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Role of TGF-β receptor III localization in polarity 
and breast cancer progression
Alison E. Meyer, Catherine E. Gatza, Tam How, Mark Starr, Andrew B. Nixon, and Gerard C. Blobe
Department of Medicine, Duke University Medical Center, Durham, NC 27710

ABSTRACT The majority of breast cancers originate from the highly polarized luminal epithe-
lial cells lining the breast ducts. However, cell polarity is often lost during breast cancer pro-
gression. The type III transforming growth factor-β cell surface receptor (TβRIII) functions as a 
suppressor of breast cancer progression and also regulates the process of epithelial-to-mes-
enchymal transition (EMT), a consequence of which is the loss of cell polarity. Many cell sur-
face proteins exhibit polarized expression, being targeted specifically to the apical or baso-
lateral domains. Here we demonstrate that TβRIII is basolaterally localized in polarized breast 
epithelial cells and that disruption of the basolateral targeting of TβRIII through a single 
amino acid mutation of proline 826 in the cytosolic domain results in global loss of cell polar-
ity through enhanced EMT. In addition, the mistargeting of TβRIII results in enhanced prolif-
eration, migration, and invasion in vitro and enhanced tumor formation and invasion in an in 
vivo mouse model of breast carcinoma. These results suggest that proper localization of 
TβRIII is critical for maintenance of epithelial cell polarity and phenotype and expand the 
mechanisms by which TβRIII prevents breast cancer initiation and progression.

INTRODUCTION
Apical–basolateral cell polarity refers to the asymmetric cellular dis-
tribution of proteins and lipids by which the apical membrane do-
main faces the lumen of the duct and the basolateral domain forms 
cell–cell contacts and interacts with the extracellular matrix and 
basement membrane (Feigin and Muthuswamy, 2009). Apical–baso-
lateral cell polarity is a characteristic of many epithelial cells, includ-
ing the luminal cells that line the breast duct. The apical and baso-
lateral membranes are separated from one another by tight 
junctions, which prevent the movement of proteins and lipids be-
tween the two domains (Shin et al., 2006). In addition, adherens 
junctions, of which the E-cadherin and β-catenin proteins are key 
components, use the forces generated by the actin cytoskeleton to 
maintain close cell–cell contact (Halbleib and Nelson, 2006; Shapiro 
and Weis, 2009). The formation and maintenance of apical–basolateral 

cell polarity depends on the functions of three separate groups of 
proteins. These include the Crumbs, PALS, and PATJ proteins, which 
are important for apical membrane development (Bazellieres et al., 
2009); Par3, Par6, and aPKC, which control tight junction formation 
(Izumi et al., 1998; Joberty et al., 2000; Macara, 2004); and Scribble, 
Dlg, and Lgl, which define basolateral membrane identity (Yamanaka 
and Ohno, 2008).

Epithelial cells rely on cell polarity to maintain the cell and tis-
sue architecture required for organ function. Of interest, loss of cell 
polarity is a consequence of epithelial-to-mesenchymal transition 
(EMT), which is believed to be of critical importance during cancer 
metastasis (Thiery, 2003; Thiery and Sleeman, 2006; Gupta and 
Massague, 2006; Heldin et al., 2012; Creighton et al., 2013). 
Cancer-associated EMT involves the initiation of a transcriptional 
program that uses specific transcription factors, including Snail, 
Slug (also known as Snail 2), Zeb1/2, and Twist (Peinado et al., 
2007; Heldin et al., 2012). These transcription factors induce the 
loss of proteins that are characteristic of epithelial cells, including 
E-cadherin, Crumbs, Lgl2, and PATJ (Batlle et al., 2000; Bolos 
et al., 2003; Kang and Massague, 2004; Yang et al., 2004; Vander-
walle et al., 2005; Aigner et al., 2007; Spaderna et al., 2008; White-
man et al., 2008), and the gain of proteins characteristic of mesen-
chymal cells, including fibronectin, vimentin, and α-smooth muscle 
actin (α-SMA; Thiery and Sleeman, 2006; Peinado et al., 2007). As 
a result of this transcriptional program, EMT commonly results in 
cell morphology changes (cobblestone to fibroblastic/spindle 
shaped), alterations to the actin cytoskeleton and extracellular 
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resulted in both apical and basolateral localization (Figure 1, B, mid-
dle, and C). Such nonspecific localization is consistent with a disrup-
tion of a basolateral targeting sequence (Murphy et al., 2007). To 
further refine the motif regulating TβRIII localization, we changed 
each individual amino acid in the PASENS sequence to alanine and 
assessed the localization. A single amino acid alteration of proline 
826 to alanine fully recapitulated the nonspecific targeting observed 
in the NAAIRS mutant (Figure 1, B, right, and C). All other mutations 
had no effect on, or only mildly disrupted, TβRIII localization (unpub-
lished data).

Cells expressing P826A TβRIII have disrupted epithelial 
cell polarity
To determine whether the mislocalization of TβRIII affects cell 
signaling or biology, we first generated NMuMG cell lines in which 

matrix, increased cell proliferation, migration, and invasion, and 
loss of cell adhesion and polarity (Conacci-Sorrell et al., 2002; 
Cowin et al., 2005; Hugo et al., 2007; Moreno-Bueno et al., 
2008).

One of the key drivers of EMT, and thus the loss of cell polarity, 
is transforming growth factor-β (TGF-β; Zavadil and Bottinger, 2005; 
Heldin et al., 2012). Canonically, TGF-β signals via the type I and 
type II TGF-β receptors, resulting in the phosphorylation and activa-
tion of the Smad2 or Smad3 transcription factors (Massague, 2008; 
Moustakas and Heldin, 2009; Heldin et al., 2012). These factors then 
associate with Smad4, enter the nucleus, and regulate gene tran-
scription (Heldin et al., 2012). TGF-β can also signal through several 
noncanonical pathways, including NFκB, p38, PI3K/Akt, and Erk1/2 
(Yamashita et al., 2008; Parvani et al., 2011). Of importance, TGF-β 
induces the expression of Snail, Slug, and other key EMT mediators 
to decrease E-cadherin expression (Heldin et al., 2012).

In addition to the type I and type II receptors, the type III TGF-β 
receptor (TβRIII, or betaglycan) is a critical regulator of TGF-β signal-
ing. In the context of breast cancer, the loss of TβRIII results in in-
creased cell growth, invasion, and migration in vitro and increased 
tumor size, angiogenesis, and metastasis in vivo (Dong et al., 2007; 
Lee et al., 2010). Conversely, the overexpression of TβRIII decreases 
metastasis (Dong et al., 2007; Lee et al., 2010). The type I and type 
II receptors have been localized to tight junctions in polarized breast 
epithelial cells (NMuMG; Ozdamar et al., 2005) and to the basolat-
eral membrane in canine kidney epithelial cells (MDCK; Murphy 
et al., 2004, 2007). Because the loss of cell polarity is a key feature 
of ductal carcinoma in situ and invasive ductal carcinoma (Debnath 
et al., 2003; Debnath and Brugge, 2005; Lee and Vasioukhin, 2008; 
Zhan et al., 2008), here we investigate the localization of TβRIII and 
the effect of this localization on polarity, EMT, TGF-β signaling, and 
breast cancer initiation and progression.

RESULTS
TβRIII is basolaterally localized in polarized epithelial cells
TβRIII is expressed on the cell surface of most epithelial cells. To 
determine whether TβRIII is specifically localized to the apical or 
basolateral membrane domain, we plated NMuMG murine mam-
mary epithelial cells on Transwells, transfected them with TβRIII, and 
allowed them to form a polarized monolayer. Polarization was con-
firmed by the absence of fluorescein-dextran leakage from the api-
cal chamber into the basolateral chamber, with the polarity model 
cell line MDCK serving as control (Figure 1A). TβRIII expression was 
detected by immunofluorescence, revealing a honeycomb staining 
pattern, indicating that TβRIII is localized to cell–cell junctions 
(Figure 1B, left). Sections perpendicular to the monolayer (XZ) dem-
onstrate that TβRIII is primarily basolaterally localized, with little 
staining observed at the apical membrane (Figure 1B, left).

The majority of basolateral proteins are targeted to this mem-
brane domain by a unique signal sequence that is typically found 
within the cytoplasmic domain (Aroeti et al., 1998; Ikonen and Si-
mons, 1998; Rodriguez-Boulan et al., 2005; Murphy et al., 2007). To 
determine whether a basolateral targeting sequence is present 
within the cytoplasmic domain of TβRIII, we used a mutagenesis 
strategy in which every six amino acids in the 42–amino acid–long 
cytosolic domain of TβRIII was changed to the NAAIRS protein se-
quence (Figure 1C). The NAAIRS sequence is capable of adopting 
multiple secondary structures. Therefore NAAIRS sequence muta-
tion minimizes the potential for structural changes (Wilson et al., 
1984). Whereas alteration of most of the cytoplasmic domain had 
no effect on TβRIII localization, mutation of residues 826–831 
(PASENS) in the cytosolic domain of TβRIII to the NAAIRS sequence 

FIGURE 1: TβRIII is basolaterally localized. (A) We plated 2.5 × 105 
NMuMG or MDCK cells on Transwells and grew them for 5 d to allow 
for polarization. A FITC-dextran tracer was placed in the upper 
chamber, and the cells were incubated at room temperature for 
30 min. Apical and basolateral media samples were excited at a 
wavelength of 490 nm, and the absorbance at 520 nm was measured. 
Percentage leakage = basolateral signal/apical signal × 100. **p < 0.01 
(Student’s t test). (B) Cells were plated as in A and transfected with 
WT TβRIII, NAAIRS mutant TβRIII, or P826A TβRIII. Two days 
posttransfection, the cells were fixed and stained with primary 
antibody against TβRIII and an Alexa 488 secondary (green). Nuclei 
(blue) were stained with DAPI. Images were collected at a 
magnification of 400× and show the localization of TβRIII to cell 
junctions in the flat sections (XY, top). The cross-sectional images (XZ, 
bottom) show the basolateral localization of WT TβRIII and the 
apical–basolateral localization of NAAIRS and P826A TβRIII. Bar, 
25 μm. (B) The 42–amino acid sequence of the C-terminus of human 
TβRIII. Each 6–amino acid–long group altered via NAAIRS 
mutagenesis is shown in alternating blue and black. Residue P826, 
which is critical for TβRIII’s basolateral localization, is starred and 
shown in red.
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majority of soluble TβRIII was detected in 
the basal media of Caco-2 cells (Figure 2B). 
Of interest, no apical TβRIII was detectable 
in WT TβRIII cells by immunofluorescence 
(Figure 1B), yet a percentage of the signal 
was detected in the apical media by the 
enzyme-linked immunosorbent assay (ELISA) 
(Figure 2B). Because ELISA is a more sensi-
tive and quantitative method than immuno-
fluorescence, this indicates that a fraction of 
endogenous TβRIII is delivered apically in 
NMuMG and Caco-2 cells. Alternatively, 
some basal-to-apical transcytosis may occur. 
Collectively these data suggest that the ma-
jority of TβRIII is basolaterally localized in 
polarized epithelial cells. Of interest, the 
type I and type II TGF-β receptors have also 
been localized at or near the basolateral 
membrane in NMuMG and MDCK cells 
(Murphy et al., 2004, 2007), suggesting that 
most TGF-β signaling occurs from the baso-
lateral membrane in polarized cells.

Whereas EV and WT TβRIII-expressing 
cells exhibited the typical cobblestone-like 
epithelial cell morphology of parental 
NMuMG cells, P826A TβRIII-expressing cells 
displayed a more mesenchymal phenotype, 
with elongated, spindle-shaped cells and 
fewer cell–cell contacts (Figure 2C). shTβRIII 
cells also displayed this mesenchymal phe-
notype, although to a lesser degree (Figure 
2C). The mesenchymal phenotype sug-
gested that P826A TβRIII and shTβRIII cells 
might have disrupted epithelial cell polarity. 
To investigate this possibility, we used im-
munofluorescence to examine the organiza-
tion of the Scribble protein, which is critical 
for the proper formation of apical–basolat-
eral cell polarity (Yamanaka and Ohno, 
2008). Whereas Scribble staining was well 
organized and localized to cell–cell junc-

tions in EV and WT TβRIII-expressing cells, this pattern was clearly 
disrupted in P826A TβRIII cells and was partially disrupted in shTβRIII 
cells (Figure 2D). Similar results were observed with PALS, another 
critical regulator of apical–basolateral cell polarity (Supplemental 
Figure S1). Collectively these data indicate that shTβRIII and P826A 
TβRIII NMuMG cells have undergone a loss of epithelial cell apical–
basolateral polarity.

The observed mislocalization of P826A TβRIII could result from 
either apical misdelivery or disruption of normal cell polarity. To de-
termine whether P826A TβRIII is targeted properly, we used a lenti-
viral Tet-inducible system to acutely induce WT or P826A TβRIII ex-
pression. Both WT and P826A TβRIII were readily induced by 12 h of 
doxycycline treatment (unpublished data). E-cadherin staining of 
doxycycline-treated WT and P826A TβRIII Transwell filters revealed 
that cell polarity was still intact after 12 h of induction (Figure 3A). 
The majority of soluble TβRIII was secreted basolaterally in induced 
WT TβRIII cells (60%; Figure 3B). In contrast, no above-baseline sig-
nal for soluble TβRIII was detectable in the basolateral media from 
P826A TβRIII cells (Figure 3B), with 100% of the detectable signal 
occurring in the apical media. These results were verified in Caco-2 
cells, in which significantly more soluble TβRIII was found within the 

endogenous TβRIII was stably silenced. Whereas endogenous TβRIII 
expression is low in NMuMG cells, we were able to observe ∼60% 
knockdown of expression by retroviral transduction (Figure 2A, left). 
Stable rescue of TβRIII expression was then performed by using 
transduction of human wild-type (WT) TβRIII or P826A TβRIII, with 
empty vector (EV) lentivirus serving as a control. Although the cell 
surface expression level of P826A TβRIII was slightly greater than 
that of WT TβRIII, neither protein was expressed to the extent of 
endogenous TβRIII in the MDA-MB-231 breast cancer cell line 
(Figure 2A, right).

Because the levels of TβRIII in each stable cell line were too low 
to detect by immunofluorescence, we followed TβRIII localization by 
assessing the constitutive ectodomain shedding and release of sol-
uble TβRIII into the media in a Transwell format. Consistent with the 
results observed with transient expression, the majority of soluble 
TβRIII was detected in the basal media in the WT TβRIII cell line 
(∼64%; Figure 2B). However, only ∼33% of soluble TβRIII was de-
tected in the basal media in the P826A TβRIII cell line (Figure 2B). 
We also examined the localization of endogenous soluble TβRIII in 
Caco-2 cells, which are a well-characterized epithelial cell model of 
polarity. Consistent with our observations in NMuMG cells, the 

FIGURE 2: P826A TβRIII expression results in a loss of cell polarity. (A) Left, binding and 
cross-linking of surface TβRIII showing a lower level of TβRIII in the stable shTβRIII cells 
compared with the EV cells. β-Actin Western blotting was used as a loading control. Right, 
binding and cross-linking, showing the relative surface levels of TβRIII in the EV and shTβRIII 
lines, as well as in the WT TβRIII and P826A TβRIII rescued lines. The endogenous TβRIII level in 
the MDA-MB-231 breast cancer cell line is shown for comparison. Note that with this lighter 
exposure, the EV and shTβRIII signals are not observable. (B) Caco-2 and NMuMG WT and 
P826A TβRIII cells were grown in Transwells for 5 d. Cells were incubated with fresh medium on 
the apical and basal sides for a further 24 h. Media were collected, and the level of shed TβRIII 
in each compartment was detected via ELISA. The percentage of signal in the apical vs. 
basolateral chamber was calculated and graphed. **p < 0.01 (Student’s t test). (C) Light images 
taken at 100× magnification show the morphological differences between the cell lines. Bar, 
200 μm. (D) Cells were grown on coverslips to confluency, allowed to polarize for 5 d, and fixed 
and stained with an anti-Scribble primary antibody, followed by an Alexa 488–labeled secondary 
antibody (green). Nuclei were stained with DAPI (blue). Images were obtained at 400× 
magnification. Right, enlarged images. Bar, 200 μm.
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and minimal stress-fiber formation was observed in untreated EV, 
shTβRIII, and WT TβRIII NMuMG cells (Figure 4A). Treatment with 
TGF-β induced stress fiber formation in EV, shTβRIII, and WT TβRIII 
cells by 24 h (Figure 4A). In contrast, stress fiber formation was al-
ready evident in untreated P826A TβRIII-expressing cells (Figure 4A, 
right), and stress fibers continued to accumulate after TGF-β ligand 
stimulation (Figure 4A).

Similar results were observed with E-cadherin and β-catenin 
staining, for which, in the absence of TGF-β ligand stimulation, 
P826A TβRIII cells lacked significant E-cadherin staining and dis-
played disrupted β-catenin staining (Figure 4B, right; and unpub-
lished data). In contrast, all other cell lines required 48 h of TGF-β 
treatment to observe the same effects on E-cadherin expression 
(Figure 4B). In addition, E-cadherin protein levels (Figure 4C) were 
decreased more rapidly and more efficiently in P826A TβRIII cells 
relative to EV, shTβRIII, and WT TβRIII cells (Figure 4C). Further, the 
mRNA level of E-cadherin was basally reduced in P826A TβRIII cells 
and was rapidly lost upon TGF-β–mediated EMT induction (Figure 
4D). shTβRIII and P826A TβRIII cells had similar basal levels of 
E-cadherin mRNA, consistent with their mesenchymal morphology.

We also examined the expression of several mesenchymal mark-
ers. shTβRIII and P826A TβRIII cells showed an increase in fibronec-
tin accumulation in response to TGF-β in comparison to EV and WT 
TβRIII cells (Figure 5A). Fibronectin accumulation was detectable in 
P826A TβRIII cells before TGF-β treatment (Figure 5A). We also 
measured the protein and mRNA levels of the mesenchymal marker 
α-SMA. Similar to fibronectin, the protein levels of α-SMA accumu-
lated more rapidly in the P826A TβRIII cells than in the other cell 
lines (Figure 5B). Of interest, no α-SMA protein accumulation was 
detected in the WT TβRIII cells, suggesting that WT TβRIII may in-
hibit some aspects of EMT (Figure 4B). α-SMA mRNA expression 
was also dramatically elevated in P826A TβRIII cells compared with 
the other cell lines after 72 h of treatment (Figure 5C).

To explore which transcription factors might be driving the EMT 
process in P826A TβRIII cells, we examined the mRNA levels of the 
key EMT regulators Snail and Slug (also known as Snail2) by qPCR. 
Although no differences were observed with TGF-β treatment (un-
published data), the basal mRNA levels of these two transcription 
factors were higher in the P826A TβRIII and shTβRIII cells than in the 
EV and WT TβRIII cell lines (Figure 5D), providing further evidence 
that the EMT transcriptional program is basally activated in the 
P826A TβRIII cell line. Collectively these data suggest that the 
P826A TβRIII mutation partially induces EMT in the absence of ex-
ogenous ligand and primes cells to TGF-β–mediated EMT relative 
to EV or WT TβRIII cells.

P826A TβRIII-expressing cells exhibit increased proliferation
In addition to affecting EMT, TβRIII and TGF-β regulate cell prolif-
eration. Using thymidine incorporation assays, we observed no sig-
nificant differences between the EV, shTβRIII, WT, and P826A TβRIII 
cell lines over a 24-h time period, either in the presence or absence 
of TGF-β (Figure 6A). TGF-β inhibited proliferation in all cases, sug-
gesting that the P826A mutation or loss of TβRIII does not alter the 
ability of TGF-β to suppress cell growth in this time frame.

To determine whether TβRIII affected proliferation over a longer 
period of time, we used cell counting. No differences were noted 
between the untreated cell lines until day 4, when WT TβRIII-
expressing cells exhibited decreased cell numbers (Figure 6B, top). 
By day 6, significant differences were observed among all cell lines, 
with cells expressing WT TβRIII having the lowest number of cells 
(Figure 6B, top). Compared to EV, shTβRIII and P826A TβRIII had 
more cells, with P826A TβRIII having more cells than shTβRIII 

apical chamber in Tet-induced P826A TβRIII cells in comparison to 
WT TβRIII cells, confirming the importance of residue P826 in the 
targeting of TβRIII. Collectively these results suggest that the P826A 
mutation results in apical misdelivery (Figure 3B), with this apical 
localization occurring before, and perhaps mediating, the subse-
quent loss of polarity.

P826A TβRIII induces EMT
The loss of polarity and change in cell morphology observed with 
the stable loss of TβRIII or P826A TβRIII expression in NMuMG cells 
are consistent with an epithelial-to-mesenchymal transition (EMT). 
Because TGF-β is a known inducer of EMT, we used immunofluores-
cence, Western blotting, and quantitative PCR (qPCR) to follow the 
expression and localization of several epithelial and mesenchymal 
markers over a time course of TGF-β treatment to examine the ef-
fect of P826A TβRIII expression on EMT.

Polarized NMuMG cells typically exhibit cortical actin staining 
and a junctional localization of the epithelial markers E-cadherin and 
β-catenin. Consistent with this, actin staining was mainly cortical, 

FIGURE 3: P826A TβRIII is mistargeted. (A) Tet-inducible NMuMG WT 
and P826A TβRIII cells were grown on Transwells for 5 d. Cells were 
treated with 1.5 μg/ml doxycycline for 12 h and fixed and stained with 
an anti-TβRIII primary antibody, followed by an Alexa 488–labeled 
secondary (green). Nuclei were stained with DAPI (blue). Images were 
taken at a magnification of 400× and are shown as flat sections (XY) 
above cross-sectional images (XZ). Bar, 25 μm. (B) The apical and basal 
media were collected from Tet-induced NMuMG and Caco-2 
Tet-inducible cells and analyzed for soluble TβRIII by ELISA. The 
percentage of signal in the apical vs. basolateral chamber was 
calculated, and the percentage of signal in the apical chamber was 
graphed. ***p < 0.001, *p < 0.05 (Student’s t test).
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had similar cell numbers in the presence of 
ligand, suggesting that, although shTβRIII 
and P826A TβRIII cells are growth inhibited 
by TGF-β, they are less affected by its cyto-
static actions over time relative to the other 
cell lines (Figure 6B; compare top and bot-
tom). We also examined apoptosis in the 
absence or presence of TGF-β by Western 
blotting for cleaved caspase 3 at days 2, 4, 
and 6. However, cleavage levels remained 
low, and no significant differences were ob-
served (unpublished data), supporting the 
idea the observed changes in cell number 
were due to changes in proliferation.

P826A TβRIII-expressing cells exhibit 
increased migration and invasion
We previously demonstrated that TβRIII 
regulates single-cell migration and invasion 
(Dong et al., 2007; Hempel et al., 2007; 
Turley et al., 2007; Gordon et al., 2008; 
Mythreye and Blobe, 2009; Lee et al., 2010). 
Therefore we examined the basal migratory 
and invasive capacities of the EV, shTβRIII, 
WT TβRIII, and P826A TβRIII cell lines. Con-
sistent with previous reports, EV cells exhib-
ited only a modest degree of migration 
(Figure 7A) or invasion (Figure 7B). However, 
shTβRIII cells exhibited a significant increase 
in both migration (Figure 7A) and invasion 
(Figure 7B). Consistent with prior reports, 
WT TβRIII expression rescued the shTβRIII-
mediated increase in migration, further sup-
pressing migration to a level lower than that 
observed for the EV cells (Figure 7A). For 
invasion, a similar suppressive trend was ob-
served for the WT TβRIII cells; however, the 
invasive capacity of these cells was not sig-
nificantly lower than that of the shTβRIII or 
EV cells (Figure 7B). In contrast, P826A TβRIII 
was unable to rescue the shTβRIII-mediated 
increases in migration (Figure 7A) or inva-
sion (Figure 7B). Instead, P826A TβRIII cells 
exhibited twofold and threefold increases 
in the levels of migration and invasion, 
respectively, compared with shTβRIII cells 
(Figure 7, A and B).

Enhanced migration and invasion in 
P826A TβRIII cells is independent of 
TGF-β ligand and TβRI kinase activity
Because P826A TβRIII cells exhibited higher 
levels of basal invasion and migration than 
the other cell lines, to determine whether 
autocrine TGF-β production or signaling 
was involved, we performed the migration 
and invasion assays in the presence of a 

TGF-β–neutralizing antibody. Surprisingly, treatment with this anti-
body, although effective at inhibiting TGF-β–mediated Smad2 sig-
naling (Supplemental Figure S2A), did not significantly decrease the 
migratory or invasive capacities of the WT or P826A TβRIII cell lines 
(Figure 7C). Further, WT and P826A TβRIII cells secreted similar 

(Figure 6B, top), suggesting that the P826A TβRIII mutation had 
more pronounced effects than the loss of TβRIII expression. In the 
presence of TGF-β, P826A TβRIII cells again had increased cell 
numbers compared with EV or WT TβRIII, with differences apparent 
at day 6 (Figure 6B, bottom). Of interest, shTβRIII and P826A TβRIII 

FIGURE 4: P826A TβRIII cells have reduced epithelial marker expression. (A) Cells were grown 
on coverslips and treated with 100 pM TGF-β1 for 0, 6, 24, or 48 h. Cells were subsequently 
stained with Alexa 488–conjugated phalloidin for visualization of actin (green). Enlarged images 
show the basal difference between actin staining in the WT and P826A TβRIII cells. Bar, 200 μm. 
(B) Cells were grown and treated as in A and stained with a primary antibody against E-cadherin, 
followed by an Alexa 594–conjugated secondary antibody (red). Nuclei were stained with DAPI 
(blue). Enlarged images show the basal difference in E-cadherin staining between WT and 
P826A TβRIII cells. All images were taken at 400× magnification. Bar, 200 μm. (C) Cells were 
grown in six-well dishes and treated with 100 pM TGF-β1 for 0, 6, 12, 24, 48, or 72 h. Cell lysates 
were analyzed by Western blotting for the epithelial marker E-cadherin. β-Actin was used as a 
loading control. The ratios of E-cadherin to actin are noted beneath each lane. (D) Cells were 
grown in six-well format and treated with 100 pM TGF-β1 for 0, 24, and 72 h. To analyze the 
differences in E-cadherin mRNA levels, total RNA was harvested, and qPCR for E-cadherin was 
performed. A representative graph shows the fold expression change for each cell line and time 
of treatment in comparison to the EV 0-h time point. Data were normalized to GAPDH 
expression. The experiment was repeated three times.
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FIGURE 5: P826A TβRIII cells have enhanced mesenchymal marker expression. (A) Cells were grown on coverslips, 
treated with 100 pM TGF-β1 for 0, 6, 24, or 48 h, and stained with an anti-fibronectin primary antibody, followed by an 
Alexa 488–conjugated secondary antibody (green). DAPI was used for nuclear staining (blue). Enlarged images show the 
difference in fibronectin staining between WT and P826A TβRIII cells at the 48-h time point. All images were taken at 
400× magnification. Bar, 200 μm. (B) Cells were grown in six-well dishes and treated with 100 pM TGF-β1 for 0, 6, 12, 24, 
48, or 72 h. Cell lysates were analyzed by Western blotting for the mesenchymal marker α-SMA. β-Actin was used as a 
loading control. The ratios of α-SMA to β-actin are noted beneath each lane. (C) Cells were grown in six-well dishes and 
treated with 100 pM TGF-β1 for 0, 24, and 72 h. To analyze the differences in α-SMA mRNA levels, total RNA was 
harvested, and qPCR for α-SMA was performed. A representative graph shows the fold expression change for each cell 
line and time of treatment in comparison to the EV 0-h time point. Data were normalized to GAPDH expression. Each 
experiment was repeated three times. (D) Cells were grown in six-well format and left untreated to analyze the basal 
levels of Snail and Slug mRNA. Total RNA was harvested, and qPCR for Snail (left) or Slug (right) was performed. The 
representative graphs show the fold expression change for each cell line in comparison to EV cells. Data were 
normalized to GAPDH expression. Each experiment was repeated a minimum of three times.
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Figure S2C), suggesting that increased Smad3 activation is not re-
sponsible for the enhanced migration or invasion in P826A TβRIII 
cells. Although we observed enhanced TGF-β–induced Smad2 acti-
vation in P826A TβRIII cells compared with the other cell lines (Sup-
plemental Figure S2D), the type I TGF-β receptor inhibitor SB431542 
did not significantly decrease migration or invasion in P826A TβRIII 
cells, despite effectively inhibiting pSmad2 activation (Figure 7C and 
Supplemental Figure S2E). Collectively these data suggest that nei-
ther the TGF-β ligand nor TβRI kinase activity is responsible for the 
enhanced basal level of migration and invasion in P826A TβRIII cells.

TGF-β can also signal through a number of noncanonical path-
ways, including the p38 and Erk1/2 MAP kinases, NFκB, and PI3K/
Akt. We examined the EV, shTβRIII, WT TβRIII, and P826A TβRIII cell 
lines for differences in basal and TGF-β–stimulated noncanonical 
signaling; however, no clear differences were observed by Western 
blotting (Supplemental Figure S3A). In addition, we tested whether 
small-molecule inhibitors of these noncanonical TGF-β signaling 
pathways could affect cell migration or invasion. However, no single 
inhibitor was able to specifically affect the invasion or migration 
capacities of the P826A TβRIII cells (Supplemental Figure S3B). 
Although some reduction in invasion was observed with the NFκB 
pathway inhibitor (IKK inhibitor IV) or the Src inhibitor (PP2), this was 
not unique to the P826A TβRIII cell line. Indeed, the WT TβRIII cell 
line was similarly affected (Supplemental Figure S3C).

P826A TβRIII cells form invasive tumors in athymic 
nude mice
To determine whether the localization of TβRIII affected tumorige-
nicity in vitro, we assessed colony formation in soft agar. A greater 
number of colonies was observed with the P826A TβRIII cells than in 
all of the other cell lines (Figure 8A), suggesting that, consistent with 
its EMT phenotype, P826A TβRIII increases tumorigenicity in vitro.

Whereas parental NMuMG cells are not largely tumorigenic in 
vivo, stable NMuMG shTβRIII cells have been reported to form tu-
mors in an orthotopic mouse model of breast cancer (Criswell and 
Arteaga, 2007). To determine whether P826A TβRIII altered the tu-
morigenicity of NMuMG cells, we orthotopically implanted EV, 
shTβRIII, WT TβRIII, or P826A TβRIII-expressing cells into athymic 
nude mice. Whereas a small number of EV (3 of 10) and WT TβRIII 
(4 of 10) mice developed tumors, the tumors remained small and 
were slow growing (Figure 8B). In contrast, nine of 10 shTβRIII and 
nine of 10 P826A TβRIII mice formed palpable tumors, which grew 
rapidly relative to EV and WT TβRIII tumors (Figure 8B). On compar-
ing the P826A TβRIII and EV groups, these differences became sig-
nificant at week 6 and remained significant until the date the mice 
were killed. P826A TβRIII mice also developed tumors earlier than 
EV and WT TβRIII mice. Tumors were confirmed in several shTβRIII 
and P826A TβRIII mice as early as week 4 but were not confirmed in 
EV or WT TβRIII mice until week 8 (Figure 8B).

After killing at week 14, the primary tumors, lungs, and mam-
mary fat pads were harvested. The primary tumor size was notice-
ably larger for the shTβRIII and P826A TβRIII mice compared with 
the EV and WT TβRIII mice (Figure 8C). All tumors were stroma-rich, 
moderately to poorly differentiated carcinomas (Figure 8D). No 
macrometastases or micrometastases to the lung or noninjected fat 
pads were observed in any group. However, microscopic evaluation 
did confirm the presence of one additional primary tumor for the 
P826A group, bringing the total number of tumors in this group to 
10. Of interest, we observed local invasion of the tumor into the 
chest wall in three of nine shTβRIII and three of 10 P826A TβRIII 
samples, whereas no local invasion was noted for tumors from EV or 
WT TβRIII mice (Figure 8E).

levels of TGF-β over a 24-h time period (Supplemental Figure S2B). 
These data suggest that the secretion of TGF-β by P826A or WT 
TβRIII cells is not responsible for the observed differences in migra-
tion and invasion between these cell lines.

We next investigated whether TGF-β signaling was important 
for the enhanced migration and invasion of the P826A TβRIII cells. 
Of interest, phospho-Smad3 levels were slightly lower in shTβRIII 
and P826A TβRIII cells than in EV or WT TβRIII cells (Supplemental 

FIGURE 6: P826A TβRIII cells exhibit an enhanced rate of 
proliferation. (A) We plated 1 × 104 cells in triplicate in 96-well format 
and grew them for 24 h in the absence or presence of 100 pM 
TGF-β1. Cells were then labeled with 1 μCi of 3H for 4 h, and the level 
of incorporation was measured by scintillation counting. The graph 
depicts the fold change for each cell line over the untreated EV cells. 
Data were analyzed using Student’s t test. No significant differences 
were found within each group (treated or untreated). The experiment 
was repeated three times. (B) We plated 1 × 104 cells in a six-well dish. 
Cells were grown in the presence (top) or absence (bottom) of 50 pM 
TGF-β1, with fresh media and TGF-β1 added every other day. Cells 
were trypsinized and counted 2, 4, and 6 d after plating, using a 
hemocytometer. Dead cells were excluded via staining with trypan 
blue. The graphs show the number of cells counted for each day 
(thousands) on the y-axis. Each cell line was plated in duplicate, and 
the experiments were performed three separate times. *p < 0.05 for 
P826A TβRIII compared with WT TβRIII cells at day 6 (Student’s t test).
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EMT phenotype, and increased prolifera-
tion, migration, and invasion. Further, mislo-
calization of TβRIII results in increased tumor 
growth and invasion in an in vivo mouse 
model of breast cancer.

TβRIII influences several aspects of can-
cer cell biology, including inhibiting migra-
tion and invasion in multiple cancer types 
(Dong et al., 2007; Turley et al., 2007; 
Finger et al., 2008; Gordon et al., 2008; 
Bilandzic et al., 2009; Mythreye and Blobe, 
2009; Lee et al., 2010; Lambert et al., 2011; 
Mythreye et al., 2013), promoting fibroblast 
growth factor 2–mediated neuronal differ-
entiation in neuroblastoma (Knelson et al., 
2013), regulating immune system tolerance 
to breast cancer and melanoma (Hanks 
et al., 2013), and proliferation in breast can-
cer, kidney cancer, and multiple myeloma 
(Sun and Chen, 1997; Copland et al., 2003; 
Margulis et al., 2008; Lambert et al., 2011). 
These complex and diverse TβRIII functions 
underscore the importance of this cell sur-
face receptor in cancer development and 
progression. Here we have identified a 
novel role for TβRIII in the regulation of 
breast epithelial cell polarity. Although 
TβRIII expression is typically lost during 
breast cancer progression (Dong et al., 
2007), the loss of cell polarity can occur 
quite early in carcinogenesis (Debnath et al., 
2003; Lee and Vasioukhin, 2008; Zhan et al., 
2008). Therefore the proper regulation of 
cell polarity by TβRIII may be of critical im-
portance for normal breast epithelial cell 
homeostasis.

Consistent with our data, Criswell and 
Arteaga (2007) demonstrated that loss of TβRIII expression in 
NMuMG cells results in increased EMT, proliferation, migration, 
and invasion. In our in vitro experiments, the P826A mutation re-
sulted in more-severe phenotypes than did the loss of TβRIII ex-
pression, suggesting that the P826A alteration does not simply 
abolish TβRIII function. Although our in vitro experiments high-
light the differences between shTβRIII and P826A TβRIII cells, 
these cells behaved similarly in our in vivo assay. Indeed, P826A 
and shTβRIII tumors grew at similar rates, lacked E-cadherin ex-
pression, and were locally invasive (Figure 8). One explanation for 
these results is that the tumor cells were exposed to TGF-β super-
family ligands in vivo. In support of this, whereas the P826A and 
shTβRIII cell lines grew at different rates in vitro in the absence of 
TGF-β, these two lines grew at similar rates in its presence (Figure 
6B). Exposure to TGF-β in vivo would also drive EMT, resulting in 
a more complete loss of E-cadherin. In addition, although both 
P826A and TβRIII cells exhibited localized invasion, the time 
course of our in vivo experiment was too short to allow for the 
formation of metastases. It is possible that differences in metasta-
sis, due to differences in invasion/migration between P826A and 
shTβRIII cells, would be observable with additional time or with a 
more aggressive model of breast cancer. Although only a small 
percentage of cells were migratory or invasive in our in vitro assay, 
this is consistent with the idea that metastases arise from a sub-
population of cells within a primary tumor (Fidler and Kripke, 1977; 

The WT and P826A TβRIII tumors retained TβRIII expression, as 
verified by immunohistochemistry (IHC; Supplemental Figure S4A). 
Before killing, the mice were intraperitoneally injected with bro-
modeoxyuridine (BrdU) to allow for the analysis of tumor cell prolif-
eration. We observed a trend toward increased proliferation with 
TβRIII silencing or the expression of P826A TβRIII, consistent with 
our in vitro results (Figure 8F). We also examined apoptosis in the 
tumor sections by terminal deoxynucleotidyl transferase dUTP nick 
end labeling; however, we noted no differences (Supplemental 
Figure S4B). This suggests that the larger tumor size in the P826A 
TβRIII and shTβRIII groups is likely due to earlier tumor initiation 
coupled with an increase in tumor cell proliferation. In addition, con-
sistent with the EMT phenotype of P826A TβRIII and shTβRIII cells in 
vitro, P826A TβRIII and shTβRIII tumors lacked E-cadherin expres-
sion in vivo, whereas E-cadherin was readily detectable in WT TβRIII 
tumors and in the single EV tumor specimen large enough for analy-
sis, particularly around partially or completely filled-in ductal struc-
tures (Figure 8G).

DISCUSSION
Apical–basolateral cell polarity is essential for tissue and organ 
function and is often lost during carcinogenesis. Here we demon-
strate that the mistargeting of a single protein, TβRIII, from pre-
dominantly basolateral to basolateral and apical membranes in 
breast epithelial cells results in a global disruption of cell polarity, an 

FIGURE 7: P826A TβRIII cells have enhanced migration and invasion. (A) We plated 25 × 103 
(EV and WT TβRIII) or 15 × 103 (shTβRIII and P826A TβRIII) cells in 200 μl of serum free media 
and allowed them to migrate for 24 h toward 500 μl of medium containing 10% FBS. The 
number of migrated cells in three independent fields of view (100×) was counted for each cell 
line. Data are graphed as the number of migrating cells/the total plated cell number (percentage 
migration). (B) We plated 75 × 103 (EV and WT TβRIII) or 50 × 103 (shTβRIII and P826A TβRIII) 
cells in 500 μl of serum-free media and allowed them to invade for 24 h toward 600 μl of media 
containing 10% FBS. The number of invasive cells in three independent fields of view (100×) was 
counted for each cell line. Data are graphed as the number of invasive cells/the total plated cell 
number (percentage invasion). (C) WT and P826A TβRIII cells were plated and analyzed as in A 
and B, with the exception that dimethyl sulfoxide (DMSO; control [C]), 10 μg/ml TGF-β1–
neutralizing antibody (Ab), or 10 μg/ml TβRI kinase inhibitor SB435142 (SB) was added to the 
upper chamber. N.S., not significant. ***p < 0.001, **p < 0.01, *p < 0.05 compared with DMSO 
(C) or EV (A,B) control (Student’s t test).
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(unpublished data). In contrast to Ozdamar et al. (2005), Murphy 
et al. (2004, 2007) defined a basolateral localization of TβRI and 
TβRII in MDCK cells. Although the precise localization of the type I 
and II TGF-β receptors differs in these two reports, a localization of 
all three TGF-β receptors to cell junctions would allow for more pre-
cise control over junctional integrity. Indeed, both tight junction and 
adherens junction components have been shown to be associated 
with a number of signaling molecules that regulate gene transcrip-
tion, proliferation, and apoptosis (Perez-Moreno and Fuchs, 2006; 
Hartsock and Nelson, 2008; Balda and Matter, 2009). Junction-asso-
ciated signaling pathways also affect actin dynamics, which directly 
affect cell motility and invasion (Perez-Moreno and Fuchs, 2006; 
Hartsock and Nelson, 2008).

Collectively these studies suggest that the three TGF-β receptors 
serve key signaling roles at cell–cell junctions, controlling epithelial 
tissue organization and function. Disruption of receptor function 
through mistargeting or inappropriate EMT can have significant and 
lasting effects on cell and tissue function and contribute to tumor 
growth and invasion.

MATERIALS AND METHODS
Cell culture and reagents
NMuMG cells were purchased from the American Type Culture Col-
lection and grown in DMEM (Life Technologies, Grand Island, NY) 
supplemented with 10% fetal bovine serum (FBS; Corning, 
Tewksbury, MA) and 10 μg/ml insulin (Life Technologies). EMT was 
induced with 100 pM TGF-β1 (R&D Systems, Minneapolis, MN). 
Caco-2 cells were purchased from the American Type Culture Col-
lection and grown in MEM (Life Technologies) supplemented with 
20% FBS. HEK 293FT cells (Invitrogen, Grand Island, NY) were 
grown in DMEM supplemented with 10% FBS, 0.1 mM nonessential 
amino acids, 6 mM l-glutamine, and 1 mM sodium pyruvate (Life 
Technologies). MDCK cells were purchased from the American Type 
Culture Collection and grown in DMEM supplemented with 10% 
FBS. All cell lines were grown at 37°C in a humidified incubator at 
5% CO2. Fluorescein isothiocyanate (FITC)–dextran (anionic, mole-
cular weight 40,000, D1844) was purchased from Life Technologies. 
For transfection of pcDNA 3.1 human WT TβRIII and variants, Lipo-
fectamine 2000 reagent (Life Technologies) was used according the 
manufacturer’s protocol. All restriction enzymes were purchased 
from New England Biolabs and were used as directed. The follow-
ing antibodies were used in this study: TβRIII (AF-242-PB; R&D Sys-
tems), Scribble (sc-11049; Santa Cruz Biotechnology, Dallas, TX), α-
SMA and fibronectin (A5228 and F3648; Sigma-Aldrich, St. Louis, 
MO), E-cadherin (610182; BD Transduction), and β-catenin (06-734, 
EMD Millipore, Billerica, MA). The TGF-β–neutralizing antibody 2G7 
was supplied by Genentech. The TGF-β RI kinase inhibitor SB431542 
was purchased from Sigma-Aldrich. Cells expressing Tet-inducible 
TβRIII were grown in media supplemented with 10% Tet System Ap-
proved FBS (Clontech) and induced with 1.5 μg/ml doxycycline 
(Enzo Life Sciences, Farmingdale, NY).

Apico-basolateral Transwell growth
We plated 2.5 × 105 cells in a total volume of 900 μl in the inner 
chamber of 0.4-μm pore-sized Transwells (Corning). We placed 
1 ml of media into the bottom chamber. Cells were allowed to po-
larize for 5 d before further assays were performed. Cell polariza-
tion was measured using fluorescein-conjugated dextran. For this, 
30 μl of 25 mg/mL FITC-dextran was placed into the upper cham-
ber. After 30 min, the samples were diluted 1:1000. Excitation was 
carried out at 490 nm, and the absorbance for the upper and lower 
chambers was measured at 520 nm. Cells were considered polarized 

Wang et al., 2004, 2007; Plaks et al., 2013). Indeed, recent studies 
suggest that EMT may contribute to the formation of “cancer stem 
cells” or “tumor-initiating cells,” which exhibit increased migratory 
and invasive capacities yet comprise only a small percentage of 
the primary tumor (Chaffer and Weinberg, 2011). Therefore future 
studies will investigate the role of TβRIII localization in metastasis.

P826A TβRIII expression likely results in the unique deregula-
tion of one or more signaling pathways. With regard to the EMT 
phenotype, we observed a reduction in the mRNA levels of both 
Snail and Slug in P826A TβRIII cells treated with the TβRI kinase 
inhibitor and a suppression of TGF-β–mediated α-SMA induction 
with both the TβRI kinase inhibitor and the TGF-β–neutralizing an-
tibody, suggesting that a TGF-β and/or TβRI kinase–mediated 
pathway is likely involved in this phenotype (unpublished data). 
Surprisingly, neither TGF-β nor TβRI kinase activity had a role in 
the enhanced migration and invasion observed in P826A TβRIII 
cells, as the kinase and TGF-β inhibitors were unable to decrease 
migration or invasion in this cell line despite inhibiting Smad2 ac-
tivation (Figure 7C). In addition, WT and P826A TβRIII cells se-
creted similar levels of TGF-β1 ligand (Supplemental Figure S2B). 
Collectively these data suggest that a unique TGF-β/TβRI kinase–
independent signaling pathway is responsible for the enhanced 
migration and invasion capacities of P826A TβRIII cells. To identify 
the signaling pathway involved, we screened a panel of chemical 
inhibitors for their effect on P826A TβRIII cell migration/invasion. 
However, no single inhibitor was able to selectively decrease 
P826A TβRIII-mediated migration (Supplemental Figure S3B). 
Although the NFκB and Src inhibitors decreased invasion in P826A 
TβRIII cells, they also did so in WT TβRIII cells, suggesting that 
these pathways globally regulate invasion in NMuMG cells (Sup-
plemental Figure S3, B and C).

Collectively these data suggest that different signaling pathways 
are responsible for the EMT versus invasion and migration pheno-
types observed upon P826A TβRIII expression, with TGF-β/TβRI sig-
naling influencing EMT and a unique TGF-β/TβRI-independent 
pathway influencing migration and invasion. Although the specific 
signaling pathway(s) responsible for the enhanced migration and 
invasion phenotypes in P826A TβRIII cells is unknown, other growth 
factor signaling pathways, including epidermal, fibroblast, platelet-
derived, or hepatocyte growth factors, may be involved. Integrin-
mediated signaling might also have a role. Indeed, we recently 
demonstrated that TβRIII can modulate epithelial cell motility by 
regulating the function and localization of α5β1 integrin in a TGF-
β–independent manner (Mythreye et al., 2013). Alternatively, a sig-
naling pathway may have been transiently activated by early P826A 
TβRIII expression, setting up the EMT program and subsequent ef-
fects on migration and invasion. We attempted to examine cell sig-
naling using a Tet-inducible P826A TβRIII cell line. However, the 
presence of endogenous TβRIII complicated data interpretation 
and, due to their loss of polarity and partial EMT, shTβRIII cells were 
not suitable for such experiments. The precise pathway by which 
P826A TβRIII regulates EMT and subsequent biology remains to be 
determined.

In NMuMG cells, the type I TGF-β receptor was localized to tight 
junctions (Ozdamar et al., 2005). The authors demonstrated that 
TβRI associates with the Par6 polarity protein. On TGF-β treatment, 
TβRII joins the complex and phosphorylates Par6, resulting in Smurf1 
recruitment and RhoA degradation. This pathway was shown to be 
important for the dissolution of tight junctions during TGF-β–
mediated EMT. Consistent with the activation of this pathway, the 
two cell lines with a basal EMT-like phenotype, shTβRIII and P826A 
TβRIII, exhibited lower levels of RhoA than did WT TβRIII or EV cells 
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FIGURE 8: P826A TβRIII cells form invasive tumors in mice. (A) For the soft colony assay, six-well dishes were coated 
with 0.8% agar, and 1 × 105 NMuMG cells in 0.4% agar were plated on top. Cells were plated in triplicate and were 
grown for 4 wk. The number of colonies per well was determined using crystal violet staining. Data were analyzed for 
significance by Student’s t test. The p value for P826A TβRIII vs. WT TβRIII cells is indicated. (B) We injected 1 × 106 cells 
into the right #4 mammary gland of 6-wk-old female athymic nude mice. Tumors were measured with calipers weekly for 
a total of 14 wk. Tumor volume was calculated using volume = length × (width2) × 0.5. Ten mice were analyzed for each 
cell line. *p < 0.05 for P826A TβRIII mice compared with EV mice (Mann–Whitney test). (C) Primary tumors were excised 
and are shown to demonstrate size differences. The black lines indicate intervening samples that were removed for 
clarity. (D) Photos taken at 100× magnification show the overall tumor morphology as moderately to poorly 
differentiated and stroma rich. Bar, 400 μm. (E) Representative images (100×) showing localized invasion of the tumor 
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1-piperazineethanesulfonic acid, pH 7.4). The mixture was incubated 
at 90°C for 4 min and 70°C for 10 min and then cooled in a stepwise 
manner to 37°C over a 20-min time period.

To generate pSMPUW (neo) lentiviral vectors, WT TβRIII and 
P826A TβRIII were PCR amplified and cloned into the EcoRV site in 
pSMPUW neo (Cell Biolabs). To generate Tet-on WT and P826A 
TβRIII, TβRIII was PCR amplified and cloned into the EcoRI site in the 
pLVX-Tight-Puro plasmid (Clontech). All constructs were screened 
by sequencing for proper orientation.

To generate retroviral particles, the pSuper.retro.puro shTβRIII 
(9 μg), gag/pol (15 μg), and VSVG (6 μg) plasmids were transfected 
into HEK 293FT cells. The medium was changed the day after trans-
fection, and viral particles were harvested after a further 48 h of in-
cubation. To generate lentiviral particles, the pMDL g/pRRE (3 μg), 
pRSV-Rev (2 μg), and pMD2.G (2 μg) packaging vectors and the ap-
propriate lentiviral vector (pSMPUW TβRIII, pLVX-Tight-Puro TβRIII, 
or pLVX-Tet-On Advanced; 6 μg) were similarly transfected into HEK 
293FT cells. Viral particles were harvested and stored as described.

To generate noninducible stable cell lines, NMuMG cells were in-
fected with pSuper.retro.puro (EV) or pSuper.retro.puro shTβRIII in the 
presence of 6 μg/ml Polybrene (Sigma-Aldrich). Cells were selected in 
2 μg/ml puromycin (Sigma-Aldrich). After confirmation of shTβRIII 
knockdown, cells were infected with pSMPUW-neo (EV), pSMPUW-
WT TβRIII, or pSMPUW-P826A TβRIII lentiviral particles. Cells were 
selected in the presence of 500 μg/ml G418 (KSE Scientific). Stable 
cell lines were maintained in 1 μg/ml puromycin and 250 μg/ml G418. 
To generate Tet-inducible stable cell lines, NMuMG cells were in-
fected with pLVX-Tet-On Advanced and either pLVX-Tight-Puro WT 
TβRIII or pLVX-Tight-Puro P826A TβRIII lentiviral particles. Cells were 
selected in 500 μg/ml G418 and 2 μg/ml puromycin.

Binding and cross-linking of [125I]TGF-β
Binding and cross-linking of 125I-labeled TGF-β ligand was 
performed as described previously (Jelinek et al., 2003; Dong 
et al., 2007; Gordon et al., 2008; Mythreye and Blobe, 2009). 
Immunoprecipitated samples were separated by SDS–PAGE and 
visualized using a Typhoon 9200 Variable Mode Phosphorimager 
(GE Healthcare).

ELISA
Cells were grown in Transwells for 5 d and then incubated with fresh 
media. Soluble TβRIII was allowed to accumulate for 24 h, with the 
exception of Tet-inducible cell lines, for which accumulation oc-
curred over a 12-h time period. Media samples were collected, spun 
down to remove dead cells and debris, and frozen at −80°C.

For ELISA, the capture antibody (AF-242-PB; R&D Systems) was 
immobilized onto a Multi-Array 96-well plate (L15XA-3; Meso Scale 
Discovery [MSD]) overnight at 4°C. The plates were washed, the 
samples were loaded, and the plates were then incubated at room 
temperature for 2 h with shaking. The detection antibody (BAF-242; 
R&D Systems), coincubated with streptavidin-SULFO-TAG (R32AD-1; 
MSD) secondary antibody, was then applied, and the plates were 
incubated for 2 h with shaking. The plates were washed, and Read 
Buffer T (R92TC-3; MSD) was added. Images of the plates were 

when <10% of the total fluorescence was detectable in the lower 
chamber.

Standard PCR, mutagenesis, and qPCR
NAAIRS mutants and single alanine alterations were made using 
pcDNA3.1 human WT TβRIII as a template. 5′-CCC CAC CTC CCC 
GAA TGC TGC TAT ACG ATC GAG TGC TGC CCA CAG C-3′ and 
its genetic complement were used to generate the PASENS → 
NAAIRS mutation, and 5′-GCA AGT CCC CAC CTC CCC GGC AGC 
CTC GGA AAA CAG CAG TGC-3′ and its genetic complement were 
used to generate the P826A TβRIII mutation. All mutations were 
made using the QuikChange Mutagenesis Kit (Agilent) according to 
the manufacturer’s recommendations. All standard PCRs for the pur-
pose of cloning were performed using Pfu Turbo (Agilent) in a Bio-
Rad iCycler according to the manufacturer’s recommendations.

For qPCR, total RNA was isolated from cells using the RNeasy 
Mini Kit (74106; Qiagen), and first-strand synthesis was performed 
using the iScript cDNA Synthesis Kit (170-8891; Bio-Rad). Quantita-
tive real time PCRs were performed using the iQ SYBR Green 
SuperMix (170-882; Bio-Rad) and a Bio-Rad iCycler. Relative tran-
script levels were compared via the ΔΔCt method. All data were nor-
malized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 
Primer sequences used were as follows:

Mouse E-cadherin, forward: 5′-CCT TCC CCC AAC ACG TCC 
CCCC-3′

Mouse E-cadherin, reverse: 5′-TCT CCA CCT CCT TCT TCA 
TC-3′

Mouse α-SMA, forward: 5′-GGA CGT ACA ACT GGT ATT 
GTGC-3′

Mouse α-SMA, reverse: 5′-TCG GCA GTA GTC ACG AAG GA-3′

Mouse Snail, forward: 5′-GGA AGC CCA ACT ATA GCG AGC-3′

Mouse Snail, reverse: 5′-CAG TTG AAG ATC TTC CGC GAC-3′

Mouse Slug, forward: 5′-CTC ACC TCG GGA GCA TAC AGC-3′

Mouse Slug, reverse: 5′-TGA AGT GTC AGA GGA AGG 
CGG G-3′

Mouse GAPDH, forward: 5′-TTG ACC TCA ACT ACA TGG 
TCT A-3′

Mouse GAPDH, reverse: 5′-ACC AGT AGA CTC CAC GAC 
ATA C-3′

Retroviral and lentiviral production and stable 
cell line generation
To stably silence endogenous murine TβRIII, the complementary 
primers 5′-GAT CCC CGA AAT GAC ATC CCT TCC ACT TCA AGA 
GAG TGG AAG GGA TGT CAT TTC TTT TTC-3′ and 5′-TCG AGA 
AAA AGA AAT GAC ATC CCT TCC ACT CTC TTG AAG TGG AAG 
GGA TGT CAT TTC GGG-3′ were annealed and cloned into the 
BglII and XhoI sites of the pSuper.retro.puro vector (OligoEngine). 
For annealing, 1 μl of each oligo (3 mg/ml starting) was mixed with 
48 μl of annealing buffer (100 mM NaCl, 50 mM 4-(2-hydroxyethyl)-

into the muscle wall in an shTβRIII and a P826A TβRIII sample. Bar, 400 μm. (F) IHC was performed to detect 
incorporated BrdU. The percentage of BrdU-positive cells per field of view (100×) was determined for each cell line. No 
BrdU+ cells were observed in the single EV sample that was large enough for analysis. N = 3 for WT TβRIII, N = 8 for 
shTβRIII, and N = 10 for P826A TβRIII. Data were analyzed by the Mann–Whitney test. The p value for P826A TβRIII vs. 
WT TβRIII cells is noted above the graph. (G) Tumor sections were stained for E-cadherin (brown), which was absent 
from P826A and shTβRIII tumors but present around ductal structures in EV and WT TβRIII tumors (images are at 
400× magnification). Bar, 100 μm.
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were collected at 100× magnification. Cells were plated in duplicate, 
and each experiment was conducted three times. When used, 10 
μg/ml of the TGF-β–neutralizing antibody or the TGF-β RI kinase in-
hibitor was added simultaneously with cell plating. For Smad2-
knockdown conditions, cells were first transfected with 2 μg of shS-
mad2 and incubated for 48 h before plating for migration or 
invasion.

Soft agar assay
Six-well dishes were coated with 0.8% agar in DMEM supplemented 
with 10% FBS and 10 μg/ml insulin. We plated 1 × 105 NMuMG 
cells/well in 0.4% agar/DMEM/10% FBS/insulin. Cells were incu-
bated at 37°C for 4 wk and fed every 3 d. For colony detection, cells 
were fixed and stained with 0.005% crystal violet in 10% neutral 
buffered Formalin solution and washed with PBS. Colonies were 
counted and quantified using Bio-Rad Quantity One software.

In vivo xenograft assay
The Institutional Animal Care and Use Committee of Duke Univer-
sity approved all animal procedures. At 24 h before injection, 
NMuMG EV, shTβRIII, WT TβRIII, and P826A TβRIII cells were trans-
ferred to selection-free media. We resuspended 1 × 106 cells in 
200 μl of PBS and injected them into the right #4 mammary gland of 
6-wk-old female athymic nude mice (Harlan) using a 22-gauge nee-
dle. Tumors were measured with calipers weekly for a total of 14 wk. 
Tumor volume was calculated using volume = length × (width2) × 0.5. 
At 2 h before killing, mice were intraperitoneally injected with 
0.01 ml/g of total body weight of a 7 mg/ml BrdU stock solution. 
After killing, the mammary glands, lungs, and primary tumors were 
removed and fixed in 4% paraformaldehyde (2 h), followed by 70% 
ethanol. We embedded 6-μm-thick sections in paraffin for further 
analysis. Sections of tumors, lungs, and mammary glands were 
stained with hematoxylin and eosin to examine histology.

Immunohistochemistry
For E-cadherin staining, tumor sections were deparaffinized in two 
changes of xylene for 10 min, each followed by 100, 95, 70, and 
50% ethanol solutions for 5 min each. Sections were rinsed in de-
ionized water for 5 min and boiled for 20 min in 10 mM citric acid, 
pH 6.0. After cooling (20 min), sections were quenched in 3% H2O2 
in methanol for 30 min. After two washes in PBS (2 min each), tis-
sues were blocked using the Avidin/Biotin Blocking Kit (SP-2001; 
Vector Laboratories) according to the manufacturer’s instructions. 
Tissues were further processed for E-cadherin staining using the 
Mouse On Mouse (MOM) IHC kit (MMK-2202; Vector Laboratories) 
according to the manufacturer’s instructions. A 1:200 dilution of 
the primary antibody (610182; BD Transduction) was used. Sam-
ples were further processed with the Vectastain mouse ABC kit 
(PK-4002; Vector Laboratories) for 20 min, and staining was visual-
ized with DAB reagent (SK-4100; Vector Laboratories). After wash-
ing in PBS, samples were stained with hematoxylin and rehydrated 
in 50, 70, 95, and 100% ethanol, followed by xylene (5 min each). 
Sections were mounted using VectaMount reagent (H-5000; 
Vector Laboratories). For BrdU staining, the BrdU In-Situ Detection 
kit (550803; BD PharMingen) was used according to the manufac-
turer’s instructions.

taken within 10 min using an MSD Sector Imager 2400. The images 
were analyzed using MSD Sector Imager software, version 3.0. 
Analyte concentrations were calculated based on a standard curve 
derived by performing four serial dilutions of the corresponding 
protein standard on each plate. Samples were tested in duplicate, 
and the mean value was used for analysis.

Immunofluorescence and microscopy
Cells were fixed in 4% paraformaldehyde and permeabilized with 
0.1% TX-100 for 1 min (actin) or 10 min (all others). Blocking was 
done in 0.5% BSA in phosphate-buffered saline (PBS) for 1 h and 
was followed by a 20-min incubation with a 1:50 dilution of phalloi-
din-conjugated Alexa 488 for actin (Invitrogen) or a 1-h incubation 
with a 1:400 dilution of primary antibody (all others). Cells were 
washed three times with PBS and mounted (actin) or further incu-
bated with a 1:500 dilution of Alexa 488– or 595–conjugated sec-
ondary antibody (Invitrogen) for 30 min. After washing, cells were 
stained with 4′,6-diamidino-2-phenylindole (DAPI; Roche) and were 
mounted with ProLong Gold Antifade reagent (Life Technologies). 
Immunofluorescence imaging and z-stacking were performed using 
a Leica SP5 confocal microscope at a magnification of 400×.

Western blotting
Membranes were incubated with primary antibodies in 5% milk 
PBS/0.1% Tween overnight at 4°C. Membranes were then washed 
and incubated with horseradish peroxidase–conjugated secondary 
antibodies for 1 h at room temperature, and proteins were detected 
by the ECL Plus chemiluminescence system (GE Healthcare). Bands 
were visualized using Hyperfilm ECL film (GE Healthcare) and quan-
tified by computer-assisted densitometry.

Thymidine incorporation and cell counting
For thymidine incorporation, 3000 cells were plated in each well of 
a 96-well plate in 100 μl of DMEM/10% FBS/insulin with or without 
TGF-β ligand (50 pM). Cells were pulsed with 1 μCi of 3H for 4 h at 
37°C, washed in cold PBS and 10% trichloroacetic acid (TCA), and 
incubated for 1 h at 4°C in 10% TCA. Cells were washed with cold 
10% TCA and lysed overnight in 0.2 M NaOH, and lysates were read 
using a scintillation counter.

For cell counting assays, 1 × 104 cells were plated in six-well 
dishes in the absence or presence of 50 pM TGF-β ligand. Cells 
were collected by trypsinization every other day, stained with trypan 
blue to exclude dead cells, and counted using a hemocytometer. All 
samples were plated in duplicate, and the assay was performed 
three separate times.

Invasion and migration assays
For invasion assays, Matrigel-coated Transwells (BD Biosciences, San 
Jose, CA) were preincubated with serum-free DMEM for 2 h at 37°C. 
We plated 75 × 103 (NMuMG EV and WT TβRIII) or 50 × 103 (NMuMG 
shTβRIII and P826A TβRIII) cells in 500 μl of serum-free media and 
allowed them to invade for 24 h toward 600 μl of media containing 
10% FBS. Migration chambers (BD Biosciences) were coated with 
50 μg/ml fibronectin (Calbiochem) in serum-free DMEM for 2 h at 
37°C. We plated 25 × 103 (NMuMG EV and WT TβRIII) or 15 × 103 
(NMuMG shTβRIII and P826A TβRIII) cells in 200 μl of serum-free 
media and allowed them to migrate for 24 h toward 500 μl of media 
containing 10% FBS. For both assays, cells remaining in the upper 
chamber were removed with a cotton swab, and the filters were 
stained using a Three-Step Stain Kit (Richard-Allan Scientific). Filters 
were mounted with VectaMount (Vector Laboratories). For each filter, 
the cells present in three random fields of view were counted. Images 
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