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The TGF-} signaling network plays a complex role in carcinogenesis because it has the potential to act
as either a tumor suppressor or a pro-oncogenic pathway. Currently, it is not known whether TGF-3 can
switch from tumor suppressor to pro-oncogenic factor during the course of carcinogenic progression
in a single cell lineage with a defined initiating oncogenic event or whether the specific nature of the
response is determined by cell type and molecular etiology. To address this question, we have introduced
a dominant negative type II TGF-f} receptor into a series of genetically related human breast-derived
cell lines representing different stages in the progression process. We show that decreased TGF-f3 respon-
siveness alone cannot initiate tumorigenesis but that it can cooperate with an initiating oncogenic lesion
to make a premalignant breast cell tumorigenic and a low-grade tumorigenic cell line histologically and
proliferatively more aggressive. In a high-grade tumorigenic cell line, however, reduced TGF-f3 respon-
siveness has no effect on primary tumorigenesis but significantly decreases metastasis. Our results
demonstrate a causal role for loss of TGF-f responsiveness in promoting breast cancer progression up
to the stage of advanced, histologically aggressive, but nonmetastatic disease and suggest that at that

1116

point TGF-f switches from tumor suppressor to prometastatic factor.
J. Clin. Invest. 112:1116-1124 (2003). doi:10.1172/JCI200318899.

Introduction

TGF-Bs and their cognate receptors are expressed in
essentially all tissues and are thought to play complex
roles in carcinogenesis (reviewed in refs. 1-4). This com-
plexity probably reflects the broad range of biological
activities that are modulated by TGF-s and the many
different cellular players in the carcinogenic process. Cur-
rently, the prevailing hypothesis is that TGF-Bs function
as tumor suppressors early in epithelial carcinogenesis
but that they switch to a pro-oncogenic role later in pro-
gression (2, 3). Piecemeal evidence in support of this
hypothesis has been gathered from many different exper-
imental systems. In no case, however, has it been demon-
strated that the endogenous TGF-f signaling network
can indeed switch roles during the course of carcinogenic
progression in a given cell lineage with a defined initiat-
ing oncogenic event. The alternative possibility would
be that TGF-B plays differing roles depending on the
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specific molecular etiology of the tumor or the specific
cell type of origin. These two possibilities have different
implications for the design of novel preventive or thera-
peutic strategies that target the TGF-f} system.

The proposed dual role for TGF- in carcinogenesis
has its basis in both experimental and clinical obser-
vations. Work in vitro has shown that TGF-3s are
highly potent inhibitors of proliferation for nearly all
epithelia. In addition, TGF-Bs can induce apoptosis,
promote replicative senescence, maintain genomic sta-
bility, induce a negative angiogenic regulator profile,
and interfere with cellular immortalization. All these
properties could contribute to tumor suppression
(reviewed in refs. 2, 3). Consistent with a tumor-sup-
pressor role for TGF-B, analysis of clinical samples and
tumor-derived cell lines suggests that reduction or
alteration in epithelial responsiveness to TGF-f is a
common occurrence during carcinogenic progression
in many tissues (5). On the other hand, overexpression
of TGF-f ligands is a feature of many advanced human
tumors, and elevated TGF-P expression almost invari-
ably associates with indicators of poor prognosis, con-
sistent with a pro-oncogenic role for TGF-f in late-
stage cancer (6). Pro-oncogenic effects that would
promote tumor progression include direct effects of
TGF-Bs on the tumor cells themselves, such as the
enhancement of invasion and motility, as well as indi-
rect effects that generate a more permissive tumor
stroma, including effects on angiogenesis and
immune surveillance (reviewed in refs. 2, 3).
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Clinical studies of breast cancer have shown that per-
turbations in the normal functioning of the TGF-J3 sys-
tem occur at several distinct stages during disease pro-
gression. Reduced or heterogeneous expression of the type
II TGF-f receptor (TBRII) is seen in a subset of patients
with breast epithelial hyperplasia without atypia and is
associated with an increased risk of subsequently devel-
oping invasive breast cancer (7). Thus, diminished TGF-3
responsiveness is a marker for risk of malignant conver-
sion in an otherwise benign proliferative lesion. Further-
more, reduced TBRII expression in ductal carcinoma in
situ (DCIS) and invasive breast cancer correlates with
higher mitotic count, higher tumor grade, and clinical
stage, consistent with a tumor-suppressor role for TGF-3
at this later stage, too (8). As for carcinomas in other
organs, however, TGF- levels are increased locally and
systemically in advanced breast cancers, particularly at the
leading invasive edge of the tumor and in metastases
(9-12). The elevated expression of TGF-f3 associates with
disease progression and correlates with node positivity
and metastasis, suggesting that at this late stage, TGF-B is
now promoting carcinogenic progression (10, 11).

In the present study we had two major goals. The first
was to establish a causal connection between the reduced
TGF-P responsiveness and disease progression that is
seen in clinical breast samples. The second was to test the
important, and more general, hypothesis that TGF-3 can
switch from tumor suppressor to prometastatic factor
during the course of carcinogenic progression in a given
cell lineage. To do this, we have used a unique series of
human breast epithelial cell lines representing four dif-
ferent stages of the carcinogenic process. All the cell lines
are derivatives of the immortal, but otherwise normal,
MCF10A cell line, which was originally derived from
benign breast tissue from a woman with fibrocystic dis-
ease (13). They span the spectrum of progression from
relatively normal breast epithelial cells through to high-
ly malignant metastatic cancer cells (14, 15). To model
the reduced expression of TBRII that is seen clinically, we
introduced a dominant negative TGFBRII receptor into
all four cell lines, and tested for effects on tumorigenici-
ty in vivo. Our data strongly support the hypothesis that
TGF-B switches from tumor suppressor to prometastat-
ic factor during breast cancer progression.

Table 1
Summary of properties of MCF10A-derived cell lines

Methods
Cell lines. All the cell lines are derivatives of the immortal
but otherwise normal MCF10A breast epithelial cell line
(13). Transfection of MCF10A with activated HRAS and
selection by xenografting gave the MCF10AT1k.cl2 cell
line, which gives rise to premalignant lesions with the
potential for neoplastic progression (14). MCF10Calh
and MCF10CA1la.cl1 were derived from occasional car-
cinomas arising from xenografts of MCF10AT1k.cl2.
MCF10Calh gives predominantly well-differentiated
carcinomas on xenografting, while MCF10Cala gives
rise to relatively undifferentiated carcinomas and metas-
tasizes to the lung upon injection into the tail vein (15).
For the sake of simplicity, in the present study we refer
to these cell lines as M-I through M-1V, and the proper-
ties and derivation of these cells are summarized in Table
1. The cell lines were obtained from Fred Miller and
Steven Santner at the Barbara Ann Karmanos Cancer
Institute. The M-III and M-IV cells were maintained in
DMEM/F-12 supplemented with 5% horse serum and
1% penicillin/streptomycin at 37°C, 5% CO,. The culture
medium for the M-I and M-II was similar but addition-
ally included 10 pg/ml insulin, 20 ng/ml EGF, 0.5 pg/ml
hydrocortisone, and 100 ng/ml cholera toxin.

Retroviral transduction. The human TBRII sequence,
between nucleotides 1 and 656, was PCR amplified and
ligated into the EcoRI/BamHI sites of the pcDNA3.1-
myc-HisB(+) vector (Invitrogen Corp., Carlsbad, Cali-
fornia, USA). This dominant negative form of the
receptor (DNR) with Myc-HisB tag was then PCR
amplified and subcloned into the proretroviral vector
pLPCX (BD Biosciences Clontech, Palo Alto, Califor-
nia, USA) to generate the proretroviral construct pLPC-
DNR. Replication-defective infectious retrovirus was
generated by transfecting proretroviral plasmids into
A-BOSC cells (16). Exponentially growing M-I through
M-1V cells were transduced with pLPCX control retro-
virus or pLPC-DNR and were maintained under
puromycin selection (2 [lg/ml) for 5 days. In vivo exper-
iments were performed within 2-3 weeks of transduc-
tion using pools of transduced cells.

Ligand-affinity cross-linking, growth-inhibition assays, and
Western blot analysis. For detection of cell surface TGF-f3
receptors, cell monolayers at 70-80% confluence were

Cell line designation
Stage of breast
carcinogenesis modeled
Description of line

Tumorigenicity on
xenografting into
nude mice

MCF10A1 (M-1)

Normal epithelium

Spontaneously immortalized
line from nonmalignant
human breast epithelium

Nontumorigenic

MCF10AT1k.cl2 (M-1)

Oncogenically initiated
premalignant epithelium
Derived from MCF10A cells
transfected with activated
HRAS oncogene (MCF10AT)
and passaged through mice as
persistent lesions with features
of proliferative breast disease
Initially form simple ducts
that can progress to benign
hyperplastic lesions and
occasionally carcinomas

MCF10CATh (M-Iil)

Low-grade carcinoma

Line derived from a

xenograft implant of
MCF10AT cells that

progressed to
carcinoma

Form predominantly

well-differentiated
carcinomas

MCF10CA1a.cl1 (M-I

V)

High-grade metastatic

carcinoma

Line derived from
xenograft implants of
MCF10AT cells that

progressed to carcinoma

Form poorly differenti

ated

carcinomas; metastatic to
lung in tail vein-injection

assay
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affinity cross-linked with 100 pM !?5I-labeled TGF-B1
(Perkin-Elmer Life Sciences, Boston, Massachusetts,
USA) as described previously (17). To confirm identity of
the DNR, some labeled samples were immunoprecipi-
tated with anti-Myc Ab (Invitrogen Corp.) prior to load-
ing. Cell proliferation was determined by 3H-thymidine
incorporation essentially as described (17). For Western
blots, cell monolayers at 30-40% confluence were
switched from normal growth medium to DMEM/F-12
1% calf serum for 18 hours, then cells were treated with
5 ng/ml TGF-B and harvested at various time points
after treatment. Ab’s were from the following sources:
fibronectin and actin, Santa Cruz Biotechnology Inc.
(Santa Cruz, California, USA); c-Myc, Active Motif LLC
(Carlsbad, California, USA); Smad2 and Smad3, Zymed
Laboratories Inc. (South San Francisco, California, USA);
phospho-Smad2, Upstate Biotechnology Inc. (Lake
Placid, New York, USA); phospho-Smad3, a generous
gift of Michael Reiss (Cancer Institute of New Jersey,
Nutley, New Jersey, USA).

Tumorigenesis. M-Il and M-IV cells were suspended in
DMEM/F-12 at a density of 5 X 10° cells/ml and 10°
cells/ml, respectively, while M-I and M-I cells were sus-
pended in a 1:1 vol/vol mix of DMEM/F-12 Matrigel
(BD BioSciences, Bedford, Massachusetts, USA) at a
density of 5 x 107 cells/ml. Five-week-old female athymic

NCr nu/nu mice were inoculated subcutaneously on the
hind flank with 0.2 ml of the cell suspension. Palpable
lesions were measured twice weekly with calipers, and
tumor volumes were calculated by the formula (Sx Sx L)
% 0.52, where S and L are the short and long dimensions,
respectively. Mice were cared for humanely according to
the U.S. Public Health Policy on the Care and Use of
Animals and the Guide for the Care and Use of Labora-
tory Animals. Mice were euthanized with CO, when
tumors reached 2 cm in diameter, or if tumors ulcerat-
ed, or the mice showed significant morbidity. Half of
each tumor was snap-frozen for molecular analysis and
half was fixed in neutral-buffered formalin for histol-
ogy. All tumors were examined by a board-certified vet-
erinary pathologist (M.R. Anver). Xenografts were grad-
ed on a scale of 0 (minimum) to 4 (marked) for the
presence of mitoses and for the extent of atypia. Atypia
consisted of sheets and nests of poorly differentiated
epithelial cells with indistinct cytoplasmic borders and
large pleomorphic vesicular nuclei.

Metastasis. To determine metastatic potential, 5-week-
old female nude mice were injected intravenously with
106 cells in 0.2 ml of DMEM/F-12 in the tail vein.
Quantitation of metastases was performed on repre-
sentative cross-sections of formalin-fixed, paraffin-
embedded lungs, stained with hematoxylin and eosin.
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Figure 1

TGF-P receptor expression and responsiveness in the four human breast epithelial cell lines. (a) Ligand affinity cross-linking. Cell lines were
affinity labeled with 100 pM 25|-labeled TGF-B1 in the absence (-) or presence (+) of a 50-fold molar excess of unlabeled TGF-B1. The migra-
tion positions of the endogenous TGF-B receptors (RI, Rll, and RIIl) are indicated. MW, molecular weight. (b) Smad phosphorylation and
regulation of gene expression. Cells were treated with 2 ng/ml| TGF-3 and assessed by Western blot analysis for extent of Smad phosphoryla-
tion (at t =15 minutes), and effects on fibronectin (FBN) and c-Myc expression (at t = 24 hours). For the c-Myc blot, the arrow indicates the
c-Myc band and the filled square indicates a nonspecific band. (c) Growth-inhibitory effects of TGF-B1. Cell proliferation in the presence of
increasing amounts of TGF-f31 was quantitated by 3H-thymidine incorporation (incorp.). Results are the means for three determinations nor-
malized to the controls with no added TGF-f3 for each cell type.
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Immunobistochemistry and quantitation of proliferation
and apoptosis in tumors. All mice were injected with 150
mg/kg BrdU 1 hour before euthanasia for determina-
tion of proliferative indices. Formalin-fixed sections
were immunostained using an anti-BrdU mAb (DAKO
Corp., Carpinteria, California, USA). The number of
BrdU-labeled cells was determined for 20-40 random-
ly chosen high-power fields for each tumor. Similarly,
the number of apoptotic cells was quantitated follow-
ing TUNEL staining using the ApoTag kit (Oncor Inc.,
Gaithersburg, Maryland, USA). Immunohistochem-
istry was performed on a sample of M-III tumors for
pan-actin and S100 (DAKO Corp.) and cytokeratin 14
(The Binding Site Inc., San Diego, California, USA).

Results

The cell lines all express TGF-Breceptors and respond to TGF-3
in vitro. We began by characterizing TGF-B receptor
expression and TGF-[ responsiveness in the breast cell
lines whose properties are summarized in Table 1. As
shown in Figure 1a, all four cell lines express similar lev-
els of the signaling receptors, TBRI and TPRII, as deter-
mined by ligand-affinity cross-linking. M-I sometimes
showed much higher levels of the accessory binding pro-
tein TBRIII than did the other cell lines, but this was not
a consistent finding. All four cell lines expressed similar
levels of the downstream signaling molecules, Smad2
and Smad3, and TGF-f induced phosphorylation of
both Smads to a similar extent in all four lines (Figure
1b). Similarly, TGF-B could induce expression of
fibronectin and suppress expression of c-Myc in all four
lines, though basal expression of c-Myc varied somewhat
between the lines (Figure 1b). Finally, all four cell lines
were growth inhibited by TGF-B1 in a dose-dependent
manner, with an EDs, of approximately 10-20 pM (Fig-
ure 1c). Whereas the proliferation of M-I, M-II, and M-III
could all be completely inhibited by TGF-f, however, the
most aggressive cell line, M-IV, was only partially inhib-
ited (~40%) at the highest TGF-B concentrations. Thus,
all four cell lines expressed functional TGF-B receptors,
phosphorylated the Smad signal transduction compo-
nents similarly, showed normal regulation of hallmark
TGF-B-regulated genes, and demonstrated at least some
sensitivity to growth inhibition by TGF-B.

The DNR blocks TGF-f3 function in vitro. All four cell lines
were transduced with a control retrovirus (CON) or a
retrovirus expressing the DNR and were characterized
for TGF-f responses in vitro. Representative results
with the M-III cells are shown in Figure 2. Western blot
analysis of whole cell lysates, using an anti-Myc Ab to
detect the tagged DNR, showed a band at 40 kDa, indi-
cating that the core 29 kDa DNR protein was expressed
and glycosylated in the transduced cells (Figure 2a).
Ligand-affinity cross-linking using 12°I-labeled TGF-1
followed by immunoprecipitation with anti-Myc Ab
confirmed that the DNR trafficked correctly to the cell
surface and was capable of binding TGF-3 (Figure 2b).

We then tested whether the DNR construct could
block phosphorylation of downstream signaling com-

ponents of the Smad family (2). Interestingly, expres-
sion of the DNR had only a partial effect on the phos-
phorylation of Smad2 and Smad3 at early time points,
but it caused a more complete blocking by 18 hours
after addition of TGF-f3 (Figure 2c¢). Despite this appar-
ently incomplete blocking of TGF- signal transduc-
tion, the DNR typically decreased the induction of fi-
bronectin and the repression of c-Myc protein by TGF-f3
to approximately 15% of that seen in control cells (Fig-
ure 2d). M-III DNR cells were also largely resistant to
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Figure 2

Blockade of TGF-P responses in vitro by transduction with the DNR.
(a) Expression of the DNR in transduced cells. DNR expression in
transduced M-Ill cells was determined by Western blot analysis prob-
ing for the Myc tag on the DNR. B-Actin protein was used for nor-
malization. (b) Ability of the DNR to bind TGF-B. M-IlI cells were
affinity labeled with 125I-TGF-B1. Following cross-linking, lysates were
immunoprecipitated with anti-Myc Ab for visualization of ligand
bound to the DNR. (c) Effect of DNR on Smad phosphorylation by
TGF-B. M-III cells were treated with 5 ng/ml TGF-B1 for various
times, and Smad protein expression and phosphorylation were ana-
lyzed by Western blot. P-Smad, phosphos-Smad. (d) Effect of DNR
on gene-regulation responses to TGF-B1. M-Ill cells were treated with
5 ng/ml TGF-B1 or vehicle alone for 18 hours, and fibronectin (FBN)
and c-Myc expression were analyzed by Western blot. (e) Effect of
DNR on growth inhibition induced by TGF-B1. Growth inhibition in
response to TGF-f1 was measured by [3H]-thymidine incorporation.
All results are the mean + SD for three determinations and are nor-
malized to no TGF-f controls for each sample. PAR, untransduced
parental M-Ill cells; CON, M-Ill cells transduced with pLPCX control
retrovirus; DNR, M-IlI cells transduced with pLPC-DNR.

The Journal of Clinical Investigation |

October 2003

| Volume112 | Number?7 1119



V]

100

Proliferation (%)

DNR pool DNR c103

T
- —@— CON
| —©— DNR pool
400 —— DNR ¢103

1 1
40 60 80 100 120

Time after injection (d)

1120

growth inhibition, with treatment up to 100 pM of
TGF-B1 (Figure 2e). In some experiments, complete loss
of growth-inhibitory response was observed in the pools
of DNR-transduced cells, whereas in others, or in cloned
transductants, some residual response was seen at high
TGF-f concentrations (Figure 2e and Figure 3a). Thus,
in general, the DNR reduced but did not totally block
the various biological responses to TGF-f.

Loss of TGF-Bresponse causes malignant transformation of
oncogenically initiated premalignant breast epithelial cells. To
determine the effect of reduced TGF-P responsiveness on
the tumorigenicity of the different cell lines in vivo, we
xenografted all four cells and their DNR-expressing
derivatives into athymic nude mice. For the M-I immor-
talized “normal” breast epithelial cell line, no lesions
formed up to 1 year after injection, whether or not they
expressed the DNR (total of six injection sites for each of
the DNR and CON genotype groups; data not shown).
This result suggests that loss of TGF-P response is not
an initiating event for breast carcinogenesis.

For the M-II cell line, which is an oncogenic HRAS-
initiated premalignant line, tumorigenicity was deter-
mined both for a pool of transduced cells in which
TGF-B response was fully blocked (DNR pool) and a
clone that showed some residual TGF-f responsiveness
(DNR c103) (Figure 3a). No palpable lesions formed for
the duration of the experiment in parental cells (not

Figure 3

Decreased TGF-B responsiveness increases the probability of malig-
nant conversion for the premalignant breast cell line M-II. (a) TGF-3
responsiveness of M-I transductants in vitro. The proliferation of M-II
transductants in the presence (+) and absence (-) of 2 ng/ml TGF-B1
was determined by incorporation of 3H-thymidine. Results are the
mean + SD of three determinations and are normalized to the no
TGF- control in each case. *P < 0.01. (b) Tumor growth kinetics.
Five-week-old female athymic nude mice were inoculated subcuta-
neously on each hind flank with retrovirally transduced M-Il cells
(5 % 106 cells/site; ten sites per genotype). (c) Histology of lesions
formed by M-Il transductants. M-Il CON cells formed cystic ductal
structures, while MII-DNR formed glandular carcinomas. CON,
M-1I cells transduced with pLPCX; DNR-pool, pooled M-Il cells
transduced with pLPC-DNR at levels that fully blocked TGF-$
growth-inhibitory responses; DNR-c103, a clone of M-Il cells trans-
duced with pLPC-DNR that retained partial TGF-} responsiveness.

shown), nor in cells transduced with control retrovirus
(Figure 3b). At 17% of the injection sites (3 of 18), cys-
tic ductal structures or hyperplasias were seen after 120
days, but no tumors were observed (Figure 3¢, CON).
In contrast, the M-I DNR cells formed rapidly growing
lesions with a latency that depended on the level of
effectiveness of the DNR. For the pool of DNR-trans-
duced cells with no growth-inhibitory response to
TGF-B, palpable lesions were detected with a latency of
approximately 40 days (Figure 3a). By 65 days, measur-
able lesions were present at six of ten injection sites.
Histologically, the lesions formed were all either glan-
dular or papillary carcinomas (Figure 3c, DNR). The
difference in tumor incidence between the CON and
DNR groups was statistically significant (P < 0.001;
Fisher exact test). Similar results were obtained in a sec-
ond independent experiment (data not shown). For the
clone of DNR-transduced cells in which the growth-
inhibitory response was only partially blocked (DNR
clone 103), tumors arose with a longer latency (63 days)
but a similar incidence (seven of ten) (Figure 3b). In
summary, these data indicate that decreased TGF-3
responsiveness can cooperate with an initiating onco-
genic lesion to increase the frequency of malignant
transformation of a breast epithelial cell. This observa-
tion is consistent with a tumor-suppressor role for
TGF- in the premalignant breast epithelium.

Loss of TGF-B response increases the aggressiveness of a low-
grade breast carcinoma. The M-III cell line formed slow-
growing tumors upon xenografting into nude mice
(Figure 4a). In comparison, tumors formed by the M-III
DNR cells had a shorter latency (approximately 14
days compared with approximately 25 days) and grew
faster (Figure 4a). Mean tumor weight at 30 days after
injection was 1.9 + 1.2 g for M-III DNR tumors and
0.48 + 0.56 g for M-III CON tumors (P = 0.003, two-
tailed ¢ test for independent samples). This result was
confirmed by two additional independent experi-
ments (data not shown).

All of the lesions formed by both genotype groups
were carcinomas. All tumors had admixtures of three
distinct morphologic types (Figure 4b). The more well-
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Figure 4

Decreased TGF-3 responsiveness increases the tumor growth rate and histological grade of the low-grade breast carcinoma line M-III.
(a) Tumor growth kinetics. Nude mice were inoculated subcutaneously on each hind flank with retrovirally transduced M-III cells
(106 cells/site; 10 sites/genotype). Untransduced parental M-Il cells (n = 4, not shown) gave results essentially identical to M-Il CON.
(b-e). Histology of lesions formed by M-lll transductants. Tumors of both genotypes were admixtures of three morphologic types. (b)
M-11I DNR tumor showing all three morphologies (Cr, cribriform structures; Cl, clear cells; At, area of atypia); (c) cribriform glands in
an M-Il CON tumor; (d) clear cell area in an M-Il CON tumor; (e) area of atypia from an M-1ll DNR tumor. Magnification: X100 (b)
and %400 (c-e). (f) Atypia and mitosis grades in M-11l tumors. Histological sections were graded from 0 to 4 independently for extent of
atypia and for frequency of mitoses as detailed in Methods. (g) Proliferation and apoptosis rates in M-1ll tumors. Tumor cell prolifera-
tion was quantitated by counting BrdU-labeled nuclei on histologic sections, and apoptotic cells were quantitated by TUNEL assay.
Results are the mean + SD for a minimum of five tumors of each genotype. PAR, parental untransduced cells; CON, cells transduced with
pLPCX; DNR, cells transduced with pLPC-DNR. hpf, high-power field.

differentiated areas were composed of irregular cribri-
form glands lined by low cuboidal epithelium (Figure
4c). Clear cell areas consisted of closely apposed round
cells with clear cytoplasm and hyperchromatic nuclei
(Figure 4d). By immunohistochemistry, clear cells were
variably positive for S100 and cytokeratin 14 and neg-
ative for actin, suggesting that they are of myoepithe-
lial origin. Poorly differentiated areas were composed
of nests and sheets of epithelial cells with large, pleo-
morphic vesicular nuclei with multiple nucleoli, and
mitotic figures were most frequent in these areas (Fig-
ure 4e). Using a grading system for the degree of atyp-
ia based on the ratio of areas of poorly differentiated
cells to areas of cribriform glands, the atypia grade was
significantly increased in the M-III DNR compared
with M-III CON tumors, as was the mitosis grade (Fig-
ure 4f). There was also an increase in the proliferation
index as determined by BrdU labeling (Figure 4g) and

a significant decrease in apoptosis in the M-III DNR
tumors (Figure 4g). Overall, the results suggest that
diminished TGF-B responsiveness causes a well-differ-
entiated breast carcinoma to grow faster and become
less differentiated, suggesting that TGF-f plays a
tumor-suppressor role in low-grade breast cancer.

Loss of TGF-f3 response does not affect primary tumorigen-
esis, but suppresses metastasis in a high-grade breast carcino-
ma. The most aggressive cell line, M-1V, formed rapid-
ly growing, poorly differentiated tumors on xenografting
into nude mice. Introduction of the DNR into these
cells did not change the growth rate (Figure 5a) or his-
tology of the primary tumors (not shown). All M-IV
tumors were a mixture of poorly differentiated sheets
of pleiomorphic cells and areas of “clear cells,” but
without the cribriform glands that were seen in the
M-IIIT tumors. To determine whether loss of TGF-f3
response would affect metastatic efficiency, genetically
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modified M-IV cells were injected into the tail vein of
nude mice. While all mice in the control group (five of
five) developed lung metastases by 8 weeks after injec-
tion, only 40% of the mice injected with the M-IV DNR
cells (four of ten) developed metastases in this time
frame. Similar results were obtained in a second exper-
iment (not shown). There was also a statistically sig-
nificant reduction in the mean number of histologi-
cally confirmed metastases per lung in the DNR group
(P=0.005, nonparametric Mann-Whitney test) (Figure
5b). These data suggest that in progressing from low-
to high-grade breast cancers, the tumor-suppressor
effects of TGF-P have been lost and prometastatic
effects have been uncovered.

Normal

Epithelial . Ductal breast
i Atypical p
epithelium__ hyPerplasia e olasia ) carcinoma ) cancer
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Figure 5

Decreased TGF-P responsiveness does not affect primary tumorigen-
esis but suppresses metastasis in the high-grade breast carcinoma line
M-IV. (a) Tumor growth kinetics in vivo. Nude mice were inoculated
subcutaneously on each hind flank with retrovirally transduced M-IV
cells (2 X 10° cells/site). For M-IV CON, n = 11 sites injected; M-IV
DNR, n=11. Untransduced parental M-IV cells gave essential identical
results to M-IV CON (n =4, not shown). (b) Lung metastases. Metasta-
tic efficiency was determined by quantitation of histologically detectable
lung metastases 8 weeks after injection of 10° retrovirally transduced
cells into the tail vein of nude mice. Results are the mean + SD forn =5
(M-IV CON) and n = 10 (M-IV DNR). CON, cells transduced with
pLPCX; DNR, cells transduced with pLPC-DNR.

Discussion
The hypothesis that TGF- functions as a tumor sup-
pressor early in the carcinogenic process but switches
to a pro-oncogenic agent in late-stage disease has been
widely proposed to reconcile much of the otherwise
conflicting clinical and experimental data that exists
in the literature (reviewed in refs. 2-4). Here we have
demonstrated, we believe for the first time, that the
biological output of the endogenous TGF-B-signal-
ing network can indeed switch from tumor suppres-
sion to promotion of metastasis during the course of
carcinogenic progression within a single cell lineage
initiated by a single, defined oncogenic event (see Fig-
ure 6). In the model of breast cancer progression that
we have used, this switch in biological readout occurs
at the transition from histologically low-grade to
high-grade breast cancer. The results therefore sug-
gest that the final stages of carcinogenic progression
may specifically involve genetic and/or epigenetic
changes that radically alter the cellular interpretation
of the TGF-J signal.

Mechanistically, this switch from tumor suppressor
to prometastatic factor does not appear to involve a
qualitatively altered proliferative response, because
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Summary of effect of decreased TGF-f3 response at different stages in the carcinogenic process for the breast.

1122 The Journal of Clinical Investigation |

October2003 |

Volume 112 | Number?7



TGF- was growth inhibitory in vitro for all four cell
lines of the breast cancer progression series, regardless
of whether TGF- exerted a tumor suppressor or pro-
metastatic effect in vivo. In this respect, our model sys-
tem differs from previous work by Schwarz et al., in
which TGF-§ was shown to inhibit the in vitro prolif-
eration of nonmetastatic fibroblasts, but to stimulate
proliferation of their metastatic derivatives (18).
Whether the different results reflect a fundamental dif-
ference in metastatic mechanisms between carcinomas
and tumors of mesenchymal origin is not clear. We also
did not see any major differences in vitro between the
four cell lines in terms of their ability to activate the
Smad signal transduction pathways or to regulate the
expression of prototypical TGF-B-regulated genes such
as fibronectin and c-myc. Thus, the in vitro biology of
the cell lines is currently giving no insight into mecha-
nisms underlying the “metastatic switch” in vivo.
Tumors in vivo are complex “organs” composed of
many cell types, and it is known that tumor stroma
plays a very important role in modulating invasion and
metastasis (19, 20). We are actively investigating the
possibility that the low- and high-grade breast cancer
cell lines interact differently with the host environ-
ment, such that a different biological readout to TGF-3
is obtained in the two cell types in vivo.

Several important points about the biology of TGF-f
in the different stages of breast cancer progression can
be deduced from our data that shed light on existing
clinical observations. Firstly, reduction of TGF-$
response in the immortalized but otherwise normal
breast epithelial cell line MCF10A (M-I) did not give
rise to tumors or even to benign proliferative lesions.
This result suggests that reduced TGF-f responsiveness
is not an initiating lesion for breast cancer, even in the
context of an immortalized cell. Consistent with this
finding, decreased expression of TBRII is seen in some
morphologically normal human breast epithelia (7).
Our work suggests that this loss may be without imme-
diate consequence until additional mutational or epi-
genetic perturbations occur.

Once an initiating oncogenic event does occur, how-
ever, our data clearly show that reduction of TGF-3
responsiveness in the premalignant breast epithelium
can dramatically increase the risk of subsequent tumor
formation. Alone, the presence of activated Ha-ras in
the M-II premalignant cells causes these cells to form
lesions with features of proliferative breast disease, and
during the 2-year lifetime of the mouse, about 20-25%
of these lesions will finally progress to invasive carci-
noma (14). The combination of diminished TGF-j
response and activated HRAS, however, caused carci-
nomas to form at 40-60% of the sites injected within 65
days, during which time none of the cells with normal
TGF-B response formed tumors. These data are in
agreement with our previous work showing that trans-
genic overexpression of the DNR in the mouse mam-
mary gland, while not affecting spontaneous mamma-
ry tumorigenesis, did increase tumorigenesis following

initiation with a chemical carcinogen (21). Similar
results have been seen in the skin, liver, stomach,
prostate, and intestine (17, 22-24). Clearly, it will be
important to determine the spectrum of oncogenic
lesions that can cooperate with loss of TGF-f response
to cause malignant conversion in the breast and other
epithelia. Our data strongly suggest, however, that the
reduced expression of TBRII, seen clinically in a subset
of human breast epithelial hyperplasias without atyp-
ia (7), may be a marker for increased risk because of the
increased probability of malignant conversion in the
presence of initiating oncogenic lesions.

Not only does diminished TGF-f response accelerate
malignant conversion in the early stages of breast car-
cinogenesis, but it also has an effect later in the process.
Loss of TGF-f response in the cell line that forms rela-
tively well-differentiated carcinomas (M-III) resulted in
an increased tumor growth rate, more rapid prolifera-
tion, and a more aggressive morphology. In a recent
clinical study, decreased TPRII expression in DCIS and
in invasive breast cancer correlated with higher mitot-
ic index and higher tumor grade (8). Our data strongly
support a causal connection between the loss of TGF-[3
response and a more aggressive tumor phenotype at
these stages in breast carcinogenesis.

Interestingly, in the clinical study cited above, there
was no significant correlation between decreased
TPRII expression in the primary breast tumor and
lymph node status (8). This raises the possibility that
although loss of TGF-f} response increases growth rate
and causes a more aggressive morphology in the pri-
mary tumot, it does not promote metastatic spread. In
support of this idea, we have shown that loss of TGF-f3
response in the highly aggressive metastatic cell line
(M-1IV) had no effect on primary tumorigenesis, but
actually decreased metastatic efficiency. We are cur-
rently probing the underlying mechanisms, but data
in other systems suggest that TGF-f effects on motil-
ity and invasiveness, and possibly survival of the tumor
cell, may contribute (25, 26). Our observations are
entirely consistent with the hypothesis that in late-
stage disease, TGF-f switches from suppressor to pro-
moter of carcinogenesis. Data in support of this
hypothesis have also been gathered in the skin (27).
That study, however, involved ectopic overexpression
of TGF-B1, and it was not clear whether endogenous
TGF-B in the skin would behave similarly. To the best
of our knowledge, ours is the first demonstration of
the switch in a system that allows the differing roles of
endogenous TGF-f at multiple stages of carcinogenic
progression to be cleanly dissected out and the stage
of the switch to prometastatic factor to be identified.

Our observations have potential implications for dis-
ease management in breast cancer. Decreased TBRII
expression in early proliferative lesions of the breast is
fairly common, and this expression pattern identifies a
high-risk subgroup (7). Since we have shown that loss
of TGF-f response in premalignant breast cells increas-
es the probability of malignant conversion, our data
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suggest that strategies to restore TGF-P responsiveness
in early proliferative lesions might be effective in pre-
venting or delaying subsequent development of inva-
sive breast cancer. In human breast cancer cell lines
with decreased TPRII, treatment with chromatin-mod-
ifying agents can restore TPRII expression (28, 29).
Less-toxic strategies for reversing this epigenetic reduc-
tion in TRRII or, alternatively, for augmenting residual
TGF-B responsiveness are under development and
might ultimately be useful for early prevention (30, 31).
In contrast, restoration of TGF-f responsiveness in
late-stage disease would be inadvisable because of the
risk of promoting metastasis. At this stage, however,
antagonism of the TGF- ligand shows promise as a
therapeutic strategy (25, 32).

In conclusion, we have used a xenograft model of
breast cancer progression to show that loss of TGF-3
response is causally involved in promoting malignant
transformation and disease progression up to the stage
of high-grade invasive breast cancer. At this late stage,
loss of TGF-P response actually prevents further pro-
gression by suppressing metastatic spread. This model
represents a valuable resource to mine for information
about the mechanisms that underlie the opposing roles
of TGF-Ps at different stages in breast cancer progres-
sion and the changes in molecular and biological con-
text that cause TGF-P to switch from tumor suppres-
sor to prometastatic factor in late-stage disease.
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