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Abstract
Previous studies have suggested that TGF-β functions as a tumor promoter in metastatic,
mesenchymal-like breast cancer cells and that TGF-β inhibitors can effectively abrogate tumor
progression in several of these models. Here we report a novel observation with the use of genetic
and pharmacological approaches, and murine mammary cell injection models in both syngeneic
and immune compromised mice. We found that TGF-β receptor II (TβRII) knockdown in the
MMTV-PyMT derived Py8119, a mesenchymal-like murine mammary tumor cell line, resulted in
increased orthotopic tumor growth potential in a syngeneic background and a similar trend in an
immune compromised background. Systemic treatment with a small-molecule TGF-β receptor I
kinase inhibitor induced a trend towards increased metastatic colonization of distant organs
following intra cardiac inoculation of Py8119 cells, with little effect on the colonization of
luminal-like Py230 cells, also derived from MMTV-PyMT tumors. Taken together, our data
suggest that the attenuation of TGF-β signaling in mesenchymal-like mammary tumors does not
necessarily inhibit their malignant potential, and anti-TGF-β therapeutic intervention requires
greater precision in identifying molecular markers in tumors with an indication of functional TGF-
β signaling.
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1. Introduction
The cytokine transforming growth factor beta (TGF-β) is pivotal in orchestrating multiple
events during embryonic development, events that encompass its diverse roles in mammary
gland morphogenesis [1; 2]. In normal epithelial cells, TGF-β signaling antagonizes cell
proliferation, whereas in mesenchymal cells it is mitogenic. In addition to inducing cell
cycle arrest, it also promotes apoptosis as well as cell senescence to maintain tissue
homeostasis [3; 4; 5; 6].

TGF-β signaling and its functions in normal epithelial tissues have been extensively
reviewed [7; 8; 9; 10]. A substantial body of evidence from clinical studies supports the fact
that TGF-β has diverse effects on tumor progression in multiple tissues. Loss of TGF-β
signaling through loss/mutation of its intracellular mediators Smad4 and Smad2/3, and its
receptors as well as epigenetic silencing of Smad3 is prevalent in various types of cancer
including pancreatic, colorectal, gastro-intestinal, renal cancers and acute lymphoblastic
leukemia (ALL) [11; 12]. Conversely, over expression of TGF-β is associated with poor
prognosis in several advanced metastatic tumors, which include breast tumors and
melanomas [13]. In such cases, although tumors may exhibit longer latency in formation,
they metastasize very rapidly once they are formed. This is in concordance with studies that
have used either soluble TGF-β receptors or antibodies against TGF-β and have
demonstrated inhibition of metastases in allograft or xenograft models with advanced
metastatic tumors [14; 15].

Thus, for most tumor models, the current paradigm is that during the early stages of tumor
development, TGF-β functions as a growth inhibitor [16; 17]. However, it undergoes a role
reversal during the advanced stages of tumor progression, where this cytokine is capable of
enhancing tumor invasiveness and distant metastases. Unlike several other tumors,
particularly gastro-intestinal tumors that undergo loss of one or more components of the
TGF-β pathway and therefore possess an impaired signaling activity [18; 19], most breast
tumors retain a functional TGF-β pathway. Essentially, these tumor cells are no longer
responsive to growth inhibition by TGF-β, they undergo TGF-β mediated epithelial to
mesenchymal transition, and thus metastasize more efficiently than the luminal-like
counterparts [20; 21; 22]. This makes the TGF-β pathway a potential target for therapy in
advanced and metastatic breast cancers. Contradictory to these findings, abrogation of TGF-
β signaling in transgenic mouse models has reportedly enhanced primary tumorigenesis and
even increased metastases in various genetic backgrounds in different tumor models [23; 24;
25]. Furthermore, data from clinical studies have shown that TβRII expression levels
correlate inversely with pathological grades in ductal carcinoma in situ and invasive
metastatic breast cancer [26]. These numerous and often contradictory findings have created
a conundrum, making the proper identification of TGF-β as a therapeutic target difficult.
Some studies in xenograft and allograft mouse models have illustrated the therapeutic
efficacy of several TGF-β inhibitors in reducing distant organ metastases in mesenchymal-
like tumors [14; 27]. However, data from most existing studies on TGF-β inhibitors have
utilized human xenografts in an immune compromised background. TGF-β is an important
modulator of the immune system, particularly as a regulator of T-cells and myeloid cells
[28; 29]. These aforementioned issues necessitate a closer evaluation of the effects of
systemic and genetic abrogation of TGF-β function in a mesenchymal invasive mammary
epithelial system in a syngeneic, immune-competent background.

We describe here for the first time, that the abrogation of endogenous TGF-β signaling in
Py8119 orthotopic tumors enhanced tumor outgrowth in the immune competent syngeneic
C57Bl/6 mice. A similar trend towards an increase in tumor volume was observed in
immune compromised mice. Along similar lines, we found that the abrogation of TGF-β
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signaling in the mesenchymal-like Py8119 cells did not inhibit their metastatic potential, but
moderately increased their colonization in secondary organs in the syngeneic mice.
Therefore, our results present a novel cell model, which did not show inhibition in tumor
growth and metastatic colonization with abrogation in TGF-β signaling in vivo, despite its
mesenchymal- and myofibroblast-like phenotype.

2. Materials and Methods
2.1. Cell lines and reagents

Py230 and Py8119 cells were obtained from spontaneously arising tumors in MMTV-PyMT
C57Bl/6 female mice by serial trypsinization and limiting dilution [30]. The mouse model
used for obtaining these tumors has been described in detail previously [31; 32]. Cells were
maintained in F12K nutrient culture media (Mediatech, Manassas, VA) with 5% fetal clone
II (Fisher Scientific, Pittsburgh, PA) and supplemented with MITO serum extender (BD
biosciences, San Jose, CA). Py230 cells were cultured until confluent and then passaged.
Once confluent, they formed well-differentiated colonies. Py8119 cells, on the other hand,
grew much more rapidly, without differentiating into domes/colonies.

The TGF-β receptor I kinase inhibitor (TβRI-KI) used in our study, HTS 466284/LY364947
has been reported to be an ATP competitive inhibitor of the TβRI kinase [33; 34]. This
compound, [3-(pyridine-2yl)-4-(4-quinonyl)]-1H pyrazole was synthesized according to the
procedure described previously [34]. We have also utilized a recombinant ligand trap
molecule BGERII that involves the fusion of the extracellular domain of TβRII and the
endoglin domain of betaglycan. This fusion molecule acts as a potent antagonist of TGF-β1,
TGF-β2, and TGF-β3. This antagonist was initially expressed and purified from bacterial
cells and compared for its efficiency to inhibit TGF-β signaling activity against other
commercial inhibitors with various assays. It was found to be more effective than either
commercially available soluble TβRII or betaglycan ectodomain alone in inhibiting TGF-β
isoforms [35]. It was later expressed and purified from mammalian CHO (Chinese Hamster
Ovarian) cells and used in this study.

2.2. Western Blot analyses
Whole cell lysates were obtained and fractionated by using 10% SDS-PAGE followed by
transferring to a PVDF membrane according to the manufacturer’s protocols, Bio-Rad
(Hercules, CA). Following transfer, membranes were blocked in 5% non-fat milk in TBST
for 2 hours at room temperature. The membranes were then incubated in the primary
antibodies in 5% milk or 3% BSA (as per manufacturer’s instructions) overnight at 4°C.
Antibodies purchased were: p-Smad2: Cell Signaling (1:1000), Smad2 (1:3000): Cell
Signaling, p-Smad3: Epitomics (1:2000), Smad3: (1:1000) Cell Signaling, TβRI: (1:500),
Santa Cruz, TβRII: Santa Cruz, GAPDH: Calbiochem (1:500), p-p38: Cell Signaling
(1:1000), p38: Cell Signaling (1:1000), p-Src (Y416): Cell Signaling (1:1000), E-Cadherin:
BD Biosciences (1:500), N-Cadherin: BD Biosciences (1:500), Vimentin: V5255 (1:200),
Slug: Abcam (1:1000), CK-8: Abcam (1:1000), CK-14 (1:200): Abcam. p-TβRI Abbomax,
(1:500). The membranes were washed three times for 10 minutes in TBST and then
incubated in secondary antibody diluted in 5% milk in TBST for 1 hour at room
temperature. Membranes were developed using the ECL reagents, Amersham (Pittsburgh,
PA). Blots were developed using an ECL kit (Amersham Biosciences, Piscataway, NJ) and
exposed with Blue Basic Autorad Film (ISC BioExpress).

2.3. Immunocytochemical staining
Cells were plated on coverslips in 24-well plates, Corning Life Sciences (Corning, NY), at
required density and fixed using 4% paraformaldehyde solution in 1X PHEM buffer (60 mM
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PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2). They were then permeabilized in
0.1% Triton X-00 in 1X PHEM and blocked in 10% normal goat serum for one hour at room
temperature. Primary antibody was diluted as required in blocking buffer and fixed cells
were incubated overnight. Incubation with secondary antibody (Alexa 488/ Alexa 568) was
performed at room temperature for one hour in the dark, after which samples were washed
and mounted with Vectashield mounting medium (Burlingame, CA) and viewed under
confocal microscope at 60X objective (Olympus FV-1000). Images were generated using
Olympus Viewer2 software.

2.4. Transwell migration assays
Cells were seeded at a density of 40,000 cells /well for Py230 and 20,000 cells/well for
Py8119 in serum free media into 8µm pore-size inserts (BD Falcon) in 24-well plates. TGT-
β1 (2ng/mL) and TβRI-KI (100 nM) were added to the inserts in the basic media, either
alone or in combination. The bottom chamber had media with 5% serum to create a chemo-
attractive gradient. The cells in the inserts were allowed to migrate for 18 hours in a cell
culture incubator at 37°C. After 18 hours, the cells on the inner surface of the inserts were
cleared using cotton swabs. Migrated cells were then fixed, stained using HEMA staining
kit, Fisher Scientific (Pittsburgh, PA) according to the manufacturer’s protocol, and counted
under a bright field microscope.

2.5. MTT cell proliferation assays
Py230 and Py8119 and MCF10A (normal human mammary epithelial cells) were plated in
triplicate at a density of 3,000 cells/well into 96 well plates in F12K media and treated with
different concentrations of TGF-β (0, 0.2, 1, 5 ng/ml). After 4 days, MTT solution (50 µl, 2
mg/ml in PBS) was added to each well and allowed to incubate for 2 hours in a cell culture
incubator. DMSO (100 µl) was added into each well after removing the media. To allow
homogenous dissolution of the precipitate, the plate was gently agitated on a shaker for 10
min. The absorbance was measured at 595 nm with a microplate reader (BioTek Instrument,
Winooski, VT).

2.6. Luciferase reporter assays
The firefly luciferase reporter (pSBE4-Luc) plasmid containing a Smad responsive promoter
was used for the transcriptional reporter assays [36]. Cells were plated into 24 well plates at
a density of 0.1 × 106 per well and grown to approximately 70% confluence. They were then
transfected with 0.4 µg of pSBE4-Luc and 0.1 µg of a β-galactosidase expressing plasmids
using Fugene HD transfection reagent, Promega (Madison, WI) as per the manufacturer’s
instructions. After 6 hours the media was changed and cells were treated with TGF-β1 (2ng/
mL) or TβRI-KI (100 nM), either individually, or in combination. After 24 hours, cell
lysates were obtained using lysis buffer [100 mM K2HPO4 (pH 7.8) and 1 mM DTT].
Luciferase activity was measured and normalized with β-galactosidase readings as described
previously [37].

2.7. Cell cycle analysis
Py230 cells were plated into 60 mm culture dishes and grown to approximately 70%
confluence. Cells were serum starved for 24 hours to synchronize the cell cycles and then
treated with TGF-β1 (2ng/mL) for 24 hours at 37°C. Treated and untreated cells were then
harvested by trypsinization, and suspended in 1X PBS. Cells were fixed using cold 70%
ethanol on ice for 30 minutes, RNase treated, and stained with propidium iodide. Cell cycle
data was acquired with a BD Bioscience LSRII flow cytometer (San Jose, CA) and analyzed
with the FlowJo software (Ashland, OR) at the flow cytometry core at UT Health Science
Center, San Antonio. Single cell discrimination was performed using PI-Area and PI-Width.
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The Dean-Jett-Fox mathematical model was used for calculating percentage of cells in each
cell cycle stage.

2.8. Lentiviral shRNA knockdown studies
A PLKO.1 vector expressing a small hairpin RNA against TβRII was purchased from
Thermo Scientific (Pittsburgh, PA), and 293T packaging cells were transfected to generate
TβRII lentiviral sh-RNA, which was used to infect Py8119 cells as per the manufacturer’s
instructions. Knockdown of TGF-β receptor II was confirmed by real-time PCR and
Western blot analyses. PLKO.1 backbone lentiviral plasmid was used as a control.

2.9. Real-time PCR analysis
RNA was isolated using Tri reagent (Sigma T9424), cDNA was generated using random
primers and M-MLV reverse transcriptase from Invitrogen (Grand Island, NY) and real-time
PCR was performed using SYBR reagent (Invitrogen) to detect Ct values for TβRII, which
were then normalized to β-actin levels.

Primers for TβRII: F- 5’-TTC GCC GAG GTC TAC AAG-3’, R- 5’-CAG CCA CGG TCT
CAA ACT-3’ Primers for β-actin: F- 5’-TCG TCA TCC ATG GCG AAC TGGT-3’, R- 5’-
CTG TCG AGT CGC GTC CACC-3’. Primer pair specificity was determined by generation
of a single peak for dissociation curve, through melting curve analysis at the end of RT-PCR
cycling program.

2.10. Animal Studies
Ethics Statement—All animal experiments were conducted following appropriate
guidelines. They were approved by the ethics committee/institutional review board,
‘Institutional Animal Care and Use Committee’ (IACUC approval ID 99142×3411A) and
monitored by the Department of Laboratory Animal Resources (DLAR) at the University of
Texas Health Science Center at San Antonio (UTHSCSA).

Four-week old female C57Bl/6 mice were obtained from Jackson laboratories Inc. (Bar
Harbor, Maine). Female Nu/Nu mice at similar ages were purchased from Harlan Sprague
Dawley Inc. (Indianapolis, IN). All mice were housed in specific pathogen free conditions in
the animal housing facility with the experiments performed in accordance with the
guidelines for animal care at the UTHSCSA. For the orthotopic tumor studies in C57Bl/6
mice, Py8119 cells tagged with Luciferase-GFP (luciferase-GFP plasmid, kindly provided
by Dr. Brian Rabinovich, MD Anderson Cancer Center, Houston) were used for injections
into both inguinal mammary gland areas. Four-week old mice were injected with 0.1 × 106

cells in 1X PBS mixed with Matrigel (1:1). Animals were treated with placebo (1X PBS) or
TβRI-KI (1mg/kg body weight) every alternate day, through the intra-peritoneal route.
Animals that received cells with an endogenous knockdown of TβRII were treated only with
the placebo. Tumor volumes were measured twice weekly with a caliper and tumor volumes
were calculated using the formula V = (L×W2)×0.5, where L is length and W is width of a
tumor.

For orthotopic studies in Nu/Nu mice, similar procedures as above were performed for
orthotopic transplants in Nu/Nu mice. Animals receiving control (PLKO.1 vector infected)
cells received either placebo, TβRI-KI (1mg/kg body weight) or BGERII (100 µg/animal)
through intraperitoneal injections. Animals injected with TβRII knockdown cells received
only placebo injections.
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2.11. Experimental metastasis models
Animals were anaesthetized with 1–3% isoflurane inhalation. Py8119 cells were suspended
in sterile 1X PBS and 1×105 cells were injected into the left ventricle of five-week old
C57Bl/6 mice. The mice were treated intraperitoneally with placebo or TβRI-KI as
mentioned above, 24 hours after cell inoculation.

2.12. In vivo bioluminescence imaging
Mice were administered D-luciferin substrate at 150 mg/kg via intra-peritoneal injections.
Bioluminescence imaging was performed using the Xenogen IVIS spectrum imaging system
as described previously [38] at the imaging core facility at UTHSCSA.

2.13. Histology
Brain tissues were fixed in 10% neutral buffered formalin Fisher Scientific (Pittsburgh, PA)
and embedded in paraffin. Paraffin-embedded sections were stained with hematoxylin and
eosin. To analyze tibial metastases in the intracardially injected mice, bone tissues were
fixed similarly for 48 hours at room temperature, decalcified in 10% EDTA and embedded
in paraffin. Paraffin-embedded sections were stained with hematoxylin and eosin as
previously described. TUNEL assays were also performed to detect apoptosis in the tumor
samples as described previously [39].

2.14. Statistical analyses
All statistical analyses were performed using Prism version 5.0 software

3. Results
3.1. Py230 and Py8119 cells exhibit a differential profile of epithelial/mesenchymal cell
markers

To determine and compare the role of TGF-β signaling in the regulation of growth and
malignant phenotypes in transformed epithelial cells with or without a mesenchymal
phenotype, we used the Py230 and Py8119 cell lines, which were isolated from mammary
tumors in MMTV-PyMT (mouse mammary tumor virus promoter driven polyoma middle T-
antigen) transgenic C57Bl/6 mice. Both cell lines were isolated by serial trypsinization and
limiting dilution of tumor cells and maintained in culture medium with low serum [30].
These cells showed remarkably distinct morphologies, Py230 cells were more cuboidal, and
grew in well-differentiated domes or colonies. The Py8119 cells were spindle-shaped and
did not form colonies (Figure 1A). Py8119 cells expressed relatively high levels of
mesenchymal markers, like N-cadherin, vimentin and Slug. They also expressed higher
levels of the basal epithelial cytokeratin 14 as compared to the Py230 cells. The Py230, on
the other hand, expressed higher levels of luminal-epithelial markers, like E-Cadherin and
cytokeratin 8 (Figure 1B). These observations were further validated with
immunofluorescence studies, which demonstrated high levels of expression for CK8 and E-
Cadherin and moderate expression for N-Cadherin in Py230 cells. Conversely, Py8119 cells
showed relatively high levels of expression for N-Cadherin and relatively low levels of the
luminal epithelial markers (Figure 1C). These data suggest that in addition to their
morphological differences, the two cell lines had explicitly differential expression profiles of
epithelial and mesenchymal markers [30].

3.2. TGF-β signaling pathway is functional in both Py230 and Py8119 cell lines, but inhibits
growth only in Py230 cells

Complete loss of TGF-β signaling in terms of losing the receptors or Smad is rare in breast
cancers. Instead, it is more common for breast cancer cells to retain functional signaling,
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while developing resistance to TGF-β’s growth suppression and pro-apoptotic functions.
Indeed, we found that TFG β receptor-I (TβRI), and receptor-II (TβRII) proteins were
expressed at comparable levels in both the cell lines (supplemental data, Fig. S1). To
characterize TGF-β signaling activity in Py230 and Py8119 cells, we investigated the effects
of TGF-β signaling on gene transcription, Smad phosphorylation, cell growth and migration.

Western blot analyses showed enhanced levels of phosphorylated Smad2/Smad3 in both the
cell lines when they were treated with TGF-β, which again indicated signaling activity of
TGF-β in both the cell lines (Fig. 2A). Furthermore, both cells expressed detectable levels of
constitutive p-Smad2 and p-Smad3, which were attenuated by the treatment with TβRI-KI
suggesting the presence of the autocrine TGF-β signaling activity in both cells. Pretreatment
of both cell lines with TβRI-KI also reduced the level of p-Smad2/3 activation by exogenous
TGF-β. Similar results were also observed in the untransformed human mammary epithelial
MCF 10A cells (Fig. S2).

Luciferase assays using the reporter plasmid (containing the 8 base pair Smad binding
element (SBE-4) [36] demonstrated significantly higher levels of luciferase activity in both
Py230 and Py8119 cell lines upon treatment with TGF-β (Figure 2B) as compared to the
untreated controls. Treatment with small molecule TβRI-KI (TGF-β receptor I- kinase
inhibitor) reduced the basal levels of luciferase activity in Py230 cells (although not
statistically significantly) demonstrating likely, the autocrine function of the signaling
pathway in these cells. Similar trend was noticed in Py8119 cells. Treatment with TβRI-KI
in the presence of TGF-β1 reduced the SBE luciferase activity, which was not statistically
significant for Py230 cells. For Py8119 cells however, it showed significant reduction at
P<0.05.

Epithelial to mesenchymal transition is one of the hallmarks of cancer cells during the
acquisition of metastatic behavior and is characterized by the increase in cell motility [40].
TGF-β is known to switch on the mesenchymal-like phenotype, particularly in tumor cells
that have evaded its growth inhibition effect [41]. In order to determine the motility-
inducing effects of TGF-β on these cells, we performed Boyden chamber transwell
migration assays and found significant enhancement in the number of migrating cells per
field with TGF-β treatment, particularly in Py230 cells (Figure 2C). The mesenchymal-like
Py8119 cells have a constitutively higher migration potential as compared to Py230 cells
when untreated, and seeded at the same cell density. However, at such high cell densities the
effect of TGF-β was not observed (data not shown). At lower seeding density as presented in
Fig. 2C, TGF-β treatment induced migration in Py8119 cells, although less robustly as
compared to the Py230 cells. This was statistically significant in both cell lines.
Interestingly, treatment with TβRI-KI only moderately inhibit the TGF-β mediated increase
in migration potential for both cell lines. These experiments were performed with transient
treatments that lasted for 18 hours. Duration of treatment was chosen to ensure that there
was little cell division of migrating cells within this time period, which would contribute to
false positive quantification of migration. On the other hand, the short duration of treatment
might be too short for TβRI-KI to show a significant blockade of TGF-β-induced migration.
Unlike the clear inhibition of p-Smad2/p-Smad3 expression in both cell lines, only slight
reduction in migration was observed in cells treated with TβRI-KI alone, again indicating
limited effect of TβRI-KI on the migration with the short duration of treatment.

Because in normal epithelial cells TGF-β can inhibit cell proliferation by blocking cell-cycle
progression [42], we next determined the effect of TGF-β on the growth of Py230 and
Py8119 cells by performing MTT viability tests on the cells with increasing doses of the
cytokine. After 96 hours of treatment, there was a clear dose-dependent growth inhibition
evident in the Py230 cells; however, the Py8119 cells showed very little response (Figure
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2D), suggesting that Py8119 cells have circumvented the TGF-β mediated growth inhibition.
Additionally, MCF10A cells were plated as normal epithelial cell controls to determine the
effect of TGF-β on proliferation. As expected TGF- β induced a clear dose dependent
growth inhibition in these cells.

3.3. Blockade of endogenous TGF-β signaling aggravates tumor formation at orthotopic
sites in immune competent mice

TGF-β inhibitors are known to be effective in containing mesenchymal mammary tumor
allografts in a syngeneic background. It has been demonstrated that systemic administration
of Fc:TβRII can significantly reduce the tumor sizes at the orthotopic site as well as limit
local invasion to lymph nodes when using 4T1 and EMT6 cell lines injected into BALB/C
mice [14]. Because Py8119 cells are mesenchymal like and are not growth inhibited by
TGF-β in vitro, we wanted to examine the effects of attenuating TGF-β signaling on
tumorigenesis in vivo. We began with transducing the enhanced GFP-luciferase tagged
Py8119 cells with a lentiviral vector expressing an shRNA against TβRII or empty vector
(PLKO.1).

The endogenous TβRII knockdown in these cells was confirmed through real-time PCR
analyses for TβRII gene expression, and showed reduced mRNA levels with the knockdown
(Figure 3A). Western blot analysis for TβRII protein levels (Figure 3B) and the
phosphorylated Smad2 (p-Smad2) (Figure 3C) in the cell line with knockdown showed
reduced levels of receptor II (RII) expression and reduced phosphorylated Smad2 on TGF-β
stimulation, respectively. However, disruption of endogenous TGF-β receptor did not have
significant effect on the growth of these cells, as seen in the later time points (72h and 96h)
in MTT viability assays (Figure 3D). Addition of TβRI-KI to Py8119 TβRII-sh cells,
moderately inhibited the cell proliferation as compared to untreated controls, although not
statistically significant.

The control and TβRII shRNA infected Py8119 cells were injected into the mammary fat
pad of female C57Bl/6 mice and treated with placebo or TβRI-KI. The small molecule
inhibitor used in our studies, HTS 466284/LY364947 is a pyrazole-based TβRI-KI that
inhibits the kinase of the type-I receptor. Previous studies have shown that systemic
administration of this inhibitor can effectively inhibit tumor metastases [43].

Knockdown of TβRII significantly increased tumor growth, in comparison to the control
group (Figure 3E). This indicates that the endogenous inhibition of TGF-β signaling in these
tumors enhanced their outgrowth. Mice with Py8119 allografts that received systemic
treatment with TβRI-KI showed an increase in the mammary tumor volumes as compared to
the placebo group, even though the increase did not reach statistical significance at P<0.05.
This presents an interesting and novel contrast with the previously studied models
mentioned in the Introduction.

3.4. Abrogation of TGF-β signaling does not inhibit tumor outgrowth in immune-
compromised mice

Efficacy of TGF-β inhibitors has been largely demonstrated in pre-clinical models of triple
negative breast cancer. Typically, these models include human breast cancer cell xenografts
in immune compromised mice. TGF-β is a potent immune suppressor and as such the
abrogation of TGF-β signaling may lead to inflammatory responses at the primary tumor
site. In order to determine whether the increase in tumorigenesis in the C57Bl/6 model was
specifically due to the attenuation of TGF-β signaling in the epithelial tissue, and not due to
host immune response via T lymphocytes, we transplanted Py8119 cells in immune
compromised Nu/Nu mice. Results from the systemic administration of the TβRI-KI or the
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ligand trap BGERII as well as the knockdown of TβRII did not inhibit the tumor outgrowth
at the orthotopic sites. As in the immune-competent mice, we found a trend towards
increased tumor growth (although not statistically significant) with the attenuation of TGF-β
signaling (Figure 4A) in the nude mice. Based on the above results, we are tempted to
speculate that the abrogation of TGF-β signaling in tumor cells led to immune cell-mediated
responses (via modulation of tumor microenvironment) in the Bl/6 background and
enhanced the tumor outgrowth. However, future experiments are required for the further
validation of this speculation. Western blot analyses from tumor lysates showed reduced
levels of p-Smad2 in the tumors with endogenous knockdown of TβRII and tumors
receiving systemic BGERII as compared to the controls except one tumor in the TβRII-
shRNA group (Figure 4B). This suggests that the TGF-β signaling remains abrogated in the
majority tumors during the course of the in vivo experiment.

3.5. Abrogation of TGF-β signaling reduces apoptosis and increases proliferation in
Py8119 tumors

Western blot analyses performed on whole tissue lysates from tumor samples (from C57Bl/6
mice) demonstrated reduced levels of p-p38 MAPK in tumors formed by TβRII knockdown
cells (Figure 5A). p38 MAPK is a stress activated kinase that has been shown to be involved
in mediating pro-apoptotic responses in epithelial and endothelial cells, either directly or in
cross-talk with other pathways [44; 45; 46] , and has been shown to mediate TGF-β induced
apoptosis, operating in a Smad-independent manner [46]. A similar trend in the reduction of
p-p38 MAPK was observed in tumors generated in nude mice treated with the fusion ligand
trap BGERII (data not shown). Concomitantly, there was an overall decrease in the level of
Bax expression, a key pro-apoptosis protein, and a moderate increase in the expression of
anti-apoptotic protein Bcl-xl (Figure 5A). These observations indicate a potential decrease in
cell death in the tumors formed by TβRII knockdown cells. Indeed, apoptosis TUNEL assay
results from representative tumor sections also indicated a trend of reduced apoptosis in the
tumors with abrogated TGF-β signaling (Figure 5 C , D).

Furthermore, in comparison with the control tumors, a reduction in levels of cell cycle
inhibitor p27Kip1 was also observed in tumors formed by TβRII knockdown Py8119 cells
(Figure 5A), suggesting a potential increase in proliferation in these tumors (Figure 5A).
Another interesting observation was that, in comparison to the control tumors, the tumors
with TβRII knockdown showed an increased expression of matrix metalloproteinase 9
(MMP-9), which might have contributed to their faster growth (Figure 5B) as MMP-9 has
been shown to contribute to tumor growth [47; 48].

Taken together, these results suggest that TGF-β signaling in the context of tumor micro-
environment appears to inhibit Py8119 cell growth and MMP-9 expression in vivo resulting
in the inhibition of allograft tumors.

3.6. TGF-β inhibitors do not inhibit metastatic colonization of Py8119 cells
TGF-β inhibitors have been found to be highly effective in reducing metastatic colonization
to distant organs in several studies performed with experimental models (via intracardiac or
tail vein injections of tumor cells directly into the circulation) and also spontaneously
occurring metastasis from orthotopic sites [12; 14; 39; 49]. Because the blockade of TGF-β
signaling stimulated orthotopic growth of injected Py8119 cells, we next examined how
TGF-β inhibitors affect the metastatic colonization of Py8119 cells. We found that in an
experimental model of intracardiac injection of luciferase-GFP tagged Py8119 cells,
systemic inhibition of TGF-β signaling with the TβRI-KI did not inhibit metastases to
various organs as detected with whole body bioluminescence imaging (Figure 6A, B).
However, there was a trend towards an increase in metastatic colonization to distant organs
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such as brain and tibia (Figure S3). The overall metastases were determined based on the
total flux readings obtained from the animals at the end of Week 1 and Week 2 following the
initial injections. The Py8119 cell line forms very aggressive tumors, and the tumor
extravasation and colonization occurred very rapidly. Fluorescent imaging of sections from
metastatic brains revealed severe metastases in the kinase inhibitor treated group, as
compared to placebo treated group (Figure 6C). H&E staining of tissue sections from tibia
and brain confirmed the presence of metastatic lesions to these organs (Figure S3).
However, in a similar experimental model with Py230 cells, the systemic treatment with
TβRI-KI did not aggravate the extent of metastases (Figure S4). Thus, data from both the
metastatic colonization model and the orthotopic tumor models strongly suggest that
disruption of TGF-β signaling does not inhibit metastases and tumor outgrowth in the
MMTV-PyMT mesenchymal-like mammary tumor cells, unlike many previous reports with
similar approaches. On the contrary, endogenous disruption of TGF-β signaling enhanced
the orthotopic tumor outgrowth in this syngeneic mouse model. There was also an overall
trend of an increase in both orthotopic tumor volumes and the extent of metastatic
colonization of Py8119 cells with the systemic administration of TGF-β signaling inhibitors.

4. Discussion
TGF-β inhibitors have long been tested in pre-clinical models and some of them are
currently undergoing clinical trials for multiple therapeutic purposes, including oncological
therapy [50; 51]. Although the tumor-suppressive arm of TGF-β commanded more attention
during the early years of research in the field, its bimodal effects in tumor development are
now widely accepted [52; 53; 54]. Currently, the switch from a tumor suppressor to a tumor
promoter is not well defined within the context of all breast tumors. Many of the pre-clinical
studies with systemic TGF-β inhibitors involved the use of mesenchymal-like human tumor
cell models for which TGF-β is believed to be a growth promoter. The use of human
xenografts precludes the effects of abrogating TGF-β signaling on the immune components.
Other studies have emphasized TGF-β’s effects exclusively on the epithelial compartment
during tumor progression. One such study focused on the effect of conditional knockout of
TGF-β receptor II (TβRII) in the mammary glands of PyMT transgenic mice. The
conditional loss of TβRII in the mammary epithelium shortened the latency period prior to
tumor onset and increased the invasive nature of the tumors, with increased pulmonary
metastases [24]. This study was unique compared to the earlier studies in pointing out that
abrogation of TGF-β signaling specifically in the mammary epithelium aggravates distant
metastases. However, this model among others [23; 25] did not address whether TGF-β
signaling can suppress the growth and metastasis during later stages of carcinogenesis.

In this study, we utilized a pair of murine mammary cell lines with distinct epithelial or
mesenchymal features derived from an MMTV-PyMT transgene- induced mammary tumors
in C57Bl/6 mice for the investigation of the effect of TGF-β signaling on their malignant
properties via syngeneic injection. We found that while both cell lines have a functional
TGF-β/Smad signaling pathway, only the epithelial-like cells were responsive to TGF-β in
growth inhibition assays in vitro. Although we do not know the cause of resistance to TGF-
β-induced growth inhibition in Py8119 cell, we did find higher levels of activated p-
ERK1/2, which are further increased in the presence of exogenous TGF-β1, in Py8119 cells
than those in Py230 cell (Fig. S5) suggesting that the high level of activated ERK pathway
may contribute to the resistance to TGF-β-mediated growth inhibition in Py8119 cell. On the
other hand, abrogation of TGF-β signaling, either with TβRII knockdown or systemic
administration of a TGF-β inhibitor, did not inhibit the growth and metastatic colonization
potential of the mesenchymal-like cells, instead it enhanced tumor outgrowth in the
syngeneic mice and led to an overall trend in increase of tumor volumes in immune-
compromised mice as well as distant organ colonization in immune-competent mice.
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Systemic treatment with the TGF-β inhibitor showed no effect on the metastatic colonization
potential of the luminal epithelial-like cells in immune competent mice. Our novel finding
suggests that TGF-β signaling does not always play a tumor-promoting role in mammary
tumors, even in those with mesenchymal-like features.

Several different approaches have been adopted to target different components of the TGF-β
signaling pathway. The small molecule inhibitor used in our studies, HTS 466284/
LY364947 has previously been reported to inhibit breast tumor metastases via systemic
administration [43]. We have also used a soluble ligand trap molecule called the BGERII, as
mentioned earlier [35]. Together with the systemic administration of these antagonists and
the endogenous knockdown of TGF-β receptor-II, we demonstrate in immune-competent
orthotopic transplants, in experimental metastatic colonization model and in immune-
compromised orthotopic tumor cell injections that TGF-β attenuation does not inhibit the
disease phenotype within the context of the mesenchymal-like cell line, Py-8119.

TGF-β’s role has been implicated in MMTV-PyMT transgenic mouse models with regard to
the development of resistance to radiation therapy and rchemoresistance [55]. Interestingly,
TGF-β receptor II was found to be essential to mediate the radiation resistance in these cells.
However, in the absence of radiation, PyMT tumor cells with loss of TβRII formed larger
metastatic nodules as compared to the control cells in the tail vein inoculation studies. This
observation is consistent with our study and a previous study using TβRII knockout in the
MMTV-PyMT model [24].

Interestingly, the abrogation of TGF-β signaling by TβRI-KI or by TβRII knockdown in
Py8119 cells does not affect cell proliferation. However, within the context of tumors, there
seems to be a pro-apoptotic role of TGF-β signaling in Py8119 tumors.

Within the same context, MMP-9 was inhibited by TGF-β signaling in vivo. MMP-9 belongs
to a family of gelatinase matrix metalloproteinases, known to induce angiogenesis in solid
tumors [47; 48]. TGF-β signaling regulates MMP synthesis in a highly context dependent
manner. Although there is evidence of TGF-β stimulating MMP-9, abrogation of TGF-β1
with pan neutralizing monoclonal antibody in pancreatic cancer stimulates MMP-9 secretion
[56]. In endothelial cells TGF-β is known to inhibit TNF-α mediated MMP-9 secretion [57].
These are among the numerous examples of TGF-β’s function as an inhibitor of MMPs [58;
59]. In our study, abrogation of TGF-β signaling also resulted in increased MMP-9
expression, which likely supported tumor cell proliferation in vivo. Interestingly, we did not
observe any significant difference in either the p-p38 MAPK levels or the MMP-9 levels in
the Py8119 cell line upon TβRII knockdown (data not shown) in vitro. This could be
attributed to the difference in 2D culture conditions as opposed to the 3D tumor
microenvironment, in vivo. Three-dimensional mechanical stimuli and stress factors are now
increasingly believed to modulate the cell signaling pathways involved in cancer
pathogenesis [60; 61]. Besides, tumors in vivo represent a heterogeneous population of
various cell types. This cautions the extrapolation of in vitro observations to in vivo
outcome. A possible involvement of several other paracrine pro-survival factors in the tumor
microenvironment cannot be ruled out at this same time. However, the precise mechanism of
increased tumorigenesis due to MMP-9 requires further investigation.

Loss of TβRII in epithelial cells is often accompanied by accumulation of additional genetic
aberrations, which frequently leads to the development of frank and invasive tumors [19].
Another recent report from genetically engineered mouse models of advanced pancreatic
ductal adenocarcinoma, revealed that TGF-β and αvβ6 integrin signaling function in a
common tumor suppressor pathway in these models. Pharmacologic intervention of this axis
aggravated pancreatic cancer in the above mentioned mouse models, unlike the previous
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reports of beneficial effects of TGF-β abrogation in such advanced stage carcinomas [62].
This study, similar to ours, suggested that it was difficult to select a safe therapeutic window
for administration of TGF-β inhibitors in preclinical models of mesenchymal, aggressive
solid tumors. Although naturally occurring mammary tumors seldom lose TβRII or other
key components of the signaling, extraneous inhibition of this signaling pathway has always
remained a cause for concern in therapy for the same reasons. Our study points out that the
administration of TGF-β inhibitors in mesenchymal-like breast tumors may not have
universal effects. As such, additional studies are needed for a better understanding of the
molecular markers, the state of cell differentiation as well as the pro-oncogenic role of TGF-
β signaling in these systems.

5. Conclusions
Taken together, our data suggest that the attenuation of TGF-β signaling in mesenchymal-
like metastatic mammary tumors does not necessarily contribute to tumor abrogation or
inhibition of metastases. Therefore, administration of anti-TGF-β therapeutic intervention
requires greater precision in identifying molecular markers in tumors with an indication of
pro-oncogenic activity of TGF-β pathway.
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Figure 1. Py230 and Py8119 exhibit differential expression profile for cell adhesion markers and
cytoskeletal proteins
A. Bright field images, at 10X and 20X objectives, depicting differences in morphology of
murine mammary tumor cells Py230 and Py8119. Py230 cells showed a cuboidal
(cobblestone like) morphology, while Py8119 cells showed a mesenchymal-like
morphology. B. Western blots were performed on cell lysates from both the cell lines to
detect the constitutive expression of epithelial markers. Figure shows that Py230 cells
expressed higher levels of epithelial cell markers E-Cadherin, and cytokeratin 8. Py8119
cells expressed relatively higher levels of mesenchymal markers like N-Cadherin, vimentin,
Slug and the basal epithelial cytokeratin 14. C. Immunofluorescence images (60X) showed
high levels of E-Cadherin and cytokeratin 8 in Py230 cells, as compared to Py8119 cells.
Py230 cells expressed low levels of N-Cadherin. Approximately, 10,000 cells were plated
on top of round glass coverslips in 24-well plate, and fixed in 4% paraformaldehyde. The
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cells were then permeabilized in Triton X100 and blocked in normal goat serum, following
primary and secondary antibody incubations. Coverslips were mounted using Vectashield
mounting medium, and visualized under oil immersion lens, using 60X objective.
Experiments were performed in triplicates and representative images from independent
experiments have been presented.

Biswas et al. Page 18

Cancer Lett. Author manuscript; available in PMC 2015 April 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. TGF-β signaling is functional in luminal-epithelial Py230 and mesenchymal-like
Py8119 cells
A. Western blot analyses showed a clear activation of receptor-regulated Smads (R-Smads)
with TGF-β treatment, indicating that TGF-β signaling is functional in both the cell lines.
TβRI-KI reduced both the constitutive expression and TGF-β induced expression of p-
Smad2/3 in both the cell lines. Cells were plated in 60-mm culture dishes, to approximately
70% confluence, and were treated with TβRI-KI (100 nM) overnight, then treated with TGF-
β1 (2ng/ml) for 60 minutes, following which cell lysates were obtained. Western blot
analyses were performed for p-Smad2/3 expression and total Smad levels were detected for
controls. GAPDH was detected for loading control. Densitometry analyses were performed
(Image J software) and densities were expressed relative to control (untreated) for each cell
line. Representative images from two independent experiments have been presented. B.
Luciferase reporter assays were performed using both the cell lines. Approximately, 1 × 105

cells for each cell line were plated in 24-well plate, and co-transfected with plasmids
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expressing luciferase reporter with Smad binding element promoter, and plasmids
expressing beta galactosidase as controls for transfection efficiency. After 6 hours the cells
were treated with TβRI-KI, TGT-β1, either alone or in combination for another 24 hours.
The cell lysates were obtained, luciferase assays were performed, and relative luciferase
activity with respect to beta galactosidase was determined. Fold changes in relative activity
were plotted with respect to untreated controls. Double asterisks indicate statistical
significance, P<0.001, one-way ANOVA, Tukey’s post-hoc test, N=3. C. Transwell
migration assays were performed in 24 well plates using transwell inserts. Cells were plated
into inserts and chemical gradient was set up, using media with 5% serum in the lower
chambers. Results showed increase in migration potential with TGF-β treatment. This
response was more robust for the Py230 cells as compared to the Py8119 cells. TβRI-KI
treatment reduced the basal level of migration, although not statistically significant.
Similarly, TGF-β mediated increase in migration potential was also inhibited by kinase
inhibitor treatment, which was statistically non-significant. The number of cells that
migrated per high magnification field per well was normalized as percent of the respective
controls. Five high magnification fields were chosen per replicate. The data are presented as
mean + SEM of three replicates per group. Asterisk indicate significant difference at P< 0.05
with one-way ANOVA. D. MTT viability assays (96 hours) showed a clear dose-dependent
growth inhibition in response to increasing concentrations of TGT-β1 in the Py230 cells,
whereas the Py8119 cells remained non-responsive to this growth suppression. Human
mammary epithelial cell line MCF10A was used as control to determine the effect of TGF-β
mediated inhibition of proliferation. As expected, TGF-β inhibited the proliferation of
MCF10A in a dose dependent manner. Briefly, about 3 × 103 cells per cell line were plated
in 96 well plate, in triplicates and treated with increasing concentrations of TGF-β. The cells
were then treated with MTT reagent after 96 hours, and readings were recorded at 595 nm.
Percent proliferation with repect to control (untreated) was calculated to plot the growth
curves.
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Figure 3. Abrogating TGF-β signaling enhances orthotopic mammary tumor growth in Py8119
cell model in C57Bl/6 mice
A. Real time-PCR analysis showed significant reduction in TGF-β receptor II mRNA levels
after knock down as compared to control (PLKO.1) transduced cells (Student’s T-test,
P<0.05, N=3). RNA was extracted using tri reagent and reverse transcription was performed
using MMLV-RT reverse transcriptase and random primers. Real-time PCR was performed
using primers specific for TβRII and Actin (for endogenous controls). Ct values from TβRII
were normalized with respect to Actin. Results expressed as mean+SEM of three replicates.
B. Western blot analyses showed reduced TβRII protein levels after knock down of TGF-β
receptor II gene expression and was performed twice. C. Py8119 cells with TβRII
knockdown showed reduced levels of phosphorylated Smad2 with TGF-β treatment. Briefly,
Py8119 cells infected with either PLKO.1 or TβRII sh-RNA lentivirus were treated with
TGF-β (2ng/ml) for 60 minutes and lysates were obtained for western blot analyses for p-
Smad2. Untreated cell lysates for each cell line were used as controls. Densitometry
quantitations were performed using ImageJ and expressed as ratio of p-Smad2/ T-Smad2 for
treated samples from both cell lines. D. MTT viability assays showed moderate increase in
growth of Py8119 cells after knocking down the TβRII gene expression at 48 hours, but the
rates of proliferation were comparable for both cell lines at the later time points. TβRI-KI
(100 nM) treatment in Py8119 cells infected with TβRII-shRNA inhibited proliferation,
although not statistically significantly. Approximately, 3×103 cells/well for each cell line
were plated in 96-well plates and allowed to proliferate. Cells were treated with MTT
reagent at day 0–4, and absorbance was recorded at 595 nm. Data presented as relative cell
viability with respect to viability at day 0 for each cell line. E. Py8119 cells tagged with
luciferase-GFP were infected with either control (PLKO.1) or TβRII (TGF-β receptor II) sh-
RNA lentivirus and were injected into mammary fat pads on each side of C57Bl/6 mice
(contralateral injections) and treated with placebo or TβRI-KI. Shown here is the mean of
tumor volumes as measured before termination of experiment. Data suggest that abrogating
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TGF-β signaling both systemically and at the endogenous level increased tumor formation at
the orthotopic site. (The asterisk indicates significant difference at P<0.05 with one-way
ANOVA and Tukey’s post-hoc test)
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Figure 4. Abrogation of TGF-β signaling either by using systemic inhibitors or by knocking
down the endogenous TβRII gene induces a trend of increase in tumor size in immune-
compromised mice
A. Py8119 cells were similarly infected with either PLKO.1 or sh-RNA lentivirus against
TβRII, and injected contra-laterally into mammary fat pads of Nu/Nu mice. 0.1×106 cells
were injected into each fat pad, along with matrigel (1:1) and tumor volumes were
calculated as V = (L×W2)×0.5. Results show mean of tumor volumes from each group. The
abrogation of TGFβ signaling in immune-compromised mice induced tumors with larger
volumes as seen earlier in C57Bl/6 mice, although not statistically significant. B. Lysates
obtained from tumor samples showed reduced levels of p-Smad2 when TGF-β receptor II
was knocked down. This suggests that the tumors retained the effect of TβRII knockdown
and had down regulated Smad signaling during their course of growth in vivo. The numbers
represent the density of each band relative to the band showing the lowest density.
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Figure 5. Py8119 tumors with abrogated TGF-β receptor II (TβRII) gene expression show
reduced phosphorylation of stress-activated kinase, reduced apoptosis and an increase in
MMP-9 expression
A. Western blot analyses showing reduced levels of activated p38-MAPK as detected in
tumors with TβRII knockdown. These tumors expressed lower levels of pro-apoptotic
protein Bax and increased levels of anti-apoptotic protein Bcl-xl. The numbers represent the
density of each band relative to the band showing the lowest density. Abrogation of TGF-β
signaling in these tumors was associated with increase in extracellular remodeling protein
MMP-9 (matrix metalloprotease-9. They also showed reduced levels of p27Kip1 cell-cycle
inhibitor protein. Efficiency of TβRII knockdown was determined by probing for p-Smad2
levels, total Smad levels were determined for endogenous controls. Representative blots
have been presented from repeated analyses from tumors in both immune compromised and
immune competent mice.
B. Representative images (40x) from TUNEL assay on paraffin embedded tumor sections
showing nuclei stained positive for apoptosis. C. Quantitative estimation for percent nuclei
stained TUNEL positive in each field. Bars represent average of five fields from individual
tumors (error bars represent S.E.M). PLKO.1 (empty vector) transduced tumors showed
higher percent apoptosis when compared to the tumors with abrogated TβRII gene
expression.
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Figure 6. Systemic inhibition of TGF-β signaling supports a trend of increased metastatic
colonization in an experimental model of intra-cardiac inoculation using Py8119 cells in C57Bl/6
mice
A. Py8119 cells tagged with luciferase-GFP were injected through intracardiac route and
animals were treated either with placebo or TβRI-KI every alternate day. Mean value of total
flux calculated for individual animals showed a trend of increase in metastasis with TβRI-KI
administration (N=10, per group). B. Representative IVIS images, taken after two weeks
from the day of inoculation. Left panel shows image of an animal treated with placebo (top
left: supine position bottom left: prone position) with signals from the thorax region,
indicating lung metastasis. Right panel shows TβRI-KI treated animal (top right: supine
position) with moderate to severe metastases in lungs, jaws, and tibia regions. TβRI-KI
treated animals also show much higher extent of brain metastases (bottom right: prone
position). Measure of total radiance expressed as photons/ sec/ cm2/ sr. C. Fluorescent
images (10 X) from whole brain imaging immediately after termination, left panel shows
region of metastatic colony in placebo treated group. Right panel shows a region of brain
from TβRI-KI treated group with extensive metastasis.
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