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Transforming Growth Factor-B Can Suppress Tumorigenesis
through Effects on the Putative Cancer Stem or Early
Progenitor Cell and Committed Progeny in a
Breast Cancer Xenograft Model
1

1

1

1

1

1

Binwu Tang, Naomi Yoo, Mary Vu, Mizuko Mamura, Jeong-Seok Nam, Akira Ooshima,
3
4
5
1
Zhijun Du, Pierre-Yves Desprez, Miriam R. Anver, Aleksandra M. Michalowska,
2
6
1
Joanna Shih, W. Tony Parks, and Lalage M. Wakefield
1
Laboratory of Cell Regulation and Carcinogenesis and 2Biometric Research Branch, National Cancer Institute, Bethesda, Maryland; 3Baylor
College of Medicine, Houston, Texas; 4California Pacific Medical Center, San Francisco, California; 5Pathology/Histotechnology Laboratory,
National Cancer Institute at Frederick, Frederick, Maryland; and 6Department of Pathology, University of Washington, Seattle, Washington

Abstract
The transforming growth factor-B (TGF-B) pathway has
tumor-suppressor activity in many epithelial tissues. Because
TGF-B is a potent inhibitor of epithelial cell proliferation,
it has been widely assumed that this property underlies
the tumor-suppressor effect. Here, we have used a xenograft
model of breast cancer to show that endogenous TGF-B has
the potential to suppress tumorigenesis through a novel
mechanism, involving effects at two distinct levels in the
hierarchy of cellular progeny that make up the epithelial
component of the tumor. First, TGF-B reduces the size of the
putative cancer stem or early progenitor cell population, and
second it promotes differentiation of a more committed, but
highly proliferative, progenitor cell population to an intrinsically less proliferative state. We further show that reduced
expression of the type II TGF-B receptor correlates with loss of
luminal differentiation in a clinical breast cancer cohort,
suggesting that this mechanism may be clinically relevant. At
a molecular level, the induction of differentiation by TGF-B
involves down-regulation of Id1, and forced overexpression of
Id1 can promote tumorigenesis despite persistence of the
antiproliferative effect of TGF-B. These data suggest new roles
for the TGF-B pathway in regulating tumor cell dynamics that
are independent of direct effects on proliferation. [Cancer Res
2007;67(18):8643–52]

Introduction
Transforming growth factor-h (TGF-h) are important mediators
of cell-cell and cell-environmental sensing in the dynamic
processes that are responsible for tissue development and
homeostasis in many organ systems. Perturbations in this normal
transactional process can promote tumorigenesis, and many lines
of evidence suggest that an impaired TGF-h response in epithelial
tissues is associated with enhanced tumorigenesis, at least in
the early stages of the process (1). Because epithelial cells are
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exquisitely sensitive to growth inhibition by TGF-h, the antiproliferative effect of TGF-h is widely assumed to be critical for its
tumor-suppressor activity. However, loss of TGF-h can promote
tumorigenesis in the absence of overt effects on cell proliferation
(2), and conversely some transformed cells can form tumors
despite persistence of a growth-inhibitory response to TGF-h (3).
These findings suggest that other mechanisms may be important.
As a result, we undertook a detailed analysis of the mechanism of
tumor suppression by TGF-h in an experimentally tractable breast
cancer model system.
Most human breast cancer cell lines are derived from pleural
effusions or ascites (4), and therefore represent a very late stage in
the disease process, when the tumor-suppressor effects of TGF-h
have largely been abrogated (1). Miller and coworkers (5–7) have
developed a xenograft model of human breast cancer progression
based on a spontaneously immortalized human breast epithelial
cell line, MCF10A, which has a defective Ink4 locus. The
MCF10ACa1h subline (Ca1h) that we have used here is a tumorigenic, but nonmetastatic, derivative of MCF10A, transformed
with the activated Ha-ras oncogene (6). Ca1h xenografts exhibit
well-differentiated glandular areas, which contain estrogen receptor–positive cells (6, 8). Although ras mutations per se are relatively
rare in breast cancer (<5% of cases), hyperactivation of the ras
pathway is a common feature of many breast tumors (9). Furthermore, epigenetic inactivation of the Ink4A locus is a frequent early
event in human breast cancer (10). The model therefore has several
key molecular features of low-grade human breast cancers. Thus,
this cell line permits analysis of control processes that may regulate
a transformed breast epithelial cell relatively early in the
carcinogenic process before they are lost on further progression.
Many tumors are now thought to consist of a hierarchy of cells
with different proliferative and developmental potential. A very
small number of ‘‘cancer stem cells’’ or ‘‘tumor-initiating cells’’ are
hypothesized to give rise to a much larger population of highly
proliferative, but committed progenitor cells, which may then
undergo limited differentiation in a caricature of normal histogenesis (11). The key features of the tumor-initiating cells that allow
them to be termed ‘‘stem’’ cells are the ability to self-renew and to
give rise to diverse offspring. Cell populations enriched for cells
with putative cancer stem cell properties have now been
prospectively identified for a number of different tumor types,
including breast cancer (reviewed in refs. 12, 13). Because stem
cells divide infrequently and are relatively drug resistant, the
efficacy of most conventional therapies is likely to be limited by the
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fact that they are targeted primarily against the more committed,
proliferative progeny and not against the cancer stem cells
themselves (12, 13). Thus, the issue of how cancer stem cells are
regulated becomes central to the design of successful preventive
and therapeutic agents. Here, we show that TGF-h has the
potential to function as a tumor suppressor in breast cancer by
depleting the putative cancer stem or early progenitor cell
population, and by promoting differentiation of the more
committed progeny. These effects of TGF-h seem to be independent of its ability to directly inhibit cell proliferation.

Materials and Methods
Cell Culture and Retroviral Infections
The MCF10CA1h cell line (Barbara Ann Karmanos Cancer Institute, Cell
Line Resource, Detroit MI) was cultured as previously described (14). Wnt-1
cells derived from a mammary tumor in an MMTV-Wnt mouse (gift of Yi Li,
Baylor College of Medicine, Houston, TX) and MDA MB231 cells (American
Type Culture Collection) were cultured in DMEM, 10% fetal bovine serum
(FBS). Retroviral transduction with the Myc-tagged dominant negative type
II TGF-h receptor (DNR) construct in pLPCX was done as previously
described (14). The pBABE retrovirus expressing Id1 was as described (15).
Following infection, cells were maintained under positive selection for
7 days and in vivo experiments were done within 2 to 3 weeks of transduction, using pools of transduced cells.

Growth Inhibition Assays and Western Blot Analysis
Growth inhibition and Western blot analyses were done as previously
described (14). Antibodies were obtained from the following sources: c-Myc,
Active Motif LLC (Carlsbad); p27, cycD1, p21, cdk2, cdk4, cdc25a, and Id1
were all from Santa Cruz Biotechnology, Inc.

Tumorigenesis
Animal studies were done under protocols approved by the National
Cancer Institute, in accordance with Association for Assessment and
Accreditation of Laboratory Animal Care guidelines and policies established
by the NIH. MCF10CA1h cells were suspended in DMEM/F-12 at varying
densities from 5  103/mL to 2.5  106/mL for titration experiments, and
5-week-old female athymic NCr nu/nu mice were inoculated s.c. on the hind
flank with 0.2 mL of the cell suspension. Mice were palpated up to thrice
weekly; palpable lesions were measured with calipers; and tumor volumes
were calculated as previously described (14). All tumors were examined by a
board-certified veterinary pathologist (M.R. Anver), and the fraction of
tumor area that comprised each of the three predominant histologic types
in the tumor (cribriform, clear cell, or pleoimorphic regions) was assessed.

Immunohistochemistry, Tissue Arrays, and In vivo
Proliferation Indices
Formalin-fixed, paraffin-embedded tumor sections from xenografted
tumors or a human breast cancer tissue array (IMH-364 from Imgenex)
were stained with antibodies recognizing cytokeratin 8 (CK8; Hybridoma
Bank), CK14 (Covance), CK6 (Research Diagnostics, Inc.), TGF-h RII (Santa
Cruz Biotechnology), and phosphorylated histone H3 (Upstate Biotechnology, Inc.). The tissue microarray was scored blinded for staining intensity in
the epithelial compartment by a board-certified pathologist (A. Ooshima)
on a scale of 0 to 3+. For CK8, a score of 1 to 3 was considered positive. For
ThRII, a score of 0 or 1 was classified as low ThRII expression, and a score
of 2 or 3 was classified as high expression. Overall proliferation indices in
xenografted tumors was assessed by bromodeoxyuridine (BrdUrd) labeling
as previously described (14). To determine proliferation indices in welldifferentiated luminal regions of the xenografted tumors compared with
the less differentiated regions containing progenitor cells, tumor sections
were double immunostained for the luminal marker CK8 (brown 4¶,6diamidino-2-phenylindole stain) and phosphorylated histone H3 (blue acid
phosphatase stain), and staining was quantitated as detailed in Supplementary Fig. S1.
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Real-time Reverse Transcription-PCR Quantitation of mRNA
Total tumor RNA was extracted using TRIzol according to the
manufacturer’s instructions (Invitrogen). Real-time PCR was done in a
two-step reaction using the SuperScript III First Strand Synthesis System
(Invitrogen) to generate cDNAs from tumor RNA samples. The second step
was done in a fluorescent temperature cycler (Bio-Rad). Brilliant SyBR
Green QPCR Master Mix (Stratagene) and specific primers for each of the
target genes (SuperArray Bioscience Corp.) were used. 18S rRNA was used
as a reference transcript for normalization.

Flow Cytometry Analyses for Side Population Fractions and
Differentiation Markers
Side population fractions. Tumor xenografts were minced with scalpels
and then digested in DMEM/F12 medium containing 300 units/mL
collagenase (Stem Cell Technologies) and 100 units/mL hyaluronidase
(Stem Cell Technologies) for 16 h at 37jC. Cells were then washed and
resuspended to a final concentration of 106/mL in DMEM/2% FBS.
Preliminary studies were done to determine optimal Hoechst dye
concentrations and exposure time for quantitation of the Hoechst dye
effluxing side population (16). Cell suspensions from the tumor samples or
cultured cell lines were stained with Hoechst 33342 (5 Ag/mL, Sigma) at
37jC for 90 min. Verapamil (5 Amol/L, Sigma) was added to parallel control
tubes to inhibit Hoechst efflux. Fluorescence-activated cell sorting (FACS)
analysis was done on an LSR II (BD Biosciences). The side population
fraction was then determined using FlowJo software (Tree Star, Inc.) to be
the region of the dot plot where the majority of Hoechst-effluxing cells were
shifted to the higher fluorescence intensity by verapamil inhibition.
Differentiation markers. Subconfluent cells in DMEM/F12 containing
1% calf serum were treated with TGF-h1 (5 ng/mL) or vehicle control
(4 mmol/L HCl, 0.1% bovine serum albumin) for 4 days. Cells were
trypsinized and single cells were fixed and permeabilized with BD Cytofix/
Cytoperm (Becton Dickinson). FITC-conjugated MUC1 (BD PharMingen)
and CK8 (Hybridoma Bank) antibodies were incubated with cells at 4jC
overnight. Isotype-matched control antibodies were used in each experiment. Stained cells were analyzed using a FACSCalibur (Becton Dickinson)
and FlowJo software.

Tumorsphere Formation
Single cells were plated in ultra–low attachment 24-well plates (Corning)
at a density of 1,500/mL in regular growth medium (17). After 7 to 10 days,
wells were examined under an inverted microscope at 40 magnification,
and the number of spheres of >100 Am in diameter were counted for a total
of 20 to 25 independent fields per well, and three replicate wells per
condition. To determine the effect of TGF-h treatment on tumorsphereforming efficiency, cells were allowed to grow to f75% confluence for
3 days in standard tissue culture dishes in standard growth medium. They
then were switched to medium containing 1% calf serum for 5 h and then
treated with 5 ng/mL TGF-h for 24 h before trypsinization, washing, and
seeding into low attachment dishes as above. The Alk5 kinase inhibitor
SB431542 (5 Amol/L final concentration; Sigma-Aldrich) was included in the
growth medium in the low attachment dishes to ensure that there was no
persistence of the TGF-h effect during growth in the low attachment
conditions.

In silico Data Mining of Published Array Data
The publicly available primary data from Sorlie et al. (18) were
downloaded from the Stanford Microarray Database. For each spot, channel
signals were calculated as the mean foreground minus median background
intensity. Flagged spots or spots with the intensity lower than 50 in any
channel were filtered out. Log 2 ratios of red and green signals were
calculated for each qualified cDNA probe (mammary tumor/normal tissue
versus the reference of human cell lines mixture) and normalized with the
Lowess smoother. The values plotted represent mean differences among the
cancer subtypes relative to median level of TGFB1 expression across all
samples. Differential expression of TGFB1 was tested using one-way ANOVA
(overall F test and specific comparison between the luminal subtype A and
basal-like groups). The calculation was done using R 2.4.0 and Bioconductor
gregmisc package.
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Figure 1. Effects of loss of TGF-h
response on tumorigenesis and
proliferation in Ca1h cells. A, tumor growth
kinetics for Ca1h parental or retrovirally
transduced cells growing as s.c.
xenografts in nude mice. Per site,
7.5  105 cells were injected. Points,
mean for 4 (Ca1h) or 10 (Ca1h-CON and
Ca1h-DNR) tumors per group; bars, SD.
B, effect of 200 pmol/L TGF-h on
proliferation of Ca1h cells in vitro
determined by [3H]thymidine incorporation.
CON, control. Columns, mean for three
determinations; bars, SD. *, P < 0.05.
C, effect of loss of TGF-h response on
proliferation of Ca1h tumors in vivo ,
determined by quantitation of BrdUrdlabeled tumor cells [six tumors per
genotype group; >25 high power fields
(hpf ) quantitated per tumor]. D, Western
blot analysis of expression of cell cycle
regulators in protein extracts from
Ca1h tumors. Data are shown for two
representative tumors of each genotype
group.

Statistical Analyses
Statistical analysis on data other than microarray data was done using
analysis tools on the VassarStats Statistical Computation site.7 Data were
analyzed using the parametric unpaired Student’s t test, or the
nonparametric Mann-Whitney test unless otherwise stated. Cross-categorized frequency data were analyzed using the Fisher’s exact test. All P values
are two-sided.

Results
TGF-B–dependent tumor suppression in Ca1h tumors does
not involve the expected molecular mechanisms of growth
inhibition. We have previously shown that reduction or loss of
TGF-h response by introduction of a dominant negative type II
TGF-h receptor (DNR) enhances tumorigenesis in the Ca1h cell line
(see ref. 14 and an independent data set in Fig. 1A). TGF-h
inhibited the proliferation of Ca1h cells in vitro, and the effect was
largely blocked by the DNR (Fig. 1B). As expected, loss of TGF-h
response was associated with increased proliferation in Ca1h

7

http://faculty.vassar.edu/lowry/VassarStats.html

www.aacrjournals.org

tumors in vivo (Fig. 1C). For many epithelial cells, inhibition of
proliferation by TGF-h correlates with effects on expression of a
constellation of cell cycle regulators (19). However, our original
assumption that TGF-h was functioning as a tumor suppressor
in vivo through direct effects on cell proliferation was challenged
by finding that the expression of canonical TGF-h target genes
involved in cell cycle regulation was unchanged or changed in
the opposite to the expected direction in the Ca1h-DNR tumors
(Fig. 1D). Thus, Ca1h-DNR tumors paradoxically expressed lower
c-myc and higher p27 levels than the Ca1h tumors, whereas p21
levels were unchanged. These observations led us to hypothesize
either that TGF-h inhibits proliferation by different molecular
mechanisms in vitro and in vivo, or that TGF-h may function as a
tumor suppressor by a novel mechanism that only indirectly affects
cell proliferation.
Loss of TGF-B–dependent tumor suppression is associated
with acquisition of a ‘‘basal’’ gene expression profile. To gain
insight into such mechanisms, we compared gene expression
patterns between Ca1h and Ca1h-DNR tumors and identified a
26-gene signature that was associated with loss of TGF-h–mediated
tumor suppression in this model. The gene list included several
genes already known to be directly regulated by TGF-h, including
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Id1, CTGF, and thrombospondin (Supplementary Table S1). In
trying to make biological sense of this gene expression signature,
we noticed that loss of TGF-h response changed the relative
expression of a number of genes that had recently been shown to
be differentially expressed between type I (luminal) and type II
(basal) human mammary epithelial cells in culture (20). Overall, the
CA1h-DNR tumors had a more basal and less luminal gene
expression profile (Supplementary Table S1). This finding was of
interest, as a number of studies have shown that human breast
cancers with a ‘‘basal’’ gene expression profile have a worse
prognosis than those with a ‘‘luminal’’ profile (18, 21). Using
quantitative reverse transcription-PCR (RT-PCR), we confirmed
that loss of TGF-h–mediated tumor suppression in Ca1h tumors
was also associated with a down-regulation of the canonical
luminal markers cytokeratin 18 (CK18), estrogen receptor-a (ESR1),
and GATA binding protein 2 (GATA2), and an up-regulation of the
‘‘basal’’ markers cytokeratin 5 (CK5), and frizzled7 (FZD7) and p63
(TP73L; Fig. 2A).
Loss of TGF-B–dependent tumor suppression induces a less
differentiated, intrinsically more proliferative phenotype in
the Ca1h tumors. Several markers that are called ‘‘basal’’ on the
basis of their expression patterns in stratified epithelia (e.g.,
cytokeratins; refs. 5, 6) are expressed in the putative progenitor
compartment in the breast, rather than the basally located
myoepithelial compartment (22, 23). Thus, our array data led us
to hypothesize that TGF-h might function as a tumor suppressor in
part by promoting differentiation of the proliferative progenitor
cell population, to form intrinsically less proliferative glandular
structures expressing luminal markers.
Ca1h cells form tumors with a mixed histology, having regions of
well-organized cribriform structures, ‘‘clear cell’’ areas, and sheets or
nests of highly pleomorphic cells (Supplementary Fig. S2; Fig. 2B).
We assessed the cell lineage and differentiation state of the
different histologies by immunostaining for cytokeratin markers
(Fig. 2B). The cribriform regions were positive for the luminal
marker CK8 and were often surrounded by a layer of cells that were
positive for the myoepithelial marker CK14, suggesting that these
areas represented relatively well-differentiated glandular structures
containing predominantly luminal cells. CK8 is found exclusively
in luminal cells (22). Both pleomorphic and clear cell regions, but
not the cribriform regions, stained for the progenitor marker
CK6. However, the pleomorphic areas were also positive for CK14.
Based on the schema of Boecker and Buerger (24), the clear cells
probably represent uncommitted progenitor cells, whereas the
pleomorphic areas may represent early myoepithelial progenitors.
In agreement with our original hypothesis, we found that loss of
TGF-h response in Ca1h tumors was associated with a highly
significant decrease in the area of tumor occupied by differentiated
luminal structures, and a corresponding increase in uncommitted
progenitor structures (Fig. 2C). By double immunostaining for
CK8 and the proliferation marker phosphorylated histone H3,
we showed that the differentiated luminal structures in Ca1h
tumors had an approximately twice lower proliferation rate than
the progenitor structures (3.2 F 0.5 versus 6.5 F 0.6 mitotic cells/
high power field; n = 8 tumors per group; P = 0.0009; see
Supplementary Fig. S1). Loss of TGF-h response caused a mild
increase in proliferation within the progenitor compartment ( from
6.4 F 1.6 to 8.3 F 2.5 labeled cells/high power field, P = 0.05), but
not the luminal compartment. Similar results were obtained by
counting mitoses in the different compartments (data not shown).
Thus, TGF-h may suppress tumor growth rate more profoundly by
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promoting differentiation of the large progenitor cell population
to an intrinsically less proliferative state than through direct
inhibition of tumor cell proliferation. Treatment of Ca1h cells with
TGF-h in vitro caused an up-regulation of the differentiated
luminal markers MUC1 and CK8, as determined by FACS analysis
(Fig. 3A), suggesting that the tumor cell is the direct target for this
differentiating effect of TGF-h.
If TGF-h does act as a tumor suppressor in part by promoting
differentiation, we would predict that a reduction in TGF-h ligand
or receptor should be associated with loss of luminal differentiation in human breast cancer samples. To address this question, we
immunostained adjacent sections of a human breast cancer tissue
array for the type II TGF-h receptor (ThRII) and the luminal
marker CK8 (Fig. 3B). For the 50 samples that were evaluable, the
results showed that ThRII expression was indeed significantly
correlated with CK8 expression (Fig. 3C). Thus, >80% of the
individual tumors with high ThRII expression were also positive for
CK8. Furthermore, in comparing TGF-h1 mRNA expression across
different breast cancer subtypes from a large clinical microarray
data set (18), we found that TGF-h1 was significantly underexpressed in the ‘‘basal-like’’ and overexpressed in the ‘‘luminal A’’
subclasses of tumors (Fig. 3D), again consistent with a role for the
TGF-h pathway in inducing or maintaining the luminally
differentiated state.
TGF-B reduces the size of the putative cancer stem cell
population. Because TGF-h family members are enriched in the
stem cell compartments of many tissues (25, 26), we further
hypothesized that TGF-h might also suppress tumorigenesis
through more upstream effects on the cancer stem cells
themselves. For many tissues, normal stem cells are highly enriched
within a minor subpopulation, the side population fraction, that
can be visualized by FACS analysis by virtue of their ability to efflux
the fluorescent dye Hoechst 33342 (27). As predicted by the cancer
stem cell model, freshly isolated human tumors also have a side
population fraction (28). More surprisingly, cancer cell lines seem
to retain intrinsic stem cell hierarchies in vitro (29) and have side
population fractions that are enriched for cancer stem cell activity
(28, 30). We found that the Ca1h cells in vitro have a small side
population fraction (0.03–0.08% of total cells) that was dramatically
reduced after treatment with TGF-h (Fig. 4A and B). TGF-h
also reduced the side population fraction in the human breast
cancer cell line MDA MB231 and in the mouse tumor cell line Wnt1
(Fig. 4B). Furthermore, FACS analysis of cells freshly recovered
from Ca1h and Ca1h-DNR tumors showed that the Ca1h-DNR
tumors have a considerably higher proportion of cells in the side
population gate, consistent with the presence of a larger
equilibrium stem cell population in vivo (Fig. 4C).
Normal mammary stem cells can undergo anchorage-independent growth in vitro to form ‘‘mammospheres’’ (31), and human
breast tumors contain cells with the same property, suggesting that
the ability to form such spheres may also be a feature of breast
cancer stem cells (17). Pretreatment of Ca1h cells with TGF-h for
24 h before assay reduced the efficiency of tumorsphere formation
by f2-fold, consistent with TGF-h reducing the size of the stem/
progenitor cell population, whereas expression of the DNR increased
the efficiency of tumorsphere formation by f3-fold (Fig. 4D).
The most definitive test for a cancer stem cell is the ability to
initiate and sustain tumorigenesis. If TGF-h does indeed decrease
the cancer stem cell population, then the CA1h-DNR cells, which
cannot respond to TGF-h, should be able to form tumors at lower
initial cell inocula. In agreement with this prediction, we found that
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Figure 2. Loss of TGF-h response is
associated with loss of differentiation in the
Ca1h model. A, quantitative RT-PCR
analysis of relative expression of basal and
luminal marker genes in Ca1h-CON and
Ca1h-DNR tumors. Columns, mean for
three tumors of each genotype, normalized
to expression of the 18S rRNA transcript;
bars, SE. CON, tumors from Ca1h cells
transduced with empty retrovirus; DNR,
tumors from Ca1h cells transduced
with the dominant negative ThRII.
B, representative H&E-stained sections
of a Ca1h tumor, showing the three
predominant histologies that make up the
tumor, and immunohistochemical analysis
of cytokeratin expression within a given
histologic region. In each case, the
histology of interest lies within the dotted
lines. Table, cytokeratin marker staining
patterns and the deduced identity of the
dominant cell type for each histology.
C, quantitation of the percentage tumor
area occupied by each of the three major
cell compartments, identified as above.
Prog, progenitor; Diff, differentiated;
Undiff, undifferentiated; CON, tumors
from Ca1h cells transduced with empty
retrovirus; DNR, tumors from Ca1h cells
transduced with the dominant negative
ThRII. Boxes, median and quartile values;
whiskers, 95% confidence interval. Data
represent the combined results of three
independent experiments, for a total of 32
(CON) and 30 (DNR) tumors analyzed.

CA1h-DNR cells were 10 to 20 times more efficient at forming
tumors than are the parental Ca1h cells (Table 1). From our data,
we calculate that the Ca1h-DNR cultures contain f1 tumor
initiating cell per 10,000 cells. However, this calculation assumes a
100% efficiency of tumor formation by the tumor initiating cells,
and hence is likely to underestimate the true representation of
these cells within the population.

www.aacrjournals.org

TGF-B promotes differentiation of progenitor cells in part
through down-regulation of Id1. Scrutiny of our array data
suggested Id1 as a potential mediator of the effects of TGF-h on
tumorigenesis. Id1 is a dominant inhibitor of basic helix-loophelix transcription factors, which has been shown to inhibit
lineage commitment and differentiation in many cell types (32),
and it is a direct TGF-h target (33). Blocking TGF-h response
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Figure 3. TGF-h promotes differentiation of Ca1h cells in vitro , and TGF-h pathway status correlates with differentiation in clinical breast cancer samples. A, TGF-h
effects on expression of luminal markers by Ca1h cells in vitro. Expression of the differentiated luminal markers CK8 or MUC1 was determined by FACS analysis
after treatment with 5 ng/mL TGF-h (bold line, no shading ) or vehicle control (bold line, gray shading ) for 3 d. Thin line, staining with the isotype control antibody.
B, correlation between ThRII and differentiation in clinical breast cancer samples. Adjacent sections of the Imgenex human breast cancer array were immunostained for
ThRII or CK8. Brown, positive staining. Two representative tumors. C, individual tumors were scored as high or low for ThRII expression, and positive or negative for
CK8. The percentage of cases in each of the two ThRII categories that were CK8 positive (black columns) or CK8 negative (gray columns) is indicated. n gives
the number of tumors analyzed. D, relative expression of TGF-h1 mRNA in different subclasses of breast cancer. The publicly available cDNA gene expression data
(18) were downloaded from the Stanford Microarray Database and normalized. Classification of breast carcinomas was adopted from Sorlie et al. (18). Columns, mean
differences among the cancer subtypes relative to median level of TGFB1 expression across all samples. Differential expression in TGFB1 was tested using
one-way ANOVA (overall F test, P = 4E 07) and specific comparison between the luminal subtype A and basal-like groups (P = 2E-09).

with the DNR increased the expression of endogenous Id1 in
Ca1h cells in vitro (Supplementary Fig. S3). Overexpression of Id1
in the Ca1h cells had no effect on the growth-inhibitory effect of
TGF-h (Fig. 5A), but did block the ability of TGF-h to induce
luminal differentiation in vitro (Fig. 5B). Overexpression of Id1
enhanced tumor growth in vivo (Fig. 5C), with a corresponding
reduction in luminal differentiation in the tumors (Fig. 5D),
although to a slightly lesser extent than that seen when TGF-h
response was blocked with the DNR. Thus, overexpression of Id1
selectively uncouples the differentiation-promoting response to
TGF-h from the growth-inhibitory effect, permitting enhanced
tumorigenesis despite the persistence of the antiproliferative
response. Induction of Id1 by BMP has been shown to sustain
self-renewal in embryonic stem cells (34). However, forced
expression of Id1 had no effect on the efficiency of tumorsphere
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formation, the size of the side population fraction (Supplementary
Fig. S4), or on the efficiency of tumor formation in vivo (Table 1),
suggesting that down-regulation of Id1 by TGF-h may only
mediate the differentiating effect of TGF-h on the proliferative
progenitor cells, and not its effects on reducing the putative
tumor stem cell population.

Discussion
Here, we have used a xenograft model of early-stage breast cancer
to show that TGF-h has the potential to suppress tumorigenesis
through effects at two distinct levels in the developmental hierarchy
of cell types that make up the tumor parenchyma (see model in
Supplementary Fig. S5). First, endogenous TGF-h seems to restrict
the size of the putative cancer stem cell compartment. This effect
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decreases the efficiency of tumor establishment and could underlie
the earlier clinical observation that reduction in ThRII expression in
early hyperplastic breast lesions is associated with increased
probability of subsequent development of invasive breast cancer
(35). Second, TGF-h acts on the proliferative progenitor cell
compartment to promote differentiation to a more organized,
intrinsically less proliferative state, characterized by enhanced
expression of luminal markers. This affects the growth rate, bulk, and
histologic appearance of the tumor, and could underlie the previous
clinical observation that reduction in ThRII staining in invasive
breast cancer, is associated with a higher mitotic index and higher
tumor grade (36). Here, we showed a significant association between
ThRII protein expression and luminal differentiation in 50 primary
breast cancers, and in silico data mining of a large-scale breast
cancer microarray study showed TGF-h1 mRNA to be significantly
up-regulated in the good prognosis ‘‘luminal A’’ subclass and downregulated in the poor prognosis ‘‘basal-like’’ subclass of tumors.
Although direct antiproliferative effects of TGF-h are still seen in
the breast cancer model that we used here, they seem to be less
important than the effects on differentiation, as overexpression of
Id1 blocks the differentiating effect of TGF-h and enhances
tumorigenesis, whereas not affecting the ability of TGF-h to inhibit
cell proliferation.
TGF-hs are plausible candidates for critical regulators of cancer
stem cell dynamics. TGF-h family members are enriched in all

populations of normal stem cells that have been isolated thus far,
and likely contribute to the complex molecular network that
specifies ‘‘stemness’’ (25, 26). Depending on the specific TGF-h
family member and the target cell involved, TGF-h family
members may either maintain pluripotency or induce commitment in germinal, embryonal, and somatic stem cells (37). In the
mammary gland, putative stem cells have been identified by
ultrastructural and functional criteria (reviewed in ref. 31), and
recently, mammary glands have been reconstituted from single
mammary epithelial cells, providing definitive evidence for the
existence of a multipotent mammary stem cell (38, 39). Although
a role for endogenous TGF-h in normal mammary stem cell
dynamics has not yet been shown, transgenic overexpression of
active TGF-h in the mouse mammary epithelium resulted in
diminished regenerative capacity of the mammary gland in serial
transplantation experiments, suggesting that excess TGF-h can
induce premature senescence of the mammary stem cell
compartment (40). Mice overexpressing TGF-h1 in the mammary
gland were relatively resistant to induction of mammary tumors
(41, 42), as would be expected if TGF-h reduced either the normal
or the cancer stem cell compartments. Conversely, mice in which
the TGF-h response was compromised showed increased rates of
spontaneous or chemically induced tumorigenesis (43, 44).
Because experimental inactivation of Bmpr1a in the mouse
intestine was recently shown to cause an expansion of the

Figure 4. TGF-h treatment reduces the size of the side population fraction and the ability to form tumorspheres. A, FACS analysis of Hoechst dye staining patterns for
Ca1h cells in vitro . The side population fraction, which actively pumps out the Hoechst dye, is identified as the poorly staining cell population (red triangle ) that
largely disappears when the ATP binding cassette transporters are inhibited with verapamil. B, effect of TGF-h treatment on the side population fraction for three
different mammary/breast cancer cell lines. The size of the side population (SP) was determined by FACS analysis after treatment with TGF-h (5 ng/mL) for 24 h.
Columns, results for Ca1h cells, mean for three independent experiments; bars, SE. C, blocking TGF-h response with the DNR increases the equilibrium side
population fraction in Ca1h tumors. Ca1h tumors were digested and FACS analysis was done on the resulting single cell suspension. Columns, mean for three individual
tumors/genotype; bars, SE. D, effect of TGF-h on tumorsphere formation by Ca1h cells. The ability of Ca1h cells cultured in low attachment dishes to form
tumorspheres was determined as described in Materials and Methods. Where indicated, cells were pretreated with 5 ng/mL TGF-h for 24 h before trypsinization and
replating in low attachment dishes in the absence of TGF-h. Columns, means of three replicate wells for each condition; bars, SE. Inset, phase contrast image of
tumorsphere formed by Ca1h cells.
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Table 1. Effect of loss of TGF-h response on tumor take rate of Ca1h cells
Initial cell inoculum

Experiment 1
Cell genotype
Ca1h-CON
Ca1h-DNR
Experiment 2
Cell genotype
Ca1h-CON
Ca1h-DNR
Ca1h-Id1

Experimental tumor take rate

Calculated no. tumor initiating
cells/million cells

5  105

105

104

103

5/5
5/5

5/6
5/6

0/6
4/6

0/6
1/6

8
70–170

ND
ND
ND

5/5
5/5
5/5

0/8
3/4
0/4

0/7
1/5
0/5

<12
75–200
<24

NOTE: Ca1h cells were transduced with control, DNR, or Id1-expressing retroviruses and then injected into the flanks of nude mice at varying initial cell
inocula. Mice were monitored over 3 mo for the appearance of tumors. The relative number of tumor-initiating cells in the population was determined
by calculating the minimum cell inoculum required to generate a tumor.
Abbreviations: CON, control; ND, not determined.

intestinal stem and progenitor cell populations, leading to
intestinal polyposis (45), other TGF-h superfamily members may
suppress the early stages of tumorigenesis by similar mechanisms
in other epithelial tissues.

Stem cells can undergo three different types of division. Selfrenewal by symmetric division gives rise to two daughter stem cells
and occurs during allometric growth. Self-renewal by asymmetric
division gives one stem cell and one committed daughter cell and is

Figure 5. Id1 blocks promotion of differentiation
and partially blocks suppression of tumorigenesis
by TGF-h, while not affecting growth inhibition.
A, antiproliferative effect of TGF-h on genetically
modified Ca1h cells, as assessed by [3H]thymidine
incorporation. All data are normalized to the no
TGF-h condition for the particular cell line. Points,
means for three replicate wells; bars, SD. B,
ability of TGF-h to promote luminal differentiation
in genetically modified Ca1h cells. Expression
of the differentiated luminal marker Muc1 in
genetically modified Ca1h cells was determined
by FACS analysis after treatment with 5 ng/mL
TGF-h (bold line, no shading ) or vehicle control
(bold line, gray shading ) for 3 d. Thin line, staining
with the isotype control antibody. C, effect of Id1
overexpression on growth of Ca1h tumors in vivo.
Points, mean for 4 (Ca1h) or 12 (Ca1h-CON,
Ca1h-DNR and Ca1h-Id1) tumors per group; bars,
SD. D, effect of Id1 overexpression on Ca1h tumor
differentiation. The percentage of tumor area
occupied by differentiated luminal structures as
determined histologically is shown for the three
tumor genotypes. Boxes, median and quartile
values; whiskers, 95% confidence interval. Twelve
tumors were analyzed per genotype group.
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the mechanism used for tissue maintenance. Finally, the third
option is symmetric division to give two committed daughter cells,
which depletes the stem cell population. Because loss of TGF-h
response increases the apparent size of the putative cancer stem/
early progenitor cell fraction, our data suggest that local TGF-h
signaling might normally reduce the probability of symmetric selfrenewal of the stem cell in favor of either asymmetric self-renewal
or symmetric division to two committed daughters. Alternatively,
although we do not see a proapoptotic effect of TGF-h on the bulk
cell population, conceivably TGF-h might induce apoptosis
specifically of the stem cell population. These various possibilities
are under active investigation. The mechanisms underlying the
apparently paradoxical down-regulation of Myc and up-regulation
of p27 in the more rapidly proliferating, poorly differentiated Ca1h
tumors after TGF-h pathway blockade are also still obscure,
although Myc has been shown to deplete epidermal stem cells and
promote their terminal differentiation (46).
The ability of TGF-h to induce differentiation of the committed
progenitors, but not its ability to deplete the cancer stem/early
progenitor cell population, was dependent on the down-regulation
of Id1, a known TGF-h target gene (33). Id proteins are highly
expressed during embryogenesis and have been implicated in the
regulation of self-renewal and differentiation in many tissues (47).
Forced overexpression of Id1 in the SCp2 mammary epithelial cell
line blocks functional differentiation in response to lactogenic
hormones (48). In breast cancer, Id1 is expressed more frequently in
infiltrating ductal carcinomas than ductal carcinoma in situ (15),
and Id1 is a negative predictor of survival (49). A number of
oncogenes relevant to breast cancer can up-regulate Id1, including
ErbB2, Myc, and Ras (47). Because oncogene overexpression
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