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Culminating in the Repression of E-cadherin and Occludin™
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In this study, we investigated the mechanism by which the
CUX1 transcription factor can stimulate cell migration and
invasion. The full-length p200 CUX1 had a weaker effect than
the proteolytically processed p110 isoform; moreover, treat-
ments that affect processing similarly impacted cell migra-
tion. We conclude that the stimulatory effect of p200 CUX1 is
mediated in part, if not entirely, through the generation of
p110 CUX1. We established a list of putative transcriptional
targets with functions related to cell motility, and we then
identified those targets whose expression was directly regu-
lated by CUX1 in a cell line whose migratory potential was
strongly stimulated by CUX1. We identified 18 genes whose
expression was directly modulated by p110 CUX1, and its bind-
ing to all target promoters was validated in independent chro-
matin immunoprecipitation assays. These genes code for regu-
lators of Rho-GTPases, cell-cell and cell-matrix adhesion
proteins, cytoskeleton-associated proteins, and markers of epi-
thelial-to-mesenchymal transition. Interestingly, p110 CUX1
activated the expression of genes that promote cell motility and
at the same time repressed genes that inhibit this process.
Therefore, the role of p110 CUX1 in cell motility involves its
functions in both activation and repression of transcription.
This was best exemplified in the regulation of the E-cadherin
gene. Indeed, we uncovered a regulatory cascade whereby p110
CUX1 binds to the snail and slug gene promoters, activates their
expression, and then cooperates with these transcription factors
in the repression of the E-cadherin gene, thereby causing disor-
ganization of cell-cell junctions.

The molecular mechanisms by which transformed cells
become migratory and invasive during tumor progression are
beginning to be unraveled (reviewed in Ref. 1). Some events are
reminiscent of an important developmental process termed
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epithelial-to-mesenchymal transition (EMT)? (reviewed in
Refs. 2, 3). During EMT, tumor cells redistribute or down-reg-
ulate their epithelium-specific proteins such as adherent and
tight-junction proteins, including E-cadherin and occludin,
and start to express mesenchymal proteins, such as vimentin
and N-cadherin. As a result, cell-cell contacts are disrupted
causing a loss of apico-basal polarity, and cells acquire mesen-
chymal and migratory properties necessary for invasion. Tran-
scriptional repression has emerged as a fundamental mecha-
nism for silencing of E-cadherin and occludin, and several
transcriptional repressors have been identified (reviewed in
Ref. 4). Snail and Slug, which belong to the Snail superfamily of
zinc finger transcriptional repressors, are the most character-
ized E-cadherin repressors (5-9). The zinc fingers present at
the carboxyl terminus of the proteins function as the sequence-
specific DNA-binding domains that recognize consensus E2
box-type elements. Their repressor capacity is mediated by the
SNAG domain present at the amino-terminal part of the pro-
teins (reviewed in Ref. 10).

A requirement for the CUX1 homeodomain protein in cell
motility was originally revealed from a high throughput RNA
interference screen (11). CDP/Cux/Cut (CCAAT-displace-
ment protein/cut homeobox) proteins are a family of transcrip-
tion factors present in all metazoans and involved in the control
of proliferation and differentiation (reviewed in Refs. 12, 13).
The mammalian gene and protein are now called Cux1 and
CUX1, respectively, in accordance with new nomenclature
rules. In a panel of human cancer cell lines, siRNA-mediated
knockdown of CUX1 expression caused a decrease in cell
motility and formation of lung metastasis as measured in a
wound healing assay, an invasion assay through Matrigel, and in
a pulmonary colonization assay after caudal vein injection (11).
In addition, CUX1 silencing was later found to delay cell
spreading, but not the adhesive properties of cells, upon seeding
on a fibronectin-coated substrate (14).

CUX1 is primarily regulated by post-translational modifica-
tions, including phosphorylation by protein kinase C (15), CKII

3 The abbreviations used are: EMT, epithelial-to-mesenchymal transition;
MDCK, Madin-Darby canine kidney; DMEM, Dulbecco’s modified mini-
mum essential medium; FBS, fetal bovine serum; HA, hemagglutinin;
PBS, phosphate-buffered saline; BSA, bovine serum albumin; ChlIP,
chromatin immunoprecipitation; ChAP, chromatin affinity purification;
DAPI, 4’,6-diamidino-2-phenylindole; G6PDH, glyceraldehyde-3-phos-
phate dehydrogenase; TBS, Tris-buffered saline.
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(16), protein kinase A (17), and cyclin A/Cdk1 (18), dephospho-
rylation by Cdc25A (19), acetylation by PCAF (20), and proteo-
lytic processing by cathepsin L (21-23) and a caspase (24). Pro-
teolytic processing by cathepsin L generates the p110 isoform
(21, 25) and, in some types of cells, the p90 isoform (26). In
contrast to the full-length p200 protein, which functions exclu-
sively as a repressor via its CCAAT displacement activity (27),
the amino-terminally processed isoforms of CUX1 function as
transcriptional repressors on some promoters and as transcrip-
tional activators on other promoters (24, 28 —30). The available
evidence suggests that p110 CUX1 associates with distinct part-
ners on specific promoters, and that the type of protein com-
plex that forms determines whether the promoter is activated
or repressed (31-35).

In this study, we investigated the mechanism by which CUX1
can stimulate cell migration and invasion. We first determined
that the effect of p200 CUX1 on cell migration was weaker than
that of p110 CUX1 and might be mediated in part through the
generation of its processed isoform. We performed genome-
wide location analysis to establish a list of putative transcrip-
tional targets of CUX1. We identified those targets that may be
involved in cell motility. Independent ChIP and reporter assays
confirmed the binding of CUX1 to the promoter of these genes
and the resultant regulatory effect. Our findings indicate that
the role of p110 CUX1 in cell motility involves its dual function
as a transcriptional repressor or activator of specific targets. For
example, p110 CUX1 activated transcription from the vimentin
and N-cadherin gene promoters but repressed transcription
from the occludin and E-cadherin gene promoters. Further
analysis revealed that CUX1 activates transcription of snail and
slug genes and then cooperates with these transcription factors
in the repression of the E-cadherin gene. We show that the end
point of this regulation at the cellular level is the disorganiza-
tion of cell-cell junctions.

EXPERIMENTAL PROCEDURES

Cell Culture—Hs578T, MGT/p110.1, and Madin-Darby
canine kidney (MDCK) cells were cultured in Dulbecco’s mod-
ified minimum essential medium (DMEM) supplemented with
penicillin/streptomycin, glutamine, and 10% fetal bovine serum
(FBS) (Invitrogen). The Hs578T human breast tumor cell line
has been described previously (22, 36). The MGT/p110.1 cell
line was established in our laboratory from a mammary gland
tumor that developed in a transgenic mouse expressing p110
CUX1 under the control of regulatory sequences from the
mouse mammary tumor virus. NMuMG and NMuMG-NYPD
cells were cultured in DMEM supplemented with 10% FBS and
10 pg/mlinsulin (37). Mouse embryo fibroblasts were prepared
as described previously (38).

Retroviral Infections—Retroviruses were produced by trans-
fecting 293 VSV cells with different isoforms of CUX1 (Myc
tagged at the amino terminus and hemagglutinin (HA) tagged
at the carboxyl terminus) inserted in the pLXSN plasmid (Clon-
tech). The supernatant was applied on NIH 3T3, NMuMG, or
NMuMG-NYPD cells at an equivalent titer, along with 8 pg/ml
Polybrene (Roche Applied Science), and the plates were centri-
fuged at 300 X gfor 1 h. After 48 h, infected cells were selected
for 5 days in G418, and at least 500 resistant clones were pooled
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together for each population. Cell lines were infected with
empty vector or vectors expressing either p200 CUX1 (amino
acids 1-1505) or p110 CUX1 (amino acids 747-1505). For con-
ditional knockdown of CUX1, we took advantage of Addgene
plasmid 11643. NMuMG-NYPD cells were infected with
pLVCT shCUX1-(5326 —5348)-tTRKRAB lentivirus at a multi-
plicity of infection of 10 as described previously (39). 48 h after
infection, cells were split and cultured with or without doxycy-
cline at a final concentration of 2.5 ug/ml. Cells were used for
experiments after 5 days of treatment.

Migration and Invasion Assays—In vitro migration assays
were performed in modified Boyden chambers (8-um pores,
BD Falcon). Briefly, 80,000 cells in 500 ul of serum-free DMEM
were added to the upper part of the inserts. The lower chambers
were filled with DMEM supplemented with 10% FBS. The
chambers were incubated at 37 °C in 5% CO,, atmosphere for
16 h. Cells were then fixed using 10% neutral buffered formalin
for 20 min at room temperature, washed three times with phos-
phate-buffered saline (PBS), and then stained with 0.1% crystal
violet in 20% methanol for 20 min. The cells that did not
migrate through the filter were removed from the inside of the
inserts using cotton swab. Migrating cells were examined under
amicroscope and quantified by evaluating the number of pixels
using Scion software. Invasion assays were performed similarly
using BD Matrigel invasion chambers (8-um pores BD Falcon).
Each experiment was done in triplicate, and the graphs repre-
sent an average of the 3 wells. All the experiments were
repeated at least three times, and similar results were obtained.
For all experiments * means 0.05 > p value > 0.01, ** means
0.01 > p value > 0.001, and *** means p value < 0.001.

Wound Healing Assay—Confluent cell cultures were grown
on 60-mm culture plates for 48 h. Wounds were made with the
tip of a micropipette. Cells were maintained in DMEM supple-
mented with 10% FBS. To analyze cell motility, phase contrast
microscopy was done, and images were collected every 6 h.

Cell Spreading and Adhesion Assay—96-Well plates were
coated overnight at room temperature with Matrigel (1:50 in
PBS) or with collagen (40 pg/ml in DMEM). Wells were rinsed
and blocked for 1 h with 1% BSA. Logarithmic phase cells were
harvested with trypsin and plated at 60,000 cells per well. After
45, 60, 75, and 90 min of incubation at 37 °C, wells were rinsed
to remove nonadherent cells. Adhered cells were fixed in 10%
formalin for 5 min and stained with 0.1% crystal violet for 5 min.
Cells were then rinsed and dried. Adherent cells were examined
under a microscope and quantified by evaluating the number of
pixels using Scion software. For actin cytoskeleton staining,
cells were fixed for 10 min in 4% paraformaldehyde, permeabi-
lized with 0.2% Triton X-100 in PBS for 10 min, blocked in 2%
BSA for 30 min, and incubated for 1 h with Alexa 488-coupled
phalloidin. Nuclei were counterstained with DAPI. Images
were acquired using a Zeiss confocal microscope.

RNA and Real Time PCR—RNA was extracted using TRIzol
reagent (Invitrogen), and cDNA was prepared using Super-
script IT RNase H-reverse transcriptase kit (Invitrogen) follow-
ing the manufacturer’s instructions. Real time PCR was per-
formed on a LightCycler instrument using the FastStart DNA
Master SYBR Green kit (Roche Applied Science) and specific
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primer pairs for each gene (see sequences in supplemental
Table 3).

ChIP—2 X 10® Hs578T cells were used for ChIP analysis.
Immunoprecipitation of endogenous CUX1 was done using
anti-CUX1 antibodies 861 and 1300. Nuclei were purified as
described previously (40), then lysed in RIPA-M buffer (10 mm
Tris-HCL, pH 8, 1 mm EDTA, 0.5 mm EGTA, 150 mm NaCl, 1%
Triton X-100, 0.5% deoxycholate, 0.1% SDS, 1 mm phenylmeth-
ylsulfonyl fluoride, protease inhibitors), and sonicated on ice to
obtain 250 —800-bp-long DNA fragments. Un-enriched input
chromatin was put aside as a control. After preclearing for 1 h
and incubation with antibodies overnight, immunocomplexes
were washed three times each in wash buffer I (20 mm Tris-HCI,
pH 8, 2 mm EDTA, 2 mMm EGTA, 150 mMm NaCl, 1% Nonidet
P-40, 0.5% deoxycholate, 0.2% SDS), wash buffer II (20 mM Tris-
HCL pH 9, 2 mM EDTA, 2 mMm EGTA, 500 mm NaCl, 1% Non-
idet P-40, 0.5% deoxycholate, 0.1% SDS), wash buffer III (50 mm
Tris-HCl, pH 7.5, 2 mm EDTA, 1 mm EGTA, 0.5 m LiCl, 1%
Nonidet P-40, 0.7% deoxycholate), and then washed once in
Tris-EDTA. Cross-linked DNA was eluted with 1% SDS, 10 mm
Tris-HCI, pH 8, 10 mm EDTA at 65 °C for 30 min. PCR was
performed using specific primers pairs specific for each pro-
moter (see sequences in supplemental Table 4).

Scanning Chromatin Affinity Purification (ChAP) or ChIP—
ChAP was preformed using Hs578T cells stably expressing
p110-Tag? as described previously (28), and ChIP was per-
formed as described above. Primer pairs specific for different
regions of the snail (—2.2 to —2.0 kb, —1.9to —1.6 kb, —1.4
to —1.1 kb, and —0.9 to —0.6 kb) and Slug (—3.2 to —3.0 kb,
—2.7to —2.4 kb, —2.0to —1.7 kb, —1.6 to —1.4 kb, and —0.8 to
—0.5 kb) promoters were designed (see sequences in supple-
mental Table 5). Enrichment was calculated using the GGPDH
locus as a reference and is shown relative to the DNA obtained
by purification on Sepharose beads without IgG.

Genome-wide Location Analysis—ChIP and ChAP were per-
formed as described above. Probe generation, microarray
design and hybridization, and data analysis were performed as
described previously (28).

Immunoblotting—Nuclear extracts were prepared according
to the procedure of Lee et al. (41), except that nuclei were
obtained by subjecting cells to three freeze/thaw cycles in buffer
A (10 mMm HEPES, pH 7.9, 10 mm KCl, 1.5 mm MgCl,, 1 mMm
dithiothreitol) along with a protease inhibitor tablet (Roche
Applied Science). Total protein extracts were prepared using
RIPA buffer (150 mm NaCl, 50 mm Tris-HCI, pH 8, 1% Nonidet
P-40, 0.01% SDS, 0.5% deoxycholate) along with a protease
inhibitor tablet. SDS-PAGE was performed, and after electro-
phoretic transfer to polyvinylidene difluoride, membranes were
washed in Tris-buffered saline, 0.1% Tween 20 (TBS 0.1% T)
and blocked in TBS 0.1% T containing 5% milk and 0.5% BSA.
Membranes were probed with antibodies directed against the
following: HA (1:2000, MMS-101R; Covance); CUX1 (1:3000,
anti-1300; 1:2000, anti-861) (25); E-cadherin (1:1000; BD
Transduction Laboratories); vimentin (1:500; Epitomics);
N-cadherin (1:1000; BD Transduction Laboratories); actin
(1:1000, 1-19; Santa Cruz Biotechnology); occludin (1:1000;
Zymed Laboratories Inc.); Snail (1:1000; Santa Cruz Biotech-
nology); y-tubulin (1:10,000; Sigma). Primary antibodies were
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incubated in TBS 0.1% T, and detection was done using a horse-
radish peroxidase-conjugated anti-rabbit or anti-mouse sec-
ondary antibody in TBS 0.1% T. Immunoreactive proteins were
visualized by chemiluminescence with an ECL Western blot-
ting detection kit (Amersham Biosciences).

Luciferase Assay—PCR amplification was performed to ob-
tain fragments of genomic DNA from vimentin, N-cadherin,
E-cadherin, and occludin promoters containing the sequence
present in the ChIP microarray, plus at least 250 bp on each
side. The obtained fragments were cloned into the luciferase
reporter vector, pGL3 (Promega). Luciferase assays were per-
formed as described previously (29).

Immunofluorescence—48 h after seeding on coverslips,
MDCK cells were fixed with 2% paraformaldehyde for 20 min at
room temperature and permeabilized for 10 min with 0.5% Tri-
ton X-100. After three rinses in 100 mm glycine, cells were incu-
bated for 30 min in blocking buffer (2% BSA, 0.2% Triton X-100,
0.05% Tween 20). Anti-E-cadherin (1:200) or anti-occludin
(1:100) antibodies were added together with anti-HA antibody
(1:1000) for 1 h at room temperature in the blocking buffer.
Cells were than rinsed three times in immunofluorescent buffer
(0.1% BSA, 0.2% Triton X-100, 0.05% Tween 20 in PBS) and
incubated with anti-mouse Alexa 594 (1:1000) and anti-rabbit
Alexa 488 (1:1000) secondary antibodies in blocking buffer for
45 min. Nuclei were counterstained with 0.5 ng/ml DAPI for 5
min at room temperature, and coverslips were mounted on
slides using Immu-Mount™ (Thermo Scientific). Cells were
visualized using a Zeiss LSM 510 confocal microscope with
a X100 objective.

RESULTS

p200 CUX1 Mediates Its Effects on Migration in Part through
the Generation of p110 CUX1—In preliminary experiments, we
established that the stimulatory effect of CUX1 on cell migra-
tion and invasion was greater in epithelial than in fibroblastic
cell lines (supplemental Fig. 1, A-D). We noted that the defect
in migration of mouse embryo fibroblasts derived from the
Cux1?’“ knock-out was rescued partially by p200 CUX1 but
completely by p110 CUX1 (supplemental Fig. 1, E and F). The
greatest effect was observed in NMuMG-NYPD cells, which are
normal mouse mammary cells that express a mutated version of
the Neu receptor tyrosine kinase in which many of the tyrosine
autophosphorylation sites were replaced with alanine (42). The
ability of p200 and p110 CUX1 to stimulate migration was then
compared in the NMuMG-NYPD epithelial cells. Again, the
stimulatory effect of p200 CUX1 was less than that of p110
CUX1 (Fig. 1A). Because the p110 isoform is generated by pro-
teolytic processing of p200 CUX1, it is not clear whether p200
CUX1 has a weak activity on its own or merely provides a
source of p110 CUX1. To investigate this question, we meas-
ured migration of cells expressing p200 CUX1 following treat-
ments that would either decrease or increase the production of
p110 CUX1. Incubation of cells with the cell-permeable cathep-
sin L inhibitor, E64D, reduced both the steady-state level of
p110 CUX1 and the migratory properties of cells, whereas the
same treatment did not significantly reduce the migration of
cells expressing a recombinant p110 CUX1 protein (Fig. 1B). In
contrast, ectopic expression of cathepsin L stimulated both the

JOURNAL OF BIOLOGICAL CHEMISTRY 27703


http://www.jbc.org/cgi/content/full/M109.031849/DC1
http://www.jbc.org/cgi/content/full/M109.031849/DC1
http://www.jbc.org/cgi/content/full/M109.031849/DC1
http://www.jbc.org/cgi/content/full/M109.031849/DC1
http://www.jbc.org/cgi/content/full/M109.031849/DC1
http://www.jbc.org/cgi/content/full/M109.031849/DC1
http://www.jbc.org/cgi/content/full/M109.031849/DC1

p110 CUX1 Stimulates Cell Motility

A B
Migration Migration
7 XR¥ 80+
6 _ 70
= 60
o X o X
gvg 4 gg 50 1
(] [] .
z8 3 8%
o) T 304
X 9 X *
o o 204
1
0
Vector p200 p110 E64d - + B +
— pa— p200 p110
p200 E64d - + -4
-
o110 - p200
Blot: HA p110
¥ EJ - ] i
E— Blot
Blot: Tubulin ‘ OL. LUXI
[e——
Blot: Tubulin

FIGURE 1. p200 CUX1 mediates its effects on migration, at least in part, through the generation of
p110 CUX1. Populations of NMuMG-NYPD mouse mammary epithelial cells stably carrying a retroviral
vector, either empty or expressing p110-HA or p200-HA CUX1, were established. Following the indicated
treatment, CUX1 protein expression was analyzed by Western blotting using an anti-CUX1 or anti-HA
antibody as indicated, and cell motility was measured in a two-chamber migration assay. The migration
assays were all performed in triplicate and repeated at three independent times. A, no treatment. B, cells
were incubated for 48 h in the presence of the cell-permeable cysteine protease inhibitor, E64d, or the
carrier. G, cells were infected with a retroviral vector, either empty or expressing cathepsin L, and were

analyzed 48 h later.

production of p110 CUX1 and the migratory properties of cells
(Fig. 1C). Although we cannot entirely exclude an activity of
p200 CUX1 on its own, these results strongly suggest that p200
CUX1 mediates its effects on migration, at least in part, through
the generation of p110 CUXI1. This finding together with the
stronger effect of p110 CUX1 led us to focus on this CUX1
isoform in subsequent experiments.

p110 CUX1 Stimulates Cell Spreading and Cell Adhesion—In
a previous study, cell adhesion was not significantly altered fol-
lowing the knockdown of CUX1 expression with siRNA,
although a spreading defect was observed (14). We therefore
tested whether overexpression of p110 CUX1 would affect the
ability of NMuMG-NYPD cells to adhere to plastic that was
either un-coated or coated with Matrigel or collagen. As com-
pared with cells carrying the empty vector, cells expressing
p110 CUX1 exhibited an increase in adhesion, from 1.5-fold
on un-coated plastic up to 6-fold on Matrigel after 45 min
(Fig. 2A).

When cells adhere to a substrate in culture, they reorga-
nize their actin filaments following an ordered sequence of
events. When cells first attach, they begin to spread, orga-
nizing actin in peripheral filopodia and lamellipodia. Actin
stress fibers and mature focal adhesion appear only later
(43). To verify the effect of CUX1 on cell spreading, we ana-
lyzed the actin cytoskeleton at various time points using
phalloidin staining followed by fluorescence microscopy (Fig.
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C 2B). Results are shown after plating
Migration on collagen, but similar results were
observed on Matrigel (data not
* shown). A large proportion of con-
trol cells that were attached after
45 min remained round, and only
39% of them presented membrane
extensions (Fig. 2B, top left panel).
In contrast, 80% of the attached
pl10 CUXI1-expressing cells had
spread and presented many exten-
sions (Fig. 2B, top right panel). At
60 min, the actin cytoskeleton was
still not organized in the vector
cells, whereas long extensions were
clearly visible in p110 CUX1 cells
(Fig. 2B, 60 min panel). We noted,
however, that the differences di-
minished at later time points (Fig.
2B, 90 min panel). Altogether, these
results showed that cell spreading is
accelerated in cells that overexpress
p110 CUXI.

Identification of CUX1 Targets
Implicated in Cell Migration, Inva-
sion, and Adhesion—We used the
following strategy to identify tran-
scriptional targets of CUX1 that
mediate its effects on cell migration,
invasion, and adhesion. First, we
established an extensive list of tran-
scriptional targets by performing
genome-wide location analysis in several cell lines (supple-
mental Table 1); second, we verified which of the relevant
targets exhibited changes in expression in NMuMG-NYPD
cells stably expressing p110 CUX1 (Table 1), and third, we
performed independent ChIP experiments to validate the
binding of CUX1 to the promoters of these genes (Fig. 3).

In total, 22 independent location analyses experiments were
performed (supplemental Table 1). In some cases, the chroma-
tin was purified by immunoprecipitation using CUX1 antibod-
ies, as detailed previously (28, 29, 33). In other cases, a doubly
tagged recombinant CUX1 protein corresponding to a specific
isoform was expressed at physiological levels, and chromatin
was purified by tandem affinity purification using a strategy
previously described and validated (28). Based on validation
experiments, we considered as putative targets those genes with
a p value smaller than 0.005 because our estimated false-posi-
tive rate was less than 3% using this threshold (28). Classifica-
tion into functional categories using programs from DAVID
(see “Experimental Procedures”) enabled us to make a list of 66
putative targets with functions related to cell migration, inva-
sion, or adhesion processes (supplemental Table 2).

Using quantitative real time RT-PCR analysis, we compared
the expression of these genes in NMuMG-NYPD cells carrying
an empty vector or stably expressing p110 CUX1. We found 18
genes whose expression was either higher or lower in cells
expressing p110 CUX1 (Table 1). These genes code for different
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FIGURE 2.p110 CUX1 stimulates cell spreading and cell adhesion. A adhe-
sion ability of NMuMG-NYPD/vector and p110 CUX1-expressing cells was
analyzed using plates that were either uncoated or coated with Matrigel or
collagen. After 45 min, adherent cells were fixed in 10% formalin and stained
with 0.1% crystal violet, and pixel counts were measured using Scion soft-
ware. B, spreading of NMuMG-NYPD/vector or p110-expressing cells was ana-
lyzed at 45, 60, and 90 min after plating on collagen-coated slides. At the
indicated time, cells were fixed, stained with phalloidin, and visualized by
fluorescence microscopy. Nuclei were counterstained with DAPI. The propor-
tion of cells that were spread was counted at 45 min.

categories of proteins with a function related to migration and
invasion. These include regulators of Rho-GTPases implicated
in cytoskeleton remodeling required for cell motility (44, 45),
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TABLE 1
Expression of target genes in cells stably expressing p110 CUX1

RNA was extracted from populations of NMuMG-NYPD cells stably carrying a
p110 CUX1 or an empty retroviral vector. Quantitative real time reverse transcrip-
tion-PCR analysis was performed using primer pairs specific for each target. Values
were normalized using G6PDH and represent an average of three independent
measurements. The 3rd column indicates the positive or negative fold difference in
p110 CUX1-expressing cells as compared with vector cells, and the right column
indicates the corresponding p values.

p110 versus

Function Gene symbol vector
-Fold p value
GTPase-related proteins ARHGDIB 3.4 4.9E-03
RAB36 1.5 3.4E-02
RAIN 2.5 6.2E-03
RHOBTB3 3.0 6.0E-03
RICS/GC-GAP —729 1.1E-07
Cell adhesion proteins ITGB2 3.4 3.6E-02
PNN —-1.7 1.5E-02
PCDH10 —-17 1.5E-02
EMT proteins CDH2/NCAD 21 3.7E-03
ECAD —-23 2.2E-03
OCLN —2.5 5.0E-03
VIM 2.4 4.4E-02
Cytoskeleton proteins EPLIN —2.5 3.5E-02
FLNA 1.8 5.1E-02
MARCKS 159 5.8E-02
PTK2/FAK 1.5 9.4E-03
Others THBS1/TSPI1 28.1 3,9E-02
WISP-2 391.4 2.9E-02

cell-cell and cell-matrix adhesion proteins such as integrins,
focal adhesion kinase, E-cadherin, and occludin. Others are
markers of epithelial-to-mesenchymal transition such as
vimentin and N-cadherin or cytoskeleton-associated proteins
like filamin and EPLIN. Interestingly, expression of genes pro-
moting cell migration and invasion such as focal adhesion
kinase, N-cadherin, and vimentin was elevated in p110-ex-
pressing cells when compared with control cells (Table 1),
whereas genes inhibiting cell migration and invasion such as
E-cadherin, occludin, RICS, and EPLIN were down-regulated
in p110-expressing cells (Table 1). These results suggested that
a role for p110 CUX1 in cell motility involves its dual function
as a transcriptional repressor or activator of specific targets.
Validation of CUX1 Targets—Because CUXI is elevated in
human cancers (reviewed in Ref. 13), we verified whether
CUX1 can directly interact with the promoters of these genes in
human cancer cells. Chromatin immunoprecipitation (ChIP)
was performed using CUX1-specific antibodies and chromatin
isolated from cells of the Hs578T breast tumor cell line, which
was previously shown to express all CUX1 isoforms (22, 24, 46).
As a control, the chromatin was immunoprecipitated in parallel
using IgG alone. Standard PCR analysis was performed using
primer pairs derived from each of the gene promoters. Because
our promoter array contained promoter sequences ranging
approximately from 800 bp upstream to 200 bp downstream of
the transcription start sites, primer pairs were chosen to
amplify a region located in the middle of these sequences (see
sequences in supplemental Table 4). G6PDH and DLX2 served
as negative and positive controls, respectively (28). We
observed enrichment of all 18 genes listed in Table 1 and con-
clude that these genes are direct targets of CUX1 (Fig. 3).
Protein Expression of p110 CUXI Targets—We next per-
formed immunoblotting analysis to verify whether the changes
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FIGURE 3. Validation of p110 CUX1 targets. Chromatin from invasive
human ductal carcinoma-derived cell line Hs578T was submitted to immuno-
precipitation using anti-CUX1 antibodies (Ab) or IgG as a control, and ana-
lyzed by PCR using primers specific for the promoter of each potential CUX1
target gene. G6PDH and DIx2 were used as negative and positive controls,
respectively. Input DNA (0.02%) was used as control. Note that the region to
be amplified was chosen to be approximately in the middle of the sequence
spotted on the location array.
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in transcription imparted by p110 CUX1 in NMuMG-NYPD
cells were also reflected at the protein level. In cells stably
expressing p110 CUX1, we observed a decrease in the steady-
state level of E-cadherin and occludin, and an increase in
N-cadherin and vimentin (Fig. 44). Remarkably, siRNA-medi-
ated knockdown of p110 CUX1 had the opposite effect, an
increase in the steady-state level of E-cadherin and occludin
and a decrease in N-cadherin and vimentin (Fig. 4B).
Immediate Promoter Region Is Sufficient for Regulation by
CUX1—To confirm the role of p110 CUX1 as a repressor or
activator of specific genes, and to verify whether the immediate
promoter region of these genes was sufficient to enable regula-
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FIGURE 4. Protein expression of CUX1 target genes. A, total protein extract
was prepared from logarithmic growing populations of NMuMG-NYPD cells
stably carrying a p110 CUX1 or an empty retroviral vector. Equal amount of
proteins was loaded on SDS-polyacrylamide gel for Western blot analysis
using specific antibodies raised against different CUX1 target genes. HA anti-
body was used to verify the expression of p110 CUX1, and actin and y-tubulin
serve as loading controls. B, primary cell line established from a p110 trans-
genic mouse mammary gland tumor was transfected with scrambled or anti-
CUX1 siRNA. 5 days after transfection, total protein extract was prepared.
Equal amount of proteins was loaded on SDS-polyacrylamide gel for Western
blot analysis using specific antibodies raised against different CUX1 target
genes. Anti-CUX1 antibody was used to verify p110 CUX1 expression, and
B-actin and +y-tubulin serve as a loading controls. In the histogram, bands
from A (light gray) and B (dark gray) were quantified using the Scion software,
and expression of targets in p110-expressing cells compared with control
cells was calculated relative to actin.

tion by CUX1, we performed reporter assays using luciferase
reporter plasmids for four target genes as follows: those coding
for vimentin, N-cadherin, E-cadherin, and occludin. Each
reporter plasmid included the promoter sequences that were
present on the promoter microarray plus ~250 bp on either
side. In the presence of p110 CUXI, the vimentin and N-cad-
herin reporters were activated ~5- and 8-fold, whereas the
E-cadherin and occludin reporters were repressed ~5- and
2-fold, respectively (Fig. 5). We conclude that the immediate
promoters of these genes contain all the regulatory sequences
required for their regulation by CUX1. Moreover, these results
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demonstrated that p110 CUX1 can either activate or repress
genes depending on promoter context.

pl110 CUX1 Activates Snail and Slug Expression and Cooper-
ates in the Repression of E-cadherin—As Snail and Slug are two
of the best characterized transcriptional repressors involved in
EMT (reviewed in Ref. 4), we considered the possibility that
p110 CUX1 might cooperate with one or the other of these
factors in transcriptional repression. In cotransfection assays
using the E-cadherin reporter plasmid together with subopti-
mal amounts of effector plasmids, we observed a cooperation
between p110 CUXI1 and Snail and between p110 CUX1 and
Slug (Fig. 6A). In each case, reporter gene expression was lower
in the presence of two transcription factors than either alone.

We next verified whether expression of Snail and/or Slug was
altered in cells overexpressing p110 CUX1. Using quantitative
real time PCR, we observed a 6- and a 3-fold increase in snail
and slug expression, respectively, in p110 CUX1-expressing
cells as compared with cells carrying an empty vector (Fig. 6B).
These findings raised the possibility that p110 CUX1 might
directly regulate the snail and slug genes. These gene promoters
had not been identified as putative targets in our genome-wide
location arrays, which contained promoter regions from
approximately —800 to +200 bp relative to the transcription
start site. Upon examination of the slides, however, we realized
that these genes were among the ~20% of sequences for which
the DNA spot was either nonexistent or defective. We therefore
performed scanning ChAP and ChIP analyses using multiple
primer pairs derived from the snail and slug gene promoter
sequences (see sequences in supplemental Table 5). The analy-
sis was performed both in Hs578T cells and in Hs578T cells
stably expressing a recombinant pl110 CUX1 protein. The
results indicated that p110 CUX1 is recruited to a specific
region of each of these promoters (Fig. 6C). Note that the fold
enrichment was increased in cells overexpressing p110 CUX1,
and in the case of the Slug promoter, the region bound by p110
CUX1 was also enlarged. This observation suggests cooperat-
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ivity in the recruitment of CUX1 to an adjacent region of this
promoter.

The above results suggest that p110 CUX1 may regulate
E-cadherin expression by two mechanisms as follows: through
the activation of E-cadherin repressors, Snail and Slug, and by
direct repression of the E-cadherin promoter. The following
strategy was used to verify whether p110 CUX1 can have a
direct effect on the E-cadherin promoter. Scanning ChIP anal-
ysis indicated that p110 CUX1 binds to the immediate pro-
moter region of the E-cadherin gene (data not shown). We
therefore used a shorter version of the E-cadherin reporter
plasmid, containing nucleotides —166 to +62, and including
only three E boxes, the consensus binding site for Snail.
Replacement mutations were introduced to change the first
and sixth nucleotide of each of these three E boxes (Fig. 6D).
Following cotransfection of either the wild type or the mutated
E-cadherin reporter plasmid together with a vector expressing
Snail with a FLAG tag, the chromatin was immunoprecipitated
with the «-FLAG antibody, and PCR amplification was per-
formed using primers specific for the E-cadherin reporter plas-
mid. The results show that the replacement mutations caused a
decrease in the recruitment of Snail to the E-cadherin promoter
(Fig. 6D). In agreement with this finding, Snail repressed the
wild type but not the mutated E-cadherin promoter (Fig. 6E). In
contrast to the lack of effect of Snail, overexpression of p110
CUX1 was still associated with the repression of the mutated
E-cadherin promoter (Fig. 6E). Moreover, shRNA-mediated
knockdown of CUX1 led to an increase in expression of both
the wild type and mutated E-cadherin reporter (Fig. 6F). We
conclude that p110 CUX1 can directly repress the E-cadherin
promoter. Altogether these results indicate that p110 CUX1
binds to the smail and slug gene promoters, activates their
expression, and then cooperates with these transcription fac-
tors in the repression of the E-cadherin gene.

Elevated Expression of p110 CUX1 Causes Loss of E-cadherin
and Occludin from Cell-Cell Junctions—To evaluate the conse-
quences of E-cadherin and occludin gene repression in cells
expressing elevated levels of p110 CUX1, we took advantage of
the MDCK epithelial kidney cells whose ability to form well
organized adherens and tight junctions has been extensively
characterized (6, 47, 48). Clones of MDCK cells stably express-
ing p110 CUXI1 or carrying an empty retroviral vector were
analyzed by phase contrast microscopy and indirect immuno-
fluorescence for components of each of these junctions, E-cad-
herin for adherens junctions and occludin for tight junctions.
When compared with control cells, p110 CUX1-expressing
cells displayed an elongated shape and formed looser colonies
(Fig. 7A). In control MDCK cells, staining for E-cadherin and
occludin revealed a well organized structure at cell-cell junc-
tions (Fig. 7, B and C). In contrast, in p110 expressing CUX1
cells E-cadherin was reduced and was no longer localized at
cell-cell contacts. Similarly, staining of occludin was reduced
at cell-cell contacts (Fig. 7, B and C). These results support that
the transcriptional repression of the E-cadherin and occludin
genes by p110 CUX1 can significantly alter the ability of epithe-
lial cells to form organized cell-cell junctions.
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FIGURE 6. p110 CUX activates Snail and Slug expression and cooperates with them in the repression of E-cadherin. A, luciferase reporter assays. NMuMG-NYPD
cells were cotransfected with a reporter plasmid containing nucleotides — 166 to + 62 of the E-cadherin promoter and a vector expressing p110 CUX1, either alone or
together with Snail or Slug. As a control, cells were transfected with vector alone. Values are means of three measurements, and error bars represent standard deviation.
B, snail and slug mRNA expression was measured by quantitative real time PCR in NMuMGNYPD/vector and NMuMG-NYPD/p110 CUX1 cells. The values are the mean
of three measurements, and the error bars represent standard deviation. *, p < 0.05; ***,p < 0.001. C, scanning ChAP and ChlIP within the snailand slug gene promoters.
Chromatin from Hs578T/p110CUX1-Tag?and from Hs578T cells was submitted to affinity purification orimmunoprecipitation and analyzed by quantitative real time
PCR using primer pairs specific for different regions of the promoters. Templates for the PCRs were 0.1% total input DNA (/), nonspecific DNA from Sepharose beads
alone (S),and ChAP- (AP) or ChIP-purified DNA. The positions of amplified fragments are indicated over the maps, and primer sequences are given under “Experimental
Procedures.” The respective fold enrichment of the different DNA fragments are indicated relative to the DNA obtained by purification on Sepharose beads without
IgG (S). Enrichment was calculated using the G6PDH locus as a reference. D, replacement mutations were made to change the first and sixth nucleotide of each of the
three E boxes (CANNTG) within a reporter plasmid containing nucleotides —166 to + 62 of the E-cadherin promoter as follows: box A, CAGGTG to AAGGTA; box
B, CACCTGto AACCTA; and box C, CACCTG to AACCTA.NMuMG-NYPD cells were transfected with either the wild type or mutant E-cadherin reporter plasmid together
with a vector expressing a FLAG-tagged Snail protein. The chromatin was immunoprecipitated with an anti-FLAG antibody and qRT-PCR was performed with the
indicated primers to compare the recruitment of Snail to the wild type and mutated reporter. E, luciferase reporter assays. NMuMG-NYPD cells were cotransfected
either the wild type or mutated (—166/+62) E-cadherin reporter plasmid together with expression vectors expressing either nothing (vector), p110 CUX1 or FLAG-
tagged Snail. F, NMuMG-NYPD cells were infected with a Tet-On lentiviral vector expressing a CUX1-specific ShRNA in the presence of doxycycline. Cell were either
treated with doxycycline or left untreated, and CUX1 protein levels were assessed by Western blotting after 5 days. In parallel, doxycycline-treated or untreated cells
were transfected with the wild type or mutated (—166/+62) E-cadherin reporter plasmid, and a luciferase assay was performed. RLU, relative luciferase unit.
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FIGURE 7. Elevated expression of p110 CUX1 causes loss of E-cadherin
and occludin from cell-cell junctions. Clones of MDCK epithelial cells stably
expressing p110 CUX1 or carrying the empty retroviral vector were seeded on
coverslips and analyzed by phase-contrast microscopy and indirectimmuno-
fluorescence. A, phase-contrast microscopy: note the larger size and elon-
gated shape of p110 CUX1 cells and the loose contacts they form between
each other, as compared with vector cells. B, cells were stained for E-cadherin
(red) and HA (green), and nuclei were stained with DAPI. C, cells were stained
for occludin (red) and HA (green), and nuclei were stained with DAPI. Band C,
original magnification was X100.

DISCUSSION

In this study, we presented results suggesting that the effect
of p200 CUX1 on cell motility and EMT was mediated in part, if
not entirely, through the generation of p110 CUX1 (Fig. 1 and
supplemental Fig. 1F). This notion is further supported by con-
siderations regarding the regulatory properties of these two
CUX1 isoforms. Among the 18 target genes investigated in this
study, 6 were down-regulated and 12 were up-regulated in cells
overexpressing p110 CUX1 (Table 1). We can envisage that the
p200 isoform would be able to repress those targets that were
down-regulated; however, activation by p200 CUX1 has never
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been observed (reviewed in Refs. 12, 13). In contrast, the p110
CUX1 isoform was previously shown to repress or activate dis-
tinct genes, at least in the context of cell cycle progression (18,
25, 28, 29, 38). Here we demonstrated that, depending on pro-
moter context, p110 CUX1 can also function as a repressor or
activator of genes that play a role in cell migration and EMT
(Fig. 5).

Overexpression of p110 CUX1 led to an increase in cell adhe-
sion and an acceleration in cell spreading (Fig. 2). These results
are in apparent contradiction with the observations made in a
previous study where cell adhesion was not affected following
the inhibition of CUX1 expression with siRNA (14). The dis-
crepancy between these results could be attributed to the dif-
ferent substrates used in the two studies or more likely to the
cells chosen for the experiments, as the PANCI pancreatic cells
adhered very rapidly and were almost completely spread after
as little as 16 min, making it more difficult to see a difference in
adhesion ability (14).

From previous studies little is known about the mecha-
nism(s) by which CUX1 could stimulate the migratory proper-
ties of cells. Expression profiling following the knockdown of
CUX1 allowed the identification of genes whose normal level of
expression requires the presence of CUX1 (11). This approach
did not distinguish between direct and indirect effects and
could not reveal which genes are affected in cancer cells that
overexpress CUX1. In a subsequent study, Ripka et al. (49) used
reporter assays to demonstrate that Wnt5A is a transcriptional
target of CUX1. Finally, another study identified a link between
CUX1 and Src signaling (14). Cells in which CUX1 expression
was stably knocked down displayed an increase in proteasome-
mediated degradation of Src that was associated with a reduc-
tion in Src-regulated downstream signaling proteins such as
RhoA, Racl, Cdc42, and Rock. Because expression of the car-
boxyl-terminal Src kinase Csk paralleled that of CUX1, it was
proposed that the effect of CUX1 on the stability of Src, and
thus on cell motility, could be mediated through the transcrip-
tional regulation of the Csk gene, although whether Csk is a
direct transcriptional target of CUX1 remains to be verified.

We considered it unlikely that a transcription factor, in
particular a homeodomain-containing protein, would im-
pact on such a complex process as cell motility just by regu-
lating a single or even a handful of genes. Although the func-
tion of transcription factors has for a long period of time
been investigated through the analysis of a few candidate
targets, the development of the ChIP assay together with the
availability of genomic microarrays has enabled the unbiased
identification of transcriptional targets. From the analysis of
ChIP-chip assays came the dual realization primarily that
individual transcription factors bind to a large repertoire of
genes and secondarily that the regulation of a single gene
must be accomplished through the integration of multiple
inputs that converge to regulatory sequences in a combina-
torial fashion. Our current understanding of transcriptional
regulation is forcibly limited; however, a few paradigms have
already emerged, for example the existence of regulatory
cascades whereby a transcription factor induces the expres-
sion of other transcription factors that will cooperate with
the first one in subsequent waves of regulation.
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In epithelial cells, E-cadherin is a key component of the
establishment and maintenance of cell polarity. The loss of
E-cadherin-mediated cell-cell adhesion is currently thought to
be a prerequisite for tumor cell invasion and metastasis forma-
tion (reviewed in Ref. 50). Regulation of E-cadherin expression
during malignant progression has been extensively studied, and
transcriptional repression has emerged as a fundamental mech-
anism for its silencing. In a number of human cancer types, the
loss of E-cadherin function during tumor progression is accom-
panied by the de novo expression of mesenchymal N-cadherin,
constituting a “cadherin switch” (reviewed in Ref. 51). Our
results identified p110 CUX1 as a transcription factor that can-
not only directly interact with both the E-cadherin and N-cad-
herin gene promoters, but moreover can repress the E-cadherin
gene while activating the N-cadherin gene. Moreover, we
obtained evidence that p110 CUXI1 can bind to the snail and
slug gene promoters and activate their expression (Fig. 6, B and
C). These data are of great interest as, to date, little is known
about the transcriptional regulation of these two major players
of EMT. NF-«B and 3-catenin have been proposed as transcrip-
tional activators of snail or slug, but the evidence was limited
only to reporter assays (52—55). Interestingly, our results have
uncovered a transcriptional regulatory cascade whereby p110
CUX1 activates the expression of the Snail and Slug transcrip-
tion factors which, in turn, cooperate with CUX1 in the regu-
lation of downstream targets involved in cell migration as well
as EMT, thus highlighting CUX1 as an important regulator of
genes associated with tumor progression and metastases.
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