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Amplification of 8p11-12 in human breast cancers is associated with increased proliferation and tumor grade and
reduced metastasis-free patient survival. We identified Zeppo1 (zinc finger elbow-related proline domain protein
1) (FLJ14299/ZNF703) within this amplicon as a regulator of cell adhesion, migration, and proliferation in
mammary epithelial cells. Overexpression of Zeppo1 reduces cell–cell adhesion and stimulates migration and
proliferation. Knockdown of Zeppo1 induces adhesion and lumen formation. Zeppo1 regulates transcription,
complexing with Groucho and repressing E-cadherin expression and Wnt and TGFb reporter expression. Zeppo1
promotes expression of metastasis-associated p120-catenin isoform 1 and alters p120-catenin localization upon
cell contact with the extracellular matrix. Significantly, Zeppo1 overexpression in a mouse breast cancer model
increases lung metastases, while reducing Zeppo1 expression reduces both tumor size and the number of lung
metastases. These results indicate that Zeppo1 is a key regulator of breast cancer progression.
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Chromosomal rearrangements of the short arm of chro-
mosome 8 are relatively common in epithelial cancers
(Birnbaum et al. 2003). These rearrangements are often
complicated (Pole et al. 2006), and involve loss, amplifi-
cation, and inversion of chromosomal DNA. Amplifica-
tion of 8p11-12, in particular, is seen frequently in both
familial (Melchor et al. 2007) and sporadic (Garcia et al.
2005; Prentice et al. 2005) breast cancers, and may occur
in as many as 24% of sporadic cases. Amplification in
breast tumors is associated with a high proliferative in-
dex, a high tumor grade, and reduced metastasis-free sur-
vival (Gelsi-Boyer et al. 2005), suggesting that this region
contains a tumor/metastasis-promoting gene or genes. A
minimal 8p12 amplicon and the genes that lie within it
have been identified (Garcia et al. 2005).
Tumor metastasis is the major cause of poor prognosis

in breast cancer. It is a multistage process involving
changes in tumor cell migration and invasiveness. These
properties, in turn, depend on alterations in cell–cell and
cell–extracellular matrix (ECM) adhesion that are highly
dynamic and regulated processes (Hynes 2002; Gumbiner

2005). E-cadherin is the primary adhesive molecule in
epithelial cell–cell adhesion. It interacts with members of
the catenin family of proteins to form a protein complex
at sites of cell–cell contact known as adherens junctions
(AJs). p120-catenin (p120) binds to the juxtamembrane
domain of the E-cadherin cytoplasmic tail and stabilizes
E-cadherin membrane localization (Ishiyama et al. 2010).
b-Catenin binds to the cytoplasmic tail of E-cadherin and
recruits a-catenin to facilitate the connection between
E-cadherin and the actin cytoskeleton (Nelson 2008).
Cadherins and catenins also interact with receptor tyro-
sine kinases such as the epidermal growth factor receptor
(EGFR) at the cell membrane (Qian et al. 2004). This allows
AJs to integrate and coordinate growth factor signaling
with cell adhesion, migration, and gene transcription.
The Wnt and TGFb signaling pathways integrate cell

signaling with changes in cell adhesion. The Wnt path-
way, in particular, is strongly implicated in this process
because it requires b-catenin to mediate extracellular sig-
nals from the cell membrane to the nucleus (Clevers
2006). Activation of the canonical Wnt pathway leads to
nuclear accumulation of b-catenin and the formation of a
protein complex between b-catenin and members of the
Lef/Tcf family of transcription factors. This protein com-
plex can activate or repress gene transcription, depending
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on context (MacDonald et al. 2009). Significantly, in
mammals, E-cadherin expression is repressed through a
combination of Wnt and TGFb signaling (Jamora et al.
2003; Medici et al. 2006; Nawshad et al. 2007) in epi-
thelial-to-mesenchymal transition (EMT).
In this study, we sought to identify the gene that ac-

counts for the heightened metastatic properties of the
8p11-12 amplicon. We cloned and characterized Zeppo1
(zinc finger elbow-related proline domain protein 1;
Zpo1), the mouse ortholog of ZNF703/FLJ14299, a gene
that lies within the amplicon and is frequently overex-
pressed in breast cancers.

Results

Identification of mouse Zpo1 and Zeppo2 (Zpo2)

Within the 8p12 amplicon, the gene FLJ14299/ZNF703
has been identified repeatedly as being amplified and sig-
nificantly overexpressed in sporadic and familial breast
cancers (Garcia et al. 2005; Adelaide et al. 2007; Melchor
et al. 2007). Using the ZNF703 human sequence, we iden-
tified a mouse Znf703 ortholog and another closely re-
lated family member (Znf503) from the NCBI database.
We screened a BAC library to clone the mouse genes in
their genomic context. Both genes consisted of two exons
separated by a short intron. The exons for each gene were
amplified by PCR and ligated to generate full-length
cDNAs.
The mouse and human genes are 96% identical at the

amino acid level. Homology searches identified the genes
as orthologs of the Drosophila zinc finger gene elbow
(Dorfman et al. 2002). We therefore named Znf703 and
Znf503 as Zeppo1 (Zinc finger elbow-related proline
domain protein 1) and Zeppo2, respectively. Zpo1 and
Zpo2 are also orthologs of the zebrafish Nlz1 (Runko and
Sagerstrom 2003) and Nlz2 (Runko and Sagerstrom 2004)
genes, respectively. Zpo1 and Zpo2 proteins are 54%
identical. Comparison of the protein sequences from
Drosophila, zebrafish,mice, and humans identified several
conserved domains, including an N-terminal Sp domain,
a C2H2 zinc finger, and a C-terminal proline–tyrosine-rich
domain (Fig. 1A). In this study, we focus on understanding
Zpo1.

Zpo1 is expressed in the mammary epithelium

We first asked if Zpo1 is expressed in the normal mouse
mammary gland. Zpo1 was expressed in the developing
mammary placodes from embryonic day 11.5 (E11.5)
onward (Fig. 1B). Interestingly, Zpo1 was also strongly
expressed in the developing intestinal epithelium (Fig.
1B), a tissue in which the 8p11-12 amplification is also
associated with tumor formation (Nakao et al. 2004; Pole
et al. 2006). We also found Zpo1 in the adult mouse and
human mammary epithelium (Fig. 1C; data not shown).
Using a rabbit polyclonal antibody directed against a

peptide in the C-terminal region of the Zpo1 protein, we
observed that endogenous Zpo1 protein was localized
predominantly in the nucleus in nontumorigenic EpH4.9
mousemammary epithelial cells (MECs), despite the lack

of an identifiable nuclear localization signal, and was also
present in the cytoplasm (Fig. 1D). We obtained a similar
result using an anti-V5 tag antibody in cells infected with
a C-terminal V5-tagged Zpo1 (Zpo1-V5) lentiviral expres-
sion construct (Fig. 1D).

Zpo1 functions as a transcriptional repressor

We then generated a plasmid expressing full-length Zpo1
fused to the GAL4 DNA-binding domain (Zpo1-GAL4)
and determined its effect on the expression of a GAL4-
luciferase reporter construct. Increasing levels of Zpo1-
GAL4 repressed transcription of the reporter gene (Fig.
1E). Transcriptional repression is frequently achieved
through recruitment of histone deacetylase (HDAC) to gene
promoters (Yang and Seto 2008). Trichostatin A (TSA), a
specific inhibitor of HDAC function, partially inhibited
Zpo1-mediated repression (Fig. 1F).
Drosophila elbow and zebrafish Nlz1 proteins interact

in vitro with the transcriptional corepressor Groucho
(Dorfman et al. 2002; Runko and Sagerstrom 2003). There
are at least five members of the Groucho-related gene
(Grg) family in mice (Gasperowicz and Otto 2005). We
observed that Grg4 was expressed in the mammary epi-
thelium at the same developmental time points as Zpo1
(Fig. 1G). Using embryos fromGrg4 gene trap mice express-
ing b-geo under the control of the endogenous Grg4 pro-
moter, we detected expression in mammary placodes from
E11.5 (Fig. 1H). Immunoprecipitation of lysates from cells
expressing V5-tagged Zpo1 and Flag-tagged Grg4 with a
V5 antibody, followed by Western blotting with an anti-
Flag antibody, demonstrated coimmunoprecipitation of
Grg4 with Zpo1, but not with V5-tagged lacZ (Fig. 1I).
This interaction suggests that Grg4 may affect Zpo1-
mediated transcriptional repression. To test this directly,
we coexpressed increasing amounts of Grg4 with Zpo1 in
luciferase transcription assays. Indeed, increasing levels
of Grg4 led to enhanced repression of the luciferase re-
porter (Fig. 1J).

Overexpression of Zpo1 in MECs reduces cell–cell
adhesion and increases cell invasion

Amplification of 8p12 is associated with metastasis, a
process that involves changes in cell adhesion and mi-
gration. Therefore, we generated a polyclonal EpH4.9 cell
line overexpressing Zpo1 (Supplemental Fig. 1) at levels
comparable with those seen in human tumor samples
(Garcia et al. 2005; Haverty et al. 2008). We then assessed
the effect of Zpo1 overexpression on EpH4.9 cell migra-
tion using a wound healing assay. Zpo1-overexpressing
cells not only migrated a greater distance than control
cells (EpH4.9-pEiZ) infected with empty vector (Fig. 2A),
but also migrated individually with reduced cell–cell
adhesion at the wound edge (Supplemental Movies 1, 2).
We also found that cells overexpressing Zpo1 were sig-
nificantly more invasive through a cell culture insert
coated with Matrigel than control cells (Fig. 2B).
Control and Zpo1-overexpressing cells showed similar

levels of E-cadherin and a-, b-, and p120-catenin protein,
the major components of AJ complexes (Fig. 2C). In two
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Figure 1. Zpo1 is a transcriptional repressor expressed in mammary epithelium. (A) Schematic diagram of Zpo1 protein showing
domains conserved with Drosophila elbow. (Sp) Sp box; (Cys) cysteine-rich domain; (Zn) C2H2 zinc finger; (P/T) proline- and tyrosine-rich
domain. (B) Whole-mount RNA in situ hybridization demonstrating Zpo1 expression in the mammary placodes (black arrowheads) of
E12.5 mouse embryo. Zpo1 expression (yellow) in the developing intestinal epithelium (white arrowheads) by RNA in situ hybridization.
(C) RT–PCR demonstrating human ZPO1 expression (arrow) in a panel of normal (samples 1–12) and tumor (samples A–L) human breast
epithelium. (Lane N) Negative water control. (D) Localization of endogenous Zpo1 protein (green) using rabbit anti-Zpo1 antibody in
mouse EpH4.9 epithelial cells counterstained with DAPI (blue). Localization of V5-tagged Zpo1 protein (red) in EpH4.9-pEiZ and EpH4.9-
Zpo1 cells using an anti-V5 antibody. Zpo1-V5 protein is detected predominantly in the nucleus. Bar, 50 mm. (E) 3T3 cells were transfected
with 400 ng of the GAL4 luciferase reporter construct pFR-Luc and increasing quantities of either a Zpo1-GAL4 expression construct or
vector control and assayed for luciferase activity. Firefly luciferase activity was normalized to Renilla luciferase, and activity from Zpo1-
GAL4-transfected cells is expressed relative to control. Data represent the mean of three separate experiments with each experiment
performed in triplicate. Error bars represent 6SEM. (F) 3T3 cells were transfected with 400 ng of pFR-Luc and 20 ng of Zpo1-GAL4
expression construct or vector control. Increasing concentrations of TSA (5–800 nM) were added to cell cultures after 24 h, and luciferase
activity was measured and normalized to Renilla after a further 24 h. Error bars represent 6SEM. (G) Grg4 expression (yellow) in E13.5
mouse embryonic mammary epithelium (arrowhead) by RNA in situ hybridization. (H) LacZ staining of E12.5 Grg4 gene trap mouse
embryo demonstrating Grg4 expression in the mammary placodes (arrowheads). (I) Coimmunoprecipitation of Zpo1 and Grg4 from 3T3
cells transfected with Flag-Grg4 and Zpo1-V5 or LacZ-V5 expression plasmids. Lysates were immunoprecipitated with anti-Flag antibody
and blotted with anti-V5 antibody. (J) 3T3 cells were transfected with 400 ng of pFR-Luc, 20 ng of Zpo1-GAL4, and increasing quantities of
a Grg4 expression plasmid or a vector control. Luciferase activity was measured and normalized to Renilla after 48 h. Activity from Grg4
transfected cells is expressed relative to vector control. Error bars represent 6SEM.
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dimensions (2D) on tissue culture plastic, all four AJ
proteins were membrane-localized (Supplemental Fig. 2).
When we repeated these experiments with cells cultured
in three dimensions (3D) within Matrigel, we observed
that EpH4.9-Zpo1 cells formed numerous large filopodia/
invadopodia-like structures at the periphery of the aggre-
gates and migrated out from the body of the aggregates to
form long chains of single cells (Fig. 2D). The cells within
the chains showedminimal or a complete absence of cell–
cell adhesion. Time-lapse imaging revealed the rapid for-
mation and retraction of membrane protrusions (Supple-
mentalMovies 3, 4). In contrast, EpH4.9-pEiZ cells formed
tightly adherent aggregates (Fig. 2D).
AJ proteins in cells within the main body of both

EpH4.9-pEiZ and EpH4.9-Zpo1 aggregates in 3D were lo-
calized along the cell membrane (Fig. 2E). In migratory

cells of EpH4.9-Zpo1 aggregates, AJ proteins were present
at significantly reduced levels and demonstrated cyto-
plasmic localization. Similarly, actin stained diffusely
throughout the cytoplasm in these cells (Fig. 2E), unlike
the cortical localization in cells within the aggregate bod-
ies. These results suggest that Zpo1 overexpression in-
hibits or disrupts AJ formation at sites of cell interactions
with the microenvironment, consequently reducing cell–
cell adhesion. As a control, we knocked down Zpo1 ex-
pression in EpH4.9-pEiZ and EpH4.9-Zpo1 cells using a
Zpo1-specific shRNA. Knockdown of Zpo1 expression
was confirmed by quantitative PCR (qPCR) and Western
blot (Fig. 2F). Reduced Zpo1 expression in both EpH4.
9-pEiZ and EpH4.9-Zpo1 cells in 3D culture induced the
formation of tightly adherent aggregates containing small
lumens and an absence of migratory cell chains (Fig.

Figure 2. Zpo1 overexpression promotes
epithelial migration and invasion. (A) Migra-
tion of control (pEiZ) and Zpo1-overexpress-
ing (Zpo1) EpH4.9 cells in wound healing
assays. Distance traveled is averaged from six
separate assays per cell line and three sepa-
rate measurements per assay; P < 0.05. (B)
Quantification of Matrigel invasion of con-
trol (pEiZ) and Zpo1-overexpressing (Zpo1)
EpH4.9 cells. Experiments were performed in
triplicate; P < 0.05. (C) Lysates from EpH4.9-
pEiZ and EpH4.9-Zpo1 cells analyzed by
Western blot for AJ proteins. (D) Bright-field
images of EpH4.9-pEiZ and EpH4.9-Zpo1
cells cultured in 3D Matrigel for 4 d. Bar:
top panels, 500 mm; bottom panels, 50 mm.
(E) Immunofluorescent localization of E-cad-
herin, b-catenin, p120-catenin, and a-catenin
(green) in EpH4.9-pEiZ and EpH4.9-Zpo1
cells cultured in 3D Matrigel. F-actin locali-
zation is shown in red using Alexa Fluor 568-
conjugated phalloidin. Cells were counter-
stained with DAPI (blue). Arrows point to
regions of reduced and/or relocalized protein
expression. Bar, 50 mm. (F) Quantification of
Zpo1 expression in EpH4.9 cells stably in-
fected with control or Zpo1-specific shRNA
(C5) by Western blot and qPCR using
GAPDH as a control. (G) Bright-field images
of EpH4.9-pEiZ and EpH4.9-Zpo1 cells stably
infected with scramble or Zpo1-specific
shRNA lentivirus and cultured in 3D
Matrigel. Bar, 100 mm. (H) EpH4.9-pEiZ
and EpH4.9-Zpo1 cells stably expressing a
Zpo1 shRNA (C5) cultured in 3D Matrigel
and stained with phalloidin demonstrating
lumen formation (arrowhead). Bar, 50 mm.
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2G,H). This confirms that loss of cell adhesion and in-
creased migration were due to Zpo1 overexpression.
These results demonstrate that Zpo1 levels directly affect
not only epithelial cell–cell adhesion, but also cell polar-
ization and multicellular organization.

Overexpression of Zpo1 in MECs increases cell
proliferation in 3D culture

Increased ZPO1 expression in human breast cancers is
associated with an increased proliferative index. In 2D
culture, there was no difference in cell proliferation
between Zpo1-overexpressing and control cells (Fig. 3A).
In contrast, aggregates from Zpo1-overexpressing cells
cultured in 3D were significantly larger compared with
control cells (Fig. 2D). When we assessed the number of
cells in the aggregates that were positive for phosphory-
lated histone H3, we observed that ;1% of EpH4.9-pEiZ

cells were positive, while >3% of EpH4.9-Zpo1 cells were
positive (P < 0.001) (Fig. 3B). This confirms that cell
proliferation was increased in Zpo1-overexpressing cells
in 3D.

Zpo1 represses E-cadherin gene expression

The reduction in cell adhesion caused by Zpo1 overex-
pression in 3D culture suggested that Zpo1 may regulate
the expression of genes involved in cell–cell adhesion.
Zpo1 overexpression had no effect on a-, b- and p120-
catenin gene expression levels in EpH4.9 cells, but
reduced E-cadherin mRNA by ;45% (Fig. 3C). To de-
termine if Zpo1 repressed transcription, we cloned a 570-
base-pair (bp) fragment of the human E-cadherin pro-
moter immediately upstream of the ATG transcription
start site, 59 to a luciferase reporter gene. Transfection of
the reporter construct into 3T3 cells resulted in significant

Figure 3. Zpo1 promotes increased prolifera-
tion and represses E-cadherin expression. (A)
Proliferation of control (solid line) and Zpo1-
overexpressing (dotted line) EpH4.9 cells in 2D
culture. Cells in three wells were counted for
each time point. (B) Quantification of EpH4.9-
pEiZ and EpH4.9-Zpo1 nuclei positive for
phospho-histone H3 when cultured in 3D
Matrigel for 48 h. Error bars represent 6SEM.
(C) mRNA quantification by qPCR of AJ pro-
teins from EpH4.9-pEiZ and EpH4.9-Zpo1 cells
normalized to GAPDH expression. Error bars
represent mean 6 SD. (D) 3T3 cells were
transfected with 400 ng of pEcad-Luc reporter
plasmid and increasing quantities of Zpo1-V5
expression plasmid and assayed for luciferase
activity. (E) 3T3 cells were transfected with
pEcad-Luc, and the effect of b-catenin and
Zpo1 expression was determined. (F) 3T3 cells
were transfected with TOPFLASH reporter and
increasing quantities of Zpo1-V5. (G) 3T3 cells
were transfected with a TGFb reporter plasmid
and increasing quantities of Zpo1-V5, with or
without exogenous TGFb.

Zeppo1/Znf703 regulates cancer metastasis

GENES & DEVELOPMENT 5

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


luciferase activity that was reduced by cotransfection of
a Zpo1 expression plasmid (Fig. 3D).
E-cadherin gene expression is reported to be negatively

regulated by the Wnt pathway (Jamora et al. 2003; Yook
et al. 2005). Surprisingly, we found that cotransfection of
a b-catenin expression plasmid significantly increased
expression from the E-cadherin reporter construct (Fig.
3E). However, cotransfection of Zpo1 with the b-catenin
expression plasmid abrogated transcriptional activation
(Fig. 3E). We then repeated these experiments using the
TOPFLASH reporter plasmid that contains multiple cop-
ies of a Lef/Tcf-binding site upstream of a luciferase reporter
gene. Increased b-catenin activity significantly increased
luciferase activity as expected; however, cotransfection of
Zpo1 again reduced b-catenin-mediated transcriptional
activation (Fig. 3F).
Since bothWnt and TGFb signaling negatively regulate

E-cadherin expression, we used a luciferase reporter plas-
mid containing Smad-binding elements to determine if
Zpo1 also regulates TGFb-responsive transcription. Coex-
pression of Zpo1 was sufficient to repress transcription

from this reporter by;50% in both the absence and pres-
ence of exogenous TGFb (Fig. 3G).

Zpo1 overexpression induces an EMT

Zpo1-overexpressing cells at the invasive edge of 3D ag-
gregates clearly differed from those in the center, as
evidenced by reduced E-cadherin expression, remodeling
of the cytoskeleton, and increased cell migration. These
are hallmarks of EMTand a more progenitor or stem cell-
like phenotype (Mani et al. 2008). To validate this ob-
servation, we evaluated other EMT markers. Zpo1-over-
expressing cells within the body of the aggregates were
negative for vimentin, a marker of mesenchymal cells, as
were control cells; however, Zpo1-overexpressing cells at
the interface with the microenvironment were clearly
vimentin-positive (Fig. 4A). All EpH4.9-Zpo1 cells were
positive for Snail and N-cadherin, while control cells
were negative. Interestingly, N-cadherin staining was
mainly plasma membrane-localized in the body of the
Zpo1-overexpressing aggregates, but in the cytoplasm in

Figure 4. Zpo1 overexpression promotes
EMT and p120-catenin isoform expression
and localization. (A) Immunofluorescent lo-
calization of vimentin, Snail, N-cadherin,
and cytokeratin (green) in EpH4.9-pEiZ and
EpH4.9-Zpo1 cells in 3D Matrigel culture.
Arrows in vimentin staining of EpH4.9-Zpo1
cells point to vimentin-positive migratory
cells. Cells were counterstained with DAPI
(blue). Bar, 50 mm. (B) Western blot of AJ
proteins from 3D cultures of control and
Zpo1-overexpressing EpH4.9 cells after 6 d
in culture. (C) Western blot showing p120-
catenin isoform expression in 2D and 3D
cultured EpH4.9-pEiZ and EpH4.9-Zpo1
cells using antibodies recognizing all p120-
catenin isoforms (p120-all) or, specifically,
isoforms 1 and 2 (p120-1/2). (D) Bright-field
image of EpH4.9-Zpo1 cells stably trans-
fected with control or p120-3A expression
constructs and cultured in 3D Matrigel for
48 h. Bar, 100 mm. (E, left panels) Bright-field
image of EpH4.9-pEiZ and EpH4.9-Zpo1
cells cultured on 2D Matrigel. Immunolo-
calization of all p120-catenin isoforms (p120-
all) or isoforms 1/2 only (p120-1/2) demon-
strates nuclear localization of p120 isoform
3 only in Zpo1-overexpressing cells (red).
Bar, 100 mm.
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peripheral cells (Fig. 4A). Both control and Zpo1-
overexpressing cells were positive for cytokeratin (Fig. 4A).

Zpo1 overexpression promotes a switch
to a promigratory p120-catenin isoform
in 3D culture

To gain mechanistic insight into how Zpo1 mediates the
differences between 2D and 3D culture conditions, we
next investigated another promigratory molecule. p120
exists as multiple isoforms due to alternative splicing
(Mo and Reynolds 1996; Keirsebilck et al. 1998) and four
alternative transcriptional start sites. The most com-
monly expressed isoforms are 1 and 3. Using an antibody
recognizing all p120 isoforms, we observed that the
banding pattern from EpH4.9-Zpo1 cells differed from
controls (Fig. 4B). An antibody that detects isoform 1 but
not isoform 3 showed that EpH4.9-Zpo1 cells in 3D
culture predominantly express isoform 1, while controls
predominantly express isoform 3 (Fig. 4C). In contrast,
both isoforms 1 and 3 were expressed in 2D culture (Fig.
4C), with isoform 3 as the predominant isoform in both
control and Zpo1-overexpressing cells.
If the relative levels of p120 isoforms affect the adhe-

sive and/or migratory phenotype of MECs, then increas-
ing the level of p120 isoform 3 in EpH4.9-Zpo1 cells should
reduce the invasive phenotype in 3D culture. Accordingly,
we developed stable cell lines from EpH4.9-Zpo1 cells
carrying either a p120 isoform 3 expression construct or
the empty expression vector as a control. Cell aggregates
generated from EpH4.9-Zpo1 cells overexpressing iso-
form 3 and cultured in 3DMatrigel demonstrated reduced
cell migration compared with control cells (Fig. 4D), con-
sistent with our hypothesis.

Zpo1 regulates ECM-dependent intracellular p120
isoform distribution

A striking phenotype of the Zpo1-overexpressing cells
cultured in 3D was that redistribution of AJ proteins
appeared to be restricted to cells on the periphery of the
aggregates that are in contact with the ECM (Fig. 2E).
This suggested that redistribution might be a result of
cell–ECM interactions. To test this, we cultured EpH4.9-
pEiZ and EpH4.9-Zpo1 cells on top of a thin 2D layer of
Matrigel and determined AJ protein localization. EpH4.9-
pEiZ cells formed compact epithelial colonies, whereas
EpH4.9-Zpo1 cells were more scattered with reduced
cell–cell contact (Fig. 4E). All AJ proteins, with the
exception of p120, were membrane-localized in control
and Zpo1-overexpressing cells (data not shown). EpH4.9-
Zpo1 cells showed a predominantly nuclear localization
of p120 with only weak cytoplasmic and membrane
staining using a pan-isoform antibody (Fig. 4E); however,
with the isoform 1/2-specific antibody, we saw protein
only at the cell membrane and in the cytoplasm, but not
in the nucleus (Fig. 4E). These data suggest that isoform
3 specifically localizes to the nucleus.
Based on our results, we propose that cell–ECM in-

teractions mediate the effects of Zpo1 overexpression.
To test this hypothesis, we used a function-inhibiting

antibody directed against laminin 332 (also called lam-
inin 5) to perturb cell–ECM interactions. Laminin 332 is
not present in Matrigel, but is expressed endogenously
by EpH4 cells (Maschler et al. 2005). Laminin 332
negatively regulates the number of actin-rich invadopo-
dial protrusions (Liu et al. 2010) that facilitate ECM
degradation and invasion (Albiges-Rizo et al. 2009).
Addition of the anti-laminin 332 antibody to the growth
medium of 3D cultures had no visible effect on control
EpH4.9-pEiZ cells (Fig. 5A); however, in EpH4.9-Zpo1
cell cultures, migrating cells were more elongated, pos-
sessed longer membrane protrusions, and invaded fur-
ther into the Matrigel compared with cells grown in
control medium (Fig. 5A). These results suggest that loss
of cell–laminin 332 interactions promotes epithelial cell
invasion in Zpo1-overexpressing cells.

Rac1 activity and inhibition of RhoA is required
for the Zpo1 overexpression phenotype

p120 can promote cell migration via interactions with
Rho GTPases, increasing Rac1 activity and inhibiting
RhoA. Isoform 1 specifically promotes increased cell mi-
gration compared with other p120 isoforms due to its in-
creased affinity for, and inhibition of, RhoA (Yanagisawa
et al. 2008). Addition of Rac1 inhibitor significantly in-
hibited EpH4.9-Zpo1 cell migration and invasion, but had
no obvious effect on control cells (Fig. 5B). We then
inhibited ROCK, a downstream mediator of RhoA that
becomes activated upon RhoA activity. Addition of a
ROCK inhibitor enhanced migration and invasion of
Zpo1-overexpressing cells, but had no obvious effect on
control cells (Fig. 5B).
Epithelial cell–ECM interactions and binding of p120 to

RhoA (Castano et al. 2007) are both mediated through
activity of the Src family of kinases (SFK). Therefore, inhi-
bition of SFK activity would be expected to alter the
Zpo1-mediated increase in MEC migration and invasion.
EpH4.9-pEiZ cells cultured in 3D in the presence of the
SFK inhibitor SU6656 (Fig. 5C) or PP1 (data not shown)
showed no obvious effect. However, EpH4.9-Zpo1 cells in
the presence of SFK inhibitors had a rounder shape, formed
significantly fewer membrane protrusions, and, for the
most part, remained attached to the aggregate (Fig. 5C). Sec-
tioning of aggregates from both EpH4.9-pEiZ and EpH4.9-
Zpo1 cells showed the presence of small lumens (Fig. 5D).

Zpo1 overexpression promotes tumor metastasis

To determine directly if Zpo1 overexpression is tumor-
and/or metastasis-promoting, we transplanted EpH4.9-
pEiZ or EpH4.9-Zpo1 cells into the mammary fat pad of
syngeneic mice. Parental EpH4.9 cells are nontumori-
genic; however, Zpo1 overexpression alone was not
sufficient to induce tumor formation, even 12 mo after
transplantation (data not shown).
We then asked if Zpo1 overexpression affected tumor

metastasis. The MEC line 4T1 is both tumorigenic and
metastatic to the lung, liver, bone, and brain when
transplanted into the mammary fat pad of immunocom-
petent mice (Aslakson and Miller 1992). We generated
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Zs-green-labeled polyclonal 4T1 cells overexpressing
Zpo1 (4T1-Zpo1), and control 4T1 cells infected with
empty vector (4T1-pEiZ), and transplanted them into the
mammary fat pads of syngeneic BALB/c mice. After 3 wk,
the weight of tumors from mice transplanted with Zpo1-
overexpressing cells was slightly increased compared
with controls (Fig. 6A). Significantly, the number of me-
tastatic lung nodules was dramatically increased in mice
transplanted with Zpo1-overexpressing cells compared
with controls (Fig. 6B,C). Furthermore, the 4T1-Zpo1
primary tumors clearly showed a reduction in E-cad-
herin protein levels compared with control tumors (Fig.
6D). We next determined if reducing Zpo1 expression in
4T1 cells would affect tumor progression. We generated
polyclonal 4T1 cell lines stably expressing either a con-
trol scrambled shRNA or a Zpo1-specific shRNA that
reduced Zpo1 expression by;60% (data not shown) and
repeated the transplant experiments. After 3 wk, both

the size of the primary tumors and the number of lung
metastases were significantly reduced in Zpo1 knock-
down cells compared with controls (Fig. 6E). These
results suggest that Zpo1 is the driver gene for in-
creased tumor metastases in patients with the 8p12
amplicon.

Discussion

In this study, we identified Zpo1/Znf703, a critical gene
in the 8p12 breast cancer-associated amplicon, as one of
the earliest genes expressed during mammary gland
development, and elucidated its functions as a transcrip-
tional repressor and a regulator of cell motility and
invasion. Together with the observation that Zpo1 in-
creases metastasis, we propose that Zpo1 is a metastasis
promoter that is responsible for poor breast cancer
outcome.

Figure 5. Zpo1-mediated changes in cell
adhesion and migration are regulated by the
ECM and require Rho GTPase and SFK ac-
tivity. (A) Low-magnification bright-field im-
ages of EpH4.9-pEiZ and EpH4.9-Zpo1 cells
cultured for 5 d in the absence or presence of
the anti-laminin 332 antibody, showing in-
creased EpH4.9-Zpo1 cell migration in the
presence of the antibody. Bar, 100 mm. High-
magnification bright-field images of EpH4.9-
Zpo1 cells cultured in the presence of the
anti-laminin 332 antibody, showing elon-
gated cells with long, membrane protrusions
(arrows). Bar, 10 mm. (B) Bright-field images
of EpH4.9-pEiZ and EpH4.9-Zpo1 cells cul-
tured in the presence of the ROCK inhib-
itor Y-27632 (5 mM) and Rac1 inhibitor (100
mM). Bar, 100 mm. (C) Bright-field images of
EpH4.9-pEiZ and EpH4.9-Zpo1 cells cultured
in 3D Matrigel in the presence of the SFK
inhibitor SU6656 (5 mM). Bar, 100 mm.
(D) F-actin staining of EpH4.9-pEiZ and
EpH4.9-Zpo1 cells cultured in 3D in the
presence of 5 mM SU6656 showing lumen
formation (arrows). Bar, 100 mm.
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Zeppo1 and transcriptional regulation

Zpo1 is a member of the NET (Noc/Nlz, Elbow, and
Tlp-1) family of proteins (Nakamura et al. 2004) that

function in embryonic development in zebrafish (Hoyle
et al. 2004; Brown et al. 2009),Drosophila (Dorfman et al.
2002), and Caenorhabditis elegans (Zhao et al. 2002). We
show here that Zpo1 functions as a transcriptional re-
pressor. While some of Zpo1’s repressor function requires
HDAC activity, it also demonstrates HDAC-independent
repressor activity, possibly as a result of its interactions
with other corepressors such as Grg4. These results are
consistent with studies showing that, while Nlz1 activity
is associated with HDACs in vitro (Runko and Sagerstrom
2004), HDAC activity accounts for only part of the re-
pression (Nakamura et al. 2008).
We showed that increased Zpo1 expression represses

endogenous mouse E-cadherin gene transcription and in-
hibits transcription from a human E-cadherin promoter
fragment. Interestingly, Zpo1 also inhibited b-catenin-
mediated transcriptional activation of both the human
E-cadherin and the TOPFLASH promoters. Since b-cat-
enin competes with Grg proteins for binding to Lef/Tcf
transcription factors (Daniels and Weis 2005), one possi-
ble mechanism of Zpo1 function may be to promote
binding of Grg proteins to Lef/Tcf. An alternative possi-
bility is that Zpo1 functions to convert b-catenin from
a transcriptional activator into a repressor. b-Catenin can
function as part of a repression complex in conjunction
with either members of the Lef/Tcf family (Jamora et al.
2003; Theisen et al. 2007) or other transcription factors
(Olson et al. 2006), and b-catenin-mediated repres-
sion requires binding of corepressors and recruitment
of HDAC activity (Olson et al. 2006; Iguchi et al. 2007).
Nonetheless, Zpo1-mediated repression of E-cadherin
transcription is significant, since E-cadherin is a tumor
and metastasis suppressor, and reduced gene expression,
protein levels, or changes in protein localization are
found in the majority of metastatic carcinomas, includ-
ing breast cancers (Cowin et al. 2005). Repression of
E-cadherin gene expression is also regulated by transcrip-
tion factors such as Snail1/2, ZEB1/2, and E12/47, and,
like Zpo1, they are frequently up-regulated during tu-
morigenesis (Peinado et al. 2007).
Interestingly, while Zpo1 was able to repress E-cad-

herin gene transcription, E-cadherin protein levels were
not reduced in 2D culture (Fig. 2C) and were only min-
imally reduced in 3D culture. This is likely a consequence
of the high stability and low turnover of E-cadherin pro-
tein under the conditions of stable cell–cell adhesion that
we see in 2D. In contrast, E-cadherin is rapidly degraded
or recycled upon loss of cell–cell contact (Daniel and
Reynolds 1999); however, since this phenotype is re-
stricted to cells on the outer edge of the 3D aggregates,
overall protein levels are not greatly affected.

Zeppo1 and EMT

Zpo1 overexpression promoted EMT and the expression
of the EMT markers vimentin, Slug, and N-cadherin. In-
terestingly, Slug and N-cadherin expression was induced
in all cells, while vimentin expression was restricted to
migratory cells at the interface with the microenviron-
ment. This suggests that expression of these genes is

Figure 6. Zpo1 overexpression increases breast cancer metasta-
sis. (A) Graph showing the weight of primary tumors formed by
4T1-pEiZ and 4T1-Zpo1 cells 3 wk post-transplantation. (B)
Graph showing the number of lung surface metastases formed
by 4T1-pEiZ and 4T1-Zpo1 cells 3 wk post-transplantation. Error
bars represent 6SEM. (C) Representative hematoxylin-eosin-
stained section of lungs from mice transplanted with 4T1-pEiZ
and 4T1-Zpo1 cells containing lungmetastases (dotted lines). Bar,
200 mm. (D) Western blot of E-cadherin protein from three
primary tumor lysates isolated from 4T1-pEiZ and 4T1-Zpo1
tumors. Immunofluorescence staining of E-cadherin protein in
sections of primary tumors formed from 4T1-pEiZ and 4T1-Zpo1
cells. Bar, 50 mm. (E) Graph showing weight of primary tumors
formed by 4T1 cells expressing either a scrambled or Zpo1-
specific (C5) shRNA 3 wk post-transplantation. Representative
images of lungs from mice transplanted with shRNA-expressing
4T1 cells showing a reduction in lung surface metastases from
Zpo1 knockdown cells.
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differentially regulated, and that cell–ECM interactions
specifically regulate Zpo1-mediated vimentin expression.
Loss of E-cadherin in EMT not only reduces cell–cell

adhesion, but also induces a loss of cell polarity and ac-
quisition of a more progenitor-like state. EpH4.9 cells
cultured in 3D Matrigel form poorly polarized, adherent
cell aggregates. We showed that knockdown of endoge-
nous Zpo1 expression in EpH4.9 cell aggregates induced
the formation of small lumens lined with cells rich in
apical actin, suggesting polarization, while overexpres-
sion of Zpo1 induced the cytoplasmic localization of AJ
proteins. Interestingly, we obtained a similar phenotype
when we treated cell aggregates with SFK inhibitors. Src
activation has long been known as a tumor promoter
(Frame 2002) and a regulator of cell polarity (Timpson
et al. 2001; Yamana et al. 2006; Grande-Garcia et al. 2007;
Wang et al. 2009). The inhibition of the Zpo1 phenotype
by SFK inhibitors and the formation of lumens by either
Zpo1 knockdown or SFK inhibition suggest that Zpo1
may function, in part, through SFK activity.

p120 in cell migration and cancer

p120 is a multifunctional protein that localizes to the cell
membrane, cytoplasm, and nucleus. At the cell mem-
brane, p120 binds to E-cadherin, promoting clustering
(Yap et al. 1998) and stabilization of E-cadherin by in-
hibiting protein turnover (Davis et al. 2003). In the
cytoplasm, p120 interacts with members of the Rho
family of GTPases to regulate the actin cytoskeleton
and, consequently, several actin-dependent cellular pro-
cesses, including cell shape, adhesion, migration, and
polarity (Anastasiadis 2007). Nuclear p120 function is
less well understood, but it can interact with the
transcription factor Kaiso (Daniel and Reynolds 1999)
to inhibit Kaiso-mediated transcriptional repression
(Daniel et al. 2002). The combined regulation of both
cell–cell adhesion and actin dynamics provides an im-
portant role for p120 in regulating the motile state
of cells.
p120 may function as both a tumor suppressor and a

metastasis promoter (Reynolds and Roczniak-Ferguson
2004), and its expression is altered in the majority of
human cancers at the level of either gene expression or
protein localization (van Hengel and van Roy 2007). In
one study, 88% of lobular human breast carcinomas had
cytoplasmic localization of p120 with a corresponding
absence of E-cadherin (Sarrio et al. 2004).
p120 exists as multiple isoforms due to alternative

splicing of a single gene (Reynolds and Roczniak-Ferguson
2004). The most commonly expressed isoforms are iso-
forms 1 and 3. Isoform 1 is predominantly expressed in
motile cells such as fibroblasts and in epithelial tumors,
while isoform 3 is the predominant isoform in sessile ep-
ithelial cells. p120 expression is an independent prognos-
ticator of breast cancer survival, and isoform 1 expression
predicts metastatic disease (Talvinen et al. 2010). Isoform
1 expression and metastasis are also significantly corre-
lated in both lung (Miao et al. 2009) and renal (Yanagisawa
et al. 2008) carcinoma.

Our studies show that EpH4.9 MECs preferentially
express p120 isoform 3 when cultured on 2D plastic.
Culturing EpH4.9 cells within a laminin-rich 3D matrix,
however, further reduces isoform 1 expression. Over-
expression of Zpo1 in these cells had no effect on p120
isoform expression in normal 2D culture; however, when
cultured within an ECM, increased Zpo1 expression in-
duced an isoform switch such that isoform 1 was prefer-
entially expressed. Interestingly, transcriptional repression
of E-cadherin in combination with isoform switching of
p120 from isoform 3 to isoform 1 is seen in MDCK cells
overexpressing the EMT-inducing transcriptional repres-
sors Snail, Slug, or E47 (Ohkubo and Ozawa 2004; Sarrio
et al. 2004).
Zpo1 overexpression also promoted relocalization of

p120 protein away from the cell membrane that was also
dependent on cell–ECM contact. In 2D Matrigel culture,
Zpo1 overexpression induced nuclear localization of iso-
form 3, while isoform 1 was restricted to the cell mem-
brane and cytoplasm. In 3D culture, both isoforms were
localized to the cell membrane in cells in the body of the
aggregates, away from the ECM, but were localized to the
cytoplasm in migratory cells in contact with the ECM.
These results provide further evidence that Zpo1 func-
tion is regulated by cell–ECM interactions.

A model for Zpo1-mediated increase
in tumor metastasis

Themetastatic process requires cells to alter their normal
interactions with neighboring cells and the extracellular
environment (Gupta and Massague 2006). Understanding
how these processes are regulated is of major importance
for the development of therapies that might interfere
withmetastasis formation. Based on the data presented in
this study, we propose a model for Zpo1 function (Fig. 7)
to explain how overexpression can lead to increased
tumor metastasis. The 8p12 amplification and the over-
expression of multiple genes within the amplicon result
in increased Zpo1 gene expression. Increased levels of
Zpo1 protein repress E-cadherin expression, resulting in
a decrease in cell–cell adhesion and relocalization of p120
from the cell membrane to the cytoplasm. Concomi-
tantly, increased Zpo1 expression induces a switch in
p120 isoforms from isoform 3 to isoform 1 that leads to
increased binding of p120 to RhoA, decreasing RhoA
activity. Zpo1 expression also increases cell proliferation
through an as-yet-unknown mechanism. In combination,
these events reduce tumor cell adhesion and cell polarity
while increasing tumor cell migration and proliferation,
thus promoting a higher tumor grade and an increase in
tumor metastases.

Role of other genes within the 8p11-12 amplicon

Overexpression of Zpo1 in nontumorigenic EpH4.9 cells
was insufficient to induce tumor formation, suggesting
that Zpo1 overexpression by itself may not be a tumor-
initiating event. It is possible that an unrelated genetic
event is responsible for tumor formation, and that ampli-
fication of 8p12 occurs later in the process. Alternatively,
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since 8p12 amplification affects the expression of multi-
ple genes within the locus, altered expression of more
than one gene may be responsible for tumor formation
and metastatic progression. Several genes within this
locus have been studied with regard to their oncogenic
capabilities; however, none have been convincingly iden-
tified as classical oncogenes. One such gene, RCP (also
known as RAB11FIP1), was identified recently as a can-
didate oncogene associated with breast cancer (Miao et al.
2009); however, overexpression of RCP in tumorigenic
MECs has no effect on tumor cell growth, invasion, or
metastasis in vivo. RCP overexpression in MCF10A cells
did result in soft agar colony formation, reduced require-
ment for growth factors, and altered cell migration. In-
terestingly, similar results were obtained when three other
genes located at 8p11-12 (LSM1, BAG4, and C8orf4) were
overexpressed individually or in combination in MCF10A
cells (Yang et al. 2006). It is therefore possible that am-
plification and overexpression of some combination of
these genes are required for the full 8p11-12 amplification
phenotype seen in human breast cancer. However, a study
that profiled 1172 primary breast cancers also has iden-
tified ZNF703 as the sole 8p12 candidate responsible for
poor prognosis in ER+ tumors (Holland et al. 2011).

In conclusion, we show that Zpo1 overexpression plays
an important role in regulatingMEC adhesion, migration,
and polarity, and can significantly increase the number of
mammary tumor metastases. Our data strongly implicate
Zpo1 overexpression as a metastasis driver in breast
carcinogenesis.

Materials and methods

RNA in situ hybridization of mouse tissues

Gene expression on paraffin sections of mouse embryos by RNA
in situ hybridization was carried out as described previously
(Lum et al. 2007). Whole-mount embryo in situ hybridizations
were performed on CD1 mouse embryos as described previously
(Cross et al. 1995).

The Zpo1 riboprobe was generated from a 635-bp BamHI
fragment from exon 2. The Grg4 riboprobe was generated from a
PCR fragment amplified using primers 59-TCCAACTCCACGCAT
CAAGG-39 and 59-TGCTATGAGGAGGAGTCCAGTTTTG-39.

Cell culture

Mouse EpH4.9 cells are a subclone derived from EpH4 cells.
EpH4.9 cells grown on tissue culture plastic were cultured in

Figure 7. Model of Zpo1 overexpression and me-
tastasis promotion. Amplification of chromosome
8p11-12 in a mammary tumor cell leads to over-
expression and increased activity of Zpo1. As a result,
E-cadherin expression is reduced with a consequent
reduction in tumor cell adhesion. Loss of E-cadherin
at the cell membrane reduces membrane-localized
p120-catenin and increases the pool of cytoplasmic
p120-catenin that is able to interact with Rho
GTPases. At the same time, Zpo1 overexpression
also promotes a switch in p120-catenin isoform
expression from isoform 3 to isoform 1 that pro-
motes increased cell migration by binding to and
inhibiting RhoA while increasing Rac1 activity.
Zpo1 overexpression also reduces tumor cell inter-
actions with the ECM and increases tumor cell
migration through unknown mechanisms. In com-
bination, these effects lead to a more proliferative
tumor with increased migratory and invasive behav-
ior, leading to increased tumor metastasis.
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DME-H21 medium supplemented with 5% (v/v) fetal bovine
serum (FBS), insulin (5 mg/mL), 100 IU of penicillin, and 100 mg/
mL streptomycin. EpH4.9 cells to be cultured in 3D Matrigel
were maintained in low-adhesion plates overnight to form ag-
gregates. The aggregates were separated from remaining single
cells by gravity, resuspended in ice-cold Matrigel, and plated in
25-mL volumes. The Matrigel/cell mix was allowed to solidify
for 1 h at 37°C, and was cultured in serum-free DMEM:F12
medium supplemented with 13 ITS (Invitrogen), 50 ng/mL EGF
(Invitrogen), 100 IU of penicillin, and 100 mg/mL streptomycin.
SFK inhibitor SU6656 (Sigma-Aldrich) was added to EpH4.9
growth medium at 5–10 mM. Mouse 3T3 and 4T1 cells and
human 293T cells were cultured in DME H-21 medium supple-
mented with 10% (v/v) FBS, 100 IU of penicillin, and 100 mg/mL
streptomycin.

Cell proliferation

Cell proliferation in 2D cultures was quantified using a colori-
metric assay (CellTiter 96, Promega) to determine the number of
viable cells, according to the manufacturer’s instructions. Pro-
liferation of EpH4.9 cells cultured in 3D for 24 h was determined
by counting the number of cells positive for phospho-histone H3.
This was achieved by staining 50-mm frozen sections of cultured
cells using a phospho-histone H3 antibody (Cell Signaling Tech-
nology) and taking serial stack images of individual aggregates by
confocal microscopy. The total number of cells visualized by
DAPI staining and the number of phospho-histone H3-positive
cells in the fifth and tenth images of each stack was counted to
determine the percent of proliferating cells.

Invasion assay

Transwell cell migration assays were performed using the
Millipore Cell Invasion Assay kit following the manufacturer’s
instructions. Briefly, 33 105 cells were plated onto ECM-coated
cell culture inserts and incubated for 48 h. Cells that had
invaded through the ECM to the lower surface of the insert
were stained and quantified by colorimetric analysis.

Wound healing assay

EpH4.9 cells were grown to confluence in a 24-well plate, and
were wounded using a 200-mL sterile pipette tip. Movies of
wound healing were generated using an inverted microscope
over a 24-h time period. The distance traveled by cells at the
migrating edge after 15 h was calculated by measuring three
separate points within each field of view, from at least three
separate experiments.

Antibodies and immunofluorescence

Cells cultured in 2D were fixed in 4% paraformaldehyde and
incubated with primary antibody, followed by an appropriate
secondary antibody conjugated to Alexa Fluor 568 or 647
(Invitrogen). The actin cytoskeleton was stained with phalloidin
(Invitrogen) and cell nuclei with DAPI (Invitrogen). Immunoflu-
orescence images were obtained using confocal microscopy and
Imaris imaging software (Bitplane Scientific Software). The
primary antibodies used were specific for p120-catenin (all iso-
forms), V5 epitope, and GAL4DNA-binding domain (Invitrogen);
Flag tag, a-catenin, p120-catenin (isoforms 1 and 2), and vimen-
tin (Sigma-Aldrich); N-cadherin, Snail, and phospho-histone H3
(Cell Signaling Technology); and E-cadherin (BD Biosciences) and
b-catenin (Abcam).

Lentiviral production and shRNA knockdown

Lentiviral production was carried out using calcium phosphate-
mediated transfection of HEK 293T cells as described previously
(Welm et al. 2008). Expression Arrest GIPZ lentiviral shRNA
constructs were purchased from Open Biosystems. Cells were
transduced with lentivirus according to the manufacturer’s in-
structions, and cells were selected in puromycin for at least 5 d.

Quantitative real-time PCR

Total RNA was isolated from cells using the RNeasy minikit
(Qiagen). cDNA was synthesized from 1 mg of total RNA using
the SuperScript III Reverse Transcriptase First Strand synthesis
kit (Invitrogen). Quantitative PCR was performed using Fast-
Start Universal SYBRGreenmaster mix (Roche Applied Science)
in an Eppendorf Mastercycler realplex machine, and samples
were run in quadruplicate. Ct values were normalized to actin,
and relative expression was calculated using the 2�DDCt method.
Statistical analysis was performed using Student’s t-test, and P <

0.05 was considered to be significant. All statistical values in-
dicate mean6 standard deviation. Primer sequences are detailed
in Supplemental Table 1.

Transcription assays

3T3 cells were seeded at 5 3 104 cells per well in 48-well plates
and transfected with 400 ng of pFR-Luc luciferase reporter
construct (Stratagene), 5 ng of pRL-TK (Promega) internal control
plasmid, and the appropriate test plasmids. Cell lysates were
obtained 48 h post-transfection, and luciferase reporter activity
was determined using the Promega Dual-Luciferase Reporter
assay system following the manufacturer’s protocol. Firefly lucif-
erase activity was normalized to the Renilla luciferase internal
control and expressed relative to control plasmid. The data pre-
sented are pooled from three replicate experiments in which each
assay condition was performed in triplicate. The E-cadherin pro-
moter luciferase reporter construct was generated by amplifying
human genomic DNA using the primers 59-TTGCTAGCAAAA
GAAAAAAAAAATTAGCCTGGCGTGG-39 and 59-AAACTCG
AGCGGGCTGGAGCGGGC-39. Amplified DNA was digested
with NheI/XhoI and cloned into the pGL3-basic reporter plasmid
(Promega). The b-catenin expression plasmid was a kind gift from
Dr. Thaddeus Allen (University of California at San Francisco, San
Francisco, CA). TSA (Calbiochem) was added to 3T3 growth
medium at various concentrations as described in the Results
section.

Tumorigenesis and metastasis assays

Cells were harvested, counted, and resuspended in PBS. Cells
(1 3 106) were injected into the fat pad of the inguinal (#4)
mammary gland of syngeneic 5-wk-old BALB/c mice. Primary
tumors were dissected, weighed, and measured after 3 wk. The
number of lung metastases was determined by counting the
number of Zs-Green-positive areas visible on the lung surface.

Additional Materials and Methods can be found in the Sup-
plemental Material.
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