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Abstract

The neuregulins and their ErtbB/HER receptors play essential roles in mammalian development and tissue homeostasis. In
addition, deregulation of their function has been linked to the pathogenesis of diseases such as cancer or schizophrenia. These
circumstances have stimulated research into the biology of this ligand-receptor system. Here we show the identification of
programmed cell death protein-4 (PDCD4) as a novel neuregulin-ErbB signaling mediator. Phosphoproteomic analyses identi-
fied PDCD#4 as protein whose phosphorylation increased in cells treated with neuregulin. Mutagenesis experiments defined
serine 67 of PDCD#4 as a site whose phosphorylation increased upon activation of neuregulin receptors. Phosphorylation
of that site promoted degradation of PDCD4 by the proteasome, which depended on exit of PDCD4 from the nucleus to the
cytosol. Mechanistic studies defined mMTORC1 and ERK1/2 as routes implicated in neuregulin-induced serine 67 phospho-
rylation and PDCD4 degradation. Functionally, PDCD4 regulated several important biological functions of neuregulin, such

as proliferation, migration, or invasion.
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Introduction

The ligands of the epidermal growth factor (EGF) fam-
ily of polypeptide growth factors and their receptors, the
ErbB/HER family of transmembrane tyrosine kinases, play
essential roles in animal physiology, and their deregulation
has been linked to diseases such as cancer or schizophre-
nia [1-3]. Therefore, a better knowledge of the signaling
through this ligand-receptor system may help in the develop-
ment of strategies to better approach these diseases.

The Neuregulins (NRGs) comprise the largest subfam-
ily of EGF-like polypeptide growth factors [3]. Functional
physiological studies demonstrated that these factors play
essential roles in heart and peripheral nervous system devel-
opment [4-6]. Four NRG genes have been identified in
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humans, that code for more than 30 different NRG isoforms
[3]. As occurs with other EGF family members, most of the
NRGs are biosynthesized as membrane-bound precursors,
termed proNRGs that may undergo proteolytic cleavage to
generate soluble forms [7, 8].

The NRGs act by binding to the ErbB/HER receptor
tyrosine kinases. In mammals, four different ErbB/HER
receptors have been described: the EGFR/ErbB1/HERI,
ErbB2/HER2/neu, ErbB3/HER3 and ErbB4/HER4 [9, 10].
Structurally these receptors are transmembrane proteins
which contain a glycosylated extracellular region with four
different subdomains, a transmembrane segment in the mid-
dle of the molecule, and an intracellular cytosolic region
endowed with tyrosine kinase activity. Genetic studies car-
ried out in mice have demonstrated a critical role of these
receptors in animal development and homeostasis [11].
Thus, deletion of the EGFR has been shown to provoke skin
and central nervous system anomalies [12, 13]. In the case
of ErbB2, ErbB3, and ErbB4, their deletion is accompanied
by heart disgenesia as well as central and peripheral nervous
system neuropathies [14—17].

Several precedents indicate that alterations in the NRG-
ErbB system may play a pathophysiological role in diverse
types of cancer. A causative action of NRGs in tumor devel-
opment has been supported by preclinical studies in mice in
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which overexpression of NRG/ gene products caused devel-
opment of mammary adenocarcinomas [18]. In humans,
expression of NRGs has been reported in different tumors
[3]. In addition, NRG rearrangements have recently been
shown in cholangiocarcinomas, lung or pancreatic tumors
[19-23]. Importantly, targeting of the NRG-ErbB axis has
shown antitumorogenic activity in patients in which such
axis was found to be active [24, 25]. Furthermore, expres-
sion of NRGs may be used to biomark patients sensitive to
therapies that target the NRG-ErbB axis [26, 27].

In the case of the ErbB/HER receptors, gain of function
alterations, either by overexpression [1, 28] of molecular
alterations [29, 30], have been linked to the genesis/progres-
sion of different neoplastic diseases. In humans, increased
levels of HER2 occur in a subset of breast and gastric can-
cers [1, 9]. Pioneering studies in the former also demon-
strated a relationship between HER?2 levels and patient prog-
nosis [28]. For these reasons, antibodies or small molecule
inhibitors of the kinase activity of HER2 have been devel-
oped and some of them have reached the oncology clinic. In
the case of the EGFR, molecular alterations of this receptor
have been reported in a subset of glioblastomas as well as in
lung cancer, leading to approval of small molecule kinase
inhibitors in the latter pathology. In addition, expression of
the EGFR in head and neck, pancreatic and colon cancer
also led to the approval of agents that target this receptor for
the therapy of those diseases [1, 9].

Because of the relevance of NRG-ErbB signaling axis in
cancer, efforts to understand how the NRG-ErbB interaction
facilitates tumor generation/progression have and are being
made. In this area of research, and using different functional,
proteomic and genomic strategies, we have identified sev-
eral pathways that participate in the prooncogenic actions
of the NRG-ErbB axis in human cancer cells. These include
the ERKS mitogen-activated protein kinase route [31]; the
GTPase activating protein P-REX1 [32, 33], and the metal-
loprotease MMP13/Collagenase-3 [34, 35]. Here, by using
a proteomic approach, we describe for the first time that
programed cell death-4 (PDCD4) is a novel relevant compo-
nent of the prooncogenic signals activated by the interaction
of NRGs with their receptors. We show that activation of
NRG receptors rapidly phosphorylates and downregulates
PDCD4, actions required for cell cycle progression and cel-
lular motility upon activation of those receptors.

Materials and methods
Reagents and antibodies
Dulbecco’s modified Eagle medium (DMEM), fetal bovine

serum (FBS), penicillin and streptomycin were purchased
from Life Technologies (Carlsbad, CA, USA). Protein-A
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Sepharose, phorbol 12-myristate 13-acetate (PMA), 4/,
6-diamidino-2-phenylindole (DAPI), MG132 and 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) were from Sigma-Aldrich (St. Louis, MO, USA).
Immobilon®-P transfer membrane was from Merck Mil-
lipore Corp. (Darmstadt, Germany). Human recombinant
Neuregulin-1 p2 was from Prospec Protein Specialists
(Rehovot, Israel). Phosphatase alkaline was from Roche
Molecular Systems (Madrid, Spain). The phosphoinositide
3-kinase (PI3K) inhibitor PX866 was from Cayman Chemi-
cal (Hamburg, Germany). BEZ235, lapatinib, neratinib and
rapamycin were from LC Laboratories (Woburn, MA, USA).
The MEK inhibitor AZD6244, the AKT inhibitor MK-2206,
the p70 ribosomal S6 kinase inhibitor PF-4708671 and the
p90RSK inhibitor BI-D1870 were from Selleckchem (Hou-
ston, TX, USA). Leptomycin B was from Tocris Bioscience
(Bristol, United Kingdom). Other generic chemicals were
from Sigma-Aldrich (St. Louis, MO, USA), USB Corpora-
tion (Cleveland, OH, USA) Roche Molecular Systems Roche
Biochemicals (Hoffmann, Germany), or Merck (Darmstadt,
Germany).

Antibodies against MMP13, ERK1/2, PY99 and GAPDH
were from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Antibodies against PDCD4, phospho-AKT (Thr308),
AKT, phospho-p70S6K (Thr421/Ser424), phospho-ERK1/2
(Thr202/Tyr204), S6 and phospho-S6 (Ser240/244) were
from Cell Signaling Technologies (Beverly, MA, USA). The
mouse monoclonal anti-phospho-AKT (Ser473) was from
BD Pharmingen (Palo Alto, CA, USA). The anti-HER2
antibody used for immunoprecipitation was trastuzumab
(Roche). The Ab-3 anti-HER?2 antibody used for Western
was from Calbiochem. The anti-HA (12CA5) antibody
was from Roche Molecular Systems. The rabbit polyclonal
anti-calnexin was from Stressgen Bioreagents (Victoria,
BC, Canada). The anti pS*!>-P-REX1 antibody has been
described previously [33]. The horseradish peroxidase
(HRP)-conjugated anti-mouse, anti-rabbit and anti-rabbit
light chain were obtained from GE Healthcare Life Sciences
(Piscataway, NJ, USA), Bio-Rad Laboratories (Hercules,
CA, USA) and Jackson Immunoresearch Laboratories (West
Grove, PA, USA), respectively.

Cell culture, transfections, lentivirus production
and infection

MCF7, BT474, SKBR3 and T47D cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), containing high glu-
cose (4500 mg/1) and antibiotics (penicillin 100 U/ml, strep-
tomycin 100 pg/ml). Cell lines were cultured at 37 °C in
a humidified atmosphere in the presence of 5% CO,, and
95% air. Where indicated, cells at 80% confluence were
serum-starved for 16—18 h and pretreated with 0.1% DMSO
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(vehicle control) or the different drugs at the concentrated
indicated. Subsequently, cells were stimulated or not with
10 nM NRG for the indicated times and collected for protein
extraction.

Transfections of MCF7 cells with the plasmids coding
for HA-PDCD4-WT and the different PDCD4 mutants were
performed with JetPEI DNA transfection reagent (Polyplus-
transfection SA, Illkirch, France) following the manufac-
turer’s instructions.

For lentivirus production, 4 pg of the following plas-
mids: pMDLg/RRE, pRSV-Rev and pMD2.G (Addgene,
Cambridge, MA, USA), along with 8 pg of the pLKO.1
lentiviral plasmid containing a scramble shRNA (sh-Con-
trol) or the shRNA for PDCD4 (GE Dharmacon, Lafayette,
CO, USA) were co-transfected into HEK293T cells using
JetPEI® reagent (Polyplus-transfection, Illkirch, France) fol-
lowing the manufacturer’s instructions. Twenty-four hours
later, HEK293T medium was replaced with fresh medium
and 48 h after the co-transfection, the medium containing
lentiviral particles was collected, filtered and used to infect
MCEF7 cells after the addition of 6 ug/ml polybrene (Sigma-
Aldrich, St. Louis, MO, USA). MCF7 cells were cultured for
48 h to allow for efficient protein knockdown and were sub-
sequently selected with 3 pg/ml puromycin (Sigma-Aldrich,
St. Louis, MO, USA) for another 48 h. A minimum of 5
different sShRNA sequences targeting PDCD4 were tested
and the two one that produced higher knockdown were used
(#957 and #958).

Reverse transcription-PCR assays

Total RNA from MCF?7 cells was isolated using TRIzol®
reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. First-strand cDNA was synthe-
sized using M-MLV reverse transcriptase and oligo-dT (Inv-
itrogen) following the instructions from the manufacturer.
The oligonucleotides used to amplify PDCD4 were:

FW1 EcoR1: 5'-CGGAATTCATGGATGTAGAAAATG
AGCAGATA-3'

RV687: 5'-TGTCCCACAAAGGTCAGAAA-3'

FW623: 5'-CATTGGAGGGGAAGGCTAGT-3'

RV1410Xhol: 5'-CCGCTCGAGTCAGTAGCTCTCTGG
TTTAAGACG-3'

Human PDCD4 tagged with an HA epitope at the N-ter-
minus was subcloned into the expression vector pcDNA3
(pcDNA3-HA-PDCD4). Deletions in C-terminus of
PDCD4 were generated by site directed mutagenesis using
the QuikChange kit (Stratagene, La Jolla, CA, USA) and
following the manufacturer’s instructions (ACt-G318 and
ACt-C227 deletions). N-terminal deletions were prepared
by PCR (ANt-D132 and ANt-I55 deletions). Other mutants
of PDCD4 were generated by oligonucleotide directed
mutagenesis. The following oligonucleotides were used:

HA-PDCD4 ACt-G318 (FW: 5-GATAGTGTGTGGGGC
TCTTGAGGTGGGCAGCAATCTG-3; RV: 5'-CAGATT
GCTGCCCACCTCAAGAGCCCCACACACTATC-3").

HA-PDCD4 ACt-C227 (FW: 5'-CTTCTTTCTGACCTT
TGAGGGACAGTAATGAGCAC-3'; RV: 5'-GTGCTCATT
ACTGTCCCTCAAAGGTCAGAAAGAAG-3).

HA-PDCD4 ANt-D132 (FW EcoRI: 5-CGGAATTCG
ATGTGGAGGAGGTGGATGT-3"; RV1410Xhol: 5'-CCG
CTCGAGTCAGTAGCTCTCTGGTTTAAGACG-3'.

HA-PDCD4 ANt-I55 (EW EcoRI: 5'-CGGAATTCATTA
ATGCCAAGGCAAAAAGGC-3'; RV1410Xhol: 5'-CCG
CTCGAGTCAGTAGCTCTCTGGTTTAAGACG-3'.

HA-PDCD4 S94A (FW: 5'-GATTAACTGTGCCAACCG
CTCCAAAGGGAAGGTTGC-3"; RV: 5'-GCAACCTTC
CCTTTGGAGCGGTTGGCACAGTTAATC-3').

HA-PDCD4 S87A (FW: 5-GAGTGACGCCCTTAG
AGCTGGATTAACTGTGCC-3'; RV: 5'-GGCACAGTT
AATCCAGCTCTAAGGGCGTCACTC-3').

HA-PDCD4 S104A S106A (FW: 5-GCTGGATAGGCG
AGCCAGAGCTGGGAAAGGAAGGG-3"; RV: 5'-CCC
TTCCTTTCCCAGCTCTGGCTCGCCTATCCAGC-3").

HA-PDCD4 S67A S68A (FW: 5-CGACTAAGGAAA
AACGCAGCCCGGGACTCTGGC-3"; RV: 5'-GCCAGA
GTCCCGGGCTGCGTTTTTCCTTAGTCG-3).

HA-PDCD4 S7T1A (FW: 5-GAAAAACTCATCCCG
GGACGCTGGCAGAGGCGATTC-3'; RV: 5-GAATCG
CCTCTGCCAGCGTCCCGGGATGAGTTTTTC-3").

HA-PDCD4 S76A S78A (FW: 5-CTGGCAGAGGCG
ATGCGGTCGCCGACAGTGGGAGTG-3"; RV: 5'-CAC
TCCCACTGTCGGCGACCGCATCGCCTCTGCCAG-3).

HA-PDCD4 S80A S82A (FW: 5'-GATTCGGTCAGC
GACGCTGGGGCTGACGCCCTTAGAAG-3; RV: 5'-CTT
CTAAGGGCGTCAGCCCCAGCGTCGCTGACCGAA
TC-3.

HA-PDCD4 S67A (FW: 5-CGACTAAGGAAAAAC
GCATCCCGGGACTCTGGC-3"; RV: 5'-GCCAGAGTC
CCGGGATGCGTTTTTCCTTAGTCG-3).

HA-PDCD4 S68A (FW: 5-CGACTAAGGAAAAAC
TCAGCCCGGGACTCTGGC-3"; RV: 5'-GCCAGAGTC
CCGGGCTGAGTTTTTCCTTAGTCG-3').

Generation of antibodies, immunoprecipitation,
Western blotting and immunofluorescence

The anti-PDCD4 antibody was raised in rabbits against
the sequence NH2-CVSEGDGGRLKPESY-COOH that
corresponds to the amino acids 456-469 located at the
C-terminus of PDCD4. The antibody was affinity purified
using peptide-Sepharose columns. The generation of anti-
pS*-P-REX1 has been described [33]. The procedures for
the preparation of cell extracts for protein analyses, immu-
noprecipitation and Western blotting have been described
[36, 37]. GAPDH or calnexin were used as a loading
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controls. Densitometric measurements of the bands were
performed using the public domain ImageJ program (NIH,
Bethesda, MD, USA) or Image LabTM Software Version
6.0.1 Bio-Rad Laboratories (Hercules, CA, USA), which
was provided with a ChemiDoc apparatus. The immuno-
fluorescence protocol has been described [31]. Dilutions
of the anti-PDCD4 or anti-HA antibodies were 1:500 and
1:200, respectively. Quantitation of nuclear or cytoplasmic
PDCD4 was carried out using ImageJ with the gaussian
mask tool to define nuclear areas. A minimum of five dif-
ferent randomly selected microscopic fields were analyzed
for each condition.

Dephosphorylation assays

Extracts (40 pg) of MCF7 cells stimulated with or without
NRG were treated with or without 3 units of phosphatase
alkaline (Roche) in dephosphorylation buffer (50 mM
Tris—HCI, 0.1 mM EDTA, pH 8.5) (Roche) at 37 °C dur-
ing 5 h. On the other hand, extracts of MCF7 cells treated
with or without NRG were immunoprecipitated with anti-
PDCD4. The immunocomplexes were washed thrice with
lysis buffer and three times with dephosphorylation buffer
(50 mM Tris—HCI, 0.1 mM EDTA, pH 8.5) and then treated
with 3 units of phosphatase alkaline in dephosphorylation
buffer for 3 h at 37 °C. The reactions were terminated by
adding sample buffer, and the samples were analyzed by
Western blotting using anti-pS>'3-P-REX1 antibodies.

Cell proliferation, wound healing and cell invasion
assay

Cell proliferation was assessed by MTT metabolization as
previously described [34]. For cell migration analysis, the
wound healing assay was performed as described previ-
ously [33]. After NRG stimulation, images were captured
until the wound in NRG-stimulated cells fully sealed or for
a maximum of 48 h with a Nikon Eclipse TE2000-E inverted
microscope (Nikon Corporation, Chiyoda-ku, Tokyo, Japan)
equipped with the MetaMorph® Microscopy Automation
and Image Analysis Software (Molecular Devices LLC,
Sunnyvale, CA, USA). The area between the wound edges
was measured using the ImageJ program (NIH, Bethesda,
MD, USA) and relativized to the initial area. The cell inva-
sion assay was performed as previously described [33]. The
number of invading cells was counted under a Nikon Eclipse
Ti-S inverted microscope (Nikon Corporation, Chiyoda-ku,
Tokyo, Japan) using the ProgRes® CapturePro 2.7 program
(Jenoptik AG, Jena, Germany). Results are presented as the
mean + SD of triplicates of a representative experiment that
was repeated three times.

@ Springer

Protein and phosphorylated peptides identification

To identify p60, MCF7 cells stimulated with or without NRG
were washed with phosphate-buffered saline and fraction-
ated into microsomal and cytosolic fractions [8]. Cytosolic
fractions were loaded in a column that contained a matrix for
the purification of phosphopeptides (PhosphoCruz Protein
Purification System, Santa Cruz Biotechnology). The eluates
were concentrated and subjected to 2D PAGE. The gels were
transferred to Immobilon P membranes that were blocked
in Tris-buffered saline with Tween (TBST) (100 mM Tris
[pH 7.5], 150 mM NaCl, 0.05% Tween 20) containing 1%
of bovine serum albumin for 1 h and then incubated with
the anti- pS*!*>-P-REX1- antibody for 216 h. After washing
with TBST, membranes were incubated with HRP-conju-
gated anti-rabbit secondary antibodies (1:10,000 dilution)
for 30 min and bands were visualized by using ECL Plus
Western Blotting Detection System (GE Healthcare, Buck-
inghamshire, United Kingdom). The region of the PVDF
membrane where the signal of the p60 band migrated was
excised and digested with trypsin. The protein peptide mass
fingerprint was obtained on an Orbitrap Ultraflex MALDI-
TOF mass spectrometer (Bruker Daltonics, Brenen, Ger-
many) and Mascot search engine (Matrix Science, London,
UK) against Swiss-Prot database was used to identify pro-
teins. One result was considered to be significant (P < 0.05)
when the protein score value exceeded 56.

Statistical analyses

Data were analyzed statistically using the software package
SPSS 15.0 (SPSS Inc. Chicago, IL, USA). Comparison of
continuous variables between two groups for in vitro assays
were performed using a two-sided Student’s ¢ test. Differ-
ences were considered statistically significant when P value
was less than 0.05. All experiments were repeated at least
twice. Representative results of all the findings are shown.

Results
NRG provokes phosphorylation of a 60-kDa protein

Due to the relevance of the ErbB/HER receptors in cancer
and animal biology, significant efforts have and are being
made to understand the signaling pathways activated by
these transmembrane tyrosine kinases. Using a phospho-
proteomic approach, we formerly identified P-REX1 as an
intermediate of the NRG-ErbB signaling axis [33]. It was
reported that stimulation of ErbB receptors with NRGs
engages a phosphorylation/dephosphorylation cycle that
causes dephosphorylation of serines 313 and 319 of P-REX1
and concomitant phosphorylation of serines 605 and 1169.
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Those phosphorylation changes result in increased guanine
nucleotide exchange activity of P-REX1 [33, 38]. While
analyzing this phosphorylation/dephosphorylation cycle of
P-REX1, we observed that an antibody that we generated
against P-REX1 phosphorylated at serine 313 also recog-
nized a band of 60 kDa (p60) in MCF7 breast cancer cells
treated with NRG (Fig. 1a). As that antibody was raised
against phosphorylated P-REX1 ([33], see also Fig. 2i), the
possibility that the 60 kDa protein resulted from proteolytic
cleavage of whole length P-REX1 was contemplated. To
explore that, lysates from control or NRG-treated MCF7

cells were immunoprecipitated with the anti-pS*!*-P-REX 1
antibody and blotted with the same antibody. As shown in
Fig. 1a, treatment with NRG decreased the electrophoretic
mobility of P-REX1, indicative of increase in its overall
phosphorylation. However, the phosphorylation at Ser!?
slightly decreased upon treatment with NRG, in agreement
with previously published data [33]. In the case of p60,
while NRG increased its recognition by the anti-pS>!>-P-
REX1 antibody in cell extracts, it was not precipitated by
the anti-pS*!3-P-REX1 antibody, while P-REX1 was. These
data excluded, together with additional Western experiments
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Fig. 1 Identification of a novel NRG-ErbB intermediate. a MCF7
cells stimulated with or without NRG (10 nM) for 15 min were lysed
and cell extracts or anti-P-REX1 immunoprecipitates analyzed by
Western blot with an anti-pS*'*-P-REX 1 antibody. The position of the
M, markers is shown at the right. b p60 is phosphorylated. Extracts
from MCF7 cells stimulated with or without NRG were treated with
alkaline phosphatase and the samples were analyzed by Western
with the anti-pS*'>-P-REX1 antibody. Calnexin was used as a load-
ing control. ¢ Kinetics of phospho-p60 in response to NRG. Lysates
from MCF7 cells treated for different times with NRG were analyzed
by Western with the anti-pS®!>-P-REX1 antibody. d Schematic rep-
resentation of the steps used to identify p60. e p60 is a cytosolic pro-
tein. MCF7 cells treated or not with NRG were homogenized and the

PDCD4— s s #5% 55 Su S5 s # (WB: o-PDCD4

cytosolic and microsomal fractions analyzed by Western blot with
the anti-pS*!>-P-REX 1 antibody. ERK1/2 and calnexin were used as
controls of cytosolic or microsomal fractions, respectively. f Analysis
of p60 in eluates from phosphopeptide purification IMAC columns. g
After preparation of cytosolic fractions from control and NRG-treated
MCF7 cells, eluted phosphoproteins were precipitated and resolved
in 2D gels that were then transferred to PVDF membranes. p60 was
detected in these blots with the anti-pS>!>-P-REX1 antibody. Red
arrows indicate p60. h The table shows the main protein identified in
the proteomic analysis of the region corresponding to p60. i p60 is
PDCDA4. Cell extracts from MCF7 cells treated with or without NRG
were inmunoprecipitated with anti-PDCD4 antibodies
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Fig.2 The anti-pS*'>-P-REX1 antibody cross-reacts with pSer67
in PDCD4. a Schematic representation of different domains of HA-
tagged wild type PDCD4 and different deletion mutants. HA: hemag-
glutinin, PD: phosphodegron (aa 70-76), the MA-3 domains are in
orange (aa 163-284 and aa 326-449), red boxes are the potential
nuclear export signals (NES), aa 241-251 and aa 182-192. b-d
MCF7 cells transfected with HA-tagged wild type PDCD4 or HA-
PDCD4 deletion mutants in: AC-t G318, AC-t C227 (b), AN-t I55
(¢) or AN-t D132 (d) were treated without or with NRG (10 nM).
Cell extracts were immunoprecipitated with the anti-HA antibody and

carried out with other antibodies directed to different regions
of P-REX1 (data not shown) that p60 resulted from proteo-
lytic fragmentation of P-REX1.

Another set of experiments were designed to define
whether p60 was pAKT. Such possibility was contemplated
since P-REX1 was initially isolated because of its cross-
reactivity with an anti-pSer*’>-AKT antibody [33], and also
by the fact that AKT has a molecular weight close to p60. As
shown in supplementary Fig. 1a, immunoprecipitated AKT
was not recognized by the anti-pS3!3-P-REX1 antibody.
However, pAKT was recognized by an anti-pSer*’3>-AKT
antibody (supplementary Fig. 1b). Recognition of p60 by
the anti-pS*'*-P-REX 1 antibody was dependent on its phos-
phorylation, since treatment of cell extracts with alkaline

@ Springer

P-REX1-ps313 VTGSKKpSTKRTK
PDCD4-pS6” RRLRKNpSSRDSG

the blots were probed with the indicated antibodies. e Serines pre-
sent in the region spanning amino acids 55 and 132. f~h MCF7 cells
transfected with wild type HA-PDCD4 or different mutants in which
serine residues were replaced by alanine were treated with or with-
out NRG. Cell extracts were immunoprecipitated with anti-HA and
the blots were probed with anti-pS*'>-P-REX1. These blots were rep-
robed with the anti-PDCD4 antibody. i Sequence of P-REX1 used to
generate the anti-pS®'>-P-REX1 antibody, aligned to the region sur-
rounding S67

phosphatase substantially decreased the reactivity of the
60 kDa band with the anti-pS*'>-P-REX 1 antibody (Fig. 1b).
Time-course experiments in MCF7 cells treated with NRG
showed that phosphorylation of p60 rapidly reached a peak
at 15 min of stimulation with NRG, and then decreased over
time (Fig. 1c).

Identification of p60 as PDCD4

In addition to showing that p60 was different from P-REX1
or AKT, the above experiments also demonstrated that p60
could not be precipitated by the anti-pS*!*-P-REX1 anti-
body. That characteristic hampered one step immunopurifi-
cation of p60 with the aim of its identification. Because of
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that, we followed a strategy, schematized in Fig. 1d, similar
to the one formerly used to identify P-REX1 as a NRG-
ErbB signaling mediator [33]. Such strategy started with
a cell fractionation step to define whether p60 was a cell
membrane-bound or cytosolic protein. These experiments
showed that p60 was cytosolic, as it fractionated with the
cytosolic proteins ERK1 and ERK2, but not with the integral
endoplasmic reticulum membrane protein calnexin (Fig. 1e).
Next, we used the cytosolic fraction of control or NRG-
stimulated MCF7 cells to enrich for phosphorylated proteins
using immobilized metal affinity (IMAC) based columns.
Proteins in the eluates from these columns were precipitated
and run on SDS-PAGE gels. Western blotting of those elu-
ates confirmed the presence of p60 along this enrichment
process (Fig. 1f). The precipitated proteins from the IMAC
column eluates were also run on 2D gels, which were silver
stained, and the region corresponding to p60 subjected to
mass spectrometry analysis (supplementary Fig. 1c). These
analyses resulted in the identification of several proteins
that could correspond to p60. Because of their molecular
weight and subcellular distribution, we initially focused on
two of them, the pyruvate kinase isozyme M1 and the serine/
threonine protein phosphatase 2A (supplementary Fig. 1c).
However, immunoprecipitation of cell lysates with antibod-
ies towards these proteins followed by Western with the anti-
pS*>-P-REX1 antibody failed to define them as p60 (data
not shown).

We then took a slightly different approach based on the
direct analysis of p60 in Westerns from 2D gels, instead of
cutting the region in the polyacrylamide gel to perform pro-
teomic analysis. Thus, after 2D electrophoresis, gels were
transferred to PVDF membranes that were probed with
anti-pS31>-P-REX1. After Western identification of p60,
the region of the PVDF membrane was excised and pro-
cessed to be analyzed by mass spectrometry. We decided to
do that protocol to more precisely select the region of the 2D
gels where p60 migrated (Fig. 1g). These experiments led
to the identification of the programmed cell death protein-4
(PDCD4) as the potential p60 (Fig. 1h). That protein was
in fact one of the proteins detected by the initial proteomic
studies (see the table shown in supplementary Fig. 1c) of
the silver-stained 2D gels but was excluded from our initial
analyses because its expected molecular weight of 51.7 kDa
was below the expected 60 kDa weight of p60.

To analyze if PDCD4 was the protein recognized by
the anti-pS®!3-P-REX1 antibody, we raised an antibody to
PDCD4 which was used to immunoprecipitate PDCD4.
Using that reagent, PDCD4 was immunoprecipitated from
cellular extracts of MCF7 cells and the precipitates analyzed
by Western blot using the anti-pS*!*>-P-REX1 or anti-PDCD4
antibodies. PDCD4 was detected by the anti-pS*!3-P-REX1
antibody, indicating that the phosphorylated 60 kDa band
corresponded to PDCD4 (Fig. 1i). Furthermore, PDCD4

immunoprecipitated from NRG-treated MCF7 cells and
treated with alkaline phosphatase was weakly detected by
the anti-pS*!*-P-REX1 antibody, indicating that this anti-
body recognized PDCD4 when phosphorylated (supplemen-
tary Fig. 1d).

5313

The anti-pS®'3-P-REX1-antibody recognizes pSer®’

in PDCD4

To find out the serine(s) recognized by the anti-pS®!-P-
REX1 antibody, different regions of PDCD4 were trun-
cated. Two C-terminal region deletions as well as another
two N-terminal deletions of PDCD4 were prepared (Fig. 2a).
These mutants were transfected in MCF7 cells and the cells
were stimulated with NRG. C-terminal deletions of PDCD4
failed to prevent interaction of the truncated proteins with
the anti-pS*!>-P-REX1 antibody (Fig. 2b). Analogously,
deletion of the first N-terminal 55 amino acids did not pre-
vent identification of the truncated protein by that antibody
(Fig. 2c). However, the anti-P-REX1-pS*!? antibody failed
to detect pPDCD4 in the mutant in which the first 132 amino
acids were eliminated (Fig. 2d), indicating that the phospho-
rylated serine residue recognized by the antibody must be in
aregion between amino acids 55 and 132 of PDCD4. Next,
site directed mutagenesis of the serines in the 55-132 region
was performed (Fig. 2e). The anti-pS*'*-P-REX1 antibody
was able to recognize PDCD4 in all mutants, except for the
double mutant S67/68A (Fig. 2f, g). Separate experiments
individually mutating serine 67 and serine 68 to alanine
showed that the residue recognized by the anti-P-REX1-
pS*!3 antibody corresponded to serine 67 (Fig. 2h). Of note,
comparison of the primary sequence used for the genera-
tion of the phosphorylated-P-REX1 antibody and that sur-
rounding serine 67 of PDCD4 showed very limited identity
(Fig. 2i).

Next, we explored whether serine 67 phosphorylation of
PDCD4 was a general effect in the signaling by the NRG-
ErbB system. To that end, we used the additional breast can-
cer cell lines T47D, BT474 and SKBR3. The latter two are
representative of HER2+ breast cancer, while the former,
together with MCF7, are used as models of the hormonal
subtype of breast cancer. All four cell lines express NRG
receptors and respond to NRG by activation of the PI3K/
mTOR/AKT and RAS/RAF/ERK routes (supplementary
Fig. 2a). Addition of NRG caused serine 67 phosphorylation
of PDCD4 in all of them except in SKBR3 cells. The lack
of effect in the latter cell line could be due by its low resting
levels of PDCD4 (supplementary Fig. 2a). The low resting
levels observed in SKBR3 cells could be increased by agents
such as lapatinib and neratinib, which inhibited HER?2 activ-
ity, indicating that the high resting levels of pHER?2 present
in these HER2-overexpressing cell line could constitutively
induce down regulation of PDCD4 (supplementary Fig. 2b).

@ Springer



J. C. Montero, A. Pandiella

S%” phosphorylation of PDCD4 is required
for NRG-induced degradation of PDCD4

Having discovered that NRG regulates phosphorylation of
PDCD4, we then initiated a series of experiments aimed at
exploring the relevance of that protein and its S®’ phospho-
rylation in signaling by NRG receptors.

Time course experiments demonstrated that treatment of
MCF?7 (Fig. 3a), T47D (supplementary Fig. 3a) or BT474
(supplementary Fig. 3b) cells with NRG did not affect the
total amount of PDCD4 at early time points (up to 30 min)
but substantially decreased its amount at 60 min of treatment
and beyond. At early stimulation times, NRG increased S®’
phosphorylation of PDCD4. However, down regulation of
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Fig.3 Role of the proteasome and nucleocytoplasmic circulation in
the regulation of PDCD4 levels by NRG receptors. a MCF7 cells
were treated with NRG for the indicated times. Lysates were analyzed
by Western blot with anti-pS>!*>-P-REX1 and anti-PDCD4 antibod-
ies. b Immunofluorescence analysis of levels of PDCD4 in MCF7
cells treated with NRG. Cells were stained for PDCD4 (red) and
DNA (blue). Scale bar=10 pm. ¢, d NRG induces the degradation of
PDCD4 via proteasome. MCF7 cells were pre-treated with or without
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PDCD4 levels at late incubation times with NRG affected
S’phosphorylation of PDCD4. Parallel immunofluores-
cence experiments with an anti-PDCD4 antibody showed
that under resting conditions PDCD4 was mainly located in
the nucleus and cytosol of MCF7, T47D and BT474 cells
(Fig. 3b; supplementary Fig. 3c, d). Two clear effects of
NRG on the immunofluorescent signal of PDCD4 were
observed. First, at early times of treatment, NRG provoked
movement of PDCD4 from the cytosol to the nucleus
(Fig. 3b; supplementary Fig. 4a—d). Second, and in line with
the Western blotting results, these immunofluorescence stud-
ies also showed that the amount of PDCD4 progressively
decreased with time of treatment with NRG (Fig. 3b; sup-
plementary Fig. 3c, d).
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MG132 (10 pM) and then stimulated with NRG or PMA (1 pM) dur-
ing 6 h (c), or with NRG during 2 h (d). e, f Degradation of PDCD4
requires exit to the cytosol. MCF7 cells were pre-treated with lepto-
mycin B (20 pg/ml) and then stimulated with NRG at different times.
Analyses of total and pS®’-PDCD4 were performed by Western blot
(e), and localization and levels of PDCD4 were analyzed by immuno-
fluorescence (f)
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Previous reports have indicated that the ubiquitin—pro-
teasome pathway contributes to the regulation of PDCD4
levels in mitogen-deprived cells stimulated with serum or
the tumor promoter Phorbol-12-myristate, 13-acetate (PMA)
[39—41]. As shown in Fig. 3c, preincubation of MCF7 cells
with the proteasome inhibitor MG132 prevented the reduc-
tion of PDCD4 levels induced by a 6 h treatment with NRG
or PMA. Under these experimental conditions, the levels of
pS%’-PDCD4 were maintained in cells treated with NRG or
PMA. Similar results were obtained in T47D and BT474
cells (supplementary Fig. 4e, f). Immunofluorescence exper-
iments confirmed that MG132 inhibited the degradation of
PDCD4 (Fig. 3d).

To explore whether NRG-induced degradation of PDCD4
requires export outside the nucleus, MCF7 cells were pre-
incubated with leptomycin B, which prevents the exit of
proteins from the nucleus to the cytosol [42, 43]. Treatment
with leptomycin B prevented the degradation of PDCD4
induced by NRG in MCF7 cells (Fig. 3e, f). On the other
hand, the phosphorylation of PDCD4 in S induced by
NRG was substantially higher in cells treated with leptomy-
cin B, indicating that the phosphorylation in this residue is
maintained in the nucleus because PDCD4 is not degraded,
and perhaps not easily accessible to the dephosphorylating
phosphatases.

To define whether S%7 phosphorylation of PDCD4 had
a role in its NRG-induced degradation, HA-tagged forms
of wild type PDCD4 as well as a mutated form in which
S® was replaced by alanine were transfected into MCF7
cells. Immunofluorescence analyses demonstrated that the
subcellular distribution of HA-tagged wild type PDCD4
as well as HA-PDCD4-S%” A were similar to endogenous
PDCD4 (Fig. 4a). Short term treatment with NRG pro-
voked accumulation of HA-tagged wild type PDCD4 and
HA-PDCD4-S%A in the nucleus (Fig. 4a), suggesting that
phosphorylation of S%” was not required for PDCD4 nuclear
translocation. Activation of NRG receptors decreased the
levels of HA-tagged wild type PDCD4 (Fig. 4b, c¢). How-
ever, the levels of HA-tagged PDCD4-S%”A did not decrease
over the time of treatment with NRG. Endogenous PDCD4
expression levels decreased with NRG treatment in a similar
manner in both cells. These results indicated that phospho-
rylation of PDCD4 in S%’ is required for its degradation upon
activation of NRG receptors in MCF7 cells.

NRG controls PDCD4 S phosphorylation
and stability through several signaling routes.

The PI3K/mTOR route through the AKT and p70S6K
kinases, as well as the ERK1/2 route through p90RSK have
formerly been implicated in the regulation of PDCD4 phos-
phorylation [39-41, 44]. To explore the contribution of
both routes to NRG-induced S*’PDCD4 phosphorylation,

drugs that target different components of these signaling
pathways were used (Fig. 5a). Western blotting experi-
ments confirmed that NRG activated phosphorylation of S6
and AKT, which are used as readouts of activation of the
mTORC1 and mTORC?2 branches of the PI3K/mTOR path-
way, respectively (Fig. 5b). These studies also showed that
NRG activated the ERK1/2 route, as indicated by the dual
phosphorylation of ERK1/2. Inhibitors targeting upstream
components of both routes such as BEZ235, a dual PI3K/
mTOR inhibitor, and AZD6244, a highly selective inhibi-
tor of the ERK1/2 upstream activating kinases MEK1/2
were tested. Preincubation with AZD6244 prevented NRG-
induced phosphorylation of ERK1/2, without affecting the
activatory effect of NRG on S6 or AKT (Fig. 5b). On the
other hand, BEZ235 completely inhibited the capability of
NRG to provoke increases in pAKT and pS6. With respect
to the action of the drugs on the phosphorylation of PDCD4
in S¥7, each of these drugs used individually slightly reduced
the phosphorylation of that residue upon NRG stimula-
tion (Fig. 5b, ¢). However, combination of AZD6244 with
BEZ235 completely abrogated NRG-induced S®’PDCD4
phosphorylation. Analogously to that data obtained in
MCEF7 cells, the combination of AZD6244 with BEZ235
completely inhibited NRG-induced S®’PDCD4 phosphoryla-
tion in T47D cells (supplementary Fig. 5a).

The above data demonstrated that signals transduced
through the PI3K/mTOR and the ERK1/2 routes could con-
trol phosphorylation of PDCD4 at S%. Considering this, and
former reports which pointed to AKT and p70S6K as kinases
capable of phosphorylating S¢7 in PDCD4 [39, 40, 44], the
action of inhibitors of these kinases on NRG-induced phos-
phorylation of PDCD4 at serine 67 was explored. The con-
tribution of p90RSK, which can be activated through the
ERK1/2 pathway, was evaluated using BI-D1870 [45], since
serine 67 lies in a consensus sequence region that may be
targeted by such kinase [46]. That drug had a partial inhibi-
tory effect on NRG-induced phosphorylation of PDCD4
at S (Fig. 5¢). However, when combined with BEZ235,
inhibition of NRG-induced phosphorylation of PDCD4 at
S®7 was complete. On the other hand, preincubation with
the AKT inhibitor MK-2206 [47], which prevented phos-
phorylation of AKT activating residues threonine 308 and
serine 473 [47], failed to inhibit NRG-induced S®’PDCD4
phosphorylation (supplementary Fig. 5b; Fig. 5d). Moreo-
ver, treatment with the AKT inhibitor appeared to increase
PDCD4 phosphorylation in S%’. The failure of MK-2206
to inhibit NRG-induced phosphorylation of PDCD4 at
S%7 was surprising, given the reported role of AKT as a
PDCD4 kinase [44], and the results obtained with BEZ235.
However, since BEZ235 affected signaling through both
mTORC1 and mTORC?2 (Fig. 5a, b), the possibility that
the mTORCI branch of the mTOR route was participat-
ing in NRG-induced phosphorylation of PDCD4 at S was
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Fig.4 Phosphorylation of
PDCD4 in serine 67 is required
for NRG-induced degradation.
a Phosphorylation of PDCD4
in serine 67 is not required for
the cytosol to nucleus transit
of PDCD4 induced by NRG.
MCEF7 cells transfected with
wild type HA-PDCD4 or
HA-PDCD4-S67A were seeded
on coverslips and treated with
NRG (10 nM, 15 min). Loca-
tion of exogenous HA-PDCD4
and endogenous PDCD4 were
performed by immunofluores-
cence. b MCF7 cell transfected
as above were treated with NRG
for times indicated. Levels of
HA-PDCD4, HA-PDCD4-
S67A and endogenous PDCD4
were analyzed by Western.
GAPDH was used as a load-
ing control. ¢ Quantitative
analysis of the relative protein
levels of HA-PDCD4-WT

and HA-PDCD4-S67A of the
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explored. To that end, we used rapamycin, an inhibitor of the
mTORCI1 complex [48]. Rapamycin alone had little effect on
NRG-induced phosphorylation of PDCD4 at S% (Fig. 5d). In
contrast, the combination of rapamycin and BI-D1870 fully
prevented such phosphorylation. Western blotting analyses
demonstrated that rapamycin prevented pS6 but not pAKT
phosphorylation, confirming the preferential inhibition of
the mTORCI1 route by the drug.

To explore whether S6K participated as a downstream
intermediate of mTORCI1, the inhibitor PF-4708671 was
used. By itself, this inhibitor had a discrete inhibitory effect
on resting S®’PDCD4 phosphorylation, but no appreciable
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effect on NRG-induced phosphorylation of that residue
(supplementary Fig. 5c¢). However, its combination with
the p90RSK inhibitor profoundly inhibited NRG-induced
phosphorylation of PDCD4 in S’ (supplementary Fig. 5d).
Combination of PF-4708671 and AZD6244 prevented
NRG-induced phosphorylation of PDCD4 in S% (Fig. Se).
Together, the above studies indicated that the PI3K/
mTORC1/S6K and the ERK1/2-p90RSK routes coordinately
transduced the signal emanating from the NRG receptors to
regulate S®” PDCD4 phosphorylation.

Next, the signaling pathways regulating PDCD4 pro-
tein levels were explored. BEZ235 and AZD6244 inhibited
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Fig.5 NRG controls phosphorylation of serine 67 through several
signaling routes. a Schematic representation of pathways activated by
neuregulin-ErbB receptors and analyzed using drugs that block them
(shown in red). b—e MCF7 cells were preincubated with BEZ235
(1 pM), AZD6224 (5 pM), combination of BEZ235 plus AZD6224,
BI-D1870 (5 pM), combination of BEZ235 plus BI-D1870, rapamy-

NRG-induced degradation of PDCD4 (Fig. 6a, b; supple-
mentary Fig. 6a), the former having a stronger inhibitory
effect. Treatment with these drugs slightly augmented rest-
ing PDCD4 levels (supplementary Fig. 6a). The alternative
PI3K inhibitor PX866 also prevented NRG-induced deg-
radation of PDCD4 (supplementary Fig. 6b). Time course
studies demonstrated the stabilization of PDCD4 levels by
BEZ235 (Fig. 6¢), which was accompanied by inhibition
of pS6 phosphorylation, indicating full inhibition of NRG-
induced signaling through the mTORC1 branch. Rapamy-
cin exerted an inhibitory effect similar to BEZ235 on NRG-
induced degradation of PDCD4, further supporting that
the mTORCI route controlled such degradation (Fig. 6d).
BEZ235 inhibited degradation of PDCD4 triggered by NRG
stimulation in several other breast cancer cell lines (sup-
plementary Fig. 6¢), confirming that the PI3K/mTOR route
controls stability of PDCD4.

cin (100 nM), MK2206 (1 pM), BI-D1870 (5 pM), rapamycin plus
MK?2206, rapamycin plus BI-D1870, MK2206 plus BI-D1870, triple
combination of rapamycin, MK2206 plus BI-D1870, PF-4708671
(20 pM), AZD6224 (5 pM), and combination of PF-4708671 plus
AZD6224. All preincubations with the drugs were for 3 h and treat-
ments with NRG (10 nM) for 15 min

PDCDA4 is a key element in NRG-induced migration,
invasion and proliferation.

PDCD4 has formerly been implicated in migration of
cancer cells [49]. Since this biological characteristic can
be regulated by NRGs [3], the potential participation of
PDCD4 in that response was investigated. To that end, the
levels of PDCD4 were first decreased using RNA inter-
ference (Fig. 7a). When MCF7-sh-control and MCF7-
sh-PDCD4 cells reached confluence, the surface of the
monolayers was scratched with a pipette tip to create
an area without cells (Fig. 7b). Then, cells were serum-
deprived and treated with or without NRG. Photographs of
the wounded regions of the dishes were obtained at days
0, 1 and 2 (Fig. 7b; supplementary Fig. 7a). MCF7 cells
in which the levels of PDCD4 were decreased migrated
more than the parental MCF7 cell line, especially in the
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Fig.6 NRG controls PDCD4 stability through several signal-
ing routes. a MCF7 cells were preincubated with BEZ235 (1 pM),
AZD6224 (5 pM) or a combination of BEZ235 plus AZD6224 for
3 h, and then treated without or with NRG (10 nM) during 6 h. Lev-
els of PDCD4, pAKTS473, pS6, pERK1/2 and calnexin were ana-
lyzed by Western blotting. b Quantitative representation of the rela-
tive protein levels of PDCD4 respect to cells not treated with NRG

presence of NRG (Fig. 7b, c; supplementary Fig. 7a). On
the other side, we transfected PDCD4 into MCF7 cells to
increase its level over the endogenous one (Fig. 7d) and
analyzed the effect of such increase on resting or NRG-
induced migration. MCF7 cells overexpressing PDCD4
migrated less than the parental MCF7 cell line and its
response to NRG was profoundly compromised (Fig. 7e;
supplementary Fig. 7b).

The potential effect of PDCD4 on NRG-induced inva-
sion was also explored. Knock down of PDCD4 favored
the invading characteristics of MCF7 cells, both in the
absence or presence of NRG (Fig. 7f). Interestingly,
PDCD4 knock down augmented NRG-induced up-regu-
lation of the metalloprotease collagenase-3 (also known
as MMP13) (Fig. 7g), which has been reported to play an
important role in NRG-induced local as well as distant
dissemination [34].

One of the relevant actions of NRG on breast cancer
cells is the stimulation of cell proliferation. To investi-
gate the role of PDCD4 in the proliferative responses upon
activation of NRG receptors, the effect of overexpressing
HA-tagged PDCD4 was explored in MCF7 and T47D cells
(Fig. 7h; supplementary Fig. 7c, d). Increased expression
of PDCD4 decreased the resting and NRG-induced prolif-
eration of MCF7 and T47D cells.
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in each condition of the experiment shown in a. ¢ MCF7 cells were
preincubated with BEZ235 (500 nM) and then treated without or with
NRG for the times indicated. d Role of the mTORCI1 pathway in
the control of PDCD4 stability. MCF7 cells were preincubated with
BEZ235 (1 pM) or rapamycin (100 nM) and then treated with or
without NRG for 6 h

Discussion

Identification of intermediates that participate in NRG-ErbB
signaling is critical for understanding how this ligand-recep-
tor system regulates basic physiological functions such as
heart and peripheral nervous system homeostasis. In addi-
tion, given the relevance of such system in certain diseases
such as cancer or schizophrenia, advances in such under-
standing are required to assess whether pharmacological
action on these intermediates may offer therapeutic benefits.
In searching for intermediates of this signaling pathway,
using genomic as well as proteomic approaches, we formerly
involved ERKS, P-REX1 and MMP13 in different proonco-
genic actions of the NRG-ErbB signaling axis [31, 33, 34].
Here we describe the identification of a novel and relevant
intermediate of that signaling pathway, the PDCD4 protein.
PDCD4 was initially described in mouse cells treated
with dexamethasone and was associated to programmed cell
death [50]. Several studies have confirmed the role of this
protein in cell death but have also unveiled a multifaceted
role of that protein in the regulation of several prooncogenic
characteristics (reviewed in [46, 51]). Thus, PDCD4 has
been shown to inhibit proliferation, invasion or metastasis,
gaining acceptance as a tumor suppressor protein [52].
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Fig.7 Control of NRG-induced migration, invasion and prolifera-
tion by PDCD4. a Knockdown of PDCD4 in MCF7 cells. Cells were
infected with lentivirus containing the shRNA control (Sh-Control) or
two shRNA sequences targeting PDCD4. Levels of PDCD4 were ana-
lyzed by Western blotting, using calnexin as a loading control. b Rep-
resentative images from the wound healing assay showing the effect
of PDCD4 knockdown on NRG-induced migration of MCF7 cells.
The colored lines delimit the wounded region area. ¢ Bar graph repre-
senting the recovered surface area with respect to the initial wounded
area in each condition of the experiment performed in b. d Overex-
pression of PDCD4 in MCF7 cells. Clones of MCF7 cells transfected
with HA-PDCD4 or empty vector were lysed and expression of the
exogenous HA-PDCD4 or endogenous PDCD4 detected by Western.

The process of identification of PDCD4 as an NRG-
ErbB signaling intermediate started with the observation
that an antibody generated against a phosphorylated ver-
sion of P-REX1 cross-reacted with a phosphoprotein of
60 kDa. Proteomic analyses identified p60 as PDCD4. Fur-
ther molecular analyses defined serine 67 as the site recog-
nized by the anti-phospho-P-REX1 antibody. Inspection of
the peptide sequence against which the p-P-REX1 antibody
was raised and the sequence surrounding serine 67 showed
little primary homology between both peptides. Therefore,

e Increased expression of PDCD4 prevented NRG-induced migra-
tion. The bar graph represents the recovered surface area with respect
to the initial area in each condition. f Bar graph showing the num-
ber of MCF7-sh-Control or MCF7-sh-PDCD4 invading cells 48 h
after NRG stimulation. Invading cells (those able to pass through the
Matrigel layer) were fixed, stained with crystal violet, and counted.
The Western image above the graph shows the level of PDCD4 in
MCF7-sh-Control or MCF7-sh-PDCD4 cells. g Western blotting
analysis of the effect of PDCD4 knockdown on the regulation of
MMP13 after NRG stimulation for 6 h in MCF7 cells. h Increased
expression of PDCD4 decreased resting and NRG-induced prolif-
eration of MCF7 cells. Cell proliferation was determined by MTT
metabolization 3 days after NRG (10 nM) stimulation

additional conformational determinants beyond the primary
sequence may contribute to favor the cross reactivity of the
anti-P-REX1 antibody with pPDCD4. In our model system,
the signal responsible for S¢7 phosphorylation upon acti-
vation of NRG receptors was conveyed through the PI3K/
mTOR and the classical ERK1/2 MAPK route, as indicated
by pharmacological manipulation of both routes. Neu-
tralization of signaling of each individual route, using the
upstream inhibitors of these routes BEZ235 or AZD6244,
had a poor effect on NRG-induced S® phosphorylation of
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PDCD4. However, combined treatment with those agents
efficiently inhibited NRG-induced S®’ phosphorylation
of PDCD4. These results indicate that signals from NRG
receptors responsible for such phosphorylation can be
transduced through both routes and the inhibition of one of
them allows the other to still transduce the phosphorylation
signal, compensating the loss of signaling by the inhibited
pathway. Such compensatory PDCD4 regulation by NRG-
ErbB receptors may reflect a need for strict regulation of
PDCD4 function during signaling once ErbB receptors are
activated. Further pharmacological studies suggested that
S6K and p90RSK may be involved in the regulation of ¢
phosphorylation of PDCD4 by NRG receptors. Evidence
for the involvement of S6K (downstream of PI3K/mTOR)
in S%7 phosphorylation of PDCD4 has already been pro-
vided, as well as a role for AKT in such phosphorylation
[40, 44]. In addition, p90RSK has been reported to partici-
pate in the phosphorylation of PDCD4 in serines 76 and
457 [39, 41], but not in S67 phosphorylation. We, however,
demonstrate here that p9ORSK participates in NRG-induced
S®7 phosphorylation. In contrast, AKT was excluded as a
potential mediator in the action of NRG since inhibitors of
AKT did not prevent NRG-induced S’ phosphorylation of
PDCD4. While our studies cannot define whether S6K and
P90RSK kinases act directly on PDCDA4, the inhibitor studies
confirm their participation in the control of S%” phospho-
rylation of PDCD4. Moreover, our data define for the first
time to p90RSK as a kinase controlling S®” phosphoryla-
tion of PDCDA4. Interestingly, S® lies within the consensus
sequence RXRXXS/T recognized by both S6K1 and RSK
[46].

Serine 67 of PDCD4 is located in a region of the protein
implicated in its stability [51, 52]. In fact, previous reports
have demonstrated that phosphorylation of nearby serine
76 regulates PDCD4 stability [39, 41]. Therefore, the pos-
sibility that NRG could affect PDCD4 stability through S®
phosphorylation appeared likely. In fact, activation of NRG
receptors caused PDCD4 downregulation. This action was
evident after a few hours of treatment with NRG and was
sustained over time. Such degradation of PDCD4 was caused
by the proteasome, as indicated by results using the pro-
teasome inhibitor MG132, and required nucleocytoplasmic
movement of PDCD4. In fact, leptomycin B, which blocks
exit of proteins from the nucleus [43], inhibited degradation
of PDCDA4. Such effect of NRG on PDCD4 levels appeared
to be mediated by phosphorylation-induced degradation of
the protein, since a version of PDCD4 in which serine 67
was mutated to alanine, resisted NRG-induced degradation.
In addition, pharmacologic studies indicated that agents
acting on the pathways that control S phosphorylation of
PDCD4 could prevent NRG-induced degradation of PDCD4.
Especially effective in this inhibitory action were agents that
target the PI3K/mTORCI route, indicating a predominant
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role of such route in the control of PDCD4 stability. These
findings are especially relevant from the translational
point of view. Thus, the inhibitory effect of rapamycin on
the degradation of PDCD4 may help in understanding the
antitumoral properties of mMTORCI inhibitors used in the
oncology clinic. These results are in line with reported data
indicating that PDCD4 phosphorylation at S¢7 facilitates its
recognition by the E3 ligase p-transducin repeats containing
protein, leading to proteasomal degradation [40]. Another
report suggested that S**7 phosphorylation of PDCD4 was
required for nuclear translocation of PDCD4 [44]. While
we could confirm that mutation of $**’ prevented nuclear
localization and translocation of PDCD4 (data not shown),
mutation of S%7 did not prevent nuclear localization of
PDCD4, in agreement with a former report [44]. Together,
these data indicate that NRG-induced phosphorylation of
PDCD4 at S®’promotes proteasomal degradation of PDCD4,
which requires its export outside the nucleus. It cannot be
excluded that in addition to proteasomal degradation, NRG
may also affect PDCD4 levels by downregulation of its
mRNA in analogy to such effect caused by EGF in other
cell types [53]. The effect of NRG on PDCD4 phosphoryla-
tion and degradation was observed in several breast cancer
cell lines bearing different levels of ErbB receptors. It is
however important to mention that in SKBR3 cells, agents
that neutralize the kinase activity of HER2 provoked an
increase in PDCD4, suggesting that constitutive signaling
by overexpressed HER2 maintains low levels of PDCD4 in
this cell line. Therefore, either ligand-stimulated or overex-
pressed and constitutively active ErbB receptors may signal
through the PI3K and ERK routes to diminish the inhibitory
function of PDCD4 on the oncogenic properties of breast
cancer cells.

Functional studies performed to define the role of PDCD4
in NRG-induced biological responses demonstrated that
PDCD4 exerts a critical role in the transduction of signals
that affect the prooncogenic actions of the ErbB system.
Genetic manipulation of PDCD4 levels showed that MCF7
cells in which levels of PDCD4 were down regulated by
shRNA migrated more and invaded more than MCF7 cells
expressing autochthonous levels. Such result indicated that
PDCD4 restrained migration and invasion in these cells and
sustained a role of PDCD4 as a tumor suppressor, a charac-
teristic that was also supported by the restriction of resting
and NRG-induced proliferation of MCF7 and T47D cells
overexpressing PDCD4.

The work herewith reported situates PDCD4 within the
complex map of NRG-ErbB signaling. Due to the roles of
this ligand-receptor system in biology and in pathophysiol-
ogy, our findings should help in understanding the signaling
upon activation of NRG receptors, and may indeed facili-
tate the optimization of certain therapies, for example by
stabilizing PDCD4 levels using clinically available PI3K/
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mTOR inhibitors in combination with agents that directly
target the ErbB receptors. Importantly, inhibitors of HER2
augmented PDCD4 levels in breast cancer cells overexpress-
ing HER? offering preclinical rationale for the combination
of agents that target HER2 and mTORCI for the treatment
of patients with that type of breast tumors. In any case, the
finding that PDCD4 plays an important role in important
oncogenic properties such as migration, invasion or prolif-
eration, which are controlled by NRG receptors opens the
possibility of therapeutically manipulating PCD4 levels in
tumors fed by the NRG-ErbB system.
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