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The Drosophila Dachshund (Dac) gene, cloned as a dominant inhib-
itor of the hyperactive growth factor mutant ellipse, encodes a key
component of the retinal determination gene network that gov-
erns cell fate. Herein, cyclic amplification and selection of targets
identified a DACH1 DNA-binding sequence that resembles the
FOX (Forkhead box–containing protein) binding site. Genome-wide
in silico promoter analysis of DACH1 binding sites identified gene
clusters populating cellular pathways associated with the cell cycle
and growth factor signaling. ChIP coupled with high-throughput
sequencing mapped DACH1 binding sites to corresponding gene
clusters predicted in silico and identified as weight matrix resem-
bling the cyclic amplification and selection of targets–defined
sequence. DACH1 antagonized FOXM1 target gene expression, pro-
moter occupancy in the context of local chromatin, and contact-
independent growth. Attenuation of FOX function by the cell fate
determination pathway has broad implications given the diverse
role of FOX proteins in cellular biology and tumorigenesis.

cell fate determination | Forkhead protein | transcription factor | tumor
suppressor | dachshund homolog 1

The Dachshund gene (dac) was originally cloned in Drosophila
as a dominant inhibitor of ellipse and encodes a key com-

ponent of the retinal determination gene network (RDGN). In
Drosophila retinal determination, dac interacts with EGFR,
Decapentaplegia, and Wingless. The human DACH1 gene enc-
odes a protein with a predicted helix-turn-helix family structure.
Altered expression or function of mammalian RDGN compo-
nents have been described in human tumors (1–5). DACH1 is
expressed widely in normal adult tissues, and loss of DACH1
expression in human breast and endometrial cancers predicts
poor outcome (2, 6). DACH1 blocks c-Jun–induced DNA syn-
thesis, reverts the H-Ras and c-Myc–induced oncogenic pheno-
type in the immortalized human breast epithelial cell line, and
inhibits breast tumor metastasis in mice (2, 7). Although DACH1
is thought to regulate gene expression by complexing with DNA-
binding transcription factors including Six, Jun, and Smad4 (2, 8–
10), no sequence specific DNA binding of DACH1 has been
identified so far to our knowledge.
Crystallization of the human DACH1 Box-N revealed that the

DACH1 protein forms an α/β structure containing a DNA-
binding motif similar to that found in the winged helix/Forkhead
subgroup of DNA-binding proteins (11). We sought to determine
whether DACH1 encoded a protein with sequence-specific DNA
binding activity. Cyclic amplification and selection of targets
(CAST) identified a DNA sequence that was specific for DACH1
binding. Genome-wide identification of DACH1 binding sites
with sequential functional pathway analysis identified DACH1
sites within genes populating the cell cycle and the glioma path-
ways associated with tumorigenesis. The DACH1 DNA-binding
sequence resembled the FOXM1 binding site. DACH1 selec-
tively inhibited FOXM1-mediated contact-independent growth

and occupancy in the context of local chromatin. DACH1 dis-
placed FOXM1 from the known target gene promoters including
Cdc25B, Survivin, CENPA, and CENPB. The cell fate determi-
nation factor DACH1 competes as a DNA binding–specific
transcription factor to attenuate signaling by the Forkhead family
of transcription factors.

Results
Identification of a DNA-Specific Sequence for DACH1 Binding. CAST
analysis was conducted to determine whether DACH1 encodes a
DNA sequence–specific binding protein. The DACH1 consensus-
binding sequence was deduced from 33 sequenced colonies (Table
S1). Electrophoretic mobility shift assay (EMSA) was used to fur-
ther characterize the DNA/protein interaction. The DNA probe
was incubated with nuclear extracts prepared fromHEK 293T cells
transfected with an expression vector encoding FLAG-tagged
DACH1. The protein/DNA complex detected (Fig. 1A, lane 1) was
competed by 100-fold molar excess cold probe cognate competitor
(Fig. 1A, lane 2), indicating the DNA specificity to form the com-
plex. Preincubation of nuclear extracts with anti-FLAG antibody
delayed migration of the DNA/DACH1 complex (Fig. 1A, lane 4
vs. lane 3). FLAG-DACH1 was expressed in HEK 293T cells and
purified to homogeneity using an anti-FLAG–agarose affinity col-
umn. DACH1 purified in this manner was capable of complexing
with the DACH1 DNA probe (Fig. 1B, lane 1). The complex was
dissociated by the competitor (Fig. 1B, lane 2) and was supershifted
by the anti-FLAG antibody (Fig. 1B, lane 4). In vitro–translated
DACH1 produced using TNT T7 Coupled Reticulocyte Lysate
System (Promega) also formed a protein/DNA complex that was
specific to both DNA probe and DACH1 protein (Fig. 1C, lane 4
vs. lane 3 and lane 6 vs. lane 5). DACH Box-N is predicted to form
an α/β structure containing a DNA binding domain found in the
winged helix/Forkhead subgroup of the helix-turn-helix family (11).
We therefore determined whether deletion of this domain abro-
gated DNA binding. The deletion mutant of this domain (ΔDBD)
was unable to bind theDNA probe (Fig. 1A, lanes 5–7; and Fig. 1C,
lane 7). Thus, the DNA sequences selected by CAST serve as a
DNA target site for both in vivo and in vitro synthesized DACH1
protein and DNA binding requires the DACH1 Box-N domain,
designated as DNA binding domain (DBD).

Genome-Wide Screening of Putative DACH1 Targets. To determine
candidate DACH1 target genes at the whole-genome level, the
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2,000 bp upstream of the transcriptional start site in Promoter
Analysis and Interaction Network generation Tool were scruti-
nized using the DACH1 DNA binding templates (Table S1). A
linear sequence search revealed a total of 52 exact matches for
the six DNA templates and 2,887 unique genes with exact or
single-nucleotide (0/1) mismatches (Datasets S1 and S2), pre-
senting a sequence logo for the DACH1 binding site (Fig. 2A).
The KEGG cell cycle pathway and the glioma pathway are
populated with genes that have DACH1 binding sequences (Figs.
S1 and S2), providing a context for the possible roles of these
genes in the development and progression of cancer. The GO
terms that are statistically enriched (P < 0.05) for the sum of the
0/1 mismatch gene lists are shown in Table S2. Proteins encoded
by genes with DACH1 binding sites preferentially populate
biological processes essential for signaling such as protein
modification, phosphorylation, and translation, as well as meta-
bolic processes associated with nucleosides, RNA, and serine
family amino acids.

To identify potential transcription factor partners of DACH1,
we compared the gene sets with upstream DACH1 binding sites
to the basal gene expression profile generated in MDA-MB-231
cells (9). Specifically, we used hierarchal clustering to cluster
genes with DACH1 binding sites as well as their sum into four
groups: low, medium low, medium high, and high expression
(Fig. 2B). The choice of four groups was optimal as they parti-
tioned the set of genes on the array into subgroups of approx-
imately equal size. The median expression values for the four low
to high clusters as log2 of the signal intensity are as follows:
1.2016, 2.2016, 4.2901, and 8.0081. Fig. 2C shows the ranked list
of transcription factors that has a binding site(s) in genes that
also possess potential DACH1 binding site(s) (P < 0.05). The
medium-high and high sets were of particular interest because
these represent genes that are robustly expressed based on their
signal intensity. These sets contained a number of Forkhead
family transcription factors such as FOXD3, XFD-1, FOXJ2,
HFH-3, and XFD2. These results implicate Forkhead family

Fig. 1. Identification of DACH1-response element. (A) The
32P-labeled oligonucleotide of DACH1 binding sequence
(DACH1 probe) was used in EMSA. The probe migration
was retarded by DACH1 binding (lane 1). The protein/DNA
complex was competed by 100-fold cognate cold com-
petitor (lane 2). The addition of anti-FLAG antibody delayed
mobility of the DNA–protein complex (lane 4). The DACH1
DBD deletion (ΔDBD) failed to bind the DNA probe (lanes 5–
7). (B) Immunopurified DACH1 was incubated with DACH1
probe. The DNA–protein complex was competed by cold
probe (lane 2) and the mobility of the complex was delayed
by anti-FLAG antibody (lane 4 vs. 3). (C) In vitro–translated
DACH1 or ΔDBD were incubated with DACH1 probe. No
addition of DNA (lane 1) or empty vector DNA (lane 2) was
included as a negative control. The DACH1/DNA complex
(lane 3) was supershifted by anti-FLAG antibody (lane 6)
compared with IgG control (lane 5). Deletion of DBD abol-
ished DNA binding (lane 7).

Fig. 2. Genome-wide in silico promoter analysis. (A)
Sequence logo depicts sequence conservation of the
template sequence for all single-mismatch hits. (B) The
clustered gene expression data from MDA-MB-231 breast
cancer cells for the exact and single-mismatch genes with
minimal expression in cyan and high expression in red.
The yellow bars indicate the cutoffs between minimal,
low, medium, and high expression subsets. (C) Tran-
scription factors that are enriched for the medium low,
medium high, and high expression subsets of the genes in
MDA-MB-231 cells with exact match or single-mismatch
DACH1 binding site templates. Homology refers to the
percentage of genes within the subset that possess the
element transcription factor binding site. The P values
were calculated using the hypergeometric test (P < 0.05).
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transcriptional factors as potential coregulator in DACH1-
associated gene regulation.

DACH1 Represses FOXM1 Target Gene Expression. Through liter-
ature search, we found that DACH1 shares the DNA binding
sequence at a high similarity with FOX proteins. Together with
the in silico analysis suggesting that DACH1 may interact with
FOX family members, we speculated that DACH1 regulates
FOX-dependent gene expression via competition with cognate
DNA-binding sites. FOXM1-targeted genes, which have been
previously reported, including Aurora A (STK6), Aurora B
(AURKB), CDC25A, CDC25C, E-cadherin (CDH1), and CENPB
(12) have DACH1 binding sequences within their 2-kb promoter
region (Dataset S2). We therefore determined whether DACH1
regulated these FOXM1-activated genes. Induction of DACH1
expression by Ponasterone A inMDA-MB-231 cells (2) repressed
expression of FOXM1 target genes (Fig. 3A). To further deter-
mine whether DACH1 regulation of these gene expression
through direct DACH1 binding to the targeted gene promoters,
ChIP assays were conducted of this inducible line to determine
DACH1 occupancy at FOXM1 DNA-binding sites in the context
of local chromatin using an anti-FLAG antibody directed to the
FLAG tag sequence of DACH1 or control IgG. Induction of
DACH1 expression by Ponasterone A was associated with in-
creased occupancy of DACH1 at the promoters of the known
FOXM1 targeted genes (Fig. 3B). DACH1 expression repressed
activity of luciferase reporters driven by the Cdc25B, Skp2, and
E-cadherin gene promoters (Fig. 3C). Deletion of the putative
DACH1 DNA-binding domain abrogated repression of reporter
gene activity (Fig. 3C), suggesting that direct DNA binding is
required for transcriptional repression.

DACH1 Competes for Occupancy of FOXM1 Regulatory Genes in the
Contextof Local Chromatin.DACH1 repression of FOXM1-targeted
gene expression promoted us to further explore the functional
interactions between DACH1 and FOXM1. We used an osteosar-
coma cell line (U2OS C3) expressing doxycycline (Dox)–inducible
FOXM1, which has been well characterized in a prior publication
(13). FOXM1 induces, and is required for, the transcription of
Skp2 and CENPB genes (Fig. 4A), consistent with the previous
observations made in this cell line (12). The U2OS-FOXM1 cell
line was transduced with either a retroviral expression vector
encoding DACH1 or a control retrovirus. The induction of
FOXM1 by Dox in the U2OS-FOXM1 cells increased Skp2 and
CENPB abundance, and overexpression of DACH1 reduced both
the basal and the induced Skp2 and CENPB expression (Fig. 4A).
Next, we investigated the possibility that DACH1 may compete

with FOXM1 in the context of local chromatin. ChIP assays
conducted of FOXM1 target gene promoters with anti-FOXM1
antibodies demonstrated FOXM1 occupancy at the promoters
(Fig. 4B). The induction of DACH1 expression reduced FOXM1
occupancy at the promoters of the Cdc25B, CENPA, CENPB,
Aurora B kinase, Skp2, and E-cadherin genes, associated with
increased occupancy of DACH1 (Fig. 4B). DACH1 repressed
FOXM1 activation of the Cdc25B promoter (Fig. 4C).

DACH1 Inhibits FOXM1 Induction of Contact-Independent Growth.
Conditional expression of FOXM1 protein enhances anchorage-
independent growth of U2OS cells (13). The U2OS C3 clone was
transduced with a retroviral vector expressing DACH1 and soft agar
assayswereperformed.ExpressionofDACH1decreasedanchorage-
independent growth as evidenced by a reduction in both the size
and number of FOXM1-induced colonies (Fig. 4D). Thus, DACH1
inhibits FOXM1-induced contact-independent growth.

Identification of DACH1 DNA Binding in the Human Genome. To
characterize genome-wide DACH1 DNA binding in vivo, ChIP
coupled with high-throughput sequencing (ChIP-Seq) was con-
ducted of MDA-MB-231 cells (14). Using an FDR threshold of
10−3 we identified a total of 1,845 binding sites (1,608 unique
genes) for DACH1 (Dataset S3). The genome-wide contribution
of theDACH1 binding sites relative to RefSeq is shown in Fig. 5A.
We examined the Tag density landscape and deduced the fre-
quency for each nucleotide for target genes. The motif deduced by
ChIP-Seq shared 11 of 13 nucleotides with the motif identified in
silico. The genes with putative DACH1 binding in their promoter
sequence by in silico analysis were enriched by ChIP-Seq (P =
0.0013; Fig. 5B). DACH1-dependent tag density at FOXM1 target
gene promoters that contain peaks defined by TIRDE algorithms
are shown in Fig. 5C. In addition, we validated a subset of genes
whose promoters contain the putative DACH1 binding sequence
using quantitative RT-PCR, showing increased expression in
MEFs derived from DACH1 gene knockout mice compared with
littermate controls (Fig. 5D). These genes identified by ChIP-Seq
correspond to the genes identified by ChIP analysis and promoter
studies as regulated by DACH1 and FOX proteins.

Discussion
In this study, we provide evidence that the RDGN and Forkhead
pathways integrate to control the expression of genes that associate
with contact-independent growth. The keyRDGNprotein, DACH1,
directly binds DNA and competes in the context of local chromatin
with FOXM1, thereby attenuating key Forkhead regulatory gene

Fig. 3. DACH1 inhibits expression of FOXM1 targeted genes. (A) Western blot analysis of DACH1 protein abundance in breast cancer cell lines. (B) ChIP assay
was conducted with Ponasterone A–inducible DACH1 MDA-MB-231 cells with either the antibody against FLAG epitope (FLAG tag in the aminoterminus of
DACH1) or control IgG. DACH1 occupies the FOXM1-binding sites of G2/M regulatory proteins included in ChIP assays. (C) DACH1 inhibits the transcriptional
activity of G2/M regulatory genes. The promoter sequences of the Cdc25B-950, Skp2, and E-cadherin genes were linked to the luciferase reporter. The reporter
was transfected together with vectors expressing WT DACH1 and DBD-deletion mutant (ΔDBD). The data are shown as mean ± SD.
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networks. The cell fate determination factor, DACH1, is thus a
DNA sequence–specific inhibitor of Forkhead signaling.
The FOX proteins are a family of evolutionarily conserved

transcription regulators involved in diverse biological processes
(15). FOX protein function can either promote or inhibit tumori-
genesis, and deregulation of FOX protein function in human
tumorigenesis may occur by alteration in upstream regulators or
genetic events such as mutations of the DBD, or translocations,
which often disrupt the DBD (16). FOXM1 is overexpressed in
human tumors (13, 17–22) and promotes tumor growth (18, 23, 24).
Inhibition of FOXM1 expression reduces growth ofmurine tumors

in response to carcinogens, and diminishes DNA replication and
mitosis of tumor cells (12, 13, 17, 18). FOXC2, associated with
aggressive basal-like breast cancer, enhances tumor metastasis
and invasion (25).
Herein,DACH1inhibitedFOXM1-mediatedcontact-independent

growth of U2OS cells, antagonized FOXM1-mediated gene expres-
sion, and reduced occupancy of FOXM1 at target genes known to
regulate theG2/M phase progression. Through competitive inhibition
of FOXM1 occupancy at target genes, DACH1 could be essential for
transcription of F-Box protein S-phase kinase–associated protein 2
(Skp2) and the Cdk subunit 1 (Cks1), which are substrate-specific

Fig. 4. DACH1 competes with FOXM1 for DNA binding and
inhibits FOXM1-mediated contact-independent growth. (A)
The Dox-inducible U2OS/FOXM1 cells were transduced with a
DACH1 retroviral vector. Cells were treated with either Dox or
vehicle control. The transcript abundance of G2/M regulatory
genes including Skp2 and CENPB were measured with RT-PCR.
β-Actin servedasan internal loadingcontrol. (B)APonasteroneA–
inducible MDA-MB-231 cell line was induced to express DACH1.
ChIP analysis was conducted for the G2/M regulatory genes pro-
moters using antibody to FOXM1 or DACH1 (anti-FLAG) as indi-
cated. FOXM1 occupancy at the promoters of G2/M regulatory
genes was reduced following DACH1 recruitment. (C) HEK 293T
cells were cotransfected with the indicated luciferase reporter
genes together with expression vectors FOXM1, DACH1, or con-
trol vector. DACH1 repressed FOXM1-induced Cdc25B promoter
activity. (D) U2OS cells stably expressing FOXM1were transduced
with MSCV-DACH1-IRES-GFP and vector control. Colony growth
was measured by size and number. DACH1 expression reduced
the FOXM1-induced colony formation.

Fig. 5. Genome-wide identification of DACH1 DNA
binding by ChIP-Seq. (A) Distribution of DACH1
binding sites in the resulting nonredundant and non-
overlapping classes of regions by ChIP-Seq analysis
within a promoter of 2 kb upstream of transcription
start site. (B) Overlap between in silico and ChIP-Seq
analysis of target genes. (C) DACH1-dependent tag
density at selected gene promoter that contains
DACH1 binding sites defined by the ChIP-Seq. Arrow
indicates the start and direction of transcription. (D)
Validation of a subset of genes whose promoters
contain DACH1 binding site(s).
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subunits of the Skp1–Cullin-F-box protein (SCF) ubiquitin–ligase
complex, that regulate p21CIP1 and p27KIP1. FOXM1protein activates
gene transcription andDACH1competeswithFOXM1 in the context
of local chromatin to repress gene expression. Loss of DACH1
expression and increased oncogenic FOX protein expression could
lead to deregulation of a subset of genes required for tumorigenesis.
We had previously shown that loss of DACH1 expression in human
breast and endometrial cancers predicts poor outcome (2, 6). Future
studies will address whether loss of DACH1 correlates with increased
FOXM1 expression during the progression of breast and endometrial
cancers as well as other type of cancers.
Identification of DACH1 DNA binding sequences by CAST,

together with genome-wide in silico screening for putative target
genes and ChIP-Seq for genes whose promoters were engaged by
DACH1 through direct DNA binding, provided us with an alter-
native approach to establish the regulatory networks or individual
genes that are governed by DACH1. In silico screening identified
2,887 genes whose promoter regions contain a potential DACH1
binding site. Many FOXM1-targeted genes including Aurora A
(STK6), Aurora B (AURKB), CDC25A, CDC25C, E-cadherin
(CDH1), and CENPB have DACH1 binding sequences within
their 2-kb promoter region. A subset of these genes, chosen based
on gene expression change as a result of DACH1 induction into
MDA-MB-231 cells, were also enriched in their promoter region
for the Forkhead family of transcription factors, supporting the
competition/cooperation model of DACH1 and Forkhead tran-
scription factors in gene regulation. Genes with DACH1 binding
sites in their promoters populate cellular pathways associated with
cancers such as the cell cycle pathway and the glioma pathway.
Taken together, these results provide a rationale for further
investigations into DACH1-mediated gene regulation in tumori-
genesis. Given the diverse roles of Forkhead family proteins in
cellular differentiation, survival, and DNA repair, the finding that
the RDGN network protein DACH1 intersects FOX signaling
may have broad implications for the understanding of cellular
biology and tumorigenesis.

Materials and Methods
Cell Culture. Human embryonic kidney 293T (HEK 293T), HeLa, and breast
cancer cell lines MDA-MB-231 were maintained in DMEM containing 1%
penicillin/streptomycin and supplemented with 10% FBS. Doxycycline-
inducible U2OS C3 stable cell line was previously described (12).

Plasmids. Human cDNA of DACH1 WT and mutants including DS-domain
deletion (ΔDBD), carboxyl-terminal (C-ter) deletion, and C-ter were cloned
into p3×FLAG-CMV-10 (Sigma-Aldrich) vector. pCMV-FOXM1 expression
vector and FOXA luciferase reporter vector were provided by R. Costa
(University of Chicago, Chicago, IL) (26). Cdc25B promoter reporter was a gift
from Rolf Müller (Philipps-University Marburg, Marburg, Germany) (27).
Skp2 and E-cadherin promoter reporter were previously described (28, 29).

CAST (30)was conductedaspreviouslydescribedusing the randomsequence
75-mer [5′-GCGTCGACAAGCTTTCTAGA(N)35GAATTCGGATCCCTCGAGCG-
3′], which begins with 20 nucleotides of forward primer sequence, followed by
35 random bases, and ends with a reverse primer sequence of 20 nucleotides.
This double-stranded DNA was made by synthesis with the reverse primer (5-
CGC TCG AGG GAT CCG AAT C-3). FLAG tagged-DACH1 proteins, either tran-
siently expressed in 293T cells or in vitro–translated, were incubatedwith anti-
FLAGM2 antibody beads (Sigma-Aldrich). Mouse IgG conjugated to protein G
agarose beads (Santa Cruz Biotechnology) was included as control. For the
initial reaction, dsDNAwas added and themixturewas incubated for 20min at
room temperature in PBS solution supplemented with 0.1% BSA and 0.1%
Nonidet P-40. Protein–DNA complexes were recovered by centrifugation and
washedthree timeswithmodifiedPBSbuffer.EnrichedPCRproductsbyDACH1
from the initial reaction were subjected to a second round of CAST. The
immunoprecipitated DNAwas amplified using forward primer (5-GC GTC GAC
AAG CTT TCT AGA-3) and the reverse primer (5-CGC TCG AGG GAT CCG AAT
C-3). Purified PCR products were subjected to additional rounds of binding site
selection. After six rounds of CAST, the purified products were digested with
restriction enzymes and cloned into pGEM-3Zf(+) (Promega) and sequenced.

Transfections and Gene Reporter Assays. DNA transfection and luciferase
assays were performed as previously described (31). Briefly, cells were seeded
at 50% confluence in a 24-well plate the day before transfection. Cells were
transiently transfected with the appropriate combination of the reporter
(0.5 μg per well), expression vectors (calculated as molar concentration equal
to 300 ng of control vector), and control vector (300 ng per well) via calcium
phosphate precipitation for HEK 293T or Lipofectamine 2000 (Invitrogen) for
remaining cell lines according to the manufacturer’s instructions. Twenty-
four hours after transfection, luciferase assays were performed at room
temperature using an Autolumat LB 953 (EG&G Berthold) as previously
described (32).

Immunoprecipitation and Western Blot. Immunoprecipitation and Western
blot analysis were performed in HEK 293T, MDA-MB-231, MCF-7, and
U2OS cells as indicated. Cells were pelleted and lysed in buffer (50 mMHepes,
pH 7.2, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1% Tween
20) supplemented with protease inhibitor mixture (Roche Diagnostics).
Antibodies used for immunoprecipitation and Western blot are as follows:
anti-FLAG (M2) and CENPA from Sigma-Aldrich; anti-DACH1 from Abcam;
Cyclin D1 (Clone Ab-3) from NeoMarker; anti-FOXM1 (H300), anti–Aurora A
(H-130), anti-Cdc25B (H-85), and anti-Cdc25C (C-20) from Santa Cruz
Biotechnology.

EMSA. Complementary oligodeoxyribonucleotide strands of the DACH1
binding site (CAA GCT TTC TAG ATG TTT ATT TGT ATT CAT TTA TTT AAT TGT
ATT GTG AAT TCGGAT CCA) were used for EMSA as previously described (31).

Purification of DACH1 Protein. HEK 293T cells were transiently transfected
with expression vectors encoding either FLAG-tagged DACH1 or DACH1
ΔDBD. Total protein extracts were prepared using lysis buffer (50 mM Tris,
pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) supplemented with
protease inhibitor mixture (Roche Diagnostics). The manufacturer’s instruc-
tions were followed to prepare the column and washing buffer (technical
bulletin MB-925; Sigma-Aldrich).

ChIP Assay. ChIP analysis was performed following a protocol described
previously (33) using a breast cancer cell line MDA-MB-231 expressing
DACH1 upon Ponasterone A treatment. Cell lysates were prepared using a
ChIP assay kit (Upstate Chemicon) following the manufacturer’s guidelines.
Chromatin solutions were precipitated overnight with agitation at 4 °C using
30 μL of agarose preconjugated with anti-FLAG antibody (Sigma-Aldrich).
For a negative control, mouse IgG was immunoprecipitated by incubating
the supernatant fraction for 1 h at 4 °C with rotation. Precipitated DNAs
were analyzed by PCR. The primers used for PCR of the Cdc25B, AuroraB
kinase, E-Cadherin, Skp2, CENPA, and CENPB promoters were previously
described (12).

RT-PCR and Quantitative PCR. Total RNA was prepared using TriZol reagent
(Invitrogen) following manufacturer’s instructions. Five micrograms of total
RNA was subjected to reverse transcription to synthesize cDNA using the
SuperScript II Reverse Transcriptase Kit (Invitrogen). A 25 μL volume reaction
consisted of 1 μL reverse transcription product and 100 nM of each primer.
The primers used for RT-PCR of the Cdc25B, AuroraB kinase, E-Cadherin,
Skp2, CENPA, and CENPB gene products were sense and antisense primer
sequences and annealing temperatures were previously described (12).

ChIP-Seq. ChIP-Seq was conducted using a breast cancer cell lineMDA-MB-231
stably expressing DACH1. Chromatin template preparation, ChIP, and ChIP-
Seq were previously described (14, 34). Briefly, approximately 107 cells were
fixed with 1% formaldehyde for 10 min at room temperature. The chro-
matin template was fragmented to 200 to 500 bp with sonication. The
quality-filtered 25-nt short sequence reads were aligned to the hg18 (NCBI
Build 36) human genome sequence using ELAND software, allowing up to
two mismatches with the genome sequence. We obtained approximately 5.9
million uniquely aligned short sequence reads each for DACH1-p901 and IgG
control samples in breast cancer cells. As the 25-nt short sequence reads
originate from the ends of approximately 300 bp ChIP fragments, we shifted
the locations of short reads toward the center of ChIP fragments by 150 nt
(sense and antisense strand reads are shifted in opposite directions) and
counted the resulting reads in 400 bp nonoverlapping consecutive windows
along the human genome. As the total number of uniquely aligned reads in
the two samples (DACH1-p901 and IgG) is very similar, it is meaningful to
directly compare window read counts of the two samples and look for
DACH1 enriched regions. We identified DACH1 binding sites from ChIP-Seq
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data using SISSRs software as the transition points between sense and
antisense reads density profiles in the genome. A background model for
genome-wide reads distribution was built using IgG control data. Using a P
value cutoff of 0.01, we detected 6530 DACH1 binding sites.

Gene and exon location information was obtained from the Ensembl data-
base (www.ensembl.org) using the BioMart tool. Based on this location infor-
mation, we defined exonic, intronic, promoter, and intergenic regions as
follows. A promoter is 2 kb/10 kb upstream of transcription start site. To avoid
double counting at the promoter overlaps, we merged coordinates of all pro-
moters to define a nonredundant set of promoter regions. Similarlywemerged
other classes of regions to avoid double counting. Pieces of genes, exons, and
introns that overlap promoters are assumed to belong to promoter region. The
intergenic region is the complement of promoter and genic regions. We then

counted the number ofDACH1binding sites in the resulting nonredundant and
nonoverlapping classes of regions and created pie charts (Fig. 5A).
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