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We	investigated	whether	TGF-β	induced	by	anticancer	therapies	accelerates	tumor	progression.	Using	the	
MMTV/PyVmT	transgenic	model	of	metastatic	breast	cancer,	we	show	that	administration	of	ionizing	radia-
tion	or	doxorubicin	caused	increased	circulating	levels	of	TGF-β1	as	well	as	increased	circulating	tumor	cells	
and	lung	metastases.	These	effects	were	abrogated	by	administration	of	a	neutralizing	pan–TGF-β	antibody.	
Circulating	polyomavirus	middle	T	antigen–expressing	tumor	cells	did	not	grow	ex	vivo in	the	presence	of	
the	TGF-β	antibody,	suggesting	autocrine	TGF-β	is	a	survival	signal	in	these	cells.	Radiation	failed	to	enhance	
lung	metastases	in	mice	bearing	tumors	that	lack	the	type	II	TGF-β	receptor,	suggesting	that	the	increase	in	
metastases	was	due,	at	least	in	part,	to	a	direct	effect	of	TGF-β	on	the	cancer	cells.	These	data	implicate	TGF-β	
induced	by	anticancer	therapy	as	a	prometastatic	signal	in	tumor	cells	and	provide	a	rationale	for	the	simul-
taneous	use	of	these	therapies	in	combination	with	TGF-β	inhibitors.

Introduction
TGF-β is both a tumor suppressor and a tumor promoter. The TGF-β  
ligands bind to cognate serine/threonine kinase transmembrane 
receptors, which in turn phosphorylate and activate the Smad fam-
ily of signal transducers. Once activated, Smad2 and Smad3 associate 
with Smad4 and translocate to the nucleus, where they regulate the 
transcription of genes involved in cell cycle arrest and apoptosis (1), 
essential for the tumor suppressor role of the TGF-βs. Indeed, loss or 
attenuation of TGF-β signaling in epithelial cells and stroma is per-
missive for epithelial cell transformation (2, 3). On the other hand, 
introduction of dominant-negative TGF-β receptors into metastatic 
cancer cells has been shown to inhibit epithelial-to-mesenchymal 
transdifferentiation, motility, invasiveness, and survival, supporting 
the tumor promoter role in TGF-β in fully transformed cells (reviewed 
in ref. 4). Most carcinomas retain TGF-β receptors but attenuate or 
lose the Smad-dependent antimitogenic effect while, in some cases, 
gaining prometastatic abilities in response to TGF-β. In addition, 
excess production and/or activation of TGF-β by cancer cells can 
contribute to tumor progression by paracrine mechanisms involv-
ing modulation of the tumor microenvironment (2, 5, 6). These data 
have provided a rationale in favor of blockade of autocrine/paracrine 
TGF-β signaling in human cancers with a therapeutic intent.

In addition to Smads, TGF-β can stimulate several transform-
ing signaling pathways (7). TGF-β has previously been shown to 
protect transformed cells from apoptosis (8–10). One possible 
mechanism for this cellular response is TGF-β–induced activation 
of PI3K and its target, the serine-threonine kinase Akt (11, 12), a 
signaling program associated with resistance to anticancer drugs. 

Some tumors resistant to conventional anticancer chemotherapy 
overexpress TGF-βs (13, 14), and inhibitors of TGF-β have been 
shown to reverse this resistance (15). In addition, overexpression of 
TGF-β ligands have been reported in most cancers, and high levels 
of these in tumor tissues and/or serum are associated with early 
metastatic recurrences and/or poor patient outcome (16–21).

In transgenic models of breast cancer, TGF-β signaling enhances 
the metastatic progression of established mammary tumors induced 
by oncogenes such as Neu/ErbB2 or polyomavirus middle T antigen 
(PyVmT) (22–24). Furthermore, in transgenic mice expressing the 
PyVmT oncogene under the control of the MMTV/LTR mammary 
promoter, conditional induction of active TGF-β1 for as little as 2 
weeks increases lung metastases by more than 10-fold (10). Some 
anticancer therapies have been shown to induce TGF-β systemically 
or in situ (25–28). Therefore, we speculated that in tumors resistant 
to anticancer therapies or in resistant subpopulations within those 
tumors, treatment-induced TGF-β would provide a survival signal to 
cancer cells potentially accelerating tumor progression immediately 
after therapy. Using the MMTV/PyVmT transgenic model of metastat-
ic breast cancer, we show here that administration of ionizing radia-
tion or doxorubicin caused increased circulating levels of TGF-β1 as 
well as increased circulating tumor cells and lung metastases. These 
effects were abrogated by administration of a neutralizing pan–TGF-β  
antibody. Radiation did not increase lung metastases in mice bear-
ing tumors that lack the type II TGF-β receptor (TβRII). These data 
implicate TGF-β induced by anticancer therapy as a prometastatic 
signal in tumors and thus provide a rationale for the simultaneous 
use of these therapies in combination with TGF-β inhibitors.

Results
Thoracic radiation and chemotherapy increase circulating TGF-β1. We 
administered 10 Gy to the thoraxes or pelvises of 8-week-old FVB 
virgin female mice. Blood was collected 24 hours after irradiation. 
We observed an approximate 2-fold increase in plasma TGF-β1 in 
irradiated mice over controls regardless of the site of radiation (tho-

Nonstandard	abbreviations	used: PyVmT, polyomavirus middle T antigen; TβRII, 
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rax, P = 0.03; pelvis, P = 0.02; Figure 1A), while TGF-β2 levels did not 
change (data not shown). Similar results were obtained in 8-week-
old MMTV/PyVmT transgenic mice and in nontransgenic mice 
transplanted with MMTV/PyVmT tumor cells stably transfected 
with a luciferase expression vector (P = 0.015 and P = 0.007, respec-
tively, versus controls; Figure 1B). Levels of TGF-β1 remained high-
er than controls 7 days after radiation (data not shown). To expand 
these results to other anticancer therapies, we examined the effect of 
the DNA-intercalating agent and topoisomerase II inhibitor doxo-
rubicin (Adriamycin). Transgenic mice were treated 3 times with 
doxorubicin (5 mg/kg i.p.) at 21-day intervals starting at week 8. In 
plasma collected on week 15, TGF-β1 was also elevated 2-fold com-
pared with untreated mice (P = 0.009; Figure 1C), whereas TGF-β2  
levels remained constant. To measure activated TGF-β1 in the lung 
tissue harvested 5 weeks after radiation, we used a TGF-β1 bioassay 
that uses mink lung epithelial cells stably expressing a plasminogen 
activator inhibitor–1/luciferase reporter (PAI-1/luciferase reporter) 
(29). Tissue lysates from irradiated mouse lungs induced a 2-fold 
increase in active TGF-β1 compared with nonirradiated lung tissue 
lysates (P = 0.0008; Figure 1D).

Thoracic radiation and chemotherapy increase circulating tumor cells 
and lung metastases. TGF-β enhances the survival of tumor cells that 
express the PyVmT oncogene, and conditional induction of TGF-β 
has previously been shown to accelerate metastases from mamma-
ry tumors arising in MMTV/PyVmT transgenic mice (10). Thus, we 
speculated that treatment-enhanced levels of circulating TGF-β1 
may be associated with an increase in circulating tumor cells and 

lung metastases in this model of metastatic breast cancer. Tumor-
bearing MMTV/PyVmT mice were subjected to thoracic irradiation 
(10 Gy) at 8 weeks of age and followed until week 13. Blood was 
collected via heart puncture at the termination of the experiment, 
and its cellular fraction was evaluated for its ability to form colo-
nies ex vivo. Blood from untreated mice produced an average of 
1.6 ± 1.5 colonies, whereas blood from irradiated mice yielded an 
average of 28.3 ± 7.6 colonies, when measured 10–12 days later  
(P = 0.02; Figure 2A). Immunostaining using a PyVmT antibody 
confirmed oncogene expression in the growing colonies (Figure 2A).  
Consistent with the increase in viable circulating tumor cells, we 
observed a 17-fold increase in surface lung metastases in irradiated 
mice compared with untreated controls (P = 0.009; Figure 2B). Sim-
ilar increases were observed in lung metastases of mice treated with 
doxorubicin compared with untreated mice (P = 0.032; Figure 2C)  
as well as in colony number of blood obtained 24 hours after the 
first dose of doxorubicin compared with that of untreated con-
trols (17.2 ± 3.7 versus 7.2 ± 2 colonies; n = 5; P = 0.007). Tumor 
burden, as estimated by mouse weight and serial tumor diameters, 
was not different between treated and untreated mice, suggesting 
that the difference in TGF-β1 levels cannot be explained simply by 
an increase in tumor burden over time.

We next examined if the radiation-induced increase in lung metas-
tases was limited to tumor-bearing MMTV/PyVmT transgenic mice. 
To test this possibility, we injected nontransgenic syngeneic FVB 
mice with luciferase-expressing tumor cells derived from a trans-
genic PyVmT-expressing mammary cancer. In these mice, tumor 

Figure 1
Radiation and chemotherapy increase circulating TGF-β1. (A) FVB mice were subjected to 10 Gy delivered to the thorax (left) or pelvis (right). 
Blood was collected 24 hours later, and plasma TGF-β1 level was measured as described in Methods. (B) Eight-week-old tumor-bearing 
MMTV/PyVmT mice or nontransgenic FVB mice bearing PyVmT tumors of 200 mm3 or greater in mammary fat pad no. 4 were left untreated or 
administered 10 Gy to the thorax. Plasma TGF-β1 levels were measured 24 hours later. (C) Transgenic mice were treated 3 times with vehicle or 
doxorubicin (5 mg/kg i.p.) at 21-day intervals starting at week 8. TGF-β1 was measured in plasma collected at week 15. Data in A–C represent 3 
independent experiments using 3 subjects per group. (D) FVB mice were administered 10 Gy to the thorax. Five weeks later, lungs from irradi-
ated mice and controls were harvested and lysates (250 μg/ml) added in triplicate wells to mink lung epithelial cells that stably express a plas-
minogen activator inhibitor–1/luciferase reporter (PAI-1/luciferase reporter). After 24 hours, luciferase expression was measured as described 
in Methods. *P < 0.05, **P < 0.01, ***P < 0.001 versus control.
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growth in the left inguinal (no. 4) mammary fat pad and metastatic 
dissemination to the lungs was estimated by monitoring biolumi-
nescence (Figure 3A). Once tumors reached a volume of 200 mm3 
or greater, mice were administered 10 Gy to the thorax while shield-
ing the rest of the body and sacrificed 2 weeks later. There was a 
3-fold increase in surface lung metastases in irradiated mice com-
pared with controls (P = 0.005; Figure 3, B and C). Furthermore, 
at 24 hours and 2 weeks after radiation, there were 8- and 5-fold 
increases, respectively, in circulating tumor cells of treated mice 
compared with untreated mice (Table 1). Primary tumor growth 
was not different between both groups (data not shown).

Exposure of PyVmT cells in culture to 1.25–7.50 Gy resulted in an 
increase in TGF-β production (Figure 4A). In the studies described 
above, mice with established tumors were irradiated; therefore, we 
sought to rule out that the increase in circulating TGF-β was the result 
of an effect of radiation on the cancer cells. We administered 10 Gy  
to the thoraxes of tumor-free virgin female FVB mice. One hour after 
irradiation, PyVmT-expressing tumor cells stably transfected with 
luciferase were injected via the tail vein. Tumor cell burden in the 
lungs was monitored by bioluminescence both in vivo and ex vivo 
after tumor cell injection. Lungs from irradiated mice exhibited a 

higher bioluminescent signal than did untreated controls (Figure 4B),  
which correlated with the manually counted number of surface lung 
metastases and with lung weight (Figure 4, C and D).

TGF-β–neutralizing antibody blocks radiation-induced increase in lung 
metastases. To determine whether the radiation-induced increase 
in circulating TGF-β played a causal role in the increase in lung 
metastases, we used the 2G7 neutralizing pan–TGF-β IgG2. This 
monoclonal antibody blocks all 3 TGF-β mammalian isoforms and 
has shown efficacy in vivo (30–32). Eight-week-old MMTV/PyVmT 
transgenic mice were treated with 15 mg/kg 2G7 or PBS i.p. 2 hours 
prior to thoracic radiation. Treatments were continued twice a week 
until week 13, when mice were sacrificed and evaluated for the pres-
ence of lung metastases. Treatment with 2G7 prevented the radia-
tion-induced increase in lung metastases. Interestingly, however, 
administration of 2G7 to mice that were not irradiated resulted in a 
minor increase in lung metastases, but this difference did not reach 
statistical significance (Figure 5, A and B). There was no difference 
in primary tumor burden between both groups (data not shown).

The number of circulating tumor cells was estimated by collect-
ing blood and culturing the cellular fraction ex vivo. The number 
of growing colonies was markedly reduced in blood from irradiated 

Figure 2
Radiation and chemotherapy increase circulating tumor cells and lung metastases. (A) Female MMTV/PyVmT female mice were subjected to 
thoracic irradiation at 8 weeks of age. At 13 weeks, blood was collected via heart puncture at the termination of the experiment, and its cellular 
fraction evaluated for its ability to form colonies ex vivo as described in Methods. CTCs, circulating tumor cells. Representative images of colo-
nies arising from single circulating tumor cells harvested from mouse blood are shown below. Transgene-positive colonies were assessed under 
a fluorescence microscope using a PyVmT antibody and a fluorescent secondary antibody. (B) In same mice as in A, surface lung metastases 
were counted at 13 weeks of age. Data in A and B are representative of 3 independent experiments with 4 mice per group. Representative H&E-
stained sections of lung tissues from control and irradiated transgenic mice obtained 5 weeks after thoracic radiation are shown below. Black 
arrows indicate lung metastases. (C) Eight-week-old tumor-bearing MMTV/PyVmT transgenic mice were treated 3 times with vehicle or doxoru-
bicin (5 mg/kg i.p.) at 21-day intervals. The experiment was terminated on week 15, and surface lung metastases were counted. Representative 
H&E-stained lung sections containing metastatic foci are shown at right. Original magnification, ×100. *P < 0.05, **P < 0.01 versus control.
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and nonirradiated mice that had been treated with 2G7 (Figure 5C). 
Finally, we examined whether inhibition of TGF-β by the addition 
of 2G7 ex vivo would prevent outgrowth of tumor cell colonies 
from mouse blood. Blood from tumor-bearing irradiated mice was 
seeded in the presence or absence of 2G7, and colony growth was 
assessed 10 days later. Incubation with 2G7 reduced the number of 
colonies by 70% (Figure 5D), suggesting that autocrine TGF-β is a 
survival factor for PyVmT-expressing circulating cancer cells.

TGF-β receptors in tumor cells are required for the radiation-induced 
increase in lung metastases. The results described above suggest that 
the increase in circulating TGF-β induced by radiation serves as a 
survival signal for circulating tumor cells, which are then capable 
of colonizing and growing in the lung. We thus reasoned that the 
absence of TβRII in MMTV/PyVmT tumors, achieved by eliminat-
ing the cellular response to circulating TGF-β, would abrogate this 
effect of radiation on metastases. To examine this possibility, we 
used PyVmT-expressing tumor cells in which TβRII had been con-
ditionally deleted using Cre-Lox technology (33). PyVmT-express-
ing tumor cell lines with or without TGFBR2 (referred to hereafter 
as PyVmT/TGFBR2flox/flox or PyVmT/TGFBR2KO) were generated from 
mammary cancers in MMTV/PyVmT/TGFBR2flox/flox and MMTV/
PyVmT/TGFBR2KO mice, respectively. PyVmT/TGFBR2flox/flox and 
PyVmT/TGFBR2KO cell lines were stably transfected with a vector 
encoding for luciferase and injected via the tail vein in 8-week-old 
virgin female FVB mice that were nonirradiated or administered 
10 Gy to the thoracic cavity 1 hour prior to tumor cell injection. 
Lung metastases were assessed 2 weeks later. In mice injected with 
PyVmT/TGFBR2flox/flox cells, there was both an increase in biolu-
minescence and a 6-fold increase in lung metastases in irradiated 
versus untreated mice, whereas there was no difference between 
irradiated and nonirradiated mice injected with cells lacking TβRII 
(Figure 6, A–C). The PyVmT/TGFBR2KO tumor nodules were larger 
than the PyVmT/ TGFBR2flox/flox nodules. This is consistent with a 

previous report showing that loss of TβRII in PyVmT-expressing 
mammary cancer cells increased growth of pulmonary metasta-
ses (33). PCR-amplified DNA from tumor tissue confirmed the 
recombination in PyVmT/TGFBR2KO cells (Figure 6D).

Discussion
We investigated whether TGF-β induced by anticancer therapies 
would accelerate tumor progression in a transgenic model of meta-
static breast cancer. In MMTV/PyVmT transgenic mice, administra-
tion of ionizing radiation to the lungs or treatment with doxorubicin 
increased circulating levels of TGF-β1 as well as circulating tumor 
cells and lung metastases. The rise in circulating TGF-β1 levels and 
subsequent increase in metastases did not require the presence of 
tumors in mice at the time of treatment, as they were also seen in 
tumor-free mice inoculated with tumor cells after radiation. Induc-
tion of TGF-β1 was not specific to radiation of the thorax, because it 

Figure 3
Thoracic radiation increases lung metastases from tumor transplants. (A) MMTV/PyVmT cells stably expressing luciferase were injected in the 
mammary fat pads of syngeneic FVB mice. Bioluminescence imaging was used to monitor tumor growth and lung metastases twice a week there-
after. A representative mouse imaged 2 weeks after cell inoculation is shown. (B and C) Mice with PyVmT/Luc tumors measuring at least 200 mm3 
were treated or not with thoracic irradiation (10 Gy). (B) Surface lung metastases were quantitated 2 weeks later. Data are mean ± SD of 5 mice 
per group in 1 of 2 experiments. **P < 0.01 versus control. (C) H&E slides of lung and primary tumor sections. Original magnification, ×100.

Table 1
Lung radiation contributes to circulating tumor cells’ survival

Time after RT Dose Circulating tumor cells
24 hours 0 Gy 2 ± 2
24 hours 10 Gy 17.3 ± 6.2A

2 weeks 0 Gy 4.5 ± 0.7
2 weeks 10 Gy 50 ± 15A

MMTV/PyVmT cells stably expressing luciferase were injected in the 
right inguinal mammary fat pads of FVB mice. Mice with tumors mea-
suring at least 200 mm3 were nonirradiated or administered 10 Gy to the 
thorax. Blood was collected by heart puncture 24 hours and 2 weeks 
after radiation, and its cellular fraction was evaluated for its ability to 
form colonies ex vivo as described in Methods. Data are mean ± SD of 
5 mice per group and represent 2 separate experiments. RT, radiation 
therapy. AP = 0.016 versus 0 Gy at the same time point.
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was also observed after pelvic radiation and after systemic treatment 
with doxorubicin. The increase in both circulating tumor cells and 
lung metastases following radiation was abrogated by administra-
tion of 2G7. Importantly, circulating PyVmT-expressing tumor cells 
failed to grow ex vivo in the presence of 2G7 (Figure 5D), which sug-

gests that autocrine TGF-β is a survival signal in these cells. These 
results are consistent with 2 previous studies in which blockade of 
TGF-β with a soluble TβRII:Fc fusion protein or stable transfection 
with antisense TGF-β1 inhibited tumor cell motility, survival and 
intravasation as well as lung metastases (10, 23).

Figure 4
Prior radiation is permissive for metastatic lung colonization in tumor-free mice. (A) MMTV/PyVmT cells in 100-mm dishes in serum-free medium 
were treated with 1.25–7.5 Gy. Cell-conditioned medium was collected 72 hours later, and TGF-β1 levels were determined by ELISA as described in 
Methods. (B) MMTV/PyVmT cells stably expressing luciferase were injected via tail vein in virgin female FVB mice. Where indicated, mice received 
10 Gy to the thorax 1 hour prior to injection of cells. Cancer cells in lungs were visualized by mouse bioluminescence 2 weeks after inoculation (top). 
In some cases, lungs were surgically removed after administration of d-luciferin and imaged ex vivo (bottom). Controls are shown on the left and 
irradiated mice are shown on the right. (C) Representative lung whole mounts (top) and H&E sections of lungs (bottom; original magnification, ×100) 
from control and irradiated mice. (D) Quantification of surface lung metastasis (left) and lung weight (right) in control and irradiated mice. Data are 
mean ± SD of 5 mice per group in 2 independent experiments. **P < 0.01, ***P < 0.001 versus control.
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Radiation failed to enhance lung metastases in mice bearing 
tumors that lack TβRII. To demonstrate this, we used cell lines from 
established mammary tumors  in MMTV/PyVmT/TGFBR2flox/flox  
and MMTV/PyVmT/TGFBR2KO mice. Forrester et al. have report-
ed that upon conditional deletion of TGFBR2 by expression of 
MMTV/Cre, the knockout PyVmT-expressing tumors develop after 
a much shorter latency and exhibit markedly increased pulmonary 
metastases compared with TGFBR2flox/flox tumors (33). Since we 
used i.v. injected cell lines derived from established tumors with or 
without TβRII, our results do not address the difference in latency 
and metastatic behavior reported by Forrester et al. (33). Although 
we cannot rule out an effect of increased TGF-β on the host micro-
environment and/or immune system in irradiated mice that in turn 
facilitated metastatic progression, the result with tumors lacking 
TβRII strongly suggests that the increase in metastases was at least 
in part due to a direct effect of TGF-β on the cancer cells.

The signaling responses in tumor cells potentially modulated by 
circulating TGF-β are unclear at this point. However, the prometa-
static effect of TGF-β is not limited to this transgenic model. For 
example, bigenic mice expressing active TGF-β1 and Neu under the 
control of the MMTV/LTR promoter also exhibit more circulating 
tumor cells and lung metastases than do MMTV/Neu mice. Inva-
sion into Matrigel and motility through transwells of mammary 
tumor cells expressing both Neu and active TGF-β1 is blocked by 
soluble TβRII:Fc, suggesting that Neu alone is not sufficient for 
inducing an invasive phenotype (24). Furthermore, in transgenic 

tumors expressing activated Neu, coexpression of an active mutant 
of Alk5, TβRI, increases frequency of extravascular lung metastases 
(22), consistent with the effect of TGF-β on peritumoral proteases 
and cancer cell adhesion and invasion. The potent antimetastatic 
effect of 2G7 against tumor cells expressing a potent oncogene such 
as PyVmT, known to activate Erk and PI3K, is somewhat counter-
intuitive. It suggests, however, that TGF-β can amplify oncogene 
signals above a threshold required for a fully efficient metastatic 
phenotype, and conversely, that blockade of TGF-β signaling in 
oncogene-transformed cells would reduce those signals below the 
threshold required for oncogene-induced progression. Indeed, forced 
expression of dominant-active Smad2 in squamous cancers has been 
shown to cooperate with active Ras on the conversion of noninvasive 
to metastatic tumors (34), while expression of Smad mutants that do 
not bind TβRI suppresses breast cancer cell metastases (35). Finally, 
expression of dominant-negative truncated TβRI in Ras-transformed 
cells inhibits tumorigenicity and metastases (36).

The repopulation and progression of tumors after anticancer 
therapy is a well-recognized phenomenon. It has been shown to 
occur following radiotherapy, chemotherapy, and surgery (reviewed 
in ref. 37). Increased TGF-β in response to radiation has also been 
linked to lung injury after radiation as a result of increased col-
lagen deposition and alveolar wall thickness as well as endothelial 
damage (28). Radiation-induced lung tissue damage is markedly 
reduced by administration of an anti–TGF-β antibody (38). In 
the case of surgery, it has been proposed that excessive release of 

Figure 5
TGF-β–neutralizing antibody 2G7 blocks radiation-induced increase in lung metastases. (A and B) Eight-week-old tumor-bearing MMTV/PyVmT 
mice were administered 10 Gy to the thorax. Where indicated, mice were treated with 15 mg/kg of 2G7 twice a week until week 13, at which time 
surface lung metastases were counted (A). Data are mean ± SD of 5 mice per group. (B) Representative H&E stains of lung sections. The experi-
ment was repeated once with similar results. (C) Blood was collected at the completion of the experiment via heart puncture and its cellular fraction 
evaluated for its ability to form colonies ex vivo as described in Methods. (D) At 13 weeks, blood was collected from tumor-bearing transgenic mice 
that were exposed to thorax irradiation. The cellular fraction was plated ex vivo as in C in the presence of 20 μg/ml 2G7 or PBS. Colonies measur-
ing 50 μm or greater were counted manually 10–12 days later. Data are mean ± SD of 5 mice per group. *P < 0.05, **P < 0.01 versus control.
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growth factors, including TGF-β, as a result of tissue manipulation 
and wound healing promotes metastases in the immediate post-
operative period (39). Indeed, tumor cells are found in the circula-
tion and their numbers increase immediately after surgery (40), and 
persistence of high circulating TGF-β levels 2 weeks after curative 
resection of colorectal cancers predicts early metastatic recurrences 
in the liver (20). Conversely, serum levels of TGF-β decrease signifi-
cantly after curative surgical resection of colorectal tumors (41). 
Finally, in advanced head and neck cancers treated with chemora-
diotherapy and in non–small-cell lung cancers treated with chemo-
therapy, a decrease in circulating TGF-β levels has been shown to 
correlate with response to treatment (42, 43).

In this report, we show that radiation and chemotherapy increased 
circulating levels of TGF-β, circulating cancer cells, and tumor 
metastases. These effects were blocked by systemic administration 
of 2G7, thus supporting a causative role for TGF-β in the metastat-
ic progression observed after therapy. These data have several clini-
cal implications. First, increased circulating TGF-β in response to 
cancer therapy should be prospectively investigated and monitored, 
as it may represent a marker of tumors destined to progress rap-
idly after therapy. Second, patients in whom increased circulating 
TGF-β is observed may bear cancers in which administration of a 
TGF-β inhibitor can add to the effect of the primary therapy as well 

as abrogate therapy-related toxic effects such as radiation-induced 
tissue damage and fibrosis. With currently available methods and 
therapeutic TGF-β inhibitors in early clinical development, these 
hypotheses can be prospectively examined in the near future.

Methods
Reagents and cell lines. The 2G7 hybridoma (30) was a gift from B. Fendly 
(Genentech). It was generated and affinity purified at the Vanderbilt Universi-
ty Molecular Recognition Core facility. Recombinant human TGF-β1 and the 
Quantikine Elisa kit for TGF-β1 were from R&D Systems. Cell lines express-
ing PyVmT were derived from mammary tumors arising in MMTV/PyVmT  
transgenic mice (10). PyVmT/TGFBR2flox/flox and PyVmT/TGFBR2KO cell lines 
were generated from mammary cancers in MMTV/PyVmT/TGFBR2flox/flox and 
MMTV/PyVmT/TGFBR2KO mice (33), respectively. TβRII had been condition-
ally deleted in the mammary gland of these mice using Cre/Lox technology. 
Cells were maintained in a humidified 5% CO2 incubator at 37°C and in 
DMEM (Cellgro; Mediatech Inc.) supplemented with 10% FBS (HyClone).

TGF-β1 bioassay. Mink lung epithelial reporter cells stably expressing 
firefly luciferase under the control of the PAI-1 promoter (29) were seeded 
in 12-well plates (2 × 105/well) and allowed to adhere overnight. A known 
concentration of soluble TGF-β1 or lung tissue lysates (250 μg/well) was 
added in triplicate, and the cells were incubated for an additional 24 hours 
in 5% CO2 at 37°C. After washes, the cells were harvested in 200 μl/well 

Figure 6
Absence of TGFβRII in tumor cells abrogates radiation-induced increase in lung metastases. (A–C) PyVmT/TGFBR2flox/flox and PyVmT/TGFBR2KO  
cells stably expressing luciferase were injected via the tail vein in virgin 8-week-old female FVB mice that had received or not 10 Gy to the thorax 
1 hour prior to tumor cell injection. Two weeks later, surface lung metastases were evaluated by bioluminescence (A), by histology (B), and by 
manually counting surface lung metastases (C) as described in Methods. Data are mean ± SD of 4 mice per group. (D) PCR from genomic DNA 
extracted from both cell lines, showing the presence of a recombined band only in PyVmT/TGFBR2KO cells. **P < 0.01 versus control.
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of lysis buffer (Dual Luciferase Kit; Promega), and luciferase activity was 
measured following the manufacturer’s protocol.

DNA extraction and PCR. Paraffin-embedded tumor sections were depa-
raffinized and rehydrated; while still wet, tumor areas were scraped with 
a sterile razor blade and collected in a sterile eppendorf tube. DNA was 
extracted using Instagene (Bio-Rad) following the manufacturer’s pro-
tocol. DNA samples were stored at –20°C until further use. Cre-induced 
recombination in PyVmT/TGFBR2KO tumors was confirmed using PCR 
primers and reaction conditions described previously (44).

Retroorbital blood collection and quantification of TGF-β1. Mice were anesthe-
tized with 1%–2% isofluorane. Blood (about 250 μl/mouse) was collected 
from the conjunctival vein in the eye using a heparinized Natelson tube 
(Fisher Scientific) and then transferred to heparinized glass tubes. Plasma 
was prepared using Ficoll-Paque Plus (Amersham Biosciences) according 
to the manufacturer’s instructions with an additional step of centrifuga-
tion at 10,000 g for 10 minutes at 4°C for removal of platelets. For measur-
ing TGF-β1 in medium conditioned by PyVmT-expressing cells, 1 × 106 
cells were plated in 100-mm dishes in complete medium and allowed to 
adhere. The next day, the medium was changed to serum-free medium. 
After incubation overnight, cells were subjected to 1.25–7.5 Gy. After 72 
hours, the medium was collected and concentrated (3 ml to 500 μl) using 
speed vacuum. Both mouse plasma and cell-conditioned medium were 
next tested in a TGF-β1 Quantikine Elisa kit (R&D Systems) following acid 
activation as indicated in the manufacturer’s protocol. A standard curve 
using 31.5–2,000 pg/ml human recombinant TGF-β1 was generated and 
used to calculate the TGF-β equivalents in mouse plasma or cell medium. 
Each specimen was examined in duplicate for a total of 3 times.

Quantification of TGF-β2. Plasma samples were  tested using TGF-β2 
Quantikine Elisa kit (R&D Systems) following acid activation as indicated 
in the manufacturer’s protocol. A standard curve using 31.5–2,000 pg/ml 
human recombinant TGF-β2 was generated using the kit reagents and 
used to calculate the TGF-β2 equivalents in mouse plasma. Each specimen 
was examined in duplicate for a total of 3 times.

Radiation treatment of mice. Anesthetized MMTV/PyVmT transgenic mice or 
normal FVB female mice (Harlan) were secured on their backs on a stage. A sin-
gle anterior thoracic field was employed, with lead blocks shielding the remain-
der of the body. In some experiments, a single anterior abdominal field was 
employed. Mice were irradiated with 300 kVp x-rays at a dose of 2.05 Gy/min.  
All mice were maintained in a specific pathogen–free facility in accordance 
with the Institutional Animal Care and Use Committee of Vanderbilt Univer-
sity Medical Center. Animals were fed regular diet and observed closely for any 
signs of distress following radiation exposure or other treatments.

Doxorubicin treatment. 53-day-old MMTV/PyVmT mice treated i.p. 3 times  
with doxorubicin (Adriamycin; 5 mg/kg; Sigma-Aldrich) dissolved in saline 
at 21-day intervals until 95 days. Blood samples and lung tissue were col-
lected from vehicle- and doxorubicin-treated mice at day 107 upon nec-
ropsy. For checking circulating tumor cells after doxorubicin treatment, a 
single dose (5 mg/kg) of treatment was followed, and blood was collected 
after 24 hours from either doxorubicin- or vehicle-treated mice for cultur-
ing circulating tumor cells.

Detection of circulating tumor cells. Circulating tumor cells were cultured 
following the method described previously (45), with slight modifications. 
Briefly, blood was collected via heart puncture. The cellular fraction (includ-
ing the buffy coat and red blood cells) was separated from plasma and seeded 
on 6-well plates coated with growth factor–reduced Matrigel (BD Biosciences)  
supplemented with DMEM plus 10% FBS followed by incubation at 37°C in 
a 5% CO2 incubator. The next day each well was gently washed several times 
with red blood cell removal buffer (4.15 g NH4Cl, 0.5 g NaHCO3, 0.0186 g 
disodium EDTA in 200 ml water) and PBS. DMEM plus 10% FBS (3 ml/well) 
was added, and fresh medium was replenished every 3 days. After 10–12 days, 

colonies measuring 50 μm or greater were counted manually. PyVmT expres-
sion was detected by immunocytochemistry. In brief, medium was aspirated 
and wells were washed with PBS. The colonies were fixed with 10% neutral-
buffered formalin for 30 minutes at room temperature followed by 2 washes 
with PBS and incubation in 3% BSA in PBS for 1 hour at room temperature. 
Plates were next incubated overnight at 4°C with a biotin-labeled mouse 
monoclonal antibody against PyVmT (diluted 1:500, BIOT-115L; Covance). A 
streptavidin-conjugated fluorescent secondary antibody (Oregon Green 488;  
Invitrogen) was then added for 1 hour in room temperature followed by 
Hoechst nuclear staining (1 μg/ml for 10 minutes). Immunofluorescence 
was monitored using a Leica DM IRB inverted microscope.

Generation of retroviral vectors and cell transduction. MMTV/PyVmT cells were 
stably transfected with a vector encoding luciferase. A luciferase cassette 
was excised from pGL3-Basic (Promega) and inserted into the multiple 
cloning site of pMSCV-puro (Clontech). Transfection of amphotropic 
packaging Phoenix cells was performed to generate infectious virions as 
described previously (46). Subconfluent cultures of oncogene-expressing 
cells were transduced with viral supernatant for 6 hours in the presence 
of 4 μg/ml Polybrene (Sigma-Aldrich). Medium containing viral particles 
was changed after 6 hours, and DMEM supplemented with 10% heat-inac-
tivated FCS was added. Puromycin (10 μg/ml; Sigma-Aldrich) was added  
48 hours later, and drug-resistant colonies were pooled after 7–10 days.

Tumorigenicity and metastases studies. MMTV/PyVmT/Luc cells (2 × 106 
cells in 200 μl PBS) were injected in the left no. 4 mammary fat pad of 
FVB female mice under 1%–2% isofluorane anesthesia. Briefly, the fat pad 
was surgically exposed prior to tumor cell injection and the wound was 
closed using sterile clips, which were removed 10 days later. Tumors were 
monitored twice a week by bioluminescence and measured serially with 
calipers; their volume in mm3 was calculated by the formula v = (w2 × l)/2,  
where v, w, and l represent volume, width, and length, respectively. Once 
tumors reached a volume of 200 mm3 or greater (in approximately 2 
weeks), mice were left untreated or subjected to thoracic radiation. Mice 
continued to be monitored by bioluminescence twice a week until the 
end of the experiment. Two weeks later, mice were sacrificed and primary 
tumors and lungs were harvested. Surface lung metastases were counted 
under a dissecting microscope and the lungs were subsequently fixed in 
10% neutral-buffered formalin. Fixed tumor sections were stained with 
H&E and examined microscopically for the presence of lung metastases. 
Blood was collected via heart puncture to measure plasma TGF-β and 
circulating tumor cells as described above.

In  other  cases,  we  used  MMTV/PyVmT,  PyVmT/TGFBR2flox/flox,  or 
PyVmT/TGFBR2KO cells expressing luciferase. A single-cell suspension of 
2.5 × 106 was prepared and reconstituted in sterile PBS; 0.5 × 106 cells (in 
200 μl) were injected in the lateral tail veins of FVB female mice. Local-
ization of tumor cells in mouse lung was monitored 24 hours after i.v. 
injection by bioluminescence and followed twice a week thereafter. To 
block TGF-β in vivo, mice were treated with 2G7 delivered i.p. at a dose 
of 15 mg/kg starting 24 hours before delivery of 10 Gy to mouse thorax 
and continued twice a week until death.

Bioluminescence imaging. To quantitate the bioluminescence signal as a 
measure of tumor burden, luciferin substrate (d-luciferin potassium salt; 
Promega) dissolved in deionized water was injected i.p. (0.15 mg/g body 
weight) and images were acquired within 12 minutes of injection. Accord-
ing to our initial time course experiment, peak signal intensity was observed 
at that time (data not shown). Mice were anesthetized using isofluorane 
anesthesia during imaging. Bioluminescence imaging was performed by 
using the IVIS-200 imaging system (Xenogen) at the Vanderbilt University 
Small Animal Imaging Center. An integration time of 3–5 minutes was 
used with on-chip binning of 8 (in order to increase signal-to-noise ratio). 
Quantitative analysis of bioluminescence images was accomplished using 
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the Living Image software (Xenogen) by defining regions of interest (ROI) 
and measuring integrated photon counts.

Statistics. All experimental data were analyzed using 2-tailed Student’s t 
test. A P value less than 0.05 was considered significant.
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