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Oncogene-mediated signaling to the host environment induces a
subset of cytokines and chemokines. The Drosophila Dac gene
promotes migration of the morphogenetic furrow during eye
development. Expression of the cell-fate determination factor
Dachshund (DACH1) was lost in poor prognosis invasive breast
cancer. Mouse embryo fibroblasts derived from Dach7—/~ mice
demonstrated endogenous Dach1 constitutively represses cellular
migration. DACH1 inhibited cellular migration and invasion of
oncogene (Ras, Myc, ErbB2, c-Raf)-transformed human breast ep-
ithelial cells. An unbiased proteomic analysis identified and immu-
noneutralizing antibody and reconstitution experiments demon-
strated IL-8 is a critical target of DACH1 mediating breast cancer
cellular migration and metastasis in vivo. DACH1 bound the en-
dogenous IL-8 promoter in ChIP assays and repressed the IL-8
promoter through the AP-1 and NF-«B binding sites. Collectively,
our data identify a pathway by which an endogenous cell-fate
determination factor blocks oncogene-dependent tumor meta-
stasis via a key heterotypic mediator.

DACH1 | metastasis

he molecular events governing the onset and progression of

tumorigenesis involve the sequential inactivation of endog-
enous growth suppressors and the acquisition of oncogenic
mutations (1). The functional characteristics acquired by onco-
gene-transformed cells include the release from normal growth
constraints, changes in cellular metabolism, and the ability to
migrate and invade the local host environment (2). Cellular
migration is essential for normal mammalian development, for
tissue repair and contributes to the metastatic phenotype of
cancerous cells. Adhesion to the cellular substratum initiates the
generation of protrusive activity (3, 4). Directional migration of
a cell requires the formation of new adhesive structures at the
leading edge and detachment of the posterior edge (5).

Oncogenes sustain host-cell interactions, promoting invasive-
ness, recruiting inflammatory mediators and developing angio-
genic networks. Ras and Myc promote tumor angiogenesis
through up-regulation of VEGF and the inhibition of throm-
bospondin 1 (TSP-1) (6). In addition, inflammatory mediators
are induced by Ras activation. The inflammatory mediator,
interleukin-8 (CXCL-8/IL-8), is a transcriptional target of Ras
and plays an essential role in Ras-induced tumor growth and
angiogenesis in vivo (7, 8). The molecular mechanisms normally
restraining these oncogenic pathways in human breast cancer are
poorly understood.

Reduced expression of the cell-fate determination factor
DACHI1 in human breast cancer is associated with poor prog-
nosis (9). Analysis of >2,000 human breast cancer samples
revealed that the loss of DACHI1 expression correlated with
death from breast cancer 40 months earlier. The Drosophila
dachshund (dac) gene is the founding member of the DACH
subfamily of nuclear proteins that conduct an essential role in
promoting differentiation of the Drosophila eye and limb (10).
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The dac gene forms part of a retinal determination (RD)
signaling pathway in Drosophila. The RD pathway requires
eyeless (eya/Pax6), sine oculis (So, Six), eyes absent (eya/Eya), and
dachshund (dac/Dach), which function together as genetic com-
ponents of this network (11-13). In Drosophila, So functions as
a DNA-binding factor and dac/eya are transcriptional cofactors.
In mammalian cells, c-Jun functions as a DNA binding factor
through which DACHI regulates gene transcription and thereby
inhibits cellular growth (14). The role of DACHI1 in cellular
migration or invasion remains unknown. In view of the reduction
of DACHI expression in metastatic human breast cancer, we
examined the role of DACHI in regulating human breast cancer
cell migration and invasion.

Results

To determine whether DACHI1 regulated the promigratory
effects of distinct oncogenes, the immortal human breast
MCF10A cells were used. MCF10A-Ras cells showed an ~30-
fold increase in migration compared to parental cells and
a >75% reduction in transwell migration upon induction
of DACHI1 (Fig. 1A). DACHI expression reduced the rate of
cellular movement ~30% (Fig. 1B). The crystal structure of
DACHI predicts a helix—turn—helix structure with a conserved
domain (Dac and Ski/Sno domain 1). Deletion of the DS domain
abrogated the effect of DACHI to inhibit cellular transwell
migration (Fig. 1C). MCF10A cells transduced with an activating
ErbB2 expression vector induced migration 15-fold with a 60%
reduction upon expression of DACH1 (Fig. 1C) without affect-
ing ErbB2 expression (Fig. 1D). DACHI1 induction reduced
cellular migration of c-Myc-transformed MCF10A cells by 50%
(Fig. 1E) without affecting c-Myc abundance [supporting infor-
mation (SI) Fig. S1A4].

To determine whether DACHI inhibited Ras-induced migra-
tion downstream of Ras, we examined the Ras-effector c-Raf.
DACHI1 expression reduced MCF10A-Raf transwell migration
by ~50% (Fig. 24) and inhibited wound closure by >80% (Fig.
2B). DACHI1 inhibited the persistence of migratory direction-
ality reducing cellular velocity by 40% and the cellular distance
migrated by 50% (Fig. 2C).

Oncogene-transduced MCF10A cells (Ha-Ras/ErbB2) en-
hanced cellular migration compared to MCF10A cells, which was
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Fig. 1. DACH1 inhibits oncogene-induced migration of breast cancer cells. (A)
MCF10A or MCF10A-Ras cells were transduced with retroviral expression vectors
encoding GFP or DACH1-IRES-GFP and subjected to GFP-FACS sorting with sub-
sequent analysis of cell migration by transwell assay. The data are shown as
mean = SEM of the number of cells migrated in n > 5 separate experiments.
Crystal violet dye staining of MCF10A-Ras cells that migrated in the transwell
assays is shown. (B) Videomicroscopy of individual cells were quantitated to
determine the distance and direction of cellular migration of MCF10A-Ras cells
transfected with either control (GFP) or DACH1 expression vector. (C) MCF10A-
ErbB2 (NeuT) transformed cells were analyzed for migration. The mean data for
the number of cells migrated per field is shown for MCF-10A oncogene-
transformed cells transduced with retroviral vector encoding GFP or DACH 1-IRES-
GFP. (D) Western blot analysis of MCF10A-ErbB2 cells shown in C with antibodies
as indicated. (E) MCF10A-c-Myc cells transduced with DACH1 or control vector
analyzed for migration as shown in A. *, P < 0.01.

reduced 6-fold by DACHI1 expression (Fig. 2D Left). The
addition of conditioned media from DACHI-transduced
MCF10A-Ras/ErbB2 cells reduced cellular migration >60%
(Fig. 2D Right). In contrast, the supernatant derived from
MCF10A-Ras/ErbB2 cells transduced with a DACH1 protein
containing a mutation of the DACH1 DS domain, did not
significantly inhibit cellular migration (Fig. 2D Right).

Collectively, these studies demonstrate DACH1 inhibits mi-
gration of MCF10A cells transformed with distinct oncogenes
(Ha-Ras, c-Raf, c-Myc, and ErbB2). The highly metastatic
MDA-MB-231 human breast cancer cell line was transduced
with an expression vector encoding DACHI under control of the
ponasterone A-responsive enhancer (9, 14). MDA-MB-231 cells
demonstrated spreading microprocesses at the distal end of the
cellular colonies in matrigel (Fig. 34 Upper, 400X magnification).
In contrast, the number of extending processes was essentially
abrogated by the induction of DACH1 (Fig. 34 Lower).

Invasion assays were conducted comparing cells induced to
express DACH1 (Fig. 3B). DACHI expression induced by
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Fig.2. DACH1 inhibits wound healing and persistence of migratory direction-
ality. (A) Migration assays of MCF10A-Raf transformed cells. Cells were trans-
duced with either retroviral vectors encoding GFP or DACH1. Data are mean =
SEM of five separate experiments for either transwell migration (A), wound
closure assays (B) or phase contrast video microscopy (C). The velocity and distance
migrated was determined for individual MCF10A-Raf cells transduced with either
control vector or DACH1. Data mean + SEM of n > 5 separate events. (D)
Migration assays of MCF10A-Ras/ErbB2 cells transformed with either control
(GFP) or DACH1. Data mean + SEM of n > 5 separate experiments (Left) or
transwell assays were conducted either in the presence of supernatant derived
from cells expressing GFP, DACH1 or a mutant of the DACH1 DS domain (DACH1
ADS) (Right). Migration is reduced in media derived from DACH1 tranduced cells.
Schematic representation of DACH1 and DACH1 ADS domain. *, P < 0.01.

Ponasterone A addition reduced the number of cells traversing
the transwell chamber by >50% (Fig. 3B). In contrast, Ponas-
terone A alone had no direct effect on cellular migration (Fig.
3B). The induction of DACH1 expression reduced the number
of cells invading the matrigel product by ~65% (P < 0.001 Fig.
3C). Similarly, DACHI1 expression reduced wound closure (Fig.
3D Left) and migration velocity (Fig. 3D Right) by ~60%.

As with the oncogene-transformed MCF10A cells (Fig. 2E),
the supernatant of DACHI1 transduced MDA-MB-231 cells was
sufficient to block migration of MDA-MB-231 cells (Fig. 44). An
unbiased proteomic approach to identify candidate proteins
regulated by DACH1 expression, using antibody array analysis,
demonstrated DACHI1 expression correlated with reduced se-
cretion of IL-8 and the related chemokines IL-1, IL-6, GRO, and
MIP1 («, B, v) (Fig. 4B). IL-8, but not the related chemokines
GRO, MCP1, or MIP1a, was capable of rescuing the DACH1-
mediated migratory defect (Fig. 4C).

The ability of MCF10A-Ras cells to invade a collagen matrix
was assessed (15), because this process may more closely
recapitulate the in vivo invasive phenotype. The refractile cells
identified distal to the cellular margin after 5 days were used
as a measure of cellular invasion of collagen. DACHI1 expres-
sion reduced cellular invasion of a collagen matrix by ~50%
(Fig. 4D). The addition of IL-8 rescued DACHI1-mediated
repression of cellular migration. Mouse embryo fibroblasts
(MEFs) derived from Dachl knockout mice demonstrated a
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Fig.3. DACH1 inhibits migration and invasion of highly metastatic MDA-MB-231 cells. (A) Phase contrast microscopy of MDA-MB-231 cells induced to express
DACH1 (Lower) versus vehicle-treated cells (Upper). (Magnification: Left, 200; Right, 400X.) (B-D) MDA-MB-231 cells stably expressing ponasterone A inducible
DACH1 were assessed for either transwell migration (B), matrigel invasion (C), wound closure (D Left) or velocity-analyzed by videomicroscopy at a single-cell
level (D Right), with mean data shown at 360 min. *, P < 0.01.

doubling of migratory velocity and distance traveled by time-
lapse video microscopy (Fig. 4E). Thus, endogenous Dachl
inhibits cellular migration.

Next, we examined the role of DACH1 and IL-8 in regu-
lating breast tumor metastasis in vivo, using the highly meta-
static breast cancer cell line. Induced expression of DACH1 by
doxycycline in Met-1 cells inhibited migration in transwell
assay (Fig. S2 4 and B). All mice injected with Met-1 cells
developed widespread lung metastasis, as evidenced by India

ink staining and histopathology (Fig. 4F). Because DACH1
inhibited IL-8 production in MDA-MB-231 cells and inhibited
production of the murine homologue of IL-8, CRCL1/KC (16),
in Met-1 cells (Fig. S2C), we determined the role of KC
(Cytokine-induced neutrophil chemoattractant) in Met-1 cell
metastasis in vivo, using an immunoneutralizing antibody to
KC after introduction of Met-1 cells into nude mice. The
administration of «KC antibody blocked breast tumor metas-
tasis (Fig. 4F).
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Fig. 4.

Proteomic analysis of DACH1-regulated chemokines. (A) Transwell migration assay of MDA-MB-231 cells treated with conditioned media derived from

either vehicle control or ponasterone A-treated cells. (B) Cytokine array analysis of supernatant derived from MDA-MB-231 cells treated with either vehicle or
ponasterone A to induce DACH1 identified a subset of cytokines differentially requlated by DACH1. Relative abundance is shown, comparing DACH1 expressing
cells (PonA) with control. (C) Transwell migration assays of MDA-MB-231 cells treated with cytokines as indicated, including interleukin-8 or control IgG at 5 ng/ml.
Migration of cells is shown as cell number per field with data as mean = SEM for n > 5 separate experiments. (D) 3D collagen invasion assay of MCF10A-Ras cells
expressing control (GFP) or DACH1 in the presence of IL-8 or vehicle. The mean depth of migration is shown quantified as mean + SEM. (E) Cellular migration
of MEFs derived from Dach? WT or knockout mice, using time lapse video microscopy. Dach1~/~ (KO) MEFs display enhanced cellular migratory velocity and
distance (P < 0.01). (F) The number of lung metastasis identified in nude mice injected with Met-1 cells transduced with pLRT-DACH1, treated with vehicle or
Doxycycline DACH1 or immunoneutralizing antibody to CRCL1/KC. *, P < 0.01.
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Fig.5. ThelL-8 promoterisrepressed by DACH1 requiring the DS domain. (A)
IL-8 mRNA abundance was determined by QT-PCR in MCF10A-Ras or MDA-
MB-231 cells expressing DACH1. In MDA-MB-231 cells, TNF-a was used to
induce IL-8 production. (B and C) Schematic representation of DACH1 expres-
sion vectors and mutants, IL-8 promoter and point mutant luciferase reporter
gene contractions. The effect of DACH1 on /L-8 promoter activity is shown
normalized to Renilla Luciferase activity as an internal control. Data are
mean * SEM of n > 5 separate experiments. (D) ChIP analysis of DACH1
recruitment to either the endogenous /L-8 promoter in MDA-MB-231 cells
(above) or to transfected IL-8 promoter constructions encoding either the WT,
AP-1, or NFkB point mutants of the /L-8 promoter in HEK293 cells. Each
experiment was conducted on at least two separate occasions with the FLAG
antibody and was also conducted by using an antibody directed to DACH1
with similar results. Quantitative data of relative abundance of DACH1 re-
cruitment to the /L-8 promoter is shown as mean data. *, P < 0.01.

Altered expression of the /L-8 gene is seen in many cancers
and increased expression correlates strongly with metastatic
potential of breast carcinomas cells (17) Ras-induced IL-8
expression is essential for tumor growth and angiogenesis (7).
The IL-8 gene has been strongly implicated in promoting breast
tumor cellular migration. /L-8§ mRNA levels were reduced
~90% by DACHI1 in MCF10A-Ras and MDA-MB-231 cells
(Fig. 54). TNF-a-dependent IL-8 expression (18) was inhibited
by DACHI1 expression (Fig. 54). The IL-8 promoter was re-
pressed by DACHI in a dose-dependent manner, requiring the
DS domain (Fig. 5B).

To determine the molecular mechanisms by which DACH1
repressed the IL-8 promoter, a series of point mutants within key
transcriptional regulatory elements were examined (Fig. 5C).
DACHI repressed the IL-8 promoter by 80%. Mutation of the
IL-8 promoter AP-1 site reduced IL-8 promoter activity 75%

Wau et al.

resulting in a promoter fragment that was significantly reduced
in DACH1-mediated repression. Similarly, mutation of the
NF«kB binding site substantially reduced DACHI1 repression
(Fig. 5C). DACHI1 was identified by ChIP analysis in the
MBA-MB-231 cell, using the FLAG antibody in the context of
the endogenous IL-8 promoter (Fig. SD). ChIP analysis, using
the FLAG antibody to immunoprecipate DACHI, demonstrated
reduced recruitment upon mutation of either the AP-1 or NFkB
sites (Fig. 5D).

Discussion

The molecular mechanisms attenuating heterotypic signaling
that govern oncogene-induced tumor progression and invasion
are poorly understood. The current studies demonstrate that the
cell-fate determination factor DACHI, the expression of which
is lost in poor prognosis invasive breast cancer (9), inhibits
cellular migration and metastasis. Our result of >2,000 breast
cancer samples correlated with death from breast cancer 40
months earlier in patients with reduced tumor DACHI expres-
sion (9). The expression of DACH1 was dramatically reduced in
invasive breast cancer compared with normal breast tissue and
DACH]1 expression was reduced in invasive cancer compared
with noninvasive (9). Using mouse embryo fibroblasts derived
from Dachl~'~ mice, we demonstrate herein that endogenous
Dachl serves to constitutively inhibits cellular migration and
cellular migratory velocity.

Ras-induced IL-8 production plays a key role in tumor
progression (7). Herein, DACHI inhibited IL-8 expression and
secretion. Restoration of IL-8 rescued the cellular migratory
defect induced by DACH1 and, either DACH1 or immunon-
eutralizing antibody to the murine homologue of IL-8
(CRCL1/KC) was sufficient to block breast cancer metastasis
to the lungs in vivo. Collectively, these studies indicate that
DACHI repression of IL-8 production is a key mechanism
contributing to the anti-migratory function of DACHI.
DACHI1 inhibited breast cancer cellular migration involving a
secreted factor that was identified as IL-8 through an unbiased
proteomic analysis. DACH1 directly repressed the IL-8
promoter, defining a mechanism by which breast tumor che-
mokine production and breast cancer progression may be
attenuated.

IL-8 production was repressed by physiological levels of
DACHI. The abundance of DACHI varies during the cell
cycle 2- to 3-fold, and the relative abundance of total cellular
DACHI1 induced by ponasterone A was a relatively modest 2-
to 3-fold increase (9). The inhibition of IL-8 production was
observed in cells stably expressing DACH1 and in cells in-
duced to acutely express DACHI, suggesting that the reduc-
tion in IL-8 is not the consequence of a compensatory delayed
secondary event consequence upon sustained DACH1 expres-
sion. DACHI inhibited IL-8 production from Ras or c-Myc
transformed MCF-10A cells and repressed IL-8 promoter
activity (Fig. S1 B and C). Interleukin-8 (IL-8) is a CXC
chemokine, initially purified as a small basic protein that
functions as a neutrophil chemoattractant (19). Highly meta-
static breast carcinoma cell lines produce large amounts of
IL-8 compared to low metastatic breast cancer cell lines (20).
The current studies demonstrate that the murine homologue of
IL-8 (CRCL1/KC) also governs cellular metastasis and that
DACHL is a key regulator of CRCL1/KC production.

Clinical studies have documented up-regulation of CXCL-8
in human breast cancer (17) and non-small cell lung cancer
(17), melanoma (21), and colon cancer. The expression of
CXCL-8 is linked to poor prognosis and metastatic phenotype
in several tumor types, including human colon, pancreatic, and
prostate cancer. DACHI1 expression inhibited IL-8 secretion,
mRNA abundance, and IL-8 promoter activity. DACHI1 re-
pression of the IL-8 promoter required the AP-1 and NF-«xB
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binding site and DACHI was identified at the IL-8 promoter
in the context of local chromatin in ChIP assays. Studies have
shown DACHI is recruited to either Six binding sites or AP-1
binding sites and that DACHI is recruited in the context of
local chromatin to conduct transcriptional regulatory func-
tions (9, 11). DACHI1 is not thought to bind DNA directly in
a DNA sequence specific manner. In contrast, DACH1 is
known to inhibit c-Jun transactivation through recruitment of
HDACT1 and HDACS3 to the y domain of c-Jun (14) and herein
did not affect c-Jun or p50 occupancy at the IL-8 promoter in
ChIP assays (Fig. S1D).

DACHI inhibited ERK but not Akt activity (Fig. S1E),
suggesting a potential role for ERK in the intracellular sig-
naling pathway that regulates IL-8 and is inhibited by DACHI1.
Hypoxia is known to induce IL-8, although the mechanism is
not directly mediated by hypoxia inducible factor 1 (HIF1).
The induction of IL-8 involves NF-«B (8). Oncogenic Ras and
Rac are known to induce NF-«B (22) and IL-8 abundance (7).
Whether DACHI repression involves NF-«kB signals remains
to be determined.

DACHI1 expression is reduced in human breast cancer and
DACHI1 inhibited breast tumor cellular proliferation and
DNA synthesis (9). The DACHI gene product associates with
Six, and Dac/Six together contribute to the RD pathway in
development. Misregulated expression of Six proteins also
occurs in human cancer (23). HSIX1, the human homologue of
the Drosophila Six gene, is overexpressed in breast cancer and
forced Six1 expression attenuates a G, cell cycle check point
(23). Six1 has been implicated in regulating metastasis, en-
hancing migration of poorly metastatic rhabdomyosarcoma
tumors (24). The possibility that the migration and invasion
pathway governed by DACHI1 described herein functions
through the genetic targets of the cell fate determination
pathway that include Eya/Six remains to be determined.

Methods

Detailed materials and methods are in S/ Methods. In brief, the expression
plasmids for DACH1, DACH1 DS-domain alone (DS), or DACH1 DS-domain
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deleted (ADS) (which include an N-terminal FLAG peptide), the ponasterone-
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