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Stat3 regulates ErbB-2 expression and co-opts ErbB-2 nuclear
function to induce miR-21 expression, PDCD4
downregulation and breast cancer metastasis

L Venturutti', LV Romero’, AJ Urtreger?, MF Chervo', RI Cordo Russo', MF Mercogliano', G Inurrigarro®, MG Pereyra', CJ Proietti’,

F Izzo', MC Diaz Flaqué', V Sundblad’, JC Roa*>®, P Guzman*, ED Bal de Kier Joffé?, EH Charreau’, R Schillaci' and PV Elizalde'

Membrane overexpression of the receptor tyrosine kinase ErbB-2 (MErbB-2) accounts for a clinically aggressive breast cancer (BC)
subtype (ErbB-2-positive) with increased incidence of metastases. We and others demonstrated that nuclear ErbB-2 (NErbB-2) also
plays a key role in BC and is a poor prognostic factor in ErbB-2-positive tumors. The signal transducer and activator of transcription
3 (Stat3), another player in BC, has been recognized as a downstream mediator of MErbB-2 action in BC metastasis. Here, we
revealed an unanticipated novel direction of the ErbB-2 and Stat3 interaction underlying BC metastasis. We found that Stat3 binds
to its response elements (GAS) at the ErbB-2 promoter to upregulate ErbB-2 transcription in metastatic, ErbB-2-positive BC. We
validated these results in several BC subtypes displaying metastatic and non-metastatic ability, highlighting Stat3 general role as
upstream regulator of ErbB-2 expression in BC. Moreover, we showed that Stat3 co-opts NErbB-2 function by recruiting ErbB-2 as its
coactivator at the GAS sites in the promoter of microRNA-21 (miR-21), a metastasis-promoting microRNA (miRNA). Using an ErbB-2
nuclear localization domain mutant and a constitutively activated ErbB-2 variant, we found that NErbB-2 role as a Stat3 coactivator
and also its direct role as transcription factor upregulate miR-21 in BC. This reveals a novel function of NErbB-2 as a regulator of
miRNAs expression. Increased levels of miR-21, in turn, downregulate the expression of the metastasis-suppressor protein
programmed cell death 4 (PDCD4), a validated miR-21 target. Using an in vivo model of metastatic ErbB-2-postive BC, in which we
silenced Stat3 and reconstituted ErbB-2 or miR-21 expression, we showed that both are downstream mediators of Stat3-driven
metastasis. Supporting the clinical relevance of our results, we found an inverse correlation between ErbB-2/Stat3 nuclear co-

expression and PDCD4 expression in ErbB-2-positive primary invasive BCs. Our findings identify Stat3 and NErbB-2 as novel

therapeutic targets to inhibit ErbB-2-positive BC metastasis.
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INTRODUCTION

Metastasis is one of the hallmarks of breast cancer (BC) and the
principal cause of death from this disease. Membrane over-
expression of ErbB-2/HER-2 (MErbB-2), a member of the ErbBs
family of receptor tyrosine kinases (RTKs: EGF-R/ErbB-1, ErbB-2,
ErbB-3 and ErbB-4), underlies a clinically aggressive BC subtype
(ErbB-2-positive) with high incidence of metastases.' Although
an orphan receptor, upon ligand binding to the other ErbB
family members, ErbB-2 forms heterodimers. In the absence of
ligands, it also assembles homo and heterodimers in MErbB-2-
overexpressing BC.*® Dimerization stimulates ErbB-2 tyrosine (Tyr)
kinase activity and results in the activation of signaling pathways,
the canonical mechanism of ErbB-2 action. Accumulating evidence,
including our own, showed that ErbB-2 also activates the signal
transducer and activator of transcription 3 (Stat3) pathway, which
acts as a downstream effector of ErbB-2-induced initiation and
metastatic dissemination of BC.°™ Stat3 function as transcription
factor (TF), along with the facts that it is by itself a critical player in
BC growth and metastasis'® and that it is constitutively activated

in invasive ErbB-2-positive BC*”'" demand further study to
better understand the nature of the ErbB-2/Stat3 interaction in BC.
Intriguingly, Stat3 capacity to act as an upstream activator of
ErbB-2 in metastatic BC remains unexplored.

Compelling findings, including ours, demonstrated that
MErbB-2 migrates to the nucleus (nuclear ErbB-2 (NErbB-2)) of
BC cells, where it binds promoters/enhancers of target genes.'*™"”
We discovered that at the nucleus, ErbB-2 assembles a transcrip-
tional complex in which it functions as a coactivator of Stat3 to
upregulate cyclin D1 and p21<"" expression, and to promote BC
growth and resistance to anti-MErbB-2 therapies.'?”'” Therapeutic
options for ErbB-2-positive BC target MErbB-2 with monoclonal
antibodies and a drug-conjugated antibody, or block its Tyr
kinase activity. Drugs targeting the ErbB-2 downstream
phosphatidylinositol-3 kinase/Akt/mTOR pathway are currently
being tested in clinical trials. However, there are no undergoing
trials that target NErbB-2 or block upstream ErbB-2 activators. In
this framework, where disease progression in the metastatic
setting will inevitably follow the administration of current
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therapies, we explored whether the Stat3/ErbB-2 interaction may
be bidirectional, that is, Stat3 acts as an upstream activator of
ErbB-2 in BC, and investigated whether the nuclear Stat3/ErbB-2
complex is involved in Stat3-regulated metastasis. We chose to
examine the assembly of said complex at the promoter of
microRNA-21 (miR-21), a microRNA (miRNA) aberrantly upregu-
lated in a plethora of cancer types.’® 3 In particular, miR-21,
whose expression is regulated by ErbB-2 and Stat3, has been
identified as a key player at the stage of BC metastasis.>*2®
Indeed, it was reported that miR-21 forced expression in BC cells
enhances their migration and invasion capacity.’>3° Moreover,
previous findings have found a direct correlation between miR-21
levels and the metastatic dissemination of human BC tumor
samples.>'3 Our findings revealed that Stat3 regulates ErbB-2
expression and co-opts its nuclear function to induce miR-21 and
BC metastasis, highlighting Stat3 and NErbB-2 as novel targets to
block metastatic dissemination in MErbB-2-positive BC.

RESULTS

Stat3 controls ErbB-2 transcription in BC

We first assessed whether Stat3 acts as an upstream regulator of
ErbB-2 expression in ErbB-2-positive BC. We used metastatic LM3
murine BC cells overexpressing ErbB-2 (refs. 34, 35), and
metastatic ErbB-2-amplified MDA-MB-453 human BC cells.>® We
already reported that ErbB-2 is constitutively Tyr phosphorylated
in LM3 cells.* Previously, we showed that ErbB-2 is present at the
membrane and the nucleus of MDA-MB-453 cells.'* Here, we
found that it is also constitutively phosphorylated at Tyr1222
residue in said cells (Supplementary Figure S1a). Under growth
conditions, both lines show Stat3 phosphorylation levels at Tyr705
comparable to those in T47D BC cells stimulated with the
synthetic progestin medroxiprogesterone acetate (MPA), pre-
viously considered as high (Figure 1a).3” Silencing of ErbB-2
expression significantly reduced Stat3 phosphorylation in both
lines (Supplementary Figure S1b shows results in MDA-MB-453
cells), showing that Stat3 is activated downstream of ErbB-2, as
observed in several BC models.>*'" We and others demonstrated
that Stat3 Tyr705 phosphorylation is mandatory for its nuclear
translocation and transcriptional activity.>”® Stat3 phosphoryla-
tion was significantly reduced upon transient transfection with the
dominant negative (DN) Stat3Y705-F expression vector, which
carries a Tyr-to-phenylalanine substitution that reduces Tyr705
phosphorylation of endogenous Stat3, thus inhibiting its tran-
scriptional activity (Figure 1a).3”73° We also obtained stable clones
of LM3 cells expressing Stat3Y705-F (DN1 to DN3), which showed
different inhibition degrees of Tyr705 phosphorylation compared
with a clone generated with the empty vector (VECTOR)
(Figure 1a). Interestingly, a significant reduction of ErbB-2 protein
levels was found in DN clones as compared with those of the
VECTOR clone (Figure 1b). Likewise, ErbB-2 protein was down-
regulated when we silenced Stat3 (Figure 1c). Stat3 knockdown
also inhibited ErbB-2 expression in poorly metastatic MCF-7 BC
cells displaying estrogen receptor (ER) and moderate amounts of
MErbB-2 (surrogate of luminal A molecular subtype), in non-
metastatic ER and PR-positive and ErbB-2-overexpressing BT-474
cells (surrogate of luminal B-like ErbB-2-positive tumors), in non-
metastatic ER and PR-negative and ErbB-2-positive JIMT-1 BC cells
(ErbB-2-positive subtype), and in metastatic triple-negative (ER, PR
and MErbB-2-negative) MDA-MB-231 BC cells (Figure 1d).*
Furthermore, Stat3 silencing significantly reduced ErbB-2 messen-
ger RNA (mRNA) levels in cell lines from different BC molecular
subtypes (Figure 1e). Next, we transfected LM3 cells with a
luciferase reporter plasmid downstream of the human ErbB-2
promoter, which includes a Stat3 binding site (GAS).*" Stat3
knockdown using a small interfering RNA (siRNA) significantly
inhibited ErbB-2 promoter activation (Figure 1f). Chromatin
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immunoprecipitation (ChIP) assays in MDA-MB-453 cells revealed
that Stat3 is recruited to this GAS site (Figure 1g). CREB binding
protein (CBP), a coactivator with histone acetyltransferase activity
and marker of active gene transcription, was also recruited to the
site (Figure 1g). Accordingly, analysis of the local chromatin
architecture revealed high levels of histone H4 acetylation (H4Ac),
a marker of chromatin activation. Inhibition of Stat3 activation by
transfection with Stat3Y705-F successfully reduced Stat3 loading
to the ErbB-2 promoter, inhibited CBP recruitment and signifi-
cantly decreased H4Ac levels (Figure 1g). Our findings reveal a
novel direction of the interaction between ErbB-2 and Stat3,
where Stat3 induces ErbB-2 promoter transcriptional activation
and expression in ErbB-2-positive metastatic BC. Furthermore, our
results in several BC molecular subtypes, displaying both
metastatic and non-metastatic ability, highlight Stat3 general role
as an upstream regulator of ErbB-2 expression in BC.

Stat3 recruits ErbB-2 as its coactivator to upregulate miR-21
expression

We showed that a transcriptional complex in which activated
ErbB-2 acts a Stat3 coativator is assembled at the GAS sites of
cyclin D1 and p21<"" promoters.’™'> Owing to miRNAs capacity
to target multiple genes, we decided to study the assembly of said
complex at the promoter of miRNAs. This approach will then allow
us to investigate the complex role in the regulation of miRNA
targets within gene networks involved in metastasis. We chose to
examine miR-21, whose expression was found to be associated
with enhanced BC metastasis.*? In addition, Stat3 function as TF
and ErbB-2 downstream-activated signaling pathways induce
miR-21 expression in BC and other cancer cell types.*2® We
found that Stat3 silencing decreased miR-21 in several metastatic
and non-metastatic BC subtypes (Figure 2a). ErbB-2 silencing also
reduced miR-21 expression in LM3, MDA-MB-453, JIMT-1 and
BT-474 cells (Figure 2b). Immunofluorescence (IF) stainingu'13
detected nuclear ErbB-2 (NErbB-2) and Stat3 (NStat3) in LM3 and
MDA-MB-453 cells, and their nuclear colocalization (Figure 2c).
Indeed, quantitative analysis of confocal images revealed high
levels of NErbB-2 and NStat3 in these cells (Figure 2c). To explore
NErbB-2 action on miR-21 expression, we transfected cells with
hErbB-2ANLS (Figure 2d), a human ErbB-2 nuclear localization
domain mutant unable to translocate to the nucleus,'® which
functions as a DN inhibitor of endogenous ErbB-2 nuclear
migration.'>'® hErbB-2ANLS retains intrinsic Tyr kinase activity
and the capacity to activate ErbB-2 cascades, including p42/p44
mitogen-activated protein kinase (MAPKs), and it does not affect
endogenous ErbB-2 signaling.*'>'® hErbB-2ANLS transfection
inhibited ErbB-2 nuclear localization in MDA-MB-453 (Figure 2d)
and LM3 cells (not shown). Abrogation of NErbB-2 presence
decreased miR-21 levels in both cell lines (Figure 2e). ChIP and
sequential ChIP assays using primers flanking a GAS site at
position — 1230 and spanning two sites at —938 and — 907 (ref.
25), relative to human miR-21 transcriptional start site,*> or using
primers flanking a GAS site at —3111 and spanning two sites at
—2810 and -2779 (Matlnspector (http://www.genomatix.de))
from the murine pre-miR-21, revealed that Stat3 and ErbB-2 are
simultaneously recruited to the miR-21 promoter (Figures 2f and
g). To gain insight into the mechanism of NErbB-2/NStat3
interaction we explored the chromatin activation state of the
miR-21 promoter at GAS site 1 in MDA-MB-453 cells. CBP, a marker
of active gene transcription, was recruited to said site. Consis-
tently, high H4Ac levels were detected in MDA-MB-453 cells
(Figure 2h). We then inhibited NErbB-2 presence by transfection
with hErbB-2ANLS. As we reported,’? hErbB-2ANLS did not affect
Stat3 loading, but inhibited CBP recruitment and markedly
decreased H4Ac levels. Our results reveal that a complex in which
ErbB-2 acts as a coactivator of Stat3 induces miR-21 expression in
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Figure 1. Stat3 controls ErbB-2 expression in BC cells. (a) T47D cells were treated with MPA or MDA-MB-453 and LM3 cells were serum-
stimulated (left); LM3 cells were transiently transfected with Stat3Y705-F vector (middle) or were stably transfected with Stat3Y705-F (DN
clones) or empty vector (VECTOR clone) (right). WB analyses were performed with a pStat3 antibody, and filters were reprobed with a total
Stat3 antibody. (b) ErbB-2 levels were analyzed by WB. -actin expression was used as loading control. (¢, d) Cells were transfected with Stat3
or control siRNA and ErbB-2 expression was analyzed by WB. Experiments shown in (a-d) are representative of a total of three, with similar
results. Numbers under each blot represent the corresponding densitometric quantification. (e) Cells were transfected as indicated and ErbB-2
MRNA levels were measured by RT-gPCR. Fold change of mRNA levels was calculated by normalizing the absolute levels of ErbB-2 mRNA to
those of GAPDH, used as an internal control, setting the value of control siRNA-transfected cells to 1. (f) Stat3 controls ErbB-2 expression at the
transcriptional level. Cells were co-transfected with Stat3 or control siRNA and a human ErbB-2 promoter luciferase construct (p-670-Luc),
which contains a Stat3 binding site, or the empty plasmid. Renilla luciferase was used for normalization. Results are presented as percentage of
inhibition, setting the value of control siRNA-transfected cells to 100%. (g) Stat3 is recruited to the ErbB-2 promoter. Cells were transfected
with Stat3Y705-F and recruitment of Stat3 and CBP, and acetyl-histone H4 (H4Ac) levels at the ErbB-2 promoter were analyzed by ChIP.
Immunoprecipitated DNA was amplified by RT-qPCR using primers flanking the GAS site at position —529. Amounts immunoprecipitated for
each sample are reported relative to the amount obtained for IgG, used as a negative control, which was set to 1. Data shown in (e-g)
represent the mean + s.e.m of three independent experiments. See Supplementary Figure S1.
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metastatic BC. Moreover, this is the first report on NErbB-2 ability
to upregulate a miRNA in any normal or malignant cell type.

ErbB-2 and miR-21 are downstream effectors of Stat3-induced BC
metastasis

To address ErbB-2 role as downstream mediator of Stat3-induced
BC metastasis, we first studied whether Stat3 modulates
metastasis in our models. Cells from the DN clones in which we
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observed higher inhibition of Stat3 phosphorylation and from the
VECTOR clone were inoculated subcutaneously in BALB/c mice. All
mice developed tumors without significant differences in either
latency or tumor take (Supplementary Table S1). However, in
accordance with Stat3Y705-F inhibitory effects on cell proliferation
(Supplementary Figure S2), volumes and growth rates of DN
tumors were lower than those of the VECTOR group (Figure 3a and
Supplementary Table S1). At day 42, animals bearing DN tumors
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Figure 2. Stat3 co-opts ErbB-2 nuclear function to induce miR-21 expression in BC. (a) Stat3 silencing reduces miR-21 expression levels. Upper
panel: cells were transfected as indicated and miR-21 levels were determined by RT-gPCR. The fold change of miR-21 expression levels was
calculated by normalizing the absolute levels of miR-21 to those of U6 snRNA, which was used as internal control, and setting the value of
control siRNA-transfected cells to 1. Lower panel: control of inhibition of Stat3 expression by siRNAs. B-tubulin expression was used as loading
control. (b) ErbB-2 silencing reduces miR-21 expression levels. Upper panel: cells were transfected as indicated and miR-21 levels were
determined as in (a). Lower panel: control of inhibition of ErbB-2 expression by siRNAs. (c) Upper panel: Stat3 (red) and ErbB-2 (green) were
localized by immunofluorescence (IF) and confocal microscopy in serum-stimulated LM3 and MDA-MB-453 cells. Merged images show Stat3/
ErbB-2 nuclear colocalization in yellow. Nuclei were stained with DAPI (blue). Lower panel: quantitative analysis of Stat3 and ErbB-2 subcellular
localization. Red and green fluorescence intensities (integrated intensity per unit area) were quantified in 50 cells from each cell line and are
plotted as percentages (mean + s.d.), relative to the total content (intensity) of Stat3 or ErbB-2 in each cell, which was set to 100%. (d) Effect of
hErbB-2ANLS on ErbB-2 nuclear localization. Cells were transfected with hErbB-2ANLS or empty plasmid. GFP from hErbB-2ANLS vector was
visualized by direct fluorescence imaging (green), and total ErbB-2 (red) was localized by IF and confocal microscopy. Nuclei were stained with
DAPI (blue). Images shown in (a-d) are representative of three experiments with similar results. (e) NErbB-2 is required for miR-21 expression.
Upper panel: cells were transfected with hErbB-2ANLS and miR-21 levels were determined as in (a). Lower panel: content of hErbB-2ANLS. WB
of GFP and ErbB-2 were performed to confirm transfection. (f) Recruitment of Stat3 and ErbB-2 to the miR-21 promoter was analyzed by ChlP.
IgG immunoprecipitation was used as a control. Immunoprecipitated DNA was amplified by RT-qPCR using primers (red arrows) flanking the
Stat3-binding sites (green arrows) indicated in the upper diagrams. The arbitrary RT-gPCR number obtained for each sample was normalized
to the input, setting the value of the IgG samples as 1. P < 0.05 for *; P < 0.01 for **, (g) Stat3 and ErbB-2 are co-recruited to the miR-21
promoter. Chromatins were first immunoprecipitated with a Stat3 antibody and were re-immunoprecipitated using an ErbB-2 antibody.
RT-gPCR and data analysis were performed as described above for (f). (h) Cells were transfected with hErbB-2ANLS and recruitment of ErbB-2,
Stat3 and CBP, and acetyl-histone H4 levels (H4Ac) at the miR-21 promoter were assessed by ChIP, as stated in (f). Data in (a, b) and (e-h) are
presented as mean + s.e.m. of three independent experiments.
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showed significantly less incidence and number of spontaneous
lung metastases than the VECTOR group (Figure 3b). To
demonstrate that decreased metastasis was due to the blockade
of Stat3 activation, and not to differences in primary tumor
growth, cells from DN1 and VECTOR clones were inoculated into
circulation in BALB/c mice to perform an experimental metastasis
assay.***> We observed a significant reduction in the incidence
and number of lung metastases developed from DN1 clone as
compared with VECTOR group (Figure 3c). DN clones also showed
decreased migration and invasion than VECTOR cells (Figures 3d

and e), and Stat3 knockdown in MDA-MB-453 cells (MDA-MB-453-
Stat3-siRNA) reduced their invasion (Figure 3e). Increased expres-
sion of proteases is a critical component of the metastasis cascade.
We found significantly lower activity of the urokinase-type
plasminogen activator (uPA) in the conditioned media of LM3
cells transfected with Stat3Y705-F vector (LM3-Stat3Y705-F) than
in parental LM3 cells (Figure 3f). Secreted and intracellular uPA
protein levels were lower in DN clones than in VECTOR clone
(Figure 3g). These results highlight that Stat3 induces BC
metastasis via stimulation of multiple steps of the process.
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Next, we explored the relevance in Stat3-driven BC meta-
stasis of its nuclear interaction with ErbB-2 leading to miR-21
upregulation. LM3 cells in which we silenced Stat3 expression
(LM3-Stat3-siRNA), and MDA-MB-453-Stat3-siRNA cells were trans-
fected with a mutant ErbB-2 (V659E), which shows constitutive Tyr
kinase activity®® and induces p42/p44 MAPKs activation when
expressed in MCF-7 cells.*” V659E also migrates to the nucleus of
MCF-7 cells (Supplementary Figures S3a and b). Restoration of
ErbB-2 levels by transfection of V659E resulted in significantly
higher expression of miR-21 than in LM3-Stat3-siRNA and MDA-
MB-453-Stat3-siRNA cells (Figure 4a). In spite of the fact that
ErbB-2 levels in LM3-Stat3-siRNA and in MDA-MB-453-Stat3-siRNA
cells transfected with V659E were comparable to those found in
cells with intact Stat3 expression (Figure 4a, lower panels),
reconstitution of ErbB-2 expression was unable to upregulate
miR-21 expression to the levels in parental cells (Figure 4a). Our
finding that ErbB-2 role as Stat3 coactivator regulates miR-21
expression (Figure 2) could explain this inability to fully restore
miR-21 levels in the absence of Stat3. On the other hand, the fact
that ErbB-2 was found to induce miR-21 via p42/p44 MAPKs>*
might explain the capacity of V659E to partially increase miR-21 in
cells lacking Stat3. To further dissect the contribution of NErbB-2
to the expression of miR-21, we transfected LM3-Stat3-siRNA cells
with hErbB-2ANLS. In spite of the intact role of hErbB-2ANLS as an
activator of signaling cascades,’®'>'® miR-21 levels were not
upregulated in the absence of NErbB-2 and remained comparable
to those in LM3-Stat3-siRNA cells (Figure 4a). These novel findings
reveal that, indeed, NErbB-2 function is mandatory for miR-21
upregulation. The difference between V659E and hErbB-2ANLS,
lies in that V659E migrates to the nucleus and exerts nuclear
actions, whereas hErbB-2ANLS lacks said capacity.'? We therefore
hypothesize that V659E ability to partially restore miR-21
expression, where Stat3 is not available to assemble Stat3/ErbB-2
complexes, lies on NErbB-2 function as TF. Manual inspection of
the human miR-21 promoter revealed the presence of an ErbB-2
binding site (HAS)'” at position —1193 from the miR-21
transcription start site (37 bp downstream from GAS Site 1). To
explore the function of this site, we performed ChlIPs using primers
flanking GAS Site 1, which also encompass the predicted HAS site.
ErbB-2 was strongly loaded to this region in MDA-MB-453-Stat3
siRNA-cells transfected with V659E, even in the absence of Stat3
(Figure 4b). Moreover, CBP loading was detected at this site
(Figure 4b). Our reconstitution strategies with ErbB-2 mutants
revealed that both ErbB-2 direct role as TF and as a Stat3
coactivator regulate miR-21 expression in metastatic BC cells. To
explore the biological significance of these findings, we trans-
fected DN1 clone with V659E. Consistent with ErbB-2 role as a
downstream effector of Stat3, V659E expression overcame the
inhibition of the invasive capacity caused by the reduction in Stat3
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activity (Figure 4c). The role of NErbB-2 in Stat3-regulated
metastatic cascade was demonstrated by our finding that
transfection of LM3 cells with hErbB-2ANLS significantly inhibited
migration (Figure 4d). We performed an experimental metastasis
assay using LM3-Stat3-siRNA cells, in which we expressed V659E
or pre-miR-21. MiR-21 levels achieved by forced pre-miR-21
expression in LM3-Stat3-siRNA cells were comparable to those in
LM3 cells with intact Stat3 expression (Figure 4e). As found in the
DN1 clone (Figure 3b), LM3-Stat3-siRNA cells showed remarkably
lower incidence and number of metastatic lung nodes than the
control group (Figure 4f). Transfection with V659E or pre-miR-21
resulted in percentages of incidence and number of lung
metastasis comparable to those of the control group (Figure 4f).
Histopathological analysis of lung metastatic foci is shown in
Supplementary Figure S4a. As the experimental strategy used to
abrogate Stat3 expression relied on transient transfections, we
explored Stat3 levels in the metastatic foci at the end of the
experiment by IF."?> We found a reduction of ~75% in Stat3 levels
in metastases from LM3-Stat3-siRNA cells as compared with those
from parental cells (Supplementary Figures S4b and c). These
findings reveal that ErbB-2 and miR-21 are downstream mediators
of Stat3-regulated BC metastasis.

Mir-21 induced by the Stat3/ErbB-2 transcriptional complex
downregulates PDCD4

The tumor suppressor gene programmed cell death 4 (PDCD4)
is @ miR-21 target and its downregulation is involved in miR-21
effects in BC metastasis.*****84% We found that miR-21 forced
expression induced PDCD4 downregulation in MDA-MB-453 cells
(Figure 5a). To study the involvement of the NStat3/NErbB-2
complex on PDCD4 expression, we blocked Stat3 activation, and
thus the function of the NStat3/NErbB-2 complex, by transfection
with Stat3Y705-F. This strategy also decreases ErbB-2 levels
(Figure 1), further compromising the assembly of the complex.
Stat3Y705-F strongly upregulated PDCD4 levels (Figure 5b).
ErbB-2 silencing, used as a tool to block its signaling and
nuclear effects, as well as blockade of NErbB-2 effects by
transfection with hErbB-2ANLS, also increased PDCD4 content
(Figures 5c and d). To further demonstrate NErbB-2 role on PDCD4
levels, mediated via stimulation of miR-21 expression, we took
advantage of our previous findings showing that ErbB-2 is not
located at the nucleus of serum-starved T47D BC cells
(Supplementary Figure S5a and refs. 12, 13). Non-stimulated
T47D cells display lower miR-21 levels than those in serum-
stimulated LM3 and MDA-MB-453 cells (Figure 5e), which are
directly correlated to their respective NErbB-2 levels (Figure 5e
displays the quantification of confocal images shown in
Supplementary Figure S5a for T47D cells and in Figure 2 for
LM3 and MDA-MB-453). Consistently, we found significantly

<
Figure 3.

Stat3 activation drives breast cancer tumor growth and metastatic dissemination. (a) Preclinical model of in vivo blockade of Stat3

activation. Mice were inoculated subcutaneously with cells (3 x 10°) from DN or VECTOR clones. Each point represents the mean volume + s.e.
m. of eight independent tumors from each group. (b) Stat3 activation is required for metastatic dissemination. Spontaneous lung metastasis
incidence and the number of superficial lung colonies were determined at day 42 and expressed as median and range. P < 0.001 for b vs a;
P < 0.05 for c vs a and for e vs d. (c) Mice were inoculated into the tail vein with cells (3 x 10°) from DN1 or VECTOR clones. Experimental lung
metastasis incidence and the number of superficial lung colonies were determined at day 21 and expressed as in (b). P < 0.05 for b vs a.
(d) Blockade of Stat3 activity inhibits migration. Monolayers of DN or VECTOR clones were wounded and allowed to migrate into the cell-free
area. Wounded areas were photographed at 0 and 12 h (left) and quantified by densitometry (right). P < 0.05 for * and P < 0.001 for ***,
Experiments shown in (a-d) were repeated three times with similar results. (e) Blockade of Stat3 activity or expression inhibits invasion.
VECTOR, DN clones and Stat3 siRNA-transfected MDA-MB-453 cells were seeded in transwell chambers containing full growth media as
chemoattractant. After 20 h incubation, cells attached to the lower surface were counted. Data are presented as the average number of
invading cells per field +s.e.m. P < 0.001 for ***, (f) Effect of blockade of Stat3 activation on uPA activity. Cells were incubated in serum-free
medium for 24 h and uPA activity was evaluated by casein and plasminogen zymography in the supernatant (left). uPA bands underwent
densitometry and values were normalized to protein content of the cell monolayer (right). (g) uPA secreted protein levels and intracellular
protein expression were assessed by WB. Results shown are representative of three independent experiments. Numbers under each blot
represent the corresponding densitometric quantification. See Supplementary Figure S2 and Supplementary Table S1.
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higher PDCD4 levels in non-stimulated T47D than in LM3 or MDA- ref. 13), resulted in a strong increase in miR-21 and in 60%
MB-453 cells (Figure 5f). HRG treatment of T47D cells, which reduction of PDCD4 levels (Figure 5g). Inhibition of the assembly
induces ErbB-2 nuclear migration (Supplementary Figure S5a and of the Stat3/ErbB-2 complex by Stat3 knockdown overcame
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HRG-induced downregulation of PDCD4 (Figure 5h). Our findings
using several strategies and BC models identify Stat3/ErbB-2
transcriptional complex as an upstream inhibitor of PDCD4
expression in BC.

Inverse correlation between NErbB-2/NStat3 co-expression and
PDCD4 expression in ErbB-2-positive BC

To explore the clinical significance of our findings, we conducted
a retrospective study in a cohort of 48 ErbB-2-positive primary
invasive breast carcinomas whose clinical and pathological
characteristics are shown in Supplementary Table S2. MErbB-2,
NErbB-2, and NStat3 were studied and scored as we reported.'**°
The expression of PDCD4, mostly a nuclear protein in BC,>"*? was
studied by immunohistochemistry and scored on a 0 to 3 scale as
described in Materials and Methods. Scores of 2+ and 3+ were
considered positive (Supplementary Figure S6a). Figure 6a shows
representative samples. We found an inverse correlation between
NErbB-2/NStat3 co-expression and PDCD4 staining (Figure 6b).
Also, lack of PDCD4 expression was correlated with nodal
metastasis (Figure 6¢). Analysis of PDCD4 expression in lymph
nodes matching PDCD4-negative primary tumors revealed that
lack of PDCD4 was maintained in the patient’s lymph node
metastases (Supplementary Figure S6b). Finally, we examined the
correlation between miR-21 and PDCD4 mRNA levels in ErbB-2-
positive BC samples from The Cancer Genome Atlas (TCGA) and
observed an inverse correlation between their expression levels
(Figure 6d). As we found in our cohort, low PDCD4 showed a
positive correlation with nodal metastasis in the TCGA cohort
(Figure 6e).

DISCUSSION

The critical role of Stat3 and MErbB-2 in BC development and
metastasis has long been demonstrated (reviewed in Freudenberg
et al.>® and Kamran et al.'®). More recently, miR-21 was identified
as an inducer of BC metastasis (reviewed in Krichevsky and
Gabriely>*). However, the functional interaction between all three
players in BC metastasis has so far remained unexplored. Here, we
first revealed a novel direction of the Stat3 and ErbB-2 interaction
in metastatic, ErbB-2-positive BC, where Stat3, activated down-
stream of ErbB-2, binds to its GAS sites at the ErbB-2 promoter and
upregulates ErbB-2 expression. Second, we showed that Stat3
co-opts NErbB-2 function by recruiting ErbB-2 as its coactivator at
the promoter of miR-21. We found that also ErbB-2 direct role as a
TF regulates miR-21 expression. MiR-21, in turn, downregulates
PDCDA4. Our findings in in vitro and in vivo BC models showed that
both ErbB-2 and miR-21 are downstream effectors of Stat3-driven
metastasis. Figure 6f illustrates our proposed model.

Stat3 drives breast cancer metastasis via ErbB-2
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Stat3 modulates multiple steps of the metastatic cascade via
control of the expression of genes involved in proliferation,
survival, migration, invasion and also in the promotion of
angiogenesis (Reviewed in Kamran et al.'®). Several of the Stat3
effects promoting BC metastasis are exerted upon its activation
downstream of ErbB-2.57?"" Only one previous study showed that
a constitutively activated Stat3 variant binds to the same GAS site
of the ErbB-2 promoter we studied here, and increases ErbB-2
protein in MCF-7 cells.*' No biological function of Stat3 regulation
of ErbB-2 expression was explored in said work. Ours is therefore
the first demonstration that Stat3 induces metastasis via
upregulation of ErbB-2.

BC models where transgenic mice carry ErbB-2 under the
control of the mouse mammary tumor virus (MMTV) promoter
disclosed the role of ErbB-2 in BC development and metastasis,
and the involvement of Stat3 as its downstream effector.>>>®
When transgenic mice, expressing an activated neu oncogene
(the rat ortholog of human ErbB-2) under MMTV promoter
(MMTV-NIC)>>>° were crossed with Stat3 conditional knockout
mice (Stat3™™), it was demonstrated that Stat3™™ mice
showed lower metastasis incidence relative to the parental
MMTV-NIC strain.® Stat3 disruption did not affect tumor
initiation but reduced tumor growth in said model. Contrast-
ingly, another study in which Stat3 was deleted in mice carrying
activated neu oncogene under the MMTV promoter (MMTV-neu
mice), reported that Stat3 was not required for neu-mediated
BC initiation or growth.® Constitutively active Stat3 was also
found to enhance metastasis in MMTV-neu mice.” Our results
showed that inhibition of Stat3 activity decreased both tumor
growth and metastasis in BC displaying constitutively active
endogenous ErbB-2. The fact that neu/ErbB-2 expression in
transgenic mice models was driven by a strong viral promoter
hampered the study of the TFs and the epigenetic mechanisms
controlling endogenous ErbB-2 promoter activation in meta-
static BC. Our model, where endogenous Stat3 and ErbB-2
interact, mimics human breast tumors. This allowed us to
unravel the bidirectional nature of said interplay in metastasis.
ErbB-2 overexpression can occur in the absence of gene
amplification, indicating the importance of the dysregulation
of the transcriptional control of ErbB-2 expression in BC.
However, little is known about the TFs that bind to ErbB-2
promoter/enhancers in BC. ER represses ErbB-2 transcription via
an enhancer® and Foxp3, which inhibits BC cell growth, binds
to and represses the ErbB-2 promoter.®’ Contrastingly, AP-2
binding to the ErbB-2 distal promoter enhances ErbB-2
expression.®?

The outcome of the feed-forward loop between Stat3 activation
and ErbB-2 expression is the assembly of a Stat3/ErbB-2 complex
at the miR-21 promoter where Stat3 functions as TF and ErbB-2
as its coativator to upregulate miR-21. Stat3 has been found to

<
Figure 4.

Reconstitution of ErbB-2 and miR-21 expression restores in vivo metastatic phenotype in BC cells lacking Stat3 activity or expression.

(a) ErbB-2 expression was reconstituted by transfection of V659E or hErbB-2ANLS vectors in Stat3-silenced cells. Upper panel: miR-21 levels
were determined as in Figure 2. Lower panel: WB shows efficiency of Stat3 silencing and ErbB-2 reconstitution. P < 0.05 for *; P < 0.01 for *¥;
and P < 0.001 for *** (b) Cells were transfected as in (a) and indicated protein recruitment to the miR-21 promoter was analyzed by ChlIP.
Immunoprecipitated DNA was amplified by RT-qPCR using primers flanking GAS Site 1, shown in Figure 2. Amounts of immunoprecipitated
DNA were normalized to inputs and are reported relative to the amount obtained by IgG immunoprecipitation, used as control, which was set
to 1. P < 0.01 for **; P < 0.001 for ***, (c, left panel) VECTOR and DN1 clone cells were transfected with V659E vector or the empty plasmid and
their invasive capacity was studied as in Figure 3. Right panel: WB was performed to verify ErbB-2 protein reconstitution. (d) NErbB-2 is
required for cellular migration. Monolayers of confluent cells transfected with hErbB-2ANLS or empty vector were wounded and migration
was assessed as in Figure 3. (e) Cells were co-transfected with Stat3 or control siRNAs and a miR-21 precursor (pre-miR-21). MiR-21 levels were
assessed by RT-qPCR. P < 0.001 for *** Data in (a-e) are presented as mean +s.e.m of three independent experiments. (f) Experimental
metastasis assay. LM3 cells were transfected as indicated in (a) or co-transfected with Stat3 siRNA and pre-miR-21, and were then injected into
the tail vein of syngeneic mice (3 x 10° cells/mouse). At day 21, metastasis incidence and number of superficial lung colonies were determined
and expressed as median and range. Shown is a representative experiment of a total of three, with similar results. P < 0.05 for b vs a, and for d
vs c. See Supplementary Figures S3 and S4.
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See Supplementary Figure S5.

control miR-21 expression in several cancer types.2672863769

Particularly, Stat3 recruitment to its GAS sites at the miR-21
promoter was previously reported in breast, prostate, hepato-
cellular and head and neck carcinomas, as well as in transformed
mammary epithelial and myeloma cells.>*728%35% |n transformed
mammary epithelial cells, it is required to maintain the
transformed state®®> and in BC cells, Stat3 binding to miR-21
promoter cooperates with NF-kB to induce invasion.”® Our new
findings revealed that Stat3 function as a TF at the miR-21
promoter drives BC metastasis. It was already demonstrated that
ErbB-2 upregulates miR-21 in BC via its downstream-activated
signaling pathways.>* We now show that NErbB-2 role as a Stat3
coactivator, and also its direct role as TF, both upregulate miR-21
in BC. NErbB-2 function has been shown to regulate ribosomal
RNA synthesis.”® Our results provide the first evidence, in any cell
type, that NErbB-2 also regulates miRNAs expression. Compelling
findings, including our own, demonstrated that NErbB-2 stimu-
lates BC growth, induces resistance to anti-MErbB-2 therapies, and
is a prognostic factor of poor clinical outcome in ErbB-2-positive
tumors.'#71>175970 Hare, we unraveled that NErbB-2 also drives BC
metastasis, consistent with a previous study where inactivation of
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COX-2, a direct transcriptional target of NErbB-2, hampered
migration of ErbB-2-positive BC cells."”

In addition to BC, ErbB-2 gene amplification, mutations, and
protein overexpression have been reported in several tumor
types, including gastric, gastroesophageal, bladder, cervix, colon,
endometrium, germ cell, glioblastoma, head and neck, liver, lung,
ovarian, pancreas and salivary duct (reviewed in Yan et al’).
Accumulating evidence demonstrated that ErbB-2 participates in
gastric cancer growth, in which targeting MErbB-2 is an effective
therapy.”? As far as we know, among all these different cancer
types, ErbB-2 nuclear presence has been reported in small bowel,
esophagus and kidney tumor samples, as well as in ovarian cancer
cells and in colorectal cancer cell lines upon stimulation with
HRG."”® Although Stat3 is expressed in several of these cancer
types, its nuclear co-expression with ErbB-2 has only been
described in BC. Our present findings raise the exciting possibility
that nuclear Stat3 and ErbB-2 jointly regulation of miR-21
expression may be a common mechanism underlying cancer
growth and metastatic spreading.

MiR-21 is upregulated in BC samples, as compared with normal
tissue'® and its effects in BC metastasis are mediated via several

© 2015 Macmillan Publishers Limited



target genes, including PDCD4.%**®4° ErbB-2 induction of miR-21
via its downstream signaling was found to downregulate PDCD4
and induce migration of BC cells.** Results in our experimental
models revealed that miR-21, induced by the nuclear Stat3/ErbB-2
interaction, in turn downregulates PDCDA4.

Consistent with our results on the mechanism regulating
PDCD4 expression, clinical findings in our ErbB-2-positive BC
cohort identified an inverse correlation between NErbB-2/NStat3
co-expression and PDCD4 staining. Furthermore, our analysis of
ErbB-2-positive BC samples within the TCGA cohort, for the first
time identified an inverse correlation between PDCD4 expression
at mRNA level and miR-21. Similar inverse relationship between
miR-21 and PDCD4 protein was found in BC samples.*® Our new
findings in ErbB-2-positive samples from our own cohort and from
that of the TCGA, also revealed that PDCD4 expression is
associated with lymph node metastasis in this BC subtype, as
reported in ER-positive BC.”* Our findings (depicted in Figure 6f)
indicate that targeting Stat3 and NErbB-2, in combination with
current therapies directed to MErbB-2, may be a promising
strategy for ErbB-2-positive BC in the metastatic setting.

MATERIALS AND METHODS

Antibodies and reagents

Antibodies and reagents are listed under Supplementary Materials and
methods.

Cell lines and treatments

The LM3 mammary tumor cell line was cultured as described.3® MDA-
MB-453 cells were a gift from DJ Slamon (University of California, Los
Angeles, CA, USA). MCF-7, BT-474, MDA-MB-231 and T47D cells were
obtained from the American Type Culture Collection (Manassas, VA, USA)
and JIMT-1 cells from the German Resource Center for Biological Material
(Braunschweig, Germany). Cells were maintained as described'*”> and
were routinely tested for mycoplasma contamination. T47D cells were
starved in serum-free medium for 48 h before stimulation with heregulin
1 or medroxiprogesterone acetate.

Western blot and urokinase-type plasminogen activator activity
assays

Sodium dodecy! sulfate-polyacrylamide gel electrophoresis and immuno-
blots were performed as described.”® To study the expression of urokinase-
type plasminogen activator, conditioned media were concentrated using
Centricon spin columns (Amino, Beverly, MA, USA). Zymographic analysis
was performed as described.**

Plasmids, transient transfections and luciferase assays

Plasmids and siRNAs used in this work are detailed under Supplementary
Materials and methods. FUGENE HD transfection reagent (Roche Biochem-
icals, Indianapolis, IN, USA) was used for plasmid transfection as
described.'? Transfection of siRNAs was performed for 48h by using
DharmaFECT transfection reagent (Dharmacon, Lafayette, CO, USA). For
luciferase assays, cells were co-transfected for 48h with the ErbB-2
promoter construct, RL-CMV plasmid and Stat3 or control siRNA, using
DharmaFECT DUO transfection reagent (Dharmacon). Cells were lysed and
luciferase assays were completed as described.”> For reconstitution
experiments, Stat3 or control siRNA and pre-miR-21 or pre-miR-Control
(Applied Biosystems, Austin, TX, USA), were co-transfected for 36 h using
siPORT NeoFx transfection reagent (Ambion, Austin, TX, USA). hErbB-
-2ANLS, V659E or empty plasmid transfection was then performed for 24 h.

Establishment of Stat3Y705-F expressing clones

LM3 cells were transfected with Stat3Y705-F or pcDNA3.1 vectors as
described®” A detailed protocol is provided under Supplementary
Materials and methods.

© 2015 Macmillan Publishers Limited
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Migration and invasion assays

Wound-healing assays were performed as described** The invasive
potential of cells was measured using Matrigel-coated invasion chambers
(Corning Inc.,, Corning, NY, USA) following manufacturer’s instructions. A
detailed protocol is provided under Supplementary Materials and
methods.

RNA preparation and real-time quantitative RT-PCR

Total RNA was isolated from cells using the miRVANA PARIS Purification Kit
(Ambion). Real-time quantitative PCR (RT-gPCR) was performed as
described."*”” Primers used are listed in Supplementary Materials and methods.

ChIP and sequential ChIP assays

ChIP and sequential ChIP were performed as described.'? Primers and
antibodies used are listed in Supplementary Materials and methods.

In vivo assays

Experiments were conducted in accordance with the NIH Guide for the
Care and Use of Laboratory Animals using 2-month-old virgin female
BALB/c mice (Institute of Oncology Angel H Roffo, Buenos Aires,
Argentina). Studies were approved by the Institute Roffo Animal Research
Committee. Animals were randomly assigned to treatment groups using a
parallel groups design. In brief, each mouse from a single group was
assigned to receive one treatment using a table of random numbers.
Spontaneous lung metastases were investigated after subcutaneous
inoculation of 3x10° DN1, DN3 or VECTOR cells into syngeneic mice
(n=8 per group). At day 42, animals were killed and the number of
superficial lung colonies was determined for each animal by a researcher
blinded to the experimental arm. Latency, tumor volume and growth rate
were determined as described.' For experimental metastasis assays,**
3x10° cells from DN1 or VECTOR clones, or transiently transfected LM3
cells, were injected into the tail vein of syngeneic mice (n =8 per group). At
day 21, mice were killed and the number of superficial lung colonies was
counted by a researcher blinded to the experimental arm.

Patients and tissue microarrays

Paraffin-embedded tissue samples from 48 consecutively archived ErbB-2-
positive invasive breast carcinomas were selected from the files of the
Histopathology Department of Temuco Hospital, Chile. The study was
approved by the Institutional Review Board on Human Research of
Universidad de La Frontera. Details of informed consents, staging of
patients and immunofluorescence analysis are provided in Supplementary
Materials and methods.

Immunohistochemistry, immunofluorescence and confocal
microscopy

Immunohistochemistry was performed as indicated.”” A description of the
quantitative analysis of PDCD4 immunohistochemistry is provided in
Supplementary Materials and methods. Immunofluorescence of ErbB-2
and Stat3 in cell cultures and formalin-fixed paraffin-embedded tumors
was done as described.'*">*° A detailed description of antibodies used
and quantitative analysis of confocal images is provided in Supplementary
Materials and Methods.

Statistics

When two groups were compared, the two-tailed Student's t-test was
used, unless otherwise stated. When three or more groups were compared,
homoscedasticity of the variances was analyzed and the one-way analysis
of variance test was used, followed by Tukey's test to determine
significance between groups. No statistical methods were used a priori
to pre-determine sample sizes, but sample sizes were in line with those
in previous reports.**’87° The comparison of tumor volumes among
different groups was done by analysis of variance followed by Tukey’s test.
Linear regression analysis was performed on tumor growth curves and the
slopes were compared by using analysis of variance followed by a
parallelism test to evaluate statistical differences. Comparison of the
number of lung metastases among groups was done by the nonparametric
Kruskal-Wallis or Mann-Whitney tests. Correlations between categorical
variables were performed using the y*-test, or Fisher's exact test when the
number of observations obtained for analysis was small.
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Figure 6. Inverse correlation between NErbB-2/NStat3 co-expression and PDCD4 expression in ErbB-2-positive breast tumors. (a, upper panel)
NErbB-2 and NStat3 levels were evaluated by IF and scored as described in Materials and Methods. Shown are representative images for an
ErbB-2-positive tumor with positive co-expression of NErbB-2 (Score 3+) and NStat3 (Score 3+) (left) or a tumor with neither NErbB-2 (Score 0)
nor NStat3 (Score 1+) expression (right). Nuclei were stained with DAPI (blue). Lower panels show PDCD4 immunohistochemistry results for
these patients. (b) Correlation between PDCD4 and NErbB-2 and/or NStat3 expression levels in a MErbB-2-positive BC cohort. (c) Correlation
between PDCD4 expression and nodal metastasis status for the same cohort as in (b). In (b, c) statistical analysis were performed using Fischer
‘s exact test. (d) Heat map visualization of PDCD4 mRNA and miR-21 expression profiles in primary breast tumors from the TCGA BC cohort,
selected on the basis of their ErbB-2 status (analysis conducted using Oncomine). The P-value revealing significant correlation between
PDCD4 and miR-21 expression levels is presented. (e) Correlation between PDCD4 expression status and nodal metastasis for the same cohort
as in (d). (f) Model of the hierarchical interaction between Stat3, NErbB-2 and miR-21 governing BC metastasis in ErbB-2- positive BC. ErbB-2-
stimulated phosphorylation of Stat3 at Tyr705 (Step 1, ErbB in red represents the other member of the dimer, that is, ErbB-2, ErbB-3 or EGF-R)
induces its activation, nuclear translocation and binding to its GAS sites at the ErbB-2 promoter (Step 2), resulting in enhanced ErbB-2
expression (Step 3). Stat3 is also loaded at the miR-21 gene promoter (Step 4), where it recruits ErbB-2 as its coactivator (Step 5). On the other
hand, NErbB-2 binds to it HAS sites at the miR-21 gene promoter (Step 6, blue box represents a potential DNA binding transcription cofactor
for ErbB-2). Nuclear Stat3/ErbB-2 complex and NErbB-2 induce miR-21 expression (Step 7), which in turn downregulates PDCD4 (Step 8). Lower
panel: proposed blockade of Stat3 and of NErbB-2 function as novel strategies to inhibit metastatic progression. See Supplementary Figure S6
and Supplementary Table S2.
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