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c-myc is frequently amplified in breast cancer; however, the mechanism of myc-induced mammary epithelial
cell transformation has not been defined. We show that c-Myc induces a profound morphological transfor-
mation in human mammary epithelial cells and anchorage-independent growth. c-Myc suppresses the Wnt
inhibitors DKK1 and SFRP1, and derepression of DKK1 or SFRP1 reduces Myc-dependent transforming
activity. Myc-dependent repression of DKK1 and SFRP1 is accompanied by Wnt target gene activation and
endogenous T-cell factor activity. Myc-induced mouse mammary tumors have repressed SFRP1 and increased
expression of Wnt target genes. DKK1 and SFRP1 inhibit the transformed phenotype of breast cancer cell
lines, and DKK1 inhibits tumor formation. We propose a positive feedback loop for activation of the c-myc and
Wnt pathways in breast cancer.

Breast cancer is the most common malignancy of women
worldwide, affecting nearly 10% of all women in Western
countries at some point in their lifetime. Despite considerable
research, the genetics of breast cancer remains unresolved. A
small fraction of breast cancers arise from familial inheritance
of highly penetrant tumor susceptibility genes, whereas the
majority of cancers appear to arise through the somatic accu-
mulation of a variety of different lesions to oncogenes and
tumor suppressors (27). Among the genes first found to be
amplified in breast cancer is c-myc, one of the earliest onco-
genes identified and one which can contribute to many forms
of cancer (40). Amplification of c-myc in breast cancer was first
described in 1986, and reports vary as to how consistent these
lesions are in tumors (22, 28). A comprehensive review sug-
gests that at least 15% of breast cancers present with significant
amplification of c-myc, and it is likely that a much larger frac-
tion of tumors exhibit overexpression of the c-myc gene or
protein through other mechanisms (13).

The link between c-myc overexpression and breast cancer
was confirmed by animal model studies. Constitutive c-Myc
expression under control of either the mouse mammary tumor
virus (MMTV) long terminal repeat promoter or the whey
acidic protein promoter in the mammary gland is oncogenic in
transgenic mice (12, 44–46). Tumors are focal and form with
variable latency, which presumably reflects the need for addi-
tional genetic lesions to promote progression of partially trans-
formed cells. No consistent pattern of secondary lesions in
c-myc-induced mammary tumors has been identified.

The cellular response to c-Myc overexpression is dependent
on the cellular context. c-Myc can increase proliferation rate,

cell mass accumulation, and oncogenic transformation but can
also induce apoptosis and G2 arrest (15). c-Myc-driven onco-
genic transformation is particularly significant because it mod-
els the phenotypic changes that c-Myc causes during tumori-
genesis, including loss of cell contact inhibition, loss of the
requirement for cell matrix attachment, and increased prolif-
eration rate.

c-Myc is a pleiotropic but weak transcription factor (9).
Numerous microarray studies demonstrate that expression of
Myc activates or represses about 5 to 10% of all genes by
1.5-fold or more (reviewed in reference 11). None of these
genes can remotely recapitulate the powerful cell transforming
activity of c-Myc; thus, the cooperative action of at least sev-
eral, possibly many, c-Myc target genes must operate to trans-
form cells. Despite the fact that 80% of cancers are epithelial
in origin and that overexpression of c-Myc plays a prominent
role in many of these tumors, the only Myc-regulated gene
demonstrated to be necessary for epithelial cell transformation
is CDK4 (35), and no specific genes have been shown to be
necessary for transformation of mammary epithelial cells
by Myc.

Another established oncogenic pathway in mammary epithe-
lial cells is constitutive Wnt signaling, which also functions in
other epithelial cell lineages. Regulated Wnt signaling is crit-
ical to normal development, whereas unrestrained Wnt signal-
ing is found in many tumors and experimentally activating Wnt
is oncogenic (7, 17, 38). The family of extracellular Wnt pro-
teins ligates the transmembrane coreceptors Frizzled and
LRP5/6, thus inducing the “canonical” pathway, which in-
creases the active nuclear pool of �-catenin by a coordinated
set of mechanisms. Wnt ligand binding also induces the “non-
canonical” pathway, which signals via Ca2�, Jun N-terminal
protein kinase, and other mediators (31). Wnts were first iden-
tified as being capable of initiating tumors in a promoter in-
sertion screen for constitutively hyperactivated genes in the
mouse mammary gland (39). Subsequently, hyperactivating
mutations in �-catenin and inactivating mutations in APC and
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Axin, which result in increased �-catenin levels, have been
commonly found in colon carcinomas and other tumors (17).
However, although �-catenin has been found to be stabilized in
about 50% of breast carcinomas, mutations in the Wnt signal-
ing pathway are relatively rare (7). Recently it was demon-
strated that an autocrine Wnt signaling loop is operational
in breast cancer lines and is necessary for full oncogenic
activity (3).

In this report, we show that c-Myc is a potent transforming
gene for human mammary epithelial cells, supporting the con-
sistent observations that amplification of c-myc is a frequent
contributory factor in breast cancer. Furthermore, we have
identified the Wnt inhibitors DKK1 and SFRP1 as being Myc-
repressed genes that account for a significant component of the
oncogenic activity of Myc through activation of the Wnt path-
way. These findings provide a molecular basis for the promi-
nent role of c-myc in human breast cancer.

MATERIALS AND METHODS

Cell culture, transfection, and retrovirus infection. PhoeNX retrovirus pro-
ducer cells, mouse embryonic fibroblasts, breast cancer lines MDA-435 and
T47D, and normal HBL100L breast epithelial cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum.
Immortalized mammary epithelial cells (IMECs) and MDA-231 cells were cul-
tured in 1:1 DMEM-F12 medium supplemented with factors (14). Retrovirus
infection was performed with PhoeNX cells. Briefly, PheoNX cells were trans-
fected with 4 �g of DNA by using Fugene (Roche) according to the manufac-
turer’s instructions. Virus was harvested from the culture medium 2 days later
and used to infect recipient IMECs. Cells were selected 2 days later and main-
tained in 0.5 mg/ml G418 (Sigma) to select for IRES-NEO vectors (IRES-NEO,
DKK1-FLAG-IRES-NEO, and FLAG-SFRP1-IRES-NEO). Hygromycin (150
�g/ml) (Calbiochem) was used to select for LXSH vectors (LXSH, LXSH c-
MycWT, LXSH c-Myc�MBII, and LXSH MycER). 4-Hydroxytamoxifen (OHT)
(100 nM) (Sigma) was used to activate MycER. Cycloheximide (20 �g/ml) was
added 30 min before the addition of tamoxifen. Small interfering RNA (siRNA)
was purchased from Dharmacon and used according to the manufacturer’s in-
structions. Cells were transfected for 2 days prior to being harvested.

Vectors. DKK1-FLAG was subcloned from pCS-2-hDKK1-FLAG, a gift from
S. Sokol, into BMN-IRES-Neo. FLAG-SFRP1-IRES-NEO and BMN (IRES-
GFP) FLAG-SFRP1 were subcloned from a plasmid provided by J. Rubin.
LXSH c-Myc, LXSH c-Myc�MBII, and LXSH c-MycER were also used.

Cell counts. Cells were plated in regular growth medium at 0.5 � 105 per
six-well plate well. Cells were maintained as described above. Cells were har-
vested each day in 500 �l trypsin and counted with a hemocytometer. At least 100
cells were counted. The experiments were repeated on three independent occa-
sions, and error bars show standard deviations.

Soft agar assay. Assays were performed in six-well plates, in duplicate. The
lower layer consisted of 2 ml medium and 0.6% Noble agar (USB). The upper
layer consisted of 2 ml medium, 0.3% Noble agar, and 2 � 104 cells. Agar at 50°C
was mixed with medium at 37°C, plated, and left to set for 10 min. Plates were
fed every other day with 250 �l regular growth medium. After 2 weeks, undivided
cells and colonies over 20 �M were scored with a reticle. One hundred cells were
counted from duplicate wells, and the experiment was performed on two inde-
pendent occasions. Graphs show the mean number of colonies, with standard
deviations.

TCF reporter assay. For T-cell factor (TCF) reporter assays, low-passage cells
(105) were plated onto six-well plates (for IMECs coated in 10% Matrigel [BD
Biosciences]). Two days following plating, each well was transfected with 0.02 �g
TOP or FOP FLASH plasmid (26) and 0.002 �g pRL-SV40. For a positive
control, 1 �g and 0.25 �g pCDNA 3.1 �-catenin were also transfected. Two days
following transfection, cells were lysed, and luciferase and Renilla activity was
measured with Dual-Glo luciferase reagents (Promega). Luciferase readings
were normalized against Renilla readings, and TOP FLASH/FOP FLASH ratios
for each cell line were calculated. Experiments were performed on at least two
independent occasions, and error bars indicate standard deviations.

RT-PCR. RNA was extracted from log-phase cells with the RNeasy kit
(QIAGEN) or TRIzol (Invitrogen), according to the manufacturer’s instructions.
Reverse transcription (RT)-PCR was carried out with the Platinum Quantitative

RT-PCR system (Invitrogen), according to the manufacturer’s instructions. The
annealing temperature was usually 55°C. RT-PCRs were monitored for each
primer pair to be within the linear range. Primers used for human cells were as
follows (the number of cycles is indicated in parentheses): DKK1 (20), TTC
CAACGCTATCAAGAACCTGC and CAAGGTGGTTCTTCTGGAATACC;
SFRP1 (20), AAGCCACCTCAGTGCGTGG and CAGATTTCAACTCGTTG
TCACAGG; RAR-� (RARG) (20), TGCCATGGCCACCAATAAGG and CG
TGTACACCATGTTCTTCTGGATGCTTCG; WISP1 (22), TGTGCGCTCAG
CAGCTTGG and CGTCGTCCTCACATACC; GAPDH (17), CTCAAGACA
CCATGGGGAAGGTGA and ATGATCTTGAGGCTGTTGTCATA. Primers
used for mouse cells were as follows: DKK1, TTCCAACGCGATCAAGAA
CCTGC and CAGTGTGGTTCTTCTGGGATATC; SFRP1, CCACAACGT
GGGCTACAAGAAGATGG and TTCATCCTCAGTGCAAACTCGCTTGC.
Fragments were resolved by 5% Tris-borate-EDTA polyacrylamide gel electro-
phoresis (PAGE), visualized by phosphorimager, and quantitated with Image-
Quant software.

Immunoblotting. For conditioned medium immunoblots, 1 � 105 cells were
plated in six-well-plate wells with 2 ml regular medium. Two days later, medium
was filtered through an 0.45-�m filter, and either 10 �l medium was used for
immunoblotting (DKK1) or medium was concentrated 5� on Centricon columns
and 30 �l was used for immunoblotting (SFRP1, �-tubulin). The protein con-
centration of the medium prior to concentration was also determined by the
Lowry method. For other immunoblots, cells were washed with phosphate-
buffered saline (PBS) and lysed in a modified radioimmunoprecipitation assay
buffer (50 mM Tris-HCl [pH 8.0]; 130 mM NaCl; 1% NP-40; 0.5% deoxycholate;
0.1% sodium dodecyl sulfate [SDS]; 20 mM NaF; 1 �g/ml of leupeptin, pepstatin,
and aprotinin; 1 mM dithiothreitol; and phosphatase inhibitor cocktail I and II
[Sigma]). The protein concentration was determined with the Modified Lowry
Protein Assay kit (Pierce). Protein equivalents were subject to SDS-PAGE,
transferred to a polyvinylidene difluoride membrane, and immunoblotted. An-
tibodies were as follows: anti-c-myc polyclonal (a gift from Steve Hann), anti-
FLAG antibody (Sigma), anti-�-tubulin antibody (Santa Cruz), anti-E-cadherin
antibody (BD Biosciences), anti-DKK1 antibody, and anti-SFRP1 antibody
(R&D Systems).

ChIP assay. The chromatin immunoprecipitation (ChIP) assay was performed
with the Chip Assay kit (Upstate), according to the manufacturer’s instructions.
Antibodies used were polyclonal anti-c-Myc antibody (N262) and polyclonal
anti-�-tubulin antibody (both from Santa Cruz Biotech). Primers used for human
cells were as follows: DKK1 promoter (�227 to �259), GCTCGCTGGTAGC
CTTCACC and CCGAGTTCAAGGTGGCGCTC; DKK1 coding (�1818 to
�2290), TACACATTGGTGCTTCTGTCCATCTGG and CAAACAGAACCT
TCTTGTCCTACGAAGG; SFRP1 promoter (�152 to �318), GTTCTAGTA
AACCGAACCCGCTCGC and CTGCGCCCGATGCCCATG; SFRP1 coding
(�44056 to �44416), GGCCCATCAAGAAGAAGGACCTGAAG and GAAT
GCTGCAAGAACAAGCCGACTG. Primers used for mouse cells were as fol-
lows: DKK1 promoter, AGACTCCACCAGCGGAGGTCC and GGCGCCAC
ACTGACAGCAGAGC; DKK1 gene body, TGTTAATGTCTCAAAGAAGT
CTCC and AACTTCTCTGCTCTGGGTGCTAGC; SFRP1 promoter, TTG
ACCTGGGTCTAGTTCTAGTAAACC and GCTGCTGCACCTACTTGCG
ACG; SFRP1 gene body, GGAAAACGGTGACAAGAAGATTGTCC and AC
AGACTGGAAGGTGGGACACTCG. Sequences of other primers used to scan
the Myc binding sites are available upon request. PCRs were labeled with
32P-labeled primers, and PCR products were resolved by gel electrophoresis and
quantitated with a phosphorimager. PCR products were normalized to input, and
then the ratio of Myc IP signal/�-tubulin IP signal was calculated.

Transgenic mice. Mammary tumors were induced in transgenic mice by acti-
vation of the c-MYC, Neu, Wnt1, or Ras pathway by administering 2.0 mg/ml
doxycycline–5% sucrose in drinking water to 6-week-old female MMTV-rtTA/
TetO-c-MYC (12), MMTV-rtTA/TetO-NeuNT (36), or MMTV-rtTA/TetO-
Wnt1 (19) mice or by administering 0.012 mg/ml doxycycline to 6-week-old
female MMTV-rtTA/TetO-v-Hras (B. A. Keister et al., unpublished data) mice.
Doxycycline was replaced weekly. Animals were sacrificed when tumors reached
10 mm in diameter; then, tumor tissue was snap-frozen and RNA was prepared
by homogenization in guanidine thiocyanate, followed by ultracentrifugation
through cesium chloride. RNA was DNase 1 treated on an RNeasy minicolumn
(QIAGEN) for 15 min, according to the manufacturer’s instructions.

Tumor work. Cells (106) cells in 100 �l PBS and one Matrigel were injected
subcutaneously into both flanks of female nude mice. Mice were monitored for
tumors at least weekly. Tumors were first detected after 4 weeks. Tumors larger
than 7 mm in diameter were recorded. After 8 weeks, tumors from the mice were
extracted and weighed.
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RESULTS

c-Myc transforms IMECs. To study the role of c-Myc in
mammary epithelial cells, we infected telomere reverse trans-
criptase (TERT)-IMECs (14) with retrovirus vectors express-
ing c-MycWT, c-Myc�MBII, and a control (LXSH) and se-
lected pools of infected cells (Fig. 1A). c-Myc�MBII is a
transformation- and transactivation-deficient mutant that de-
letes an evolutionarily conserved segment of the N terminus
(9). Western blot analysis of cell extracts confirmed that c-
MycWT and c-Myc�MBII were overexpressed in these cell
lines (Fig. 1B).

Immediately following drug selection, a change in morphol-
ogy was observed in IMECs expressing c-MycWT but not
c-Myc�MBII or vector control. Vector IMECs have a typical
cuboidal epithelial cell morphology, but c-MycWT IMECs ex-
hibit a fibroblastoid phenotype; i.e., they are less cuboidal,
more spindly, and more refractile (Fig. 1A). At confluence,
c-MycWT IMECs exhibit less contact inhibition than vector
IMECs, but they do not pile up to form foci. This change in
morphology suggested that a c-Myc-dependent epithelial mes-
enchymal transition (EMT) had occurred. We performed a
Western blot analysis against E-cadherin, a marker of EMT

FIG. 1. c-Myc transforms TERT-IMECs. TERT-IMECs were infected with c-MycWT, c-Myc�MBII, or vector control, and pools were selected
with hygromycin. (A) Phase-contrast micrographs of log-phase IMECs. (B) Western blot analyses were performed with equivalent amounts of cell
extracts using anti-c-Myc antibody (top) and anti-�-tubulin antibody (bottom). (C) Western blot analyses were performed as for panel B with
anti-E-cadherin antibody (top) and an anti-�-tubulin antibody (bottom). (D) Cell lines were subjected to a 14-day soft agar assay in six-well plates,
and representative wells were scanned. (E) Colonies larger than 10 �m were counted for two wells from two independent experiments. The graph
shows the mean number of colonies per 100 plated cells, and error bars indicate standard deviations.
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which is repressed following EMT (47). Consistent with the
EMT phenotype, we found that E-cadherin expression is
strongly repressed in cells expressing c-MycWT compared to
vector control cells (Fig. 1C). In a separate study, we present
data that c-Myc repression of E-cadherin is posttranscrip-
tional (8).

Elevated expression of c-Myc increases the cell proliferation
rate in many cell systems. To measure whether exogenous
expression of c-Myc increases the cell proliferation rate in
IMECs, we assessed the growth rate of each cell type over 5
days (see Fig. 4D). Vector IMECs were found to proliferate
with a doubling time of 23 h, whereas c-Myc IMECs proliferate
significantly faster, with a doubling time of 16 h (see further
discussion below).

Since c-Myc is an oncogene found frequently overexpressed
in breast cancer, we investigated whether overexpression of
c-Myc could transform IMECs. Transformation assays score
whether cells can grow independently of a subset of the signals
required by normal cells, thus modeling the changes that occur
during tumor formation. We used a soft agar transformation
assay that measures whether cells can undergo anchorage-
independent growth, which is one of the most consistent indi-
cators of oncogenic transformation (1). After 14 days, vector
IMECs and c-Myc�MBII IMECs failed to grow in soft agar,
whereas c-MycWT IMECs grew into robust colonies (Fig. 1D).
Quantitation of repeated experiments showed that an average
of 67% of the c-MycWT IMECs formed colonies in soft agar
(Fig. 1E). Therefore, expression of c-Myc alone is sufficient to
transform TERT-IMECs and to permit anchorage-indepen-
dent growth. However, the cells do not form tumors in nude
mice (data not shown), indicating that additional mutations
would be required for fully oncogenic transformation.

The Wnt inhibitors DKK1 and SFRP1 are repressed by
c-Myc. c-Myc is a transcription factor, and we investigated the
target genes responsible for the c-Myc-induced transformation
of mammary epithelial cells. We conducted a global analysis of
the transcriptional response to c-Myc using microarrays, which
will be described in detail elsewhere. Two of the genes strongly
repressed by overexpression of c-Myc were the inhibitors of the
Wnt pathway, DKK1 and SFRP1. We confirmed that c-Myc
repressed DKK1 and SFRP1 by performing RT-PCR on RNA
from several independently isolated cell lines (Fig. 2A). Quan-
titation of the reactions confirmed that expression of MycWT
strongly repressed the expression of both of these genes. c-Myc
expression repressed DKK1 expression by over 12-fold and
SFRP1 expression by over 28-fold. We also found that N-Myc
represses DKK1 and SFRP1 expression in primary human
foreskin fibroblasts and granular neuronal precursors (data not
shown).

DKK1 and SFRP1 are both secreted Wnt inhibitors. There-
fore, we investigated DKK1 and SFRP1 protein expression by
performing Western blot analyses of conditioned medium (Fig.
2B). In correlation with the mRNA expression levels, Myc was
found to repress both DKK1 and SFRP1 protein levels. Over-
expressed DKK1 and SFRP1 were used as positive controls,
and a �-tubulin control was used to confirm that the condi-
tioned medium did not contain cell contamination.

Many models have been proposed to explain how Myc in-
duces transcriptional repression, but the precise mechanism
remains elusive. It is beyond the scope of this study to resolve

the mechanism of Myc repression, but Myc can be judged to
repress a gene relatively directly if it represses transcription
rapidly in an inducible system and in the presence of transla-
tion inhibitors. Since IMECs are estrogen receptor negative
(14), we were able to take advantage of the Myc-estrogen
receptor fusion, c-MycER, which is relatively inactive until the
addition of OHT (30). Activation of c-MycER for 1 h was
sufficient to repress expression of both SFRP1 and DKK1 but
not the GAPDH control (Fig. 2C). Consistent with what has
been observed for many genes, activated MycER repression of
DKK1 and SFRP1 is weaker than steady-state Myc-induced
repression. It may take some time for the existing pools of
DKK1 and SFRP1 to be depleted once transcription is re-
pressed. In IMECs, it was not possible to activate MycER in
the presence of cycloheximide to establish that repression is
independent of translation, because cycloheximide was prohib-
itively toxic. In human fibroblasts, however, activated MycER
repressed DKK1 and SFRP1 expression (Fig. 2D). Repression
was judged to be direct since it also occurred in the presence of
cycloheximide, which blocks translation. SFRP1 and DKK1
were repressed by c-MycV394D, indicating that repression
does not involve Miz1 (21) (see Fig. S1 in the supplemental
material).

Many Myc-repressed genes have been found to have Myc
bound to their promoters, although the functional significance
of this remains unclear. We carried out a ChIP assay using
anti-c-Myc or control (�-tubulin) polyclonal antibodies to de-
termine if Myc was bound to the DKK1 and SFRP1 promoters.
PCR was performed with a series of overlapping primers that
spanned 1 kb to either side of the transcriptional start site. For
both DKK1 and SFRP1, Myc binding was found to be two- to
threefold higher around the transcriptional start site in Myc
IMECs than in vector IMECs (Fig. 2E). As a negative control,
Myc binding was not found in the coding regions of either
gene. c-Myc could also be found bound to the DKK1 and
SFRP1 promoters in mouse embryo fibroblasts and in human
breast cancer cell lines (see Fig. S2 in the supplemental mate-
rial). In summary, c-Myc binds to DKK1 and SFRP1 promot-
ers and rapidly represses these genes in a translation-indepen-
dent manner, but further studies are required to establish the
precise mechanism.

c-Myc increases expression of TCF and Wnt-responsive
genes. Because we had found that c-Myc expression represses
two Wnt pathway inhibitors, we wanted to determine whether
this had the functional consequence of activating Wnt signal-
ing. Transcriptional activation of c-Myc and cyclin D1 are often
used as a Wnt readout, but they could not be used in this study
because c-Myc represses its own expression through an auto-
regulation loop (41). Myc is also reported to have variable
effects on cyclin D1 expression (10, 42), and we found that
cyclin D1 is repressed by c-Myc in IMECs (data not shown).
Therefore we used two other well-established Wnt-responsive
genes, WISP1 and RARG, as a readout for an active Wnt
signal (33, 53). c-MycWT but not c-Myc�MBII expression was
found to increase expression of both WISP1 and RARG in
IMECs (Fig. 3A), and c-MycWT can weakly induce many
other reported Wnt target genes (see Fig. S3 in the supple-
mental material).

An alternative method for measuring cellular Wnt activity is by
using the TOP/FOP FLASH reporter assay, which measures TCF
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transcriptional activity (26). In the TOPFLASH plasmid, lucifer-
ase is driven by TCF sites, whereas the FOPFLASH plasmid has
mutated TCF sites; therefore, the relative TCF activity can be
taken as a ratio of TOPFLASH to FOPFLASH. In this assay,
overexpression of c-Myc in IMECs stimulated the TCF reporter
activity by twofold (Fig. 3B). IMECs expressing �-catenin were
used as a positive control. We conclude that expression of c-Myc
in IMECs activates the Wnt pathway. The extent of activation is

similar to that found for cellular genes in response to the TCF
transcription factor that mediates downstream Wnt signaling
(50). We stress that DKK1 and SFRP1 probably regulate other
genes and pathways besides those described here, e.g., in the
noncanonical Wnt signaling pathway (5, 7, 51).

Repression of DKK1 and SFRP1 is necessary for c-Myc-
dependent transformation of human mammary epithelial
cells. Elevated Wnt signaling in the mammary gland is onco-

FIG. 2. c-Myc represses DKK1 and SFRP1. (A) RNA from IMECs expressing vector control, c-MycWT, or c-Myc�MBII (left) were used as
a template for RT-PCR using primers specific for DKK1, SFRP1, and GAPDH. The RT-PCR signal was quantitated and normalized to c-MycWT
values, and the relative values are shown below the image. (B) Immunoblotting was performed with equivalent volumes of conditioned medium
from IMECs expressing the indicated constructs. Primary antibodies were anti-DKK1, anti-SFRP1, and anti-�-tubulin, as indicated. For the
anti-�-tubulin blot, whole-cell extracts were used as a positive control. The protein concentration in the medium was determined by the Lowry
method. (C) IMECs expressing vector control or c-MycER were induced with 100 nM OHT for 0, 1, 2, and 4 h, as indicated. RNA was extracted
and used as a template for RT-PCR using primers specific for DKK1 (dark gray) and SFRP1 (light gray). (D) Human BJ fibroblasts expressing
vector control or MycER were treated for 4 h with OHT and/or cycloheximide (CHX), as indicated. RNA was extracted and used as a template
for RT-PCR using primers specific for DKK1, SFRP1, and GAPDH. Expression of DKK1 and SFRP1 normalized to GAPDH and relative to
untreated cells is indicated. Throughout the figure, error bars indicate standard deviations. (E) ChIP assay performed on vector IMECs and c-Myc
IMECs (left) using anti-c-Myc and anti-�-tubulin antibodies. PCR was performed using primers specific for the DKK1 and SFRP1 promoter
(prom.) and coding (cod.) regions. PCR signals were normalized to input, and a ratio of signal from anti-Myc IP to anti-�-tubulin IP was calculated.
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genic in mouse models (39). Therefore, we wanted to inves-
tigate whether the c-Myc-mediated repression of the Wnt
inhibitors DKK1 and SFRP1 could be necessary for full c-
Myc-induced cell transformation. To restore expression ex-
perimentally, the vector IMEC and c-Myc IMEC lines were
infected with DKK1-FLAG, FLAG-SFRP1, or vector control
(IRES-NEO), and stable pools were drug selected (Fig. 4A).
Exogenous expression of DKK1 and SFRP1 did not increase or
decrease exogenous c-Myc expression; however, endogenous
c-Myc expression was reduced by expression of either DKK1 or
SFRP1 (Fig. 4A). This is consistent with endogenous c-Myc
being a Wnt target gene at the level of both transcription and
mRNA stability (20, 37). To assess the extent of transforma-
tion, soft agar assays were performed with the different IMEC
lines (Fig. 4B and C). As before, c-Myc and vector IMECs grew
in soft agar with an average efficiency of 65%. However, re-
stored expression of either DKK1 or SFRP1 in the c-Myc
IMECs (c-Myc/DKK1/IMEC and c-Myc/SFRP1/IMEC) led to
a reduced efficiency of anchorage-independent growth to be-
low 35% (Fig. 4C). Therefore, c-Myc repression of DKK1 and
SFRP1 is necessary for a significant fraction of c-Myc-depen-
dent transformation of IMECs. Expression of DKK1 and
SFRP1 simultaneously in c-MycWT IMECs did not reduce
transformation more than expression of either inhibitor alone
(Fig. 4C), indicating that these inhibitors utilize the same ge-
netic pathway in mammary epithelial cell transformation. In
Fig. 1, c-Myc expression is demonstrated to repress E-cadherin
expression. E-cadherin is a tumor suppressor, and we report
elsewhere that Myc-induced epithelial cell transformation is
also dependent on repression of E-cadherin (8).

Because c-Myc accelerates cell proliferation in addition to
inducing anchorage-independent growth, we investigated
whether c-Myc-mediated repression of DKK1 and SFRP1 was
also necessary for the accelerated proliferation rate. We found
that c-Myc IMECs expressing exogenous DKK1, SFRP1, or
vector control all proliferated with a doubling time of about
16 h, indicating that repression of DKK1 or SFRP1 is not
necessary for c-Myc-driven cell proliferation (Fig. 4D). We can
conclude that DKK1 and SFRP1 do not repress transformation

simply because they repress the proliferation rate. The accel-
erated growth rate induced by c-Myc must depend on one or
more target genes other than DKK1 and SFRP1.

We have shown that c-Myc expression increases Wnt signal-
ing in IMECs (Fig. 3) and hypothesized that c-Myc-mediated
repression of DKK1 and SFRP1 was necessary for this Wnt
activation. To explore this, we looked at the same Wnt read-
outs in the c-Myc/DKK1/IMEC and c-Myc/SFRP1/IMEC cells.
As expected, expression of DKK1 or SFRP1 inhibited expres-
sion of the c-Myc-induced Wnt target genes WISP1 and
RARG1 (Fig. 5A). Expression of DKK1 and SFRP1 also in-
hibited c-Myc-induced TCF reporter gene activity (Fig. 5B).
Therefore, we conclude that c-Myc-induced Wnt activity and
cell transformation are dependent on c-Myc repression of
DKK1 and SFRP1.

SFRP-1 is strongly repressed in c-Myc-induced tumors. To
investigate the in vivo significance of our findings, we investi-
gated DKK1 and SFRP1 expression in a panel of murine mam-
mary tumor models. We analyzed four mouse tumors arising
following tetracycline induction of c-Myc, Neu, Wnt, or Ras
in the MMTV-rtTA/TetO system (12, 19, 36). SFRP1 was
strongly repressed in the c-Myc-induced tumors (Fig. 6). In
comparison to the average Myc tumor expression level, SFRP1
was expressed on average 6.9 times higher in Neu tumors, 3.6
times higher in Wnt tumors, and 9.1 times higher in Ras tu-
mors. The SFRP1 expression level in the Myc tumors was
statistically lower than in the other groups of tumors, giving P
values of 8.2 � 10�4, 1.8 �10�2, and 8.5 � 10�3 for Neu, Wnt,
and Ras tumors, respectively. DKK1 expression was not regu-
lated in the same tumors, and expression was barely detectable.

To look for evidence of elevated Wnt signaling in Myc tu-
mors, we investigated the expression level of two other Wnt
target genes, RARG and Fzd7, in the tumor panel (33, 52).
Wnt- and Myc-induced tumors had the highest average expres-
sion of RARG and Fzd7 (Fig. 6). The average expression of
RARG in Myc tumors was 1.6-fold higher than that in Neu and
Ras tumors (P values of 0.02 and 0.03, respectively), and the
average RARG expression in Wnt tumors was 2.2-fold higher
than in Neu and Ras tumors. The average expression of Fzd7

FIG. 3. c-Myc activates Wnt signaling. (A) RNA extracted from IMECs expressing vector, c-MycWT, or c-Myc�MBII was used as a substrate
for RT-PCR performed using primers specific for WISP1, RARG, and GAPDH. (B) TOP FLASH TCF reporter assay was performed with IMECs
expressing vector control, c-Myc, or �-catenin, as described in Materials and Methods.
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in Myc tumors was approximately threefold higher than that in
Neu and Ras tumors (P values of 0.01 for both comparisons).
Average Fzd7 expression in Wnt tumors was 1.8-fold higher
than in Neu and Ras tumors. WISP1 was not expressed at a
significant level in these tumors. Thus, Myc induced expression
of Wnt target genes to a level comparable to that of a direct
Wnt oncogene.

c-Myc is a known Wnt target gene, and we found that en-
dogenous c-Myc expression was elevated in the Wnt tumors.
Average c-Myc expression in Wnt tumors was 2.5 to 3 times
higher than that in Neu and Ras tumors (Fig. 6), comparable
to the other Wnt targets discussed above. Elevated c-Myc
expression in Wnt tumors may be responsible for the reduced

SFRP1 expression in these tumors compared to Neu and Ras
tumors. Although we were able to detect and distinguish c-Myc
mRNA transcribed from the human transgene and the endog-
enous mouse gene, it was not possible to compare their ex-
pression in a meaningful manner. The human c-Myc transgene
has only protein-coding exons 2 and 3 and has no nontran-
scribed exon 1 or endogenous untranslated regions and there-
fore is likely to be translated at a far higher rate than the
endogenous mouse c-Myc mRNA (12).

Wnt inhibitors are repressed in breast cancer cell lines.
Previous publications have shown that SFRP1 is repressed in
breast cancer (25, 49). We wanted to extend these findings and
also measure the expression level of DKK1 in breast cancer

FIG. 4. c-Myc repression of DKK1 and SFRP1 is necessary for c-Myc-induced transformation. c-MycWT IMECs and vector control IMECs
were infected with DKK1-FLAG, FLAG-SFRP1, or empty vector (IRES-NEO), as indicated, and pools were selected. (A) Western blot analyses
were performed with equivalent amounts of cell extracts using anti-FLAG antibody to detect DKK1 and SFRP1 and using anti-Myc antibody.
Anti-�-tubulin served as a loading control. Cells were subjected to a 14-day soft agar assay in six-well plates. (B) Scan of representative wells.
(C) Colonies larger than 10 �m were counted for two wells from two independent experiments. The graph shows the mean number of colonies
per 100 plated cells, and error bars indicate standard deviations. (D) Cell proliferation rate of cell lines measured by counting equivalently plated
cells on five consecutive days with a hemocytometer. The graph shows the mean cell number for each day for three independent experiments, and
error bars show standard deviations. Each of the c-Myc-expressing cell lines proliferated significantly faster than all the vector control cells lines
(vector, DKK1, and SFRP1), with P values of �0.03.
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cell lines. We measured the expression level of c-Myc in the
breast cancer lines MDA-435, MDA-231, and T47D and in one
normal mammary epithelial line, HBL100, and compared
these to vector IMECs and c-Myc IMECs. c-Myc protein was
more highly expressed in all three tumor lines than in the
normal epithelial line, HBL100 (Fig. 7A). c-Myc expression in
c-Myc IMECs was found to be most equivalent to c-Myc levels
in MDA435 but less than in T47D. This confirms that c-Myc in
c-Myc IMECs is not overexpressed to nonphysiological levels.
RT-PCR was performed with primers specific for DKK1 and
SFRP1, and the results were striking (Fig. 7B). SFRP1 was
expressed in the HBL100 line but was undetectable in the
three tumor lines. DKK1 was detectable in HBL100 but also
substantially repressed in all three breast cancer cell lines com-
pared to the normal breast epithelial cell line. Using the ChIP
assay, we found that Myc binding was significantly enriched at
the DKK1 and SFRP1 promoters in the breast cancer cell lines
compared to the normal cell line, HBL100 (see Fig. S2 in the
supplemental material).

Since Myc expression was highest in T47D cells, we used this
cell line to analyze whether DKK1 and SFRP1 repression was
Myc dependent. We reduced Myc expression by transfection of
siRNA direct against Myc or a scrambled control (Fig. 7C). We
found that DKK1 expression was increased following Myc re-
pression, demonstrating that DKK1 repression is Myc depen-
dent. We remained unable to detect SFRP1 expression in this
cell line. SFRP1 may have become irreversibly silenced in the
breast cancer cell lines due to promoter methylation (see Dis-
cussion).

Repression of DKK1 and SFRP1 is necessary for the trans-
formed phenotype and oncogenic potential of breast cancer
cell lines. In order to determine the functional significance of
DKK1 and SFRP1 repression in breast cancer cell lines, we
exogenously expressed DKK1 and SFRP1 in MDA-231 and
T47D cells. Both DKK1 and SFRP1 expression resulted in a
reduction in the proliferation rate of the MDA-231 cells (Fig.
7D). MDA-231 vector cells proliferate with a mean doubling
time of 24 h, whereas MDA-231 DKK cells have a mean

doubling time of 32 h. Expression of SFRP1 in MDA-231 cells
led to such a dramatic inhibition of proliferation that there was
less than a 50% increase in cell numbers over 6 days. These
proliferation defects were reflected in the morphology of the
MDA-231 cells (Fig. 7E). Expression of DKK1 and SFRP1
resulted in larger, less refractile cells, with this change in mor-
phology being particularly pronounced on SFRP1 expression.
The effect of DKK1 and SFRP1 on T47D cells followed the
same trend as for the MDA-231 cells, but the effects were less
pronounced (not shown). We used the TOP/FOP flash assay to
demonstrate that DKK1 and SFRP1 inhibited TCF reporter
activity in T47D cells (Fig. 7F). MDA-231 cells are not able to
be transfected; therefore, it was not possible to use this assay.

To measure the contribution of DKK1 and SFRP1 repres-
sion to the transformed phenotype of the breast cancer lines,
we performed a soft agar assay to measure anchorage-inde-
pendent cell growth. We found that both MDA-231 and T47D
cells were able to grow into robust colonies in soft agar

FIG. 5. c-Myc repression of DKK1 or SFRP1 is necessary for c-
Myc induction of Wnt/TCF targets. (A) RNA extracted from IMECs
expressing both control vectors (LXSH and IRES-NEO), c-Myc/IRES-
NEO, c-Myc/DKK1, and c-Myc/SFRP1 was used as a template for
RT-PCR using primers specific for WISP1, RARG, and GAPDH.
Bands were quantitated and normalized to those of vector control
IMECs, indicated under the graphs. (B) The same cell lines were used
for the TOP FLASH TCF reporter assay, as described in Materials and
Methods.

FIG. 6. SFRP1 expression is significantly lower in mouse mammary
tumors induced by Myc than in those induced by Ras, Wnt, or Neu.
RNA was extracted from four independent tumors induced in each of
the following mice: MMTV-rtTA/TetO-MYC, MMTV-rtTA/TetO-
Neu, MMTV-rtTA/TetO-Wnt, MMTV-rtTA/TetO-Ras. RT-PCR was
performed using primers specific for SFRP1 and the Wnt target genes
RARG, Fzd7, and c-Myc, as indicated. Error bars indicate standard
deviations.
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(Fig. 8A and B). DKK1 and SFRP1 expression inhibited soft agar
colony growth in both cell lines. The results were most striking
for MDA-231 cells, in which DKK expression inhibited soft
agar colony growth by 	75% and SFRP1 inhibited colony
growth entirely. Therefore, DKK1 and SFRP1 repression is
essential for the transformed phenotype of these breast cancer
cell lines.

To measure the impact of DKK on tumor formation, we
injected T47D vector, T47D DKK1, MDA-231 vector, and
MDA-231 DKK1 cells subcutaneously into nude mice (Fig.
8C). DKK1 expression significantly increased the time taken
for tumors to arise for both breast cancer cell lines. After 8
weeks, tumors had formed in 96% of the T47D vector injection
sites but only in 56% of the T47D DKK injection sites. After 4
weeks, tumors had formed in 93% of the MDA-231 vector
injection sites but in only 50% of the MDA-231 DKK injection

sites. After 8 weeks, the mean mass of the MDA-231 vector
tumors was 0.63 g, and the mean mass of the MDA-231 DKK1
tumors was 0.20 g. The T47D DKK tumors were also smaller
than the T47D vector tumors, but the difference did not pass
statistical tests.

DISCUSSION

c-myc activates the Wnt pathway. Elevated expression of
c-Myc is a common feature of breast cancer, but how c-Myc
induces breast tumors is largely uncharacterized. Here we re-
port that elevated expression of c-Myc induces a dramatic
change in phenotype in human mammary epithelial cells; i.e.,
the cells exhibit hallmarks of EMT and become transformed to
anchorage-independent growth by c-Myc alone. Furthermore,
c-Myc represses transcription of the Wnt pathway inhibitors

FIG. 7. DKK1 and SFRP1 are repressed in breast cancer cell lines. (A)Western blot analyses were performed with equivalent amounts of cell
extracts from three breast cancer cell lines, MDA-435, T47D, and MDA-231, and one normal breast epithelial cell line, HBL100, using anti-c-Myc
antibody (top) and anti-�-tubulin antibody (Tub) (bottom). (B) RNA extracted from the same cell lines was used as a template for RT-PCR using
primers specific for DKK1, SFRP1, and GAPDH. The RT-PCR signal was normalized to T47D for DKK1, and the relative values are shown below
the blot. For SFRP1, the RT-PCR signal was detectable only in HBL100 cells, and so no relative quantitation was possible. (C) T47D cells were
transfected with control or Myc-directed siRNA for 2 days. RNA was extracted, and RT-PCR was performed with primers for MYC, DKK1, and
GAPDH. (D) Cell proliferation rate of the MDA-231 lines was measured by counting equivalently plated cells on six consecutive days with a
hemocytometer. The graph shows the mean cell number for each day for two experiments, and error bars show standard deviations. (E) Phase-
contrast micrographs of MDA-231 cells infected with vector control, DKK1, or SFRP1. (F) The TOP FLASH TCF reporter assay was performed
on T47D cell lines transduced with vector, DKK1, or SFRP1, as indicated in Materials and Methods.
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DKK1 and SFRP1, activating the Wnt pathway and promoting
anchorage-independent growth. This c-Myc-driven increase in
Wnt signaling is necessary for c-Myc to fully transform mam-
mary epithelial cells. We show that SFRP1 expression in vivo is
significantly lower in Myc-induced mouse mammary tumors
than in Wnt-1-, Neu-1-, and Ras-induced tumors. We also
demonstrate that DKK1 and SFRP1 are necessary for the
transformed phenotype of human breast cancer cell lines and
that DKK1 inhibits tumor formation in nude mice.

Previously, c-Myc had been shown to be a transcriptional
target of the TCF/�-catenin transactivation complex (20). Here
we show the converse, that c-Myc activates the Wnt pathway.
We propose that in breast cancer, c-Myc and Wnt/TCF can

operate in a positive regulatory loop. In normal mammary
epithelial cells, Wnt/TCF activity is repressed by Wnt inhibi-
tors such as DKK1 and SFRP1, and c-myc gene expression is
held in check. Oncogenic lesions that amplify the c-myc locus
increase c-Myc expression, which in turn represses DKK1 and
SFRP1 and increases Wnt/TCF signaling. Active �-catenin/
TCF would further activate c-myc gene expression, thus con-
stituting a positive feedback loop.

Wnt signaling in breast cancer. Mutations in the Wnt path-
way, such as in APC and Axin, are common in certain tumors
and predispose to colon cancer, leading to increased �-catenin
levels (17). However, analogous mutations in the Wnt pathway
are not commonly found in mammary epithelial cells; e.g.,

FIG. 8. SFRP1 and DKK1 suppress transformation of human breast cancer cells. (A) MDA-231 cells expressing vector (vec), DKK1, and
SFRP1. Cell lines were subject to a 14-day soft agar assay in six-well plates, and representative wells from the MDA-231 experiment are shown.
(B) MDA-231 and T47D cells transduced with the indicated vector were plated in soft agar, and colonies larger than 10 �m were counted for two
wells from two independent experiments. The graph shows the mean number of colonies per 100 plated cells, and error bars indicate standard
deviations. (C) Nude mice were injected subcutaneously with MDA-231 vector or MDA-231 DKK cells, T47D vector cells, or T47D DKK cells.
Injection sites were monitored, and the percentage of tumor-free injection sites is presented. (D) After 8 weeks, MDA-231 tumors were removed
and weighed. Mean tumor masses are shown. (P values are shown in the figure.)
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mutations in Axin and APC have not been found to predispose
to breast cancer. This is surprising in light of the fact that
constitutive expression of Wnt in mouse mammary epithelial
cells induces tumor formation, demonstrating that hyperacti-
vation of this pathway is a powerful oncogenic signal (39, 48).
In addition, �-catenin is stabilized in a large proportion of
breast carcinomas, suggesting that Wnt signaling may be acti-
vated (3, 29, 43).

DKK1 and SFRP1 are extracellular Wnt inhibitors with
rather distinct structures and functions (23). SFRP1 is a mem-
ber of the secreted Frizzled-related proteins, which are homol-
ogous to the extracellular cysteine-rich domain of the Wnt
receptor Frizzled, but it lacks the transmembrane and intra-
cellular domains (34). Therefore, SFRP1 can inhibit Wnt sig-
naling by sequestering Wnt and by heterodimerizing with Friz-
zled to form a nonfunctional receptor complex (2). DKK1 is a
member of the Dickkopf family, which was initially identified
due to a head-inducing activity in Xenopus (18). DKK1 exerts
its Wnt-inhibitory activity by targeting the Wnt coreceptor
LRP5/6 for degradation (32). It is important to note that there
is emerging evidence for both canonical (�-catenin/TCF) and
noncanonical signaling through the Wnt pathway (5, 7, 51),
both of which would be affected by suppression of SFRP1 and
DKK1.

Since the discovery of DKK1 and SFRP1, both genes have
been found to be repressed in a number of tumors, including
colorectal tumors, papillary bladder cancer, malignant pleural
mesothelioma, non-small-cell lung cancer, prostate cancer,
esophageal adenocarcinoma, and ovarian cancer (reviewed in
reference 4). SFRP1 repression is proposed to be an early
event in breast carcinogenesis, with its expression being in-
versely correlated with tumor stage and associated with a poor
prognosis (25). In addition, we report here that SFRP1 and
DKK1 are repressed in a panel of breast cancer cell lines. We
demonstrate that repression of DKK1 and SFRP1 is necessary
for the transformed phenotype of two breast cancer cell lines
and that DKK1 expression inhibits tumor formation in nude
mice. We propose that in breast cancer and other epithelial
tumors, c-Myc-induced repression of DKK1 and SFRP1 pro-
vides a mechanism for activation of Wnt signaling in the ab-
sence of any other overt stimulation of the pathway. Further-
more, repression of DKK1 and SFRP1 by other mechanisms,
such as promoter methylation (4), could give a similar activa-
tion of the Wnt pathway and subsequent upregulation of c-myc
expression. The potent suppressive activity of SFRP1 and
DKK1 in the MDA-231 and T47D breast cancer cell lines (Fig.
8) argues strongly that Wnt signaling is required for the con-
tinued growth of these lines in culture.

We show that in mouse mammary tumor models, SFRP1
expression is significantly lower in Myc-induced tumors than in
those induced by Neu, Wnt, or Ras. Therefore, in vivo, Myc
expression inversely correlates with SFRP1 expression. In ad-
dition, we present evidence that the Wnt pathway is more
active in Myc tumors than in Neu or Ras tumors. RARG and
Fzd7, Wnt target genes, are expressed at significantly higher
levels in Myc tumors than in Neu or Ras tumors.

A c-myc-dependent human mammary epithelium transfor-
mation model. It is interesting to compare the present study to
a previous analysis of oncogene and tumor suppressor activity
in the transformation of human mammary epithelial cells (16).

In our study, only two genes were introduced, hTERT (14) and
c-myc, in contrast to human TERT (hTERT), simian virus 40
large T, and H-rasG12V in the previous study (16). Despite the
potent combination in the latter, the transformed cells consis-
tently acquired mutations on chromosome 8 that affected the
c-myc gene, either through amplification or some other chro-
mosomal disruption (16). These data suggest that there is a
very strong selection for mutations in c-myc in transformed
mammary epithelial cells, consistent with the profound pheno-
typic changes induced by c-myc in our study. The human mam-
mary epithelial cells used for hTERT immortalization are
reported to exhibit suppression of p16INK4a, which may
synergize with hTERT to promote immortalization prior to
oncogene activation (24). p53 mutations are found in 20 to
40% of breast cancers (6), a significant fraction but lower than
found in many other cancers. IMECs are wild type for p53 (J.
DiRenzo, personal communication), and so the transformation
we observe with the c-myc oncogene is p53 independent. It will
be interesting to use the Myc IMECs as recipients to assess the
contribution of further disruption in oncogene and/or tumor
suppressor pathways in mammary epithelial cell transforma-
tion. Furthermore, since DKK1/SFRP1 suppression accounts
for only part of the c-myc-induced anchorage-independent
growth (Fig. 4), other c-Myc target genes can be tested for
specific contributions to a human breast cancer model.
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