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The cell fate determination factor Dachshund was cloned as
a dominant inhibitor of the hyperactive epidermal growth fac-
tor receptor ellipse. The expression of Dachshund is lost in
human breast cancer associated with poor prognosis. Breast
tumor-initiating cells (TIC) may contribute to tumor progres-
sion and therapy resistance. Here, endogenous DACH1 was
reduced in breast cancer cell lines with high expression of TIC
markers and in patient samples of the basal breast cancer phe-
notype. Re-expression of DACH1 reduced new tumor forma-
tion in serial transplantations in vivo, reduced mammosphere
formation, and reduced the proportion of CD44high/CD24low

breast tumor cells. Conversely, lentiviral shRNA to DACH1
increased the breast (B)TIC population. Genome-wide expres-
sion studies of mammary tumors demonstrated DACH1 re-
pressed a molecular signature associated with stem cells
(SOX2, Nanog, and KLF4) and genome-wide ChIP-seq analysis
identified DACH1 binding to the promoter of the Nanog,
KLF4, and Lin28 genes. KLF4/c-Myc and Oct4/Sox2 antago-
nized DACH1 repression of BTIC. Mechanistic studies dem-
onstrated DACH1 directly repressed the Nanog and Sox2 pro-
moters via a conserved domain. Endogenous DACH1 regulates
BTIC in vitro and in vivo.

Recent studies have suggested the presence of self-renew-
ing stem-like cells within tumors. These tumor-initiating cells

(TICs)3 have been described in the hematopoietic system, the
breast, colon, brain, and prostate tumors (1–5). Mouse mam-
mary stem cells express specific cell surface markers and show
self-renewing properties (6). Only a small number of primary
breast cancer cells form secondary tumors. These TICs form
mammospheres similar to normal mammary gland stem cells
(7). When cultured under specific conditions, these TIC or
cancer stem cells can be enriched by fluorescence-activated
cell sorting for CD44�/CD24�/low cells (2).

The molecular circuitry controlling embryonic stem cells
may also be active in certain tumors. Several key regulators of
embryonic stem cell identity (Oct4 and Sox2, EKLF4, Lin28,
and Nanog) (8) are expressed in a subset of specific tumors (9,
10). Genes known to regulate features of mammary stem cells
include expression of Twist (11). Although self-renewal of
primitive hematopoietic stem cells requires p21CIP1 (12), the
role of tumor suppressors in regulating TICs, particularly in
breast cancer, is poorly understood.
Clinical studies have demonstrated a correlation between

poor prognosis breast cancer and reduced expression of the
cell fate determination factor DACH1 (13), and loss of
DACH1 expression has been observed in prostate and endo-
metrial cancer (14, 15). Several lines of evidence suggest
Dachshund may function as a tumor suppressor. Initially
cloned as a dominant inhibitor of Ellipse in Drosophila, the
mammalian DACH1 gene inhibits breast cancer cellular DNA
synthesis and proliferation in cultured cells (13). DACH1 reg-
ulates gene expression of target genes in part through inter-
acting with DNA-binding transcription factors (c-Jun, Smads,
Six, and ER�) and in part through intrinsic DNA binding (13,
14, 16). Recent studies have demonstrated that DACH1 con-
veys intrinsic DNA sequence-specific binding properties
through elements resembling binding sites for the Forkhead
family of proteins (17).
The Drosophila dac gene is a key member of the retinal

determination gene network that specifies eye tissue identity.
In Drosophila, there is a coordinated system of genes, includ-
ing dachshund (dac), eyes absent (eya), ey, twin of eyeless (toy),
teashirt (tsh), and sin oculis (so). dac is expressed in progeni-
tor cells and neurons of the mushroom body, a brain structure
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present in most arthropods, and Dac expression can induce
ectopic eye formation in Drosophila (18). The mammalian
homologue of so is known as Six, and altered expression of the
Six family and DACH1 occurs in a variety of human tumors
(13, 19–23). The current experiments were conducted to ex-
amine a possible role for DACH1 in regulating breast tumor
stem cells.

MATERIALS AND METHODS

Mammosphere Formation and FACS Analysis of Stem Cell
Surface Markers—Mammosphere formation assays were con-
ducted as described previously (24). Aldefluor and immuno-
staining of cell surface markers by FACS analysis for breast
cancer stem cells was based on prior publications (25). Before
labeling, the cells were blocked with normal mouse IgG in
1:100 dilution for 30 min and then incubated with phyco-
erythrin-labeled mouse anti-human CD24 (1:5) (clone ML5,
Pharmingen) and/or phycoerythrin/Cy5-labeled rat anti-hu-
man/mouse CD44 (1:200) (clone IM7, BioLegend, San Diego)
for 1 h. All experiments were conducted at 4 °C. Cell sorting
was performed on a FACSCalibur cell sorter (BD Bio-
sciences). The data were analyzed with FlowJo software (Tree
Star, Inc., Ashland, OR).
Cell Culture, Plasmid Construction, Reporter Genes, Expres-

sion Vectors, DNA Transfection, and Luciferase Assays—Cell
culture, DNA transfection, and luciferase assays using the
Sox-2-Luc and Nanog-Luc reporter genes were performed as
described previously (26–29). Expression vectors encoding
KLF4/c-Myc and Oct4/Sox 2 were from Addgene. The Met-1
cells were cultured in DMEM supplemented with 10% fetal
calf serum, 1% penicillin, and 1% streptomycin. The MCF10A
and MCF10A-Myc lines were previously described (13). The
expression plasmids encoding an N-terminal FLAG peptide
linked to DACH1, DACH1 DS (DACH1-Sno/Ski) domain
alone (DS), or DACH1 DS domain deleted (�DS) were previ-
ously described. Lentiviral DACH1 shRNA was from Open
BioSystems. Transfection and infection were per standard
protocols. GFP-positive cells were selected by FACS. Met-1
cells were plated at a density of 1 � 105 cells in a 24-well plate
on the day prior to transfection with Superfect according to
the manufacturer’s protocol (Qiagen, Valencia, CA). A dose
response was determined in each experiment with 50 and 200
ng of expression vector and the promoter reporter plasmids
(0.5 �g). Luciferase activity was normalized for transfection
efficiency using �-galactosidase reporters as an internal con-
trol. The fold effect of expression vector was determined with
comparison to the effect of the empty expression vector cas-
sette, and statistical analyses were performed using the Stu-
dent’s t test.
RNA Isolation, RT-PCR, and Quantitative Real Time PCR—

Total RNA was isolated fromMet-1 cells infected with the
DACH1 expression vector system, using TRIzol (30). SYBR
Green-based real time PCRs were performed using Quanti-
Tect SYBR Green PCR kit (Qiagen) and Quantitect pre-vali-
dated primer assays for mouse and 18 S rRNA as internal con-
trol following the manufacturer’s recommendations on an
ABI Prism 7900HT system (Applied Biosystems Inc., Foster
City, CA). Oligonucleotides used for RT-PCR include the fol-

lowing: Nanog, forward CAGAAAAACCAGTGGTTGAA-
GACTAG and reverse GCAATGGATGCTGGGATACTC;
Oct4, forward CTGTAGGGAGGGCTTCGGGCACTT and
reverse CTGAGGGCCAGGCAGGAGCACGAG; Sox2, for-
ward GGCAGCTACAGCATGATGCAGGAGC and reverse
CTGGTCATGGAGTTGTACTGCAGG; KLF4, forward
TGCCAGACCAGATGCAGTCAC and reverse GTAGTGC-
CTGGTCAGTTCATC; c-Myc, forward TGAGCCCCTAGT-
GCTGCAT and reverse AGCCCGACTCCGACCTCTT; 18 S
rRNA oligonucleotides were used as control (30). The oligo-
nucleotides for chromatin immunoprecipitation (ChIP) were
directed to the murine SOX2 as follows: distant site, forward
5�-gcagtgagaggggtggacta-3 and reverse 5�-ctcccctcatctac-
cccaac-3; proximal site (sox2-binding site), forward 5�-cgca-
gaaacaatggcacaccac-3� and reverse 5�-ccgttttcagcaacaggtcacg-
3�; Nanog distant site, forward 5�-ggcaaactttgaacttgggatgtgga-
aata-3� and reverse 5�-ctcagccgtctaagcaatggaagaagaaat-3�;
proximal site (oct4-sox2-binding site), forward 5�-ggatgtcttta-
gatcagaggatgccc-3 and reverse 5�-ccacagaaagagcaagacacca-
acc-3� promoters.
Microarray and Cluster Analysis—DNA-free total RNA

isolated fromMet-1 cells expressing GFP or DACH1 were
used to probe Affymetrix Gene 1.0 arrays (Affymetrix, Santa
Clara, CA). RNA quality was determined by gel electrophore-
sis. Probe synthesis and hybridization were performed as de-
scribed previously (31). Analysis of the arrays was performed
using GeneSpring. Arrays were normalized using robust mul-
tiarray analysis, and the p value of 0.05 was applied as a statis-
tical criteria for differentially expressed genes. These genes
were then grouped using hierarchical clustering with “com-
plete” agglomeration, and each cluster was further analyzed
based upon the known function of the genes contained in the
cluster. Expression profiles are displayed using Treeview (32).
Classification and clustering for pathway level analysis were
performed by using gene sets ASSESS (Analysis of Sample Set
Enrichment Scores), available on line (33). ASSESS provides a
measure of enrichment of each gene set in each sample. Gene
set enrichment was dependent on a concordance of at least
two samples within the replicates that was opposite between
phenotypes.
Immunohistochemistry, Chromatin Immunoprecipitation,

and ChIP-seq Analysis—Immunohistochemical analysis of
human breast cancer was conducted using a polyclonal
DACH1 antibody (13). Human breast cancer tissue arrays
were from Biomax. Chromatin immunoprecipitation assays
were conducted as described previously (34, 35) using anti-
bodies directed to the FLAG epitope of the DACH1 pro-
tein. ChIP-seq was conducted as described previously
(17).
Nude Mice Study—1 � 105 Met-1 cells expressing GFP

control or DACH1 were implanted subcutaneously into 4–6-
week-old athymic female nude mice purchased from NCI,
National Institutes of Health. The tumor growth was mea-
sured twice weekly for 7 weeks by using a digital caliper. Tu-
mor weight was measured when mice were sacrificed on day
35 after cells implantation.
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RESULTS

DACH1 Expression Is Reduced in Breast Cancer Cell Lines
Enriched for Cancer Stem Cells—Recent studies have demon-
strated the loss of DACH1 expression correlates with poor
prognosis in human breast cancer, and DACH1 inhibits
MCF7 cell proliferation in tissue culture (13). To characterize
further the expression of DACH1 in breast cancer cell types,
Western blot analysis was conducted using a previously char-
acterized polyclonal antibody (Fig. 1A) (13). Quantitation of
relative abundance from multiple experiments demonstrated
a reduction of DACH1 abundance in the MDA-MB231 and
HS578T cells. Immunoepitope staining for the breast cancer
stem cell markers CD44�/CD24� demonstrated a relative
increase in the proportion of CD44�/CD24� cells in the
MDA-MB231 and HS578T cells (Fig. 1B). Distinct subtypes of
human breast cancer include the basal-like, luminal (A and
B), Her2�, and normal breast-like carcinomas with distinct
prognostic significance. Basal-like breast carcinomas are of
high grade with a distinctive proclivity to metastasize and ex-
press genes associated with the maintenance of the stem cell
phenotype (36). Comparison between normal human breast
epithelial cells and basal-like versus nonbasal-like showed a
significant reduction in mRNA expression (Fig. 1C) and in
DACH1 abundance (Fig. 1D) in the basal-like tumors.
DACH1 Expression Inhibits the Proportion of Breast Cancer

Cells Expressing Cancer Stem Cell Markers in Vivo—Given the
association between low DACH1 expression and increased
expression of cancer stem cells, we examined whether
DACH1 expression could preferentially inhibit breast cancer
stem cells. Met-1 cells were transduced with a DACH1 ex-
pression vector resulting in an �2-fold increase in DACH1
expression by Western blot analysis (Fig. 2A). Immunohisto-
chemistry demonstrated the presence of the DACH1-tagged
FLAG epitope throughout the cell population. The effect of
DACH1 on mammary tumor growth in vivo was assessed by
implantation in nude mice (Fig. 2B). DACH1 expression re-
duced the volume of tumors by �80%. Tumor weight was
reduced by �90% (Fig. 2B). Serial transplantation experi-
ments demonstrated an �50% reduction in new tumor
formation of DACH1 expressing Met-1 breast cancer cells
(Fig. 2C).
DACH1 Inhibits Mammosphere Formation and the CD44�/

CD24� Phenotypes—Cancer stem cells can be enriched by
sorting for CD24�/low cells (2). To determine whether
DACH1 expression regulated the relative proportion of
CD24�/low breast tumor cells in vivo, Met-1 cells transduced
with either a DACH1 expression vector or a control vector
were implanted into nude mice. Tumors were grown for 3
weeks in mice and subsequently analyzed for CD24�/low cells.
Induction of DACH1 expression reduced the proportion of
CD24�/low cells by �50% (Fig. 2D).

As a complementary assay of the BTIC phenotype, Alde-
fluor staining was conducted as described previously (37). The
stem cell marker aldehyde dehydrogenase is thought to regu-
late stem cell differentiation through metabolism of retinal to
retinoic acid. The fluorescent Aldefluor assay measures alde-
hyde dehydrogenase activity and has been used to isolate can-

cer stem cells from brain tumors, multiple myeloma, acute
myeloid leukemia, and breast cancer. DACH1 expression re-
duced the proportion of Aldefluor-positive cells by �60%
(Fig. 2E). Expression of a DNA-binding defective mutant of
DACH1 (�DS) was defective in reducing Aldefluor staining
(Fig. 2E).
The cancer stem cell hypothesis suggests that many cancers

are maintained in a hierarchical organization of cancer “stem
cells” or tumor-initiating cells, rapidly dividing amplifying
cells (early precursor cells) and differentiated tumor cells (38).
Cancer stem cells are thought to contribute to tumor progres-
sion and therapy resistance and recurrence (1) and can be
enriched by cell sorting for CD44high/CD24�/low cells (2). A
small number of primary breast cancer cells, TIC, or can-
cer stem cells form secondary tumors (8). TICs form non-
adherent mammospheres when cultured under specific
conditions in the absence of serum. To examine further the
role of DACH1 in TIC, mammosphere assays were con-
ducted with the Met-1 mammary tumor cell lines. Induc-
tion of DACH1 reduced mammosphere number by �60%
in cell lines (Fig. 3A).
DACH1 expression in Met-1 cells reduced the relative pro-

portion of CD44high/CD24low cells by �80% (Fig. 3B, 15% ver-
sus 3%, n � 6, p 	 0.003). To examine the biological signifi-
cance of DACH1-mediated inhibition of the CD24
population, Met-1 cells transduced with DACH1 were grown
in tissue culture and subjected to FACS analysis for the
CD24high versus CD24low populations. Multipotentiality of the
CD24high and CD24low populations was determined by their
ability to form CD24high and CD24low populations and to
form mammospheres as a surrogate measure of stem cell ex-
pansion (Fig. 3C). CD24low/CD44� cells and CD24high/
CD44� cells were separated by FACS analysis and grown
in cultures for 3 weeks. Restaining by FACS demonstrated
CD24low/CD44high gave rise to both CD24high/CD44high and
CD24low/CD44high, whereas CD24high/CD44high gave rise to
only the parental CD24high/CD44high population (Fig. 3D).
The CD24low and CD24high Met-1 cells were next examined
for mammosphere formation. The CD24low cells gave a 4-fold
greater yield of mammospheres (Fig. 3E). These studies sug-
gest the CD24low and CD44high cells maintain multipotential-
ity. To determine the tumor growth characteristics of these
two distinct Met-1 cell populations, tumor implantation anal-
ysis was conducted. The CD24low/CD44high grew �4 times
larger tumors than CD24high/CD44high Met-1 cells (Fig. 3F).
Endogenous DACH1 Inhibits the Stem Cell Phenotype—

These studies suggested that a modest induction of DACH1
expression was sufficient to inhibit mammosphere formation
and the relative proportion of cells with features of breast
cancer stem cells. To determine whether endogenous DACH1
functioned to inhibit cancer stem cells, a lentivirus encoding
DACH1 shRNA linked via an internal ribosome entry site to
GFP was used to transduce Met-1 cells (Fig. 4A). Comparison
was made to the control vector. Reduction of DACH1 abun-
dance with DACH1 shRNA in multiplicate experiments in-
creased the proportion of CD44�/CD24� cells �2.2-fold (Fig.
4B). The number of mammospheres reflects the relative pro-
portion of progenitor cells, whereas the size of the mammo-
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sphere may also be affected in part by the proliferative capac-
ity of the cells. Mammosphere volume was increased 3.5-fold
by DACH1 shRNA expression (Fig. 4C). The relative number

of mammospheres was increased 350% by DACH1 shRNA
(Fig. 4C). c-Myc transduction of the immortal human
MCF10A cells induced cells with contact-independent growth

FIGURE 1. DACH1 expression in human breast cancer cell lines and breast carcinoma tissues. A, left panel, Western blot for DACH1 abundance of breast can-
cer cell lines, and �-actin was used as a loading control. Right panel, normalized mRNA expression of DACH1 in breast cancer cell lines. B, CD24/CD44 staining of
breast cancer cell lines. C, normalized DACH1 expression from Oncomine databases. D, representative image and semi-quantization of DACH1 expression in nor-
mal breast epithelium and triple negative invasive human breast cancer samples using DACH1-specific antibodies. Basal Ca, basal-type cancer.
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FIGURE 2. DACH1 blocks Met-1 tumor growth in vivo and inhibits properties associated with stem cell expansion. (A) Western blot and immunohisto-
chemistry of Met-1 cells transduced with vector or DACH1 expression vector tagged with Flag. (B) Nude mice were injected with equal numbers of Met-1
breast cancer cells co-transduced with either control vector or DACH1 expression plasmid. The tumor volume and tumor weight of Met-1 cells implanted in
nude mice. Analysis was conducted of n � 5. Data are mean 
 SEM. (C) Serial implantation study of Met-1 cells transduced with either vector or expression
plasmid. (D) FACS display of CD24/CD29 double staining of cells isolated from Met-1-GFP or Met-1-DACH1 tumors (Data are mean 
 SEM, n � 5, p 	 0.001).
(E) Aldefluor staining of Met-1 cells transduced either with DACH1 or a mutant of DACH1 which is defective in DNA binding (DACH �DS).

FIGURE 3. DACH1 reduces the proportion of CD24low/CD44high cells. (A) Mammosphere assays of Met-1 cells transduced with vector control or DACH1.
(B) FACS based CD24/CD44 double staining of Met-1 cells in vitro expressing DACH1 or control vector. (C) The cellular potential of CD24low/CD44high versus
CD24high/CD44high cells was determined. Schematic representation of methods for analysis of Met-1 population. (D) FACS analysis. (E) Mammosphere for-
mation and (F) tumor growth in nude mice studies comparing CD24low/CD44high and CD24high/CD44high cells.
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properties (13) and increased the proportion of CD44�/
CD24� cells (Fig. 4D) from �24 to 95%. Transduction of
MCF10-c-Myc cells with DACH1 inhibited the proportion of
breast cancer stem cells from 95 to �40% (Fig. 4D). The rela-
tive number of mammospheres was increased 350% by
DACH1 shRNA (Fig. 4C). These findings suggest endogenous
DACH1 is a key determinant of mammosphere number and
therefore of BTIC.
To examine further the mechanisms by which DACH1 in-

hibited cellular growth and angiogenesis, genome-wide ex-
pression studies were conducted of DACH1-transduced cells.
Molecular pathway analysis was conducted with DAVID us-
ing Gene Ontology and KEGG pathway sets. DACH1 re-
pressed gene expression of signaling pathways governing he-
matopoietic cell lineage, cellular communication, blood vessel
development, and multicellular organismal development.
DACH1 induced an acute inflammation response and cyto-

kine-cytokine receptor interaction (Fig. 5A). Several recent
studies have suggested the molecular circuitry controlling
stem cells may be active in certain tumors. Some of the key
regulators of embryonic stem (ES) cell identity, Oct4, Sox2,
andNanog, are expressed in specific tumors (9, 10). An embry-
onic stem cell-like gene expression signature has been identified
in poorly differentiated aggressive human tumors (36).Oct4,
Sox2, andNanog are required for propagation of ES cells in cul-
ture. Comparison of Dach1-regulated genes inMet-1 cells to
gene sets associated with ES cell identity via gene set enrichment
analysis demonstrated Dach1 down-regulates expression of Sox2
andOct4 gene targets, NOS targets (genes common to Nanog,
Oct4, and Sox2), and a gene set overexpressed in human ES cell
lines (Fig. 5B).
Increased expression of the Sox2, Oct4, Nanog, and EKLF4

gene is associated with the stem cell phenotype. We examined
whether expression of DACH1 could inhibit expression of

FIGURE 4. Endogenous DACH1 inhibits the stem cell phenotype. A, knocking down endogenous Dach1 expression by lentivirus shRNA vector to Dach1.
B, FACS-based CD24/CD44 double staining and mammosphere assay of Met-1 cells expressing shCTL or shDACH1. C, mammosphere number and size of
Met-1 cells expressing shDACH1. Data are mean 
 S.E. of �5 spearate experiments. D, FACS display of CD24/CD44 double staining of MCF10A and Myc
transformed MCF10A with vector control or DACH1. Western blot of MCF10A-transduced cells. Each cell type also expresses GFP from the vector as a
marker.
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genes associated with the cancer stem cell phenotype. Quanti-
tation of the relative expression of the ES cell markers (Sox2,
Oct4, Nanog, KLF4 and c-Myc) was conducted using mRNA
from the Met-1 tumors expressing DACH1 or control (Fig.
5C). RT-PCR analysis demonstrated a reduction in the abun-
dance of Sox2, Nanog, and KLF4. Each of these genes pro-
motes stem cell expansion.
To determine the functional significance of KLF4 and Sox2

repression, DACH1-transduced Met-1 cells were transfected
with expression vectors encoding KLF4 or Sox2. A FACS
analysis was conducted to examine the relative proportion of
CD24�/CD44� cells. DACH1 reduced the proportion of

CD24�/CD44� by �80%. Re-expression of KLF4/Myc or
Sox2/Oct4 partially reversed the phenotype (Fig. 5, D and E).
DACH1 Binds Promoters of Genes Governing Progenitor Cell

Expansion in ChIP and ChIP-Seq—ChIP-Seq analysis was
conducted of MDA-MB-231 cells expressing DACH1 to de-
termine whether DACH1 bound the promoters of stem cell
regulatory genes. DACH1 occupancy was identified at the
Sox2, Nanog, KLF4, and Lin28 promoters (Fig. 6A). Sox2,
KLF4, and Lin28 are known to play an important role in the
maintenance of stem cell pluripotency (39, 40). To examine
further DACH1 physical association with the promoters of
the Sox2 and Nanog genes in the context of local chromatin

FIGURE 5. Pathway analysis. A, pathway analysis of microarray data from Met-1 cells expressing DACH1 or control vector by DAVID using Gene Ontology
and KEGG pathway sets. Pathways are graphically rprsented by enrichment score. Red indicates up-regulated and blue indicates down-regulated. B, gene
sets enrichment analysis of microarray from Met-1 cells using gene targets of Sox2, Oct4, or NOS (Nanog, Oct4, and Sox2),which are enriched in ES cells (A).
C, real time RT-PCR detection of ES cell-related gene expression (data are mean 
 S.E., n � 3). D, quantitation of CD24�/CD44� staining of multiplicate
transductions. E, FACS analysis of Met-1 cells transduced with viral vectors encoding KLF/c-Myc or Oct4/Sox2.
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immunoprecipitation, assays were conducted. Comparison
was made using Met-1 cells expressing FLAG-tagged DACH1
or control vector. ChIP of the Sox2 promoter was conducted
using oligonucleotides directed to either the distal or the
proximal promoter. ChIP for DACH1 at the distal promoter
failed to identify chromatin-associated DACH1; however,
oligonucleotides directed to the proximal promoter, including

the Sox2-binding site, demonstrated the recruitment of
DACH1 (Fig. 6B). Similarly, the ChIP analysis of the Nanog
promoter identified DACH1 recruitment to the proximal but
not distal promoter region (Fig. 6C).
As DACH1 had reduced the expression of Sox2 and

Nanog, studies were conducted to determine whether the
Sox2 and Nanog genes were directly repressed by DACH1.

FIGURE 6. DACH1 represses Sox2 and Nanog transcription. (A) DACH1-dependent tag density at selected gene promoters. Arrow indicates the start site and
direction of transcription. (B) Chromatin immunopreciptation assays of the Sox2 and (C) Nanog promoter using Met-1 cells expression Flag-tagged DACH1 or con-
trol GFP vector. Schematic representation of oligonucleotide probes directed to the promoters. (D) Luciferase reporter gene assays of Sox-2 and (E) Nanog DACH1
wild type or a mutant of the conserved DS domain were co-transfected. The data are mean 
 SEM of n � 6 separate transfections (p 	 0.001).
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The promoter of the Sox2, the Nanog genes, and Lin28
were directly repressed by DACH1 expression (Fig. 6D).
Deletion of the DACH1 DS domain abrogated transcrip-
tional repression by DACH1 (Fig. 6, D and E).

DISCUSSION

This study provides several lines of evidence that DACH1
inhibits breast tumor stem cell expansion. First, DACH1 re-
duced the expression of the breast cancer stem cell markers
(CD44high/CD24low) within the tumors. DACH1 also reduced
the relative proportion of CD44high/CD24low Met-1 cells in
tissue culture. Second, DACH1 reduced the number and size
of mammospheres. Only a small number of primary breast
cancer cells known as breast tumor-initiating cells give rise to
secondary tumors, and the growth of BTIC as nonadherent
mammospheres serves as a useful surrogate of BTIC. Third,
shRNA to DACH1 reduced endogenous DACH1 and in-
creased the number of mammospheres and the proportion of
CD44�/CD24� cells. Fourth, DACH1 abundance was re-
duced in cell lines with features of breast cancer stem cells
and in the basal phenotype of human breast cancer. Fifth, the
expression profile of genes regulated by DACH1, and the
genes known to regulate ES cell features showed significant
overlap (36). Expression of the key regulators of ES cell func-
tion Sox and Nanog was repressed by DACH1 in Met-1 cells,
and DACH1 repressed the Sox and Nanog gene promoters.
DACH1 associated with the Nanog, Sox2, and KLF4 promot-
ers in ChIP assays or in ChIP-seq analysis. Collectively, this
study is consistent with a model in which DACH1 reduces the
proportion of breast cancer stem cells.
DACH1 is known to regulate gene transcription indirectly

through binding to DNA binding transcription factors (c-jun,
Smad, and SIX) (13, 35, 41, 42). Here, the transcriptional re-
pression of the Sox and Nanog genes by DACH1 required a
domain that is highly conserved from Drosophila to humans.
The Dachshund box N (DS domain) shares significant amino
acids with the Ski/Sno family. The DS domain is required for
transcriptional repression of a subset of target genes and is
required for HDAC1 recruitment by DACH1 in the context of
local chromatin using ChIP assays (14, 35) and for binding to
DNA (17). The DNA binding domain of DACH1 was required
for repression of the BTIC phenotype assessed using Alde-
fluor staining. DACH1 was recruited in the context of local
chromatin to the proximal promoters of the Sox2 and Nanog
promoters. Collectively, these studies suggest DACH1 re-
presses expression of Sox2, Nanog, and KLF4. These findings
are consistent with the finding that DACH1 expression is re-
duced in the basal breast cancer phenotype, that the basal
phenotype is known to overexpress Sox2, and that the basal
phenotype displays features of breast cancer stem cells (9).
Sox2 maintains stem cell properties, and Sox2 down-regula-
tion correlates with loss of pluripotency and the induction of
differentiation (9). Re-expression of KLF4/c-Myc or Sox2/
Oct4 partially reversed the inhibition of the BTIC phenotype.
Further studies will be required to distinguish the functional
interactions between DACH1 and the gene products govern-
ing stem cell phenotypes in breast cancer.

This study demonstrated that DACH1 reduced the propor-
tion of CD44high/CD24low cells. Cancer stem cells can be
enriched by sorting for CD44high/CD24low cells and are char-
acterized by their multipotentiality and their ability to self-
renew (1). We demonstrated the population of CD44high/
CD24low was enriched in their capacity to produce
mammospheres. The population of CD44high/CD24low cells
was multipotential giving rise to both CD44high/CD24low and
CD44high/CD24high populations after serial passage in tissue
culture. These studies suggest DACH1 represses the propor-
tion of breast cancer cells with multipotentiality characteristic
of cancer stem cells.
These findings are consistent with prior studies suggesting

a role for Dac in progenitor cell function. In Drosophila, dac is
expressed in progenitor or stem cells that give rise to several
distinct organocellular populations, including muscle, neu-
rons, and gonadal germ cells. dac is expressed in neural pro-
genitors (neuroblasts) of the mushroom body, a brain struc-
ture present in most arthropods. These neuroblasts divide in a
stem cell mode and produce lineages of 10–20 neurons. Dac
is thought to play a role in specifying the structural fate of
Kenyon cell axons, and mushroom body neuropils are drasti-
cally abolished in the pupa of dac null mutants (43). In mam-
malian cells, DACH1 is expressed in the developing eye, ear,
limb, and mammary epithelium. Although Dach1 gene dele-
tion in the mouse is perinatal lethal, expression studies in the
murine embryo suggest an important role for Dach1 in cell
fate determination. Thus Dac is expressed in embryonic pro-
genitor cells, and expression is lost upon terminal differentia-
tion. DACH1 expression is reduced in tumors (breast, pros-
tate, and uterus) (13, 14) correlating with poor prognosis.
DACH1 re-expression in breast cancer cells reduced the pro-
portion of cells with features of cancer stem cells.
In this study, DACH1 reduced cellular invasiveness and

reduced the proportion of CD44high/CD24low cells. Analysis
of the mechanism by which DACH1 regulates the proportion
of BTIC demonstrated the role for a secreted factor. The con-
ditioned medium from DACH1-transduced Met-1 cells reca-
pitulated the effect of DACH1 transduction of Met-1 cells to
reduce the proportion of CD44�/CD24�/low cells. In previous
studies, we demonstrated the conditioned medium of
DACH1-transduced breast cancer cells was sufficient to re-
duce migration of Met-1 cells (44). It will be of interest in fu-
ture studies to determine whether similar secreted factors
regulate the distinct properties of repressing features of BTIC
and inhibiting cellular migration.
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