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Background: CXCR4/CXCL12 axis provides directional cues for breast cancer cells to metastasize to specific organs.
Results: LIP regulates the expression of CXCR4, promoting CXCR4/CXCL12-mediated breast cancer cell migration.
Conclusion: LIP is a previously unrecognized transcriptional regulator of CXCR4.

Significance: Our results revealed a potential link between heregulin, LIP, and CXCR4 and may have important therapeutic

implications for metastatic breast cancer.

Metastasis is the primary cause of death in cancer patients.
CXCR4/CXCL12 chemokine axis provides directional cues for
breast cancer cells to metastasize to specific organs. Despite
their potential clinical importance, how CXCR4 expression in
breast cancer cells is regulated at the molecular level is not well
understood. We identified an isoform of C/EBPf, liver-en-
riched inhibitory protein (LIP), as a previously unrecognized
transcriptional regulator of CXCR4 in breast cancer cells. LIP
up-regulated the transcription of CXCR4 through direct inter-
action with the CXCR4 promoter. The increase in CXCR4
mRNA was paralleled by an increased cell surface expression of
the CXCR4, which in turn promoted CXCR4-mediated breast
cancer cell migration. A significant positive correlation between
LIP and CXCR4 expression was observed in stage III and IV
human breast carcinoma specimens. Neuregulin 1 (or NRG1,
hereafter referred to as heregulin) increased CXCR4 expression
in breast cancer cells, and this coincided with increased LIP
binding on the CXCR4 promoter. These findings may have
important implications for understanding the molecular basis
of CXCR4-mediated breast cancer cell metastasis and could
potentially allow us to develop novel strategies to reduce mor-
bidity and mortality in patients with metastatic breast cancer.

Earlier diagnosis and development of new drugs significantly
improved survival for breast cancer patients. However, the met-
astatic migration of breast cancer cells is almost never com-
pletely curable and remains the actual cause of morbidity and
mortality. The development of metastasis is a complicated,
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multistep process that includes loss of cellular adhesion, extrav-
asation, chemoattraction, infiltration, and colonization as well
as angiogenesis (1). Therefore, understanding molecular events
underlying various stages of metastasis is obviously a daunting
task but one that is of utmost importance to develop new ther-
apeutic targets for breast cancer malignancy.

The CXCR4/CXCL12 (SDF-1a) axis is a major driving force
behind the metastatic migration of breast cancer cells (2, 3) and
has been proven to play a role in all steps of metastasis (4).
Miller et al. (3) showed that the level of CXCR4 is higher in
malignant breast tumors than in their normal healthy counter-
parts, suggesting that its expression level correlates with
increased metastasis-associated mortality. Neutralizing the
interaction of CXCR4/CXCL12 in vivo significantly impaired
the metastasis of breast cancer cells and cell migration (3). Kato
et al. (5) have shown that the expression of CXCR4 in surgically
resected invasive ductal carcinomas is significantly correlated
with the degree of lymph node metastasis. Another study has
also described that breast cancer cells metastasized to the lungs
express very high levels of CXCR4 as compared with the paren-
tal cells (6). These results are further substantiated by the fact
that CXCR4 is one of the few genes that is up-regulated in bone-
metastasized breast cancer cells (7). Consistent with these stud-
ies, knockdown of endogenous CXCR4 gene expression in
breast cancer cells resulted in significant inhibition of breast
cancer cell migration in vitro (8). Furthermore, our previous
results showed that activation of CXCR4/CXCL12 signaling
induces blood vessel instability, resulting in the penetration of
breast tumor cells through the human brain microvascular
endothelial cells (9). All of these data provide compelling evi-
dence that CXCR4/CXCL12 axis plays a pivotal role in spread-
ing breast cancer cells to different organs. However, there is
only a limited understanding of how CXCR4 is regulated at the
molecular level in the context of breast cancer metastasis.

C/EBP is a member of the basic leucine zipper family of tran-
scription regulators and consists of at least six isotypes. Among
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isoforms, C/EBPS (also known as liver-enriched activator pro-
tein (LAP)? or Cebpf in rodents) is indispensable for ductal
morphogenesis and functional differentiation of mammary epi-
thelial cells (10). C/EBP exists as three isoforms (LAP1, LAP2,
and LIP) that are generated by in-frame alternative translation
initiation (11). Among these isoforms, LIP displays an increased
affinity for DNA, but it lacks a portion of its trans-activating
domain, rendering it able to antagonize the transcriptional acti-
vation of LAP or other C/EBPs and leucine zipper proteins in
substoichiometric ratios (12). The ratio of these isoforms varies
during mammary development and tumorigenesis (13-15). The
dominant-negative LIP isoform is predominantly expressed dur-
ing proliferative cellular responses and is associated with aggres-
sive breast cancer cells (11). In line with this, most of human
breast-infiltrating ductal carcinomas that express high levels of
LIP are estrogen receptor- and progesterone receptor-negative
and aneuploid (12). Importantly, C/EBP is overexpressed at late
stages in carcinogenesis of breast cancer (16), suggesting that it
could potentially contribute to metastatic progression of breast
cancer. C/EBPB also plays an important role in the evasion of met-
astatic breast cancer cells from the cytostatic effects of TGF-B(17).

Although LIP expression appears to be closely implicated in
regulation of invasive and metastatic properties of breast can-
cer cells, whether LIP is directly involved in breast cancer
metastasis and, if so, how LIP regulates breast cancer cell migra-
tion at the molecular level remain elusive. Here, we demon-
strate that LIP functions as a regulator of CXCR4 and modu-
lates breast cancer cell migration and invasion.

Interestingly, heregulin (HRG), which is known to promote
invasion and metastasis of breast cancer cells (18), up-regulated
the LIP level, and this coincided with increased surface expres-
sion of CXCR4. Thus, our results also provide new insights into
the potential mechanistic link between HRG, LIP, and CXCR4
in breast cancer cell metastasis.

EXPERIMENTAL PROCEDURES

Cell Culture—Breast cancer cells were maintained in medium
and supplements as recommended by ATCC. Platinum-GP ret-
roviral packaging cell line (Cell Biolabs, Inc.) were grown in
DMEM supplemented with 10% FBS. Cells were grown to
90-95% confluence and treated with heregulin (100 ng/ml)
(Peprotech).

Human Tissue Analysis and Animal Studies— All tissue spec-
imens were collected after each patient provided written
informed consent and were used under a protocol reviewed and
approved by the University of Pittsburgh Institutional Review
Board. All experiments using animals were done in accordance
with a protocol approved by the Institutional Animal Care and
Use Committee (IACUC) of University of Pittsburgh. LIP- and
control vector-transduced breast cancer cells were trans-
planted intravenously into 6-—8-week-old NOD/SCID-inter-
leukin-2 receptor-yc-null mice (The Jackson Laboratory).
Recipient animals found in moribund condition were eutha-
nized according to the approved protocol.

2 The abbreviations used are: LAP, liver-enriched activator protein; LIP, liver-
enriched inhibitory protein; HRG, heregulin; TRAP, tartrate-resistant acid
phosphatase.
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Luciferase Reporter Gene Assay—CXCR4 reporter plasmids
were kindly gifted from Dr. Yasukawa, Ehime University, Japan.
Mutations were introduced in the putative C/EBP binding site
using the site-directed mutagenesis kit (Stratagene) according
to the manufacturer’s instructions. The original sequence
5'-CTCAAACTTAGGAAATGCCTCTGG-3' was changed to
CTCAAACATAGGGAATGCCTCTGG by introducing two
nucleotide substitutions as underlined. A nine-base pair dele-
tion was introduced in the putative C/EBP binding site at —230
to —222 using PCR such that the sequence 5'-CTCAAACT-
TAGGAAATGCCTCTGG-3" was changed to 5'-CTC-(dele-
tion)-AAATGCCTCTGG 3'. A luciferase reporter gene assay
was performed by the dual-luciferase reporter assay kit (Pro-
mega) on Veritas microplate luminometer (Tuner Biosystems).
The average ratios of luciferase activity to Renilla activity was
measured by Veritas software (Tuner Biosystems).

Electrophoretic Mobility Shift Assay (EMSA)—DNA binding
assays were performed with nuclear extracts prepared from
LIP- and control vector-transduced breast cancer cells, as
described previously (19). The double-stranded oligonucleo-
tide corresponding to the C/EBP binding element within the
CXCR4 promoter (5'-TTCCCTCAAACTTAGGAAATGC-
CTCTGG-3') and to YY1 (5'-TAGCAAGGATGGACGCGC-
CACAGAGAGAC-3') were end-labeled with [y->’P]ATP by
using T4 polynucleotide kinase according to the manufactur-
er’s instructions (New England Biolabs). For supershift analysis,
3 ng of nuclear protein extract was incubated with antibodies at
room temperature for 30 min before the binding reaction. Each
nuclear extract was incubated with 2 ug of poly(dI-dC), 10X
binding buffer (100 mm Tris-Cl, pH 7.5, 500 mm NaCl, 10 mm
EDTA, 10 mm dithiothreitol, 50% glycerol), 1.5 ul of 50% glyc-
erol, and 10,000 cpm of radiolabeled oligonucleotide in a final
volume of 20 pl at room temperature for 30 min. For the com-
petition reaction, the C/EBP binding site-mutated oligonucleo-
tide (5'-TTCCCTCAAACAGCTCTCTAGCCTCTGG-3') or
C/EBP binding site-deleted oligonucleotide (5'-TTCCCT-
CAAACGCCTCTGGG-3') or nonspecific oligonucleotide
(AP1 consensus oligonucleotide, 5'-CGGCTCCGGACTCAC-
TACCGAACCA-3') was used. The reaction mixtures were
resolved on a non-denaturing 6% polyacrylamide gel. Antibod-
ies used for the supershift assays were anti-C/EBPS antibody
(c-19, Santa Cruz Biotechnology), anti-YY-1 (H-414, Santa
Cruz Biotechnology), or anti-FLAG (M2, Sigma) or anti-HA
(F-7, Santa Cruz Biotechnology) antibody.

Chromatin Immunoprecipitation (ChIP) Assay—Cells were
fixed by the addition of 37% formaldehyde to a final concentra-
tion of 1% formaldehyde and incubation at room temperature
for 10 min. Cross-linking was stopped by the addition of glycine
to a final concentration of 0.125 M. Nuclei were pelleted and
lysed by incubation in nuclear lysis buffer (50 mm Tris-HCl, pH
8.1, 10 mMm EDTA, 1% SDS in the presence of proteinase inhib-
itors). The chromatin fractions were immunoprecipitated with
anti-C/EBPB or anti-FLAG (M2, Sigma) or anti-HA (F-7, Santa
Cruz Biotechnology) or anti-YY1 (H-414, Santa Cruz Biotech-
nology) antibody. DNA-protein complexes were immunopre-
cipitated with salmon sperm DNA prebound protein A/G-
agarose. DNA was extracted with phenol/chloroform, precipi-
tated, redissolved, and used as templates for PCR. Different
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PCR cycles (ranging from 24 to 32) were used to evaluate each
assay, and the lowest possible cycle was chosen for the presen-
tation. PCR for input controls were performed at the same
number of PCR cycles as the immunoprecipitated complexes.
The primers used for the PCR correspond to regions flanking
the C/EBP binding site within the CXCR4 gene promoter
are: sense, 5'-CAGAGAGACGCGTTCCTAGC-3'; antisense,
5'-CGGGTGGTCGGTAGTGAGT-3". Primers used in PCR to
amplify the YY1-binding site of the CXCR4 promoter are: 5'-TTCC-
ATCCACTTTAGCAAGGA-3'; antisense, 5'-CTCCCAGAGG-
CATTTCCTAA-3'.

Chemotaxis Assay and Matrigel Invasion Assay—The modi-
fied Boyden chamber (48-well) (Neuroprobe) was used for both
chemotaxis and invasion assay. Serum-starved LIP- and control
vector-transduced breast cancer cells were detached in DMEM
media. Lower compartments of the Boyden chamber were filled
with CXCL12 (125 ng/ml or indicated concentrations; Pepro-
tech) in DMEM and then covered with a 10-um-pore polycar-
bonate membrane. For chemotaxis assay, the membrane was
precoated with human collagen IV (Sigma) (25 pg/ml in
DMEM) for 2 h at 37 °C. To verify the specificity of the cell
migration, cells were preincubated with anti-CXCR4 antibody
(25 pg/ml, clone 12G5) (R&D Systems) for 1 h. For an invasion
assay, 10-um-pore polycarbonate membrane was coated with
Matrigel according to the manufacturer’s instructions (BD Bio-
sciences). 200 ul of cells at a density of 4 X 10° cells/ml were
loaded into the upper compartments, and the chamber was
incubated at 37 °C, 5% CO,, for 16 h. The membrane was stained
by Diff-quick fixative (Dade Diagnostics). Cells that had
migrated across the membrane were counted under micro-
scope. Five fields were counted for each sample in duplicate or
triplicate.

Flow Cytometry—Cells were removed from flasks with a non-
enzymatic cell dissociation solution (Cell Stripper; Mediatech).
Cells were incubated with biotin-conjugated mouse monoclo-
nal anti-human CXCR4 (clone 12G5; R&D Systems, MN) fol-
lowed by streptavidin-conjugated phycoerythrin (eBioscience).
Analysis was done using a Coulter Epics cytometer instrument
and Expo 32 ADC software (Beckman Coulter).

Expression Vectors and Generation of Stable Cell Lines—The
coding sequence of LIP isoform was PCR-amplified and sub-
cloned into Xhol and EcoRI sites of retroviral vector MSCV-
IRES-GFP. The forward PCR primer for LIP was 5'-CCGCTC-
GAGATGGCGGCGGGCTT-3'. The reverse primer was
5'-GCGAATTCCTAGCAGTGGCCGGA-3'. pCMV-FLAG
LAP2 (#15738) (17), pPCMV-HA LIP (#15739) (17), pLKO.1
puro CXCR4 siRNA-1 (#12271) (20), Scramble shRNA (#1864)
(21), and pLKO.1-TRC control (#10879) (22) constructs were
obtained from Addgene. C/EBPB MISSION shRNA constructs
were from Sigma Aldrich. To establish retrovirus-producing
cell line, Platinum-GP retroviral packaging cell line (Cell Bio-
labs) was transfected with human LIP MSCV-GFP vector along
with pVSV-G (purchased from Stratagene) by Lipofectamine
2000 (Invitrogen). Two days after transfection, culture medium
containing high-titer virus was harvested and used to infect
breast cancer cells by ViraDuctin retrovirus transduction kit
(Cell Biolabs). Lentivirus particles are produced from 293T
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cells and used to infect cells using ViraDuctin lentivirus trans-
duction kit (Cell Biolabs).

Tartrate-resistant Acid Phosphatase (TRAP) Staining and
Immunohistochemistry—Femurs from transplanted mice were
fixed in 4% paraformaldehyde, decalcified in 10% EDTA, and
then embedded in paraffin. For identification of osteoclasts, the
sections were deparaffinzed, dehydrated, and stained using the
TRAP staining kit (Sigma) according to the manufacturer’s
instructions. For identification of GFP-expressing cells, the sec-
tions were immunolabeled with goat polyclonal anti-GFP anti-
body (Novus Biologicals; 1:500) for 2 h at room temperature
and subsequently incubated with biotinylated goat-specific sec-
ondary antibody (Vector Laboratories) followed by 3,3'-di-
aminobenzidine staining according to the manufacturer’s
instructions (Vector Laboratories).

RESULTS

LIP Has the Ability to Directly Bind to the CXCR4 Promoter
and Regulates the Transcription of CXCR4 in Breast Cancer
Cells—LIP has been known to be overexpressed in several
human cancers including breast cancer. Dysregulated expres-
sion of LIP has been associated with aggressive and metastatic
properties of breast cancer cells (12, 17, 23). Thus, we consid-
ered it a reasonable possibility that LIP can function as a poten-
tial regulator of metastasis-related molecules such as CXCR4.
The presence of putative C/EBP binding sites (TKNNGNAAY)
(—226 to —218) in the human CXCR4 promoter further sub-
stantiates this speculation. We first examined the ability of LIP
to regulate the transcription of CXCR4. A bicistronic retroviral
vector encoding LIP and GFP was constructed and used to
transduce breast cancer cells. LIP expression level was elevated
in cell lysates extracted from the LIP-transduced MCEF-7 breast
cancer cells (Fig. 14). Control vector-transduced MCF-7 cells
also exhibited a low endogenous level of LIP expression (Fig.
1A). Ectopic expression of LIP was found to increase CXCR4
mRNA levels in breast cancer cells, as evidenced by real-time
quantitative PCR analysis (Fig. 1B). Treatment of LIP-trans-
duced cells with actinomycin D was sufficient to block the
increase in CXCR4 mRNA (see the gray bars in Fig. 1B), sug-
gesting that the increase in CXCR4 mRNA occurred at the tran-
scriptional level. Among the breast cancer cell lines tested, LIP-
transduced MCF-7 and SKBR3 cells exhibited relatively high
levels of CXCR4 transcripts and were thus used for further
investigation. We next performed an in vitro reporter assay to
evaluate whether CXCR4 promoter activity is modulated by
LIP-dependent transactivation. The increased expression of
LIP led to a 3—4-fold increase in CXCR4 promoter activity,
suggesting that LIP transcriptionally regulates CXCR4 expres-
sion (Fig. 1C). To examine whether the increase in CXCR4 pro-
moter activity is dependent on recognition of the specific
C/EBPS binding site, we generated CXCR4 promoter mutant
constructs; one with a 9-bp deletion encompassing the putative
C/EBPf binding site and the other with two substitution muta-
tions in the putative binding site. As shown in Fig. 1C, the
mutant promoters containing either the substitution or dele-
tion significantly diminished LIP-induced CXCR4 promoter
activity.
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FIGURE 1. LIP increases CXCR4 transcription in breast cancer cells. A, Western blot analyses of LIP-transduced breast cancer cells. MCF-7 cells were
retrovirally transduced with either control MSCV-GFP vector (Vector) or MSCV-LIP-GFP vector (LIP). The anti-C/EBP antibody was raised against the C termini
of C/EBPB and thus recognized all isoforms. The three different isoforms of C/EBPB, LAP1, LAP2, and LIP, were detected in whole-cell extracts. Note that control
vector-transduced cells (Vector) express a low level of endogenous LIP. A stronger LIP band was clearly detectable in an over-exposed blot (see supplemental
Fig. S1). B, quantitative PCR analysis of CXCR4 in LIP- and control vector-transduced breast cancer cell lines. MCF-7, SKBR3, and MDA-MB361 cells were
transduced with either control MSCV-GFP vector (white bars) or MSCV-LIP-GFP vector (black bars). Actinomycin D treatment (4 wg/ml) (gray bars) blocked the
increase in CXCR4 mRNA induced by LIP. CXCR4 expression was normalized against either 18 S RNA or GAPDH. The levels of CXCR4 mRNA in the control cells
were arbitrarily set at 100%. Results represent the mean = S.D. of at least three independent experiments, each done in duplicate. ¥, p < 0.05; ***, p < 0.005.
G, effects of LIP expression on the transcriptional activity of the CXCR4. MCF-7 cells were transiently co-transfected with firefly luciferase reporter vectors
harboring CXCR4 promoter region (—313) and Renilla luciferase vectors followed by LIP (black bars) or control vector infection (white bars). Deletion or
substitution mutations of the putative C/EBP binding site within the CXCR4 promoter abolished LIP-induced CXCR4 promoter activity. At 2-3 days after
transduction, cells were lysed, and luciferase signals were measured. The results were presented by the relative luciferase units (RLU; a.u., absorbance units)
divided by the activity of cells transfected with the basic reporter construct alone. The y axis is the ratio of firefly to Renilla RLU values. **, p < 0.01 The lower
diagram shows the location of putative YY1 and C/EBP binding site. D, equal amounts of nuclear extract from LIP- and control vector-transduced MCF-7 cells
were preincubated for 30 min in the presence (lane 2) or absence (lane 1) of anti-C/EBP 8 antibody. Lane 1 shows binding between probe and nuclear extracts.
Lane 2 shows the supershifted complex formed between the oligonucleotide, the nuclear extract, and the C/EBP antibody. Normal IgG was used as a
supershift control (lane 3). For competition experiments, a 100-fold excess of unlabeled, cold wild type (lane 4) or C/EBP binding site-mutated (/ane 5) or C/EBP
binding site-deleted (lane 6) or unrelated AP1 consensus site (lane 7) oligonucleotides were premixed with radiolabeled C/EBP probe. The last lane (F) shows
free probe. The black arrows indicate the C/EBPB-DNA complex. The gray arrow indicates the supershifted C/EBPB-DNA complex. The free probe has been
allowed to run off the gel to better resolve the multiple complexes. E, ChIP analysis. Chromatin extracts were prepared from LIP- or control vector (Vector)-
transduced MCF-7 cells. The fragmented chromatin was subjected to immunoprecipitation with control antibodies (IgG) or anti-C/EBPS antibody (CBAD).
Eluted DNA was amplified by the PCR primers designed to specifically amplify the proximal CXCR4 promoter regions containing the binding sites for C/EBP. The
expected size of the PCR product is 120 base pairs. N, no template controls.

To further investigate if LIP transactivates CXCR4 promoter  binding activity was clearly detected in nuclear extracts from
activity via its direct binding to the putative C/EBP binding site, =~ LIP-transduced cells (lane I, black arrows) (Fig. 1D). This DNA
we performed an EMSA using *’P-labeled oligonucleotide binding activity disappeared in the presence of unlabeled (cold)
probes containing the consensus C/EBP binding site. DNA  wild type competitor (lane 4) but was unaffected by oligonu-
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cleotides containing mutated (lane 5) or deleted C/EBP consen-
sus binding sequence (lane 6) or unrelated oligonucleotides
(AP1) (lane 7), indicating that the observed signals are specific.
The addition of anti-C/EBPf antibody resulted in supershifted
DNA-protein complexes confirming the identity of the protein
causing the shift (lane 2, gray arrow). Of note, despite the rela-
tively high levels of endogenous LAPs (LAP1 and LAP2) in vec-
tor-transduced control cells (see Fig. 14), no apparent DNA
binding activity was observed. This suggests that LIP may have
a major and indispensable role in modulating transcriptional
activity of CXCR4 in breast cancer cells. To corroborate the above
findings in living cells, we performed ChIP assay. Cell lysates were
immunoprecipitated with antibody against C/EBPf. Subsequent
PCR amplification using primers specific to the CXCR4 promoter
produced a band of the expected size (120 base pair) in LIP-trans-
duced cells (Fig. 1E). Low or negligible levels of PCR-amplified
bands were detected in the control vector-transduced cells.

YY1 is one of well known transcriptional repressors of
CXCR4 (24). YY1 binding site (—306 to —297) is located near
the putative C/EBP binding site (see a diagram in Fig. 1C).
Therefore, it is conceivable that the binding of LIP might inter-
fere with the binding of YY1 to the CXCR4 promoter, thus
relieving the repression effects of YY1. To address this issue, we
performed EMSA experiments. The intensity of the shifted
bands (Fig. 24, black arrows) was clearly reduced in LIP-trans-
duced cells as compared with that of the control cells (lane 7
versus 1), suggesting that the ectopic LIP expression affected
the binding of YY1 to the CXCR4 promoter. Specificity of the
binding was verified by a YY1 antibody supershift assay (lanes 8
and 9). ChIP assays were then performed using YY1 antibody to
assess how LIP modulates iz vivo binding of YY1 to the CXCR4
promoter. The YY1 binding was greatly decreased in LIP-ex-
pressing cells as compared with control cells (Fig. 2B). These
findings are consistent with the EMSA results and indicate that
the increase in LIP abundance led to the decreased YY1 binding
to CXCR4 promoter in breast cancer cells.

LIP Binds to the CXCR4 Promoter as Hetero- and Homodimers—
Homo- or heterodimer formation is required for the function of
C/EBPs. This raises the question of whether the LAP isoforms
have similar regulatory roles in modulating CXCR4 expression
in breast cancer cells. However, unlike LIP, the ectopic expres-
sion of LAP1 or LAP2 did not exert any noticeable effects on
CXCR4 expression as demonstrated by flow cytometry analysis
(see supplemental Fig. S2). Although this finding indicates that
the increased levels of LAP do not appear to play much of a role
in regulating CXCR4 in breast cancer cells, LAP can still serve
as a heterodimeric partner for LIP to transcriptionally activate
CXCR4. To address this issue, we utilized FLAG-tagged LAP2
and HA-tagged LIP ¢cDNA constructs as C/EBPS antibodies
that selectively recognize each isoform are not commercially
available. EMSA analysis yielded two major shifted bands in the
cells expressing HA-tagged LIP (LIP-HA cells) (Fig. 34, left
panel). The addition of anti-HA antibody reduced the intensity
of both bands (lane 2), suggesting that the upper band is a LAP/
LIP heterodimer and the lower band is a LIP/LIP homodimer.
Similarly, anti-HA antibody caused the disruption of the two
retarded bands in the MCF-7 cells co-expressing FLAG-tagged
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FIGURE 2. LIP modulates YY1 binding to the CXCR4 promoter. A, gel-shift
assays were basically performed as described in Fig. 1D using nuclear extracts
from LIP- or control vector (Vector)-transduced MCF-7 cells. The black arrows
indicate the YY1-DNA complex. The gray arrow indicates the supershifted
YY1-DNA complex. Lanes 1 and 7, probe with nuclear extracts; lanes 2 and 3
and lanes 8 and 9, probe with nuclear extract preincubated with anti-YY1
antibody (0.4 g for lanes 2 and 8 and 1 ug for lanes 3 and 9); lanes 4 and 10,
supershift control with normal IgG; lanes 5 and 11, probe with nuclear extract
in the presence of excess unlabeled wild type probe; lanes 6 and 12, probe
with nuclear extract in the presence of excess unlabeled AP1 consensus site
oligonucleotide. The last lane (F) shows free probe. F, free probe. B, ChIP anal-
ysis of YY1 binding to the CXCR4 promoter in the LIP-transduced cells. The
enrichment of CXCR4 promoter in the ChIP DNA pulled by the YY1 antibody
(Ab) was assayed. As a negative control, a non-immune IgG was used. N, no
template controls.

LAP2 and HA-tagged LIP (LIP-HA and LAP2-FLAG cells) (Fig.
3A, right panel, lane 2). In the same cells, anti-FLAG antibody
preferentially reduced the intensity of the upper band but not
that of the lower band (Fig. 3A, right panel, lane 3), confirming
the identity of the retarded complexes. Meanwhile, much
fainter retarded complexes were detected in the cells express-
ing FLAG-tagged LAP2 alone (LAP2-FLAG cells) as compared
with those detected in LIP-HA cells (Fig. 3A, left panel, lane 5
versus lane 1). This result further supports the notion that
ectopic LAP2 expression alone does not potentiate the binding
of the CEBPS complexes to the CXCR4 promoter as much as
does LIP. ChIP analysis clearly demonstrated the preferential
recruitment of LIP to the CXCR4 promoter as compared with
LAP?2 (Fig. 3B, upper panel). Consistent with the EMSA analy-
sis, recruitment of LAP2 to the CXCR4 promoter was markedly
increased when LIP was co-expressed (Fig. 3B, lower panel).
Although LAP isoforms are abundantly expressed, endogenous
LIP was expressed at a much lower level and was barely detect-
able as shown in Fig. 1A. Therefore, although both LAP/LIP and
LIP/LIP bind to CXCR4 promoter, it appears that the dimeriza-
tion and subsequent DNA binding are mainly dependent on the
levels of LIP rather than LAPs.
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FIGURE 3. LIP binds to the CXCR4 promoter as LAP/LIP hetero- and LIP/LIP homodimers. A, cells were transfected with HA—tagged LIP (LIP-HA) and
FLAG-tagged LAP2 (LAP2-FLAG) either alone (left panel) or together (right panel: LIP-HA & LAP2-FLAG). Left panel: lanes 2 and 6 were preincubated with anti-HA
and anti-FLAG antibody, respectively. Lanes 1 and 5, probe with nuclear extracts; lanes 3 and 7, supershift control with IgG; lanes 4 and 8, probe with nuclear
extract in the presence of excess unlabeled wild type probe. Right panel: lane 1, probe with nuclear extracts; lane 2, supershift with anti-HA antibody; lane 3,
supershift with anti-FLAG antibody; lane 4, supershift control with normal IgG; lane 5, probe with nuclear extract in the presence of excess unlabeled wild type
probe. Black arrows designate shifted bands whose intensities were diminished by adding each antibody. The last lane (F) shows free probe. B, chromatin
samples were prepared as described above. ChIP analysis was performed using anti-FLAG or anti-HA antibodies (Ab). Immunoprecipitated DNA was assayed
for the enrichment of CXCR4 promoter. Consistent with the EMSA results above, the ectopic expression of LIP (LIP-HA) but not LAP-2 (LAP2-FLAG) showed a
significant enrichment of CXCR4 promoter. As a negative control, a non-immune IgG was used. Lower panel, ChIP analysis with cells co-transfected with
HA-tagged LIP (LIP-HA) and FLAG-tagged LAP2 (LAP2-FLAG). N, no template controls. C, the expression of HA-tagged LIP and FLAG-tagged LAP2 was assessed

by Western blot analysis using respective antibodies.

LIP Increases the Expression of Functional Cell Surface
CXCR4—Next, we examined whether the increased CXCR4
mRNA levels induced by LIP expression is parallel to increases
in its protein level. G-protein-coupled receptors (GPCR)
including CXCR4 are regulated in a dynamic and complex
manner by endocytosis or internalization. As CXCL12-induced
cell migration requires the cell surface expression of CXCR4,
we assessed the levels of CXCR4 at the cell surface. Percentage
of transduced cells (GFP+) was similar between LIP- and con-
trol vector-transduced cells (~85-95%) (Fig. 4A, left panel).
However, among the transduced cells (GFP+), LIP-transduced
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cells showed a significantly elevated level of CXCR4 compared
with control vector-transduced cells (33 versus 4.3%) (Fig. 44,
left panel, upper right quadrant). A similar increase in cell sur-
face expression of CXCR4 was also observed in the LIP-ex-
pressing SKBR3 cells (Fig. 44, right panel).

We then determined whether the increase in cell surface
CXCR4 expression is functionally relevant for breast cancer cell
migration. LIP- and control vector (Vector)-transduced cells
were assessed in transwell assays scoring chemotaxis toward
CXCL12. The chemotactic activity was ~10-fold higher in LIP-
transduced cells compared with control vector-transduced
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FIGURE 4. LIP induces increases in functional cell surface CXCR4 receptor in breast cancer cells. A, flow cytometry analysis of cells transduced with either
MSCV control (Vector) or MSCV-LIP (LIP) vectors. Transduced MCF-7 and SKBR3 cells were harvested by non-enzymatic cell dissociation. Cell surface expression
of CXCR4 was analyzed by flow cytometry using biotinylated CXCR4 antibody and allophycocyanin (or phycoerythrin)-conjugated streptavidin. Left, trans-
duced MCF-7 cells were assessed by GFP expression. Note that MCF-7 cells expressing MSCV-LIP increased the percentage of CXCR4 expressing cells. Numbers
indicate the percentage in each quadrant. Results are presented as the percentage (%) of CXCR4-positive (CXCR4+, upper right panels) or shown as -fold change
in MFI relative to vector-transduced control cells (lower right panels). Data are representative of at least 10 independent experiments. *, p < 0.05; **, p < 0.01.
B, the transduced cells were subjected to the transwell chemotaxis migration assay in the presence (gray bars) or absence (black bars) of CXCL12 (125 ng/ml).
Cells were preincubated (white bars) with CXCR4 neutralizing antibody, as described under “Experimental Procedures.” The chemotaxis was evaluated by
counting the number of cells that had migrated through the membrane in three-four representative fields. Chemotactic activity was expressed as a migration
index, which is the ratio of the number of cells migrating toward CXCL12 to the number of cells migrating toward medium control. *. p < 0.05. C, for the invasion
assay, transduced cells were plated in a modified Boyden chamber coated with Matrigel. The bottom chamber was loaded with CXCL12 (125 ng/ml). The
number of migrated cells on the lower surface of the membrane was counted (5 random 100X fields per well). Results are expressed as the migration index
calculated as above.

cells (Fig. 4B). The migratory response of the LIP-transduced Although animals transplanted with LIP-transduced MCEF-7

cells to CXCL12 was significantly attenuated by neutralizing
anti-CXCR4 antibody. Furthermore, LIP enhanced the ability
of MCE-7 cells to invade through the extracellular matrix bar-
riers, as evidenced by invasion assays (Fig. 4C).

To investigate how LIP affects the metastatic potential of
breast cancer cells in vivo, LIP-transduced SKBR3 and MCF-7
cells were intravenously injected into 6—8-week-old NOD/
SCID/IL2Ry null mice. Recipient mice that were transplanted
with LIP-transduced cells displayed typical signs of cancer bur-
dens, including weight loss, spiky coat, kyphosis, and decreased
mobility. In particular, the mice transplanted with LIP-trans-
duced SKBR3 cells (# = 7) exhibited severe signs of morbidity
for unknown reasons and died within 3 weeks after transplan-
tation so that we were not able to examine metastasis on these
recipient animals. In contrast, the recipient animals trans-
planted with control-vector-transduced SKBR3 cells (n = 6)
survived beyond 5- 6 weeks post-transplant.

28662 JOURNAL OF BIOLOGICAL CHEMISTRY

cells showed significantly better post-transplant survival rates,
no statistically significant difference was found in the number
of lung metastatic foci between control- and LIP cell-trans-
planted animals (data not shown). Because the most frequent
site of breast cancer metastasis is the bone (25) and this com-
monly causes osteolytic lesions (26), the bones from the trans-
planted animals were carefully examined. The recipient ani-
mals transplanted with LIP-transduced MCEF-7 cells (# = 5) had
a higher frequency of osteoclast cells in their bones as com-
pared with the animals transplanted with control cells (n = 2),
as evidenced by TRAP staining (Fig. 54). To quantitatively
measure metastasized cells, recipient bones were immunohis-
tochemically stained with anti-GFP antibody. A significantly
higher frequency of GFP-positive cells was detected in the
bones from animals transplanted with LIP-transduced cells
compared with animals transplanted control vector-trans-
duced cells (Fig. 5B).
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FIGURE 5. LIP promotes osteoclast formation and the development of bone metastasis. A, representative TRAP-stained bone sections from recipient
animals. Transduced MCF-7 cells were sorted for GFP expression and expanded. Cells were non-enzymatically detached and were transplanted into NOD-scid
IL2rynull mice (2 X 10° cells/mouse). Thirty days after transplantation, the bones from recipient animals were examined. Osteoclasts were visualized by TRAP
staining and counterstained with hematoxylin. Arrowheads indicate osteoclasts. Scale bars, 100 um. B, bone sections from the above recipient animals were
immunostained using anti-GFP antibody. Left, representative bone sections stained with anti-GFP antibody. Open arrowheads indicate GFP+ cells. Scale bars,
50 wm. Right, quantification of total number of GFP+ cells per field of analysis. Y axis shows the total number of GFP expressing cells per field. At least 200 cells
per field in a minimum of two randomly selected fields were counted. Data were shown as the mean = S.D.*, p < 0.05. C, a positive correlation between LIP and
CXCR4 protein expression in advanced breast cancer patients. Protein lysates from breast cancer tissues (stages lll and IV, n = 37) were analyzed by Western
blot for the expressions of LIP and CXCR4. Protein expression levels were quantitatively estimated by densitometric analysis and normalized to B-actin. To
standardize and correct the density among films, the standard sample was loaded on each gel. Data points for each tissue specimen were plotted as a scatter
plot. A simple linear regression analysis was performed to assess a linear association between LIP and CXCR4, where LIP was a predictor and CXCR4 was the
response variable. A log-transform was applied to the values of CXCR4 to satisfy the normality assumption. The results show that the LIP values predict the level

of CXCR4 well. The estimated correlation coefficient between LIP and CXCR4 on a raw scale was 0.54. p = 0.001 (two-sided).

LIP Expression Is Correlated with the Increased Expression of
CXCR4 in Advanced-stage Breast Cancer Patients—Having
observed a relationship between LIP and CXCR4 in breast can-
cer cell cells, we next determined if the same relationship exists
in patients with advanced breast cancer (stages III and IV). To
this end, we examined the protein levels of LIP and CXCR4 in
surgically resected snap-frozen breast cancer specimens (1 =
37). The results showed that the LIP values predict the level of
CXCR4 well (Fig. 5C). More specifically, the fitted regression
line is log (CXCR4) = 3.4 + 0.01 X LIP, and the results indi-
cated that the unit increase of the CXCR4 level on a log scale is
strongly positively associated with the unit increase of the LIP
values with the two-sided p value of 0.001. Meanwhile, no cor-
relation was found between LIP and CXCR4 in normal breast
specimens (n = 5, data not shown).
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Heregulin Up-regulates the Expression of CXCR4 in Breast
Cancer Cells—HRG promotes metastatic migration of breast
cancer cells (27, 28), and blockage of HRG expression inhibits
metastasis of breast cancer (18). Interestingly, HRG treatment
increased the levels of LIP but not the other C/EBPS isoforms
(Fig. 6A). Because LIP expression led to increased levels of
CXCR4 mRNA, we examined whether the observed increase in
LIP protein expression by HRG is sufficient to increase the
transcription of CXCR4. Indeed, HRG treatment significantly
increased CXCR4 mRNA levels (Fig. 6B). The selective knock-
down of LIP can provide a clue as to whether HRG-induced
CXCR4 mRNA expression is mediated via LIP. However, the
selective knockdown of LIP without targeting other C/EBPf3
(for example, LAP1 and LAP2) is not technically feasible, as
C/EBP is translated into three different isoforms from the

JOURNAL OF BIOLOGICAL CHEMISTRY 28663



LIP- and CXCR4-mediated Breast Cancer Metastasis
same mRNA via a leaky ribosomal scanning mechanism (17). LIP (Fig. 6B, lower panels). Although the down-regulation of

Nevertheless, our attempt to knockdown C/EBPS via shARNA- LAPs was also observed (~50—60% reduction in protein level),
mediated silencing permitted almost complete knockdown of a further down-regulation was not achievable by any other
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combinations of siRNA oligonucleotides or vector-based
shRNAs. This is most likely due to the fact that LIP is present at
considerably lower levels compared with LAPs. Knockdown of
LIP significantly reduced, albeit not completely abrogated, the
ability of HRG to induce CXCR4 mRNA (Fig. 6B, upper panel),
suggesting that the increase in CXCR4 mRNA in HRG-treated
breast cancer cells was at least in part dependent on LIP. EMSA
analysis further demonstrated that HRG treatment induced the
binding of endogenous LAP/LIP and LIP/LIP complexes to
CXCR4 promoter (Fig. 6C). ChIP analysis also revealed that
HRG treatment enhanced the binding of LIP to the CXCR4
promoter in vivo (Fig. 6D). The increase of LIP binding by HRG
treatment was concomitant with a significant increase (p <
0.05) in the cell surface expression of CXCR4 (Fig. 6E), and this
coincided with the enhanced ability for HRG-treated cells to
migrate toward CXCL12 (Fig. 6F). shRNA-mediated down-reg-
ulation of either C/EBPB or CXCR4 significantly reduced the
migration of MCE-7 cells toward CXCL12, demonstrating that
HRG-induced chemotactic migration is both LIP- and CXCR4-
dependent (Fig. 6F).

DISCUSSION

Current therapies still fail to eliminate migrating (metasta-
sizing) breast cancer cells. The complicated multistep nature of
metastasis makes it difficult to dissect the molecular mecha-
nisms involved in the metastatic cascade.

CXCR4 is the G protein-coupled chemokine receptor that
mediates entry of T cell tropic HIV virus (29). It also plays a
critical role in mediating stem cell homing to the niche (30).
Furthermore, CXCR4 signaling axis endows breast cancer cells
with metastatic ability and thus emerged as one of the most
relevant targets for modulating breast cancer cell metastasis (3).
Even though the CXCR4 signaling axis is one of the promising
“druggable” targets for intervening metastasis, CXCR4 is
expressed on several tissues, and there have been some con-
cerns about using drugs to target CXCR4. In fact, AMD-3100, a
CXCR4 receptor blocker, exerted unfavorable side effects in the
clinical trial developing gastrointestinal side effects, thrombo-
cytopenia, and atrial and ventricular arrhythmias (31). Very lit-
tle is known about the molecular mechanisms that regulate
CXCR4 receptor in breast cancer cells.

LIP- and CXCR4-mediated Breast Cancer Metastasis

In this study we have identified the C/EBPB isoform, LIP, as a
previously unrecognized transcriptional regulator of CXCR4.
Retroviral-mediated ectopic expression of LIP in breast cancer
cells resulted in up-regulation of CXCR4 mRNA. EMSA and
ChIP analyses demonstrated that the ectopic expression of LIP,
but not LAP, enhanced CXCR4 transcription. LIP binds to the
CXCR4 promoter by forming LAP/LIP hetero- and LIP/LIP
homodimer. Thus LAPs are necessary as a dimerization partner
for LIP. Nevertheless, ectopic expression of LAPs had only a
limited effect on CXCR4 expression. The most proficiently
translated isoform of C/EBPS is LAP2 followed by LAP1, and
thus these isoforms are abundantly expressed in breast cancer
cells (32). In contrast, LIP is expressed at significantly lower
levels and is barely detectable. Therefore, it is likely that LAP/
LIP hetero- and LIP/LIP homodimers are formed at a rate dic-
tated by the availability of LIP. This may explain why the
expression of CXCR4 is largely dependent on the availability of
LIP but not LAP1/2.

LIP is generally recognized as being a repressor of transcrip-
tion due to its lack of activation domains (but it retains the DNA
binding capability) (33). Thus, it was somewhat surprising that
LIP enhanced transcription activation of CXCR4. Our results
showed that LIP interfered with the binding of YY1, a strong
CXCR4 repressor, and this might lead to increased CXCR4
expression. It is also conceivable that the LAP/LIP or LIP/LIP
complex interacts with other transcriptional regulatory pro-
teins to activate CXCR4 transcription since the C/EBP-family
members often form complexes with other transcription
factors.

LIP expression increased cell surface levels of the CXCR4 in
breast cancer cells. The LIP-induced CXCR4 expression was
functionally effective, as its expression level is closely correlated
with the ability of breast cancer cells to migrate in in vitro inva-
sion and chemotaxis assay in response to CXCL12. The recipi-
ent animals transplanted with LIP-transduced cells developed
many signs of illness including wasting syndrome (cachexia)
and exhibited high osteoclastogenic activity. We observed an
increased trend for metastasis in the mice transplanted with
LIP-transduced cells. Some recipient animals (especially the
mice transplanted with LIP-transduced SKBR3 cells) became

FIGURE 6. Heregulin up-regulates the expression of CXCR4 in breast cancer cells. A, HRG preferentially up-regulated the LIP isoform in breast cancer cells.
MCF-7 cells were serum-starved overnight followed by HRG treatment (100 ng/ml) for the indicated time points. Total proteins were probed with antibodies
as indicated. A representative Western blot of at least three independent experiments is shown. B, HRG was sufficient to induce the transcription of CXCR4 in
breast cancer cells. MCF-7 cells were starved overnight in serum-free medium and then either left untreated (UN) or treated with 100 ng/ml HRG for 2-3 h.
CXCR4 mRNA levels were determined using quantitative PCR as detailed in Fig. 1. shRNA targeting C/EBP 8 (CBKO) and non-silencing scrambled control shRNA
(SC) were also transduced. The mRNA levels of untreated cells were arbitrarily set at 100%. Results represent the mean =* S.D. of at least three independent
experiments, each performed in duplicate. ¥, p < 0.05; ***, p < 0.005. Lower, Western blot analysis of C/EBP3 knockdown cells; knockdown of C/EBP3 resulted
inreduced expression of all three isoforms of C/EBP . Densitometry analysis indicated the almost complete knockdown of LIP and ~50% reduction of LAP. CTL,
parental MCF-7 cells; LIP, LIP-transduced cells. C, nuclear extracts prepared from HRG-treated (HRG) and untreated (CTL) MCF-7 cells were subjected to EMSA
analysis. The black arrows indicate the C/EBPB-DNA complex. The gray arrow indicates the supershifted C/EBPB-DNA complex. The last lane (F) shows free
probe. Lanes 1, probe with nuclear extracts; lanes 2, probe with nuclear extract pre-incubated with anti-C/EBP 8 antibody; lanes 3, normal IgG; lanes 4, cold wild
type probe. D, MCF-7 cells were harvested at the indicated time after HRG (100 ng/ml) treatment. ChIP analysis was performed using anti-C/EBP antibody as
described in Fig. 1.1gG antibody (Ab) was used as a control. N, no template controls. £, flow cytometric analysis of CXCR4 expression in HRG-treated MCF-7 cells.
The surface expression of CXCR4 was variable depending on cell confluency (38). To quantify CXCR4 cell surface expression, MCF-7 Cells were grown to 90-95%
confluence before HRG treatment. Cells were left untreated (CTL) or were treated with 100 ng/ml HRG for the time points indicated. CXCR4 cell surface
expression was analyzed as described above. Upper, representative flow cytometric histograms showing cell surface CXCR4 expression in MCF-7 cells that were
either untreated (CTL) or treated with HRG for overnight. Numbers indicate the percentage of gated cells expressing CXCR4. Lower, the data plotted show -fold
change in mean fluorescence intensity. The mean fluorescence intensity of untreated cells was set at 1.0. The graph shows mean values of at least five
independent experiments.*, p < 0.05. F, the chemotactic migration of cells was assessed in the presence (black bars) or absence (white bars) of HRG as described
in Fig.4B. C/EBP B (CBKO) and CXCR4 (CXCR4 KO) knockdown cells were plated in the upper well of a transwell chamber. SC, scrambled siRNA-transduced MCF-7
cells. CXCL12 (125 ng/ml) was placed in the lower chamber. Chemotactic activity was expressed as a migration index, which is the ratio of the number of cell
migrating toward CXCL12 to the number of cells migrating toward medium control (in the absence of CXCL12 and HRG).
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moribund shortly after transplantation and had to be eutha-
nized. One of the potential causes of this early post-transplant
death is that LIP may not only increase the metastatic capacity
but could also enhance the aggressiveness of breast cancer cells.
In fact, ectopic expression of LIP in TM3 breast cancer cells
induces epithelial proliferation and the formation of mammary
hyperplasias (34), substantiating such a possibility.

In advanced-stage human breast carcinoma specimens (n =
37), but not in normal specimen (# = 5), we observed a strong
correlation between CXCR4 and LIP protein expression, lend-
ing further support for a potential role for LIP in regulating
CXCR4 expression in advanced breast cancer patients.

HRG has been shown to play a relevant role for the aggres-
siveness and metastatic capacity of breast cancer cells (27, 28)
and is associated with gefitinib resistance (35). Our study
revealed that HRG regulates CXCR4 expression. HRG treat-
ment increased the level of LIP without affecting the expression
of the other C/EBPS isoforms (Fig. 6A). This concomitantly
enhanced LAP/LIP and LIP/LIP binding activity to CXCR4 pro-
moter, resulting in a significant increase of the cell surface
expression of CXCR4.

HRG binds to the ErbB3 and ErbB4 and leads to the forma-
tion of heterodimers with ErbB2, which subsequently activates
ErbB2 downstream signaling pathways (36). Because ErbB2
activation is known to induce the expression of CXCR4 in
breast cancer cells (37), one can hypothesize that HRG may
induce CXCR4 expression through the activation of the ErbB2
signaling pathway. However, whereas ErbB2 enhances the
CXCR4 expression by inhibition of proteasome-mediated deg-
radation (rather than mRNA accumulation) (37), our study
clearly demonstrates that HRG increases the CXCR4 gene at a
transcriptional level as evidenced by Chip and Q-RT-PCR anal-
ysis. However, it is still an open possibility that HRG may reg-
ulate CXCR4 expression through both transcriptional and
post-transcriptional mechanisms.

Taken together, our study showed that LIP serves a previ-
ously unappreciated role as a transcriptional regulator of
CXCR4 gene in breast cancer cells. Furthermore, our study
demonstrates that HRG regulates CXCR4 expression in breast
cancer cells at least partially through LIP, thus providing poten-
tial new targets for the treatment and prevention of CXCR4-
mediated breast cancer metastasis.
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