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STAT3-mediated SMAD3 activation underlies Oncostatin M-induced Senescence
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ABSTRACT
Cytokines in the developing tumor microenvironment (TME) can drive transformation and subsequent
progression toward metastasis. Elevated levels of the Interleukin-6 (IL-6) family cytokine Oncostatin M
(OSM) in the breast TME correlate with aggressive, metastatic cancers, increased tumor recurrence, and
poor patient prognosis. Paradoxically, OSM engages a tumor-suppressive, Signal Transducer and Activator
of Transcription 3 (STAT3)-dependent senescence response in normal and non-transformed human
mammary epithelial cells (HMEC). Here, we identify a novel link between OSM-activated STAT3 signaling
and the Transforming Growth Factor-b (TGF-b) signaling pathway that engages senescence in HMEC.
Inhibition of functional TGF-b/SMAD signaling by expressing a dominant-negative TGF-b receptor, treating
with a TGF-b receptor inhibitor, or suppressing SMAD3 expression using a SMAD3-shRNA prevented OSM-
induced senescence. OSM promoted a protein complex involving activated-STAT3 and SMAD3, induced
the nuclear localization of SMAD3, and enhanced SMAD3-mediated transcription responsible for
senescence. In contrast, expression of MYC (c-MYC) from a constitutive promoter abrogated senescence
and strikingly, cooperated with OSM to promote a transformed phenotype, epithelial-mesenchymal
transition (EMT), and invasiveness. Our findings suggest that a novel STAT3/SMAD3-signaling axis is
required for OSM-mediated senescence that is coopted during the transformation process to confer
aggressive cancer cell properties. Understanding how developing cancer cells bypass OSM/STAT3/SMAD3-
mediated senescence may help identify novel targets for future “pro-senescence” therapies aiming to
reengage this hidden tumor-suppressive response.
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Introduction

Cancer development is driven by genetic and epigenetic changes
within a cell, as well as extrinsic factors in the microenviron-
ment. Cytokines within the tumor microenvironment (TME),
often generated due to chronic inflammation, can drive tumor
progression and metastasis.1-3 The Interleukin-6 (IL-6) family of
pro-inflammatory cytokines, which includes Oncostatin M
(OSM), regulate various biological processes, and deregulated
IL-6 family signaling is often characteristic of more aggressive
cancers.2,4-11 OSM-mediated signal transduction occurs through
hetero-dimerization of glycoprotein 130 (gp130) and OSM
receptor subunit b (OSMRb).12 The OSMR complex activates
Janus Kinases 1 and 2 (JAK1 and JAK2), which in turn activate
Signal Transducer and Activator of Transcription 3 (STAT3),
mitogen-activated protein kinase (MAPK), and phosphatidyli-
nositol 3-kinase (PI3K)-AKT-mediated signaling cascades.13-18

Elevated levels of OSM in the TME are associated with highly
aggressive metastatic cancers, increased risk of tumor recur-
rence, and a poor prognosis.19-24 In breast cancer, OSM is con-
centrated at the invasive edges of highly metastatic tumors
where cells often display mesenchymal cell characteristics and
express the cancer stem cell marker CD44.22,25

Whereas OSM drives proliferation, epithelial-mesenchymal
transition (EMT), invasion, and metastasis in breast cancer cells

and transformed human mammary epithelial cells (HMEC), it
engages senescence in normal and non-transformed
HMEC.13,19-21,26-34 Senescence is an irreversible, proliferation-
inhibiting response that occurs in 2 steps: 1) reversible cell cycle
arrest followed by 2) futile growth-induced gerogenic conversion,
or geroconversion.35-37 Moreover, senescence is a major tumor-
suppressive mechanism that acts as an early barrier to thwart
cancer development. The presence of senescent cells in benign
lesions, but not advanced malignant tumors, suggests that senes-
cence barriers must be dismantled during oncogenic progres-
sion.38 In the case of OSM-induced senescence, persistent
STAT3 activation represses MYC (c-MYC) expression and
engages a p16- and p53-independent cell cycle arrest that is
accompanied by many senescence-associated characteristics,
including an enlarged flattened morphology and b-galactosidase
(b-Gal) activity.19,39,40 While OSM-induced MYC repression is
associated with senescence, ectopic expression of MYC from a
constitutive promoter prevents senescence and alters the
response to OSM from tumor-suppressive to tumor-promoting.19

Understanding how developing tumor cells adapt to senescence-
inducing cytokine signals and circumvent the normal, growth-
suppressive response is critical for understanding tumorigenesis.

Using isogenic HMEC, we now reveal that OSM/STAT3-
induced senescence requires Transforming Growth Factor-b
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(TGF-b)/SMAD3 signaling. OSM/STAT3 signaling induces a
STAT3/SMAD3 interaction, increases SMAD3 nuclear localiza-
tion, enhances SMAD3-mediated transcription, and ultimately
suppresses proliferation. Dysregulated MYC expression dis-
mantles STAT3/SMAD3-induced senescence and allows OSM-
mediated STAT3/SMAD3 signaling to then drive anchorage-
independent growth (AIG), EMT, and invasion. Our studies
have direct relevance for understanding how senescence path-
ways are suppressed during the transformation process, and
provide a foundation for novel “pro-senescence” therapies
aimed at reengaging hidden tumor-suppressive responses.

Results

OSM/STAT3-induced senescence requires TGF-b signaling

Previous studies using normal human mammary epithelial cells
(HMEC) have demonstrated that oncogenic RAS (RAS-G12V)
and RAF1 induce oncogene-induced senescence (OIS) in a p16-
and p53-independent manner.41,42 Likewise, persistent Oncostatin
M (OSM)-mediated activation of STAT3 also induces a p16/p53-
independent senescence.19 Given that RAS-induced OIS requires
functional Transforming Growth Factor-b (TGF-b) signaling, we
hypothesized that persistent OSM/STAT3-induced senescence
would also utilize the TGF-b signaling pathway.41 To test this
hypothesis, post-selection shp53-HMEC (lacking p16 expression
due to endogenous p16 promoter methylation and p53 due to
shRNA-mediated ablation) were infected with retroviruses encod-
ing either a dominant-negative STAT3 (shp53/DN-STAT3-
HMEC) or a dominant-negative TGF-b type II receptor (shp53/
DN-TGFbR2-HMEC) to inhibit TGF-b signaling. An empty vec-
tor (shp53/vector-HMEC) was used as a control. Each of the
shp53-HMEC derivatives were treated with recombinant OSM or
recombinant TGF-b1 for 7 days, and cell number was quantified.

Whereas treatment with OSM or TGF-b1 reduced the growth of
shp53/vector-HMEC by approximately 75% in comparison to
untreated cells, DN-TGFbR2 expression largely prevented both
OSM- and TGF-b1-mediated growth reduction (Fig. 1A). Like-
wise, as previously reported, DN-STAT3 expression prevented
OSM-, but not TGF-b1-induced growth suppression.19 Western
analysis of whole cell lysates using an antibody directed at the
OSMR-mediated phosphorylation site of STAT3 (Tyrosine 705)
confirmed that STAT3 phosphorylation (P-STAT3) was increased
in OSM-treated control shp53/vector-HMEC and shp53/DN-
TGFbR2-HMEC, but suppressed in OSM-treated shp53/DN-
STAT3-HMEC (Fig. 1A). Similarly, Western analysis using an
antibody directed at the TGFbR-mediated phosphorylation site of
SMAD2 (Serine 465/467) confirmed that SMAD2 phosphoryla-
tion (P-SMAD2) was increased in shp53/vector-HMEC and
shp53/DN-STAT3-HMEC, but suppressed in shp53/DN-
TGFbR2-HMEC, following TGF-b1-treatment (Fig. 1A).

TGF-b ligand binding stimulates the assembly of TGFbR-
complexes composed of TGF-b type I (TGFbR1) and TGF-b
type II receptors (TGFbR2). The TGFbR-complex becomes
activated after TGFbR2 phosphorylates and triggers the protein
kinase activity of TGFbR1, which is then responsible for propa-
gating the TGF-b signal. Thus, inhibiting the activity of either
TGFbR1 or TGFbR2 is sufficient to inhibit downstream
TGFbR signaling. As an alternative approach to determine
whether functional TGFbR signaling is required for OSM/
STAT3-induced senescence, shp53-HMEC were treated for 7 d
with recombinant OSM alone or in combination with one of 2
different small molecule TGFbR1 inhibitors, SB525334 and
SB431542. As observed following the expression of DN-
TGFbR2, OSM-induced growth reduction was abrogated by
co-treatment with either SB525334 or SB431542 (Fig. 1B).
Neither SB525334 nor SB431542 impacted OSM-induced
P-STAT3, but did reduce basal P-SMAD2 levels (Fig. 1B).

Figure 1. OSM/STAT3-induced senescence requires TGF-b signaling. (A) Relative growth assays (top) and western analysis of whole cell lysates (bottom) of shp53/vector-,
DN-STAT3-, or DN-TGFbR2-HMEC plated in the presence (C) and absence (-) of recombinant OSM [10 ng/mL] or TGF-b1 [5 ng/mL] for 7 d. (B) Relative growth assays
(top) and western analysis (bottom) of shp53-HMEC treated with recombinant OSM alone or in combination with one of 2 different small molecule TGFbR1 inhibitors,
SB525334 [1 mM] (left) and SB431542 [5 mM] (right) for 7 d.
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Taken together, our results indicate that OSM/STAT3-induced
senescence requires functional TGFbR signaling and that an
effector downstream of JAK-mediated STAT3 phosphorylation
is suppressed by TGFbR inhibition.

OSM/STAT3-induced senescence requires SMAD3/SMAD4

Canonical TGF-b-induced senescence in normal HMEC is
engaged by receptor-regulated SMADs (R-SMADs, specifically
SMAD2 and SMAD3) that are activated by TGFbR1-mediated
phosphorylation.43 Once phosphorylated, SMAD2 and SMAD3
bind to the co-SMAD, SMAD4, in the cytoplasm and then trans-
locate into the nucleus. The TGFbR1-mediated activation and
nuclear localization of SMAD2 and SMAD3 is prevented by an
inhibitory SMAD (I-SMAD), SMAD7 (Fig. 2A). SMAD2/
SMAD4 and SMAD3/SMAD4 complexes transcriptionally regu-
late a number of target genes containing SMAD-binding ele-
ments (SBE), including the cyclin-dependent kinase inhibitors,

p15 and p21, which prevent CyclinD1/CDK activity and engage
senescence (Fig. 2A).43 Since inhibiting functional TGFbR signal-
ing with DN-TGFbR2 and small molecule TGFbR1 inhibitors
was sufficient to abrogate OSM/STAT3-induced senescence, we
sought to determine whether SMAD activity downstream of
TGF-bR was required for OSM/STAT3-induced senescence. To
test this, shp53-HMEC were infected with retroviruses encoding
SMAD7 (shp53/SMAD7-HMEC) or a constitutively active
CyclinD1/CDK2 fusion protein (shp53/CA-D1/CDK2-HMEC).
Again, OSM induced a strong growth suppression in shp53/vec-
tor-HMEC, which was prevented in shp53/DN-STAT3-HMEC
and shp53/DN-TGFbR2-HMEC. Importantly, OSM-mediated
growth suppression was abrogated in both shp53/SMAD7-
HMEC and shp53/CA-D1/CDK2-HMEC (Fig. 2B, top). Again,
Western analysis demonstrated that the levels of P-STAT3 in
OSM-treated shp53/SMAD7-HMEC and shp53/CA-D1/CDK2-
HMEC were comparable to those in shp53/vector-HMEC
(Fig. 2B, bottom).

Figure 2. OSM/STAT3-induced senescence requires SMAD3/SMAD4. (A) Schematic of canonical TGF-b/SMAD signaling-induced senescence in normal HMEC. (B) Relative
growth assays (top) and Western analysis (bottom) of shp53-HMEC expressing either empty vector, DN-STAT3, DN-TGFbR2, SMAD7, or a constitutively-active Cyclin D1/
CDK2 fusion protein (CA-D1/CDK2) plated in the presence (C) and absence (-) of recombinant OSM for 7 d. (C) Relative growth assays (left) and western analysis (right) of
shp53-HMEC stably expressing shRNAs targeting either green fluorescent protein (shGFP), SMAD2 (shSMAD2), SMAD3 (shSMAD3), or SMAD4 (shSMAD4) plated in the
presence (C) and absence (-) of recombinant OSM for 7 d.

CELL CYCLE 321



Both SMAD7 and the CA-CyclinD1/CDK2 fusion protein act
as global inhibitors to the cytostatic activity of R-SMADs down-
stream of the TGF-b receptor. Thus, we next sought to delineate
which downstream SMADs were required for OSM/STAT3-
induced senescence by infecting shp53-HMEC with retroviruses
encoding shRNAs targeting either SMAD2, SMAD3, SMAD4, or
green fluorescent protein (shp53/shGFP-HMEC) as a control.
Interestingly, the OSM-induced growth reduction was inhibited
in both shp53/shSMAD3-HMEC and shp53/shSMAD4-HMEC,
but not shp53/shSMAD2-HMEC (Fig. 2C, left). Western analysis
confirmed the specific shRNA-mediated suppression of SMAD
expression in each shp53/shSMAD-HMEC-derivative (Fig. 2C,
right). Taken together, these data indicate that OSM/STAT3-
induced senescence requires the canonical TGF-b-regulated
changes in gene transcription that are mediated specifically by
SMAD3/SMAD4 complexes downstream of TGF-b receptor.

OSM/STAT3 signaling promotes SMAD3 nuclear
localization without increased phosphorylation

Given the importance of SMAD3/SMAD4 complexes in OSM/
STAT3-induced senescence, we hypothesized that persistent

OSM/STAT3 signaling promotes increased TGFbR1-mediated
phosphorylation, and thus canonical activation of SMAD3. To
test this hypothesis, shp53-HMEC were treated for 4 and 8 d
with either OSM or TGF-b1 as a control. Western analysis of
whole cell lysates was used to assess P-STAT3 and TGFbR1-
mediated phosphorylation of SMAD2, and SMAD3 (Serine
423/425). As expected, P-STAT3 was increased following expo-
sure to OSM and P-SMAD2 and P-SMAD3 were increased
following TGF-b1 exposure. However, despite the need for
functional TGFbR signaling during OSM-mediated senescence
(Fig. 1 and Fig. 2B), persistent OSM/STAT3 signaling did not
significantly alter P-SMAD2 or P-SMAD3 levels (Fig. 3A).

Since SMAD2 and SMAD3 function as transcription factors,
we next assessed whether persistent OSM/STAT3 signaling
induced SMAD nuclear translocation by using sub-cellular
fractionation. Western analysis of protein extracts from
nuclear-soluble fractions assessed the nuclear localization of
STAT3, SMAD2, and SMAD3, and also protein phosphoryla-
tion of STAT3 (P-STAT3) and SMAD3 (P-SMAD3). Impor-
tantly, the nuclear localization of total SMAD3 was increased
following OSM-treatment and paralleled the increased nuclear
localization of total SMAD3 induced by TGF-b1-treatment

Figure 3. OSM/STAT3 signaling promotes SMAD3 nuclear localization without increased phosphorylation. (A) Western analysis of whole cell lysates harvested from shp53-HMEC
plated in the presence (C) and absence (-) of either OSM or TGF-b1 for 4 and 8 d. (B) Western analysis of the nuclear-soluble protein fractions from subcellular fractionations of
untreated shp53-HMEC and shp53-HMEC treated with either OSM or TGF-b1 for 4 d. (C) Western analysis of SMAD3-specific immunoprecipitations using whole cell lysates from
both untreated and OSM-treated HEK 293T cells transfected with an expression vector encoding SMAD3 in combination with either an expression vector encoding wild-type
STAT3 (WT-STAT3) or encoding dominant-negative STAT3 (DN-STAT3), and then plated in the presence (C) and absence (-) of recombinant OSM [10 ng/mL] for 2 d.

322 B. L. BRYSON ET AL.



(Fig. 3B). In contrast, the nuclear localization of SMAD2 was
not altered following treatment with OSM (Fig. 3B), consistent
with our previous results demonstrating that the loss of
SMAD2 does not block OSM-induced growth reduction
(Fig. 2C). As expected, the nuclear localization of P-STAT3 and
total STAT3 was increased by OSM but not by TGF-b1
(Fig. 3B). Our results demonstrate that both STAT3 and
SMAD3 are required for OSM-induced senescence and that the
nuclear localization of both STAT3 and SMAD3 is induced by
OSM.

Both STAT3 and SMAD3 function as transcription factors
in the nucleus and are known to complex with additional tran-
scription factors to control gene expression. To assess whether
STAT3 and SMAD3 form a complex, cells were co-transfected
with STAT3 and SMAD3 expression vectors, and treated with
OSM prior to co-immunoprecipitation/Western analysis. WT-
STAT3 co-precipitated with SMAD3 in both untreated and
OSM-treated cell lysates (Fig. 3C). Moreover, the level of
STAT3 co-precipitated with SMAD3 was higher in OSM-
treated cells compare with untreated cells (Fig. 3C). Co-precipi-
tation of DN-STAT3 with SMAD3 was greatly reduced when
compare with WT-STAT3, suggesting that STAT3-SMAD3
complexes are facilitated by OSM-mediated STAT3 phosphory-
lation and dimerization. Taken together, our results suggest
that persistent OSM/STAT3 signaling induces a STAT3-
SMAD3 interaction that can promote the nuclear localization
of SMAD3, a key determinant of OSM-mediated senescence.

Persistent OSM/STAT3 signaling promotes SMAD target-
gene transcription

Since SMAD3 functions as a transcription factor within the
nucleus, we hypothesized that STAT3-mediated SMAD3
nuclear localization would promote SMAD3-mediated gene
expression. To test this hypothesis, mRNA was harvested from
untreated, OSM, or TGF-b1 treated shp53-HMEC and the
expression of TGF-b pathway genes was assessed using a TGF-
b signaling targets qRT-PCR profiler array. Genes exhibiting a
similar change in expression at least 2-fold in response to both
OSM and TGF-b1 were selected and plotted. Importantly, the
expression of 36 out of 84 (43%) genes was changed more than
2-fold following TGF-b1 treatment. The expression of 31 of
these 36 genes (86% overlap) were similarly changed more than
2-fold following OSM treatment (Fig. 4A). To confirm the
results from the TGF-b qRT-PCR profiler array, the expression
of 2 genes upregulated by OSM (SNAI1 and TNFSF10) and 2
genes repressed by OSM (MYC and ATF3) was confirmed by
qRT-PCR. The expression of both SNAI1 and TNFSF10 was
upregulated »8-fold in response to OSM treatment, and the
upregulated expression was abrogated by co-treatment with
SB431542 (Fig. 4B). Likewise, MYC was repressed 3-fold
following OSM-treatment, which was again abrogated by
co-treatment with SB431542 (Fig. 4B). Similarly, ATF3 was
repressed 10-fold, consistent with the repression observed in
the qRT-PCR profiler array, however, the OSM-induced repres-
sion of ATF3 was not affected by SB431542 treatment (Fig. 4B).

Since OSM-mediated growth suppression was dependent on
SMAD3 and SMAD4 (Fig. 2C), we hypothesized that SNAI1
induction following OSM-treatment (Fig. 4B) would also

require SMAD3 and SMAD4. To test this hypothesis, SNAI1
expression was assessed in shSMAD2, shSMAD3, and
shSMAD4-expressing shp53/HMEC following treatment with
OSM. Indeed, the upregulated SNAI1 expression induced by
OSM was strongly inhibited following ablation of either
SMAD3 or SMAD4, but not SMAD2 (Fig. 4C). Our findings
demonstrate that OSM induces a gene expression signature
that is markedly similar to TGF-b, and that basal TGFbR sig-
naling is required for OSM-mediated SNAI1 and TNFSF10
induction and MYC repression. Moreover, our results indicate
that the OSM-induced changes in SMAD-target gene expres-
sion require transcriptional activities that are mediated specifi-
cally by SMAD3/SMAD4 complexes.

Constitutive MYC expression dismantles STAT3/SMAD3-
induced senescence and cooperates with OSM to drive EMT
and invasiveness

MYC is one of the most frequently dysregulated oncogenes and
is commonly overexpressed in many types of human cancer,
including breast cancer.44-55 Both OSM/STAT3- and TGF-
b-induced senescence require the repression of MYC.40,56-59 Our
lab has previously demonstrated that the expression of MYC
from a constitutive promoter prevents OSM- or RAS-induced
senescence and alters the response of HMEC to persistent onco-
genic stimuli, from growth suppressive to growth promoting.19,41

Moreover, after dismantling the tumor suppressive senescence
barrier, MYC expression cooperates with persistent OSM or RAS
signaling to drive transformation.19,41 Thus, similar to the
reported “TGF-b paradox,” we hypothesized that once OSM/
STAT3-induced senescence was dismantled by constitutive MYC
expression, persistent OSM-induced STAT3/SMAD3 signaling
would promote phenotypic traits associated with malignant pro-
gression (anchorage-independent growth, epithelial-mesenchymal
transition (EMT), and invasive properties). To test this hypothe-
sis, MYC expressing HMEC (shp53/MYC-HMEC) were treated
with either recombinant OSM or TGF-b1 and plated into soft
agar to assess anchorage independent growth (AIG), a character-
istic associated with cellular transformation. As reported previ-
ously, shp53/MYC-HMEC are incapable of AIG, however,
treatment with either OSM or TGF-b1 promoted robust AIG
(Fig. 5A). To determine whether OSM signaling drives EMT
shp53/MYC-HMEC were treated with OSM (or TGF-b1 as a
control), protein and mRNA was harvested, and markers of
EMT were assessed by qRT-PCR (CDH1 and SNAI1 mRNA) or
Western analysis (E-cadherin and Vimentin). E-cadherin
(encoded by CDH1), a gene expressed in epithelial cells and
downregulated during EMT, was repressed by OSM and TGF-
b1 in both shp53-HMEC and shp53/MYC-HMEC (Fig. 5B and
C). In contrast, Snail, a transcription factor that promotes and is
upregulated during EMT, and Vimentin, an intermediate fila-
ment protein that is expressed in mesenchymal cells, were
induced by OSM and TGF-b1 in both shp53-HMEC and shp53/
MYC-HMEC (Fig. 5B and C, respectively). The downregulation
of CDH1 concomitant with upregulation of SNAI1 and Vimentin
indicates that the OSM-induced STAT3/SMAD3 signaling
observed during senescence can be co-opted to induce EMT
once senescence barriers have been abrogated. Finally, since per-
sistent OSM signaling induced EMT, we hypothesized that
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persistent OSM exposure would also promote an invasive pheno-
type. To test this hypothesis, shp53/MYC-HMEC were plated
into organotypic culture in the presence or absence of OSM and
grown for 2 weeks. The development of an invasive phenotype
was visually characterized by confocal and bright field micros-
copy. Untreated shp53/MYC-HMEC grown in organotypic
cultures formed well-organized spheroids that highly express the
epithelial marker, E-cadherin and lack the mesenchymal marker
Vimentin (Fig. 6A). Persistent exposure to OSM induced a

highly invasive phenotype characterized by cellular outgrowths
that detached and migrated away from the periphery in »40%
of the spheroids (Fig. 6B). Moreover, the OSM-induced invasive
outgrowths occurred concomitantly with the downregulation of
E-cadherin and upregulation of Vimentin (Fig. 6A). Importantly,
the untreated shp53/MYC-HMEC only formed well-organized
spheroids lacking invasive outgrowths (Fig. 6A and B). Thus, we
conclude that cooperation between persistent OSM signaling and
MYC promotes EMT resulting in an invasive phenotype.

Figure 4. Persistent OSM/STAT3 signaling promotes SMAD target-gene transcription. (A) mRNA harvested from shp53-HMEC plated in the presence (C) and absence (-) of
either recombinant OSM [10 ng/mL] or recombinant TGF-b1 [5 ng/mL] for 7 d was subjected to a targeted TGF-b Signaling-Targets qRT-PCR profiler array. Genes exhibit-
ing a similar change in expression at least 2-fold following treatment with both OSM and TGF-b1 were selected and displayed to compare gene expression between
untreated shp53-HMEC and shp53-HMEC treated with either OSM or TGF-b1. (B) Single-gene qRT-PCR using mRNA harvested from shp53-HMEC left untreated or treated
with either OSM alone or in combination with the small molecule TGFbR1 inhibitor, SB431542, and using primers targeting SNAI1, TNFSF10, MYC, and ATF3. (C) Single-
gene qRT-PCR using primers targeting SNAI1 and mRNA from shp53-HMEC expressing shRNAs to GFP (shGFP), SMAD2 (shSMAD2), SMAD3 (shSMAD3), or SMAD4
(shSMAD4) grown in the presence (C) or absence (-) of recombinant OSM for 7 d.
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The EMT program and invasion into adjacent tissues by
transformed epithelial cells involves dynamic transcriptional
change of genes encoding proteins that regulate cell-cell and
cell-extracellular matrix (ECM) interactions and the remodel-
ing of surrounding ECM. We next assessed the effect of OSM
on the transcription of genes encoding ECM and adhesion mol-
ecules. RNA was harvested from untreated and OSM-treated
shp53/MYC-HMEC extracted from organotypic culture after 2
weeks and subjected to qRT-PCR using a targeted Extracellular
Matrix and Adhesion Molecules profiler array. Of the 84 genes
on the array, 34 (40%) were upregulated at least 2-fold in
shp53/MYC-HMEC exposed to OSM (Fig. 6C). In addition to
the upregulation of ECM proteins and adhesion molecules,
numerous ECM remodeling-proteases, such as the matrix met-
alloproteases (MMP1, MMP2, MMP3, MMP7, MMP8, MMP9,
MMP10, MMP11, MMP12, MMP13, MMP16), were also upre-
gulated following exposure to OSM (Fig. 6C). Taken together,
these results indicate that, after OSM/STAT3-induced senes-
cence is dismantled by constitutive MYC expression, persistent
OSM signaling promotes AIG, EMT, and invasion to drive can-
cer development and progression toward metastasis (Fig. 7).

Discussion

Senescence is a key tumor-suppressive mechanism that acts as
an early barrier to oncogenic transformation. The presence of
senescent cells in benign, but not advanced malignant tumors,

suggests that the pathways leading to senescence are dismantled
during full oncogenic progression.60-68 Our results provide
important insight into how persistent OSM signaling utilizes
TGF-b effectors to induce senescence and prevent transforma-
tion in non-transformed epithelial cells. First noted following
expression of mutant oncogenes such as RAS and RAF1, onco-
gene-induced senescence (OIS) involves a cell intrinsic
response to replicative stress induced by inappropriate, forced
proliferation.41,42 Notably, oncogenes that engage OIS simulta-
neously induce cell cycle inhibitors, such as p16 and p21, while
activating strong mitogenic signals, such as the MAPK and
PI3K-AKT pathways; and as a result, initiate 2 processes
involved in the senescence program: cell cycle arrest and gero-
conversion.35,37,69 It was postulated that OIS prevents incipient
cancer cells harboring oncogenic mutations from becoming
fully tumorigenic. Our study asked the intriguing question: can
OIS be engaged by persistent hyperactivation of an oncogene
(STAT3), elicited by inappropriate, paracrine activation by
extrinsic factors rather than intrinsic genetic changes? The
foundation for this question is rooted in the observation that
leukocyte infiltrates surround developing neoplasms; an obser-
vation that is viewed by many as an attempt by the immune
system to suppress tumorigenesis.70 While the OSM protein is
not detectable in healthy human tissues, it is frequently
expressed during inflammatory conditions (i.e. cancer, arthritis,
inflammatory heart disease) due to its secretion from neutro-
phils, dendritic cells, monocytes and macrophages.22,71-75 Thus,

Figure 5. Constitutive MYC expression dismantles STAT3/SMAD3-induced senescence and cooperates with OSM to drive EMT. (A) Soft agar culture of shp53/MYC-HMEC
plated in the presence or absence of recombinant OSM and recombinant TGF-b1 for 2 weeks. AIG was quantified by brightfield microscopy using Metamorph software.
(B) Single-gene qRT-PCR analysis using primers targeting E-cadherin and Snail (encoded by CDH1 and SNAI1, respectively) and mRNA from shp53-HMEC and shp53/MYC-
HMEC plated in the presence (C) or absence (-) of recombinant OSM and TGF-b1 for 7 d. (C) Western analysis of whole cell lysates from shp53/MYC-HMEC left untreated
or treated with recombinant OSM for 7 d.
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we propose that OSM would be prevalent in the leukocytic
infiltrates surrounding developing neoplasms in vivo, providing
an important relevance to our studies.

Similar to our findings with persistent OSM/STAT3
signaling presented here, we previously reported that OIS
engaged by oncogenic RAS signaling utilizes the TGF-b
pathway.41 Importantly, our previous studies demonstrate
that OSM is considerably more potent at inducing senes-
cence when compare with IL-6, although the reasons behind
this difference is not clear.19 OSM activates a gp130/
OSMRb receptor (OSMR) protein complex that is distinct
from other IL-6 family co-receptors, which may account for
the more potent OSM-induced senescence response.26,76,77

OSMR complexes consisting of gp130/OSMRb heterodimers
can activate STAT3, RAS-MAPK, and PI3K-AKT signaling,
in addition to pathways not activated by other IL-6 family
receptor complexes that signal via gp130/gp130 homodimers
(STAT5, STAT6, AKT, and PKC-d).19,78 Moreover, OSMR
recruits Shc, which can help to hyper-activate MAPK sig-
naling beyond what is achieved by other gp130 signaling
complexes.76

Figure 6. Constitutive MYC expression dismantles STAT3/SMAD3-induced senescence and cooperates with OSM to drive invasiveness. Shp53/MYC-HMEC were plated in
3D laminin-rich basement membrane (matrigel) culture in the presence and absence of recombinant OSM for 10 d. (A) Immunofluorescence using confocal microscopy at
100X magnification with Alexafluor-conjugated antibodies directed against E-cadherin (red) or Vimentin (green) and DAPI stain (blue, nuclear stain). (B) Invasive acini
were photographed and quantified by brightfield microscopy at 5X magnification. (C) Following OSM-treatment, mRNA was harvested from shp53/MYC-HMEC after
extraction from 3D matrigel culture and then subjected to a targeted Extracellular Matrix (ECM) and Adhesion Molecules qRT-PCR profiler array to compare gene expres-
sion differences between untreated and OSM-treated cells.

Figure 7. Schematic of Proposed Paradoxical OSM/STAT3/SMAD3-induced
Mechanisms.
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In order to bypass the senescence program, developing can-
cer cells must dismantle cell cycle control by either inhibiting
p16, pRb, and p53 or activating MYC (c-MYC).35,37 Central to
the senescence program that is engaged following either onco-
genic RAS expression or persistent OSM/STAT3 activation is
the repression of endogenous MYC (c-myc) expression.19

Therefore, cell cycle arrest and geroconversion to irreversible
senescence that is mediated by either oncogenic RAS or persis-
tent OSM/STAT3 signaling can be abrogated simply by
preventing MYC repression.19,41 This can be achieved experi-
mentally by expressing MYC from an orthologous promoter
incapable of being repressed. Importantly, MYC expression is
commonly dysregulated in breast cancers and correlates with
more aggressive tumors and poor patient outcomes.47,48,51,53

Interestingly, whereas mutations in TGFbR or SMAD proteins
are common in other cancers, they are not common in breast
cancer.79 We propose that dysregulated MYC expression dur-
ing cancer development serves to (1) prevent senescence; and
(2) allows developing tumor cells to retain the functional TGF-
b/SMAD signaling components responsible for the more inva-
sive, mesenchymal phenotypes observed here (Fig. 7, right).
Indeed, Snail is a key EMT-inducing transcription factor identi-
fied here as one of the many OSM/STAT3/SMAD3-regulated
genes, in addition to a number of MMPs and extracellular
matrix proteins (Fig. 7, right).

In addition to the frequent dysregulation of MYC, OSM is
itself significantly elevated in breast cancer, as well as many
other cancers.14,19,29,31,34,78,80-86 We propose that the elevated
OSM expression levels observed in cancerous tissues is an
extension of the inflammatory environment initially created
during the early stages of transformation as a means to sup-
press tumorigenicity. There is mounting evidence that OSM in
the TME contributes to tumor progression.1,19-24,28,33,74,87-93

For example, in addition to the increased OSM levels in the
breast TME, breast cancer cells also display elevated OSMR
expression levels, which is associated with adverse clinical out-
comes.32,71,83,88,92,94 Notably, the more aggressive basal-like or
triple-negative breast cancer subtype expresses markedly higher
levels of OSMR when compare with the less aggressive luminal
subtype.71 Moreover, elevated OSMR expression correlates
with increased expression of the cancer stem cell (CSC) marker
CD44.71 Coupled with these findings is the observation that
OSM is secreted by macrophages localized at the advancing,
infiltrative margins of carcinomas, where invasive tumor cells
reside and intravasate during metastasis.22 The unique signal-
ing that emanates from OSMRb/gp130 receptor complexes dis-
cussed above may explain why elevated OSM in the TME
correlates with more invasive, metastatic tumors, as CD44-
expressing cancer cells, recently classified as metastasis-initiat-
ing cells, are also found primarily at the invasive edge of
tumors.22,71 In addition, DNA damaging chemotherapy induces
additional OSM secretion from macrophages, potentially
increasing mesenchymal and CSC properties following treat-
ment with genotoxic therapies.90,95,96 When found together in
tumors, dysregulated MYC and increased OSM create the
potential for invasive, metastatic, and potentially therapy-
resistant cancer cells. Our findings suggest that targeting MYC
would re-engage the STAT3/SMAD3-mediated senescence,
making it an ideal therapeutic target (Fig. 7). However, due to

its importance in normal cell physiology, MYC is unfortunately
considered an undruggable therapeutic target. Likewise, while
blocking STAT3 activation using JAK or STAT3 inhibitors in
combination with chemotherapy may suppress some of the
unintended consequences of chemotherapies (such as creating
resistant cells with greater invasive potential), it may also
release dormant pre-malignant cells from their tumor suppres-
sive constraints. Identifying the similarities and differences
associated with OSM-induced senescence versus EMT would
help in the development of cancer-specific approaches to tar-
geting the OSM/STAT3/SMAD3 axis.

Our studies support a previously reported cooperation
between IL-6/STAT3 with TGF-b/SMAD3 signaling, mediated
by both physical and functional complexes involving STAT3
and SMAD3 in hepatoma.97 In addition, IL-6-mediated
SMAD3 activation induces fibrosis in dermal fibroblasts,
although via mechanisms that result in significantly elevated
levels of SMAD3 phosphorylation.98 This is distinct from our
studies, where we see no increase in SMAD3 phosphorylation
upon OSM exposure. Similarly, JAK/STAT3 activity is required
for TGF-b-mediated Snail induction, EMT, and increased cell
migration and invasion.99 In fact, TGF-b itself has been
reported to induce the phosphorylation of JAK1,
STAT1, STAT3, and STAT5,100 although this may be indirect,
as TGF-b signaling induces IL-6 production, which can act in
autocrine fashion to activate canonical JAK/STAT3 signal-
ing.101-106 Together, these studies support the cooperative inter-
section of activated-STAT3- and TGF-b-mediated signaling
effectors. Yet, many other studies have reported disparate find-
ings, suggesting that STAT3 activation and TGF-b signaling
antagonize one another. For example, persistent STAT3 activa-
tion desensitizes cells to TGF-b signaling by increasing
SMAD7 expression.59 By depleting STAT3, TGF-b-mediated
transcription could be induced and proliferation was sup-
pressed. Moreover, as we describe, STAT3 was found in com-
plex with SMAD3, but rather than increasing the transcription
of SMAD3-regulated genes as observed in our study, the
STAT3/SMAD3 interaction suppressed the SMAD3/SMAD4
interaction and prevented SMAD-mediated transcription.107

Likewise, TGF-b signaling has been reported to downregulate
IL-6-mediated STAT3 phosphorylation to prevent its nuclear
translocation.108,109 The differences underlying the cooperative
vs. inhibitory nature of the STAT3/SMAD3 interactions is not
yet understood, and supports the need for further study. One
explanation is the number of different cells types (normal vs.
transformed, epithelial vs. fibroblasts, immune cells, or kerati-
nocytes) used in the cited studies. Not surprisingly, the
response of different cell types to cytokine stimulation varies
widely, depending on the genetic and epigenetic disposition of
the exposed cells.

Finally, in addition to OSM, there are 11 different IL-
6-family cytokines and at least 12 different co-receptors for
gp130.18,110-112 Beyond the IL-6 family, STAT3 can be acti-
vated by additional signaling cascades, many of which are
also dysregulated in cancer. These include interferon (IFN)
signaling, epidermal growth factor receptor (EGFR), bone
marrow X-linked (BMX) non-receptor tyrosine kinase, SRC,
and mutant PI3K.113,114 In addition, the treatment of onco-
gene-addicted tumor cells treated with EGFR or MEK
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inhibitors activate STAT3 as a compensatory response,
which can induce drug resistance.115 We postulate that
STAT3 activation by these additional means may also be
able to drive mesenchymal/CSC properties via interconnec-
tion with TGF-b effector signaling. With regard to cancer
therapies, suppression of STAT3 in combination with the
targeted kinase inhibitors or chemotherapy could prevent
the acquisition of more aggressive mesenchymal/CSC prop-
erties, and may therefore be a valuable addition to future
therapeutic regimes. Yet, our studies suggest that suppress-
ing STAT3 activation may have the unintended conse-
quence of alleviating a tumor-suppressive senescence
program, which may allow incipient cancers to resume pro-
liferation. Future studies to identify key differences in (1)
STAT3/SMAD3-mediated signaling responsible for the mes-
enchymal/CSC phenotype in cancer cells and (2) STAT3/
SMAD3-mediated signaling responsible for the senescence
program that inhibits proliferation in non-transformed cells
would provide opportunities to refine therapeutic strategies
and widen therapeutic windows.

Materials and methods

Cell culture conditions and reagents

Post-selection HMEC from specimen 48R, batch S
(48RS-HMEC) with endogenous p16 promoter methylation
were provided by Dr. Martha Stampfer (Lawrence Berkeley
National Laboratory) and obtained from discarded surgical
material of a reduction mammoplasty under Institutional
Review Board (IRB) approval as previously described.19,41,116

Non-immortalized 48RS-HMEC between passages 8 and 16
were grown in Medium 171 (Invitrogen, cat.# M171500,
https://www.thermofisher.com/order/catalog/product/
M171500) supplemented with mammary epithelial growth sup-
plement (MEGS; Invitrogen, cat.# S0155, https://www.thermo
fisher.com/order/catalog/product/S0155) in a humidified atmo-
sphere containing 5% CO2 at 37�C as described previously.42,71

Phoenix–Ampho (ATCC, cat. # CRL-3213, https://www.atcc.
org/Global/Products/0/1/4/3/CRL-3213.aspx) and HEK 293T
(ATCC, cat. # CRL-3216, https://www.atcc.org/Products/All/
CRL-3216.aspx) cell lines were grown in DMEM media
(Corning cat. # 10–013-CV, http://cellgro.com/dulbecco-s-
modification-of-eagle-s-medium-dmem-16.html) supple-
mented with 5% and 10% fetal bovine serum (FBS; Atlanta
Biologicals, cat. # S103–50, https://www.atlantabio.com/cata
log/animal-and-human-sera/fetal-bovine-serum/fetal-bovine-
serum–premium) respectively, in a humidified atmosphere con-
taining 5% CO2 at 37�C. Cells were treated with Recombinant
human Oncostatin M (OSM) [10 ng/mL] (Peprotech, cat. #
300–10, https://www.peprotech.com/en-US/Pages/Product/
Recombinant_Human_Oncostatin_M_(227_a.a.)/300–10),
recombinant human Transforming Growth Factor-b1 (TGF-b1)
[5 ng/mL] (Peprotech, cat. # 100–21C, https://www.peprotech.
com/en-US/Pages/Product/Recombinant_Human_TGF-
%CE%B21_(CHO_cell_derived)/100–21C), and small mole-
cule TGFbR1 inhibitor compounds, SB525334 [2 mM] (Sell-
eck Chemical, cat. # S1476, http://www.selleckchem.com/
products/SB-525334.html) and SB431542 [10 mM] (Calbiochem,

cat. # 616461, https://www.emdmillipore.com/US/en/product/
TGF-%CE%B2-RI-Kinase-Inhibitor-VI%2C-SB431542—
CAS-301836–41–9—Calbiochem,EMD_BIO-616461) by
directly adding to the medium during each feeding for
indicated experiments.

Viral vectors and infection

Retroviral vectors encoding wild-type STAT3 (WT-STAT3)
and dominant-negative STAT3-Y705F (DN-STAT3) in
LNCX2 were created by subcloning WT-STAT3 and DN-
STAT3 cDNA from pLPCX-WT-STAT3 and pLPCX-DN-
STAT3 vectors obtained from Dr. George Stark (Cleveland
Clinic Foundation). Empty LNCX2 vector was used as a control
and the LNCX2-DN-TGFbR2, LNCX2-SMAD7, LNCX2-CA-
CyclinD1/CDK2, and LNCX2-MYC retroviral vectors are
described elsewhere.41,117 Retroviral vectors encoding shRNAs
in pRetroSUPER-Puro targeting SMAD2 (pRetroSUPER-
shSMAD2-Puro; Addgene, plasmid # 15722, http://www.addg
ene.org/15722/), SMAD3 (pRetroSUPER-shSMAD3-Puro;
Addgene, plasmid # 15726, http://www.addgene.org/15726/),
or SMAD4 (pRetroSUPER-shSMAD4-Puro; Addgene, plasmid
# 15727, http://www.addgene.org/15727/) were gifts from and
deposited to Addgene by Dr. Joan Massague (Memorial Sloan-
Kettering Cancer Center); and the pRetroSUPER-shGFP-Puro
control vector was a kind gift from Dr. Yosef Shiloh (Tel Aviv
University). The pLPCX SMAD3 vector (Addgene, plasmid #
12638, http://www.addgene.org/12638/), was a gift from and
deposited to Addgene by Dr. Rik Derynck (University of Cali-
fornia at San Francisco). Retroviruses were produced by trans-
fecting retroviral vectors into Phoenix–Ampho cells
simultaneously with a packaging plasmid that encodes the
MLV-gag-pol and env genes using Lipofectamine 2000 (Invi-
trogen, cat. # 11668019, https://www.thermofisher.com/order/
catalog/product/11668019) as previously described.19,41,117 Len-
tivirus encoding shRNA targeting p53 (shp53) were produced
by transfecting the lentiviral vector LVTHM-shp53 into 293T
cells simultaneously with the second-generation packaging con-
structs pCMV-dR8.74 and pMD2G, kindly provided by Dr.
Didier Trono (University of Geneva), using Lipofectamine
2000 as described elsewhere.19,41,117 Supernatant Media 171
supplemented with .1% AlbuMax Bovine Serum Albumin
(BSA; Invitrogen, cat. # 11020021, https://www.thermofisher.
com/order/catalog/product/11020021) and containing virus
was collected at 24–48 hours, filtered using a 0.22 mm filter,
and supplemented with polybrene (4 mg/mL; Santa Cruz Bio-
technology, cat. # sc-134220, http://www.scbt.com/datasheet-
134220-polybrene.html) prior to being used to infect cells for
48 hours in a humidified atmosphere containing 5% CO2 at
37�C. Uninfected cells were removed by selection using the
appropriate antibiotic: G418 [200 mg/mL] (Sigma, cat. #
4727878001, http://www.sigmaaldrich.com/catalog/product/
roche/g418ro), and puromycin [1 mg/mL] (Sigma, cat. # P8833,
http://www.sigmaaldrich.com/catalog/product/sigma/p8833).

Relative growth assays and western blotting analysis

For relative growth assays, cells were plated in triplicate in 6-
well plates at 25,000 cells/well and treated with reagents for 7 d
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for indicated experiments, then total cell number for each well
was quantified using a Beckman Coulter counter as previously
described.19,41 Mean total cell number for each triplicate is
shown; and each treated-cell triplicate was plated in duplicate
to obtain enough cells to acquire protein samples that corre-
spond with each respective growth assay. For western blotting
analysis, whole-cell protein extracts were prepared by incubat-
ing cell pellets in NP-40 single-lysis buffer containing protease
inhibitor cocktail (Sigma-Aldrich, cat. # P8340, http://www.sig
maaldrich.com/catalog/product/sigma/p8340) and phosphatase
inhibitor cocktail (Roche, cat. # 04906845001); equal quantities
of proteins for each cell extract (determined by the Bradford
method; Bio-Rad, cat. # 500–0006, http://www.bio-rad.com/en-
us/sku/5000006-bio-rad-protein-assay-dye-reagent-concen
trate-450-ml?parentCategoryGUID D d4d4169a-12e8–4819–
8b3e-ccab019c6e13) were separated by SDS-PAGE on precast
4%–20% acrylamide gels (Thermo-Scientific, cat. #
WT4201BOX, https://www.thermofisher.com/order/catalog/
product/WT4201BOX), transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore, cat. # NF-IPVH00010,
http://www.emdmillipore.com/US/en/product/Immobilon-
P-Membrane%2C-PVDF%2C-0.45%C2%A0%C2%B5m%2C-
26.5%C2%A0cm-x%C2%A03.75%C2%A0m-roll,MM_NF-
IPVH00010), and immunoblotted with the indicated
primary antibodies. Primary antibodies were obtained
from Cell Signaling Technology to STAT3 (cat. # 9139,
http://www.cellsignal.com/products/primary-antibodies/
stat3–124h6-mouse-mab/9139), P-STAT3 (Tyr705) (cat. # 9145,
http://www.cellsignal.com/products/primary-antibodies/phospho-
stat3-tyr705-d3a7-xp-rabbit-mab/9145), SMAD2 (cat. # 5339,
http://www.cellsignal.com/products/primary-antibodies/smad2-d43
b4-xp-rabbit-mab/5339),P-SMAD2(Ser465/467) (cat. #3108,http://
www.cellsignal.com/products/primary-antibodies/phospho-smad2-
ser465–467–138d4-rabbit-mab/3108), SMAD3 (cat. # 9523, http://
www.cellsignal.com/products/primary-antibodies/smad3-c67h9-rab
bit-mab/9523), P-SMAD3 (Ser423/425) (cat. # 9520, http://www.cell
signal.com/products/primary-antibodies/phospho-smad3-ser423–
425-c25a9-rabbit-mab/9520), SMAD4 (cat. # 9515), E-cadherin
(cat. # 3195, http://www.cellsignal.com/products/primary-antibod
ies/e-cadherin-24e10-rabbit-mab/3195), and Vimentin (cat.
# 5741, http://www.cellsignal.com/products/primary-antibod
ies/vimentin-d21h3-xp-rabbit-mab/5741); and primary anti-
bodies to b-actin (cat. # MAB1501, https://www.emdmilli
pore.com/US/en/product/Anti-Actin-Antibody%2C-clone-C4
,MM_NF-MAB1501) and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; cat.# CB1001, https://www.emdmilli
pore.com/US/en/product/Anti-GAPDH-Mouse-mAb-%286C5%29
,EMD_BIO-CB1001) were purchased from Millipore and Calbio-
chem respectively. Primary antibodies were detected with goat
anti-mouse (Cell Signaling Technology, cat. # 7076, http://www.
cellsignal.com/products/secondary-antibodies/anti-mouse-igg-hrp-
linked-antibody/7076) or goat anti-rabbit secondary antibodies
conjugated to horseradish peroxidase (Cell Signaling Technology,
cat. # 7074, http://www.cellsignal.com/products/secondary-antibod
ies/anti-rabbit-igg-hrp-linked-antibody/7074) using enhanced
chemiluminescence (Perkin-Elmer, cat. # NEL104001EA, http://
www.perkinelmer.com/product/western-lightning-plus-ecl-340ml-
nel104001ea) on HyBlot CL film (Denville Scientific, cat. # E3018,
http://www.denvillescientific.com/node/1226).

Co-immunoprecipitation and subcellular protein
fractionations

For co-immunoprecipitation studies, HEK 293T cells were
transiently transfected with 12 mg pLPCX-SMAD3 in combina-
tion with 12 mg pLPCX-WT-STAT3 or pLPCX-DN-STAT3
Y705F using Lipofectamine 2000. After transfection for
24 hours at 37�C in a humidified chamber containing 5% CO2,
transfected cells were split into 2 samples: one sample of each
cell derivative was left untreated while the second sample was
treated 2 d with recombinant OSM. Cells were washed and har-
vested using ice-cold PBS and fixed in 4% formaldehyde-PBS
for 10 minutes at room temperature. Formaldehyde cross-link-
ing was neutralized using 100 mM glycine-PBS for 1 minute at
room temperature and cells were lysed in RIPA lysis buffer
containing protease inhibitor cocktail and phosphatase inhibi-
tor cocktail. Cell lysates were then sonicated for 5 minutes at
4�C with a cycle of 30 seconds on/30 seconds off and then
placed on ice for 30 minutes. One milligram of each lysate was
pre-cleared with protein G Dynabeads (Invitrogen, cat.#
10004D, https://www.thermofisher.com/order/catalog/product/
10004D) for 1 hour at 4�C with constant rotation; 50 mg of
each sample was also extracted and combined with BME-SDS
loading dye as a 5% input-sample for western blotting analysis.
Pre-cleared samples were centrifuged and the supernatants
were transferred to new tubes, then subjected to immunopre-
cipitation by incubating at 4�C for 3 hours with 10 mg of
primary anti-SMAD3 conjugated to protein G Dynabeads and
constant rotation. After incubation, samples were centrifuged
for 1 minute at 10,000 rpm, supernatants discarded, and
remaining agarose beads were washed 6 times with RIPA lysis
buffer and combined with BME-SDS loading dye. Immunopre-
cipitations and 1% Inputs were heated at 100�C for 15 minutes,
then separated by SDS–PAGE, transferred to PVDF membrane,
and subjected to western analysis following blocking with 5%
BSA/PBS-T buffer. For subcellular protein localization assays,
cells were treated for 4 d with OSM or TGF-b1 alone and
subjected to a subcellular protein fractionation kit (Thermo-
Scientific, cat. #78840, https://www.thermofisher.com/order/cat
alog/product/78840) performed according to the manufac-
turer’s instructions. Protein extracts from the nuclear-soluble
fractions were analyzed by western blot to examine nuclear
localization of STAT3 and SMAD proteins.

RNA isolation and quantitative real-time PCR (qRT-PCR)
analysis

Total messenger ribonucleic acid (mRNA) was harvested from
cells using an RNeasy Kit (Qiagen, cat. # 74104, https://www.
qiagen.com/us/shop/sample-technologies/rna/rna-preparation/
rneasy-mini-kit/#orderinginformation) with on-column DNase
I (Qiagen, cat. # 79254, https://www.qiagen.com/us/shop/sam
ple-technologies/rna/rna-preparation/rneasy-mini-kit/RNase-
Free-DNase-Set#orderinginformation) digest, then mRNA
(1 mg) was reverse transcribed to make cDNA using the iScript
cDNA synthesis Kit (Bio-Rad, cat. # 170–8891, http://www.bio-
rad.com/en-us/sku/1708891-iscript-cdna-synthesis-kit-100-x-
20-ul-rxns?parentCategoryGUID D M87EWZESH), and the
cDNA subjected to qRT-PCR using iQ SYBR Green Supermix
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(Bio-Rad, cat. # 170–8882, http://www.bio-rad.com/en-us/sku/
1708882-iq-sybr-green-supermix-500-x-50-ul-rxns-12–5-ml-
10-x-1–25-ml?parentCategoryGUID D M7FBG34VY). The
RT2 Profiler qRT-PCR Array System for either TGF-b Signal-
ing Targets (SA Biosciences, cat. # PAHS-235Z, http://www.
sabiosciences.com/rt_pcr_product/HTML/PAHS-235Z.html)
in 2D-grown cells, or for Extracellular Matrix (ECM) and
Adhesion Molecules (SA Biosciences, cat. # PAHS-0135Z,
http://www.sabiosciences.com/rt_pcr_product/HTML/PAHS-
013Z.html) in 3D-matrigel grown cells, was analyzed on a
CFX96 thermocycler (Bio-Rad) according to the manufac-
turer’s instructions. For single-gene qRT-PCR analysis, the
following primer sequences (listed 5’-to-3’) were designed and
used to amplify genes with a 60�C annealing temp: CDH1 For-
ward CCCAATACATCTCCCTTCACAG; CDH1 Reverse CCA
CCTCTAAGGCCATCTTTG; SNAI1 Forward GGAAGCC-
TAACTACAGCGAG; SNAI1 Reverse CAGAGTCCCAGATG
AGCATTG; TNFSF10 Forward GAGCTGAAGCAGATGCA
GGAC; TNFSF10 Reverse TGACGGAGTTGCCACTTGACT;
MYC Forward CAGCTGCTTAGACGCTGGATT; MYC Reverse
GTAGAAATACGGCTGCACCGA; ATF3 Forward AAGAAC-
GAGAAGCAGCATTTGA; ATF3 Reverse TTCTGAGCCCGGA
CAATACAC; ACTIN Forward CAGCCATGTACGTTGCTATC
CAGG; ACTIN Reverse AGGTCCAGACGCAGGATGGCATG.

3-Dimensional (3D) cultures and microscopy

For AIG assays, soft agar was made by mixing 2X type VII aga-
rose (Sigma-Aldrich, cat. # A4018, http://www.sigmaaldrich.
com/catalog/product/sial/a0701) with 2X Mammary Epithelial
Basal medium MCDB170 (US Biologicals, cat. # M2162,
https://www.usbio.net/media/M2162) supplemented with
MEGS, o-phosphoethanolamine [0.1 mmol/L] (Sigma, cat. #
P0503, http://www.sigmaaldrich.com/catalog/product/sigma/
p0503), and ethanolamine [0.1 mmol/L] (Sigma, cat. # E0135,
http://www.sigmaaldrich.com/catalog/product/sial/e0135) as
previously described.19,41,117 Cells (1 £ 105) were counted using
a Beckman Coulter counter, suspended in 0.6% soft agar, and
plated onto a bottom layer of 1.2% soft agar in 60-mm plates in
triplicate, as described previously.19,41,117 Cells were cultured
for 2 weeks, with the medium and respective cytokine treat-
ments for indicated experiments being changed every 3 d. AIG
was quantified by scanning each plate with an auto-mated mul-
tipanel scanning microscope, and analyzing the stitched digital
images using MetaMorph software (Molecular Devices) to
acquire soft agar colony counts for each entire plate. Graphs
representing the mean of at least 3 counts for each experiment
and error bars representing the calculated standard deviation
from the mean of the 3 independent plate counts were pro-
duced in Excel (Microsoft). For 3-dimensional (3D) invasion
assays, 1£105 cells were counted using a Beckman Coulter
counter and then suspended in growth factor–reduced, lami-
nin-rich basement membrane (Matrigel; Corning, cat. #
354230, http://www.corning.com/worldwide/en/products/life-
sciences/products/surfaces/matrigel-matrix.html) for each well
in 6-well plates. Cells were cultured for 2 weeks, with the
medium and respective cytokine treatments for indicated
experiments being changed every 3 d. The development of an

invasive phenotype was visually characterized by confocal and
bright field microscopy at 5X magnification. For confocal
Immunofluorescence analysis of 3D cultures, 1 £ 105 cells were
plated onto 35-mm glass bottom dishes (MatTek Corp., cat. #
P35G-1.5–20-C, https://www.mattek.com/store/p35g-0–170–
14-c/) in 10% top-layer matrigel using the 3D on-top assay as
described.118 Cells were cultured 1 week with medium and
respective cytokine treatments for indicated experiments
exchanged every 2 d. Cells were washed with ice-cold PBS, fixed
and permeabilized in ice-cold 100% methanol for 15 minutes,
blocked with 5% BSA-Immunofluorescence (IF) buffer (0.2%
Triton X-100, 0.1% BSA, 0.05% Tween 20 in PBS), and stained
overnight with the primary antibodies, anti-E-cadherin conju-
gated to Alexafluor 647 (Santa Cruz Biotechnology, cat. # sc-
21791 AF647, http://www.scbt.com/datasheet-21791-e-cad
herin-67a4-antibody.html) and anti-Vimentin conjugated to
Alexafluor 488 (Santa Cruz Biotechnology, cat. # sc-6260
AF488, http://www.scbt.com/datasheet-6260-vimentin-v9-anti
body.html), at 1:50 dilutions in IF buffer; nuclei were counter-
stained with Diaminophenylindole (DAPI) [1 mg/mL] (Sigma-
Aldrich, cat. # D9542, http://www.sigmaaldrich.com/catalog/
product/sigma/d9542) for 5 minutes immediately prior to
confocal microscopy analysis. Confocal images were captured
using a £63 oil immersion objective on a Zeiss LSM 510
multiphoton microscope and AIM software (Leica). All
bright-field images were obtained at 5X magnification with a
Leica DMI6000 microscope and then analyzed with
Metamorph software to quantify the development of an inva-
sive phenotype. Percent of acini formation/total acini invasion
was calculated using the formular: [# Invasive Acini/# Total
Acini] x100.

Abbreviations

AIG anchorage independent growth
BMX bone marrow X-linked.
CSC cancer stem cell
ECM extracellular matrix
EGFR epidermal growth factor receptor
EMT epithelial-mesenchymal transition
gp130 glycoprotein 130
HMEC human mammary epithelial cells
IFN interferon
IL-6 Interleukin-6
JAK Janus Kinase
MAPK mitogen-activated protein kinase
OIS oncogene-induced senescence
OSM Oncostatin M
OSMRb OSM receptor subunit b
PI3K phosphatidylinositol 3-kinase
SBE SMAD-binding elements
STAT3 Signal Transducer and Activator of Transcription 3
TGF-b Transforming Growth Factor-b
TME tumor microenvironment
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