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Epidermal growth factors and their receptors (EGFRs) pro-
mote breast cancer cell proliferation and can drive tumorigene-
sis. However, the molecular mechanisms that mediate these
effects are incompletely understood.Wepreviously showed that
mammary tumor development in the mouse model of breast
cancer MMTV-neu, a model characterized by amplification of
the EGFR ErbB2 in mammary tissue, correlates with a marked
up-regulation of fatty acid-binding protein 5 (FABP5). FABP5
functions to deliver ligands to and enhance the transcriptional
activity of the nuclear receptor peroxisome proliferator-acti-
vated receptor �/� (PPAR�/�), a receptor whose target genes
include genes involved in cell growth and survival. We show
here that in MCF-7 mammary carcinoma cells, EGFR signaling
directly up-regulates the expression of FABP5. The data dem-
onstrate that treatment of these cells with the EGFR ligand
heregulin-�1 signals through the ERK and the phophatidyli-
nositol-3-kinase cascades, resulting in activation of the tran-
scription factor NF-�B. In turn, NF-�B induces the expression
of FABP5 through two cognate response elements in the pro-
moter of this gene. The observations further demonstrate that
FABP5 and PPAR�/� are critical mediators of the ability of
EGFR to enhance cell proliferation, indicating that this tran-
scriptional pathway plays a key role in EGFR-induced tumori-
genesis. Additional observations indicate that the expression of
FABP5 is down-regulated by the Krüppel-like factor KLF2, sug-
gesting a tumor suppressor activity for this factor.

ErbB2 (HER2/neu) is a member of the epidermal growth fac-
tor receptor (EGFR)3 family that also includes EGFR/HER1,

HER3/ErbB3, andHER4/ErbB4 (1, 2). ErbB2 is a tyrosine kinase
oncogene whose amplification is evident in a large percentage
of primary human breast cancers (3), and its occurrence is
inversely correlated with long-term survival in human patients
(4–8). ErbB2 lacks a ligand binding domain, and it functions as
a heterodimer with other members of the EGFR family that are
activated by their cognate ligands heregulins (1, 2). Overexpres-
sion of ErbB2 or of ErbB2 in conjunction with other EGFRs or
treatment of cells with heregulins result in uncontrolled prolif-
eration, resistance to apoptosis, and increased motility and
invasion and can lead to oncogenic transformation (9–19).
Indeed, one of the best characterized animal models of breast
cancer is the TgN(MMTVneu)202Mul transgenic mouse,
which displays mammary-specific amplification of ErbB2 (20,
21). In the MMTV-neu mouse model, 100% of female mice
develop mammary adenocarcinomas that involve the entire
epithelium in each glandwith amedian time for tumor progres-
sion at �205 days (22).
Ligand-induced heterodimerization of ErbB2 with an EGFR

partner activates a complex signaling network that includes
kinases such as extracellular signal-regulated kinases (ERK),
phophatidylinositol-3-kinase (PI3K), mitogen-activated pro-
tein kinase, and protein kinase C (2). However, down-stream
events through which heregulins, their receptors, and the asso-
ciated signaling cascades trigger proliferation and cell transfor-
mation remain incompletely understood.
We previously showed that tumor development in the

MMTV-neumousemodel of breast cancer is accompanied by a
marked up-regulation of an intracellular lipid-binding protein
(iLBP) termed fatty acid-binding protein 5 (FABP5) (23, 24).
The iLBPs are small (�15 kDa) proteins that bind a variety of
retinoids and fatty acids (25–27). The functions of many of the
14 members of the iLBP family remain unknown, but it has
been demonstrated that three of these cooperate with specific
members of the nuclear receptor family of ligand-activated
transcription factors to mediate the transcriptional activities of
shared ligands. It was, thus, shown that cellular retinoic acid-
binding protein II (CRABP-II), FABP4, and FABP5 function in
conjunction with RAR, PPAR�, and PPAR�/�, respectively.
These proteins, which reside in the cytosol in the absence of
ligands, undergo nuclear translocation upon binding of specific
compounds, which activate their cognate receptors. In the
nucleus these iLBPs directly associate with their cognate recep-
tors to form a complex throughwhich the ligand is “channeled”
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from the binding protein to the receptor. These iLBPs, thus,
facilitate the ligation of cognate receptors and markedly en-
hance their transcriptional activities (23, 24, 28–33).
The increased expression level of FABP5 observed in mam-

mary tumors that arise in MMTV-neu mice (24), and the
reports that activation of the FABP5-associated receptor
PPAR�/� protects cells against apoptosis and facilitates cell
growth and migration (23, 24, 34–36) suggest that ErbB2-
driven tumorigenesis may involve enhanced transcriptional
activity of the FABP5/PPAR�/� pathway. This study was
undertaken to delineate the mechanisms through which the
expression of FABP5 is up-regulated in ErbB2-driven tumors
and to obtain insights into the involvement of the FABP5/
PPAR�/� pathway in EGFR-stimulated cell proliferation.

EXPERIMENTAL PROCEDURES

Reagents—Heregulin-�1 (HRG-�1) was purchased from R&D
Systems. Antibodies against FABP5 and PPAR�/� were
obtained from R&D Systems. �-Tubulin antibodies were from
Sigma. Antibodies against phosphorylated Akt, ERK, ErbB2,
ErbB3, and ErbB4 were from Cell Signaling. Antibody against
p50 and p65 was obtained from Santa Cruz. Anti-mouse and
anti-rabbit immunoglobulin horseradish peroxidase-conju-
gated antibodies were from Bio-Rad, and anti-goat immuno-
globulin was from Santa Cruz.
Vectors—Expression vectors for dominant negative ERK

(ERK-K52R) (37), dominant negative I�B� (SRIkB�) (38), and
ErbB2/Neu were provided by Dr. Melanie Cobb, Dr. George
Stark, and Dr. Ruth Keri, respectively.
Cells—MCF-7, MDA-MB453 and HEK 293T cells were

maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum and antibiotics.
Western Blotting—Cells were lysed in buffer containing 150

mM NaCl, 10 mM Tris, pH 7.2, 0.1% SDS, 1% Triton X-100, 1%
deoxycholate, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluo-
ride, 2 �g/ml leupeptin, 2 �g/ml aprotinin, and 2 �g/ml pep-
statin A. Protein concentrations were determined by the
Bradford assay, and 50–75 �g/lane cell lysate was resolved
by SDS-PAGE and probed by Western blots using appropri-
ate antibodies.
Quantitative Real-time PCR (Q-PCR)—Total RNA was

extracted using Trizol. 2 �g of mRNA was reverse-transcribed
into cDNA using the high capacity RNA to cDNA kit from
Applied Biosystems (Gaithersburg, MD). Q-PCR analyses were
performed in triplicate using the Taqman Gene Expression
Master Mix (Applied Biosystems). TaqMan chemistry and
Assays on Demand probes for FABP5 (Hs00154260-m1) and
PDK1 (Hs00198887-m1) were purchased fromApplied Biosys-
tems. As an internal control, 18 S rRNA (4319413E-0710034)
was used. Detection and data analysis were carried out on an
ABI StepOne Plus Real-Time PCR system.
Transactivation Assays—MCF-7 cells (2 � 105) were plated

in 6-well plates in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum. Cells were transfected
with Superfect with vectors harboring a luciferase reporter
driven by the FABP5 promoter (or mutant) or by a luciferase
reporter controlled by three copies of a PPAR response element
(PPRE-luc) in conjunction with an expression vector for

PPAR�/�. Cell were co-transfected with an expression vector
for �-galactosidase, serving as an internal control. 40 h post-
transfection, cells were serum-starved and then treated with
30 ng/ml HRG-�1 for 16 h. Cells were lysed, and luciferase
activity was assayed using the luciferase assay buffer (Promega)
and corrected for transfection efficiency by the activity of
�-galactosidase.
Ectopic Overexpression—MCF-7 cells (200,000) were plated

in 6-well plates in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum. Cells were transiently
transfectedwith 3�g of the appropriate vectors using Superfect
as per the manufacturer’s protocol (Qiagen). For expression of
KLF2, MCF-7 cells were infected with an adenoviral vectors
encoding GFP or GFP-KLF2 (Welgen Inc.).
Decreasing Expression Levels—Knockdown of FABP5 and

PPAR�/� was accomplished by infecting MCF-7 cells with
lentiviruses encoding respective shRNA (Open Biosystems).
Viruses were packaged in HEK293T cells with 7 �g of pCMV,
8 �g of pMD26, and 6 �g of the appropriate shRNA in 100-mm
plates using Superfect. Lentiviruses were harvested, and
Polybrenewas added to the virus-containingmedia. Virus-con-
taining media were used to infect MCF-7 cells. Infection was
repeated, and cells were harvested after 3 days. Expression lev-
els of FABP5 and PPAR�/� were examined by Western blot
analyses. For knockdown of ErbB3 or ErbB4, MCF-7 cells were
transiently transfected with lentiviral vectors harboring ErbB3
or ErbB4 shRNA (Open Biosystems) using Superfect according
to the manufacturer’s protocol.
Mutations in the FABP5 Promoter—800 base pairs upstream

of the start site of the FABP5 gene were cloned upstream of a
firefly luciferase gene in the plasmid pGL3-Basic. Mutations in
the NF-�B binding sites in that sequence were generated using
the Stratagene QuikChange kit (Stratagene, La Jolla, CA). In
each case, the NF-�B sequences of the FABP5 promoter was
mutated to BglII site. The mutations were confirmed by
sequencing at the Case Western Reserve University Genomics
Core Facility.
Bromodeoxyuridine Incorporation—MCF-7 cells were plated

at 1� 106 cells in a 100-mmplate. Cells were serum-starved for
24 h and then treated with HRG-�1 (30 ng/ml) for 24 h. Bro-
modeoxyuridine incorporation was assayed using the protocol
of the manufacturer (BD Biosciences). Samples were analyzed
at Case Western Reserve University Cell Sorting Facility using
a BD Biosciences LSR II cell analyzer.
MTT Assay—Cell proliferation assay was performed using

MTT cell proliferation assay kit (Cayman Chemical Co., Ann
Arbor,MI). Briefly,MCF-7 cellswere infectedwith control ade-
novirus (Ad-GFP) or adenovirus overexpressing KLF2 (Ad-
KLF2). Cells were detached from culture plates using cell dis-
sociation buffer (Invitrogen). 10,000 cells were plated on each
96-well tissue culture. Cells were either left untreated or treated
with 30 ng/ml HRG-�1 for 24 h. Cells were incubated with
MTT reagent, and formazan crystals were dissolved using
crystal dissolving solution. Absorbance of each sample was
recorded at 570 nm using a microplate reader.
Cell Counting—MCF-7 or MDA-MB453 cells were plated

in 6-well plates, serum-starved overnight, and treated with
HRG-�1 for 24 h. Cells were washed with phosphate-buff-
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ered saline, treated with trypsin, stained with trypan blue,
and counted.
Chromatin Immunoprecipitation Assays—MCF-7 cells were

grown to 70–80% confluency on 100-mm tissue culture dishes,
serum-starved for 24 h, and incubated with 30 ng/ml HRG-�1
for 4 h at 37 °C. Cells were fixedwith 1% formaldehyde (10min)
and quenched by the addition of 0.125 M glycine (5 min.). Cells
were washed 3 times with phosphate-buffered saline (PBS),
scraped in PBS, and harvested by centrifugation at 3000 � g (5
min, 4 °C). Cellswere suspended in lysis buffer (5mMPIPES, pH
8.0, 85 mM KCl, 0.5% Nonidet P-40, 10 �g/ml leupeptin, 1
�g/ml aprotinin, 5 �g/ml pepstatin A), incubated at 4 °C, and
pelleted by centrifugation at 3000 � g (5 min, 4 °C). Pelleted
cells were resuspended in nucleic lysis buffer (10 mM Tris-HCl,
pH 8.1, 10 mM EDTA, 1% SDS, and 1 �g/ml leupeptin, 1 �g/ml
aprotinin, 5 �g/ml pepstatin A) and sonicated 10 times for 10 s
per pulse, yieldingDNA fragments of 300–3000 bp in size. Son-
icated samples were precleared by diluting 10 times in dilution
buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM

Tris-HCl pH 8.1, 167 mM NaCl)) and incubated for 1 h at 4 °C
with 50 �l/ml 50% Protein A-Sepharose slurry. Supernatant
was transferred to a tube containing 10 �g of the p50 or p65
antibody and incubated overnight. Complexes were precipi-
tated with 50 �l of 50% Protein A-Sepharose. Beads were
washed sequentially with 1 ml of dilution buffer containing
0.1% SDS and 150 mM NaCl, 1 ml of dilution buffer containing
0.1% SDS and 500 mMNaCl, and 1 ml of buffer III (10 mM Tris,
pH 8.1, 0.25 M LiCl, 1%Nonidet P-40, 1% sodium deoxycholate,

and 1 mM EDTA) and two washes
with 1 ml of 10 mM Tris, pH 8.0, 1
mM EDTA. 200 �l of elution buffer
(0.1 M NaHCO3 and 1% SDS) were
added to the beads, and samples
were incubated at room tempera-
ture for 15 min with agitation.
Cross-link was reversed overnight
at 65 °C. Supernatant was incubated
(1 h, 4 °C) with 1 M Tris, pH 6.5, and
10 mg/ml proteinase K. DNA was
extracted using phenol-chloroform.
PCRs was carried out using Pfu
turbo (Invitrogen) according to
the manufacturer’s directions. PCR
products was separated on a 1% aga-
rose gel, stained in ethidium bro-
mide, and visualized with a Bio-Rad
Gel Doc 2000 gel documentation
system.

RESULTS

HRG-�1 Up-regulates the Expres-
sion of FABP5 in MCF-7 and MDA-
MB453Mammary Carcinoma Cells—
The hallmark of the MMTV-neu
mouse model of breast cancer is
mammary overexpression of the
growth factor receptor ErbB2. The
observations that tumor develop-

ment in thismodel is accompanied by amarked up-regulation of
FABP5 (23, 24) raise the possibility that the expression of this
protein is directly controlled by EGFR signaling. To examine
this possibility, the ErbB2-positive MCF-7 and MDA-MB453
mammary carcinoma cells were treated with HRG-�1, and the
expression level of FABP5 was assessed. In MCF-7 cells, both
the mRNA and protein level of FABP5 was induced by HRG-
�1 in a time-dependent manner (Fig. 1, a–c). HRG-�1 also
induced the expression of FABP5 in MDA-MB 453 cells
(supplemental Fig. S5a). The induction of FABP5byHRG-�1 in
MCF-7 cells was abolished in the presence of actinomycin D
(Fig. 1c), indicating that the regulation was exerted at the level
of transcription. To examine whether the effect reflected a
direct response, MCF-7 cells were pretreated with the protein
synthesis inhibitor cycloheximide before the addition of HRG-
�1. Cycloheximide had no effect on the ability of HRG-�1 to
induce FABP5 mRNA (Fig. 1d), demonstrating that the induc-
tion did not require de novo protein synthesis and suggesting
direct transcriptional control of EGFR signaling on FABP5
expression. In support of this conclusion, transcriptional acti-
vation assays conducted using a luciferase reporter driven by an
800-bp sequence of the proximal promoter of FABP5 revealed
that HRG-�1 activates the promoter and does so in a dose-de-
pendent manner (supplemental Fig. S1).
Inductionof FABP5byHRG-�1 IsMediatedbyPI3KandERK—

EGFRs canmodulate transcriptional rates through activation of
a complex network including the signaling transduction path-
ways mediated by PI3K and ERK (2). Indeed, a 15-min treat-

FIGURE 1. HRG-�1 regulates the transcription of FABP5 in MCF-7 cells. a, MCF-7 cells were serum-
starved for 24 h before treatment with HRG-�1 (30 ng/ml) for the indicated times. FABP5 mRNA levels were
assessed by Q-PCR. Data are the means � S.D. (n � 3). b, serum-starved MCF-7 cells were treated with
HRG-�1 (30 ng/ml) for the denoted times before lysis. Lysates were analyzed by immunoblots. c, serum-
starved MCF-7 cells were treated with actinomycin D (actD, 5 �g/ml) before the addition of HRG-�1 (30
ng/ml) for the denoted times. FABP5 mRNA levels were measured by Q-PCR. Data are the mean � S.D. (n �
3). d, serum-starved MCF-7 cells were treated with cycloheximide (CHX, 20 �g/ml) for 10 min before the
addition of HRG-�1 (30 ng/ml, 4 h). Levels of FABP5 mRNA were measured by Q-PCR. Data are the mean �
S.D. (n � 3).
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ment of MCF-7 cells with HRG-�1 triggered phosphorylation
of both ERK (Fig. 2a) and the downstream effector of PI3KAkt1
(Fig. 2b). These activities could be respectively blocked by treat-
ment with theMEK inhibitor PD098059 and the PI3K inhibitor
wortmannin (Fig. 2, a and b). To identify the pathways bywhich
HRG-�1 up-regulates FABP5, MCF-7 cells were pretreated
with PD098059 orwortmannin before treatmentwithHRG-�1.
Inhibition of either ERK or PI3K or treatment with both inhib-
itors markedly decreased the induction of FABP5 by HRG-�1
(Fig. 2, c and d, and data not shown). In accordance, treatment
of MCF-7 cells with either wortmannin or PD98059 blocked
the ability of HRG-�1 to elicit the luciferase reporter driven by
the FABP5 promoter (supplemental Fig. S2). Ectopic expres-
sion of the dominant negative ERK construct ERK-K52R (37),
which effectively blockedHRG-�1-induced phosphorylation of
the downstream ERK substrate P90S6K (Fig. 2e), markedly
decreased the ability of HRG-�1 to induce the expression of

FABP5 (Fig. 2f). Ectopic expression of a constitutively active
Akt1 up-regulated the basal expression of FABP5 and signifi-
cantly enhanced the HRG-�1 response (Fig. 2g). Taken
together, these data establish that induction of FABP5 by
HRG-�1 is mediated by both the ERK and the PI3K/Akt1
pathways.
Induction of FABP5 by HRG-�1 Is Mediated by NF-�B—The

ERK or PI3K pathways often regulate transcription by activat-
ing NF-�B, a transcription factor that plays key roles in medi-
ating EGFR-induced cell proliferation (39–41). Inspection of
the proximal promoter of FABP5 revealed two putative NF-�B
binding sites located at �784 and �131 upstream from the
gene start site (Fig. 3a). The functionality of these sites was
examined by transcriptional activation assays using a luciferase
reporter in which these sites were mutated individually or in
combination (Fig. 3b). The data indicated that both of the
NF-�B sites play a role in the induction of FABP5 by HRG-�1.

FIGURE 2. Up-regulation of FABP5 by HRG-�1 is mediated by the ERK and PI3K pathways. a, serum-starved MCF-7 cells were treated with the MEK inhibitor
PDO98059 (20 �M) for 1 h before the addition of HRG-�1 (30 ng/ml, 15 min). Cell lysates were analyzed by immunoblots using antibodies against phospho-ERK
(p-ERK) and total ERK. b, serum-starved MCF-7 cells were treated with the PI3K inhibitor wortmannin (100 nM) for 1 h before the addition of HRG-�1 (30 ng/ml,
15 min). Cell lysates were analyzed by immunoblots using antibodies against phospho-Akt (p-Akt) and total Akt. c, serum-starved MCF-7 cells were treated with
PDO98059 (PD, 20 �M) or wortmannin (100 nM) for 1 h before the addition of HRG-�1 (30 ng/ml, 4 h). FABP5 mRNA levels were measured by Q-PCR. Data are the
mean � S.D. (n � 3). p � 0.006 (*) and p � 0.014 (**) versus HRG-�1 alone. d, serum-starved MCF-7 cells were treated with PDO98059 (20 �M) or wortmannin
(100 nM) for 1 h before the addition of HRG-�1 (30 ng/ml, 24 h). Cell lysates were analyzed by immunoblots. e, MCF-7 cells were transfected with an empty vector
(ev) or an expression vector for the dominant negative ERK-K52R (DN-ERK), serum-starved overnight, and then treated with HRG-�1 (15 min.). Cell lysates were
analyzed by immunoblots using antibodies recognizing ERK or its substrate p-p90S6K. �-Tubulin was used as a loading control. f, MCF-7 cells were transfected
with denoted plasmids, serum-starved overnight, and then treated with HRG-�1 (4 h). Expression of FABP5 mRNA was measured by Q-PCR. Data are the
mean � S.D. (n � 3). *, p � 0.018 versus HRG-�1-treated cells transfected with an empty vector. g, MCF-7 cells were transfected with a control vector or a vector
harboring Myc-tagged constitutively active (CA)-myristoylated Akt1. 36 h later cells were serum-starved overnight and treated with HRG-�1 (30 ng/ml, 4 h).
FABP5 mRNA levels were measured by Q-PCR. Data are the mean � S.D. (n � 3). *, p � 0.03 versus respective empty vector-transfected controls. Inset, shown
are immunoblots demonstrating expression of myc-CA-Akt1.
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The functionality of theNF-�B sites and their responsiveness to
HRG-�1 was further examined by chromatin immunoprecipi-
tation assays (Fig. 3c). The observations demonstrated that
both of the NF-�B subunits, p50 and p65, are recruited to both
of the NF-�B sites of the FABP5 promoter in response to
HRG-�1 in MCF-7 cells (Fig. 3c).

The involvement of NF-�B in mediating the induction of
FABP5 by HRG-�1 was further demonstrated by the observa-
tions that treatment with the inhibitor of NF-�B activation pyr-
rolidine dithiobicarbamate (PDTC) or ectopic expression of the
dominant negative construct for the NF-�� regulator I�B�,
IkB�-S32A/S36A (SRIkB� (38)), markedly inhibited the ability
of HRG-�1 to up-regulate FABP5 expression (Fig. 3, d–f).
PDTC also inhibited the ability of HRG-�1 to activate the
FABP5 promoter (supplemental Fig. S2).
HRG-�1-induced Up-regulation of FABP5 Is Mediated by

ErbB2 in Conjunction with ErbB3 and ErbB4—ErbB2 is not
itself activated by ligands, but it functions as a heterodimerwith

ligand-responsive EGFRs, most often ErbB3 and ErbB4 (42–
44). The involvement of these EGFRs in the induction of FABP5
by HRG-�1 was, thus, examined. Treatment of MCF-7 cells
with the ErbB2 inhibitor AG825, which blocked the ability of
HRG-�1 to induce the phosphorylation of Akt1 (Fig. 4a), mark-
edly decreased the expression of FABP5 (Fig. 4, a and b). To
further assess the role of ErbB2 in controlling FABP5 expres-
sion, the expression level of the receptor was varied. Decreasing
ErbB2 expression using shRNA methodologies suppressed
HRG-�1-induced FABP5 expression (Fig. 4c), and ectopic over-
expression of the receptor enhanced the ability of HRG-�1 to
up-regulate FABP5 (Fig. 4d). Hence, ErbB2 is closely involved
in HRG-�1-induced expression of FABP5.

To determine the dimerization partner of ErbB2 that is
involved in the induction of FABP5 by HRG-�1, the expression
of either ErbB3 or ErbB4 was decreased using corresponding
shRNAs (Fig. 4e). Reducing the expression of either ErbB3 or
ErbB4 inhibited HRG-�1-induced FABP5 expression. Taken

FIGURE 3. Up-regulation of FABP5 by HRG-�1 is mediated by NF-�B. a, putative NF-�B response elements in the FABP5 promoter are shown. b, MCF-7 cells
were transiently transfected with a luciferase reporter driven by 800 bp of the proximal FABP5 promoter (wild type (WT)) or FABP5 promoter constructs
mutated at the NF�B sites, individually (mut131 or mut784) or in combination (mut131/mut784). Cells were treated with HRG-�1 (30 ng/ml) for 16 h, lysed, and
analyzed for luciferase activity. Luciferase activity was normalized to �-galactosidase. The mutations of the NF�B sites at 784 and 131 are in bold: AGATCTCCGC
and AGATCTCCCG. c, serum-starved MCF-7 cells were treated with HRG-�1 (30 ng/ml), and chromatin immunoprecipitation assays were carried out (see
“Experimental Procedures”) using antibodies against the NF-�B subunit p50 and p65 or nonspecific IgG. Immunoprecipitated DNA was amplified using primers
specific for the NF-�B elements of the FABP5 gene. d, MCF-7 cells were treated with the NF-�B inhibitor PDTC for 1 h before the addition of HRG-�1 (30 ng/ml,
24 h). Cell lysates were analyzed by immunoblots. e, serum-starved MCF-7 cells were treated with PDTC for 1 h before the addition of HRG-�1 (30 ng/ml, 4 h).
FABP5 mRNA was assessed by Q-PCR. Data are the mean � S.D. (n � 3). *, p � 0.0176 versus HRG-�1 alone. Inset, shown are immunoblots demonstrating
decreased expression of I�B-� in the presence of PDTC. f, MCF-7 cells were transfected with a control vector or a vector harboring dominant negative I�B-�
(SRI�B). 36 h later cells were serum-starved overnight and treated with HRG-�1 (30 ng/ml, 4 h). FABP5 mRNA levels were measured by Q-PCR. Data are the
mean � S.D. (n � 3). *, p � 0.006 versus HRG-�1-treated cells transfected with an empty vector (e.v.). Inset, shown is immunoblots demonstrating expression
of SRI�B.
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together, the observations indicate that ErbB2, ErbB3, and
ErbB4 are all involved in regulating FABP5 expression in
response to HRG-�1 in MCF-7 cells.
HRG-�1 and NF-�B Orchestrate Cross-talk between FABP5

and KLF2—Several Krüppel-like factors (KLFs) have been
implicated in playing important roles in cancer by either
enhancing or suppressing cell proliferation (45–50). Of these, it
has been reported that KLF2 inhibits cancer cell growth (49,
50). To examine possible cross-talk between KLF2 and FABP5,
the effect of ectopic overexpression of KLF2 on expression of
FABP5 in MCF-7 cells was examined. Overexpression of KLF2
(Fig. 5a) reduced FABP5 mRNA levels (Fig. 5b) and markedly
decreased the level of FABP5 protein (Fig. 5c). Conversely,
knock-down of KLF2 induced FABP5 expression and enhanced
the ability of HRG-�1 to up-regulate FABP5 expression (Fig.
5d). In accordance with the conclusion that KLF2 suppresses
FABP5 expression, overexpression of this factor suppressed the
activity of the FABP5 promoter as well as its response to

HTG-�1 (supplemental Fig. S3). KLF2 has been shown to sup-
press cell proliferation in T-cell leukemia cells and in ovarian
cancer cells (49, 50). In accordancewith these reported antipro-
liferative activities, overexpression of KLF2 in MCF-7 cells,
suppressed HRG-�1-induced cell proliferation (Fig. 5e). Inter-
estingly, although FABP5 expression was up-regulated by
HRG-�1 (Fig. 1a), the growth factor decreased the expression
of KLF2 (Fig. 5, f and g). In addition, although activation of
NF-�B up-regulated FABP5, this transcription factor sup-
pressed the expression of KLF2, as demonstrated by increased
KLF2 levels upon blocking NF-�B activity by using either a
chemical inhibitor or a dominant negative construct (Fig. 5, f
and g). Moreover, HRG-�1 markedly increased KLF2 expres-
sion in cells inwhichNF-�Bwas inhibited (Fig. 5, f and g). These
observations, thus, demonstrate that FABP5 expression is neg-
atively regulated by KLF2 and that HRG-�1 and NF-�B
inversely regulate the expression of FABP5 and KLF2. The data
further suggest that EGFRs regulate the expression of KLF2 in a

FIGURE 4. ErbB2, ErbB3, and ErbB4 are involved in regulating FABP5 expression. a, serum-starved MCF-7 cells were treated with the ErbB2 inhibitor AG825
for 1 h before the addition of HRG (30 ng/ml, 15 min.). Cell lysates were analyzed by immunoblots with antibodies recognizing the denoted proteins.
b, serum-starved MCF-7 cells were treated AG825 for 1 h before the addition of HRG (30 ng/ml). FABP5 mRNA was measured by Q-PCR. Data are the means � S.D.
(n � 3). *, p � 0.058 versus HRG-�1 alone. c, MCF-7 cells were transiently transfected with a control vector or with expression vectors harboring ErbB2shRNA.
36 h after transfection, cells were serum-starved overnight and treated with HRG-�1 for 4 h. FABP5 mRNA levels were measured by Q-PCR. Data are the mean �
S.D. (n � 3). *, p � 0.0395 versus HRG-�1 treated control. Inset, immunoblots demonstrating decreased expression of ErbB2 are shown. d, MCF-7 cells were
transfected with a control vector or expression vectors for wild-type ErbB2. 36 h later, cells were serum-starved overnight and treated with HRG-�1 for 4 h.
FABP5 mRNA was measured by Q-PCR. *, p � 0.0207 versus HRG-�1 treated control. Inset, shown are immunoblots demonstrating expression of ErbB2. ev,
empty vector. e, MCF-7 cells were transfected with a control vector or with expression vectors harboring shRNA for ErbB3 or ErbB4. 36 h after transfection, cells
were serum-starved overnight and treated with HRG-�1 for 4 h. FABP5 mRNA levels were measured by Q-PCR. Data are the mean � S.D. (n � 3). p � 0.029 (*)
and p � 0.039 (**) versus HRG-�1-treated control. Inset, shown are immunoblots demonstrating decreased expression of ErbB3 and ErbB4.
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complex fashion, displaying both negative and positive regula-
tion depending on the state of activation of NF-�B.
The FABP5/PPAR�/� Pathway Is Critical for HRG-�1-

induced Cell Proliferation—FABP5 functions by delivering
ligands to PPAR�/�, thereby enhancing the transcriptional
activity of the receptor (23, 24, 33). The observations that
HRG-�1 induces the expression of FABP5, thus, suggest that
EGFR signaling may activate PPAR�/�-mediated transcrip-
tional regulation. As direct target genes for PPAR�/� include
genes involved in survival pathways, such as PDK1 (51, 52), and
proliferation and angiogenesis, such as vascular endothelial
growth factor (53), the FABP5/PPAR�/� path may play a role
in EGFR-induced carcinoma cell proliferation. Treatment of
MCF-7 cells with HRG-�1 induced the expression of the direct
PPAR�/� target gene PDK1, and decreasing the expression of
either FABP5 or PPAR�/� inhibited the effect (Fig. 6, a and d).
Hence, EGFR signaling activates the FABP5/PPAR�/� pathway
in these cells. To further examine the notion that HRG-�1
enhances the transcriptional activity of FABP5/PPAR�/�, tran-
scriptional activation assays using a luciferase reported driven
by PPAR response elements were carried out. In these assays, to
ensure that observed transcriptional activities emanated specif-
ically fromPPAR�/�, cells were also transfectedwith an expres-

sion vector for this PPAR isotype.
The data (supplemental Fig. S4) de-
monstrated that, indeed, HRG-�1
elicited the transcriptional activity
of PPAR�/� (supplemental Fig.
S4). Attesting to the involvement of
FABP5 in the response, decreasing
the expression level of the binding
protein hampered the ability of
HRG-�1 to activate the reporter
(supplemental Fig. S4).
As expected, treatment ofMCF-7

cells with HRG-�1 markedly en-
hanced cell growth (Fig. 6, b, c,
and e). Strikingly, the ability of
HRG-�1 to induce cell prolifera-
tion was all but completely abol-
ished upon decreasing the expres-
sion of either FABP5 or PPAR�/�
(Fig. 6, b, c, and e). Similar to the
response of MCF-7 cells, reducing
the expression level of FABP5
hampered the ability of HRG-b1
to enhance the proliferation of
MDA-MB453, another ErbB2-posi-
tive mammary carcinoma cell (sup-
plemental Fig. S5b). Hence, tran-
scriptional signaling by the FABP5/
PPAR�/� pathway is a key mediator
of EGFR-induced cell growth.

DISCUSSION

Amplification of ErbB2 and the
resulting enhancement of EGFR
signaling in mammary epithelium

result in cellular transformation and tumorigenesis (3–8, 20,
21). EGFRs function through a complex array of cascades,
including the PI3K/Akt and the ERK1/2 pathways. In many
cells these pathways converge to activate the transcription fac-
torNF-�B that, in turn, enhances cellularmotility and invasion,
survival, and proliferation (54–59). However, the nature of
NF-�B target genes involved in these oncogenic activities
remains incompletely understood.
The expression of the intracellular lipid-binding protein

FABP5 is highly up-regulated in mammary tumors that arise
from amplification of ErbB2 in the mouse model of breast can-
cer MMTV-neu (23, 24) as well as in human pancreas, breast,
bladder, and prostate cancers (60, 61). FABP5 functions in con-
junction with the nuclear receptor PPAR�/�, a receptor whose
activation protects cells against apoptosis and facilitates cell
growth and migration (23, 24, 34–36). These considerations
suggest that the FABP5/PPAR�/� pathway may be closely
involved in tumor development.
The data described here show that, inMCF-7mammary car-

cinoma cells, activation of NF-�B by EGFRs, functioning
through both the PI3K and the ERK pathways, up-regulates the
expression of FABP5 through two NF-�B sites within the
FABP5 promoter (Fig. 3). The observations show further that

FIGURE 5. KLF2 negatively regulates FABP5, and the two proteins are inversely regulated by HRG-�1 and
NF-�B. a– c, MCF-7 cells were infected with adenoviruses harboring GFP or GFP-KLF2 for 48 h. Expression level
of mRNA for KLF2 (a) or FABP5 (b) were measured by Q-PCR. Data are the mean � S.D. (n � 3). *, p � 0.025.
c, cells were lysed 24 or 48 h after transfection, and lysates were analyzed by immunoblots using denoted
antibodies. d, MCF-7 cells were transfected with si-control or vector encoding Si-KLF2 (Santa Cruz Biotechnol-
ogy, Inc.), and cells were treated with HRG-�1 (30 ng/ml, 6 h). Expression levels of FABP5 and the internal
control cyclophilin were measured by quantitative PCR (FABP5, forward (gcagacccctctctgcac) and reverse
(tcgcaaagctattcccactc); cyclophilin, forward (cctaaagcatacgggtcctg) and reverse (tttcactttgccaaacacca)). *, p �
0.0004 versus non-treated cells transfected with si-control; **, p � 0.0003 versus non-treated cells transfected
with si-control; ***, p � 0.01 versus HRG-�-treated cells transfected with si-control. e, MCF-7 cells were infected
with control adenovirus (Ad-GFP) or adenovirus overexpressing KLF2 (Ad-KLF2) and treated with HRG-�1 for
24 h. Cell proliferation was assessed by MTT assays. *, p � 0.001 versus non-treated cells infected with Ad-GFP;
**, p � 0.001 versus si-control-infected untreated cells; ***, p � 0.001 versus Ad-GFP-infected, HRG-�1-treated
cells. f, serum-starved MCF-7 cells were treated with the NF-�B inhibitor PDTC (100 �M) for 1 h before the
addition of HRG-�1 (30 ng/ml, 4 h). KLF2 mRNA levels were measured by Q-PCR. Data are the mean � S.D. (n �
3). p � 0.009 (*) and p � 0.05 (**) versus non-treated control. g, MCF-7 cells were transfected with a control
vector or a vector harboring dominant negative I�B-� (SRI�B) for 36 h. ev, empty vector. Cells were serum-
starved overnight and treated with HRG-�1 for 4 h. FABP5 mRNA levels were measured by Q-PCR. Data are the
mean � S.D. (n � 3). p � 0.015 (*) and p � 0.02 (**) versus empty vector-transfected non-treated empty vector
control.
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the increased expression of FABP5 brought about in response
to EGFR signaling enhances the transcriptional activity of
PPAR�/�, as reflected by induction of the PPAR�/� target gene

PDK1 (Fig. 6). Strikingly, down-reg-
ulation of either FABP5 or its cog-
nate receptor PPAR�/� completely
abolished the ability of HRG-�1 to
enhance MCF-7 cell growth (Fig. 6,
c and f). These observations estab-
lish a direct connection between
EGFR signaling and FABP5 expres-
sion and demonstrate that the
FABP/PPAR�/� pathway plays a
key role in EGFR-induced carci-
noma cell proliferation. The reports
that the PPAR�/� target gene vas-
cular endothelial growth factor is
highly overexpressed in ErbB2-pos-
itive cells (62) as well as in FABP5-
overexpressing prostate cancer cells
(63, 64) support the notion that the
FABP/PPAR�/� pathway plays an
important role in the development
of ErbB2-driven as well as other
tumors.
Additional data show that the

expression of FABP5 is also regu-
lated byKLF2, amember of the fam-
ily of Krüppel-like factors (65, 66).
Several KLFs have been implicated

in roles in cancer biology. For example, in different contexts,
KLF4 functions either as a tumor suppressor or as an oncogene,
a function it exerts through suppression of the transcriptional
repressor p53 (46, 67). The role of KLF2 in cancer is poorly
understood, but it has been reported that this factor enhances
cell quiescence (68) and inhibits Jurkat leukemia cell growth
(49). The observations that KLF2 suppresses the expression of
FABP5 (Fig. 5, a and b) suggest the possibility that KLF2 exerts
anti-carcinogenic activities and that it does so through inhibi-
tion of the transcriptional activities of FABP5/PPAR�/�. Inter-
estingly, the data indicate that althoughEGFR signaling induces
the expression of FABP5, it suppresses KLF2, and that both
activities are mediated by NF-�B (Figs. 3 and 5, c and d). These
observations are in accordance with the report that NF-�B sup-
presses the expression of KLF2 in endothelial cells, where the
factor plays anti-inflammatory roles (69, 70). The data show
further that althoughHRG-�1 suppresses KLF2 in the presence
of active NF-�B, it up-regulates the expression of the factor
when NF-�B is inhibited. A model for the mechanisms by
which EGFRs orchestrate cross-talk between FABP5 and KLF2
to regulate proliferation is depicted in Fig. 7. The involvement
of KLF2 in carcinogenesis, the mechanism by which KLF2 sup-
presses the expression of FABP5, and themolecular events that
underlie the complex response of KLF2 to EGFR signaling
remain to be clarified.
Taken together, the observations point at FABP5 as a poten-

tial therapeutic target for treatment of ErbB2/HER2-positive
breast cancer. Notably, although therapy using the HER2 anti-
bodies trastuzumab/Herceptin is generally successful, not all
HER2-positive cancers respond to trastuzumab, and some
tumors develop resistance (71). Targeting FABP5 may bypass

FIGURE 6. Induction of MCF-7 cell proliferation by HRG-�1 is mediated by FABP5 and PPAR�/�. a and d,
MCF-7 cells were infected with lentiviruses harboring shRNA for FABP5 (a) or PPAR�/� (d). Insets, immunoblots
demonstrate down-regulation of denoted proteins 3 days after infection. Three days after infection, cells were
serum-starved before the addition of HRG-�1 for 4 h. Levels of PDK1 mRNA were measured by Q-PCR. Data are
the mean � S.D. (n � 3). *, p � 0.05 versus HRG-�1 control. ctr, control. b, c, and e, MCF-7 cells were infected with
an empty lentivirus or lentivirus harboring shRNA for FABP5 (b and c) or PPAR�/� (e). 3 days after infection, cells
were treated with HRG-�1 for 24 h. Cell proliferation was assessed by bromodeoxyuridine (BRDU) incorpora-
tion (b and e) and by cell counting (c). Data are the mean � S.D. p � 0.01 (*), p � 0.05 (**), and p � 0.02 (***)
versus HRG-�1-treated controls.

FIGURE 7. Model for the involvement of FABP5 in EGFR-induced cell prolif-
eration. EGFR signaling through ERK and PI3K leads to activation of NF-�B, which
in turn directly up-regulates the expression of FABP5. FABP5 augments the tran-
scriptional activity of PPAR�/�, resulting in enhanced cell survival and prolifera-
tion. Induction of FABP5 by EGFRs may be further enhanced by EGFR-induced
suppression of KLF2, a negative regulator of FABP5. EGFR signaling regulates the
expression of KLF2 in a complex manner. It suppresses KLF2 upon activation of
NF�B but up-regulates KLF2 expression when NF-�B is inhibited.
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such a resistance. Although no antagonists for FABP5 currently
exist, an inhibitor for the homologous protein FABP4 was
recently reported (72). The development of compounds that
target FABP5 could be assisted by the recent delineation of the
structural features that underlie the ability of specific ligands to
activate intracellular lipid-binding proteins (31, 32, 73).
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