluted in ChIP assays
with the same EGR?2 binding site and upstream control primers.
From this quantification, we observed 4.5- and 10.0-fold enrich-
ments of the EGR2 binding site region of the erbB2 promoter
complexed with CITED1 with two separate CITED]1 antibodies
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FIG. 4. CITEDI interacts with EGR2 and enhances transcription from the erbB2 promoter. (A) Extracts of 293T cells cotransfected with
V5-EGR2 and HA-CITED1 were immunoprecipitated (IP) with an anti-HA antibody (Ab) or a control antibody, and the proteins were separated
by SDS-PAGE. Membranes were probed with an anti-V5 antibody to detect EGR2 (top). The same lysates were precipitated with an anti-V5
antibody, and the isolated proteins were immunoblotted (IB) for CITED1 (bottom). The amount of input lysate shown is 5% of the total protein
used in the immunoprecipitations. (B) HS578T cells were cotransfected with 200 ng of the wild-type erbB2 promoter-reporter construct described
in the legend to Fig. 3 and an empty vector or an EGR2 expression vector (250 ng) and increasing amounts of a CITED1 vector (0, 250, 500, or
750 ng). Cytoplasmic extracts were assayed for luciferase activity. (C) ChIP with an HA-tagged CITED1-infected KI mammary tumor-derived cell
line. Eluted chromatin was amplified with primers to the EGR2 binding site within the erbB2 promoter or to an upstream control site.
(D) Chromatin associated with endogenous CITED1 in the KI tumor-derived cell line was isolated by immunoprecipitation with an antibody raised
against full-length human CITED1 (2H11) and amplified as described for panel C. (E) Q-PCR of chromatin associated with endogenous CITEDI.
Fold enrichment represents the amount of chromatin corresponding to the —723 to —612 region of the erbB2 promoter compared to the
no-antibody control following normalization for input levels. Each result shown is the mean value obtained in three separate amplification reactions

for two independent immunoprecipitations (*+ the standard deviation). (F) Diagrammatic representation of the primers used.

compared to the no-antibody control (Fig. 4E). Moreover, no
enrichment was observed for chromatin corresponding to the
upstream control region (Fig. 4E). Taken together, these obser-
vations argue that CITED1 is present within an EGR2-containing
complex which is capable of associating with the erbB2 promoter.

14-3-30 overexpression leads to an altered subcellular lo-
calization of EGR2 and a decrease in ErbB2 levels. Given the
importance of the nuclear localization of EGR2, a potential
mechanism of regulating EGR2-mediated activation of target
genes is sequestration into the cytoplasm. Scansite analysis of
the EGR2 protein sequence revealed a potential 14-3-3 bind-
ing site containing the consensus RXX[pS|XP, surrounding
serine 376 of mouse EGR2. Of the 14-3-3 protein family, the
14-3-30 isoform was of particular interest as it has been shown
to be downregulated in breast cancer cell lines (34) and the
gene for 14-3-30/Sfn is located in the distal arm of mouse

chromosome 4, a region of recurrent loss in KI mammary
tumors (17, 31). TM15 cells, which do not express detectable
levels of endogenous 14-3-3a, were infected with retrovirally
expressed 14-3-3c, and stable cell lines were generated. To
examine whether EGR2 and 14-3-3¢ interact, immunoprecipi-
tations for 14-3-30- were performed with lysates from the 14-
3-3g-stable TM15 cells. The immunoprecipitated proteins
were demonstrated to contain EGR2, arguing that EGR2 and
14-3-3¢ interact (Fig. 5SA). To determine whether the associa-
tion is dependent on phosphorylation of EGR2 at serine 376,
a cDNA encoding a mutated form of EGR2 was generated in
which serine 376 was replaced with an alanine (EGR2-S376A).
Coexpression of EGR2-S376A and 14-3-30 in 293T cells, fol-
lowed by immunoprecipitation of the lysates with either a V5-
specific antibody to tagged EGR2-S376A or a 14-3-30-specific
antibody did not reveal an association between EGR2-S376A
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FIG. 5. 14-3-30 overexpression leads to a decrease in ErbB2 levels and results in relocalization of EGR2 to the cytoplasm. (A) 14-3-30 was
immunoprecipitated (IP) from lysates of TM15 cells stably expressing 14-3-30, and the precipitated proteins were resolved by SDS-PAGE
and immunoblotted (IB) for EGR2. WCL, whole-cell lysate. (B) Lysates of 293T cells cotransfected with EGR2-S376A-V5 and 14-3-3¢ were
immunoprecipitated with V5- and 14-3-3c-specific antibodies (Ab). The isolated complexes were blotted for EGR2 (top) or 14-3-3¢ (bottom).
(C) 14-3-30 (red) and EGR2 (green). Note the nucleus-localized EGR2 in cells expressing low levels of 14-3-3¢ (green arrowheads) and the
cytoplasmic EGR2 in the high-14-3-3c-expressing cells (red arrowheads). (D) 14-3-30 (green) and ErbB2 (red). Note the low ErbB2 levels in cells
expressing high levels of 14-3-3¢ (green arrowheads), whereas cells with low 14-3-30 levels have high ErbB2 expression (red arrowheads).
(E) Lysates of 293T cells cotransfected with EGR2-V5 and HA-14-3-3¢ were immunoprecipitated with V5- and HA-specific antibodies. The
isolated complexes were blotted for EGR2 (top) or HA (bottom). (F) TM15 cells stably expressing HA-14-3-3( were stained with antibodies to
HA (red) and EGR2 (green). Note that EGR2 remains nucleus localized in the presence of high levels of 14-3-3¢.

and 14-3-3¢0 (Fig. 5B). This argues that phosphorylation of
EGR?2 at serine 376 is required for 14-3-3¢ binding. Immuno-
fluorescent staining and confocal microscopy of TM15 cells
stably expressing 14-3-30 revealed a relocalization of EGR2
from the nucleus to the cytoplasm, whereas EGR2 remained
nucleus localized in cells expressing undetectable to low levels
of 14-3-3¢ (Fig. 5C). The nuclear localization of EGR2 in the
low-14-3-30-expressing cells was identical to the staining pat-
tern observed in the parental TM15 cell line (data not shown).
Furthermore, the overexpression of 14-3-3¢ resulted in de-
creased ErbB2 expression in the cells in which 14-3-3¢ levels
were high compared to cells expressing low or undetectable
levels of 14-3-30 (Fig. 5D). We then addressed whether the
relocalization of EGR2 and downregulation of ErbB2 levels
are attributable to other 14-3-3 family members. We first ex-
amined whether the related 14-3-3¢ isoform is capable of as-
sociating with EGR2. Cotransfection of EGR2 and 14-3-3¢,

followed by reciprocal immunoprecipitations, revealed that the
14-3-3¢ isoform does not associate with EGR2 (Fig. 5E). Fur-
thermore, the stable expression of 14-3-3¢ in TM15 cells did
not affect the localization of EGR2, whereby EGR2 remained
nucleus localized in 14-3-3{-expressing cells (Fig. 5F). Collec-
tively, the results suggest that 14-3-30 sequesters EGR2 in the
cytoplasm in a phosphorylation-dependent manner, leading to
a downregulation of ErbB2 levels.

DISCUSSION

The ability of EGR2 to regulate erbB2 expression is partic-
ularly compelling in that EGR2 and ErbB2 exhibit overlapping
expression patterns during embryonic development (14). Ad-
ditionally, it has been shown that ablation of ErbB2 or EGR2
function in neural tissue is associated with a similar myelina-
tion defect (14, 32). More recently, we have demonstrated that
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a muscle-specific deletion of ErbB2 results in a spindle cell
defect (2) that is identical to that observed in mice lacking the
EGR2 family member EGR3 (47). Finally, expression of
EGRI1 has been implicated in the upregulation of EGFR in
response to hypoxia (35). Together, these observations suggest
that the EGR transcription factors may play a critical role in
regulating the expression of the EGFR family.

A potential genetic link between CITED1 and ErbB2 is also
suggested. CITED1-null mice display a mammary gland ductal
outgrowth defect (18) that is akin to the phenotype seen upon
mammary tissue-specific deletion of ErbB2 (4). Furthermore,
during pubertal mammary gland development, the CITEDI1
expression levels were shown to parallel that of the EGFR
ligand amphiregulin, and microarray analysis of CITED1-null
mammary glands revealed a downregulation of amphiregulin
(18). The potential role of CITEDI1 in upregulating amphi-
regulin suggests another mechanism by which CITED1 can
potentiate ErbB2 signaling, in addition to transcriptional reg-
ulation of erbB2 expression. It is interesting that the WT1
transcription factor that is closely related to the EGR family
has been shown to transcriptionally activate amphiregulin gene
expression (28). It this regard, it would be interesting to ex-
plore whether EGR2 may also be involved in the regulation of
amphiregulin, which may represent another example of gene
coregulation with CITEDI.

The upregulation of EGR2 and CITEDI1 in this unique
ErbB2 model raises the intriguing possibility that the upregu-
lation of EGR2 and CITED1 may be an important event in the
induction of human breast cancer. Conceivably in concert with
gene amplification, elevation of these key transcription factors
may allow cells to attain a threshold of ErbB2 expression
required for the induction of cellular transformation. The ob-
servation that EGR?2 is capable of upregulating ErbB2 expres-
sion in different cancer cell types also has important implica-
tions in understanding the selection of genetic events in tumor
progression. Furthermore, elevated EGR2 expression has pre-
viously been detected in ErbB2-expressing breast cancer cell
lines (44). It is therefore conceivable that the transcriptional
upregulation of ErbB2 by EGR2 may represent a positive
feedback loop. Although EGR2 has not been extensively ex-
amined for its role in tumorigenesis, one study has suggested
that EGR2 may be important for the growth-suppressive ef-
fects of PTEN. EGR2 expression was shown to decrease colony
formation in two endometrial cancer cell lines, an ovarian cancer
cell line, and two colon cancer cell lines (50). Further studies
demonstrated that EGR2 induced apoptosis in cancer cell lines
and was able to activate the transcription of BNIP3L and BAK
(49). The EGR2 family member EGR1 has been more exten-
sively studied in terms of tumorigenesis and has been shown to
play opposing roles in cancer. Decreased EGR1 expression has
been demonstrated in cancers of the breast (19), lung (29), skin,
liver, and esophagus (16), but increased expression has been
noted in malignancies of the stomach (25), colon and rectum (48),
and prostate (12). Given the high sequence identity between
EGRI1 and EGRY, it is likely that EGR2 will also prove to have
multiple functions in tumorigenesis that are cell type and tissue
context dependent. Although this represents the first report im-
plicating CITED1 in erbB2 expression in breast cancer, CITED1
has previously been implicated as a potent coactivator of ER« in
MCEF-7 breast cancer cells (53).

MoL. CELL. BIOL.

Here we have shown that expression of the 14-3-3¢ tumor
suppressor results in the sequestration of EGR2 from the nu-
cleus to the cytoplasm (Fig. 5). We have further demonstrated
that the relocalization of EGR2 from the nucleus to the cyto-
plasm is correlated with a reduction of ErbB2 expression in
mammary tumor cells (Fig. 5). Given the fact that a large
percentage of human breast cancers and their derived cell lines
exhibit a loss of 14-3-30 expression (17, 34), one of the molec-
ular explanations for the selective loss of 14-3-30 expression is
to allow the recruitment of the EGR2/CITED1 complex to its
transcriptional targets. Indeed, the majority of KI tumors and
ErbB2-derived human breast cancer cell lines that lack 14-3-3¢
expression have elevated ErbB2 expression (34). Although the
downregulation of 14-3-30- may provide a mechanism for pro-
moting tumor development in allowing the EGR2/CITED1
complex to activate erbB2 expression, it is by no means the only
mechanism by which the loss of 14-3-3¢ impacts on tumor
progression. It has recently been demonstrated that 14-3-3¢
plays an important role in mitotic translation. It was shown that
cells deficient in 14-3-3c lack the ability to stimulate cap-
independent translation and do not suppress cap-dependent
translation, leading to impaired mitosis (51). It therefore ap-
pears that 14-3-3¢ has a number of different functions in the
normal cell and that its deletion may lead to oncogenesis.
Future studies directed toward elucidating the relative contri-
bution of the EGR2/CITEDI1 complex to the induction of
ErbB2-positive breast cancer may provide important insights
into the development of therapeutic targets for the treatment
of this prevalent but poorly understood disease.
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