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Nuclear PDCD4 Expression Defines a Subset of Luminal B-Like Breast
Cancers with Good Prognosis
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Abstract
The hormone receptor-positive (estrogen and/or progesterone receptor (PR)-positive) and HER2-negative breast cancer (BC)
subtype is a biologically heterogeneous entity that includes luminal A-like (LumA-like) and luminal B-like (LumB-like) sub-
types. Decreased PR levels is a distinctive biological feature of LumB-like tumors. These tumors also show reduced sensitivity to
endocrine therapies and poorer prognosis than LumA-like tumors. Identification of biomarkers to accurately predict disease
relapse in these subtypes is crucial in order to select effective therapies.We identified the tumor suppressor PDCD4 (programmed
cell death 4), located in the nucleus (NPDCD4), as an independent prognostic factor of good clinical outcome in LumA-like and
LumB-like subtypes. NPDCD4-positive LumB-like tumors presented overall and disease-free survival rates comparable to those
of NPDCD4-positive LumA-like tumors, indicating that NPDCD4 improves the outcome of LumB-like patients. In contrast,
NPDCD4 loss increased the risk of disease recurrence and death in LumB-like compared with LumA-like tumors. This, along
with our results showing that LumB-like tumors present lower NPDCD4 positivity than LumA-like tumors, suggests that
NPDCD4 loss contributes to endocrine therapy resistance in LumB-like BCs. We also revealed that PR induces PDCD4
transcription in LumB-like BC, providing a mechanistic explanation to the low PDCD4 levels in LumB-like BCs lacking PR.
Finally, PDCD4 silencing enhanced BC cell survival in a patient-derived explant model of LumB-like disease. Our discoveries
highlight NPDCD4 as a novel biomarker in LumA- and LumB-like subtypes, which could be included in the panel of immu-
nohistochemical markers used in the clinic to accurately predict the prognosis of LumB-like tumors.
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Introduction

The hormone receptor (HR)-positive (estrogen receptor (ER)
and/or progesterone receptor (PR)-positive) and HER2-
negative BC subtype comprises up to 70% of all breast can-
cers (BCs) [1]. Treatment options for these patients include
endocrine therapies directed to block ER action, either by
antagonizing ligand binding to ER (e.g., tamoxifen), down-
regulating ER levels (e.g., fulvestrant), or blocking estrogen
synthesis (e.g., aromatase inhibitors) (reviewed in [2]).
Despite most women with HR-positive and HER2-negative
(HR+/HER2−) disease respond to endocrine therapy, 30%
of patients will relapse due to de novo or acquired resistance
to these agents [1]. HR+/HER2− BC is a biologically hetero-
geneous entity that includes luminal A-like (LumA-like) and
luminal B-like (LumB-like) subtypes [3]. LumB-like tumors
show reduced sensitivity to endocrine therapies and poorer
prognosis than LumA-like tumors [2, 4]. The St. Gallen
Consensus guidelines have endorsed the use of immunohisto-
chemical markers to define LumA-like and LumB-like BC
subtypes [3]. Lower PR levels in LumB-like tumors than in
LumA-like tumors is one of the distinctive biological features
of these subtypes [3, 5]. However, accurate differentiation
between LumA-like and LumB-like subsets as well as the
prediction of their outcome remain a clinical challenge.
Therefore, developing biomarkers guiding therapeutics for
these subtypes is urgently required.

Tumor suppressor PDCD4 (programmed cell death 4),
originally discovered as a gene upregulated during apoptosis
[6], efficiently inhibits tumor development, growth, invasion,
and metastasis [7–9]. Loss of PDCD4 expression is associated
with poor prognosis in solid tumors including BC [10–15].
The best-acknowledged PDCD4 function is as inhibitor of
protein translation, which occurs by PDCD4 interaction with
the eukaryotic translation initiation factor 4A (eIF4A) or by its
binding to specific mRNAs [16, 17]. Accumulating evidence
also demonstrated that PDCD4 regulates gene transcription
[18–20]. Downregulation of PDCD4 is associated with in-
creased expression of the oncogenic microRNA-21 (miR-
21), which targets PDCD4 mRNA [21]. The ErbB-2/HER2
pathway also modulates PDCD4 via its canonical and non-
canonical mechanisms of actions [22, 23]. PDCD4 expression
was detected in both the nucleus and the cytoplasm in normal
breast and BC tissues [24–26]. The shuttle of PDCD4 between
these subcellular compartments would have important effects
on function regulation and seems to be cell-type specific [27].
To our knowledge, there are no studies exploring the clinical
relevance of either nuclear or cytoplasmic PDCD4 in BC.

Here, we identify nuclear PDCD4 (NPDCD4) as an inde-
pendent prognostic factor of good clinical outcome in LumA-
like and LumB-like BCs, which can be included in the panel
of immunohistochemical markers routinely used in the clinic
to accurately predict the prognosis of LumB-like tumors.
Notably, we clearly demonstrate that PR plays a key role in
PDCD4 regulation in BC cells. Most interestingly, we show
that PDCD4 silencing enhances tumor cell survival in a
patient-derived explant (PDE) model of LumB-like disease.

Materials and Methods

Patients

Paraffin-embedded tissue sections from 619 archived invasive
BCs were selected from the Histopathology Department of
Temuco Hospital (Chile), Hospital General de Agudos “Juan
A. Fernández” (Argentina), Instituto de Oncología Henry
Moore (Argentina), and Hospital Aeronáutico Central
(Argentina) from 2001 to 2014. The median follow-up time
was of 73 months (range, 2.4–144 months). This study was
conducted according to the provisions of the Declaration of
Helsinki and informedwritten consents were obtained from all
patients. Study protocols were approved by the Review
Boards on Human Research of the participating institutions.
Patients included were women aged 18–85 (alive or de-
ceased), were diagnosed with stage I–III BC as primary tumor,
and whose data on baseline clinical features and outcomes
were complete. Patients underwent surgical treatment, re-
ceived adjuvant chemotherapy with anthracyclins, taxanes,
and/or platinum compounds; and/or endocrine therapy with
tamoxifen or anastrazole and/or trastuzumab; and/or radiation
therapy according to standard protocols. The primary end-
points were disease-free survival (DFS), distant metastasis-
free survival (DMFS), and local relapse-free survival
(LRFS). DFS was defined as the time from BC diagnosis to
the first recording of a recurrence or death, whichever came
first. DMFS and LRFS were defined as the time from BC
diagnosis to the first recording of a distant metastasis or a local
recurrence, respectively. Local relapse was defined as recur-
rences of BC occurring in the ipsilateral breast, regional
lymph nodes, and skin from the breast. Distant relapse was
defined as recurrences of BC occurring beyond the confines of
the ipsilateral breast, chest wall, or regional lymph nodes.
Sites of distant relapse included the brain (and central nervous
system), liver, lung, bone, pleural/peritoneal, and
supraclavicular nodes. The secondary endpoint was the
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overall survival (OS). Pre-treatment patient staging was clas-
sified according to the American Joint Committee on Cancer
(AJCC) system [28] through the Elston and Ellis histological
grading system [29]. Clinicopathological data of the cohort is
shown in Table 1.

Immunohistochemistry (IHC) and Histopathological
Analysis

Antigen retrieval was performed in 10 mM sodium citrate
buffer pH 6 for 20 min at 92 °C. Slides were incubated
with a rabbit monoclonal PDCD4 antibody (D29C6, dilu-
tion 1:100 overnight at 4 °C; Cell Signaling Technology,
USA), or rabbit IgG. Sections were incubated with a bio-
tinylated anti-rabbit secondary antibody, dilution 1:400,
for 30 min and then incubated with the VECTASTAIN®
Elite® ABC-HRP Kit (Vector, USA) and developed in 3,3-
diaminobenzidine (Cell Marque, USA). Slides were coun-
terstained with Mayer’s hematoxylin solution (Sigma-
Aldrich, USA). PDCD4 was independently evaluated by
three board-certified clinical pathologists (MGP, PG, and
AD) who ignored sample identity. Score discrepancies
were re-evaluated and reconciled on a multiple-headed mi-
croscope. PDCD4 was scored as reported [11, 23]. ER, PR,
and HER2 were evaluated by IHC as reported [30].
Guidelines for Reporting Recommendations for Tumor
Marker Prognostic Studies (REMARK) were followed in
this work [31].

Publicly Available BC Databases Assayed for
Validation

In order to validate the clinical impact of PDCD4 expres-
sion, the online Kaplan–Meier plotter database was used as
previously described [32]. In addition, we used the
METABRIC cohort. The METABRIC dataset [33], which
includes BC-specific survival (BCSS), clinical data, and
mRNA gene expression of primary breast tumors, was
downloaded from cBioportal on 2019-03-01. This dataset
counts with samples classified according to their gene ex-
pression profiles in GENIUS (Gene Expression progNostic
Index Using Subtypes) subgroups (HER2+, ER+/HER2−
high proliferation, ER+/HER2− low proliferation, ER
−/HER2−, [34]). We used the data of 1222 patients classi-
fied as ER+/HER2− and displaying either low or high pro-
liferation gene expression profiles (representing the
LumA-like and LumB-like BC subtypes, respectively)
and used the data file containing log2-transformed data,
as provided by the original authors. Patients were segregat-
ed into high and low expression groups based on PDCD4
mRNA median values.

Table 1 Clinicopathological characteristics of breast cancer patients

Characteristic Total cohort

N patients %

Total number of patients 619

Age (years)

Mean 56.38

SD 12.94

Range 18–84

Length of follow-up (months)

Median 73

Range 2.4–144

Menopausal status

Premenopausal 210 33.93

Postmenopausal 409 66.07

Tumor size

T1 170 27.46

T2 323 52.18

T3 83 13.41

T4 35 5.65

Not documented 8 1.29

Lymph node status

N0 291 47.01

N1 168 27.14

N2 116 18.74

N3 39 6.30

Not documented 5 0.81

Distant metastasis at diagnosis

M0 619 100.00

M1 0 0.00

Clinical stage

I 123 19.87

II 317 51.21

III 178 28.76

IV 0 0.00

Not documented 1 0.16

Tumor grade

1 97 15.67

2 288 46.53

3 212 34.25

Not documented 22 3.55

Estrogen receptor status

Positive 423 68.34

Negative 188 30.37

Not documented 8 1.29

Progesterone receptor status

Positive 349 56.38

Negative 262 42.33

Not documented 8 1.29

Progesterone receptor percentage

≥ 20% 272 43.94
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BC Cell Lines Data Mining

For analysis of PDCD4 expression in BC cell lines, we
assessed the Cancer Cell Line Encyclopedia (CCLE) dataset
[35] for transcriptomic characterization (RNA-seq, n = 50). To
classify BC cell lines, literature mining was performed for ER,
PR, and HER2 status as well as their intrinsic BC subtype.
Processed mRNA expression data from the CCLE was
downloaded from the CCLE portal (https://portals.
broadinstitute.org/ccle, release version dated 2019-02-01).
Two-sided Pearson’s correlation test was used to evaluate sta-
tistical significance in all these analyses. For multiple linear
regression analysis among PDCD4, ER-alpha and PR mRNA
levels, the R scatterplot3d package was used. PDCD4 mRNA
levels in BC cell lines expressing or not ER and PR were
retrieved from a publicly available dataset (GSE55350 [36])
using the GEO2R interactive web tool (http://www.ncbi.nlm.
nih.gov/geo/info/geo2r.html).

Cell Lines and Treatments

T47D, MCF-7, BT-474, SK-BR-3, and HCC1569 cell lines
were obtained from the American Type Culture Collection
and JIMT-1 cells from the German Resource Center for
Biological Material. T47D-Y cells were a gift from K.
Horwitz (University of Colorado, Denver, CO). All lines were
authenticated by short tandem repeat DNA profiling and were
regularly screened for mycoplasma infection. Experiments in
Figs. 3e, f and 4a–c were performed in complete media. T47D
and MCF-7 cells were starved in 0.1% charcoalized fetal calf
serum for 48 h before stimulation with medroxyprogesterone
acetate (MPA).

Western Blot (WB)

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
and immunoblots were performed as reported [37]. Proteins
were electroblotted onto nitrocellulose, and membranes were
immunoblotted with the following antibodies: anti-PDCD4
(D29C6) from Cell Signaling Technology (Beverly, MA,
USA); anti-ErbB-2/HER2 (C-18, sc-284), anti-ER-alpha
(MC-20, sc-542), anti-GAPDH (0411, sc-47724), anti-
Histone H3 (C16R, sc-8654-R) and anti-lamin B1 (B10, sc-
374015) from Santa Cruz Biotechnology (Santa Cruz, CA,
USA); anti-β tubulin (T0198) from Sigma-Aldrich (Saint
Louis, MO, USA); and anti-PR (hPRa7) from Thermo
Fisher Scientific (Waltham, MA; USA). Proteins were visual-
ized with HRP-conjugated secondary antibodies (Vector
Laboratories, Burlingame, CA, USA), using Amersham
ECL Detection Reagent (GE Healthcare). Nuclear soluble,
chromatin-bound and cytoplasmic protein fractions were iso-
lated using the Subcellular Protein Fractionation Kit (78840,
ThermoFisher) according to the manufacturer’s instructions.

Table 1 (continued)

Characteristic Total cohort

N patients %

1–20% 77 12.44

< 1 262 42.33

Not documented 8 1.29

HER2 Status

Positive 116 18.74

Negative 462 74.64

Not documented 41 6.62

Clinical breast cancer subtypes

LumA-like 208 33.60

LumB-like 112 18.09

HR+/HER2+ 78 12.60

HR−/HER2+ 37 5.98

TN 130 21.00

Not classified 54 8.73

Operation

Breast conserving surgery 313 50.57

Mastectomy 301 48.63

Not documented 5 0.80

Adjuvant endocrine therapy

Yes 413 66.72

No 199 32.15

Not documented 7 1.13

Adjuvant chemotherapy

Yes 458 73.99

No 157 25.36

Not documented 4 0.65

Trastuzumab

Yes 54 8.72

No 565 91.28

Not documented 0 0

Radiotherapy

Yes 407 65.75

No 89 14.38

Not documented 123 19.87

Events during follow-up

No 426 68.82

Yes 193 31.18

Not documented 0 0.00

Events description

Local recurrence plus distant metastasis 15 2.42

Only local recurrence 28 4.52

Only distant metastasis 143 23.10

Not documented 7 1.13

Clinical Breast Cancer Subtypes: LumA-like luminal A-like, LumB-like
luminal B-like, HR+/HER2+ hormone receptor-positive and HER2-pos-
itive, HR−/HER2+ hormone receptor-negative and HER2-positive, TN
triple negative
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β Tubulin, lamin B1, and histone H3 were used to control
cellular fractionation efficiency. Experiments in which
PDCD4, ErbB-2/HER2, PR and ER-alpha protein levels were
explored were repeated two to three times. Signal intensities
of proteins were analyzed by densitometry using the ImageJ
software (National Institutes of Health) and normalized to β
tubulin or GAPDH bands. Densitometry was performed at
different exposures to assure quantification within the linear
detection range.

Plasmid Transient Transfections

Plasmids used in this work are detailed in [37, 38]. T47D-Y
cells were transiently transfected with plasmids encoding hu-
man wild-type PR-B (kindly provided by K. Horwitz) or hu-
man wild-type PR-A (a gift from D. Edwards, Baylor College
of Medicine, Houston TX). The plasmid encoding PR-B
engineered to contain a point mutation in a conserved cysteine
in the first zinc finger of the DNA-binding domain (C587A-
PR), which lacks the ability to bind to DNA, was also a gift of
K. Horwitz. Cells were transfected for 48 h with 2 μg of
expression vectors using X-tremeGENE HP (Roche) follow-
ing manufacturer’s instructions [23, 38].

siRNA Transfections

Small interfering RNAs (siRNAs) targeting human PR and
PDCD4 were synthesized by Dharmacon. siRNA sequences
were as fol lows: PR siRNA #1, 5 ′-CUAACAAA
U C A U C G A C U U A - 3 ′ ; P R s i R N A # 2 , 5 ′ -
GUAGUCAAGUGGUCUAAAU-3′ [39]; and PDCD4
siRNA, 5 ′-GGUGGCUGGAACAUCUAUU-3 ′ [40].
Experiments were performed with two different siRNA se-
quences for PR.We here present the results obtainedwith only
one of them. A control siRNA from Dharmacon that does not
target any known mammalian gene was used as negative con-
trol. Transfection of siRNA duplexes was performed using
DharmaFECT #1 transfection reagent (Dharmacon, Inc.) fol-
lowing manufacturer’s instructions, using 100 nM of siRNAs,
for 48 h. In all experiments, the knockdown effects produced
by specific siRNAs were assessed at protein levels by western
blot.

RNA Preparation and Real-Time RT-PCR

RNA was isolated and reverse transcription was performed as
previously described [41]. The following primers were used
for human PDCD4 cDNA: 5′-TATGATGTGGAGGA
GGTGGATGTGA-3′; 5′-CCTTTCATCCAAAGGCAAAA
CTACA-3′. The primers used to amplify glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as a normalization con-
trol were 5′-CAGTCAGCCGCATCTTCTTTTG-3′; 5′-
ACCAGAGTTAAAAGCAGCCCT-3′. The fold change of

mRNA expression was calculated by normalizing the absolute
PDCD4 mRNA amounts to GAPDH mRNA levels, used as
an internal control.

ChIP Assays and Real-Time qPCR

ChIP assays were performed as described [37]. The antibodies
used for ChIP assays were anti-PR (hPRa7) from Sigma-
Aldrich; anti-p300 (clone RW128) and anti-acetyl histone
H4 (06–866) from Millipore (Billerica, MA, USA); and IgG
(PP64), from Sigma-Aldrich, which was used as negative con-
trol. Primers used for qPCR spanning the region containing
PREs at positions -3699 and -3568, relative to human PDCD4
transcription start site (TSS), were 5′-GCAGCCCTAGGCTT
CAGATATT-3′ and 5′-TGCCTACCAAATCAATCCACA-
3′.

Analysis of Publicly Available ChIP-Seq Data

ChIP-seq and associated input datasets were downloaded
from the publicly available resource Cistrome Database [42].
Curated data from Mohammed et al. [43] (CistromeDB ID:
53982, 53983, 53984, 54058, 54062, and 54066) was loaded
and visualized with WashU EpiGenome Browser [42],
allowing binding pattern comparison in the region comprising
the human PDCD4 coding region and promoter.

PDE Culture of a LumB-Like BC Tumor

The BC tissue sample was obtained after written informed
consent from the patient and approval of the Ethics
Committees of IBYME and Sanatorio Sagrado Corazón.
PDE culture was performed as reported [44]. Briefly, BC tis-
sue was obtained and transported to the laboratory in DMEM-
F12 (Dulbecco’s modified Eagle’s medium/nutrient mixture
F12) supplemented with 10% fetal calf serum (FCS) within
1 h of surgery. Under sterile conditions, tissue was placed onto
a 10-cm plate in fresh DMEM-F12, rinsed, and using a surgi-
cal blade, a 1-mm3-thick longitudinal section of the tissue
sample was cut and placed into neutral-buffered formalin for
paraffin embedding (day 0 sample). This section was used to
determine the cancer content of the tissue following staining
with hematoxylin and eosin (H&E) and IHC. The remaining
tissue was dissected into 1-mm3 pieces (PDEs) and placed in
quadruplicate on top of a pre-soaked gelatin sponge with
500 μL DMEM-F12 supplemented with 10% FCS inside
24-well plates. PDEs were transfected with siRNAs targeting
PDCD4 or control siRNAs for 48 h. A PDE cultured for 48 h
in complete media was used as the control condition. At the
end of the experiment, PDEs were formalin-fixed and paraffin
embedded for IHC and H&E or harvested for WB. Cell cyto-
toxicity was evaluated in PDE culture medium by a lactate
dehydrogenase (LDH) release assay.
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Statistics

Analyses were performed using the STATA version 15 soft-
ware (Stata Inc., College Station, TX). Correlations between
categorical variables were performed using the χ2 test or
Fisher’s exact test when the number of observations obtained
was under five. Cumulative survival probabilities were cal-
culated according to the Kaplan–Meier method, and statisti-
cal significance was analyzed by log-rank or Wilcoxon test.
Univariate and multivariate analyses were performed using
Cox proportional hazards regression models. Adjustment for
significant confounders was done to avoid increased bias
and variability, unreliable confidence interval coverage,
and problems with the model associated to the small size
of our sample [45]. Variables that were statistically signifi-
cant (P < 0.05) in the univariate model were included in the
multivariate analysis. Given that clinical stage grading in-
cludes both tumor size and lymph nodes status information,
when the three confounders were statistically significant, only
the clinical stage was included in the multivariate model. The
hazard ratio (HR) and its 95% confidence interval (CI) were
calculated. Statistical differences were determined by two-
tailed Student’s t test, when two groups were compared, or
one-way ANOVA followed by Tukey’s test, when three or
more groups were compared, using Prism 6 (GraphPad
Software). All tests of statistical significance were two-sided.
P values < 0.05 were regarded as statistically significant.

Results

NPDCD4 Expression Is Associated with Good Clinical
Outcome in BC

To explore the clinical relevance of nuclear and cytoplasmic
PDCD4 expression in BC, we conducted a retrospective study
in a cohort of 619 primary invasive breast carcinomas from
Latin American women. Clinical and pathological character-
istics of specimens are shown in Table 1. IHC was used to
study both NPDCD4 and cytoplasmic PDCD4 (CPDCD4)
protein expression. NPDCD4 was scored, as previously re-
ported, considering both the percentage of positive cells and
staining intensity [11, 23]. A score of 0 represents no staining,
1+ weak nuclear staining in 1–30% of cells, 2+ intermediate
staining in 31–70%, and 3+ strong staining in > 70% of cells.
CPDCD4 levels were graded according to staining intensities
(score 0, negative; score 1+, weak; score 2+, intermediate;
score 3+, strong) [11]. Representative images of BC tissues
corresponding to the different scores of NPDCD4 and
CPDCD4 are shown in Fig. 1a and Supplementary Fig. 1.
Positive and negative controls were run in parallel (Fig. 1b).
Scores of 2+ and 3+ were considered positive for NPDCD4
and CPDCD4 expression. Themajority of invasive BCs in our

cohort (367 out of 619, 59.3%) lacked both NPDCD4 and
CPDCD4 (Supplementary Table 1). Among the 619 tumors
analyzed, 215 were NPDCD4-positive (34.7%) and 132
CPDCD4-positive (21.3%) (Supplementary Table 1). Only
44.2% of NPDCD4-positive patients (95 out of 215) also
expressed CPDCD4, indicating that NPDCD4 is not necessar-
ily accompanied by CPDCD4 (Supplementary Table 1).
NPDCD4 positivity was associated with a lower clinical stage
(P = 0.00026), more differentiated tumors (P = 6.43 × 10−6),
and ER and PR expression (P = 9.15 × 10−9 and P = 2.76 ×
10−9, respectively) (Table 2). Loss of NPDCD4 was associat-
ed with higher tumor size (P = 1.80 × 10−6). On the other
hand, CPDCD4 was only associated with ER and PR expres-
sion (P = 0.033 and P = 0.001, respectively) (Table 2). Then,
we explored the clinical relevance of either NPDCD4 or
CPDCD4 in BC. Kaplan–Meier (KM) analysis revealed that
BC patients bearing NPDCD4-positive tumors showed signif-
icantly higher overall survival (OS) and disease-free survival
(DFS) as compared to patients whose tumors lacked NPDCD4
(Fig. 1c). Distant metastasis-free survival (DMFS), but not
local relapse-free survival (LRFS), was significantly longer
in NPDCD4-positive tumors than in NPDCD4-negative tu-
mors (Fig. 1c). On the other hand, KM analysis showed that
CPDCD4 only correlated with a higher OS in BC (Fig. 1c).
Univariate analysis revealed that while NPDCD4 was as-
sociated with longer OS and DFS, CPDCD4 was only as-
sociated with longer OS (Fig. 1d). Higher tumor size,
lymph node stage, clinical stage, tumor grade, and absence
of ER and PR expression were associated with poor out-
come in the univariate analysis (Fig. 1d). Multivariate
analysis adjusted for tumor grade, clinical stage, and ER/
PR status showed that only NPDCD4 and clinical stage
were independent predictors of longer OS and DFS in BC
(Fig. 1e). Our findings reveal that NPDCD4, but not
CPDCD4, is associated with a less aggressive phenotype
and good clinical outcomes in BC.

Fig. 1 NPDCD4 expression is associated with good clinical outcome in
BC. a NPDCD4 and CPDCD4 expression levels in primary invasive BC
samples were evaluated by IHC and scored considering the percentage of
positive cells and/or staining intensity, as previously reported [10–15, 22,
23]. Shown are representative images from tumor samples displaying
scores 0 to 3+. Scores of 2+ and 3+ were considered positive for both
NPDCD4 and CPDCD4 expression. b Positive and negative controls of
PDCD4 IHC staining. Representative images from normal colorectal
tissue used as a positive control for PDCD4 staining as previously
reported [10–15, 22, 23]. Negative controls were obtained by using an
isotype-nonspecific IgG antibody during staining procedure. c KM
survival analysis and log-rank test were performed to correlate
NPDCD4 or CPDCD4 expression with overall survival (OS), disease-
free survival (DFS), distant metastasis-free survival (DMFS), or local
relapse-free survival (LRFS) in BC patients. d, e Forest plots showing
the hazard ratios (HR, squares) and 95% confidence intervals (CI,
horizontal lines) of Cox univariate (d) and multivariate (e) analysis.
Statistically significant P values are shown in bold. Scale bars = 20 μm

b
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NPDCD4 Expression Is an Independent Biomarker of
Good Clinical Outcome in LumA-Like and LumB-Like
BC

Next, we investigated the prognostic value of NPDCD4 in
surrogate BC subtypes. Patients were classified into clinical,
IHC-derived BC subtypes according to the St. Gallen
Consensus [3] as follows: HR-positive and HER2-negative
(HR+/HER2−), HR-positive and HER2-positive (HR+/
HER2+), HR-negative and HER2-positive (HR−/HER2+),
and triple negative (TN, HR−/HER2−). A total of 565 out of
619 (91.3%) patients in our cohort presented complete histo-
pathological and clinical data and were classified into clinical
BC subtypes (Table 1). The incidence of HR+/HER2−, HR+/
HER2+, HR−/HER2+, and TN subtypes in this cohort was
comparable to that observed in Caucasian cohorts [4, 46, 47].
Besides, HR+/HER2− BC patients were classified as LumA-
like or LumB-like based on the criteria of Perou and co-
workers, where tumors were defined as LumA-like if they
were ER-positive and presented a positive PR status ≥ 20%,
or as LumB-like if they were ER-positive with low (< 20%) or
negative PR expression [5]. As well acknowledged [2, 4],
LumA-like tumors showed better prognoses than LumB-like
tumors. LumA-like BCs presented a 5-year OS estimate of
90.3% (95%CI 86.1–94.5) and a 5-year DFS estimate of
82.2% (95%CI 76.7–87.6), while LumB-like BCs presented
5-year OS and DFS estimates of 77.7% (95%CI 69.9–85.6)
and 73.3% (95%CI 64.9–81.7), respectively (Supplementary
Fig. 2). The OS and DFS estimates of LumA- and LumB-like
BCs from our cohort were comparable to those observed in
other previously reported cohorts [48–51]. We found higher
prevalence of NPDCD4 positivity in LumA-like (44.7%),
LumB-like (33.0%), and HR+/HER2+ (46.2%) tumors as
compared to HR−/HER2+ (10.8%) and TN (20.7%) ones
(P = 0.030; Fig. 2a). Interestingly, NPDCD4 positivity was
significantly lower in LumB-like tumors than in LumA-like
tumors (33.0%, 95%CI 24.3–41.8 vs 44.7%, 95%CI 38.3–
51.5, P = 0.0425). We then evaluated the association between
NPDCD4 and clinicopathological characteristics in BC sub-
types. NPDCD4 inversely correlated with clinical stage and
tumor grade in LumA-like tumors, and with tumor size in
LumB-like and TN BCs (Table 3). No association between
clinicopathological characteristics and NPDCD4 was ob-
served in HER2+ BCs, either HR+/HER2+ or HR−/HER2+
(Table 3). KM analysis revealed that NPDCD4was associated
with longer OS in LumA-like, LumB-like, and in HR+/
HER2+ BCs (Fig. 2b). Our results also revealed that
NPDCD4 was associated with longer DFS and DMFS in
LumA-like and in LumB-like BCs, but not in HR+/HER2+
BCs (Fig. 2b). No significant association between NPDCD4
and clinical outcome was observed in either HR−/HER2+ or
TN BCs (Fig. 2b). Interestingly, LumB-like patients
displaying NPDCD4-positive tumors presented estimated

OS, DFS, and DMFS rates similar to those observed in
LumA-like tumors also expressing NPDCD4 (Fig. 2c), indi-
cating that NPDCD4 improves the clinical outcome in LumB-
like BC. In contrast, loss of NPDCD4 resulted in lower OS,
DFS, and DMFS in LumB-like patients compared to LumA-
like patients (Fig. 2c). Moreover, loss of NPDCD4 increased
the risk of disease recurrence, distant metastasis recurrence
and death by 50%, 61%, and 51%, respectively, in LumB-
like tumors compared to LumA-like tumors (Fig. 2c). It is
worth noting that no association between NPDCD4 and the
treatment regimens (endocrine therapy and chemotherapy)
was observed in patients bearing LumA-like and LumB-like
tumors (Supplementary Table 2). Univariate analysis revealed
that NPDCD4 was associated with longer OS in LumA-like
and LumB-like BCs (Fig. 2d). Other clinicopathological pa-
rameters, such as tumor size, lymph nodes stage, and clinical
stage were also associated with the clinical outcome (Fig. 2d).
Multivariate analysis adjusted for clinical stage, identified
NPDCD4 positivity as a significant and independent predictor
of longer OS in LumA-like BC and of longer OS and DFS in
LumB-like BC (Fig. 2d). To validate our findings, we took
advantage of publicly available human BC datasets as surro-
gates to investigate the clinical impact of PDCD4. Using the
online Kaplan–Meier plotter [32], we found that high PDCD4
mRNA levels are associated with good clinical outcome in
luminal A (n = 1933) and luminal B (n = 1149) BC patients
(Fig. 2e). In addition, the METABRIC dataset was used as a
second cohort for validation. Our analysis considered
METABRIC samples classified as ER+/HER2−, displaying
either low or high proliferation gene expression profiles
(representing the LumA-like and LumB-like BCs, respective-
ly) [33]. KM analysis revealed that high PDCD4 mRNA
levels were associated with longer BC-specific survival
(BCSS) in both LumA-like (n = 619) and LumB-like (n =
603) BCs (Fig. 2f). No correlation between PDCD4 and the
treatment regimens was observed in patients with LumA-like
and LumB-l ike tumors from METABRIC cohort
(Supplementary Table 2). Univariate analysis showed that
PDCD4 mRNA was associated with longer BCSS in LumA-
like and LumB-like BCs (Fig. 2g). Other clinicopathological
parameters, such as tumor size, lymph nodes status, clinical
stage and tumor grade were also associated with clinical out-
come in LumA-like and/or LumB-like BCs. Multivariate
analysis adjusted for tumor size, lymph nodes status, and
tumor grade identified PDCD4 mRNA expression as an
independent predictor of longer BCSS in both LumA-like
and LumB-like BCs from the METABRIC cohort (Fig.
2g). Altogether, these findings demonstrate that
NPDCD4 is an independent biomarker of good clinical
outcome in LumA-like and LumB-like BC subtypes.
Most importantly, our results might help to identify a
subset of LumB-like patients with low levels or even ab-
sence of NPDCD4 expression and decreased OS, and DFS
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rates, which may underlie their reduced sensitivity to en-
docrine therapies.

PDCD4 Expression Depends on ER and PR in BC Cells

Since higher PDCD4 expression was observed in patients
with HR-positive BCs compared to those bearing HR-
negative tumors, we hypothesized that HRs (ER and/or PR)
modulate PDCD4 expression. To test our theory, we explored
the association between PDCD4 and ER and PR expression in
BC cells. We interrogated the CCLE database [35] and found
a positive correlation between PDCD4 and ER mRNA levels
and between PDCD4 and PR mRNA levels (Fig. 3a).
Moreover, multiple linear regression showed a stronger

correlation among all three PDCD4, ER, and PR messages
(Fig. 3b). To further explore the relationship between
PDCD4 and HR, CCLE BC cell lines were classified into
the different BC subtypes based on previous studies reporting
ER, PR, and HER2 expression in said lines (Supplementary
Table 3). Among the BC cells from the CCLE, 11 were clas-
sified as HR+/HER2−: LumB-like, 9 as HR+/HER2+, 6 as
HR−/HER2+, and 24 as TN. As observed for NPDCD4 pro-
tein in our BC cohort, we found that PDCD4 mRNA levels
were higher in cells belonging to LumB-like and HR+/
HER2+ BC subtypes than in cells from the HR−/HER2+
and TN BC subtypes (Fig. 3c). We also studied PDCD4
mRNA levels in a dataset of pure ER+/PR+ luminal and ER
−/PR− luminobasal lines generated from the same parental

Table 2 Association between PDCD4 expression and clinicopathological characteristics in breast cancer

NPDCD4 expression CPDCD4 expression

NPDCD4, n (%) P valuea CPDCD4, n (%) P valuea

Positive
N = 215

Negative
N = 404

Positive
N = 132

Negative
N = 487

Menopausal status

Premenopausal 69 (34.9)b 141 (32.1)c 0.533 48 (36.4) 162 (33.3) 0.535
Postmenopausal 146 (65.1) 263 (67.9) 84 (63.6) 325 (66.7)

Tumor size

≤ 20 mm 84 (40.0) 86 (21.4) 1.80 × 10−6 43 (32.8) 127 (26.5) 0.154
> 20 mm 126 (60.0) 315 (78.6) 88 (67.2) 353 (73.5)

Lymph node status

Negative 104 (49.1) 187 (46.5) 0.553 56 (42.4) 235 (48.8) 0.203
Positive 108 (50.8) 215 (53.5) 76 (57.6) 247 (51.2)

Clinical Stage

I + II 172 (80.4) 268 (66.3) 0.00026 101 (76.5) 339 (69.8) 0.159
III 42 (19.6) 136 (33.7) 31 (23.5) 147 (30.2)

Tumor grade

Well to moderately differentiated d 157 (76.6) 228 (58.2) 6.43 × 10−6 84 (66.7) 301 (63.9) 0.601
Poorly differentiated 48 (23.4) 164 (41.8) 42 (33.3) 170 (36.1)

ER status

Positive 178 (83.6) 245 (61.6) 9.15 × 10−9 100 (76.9) 323 (67.2) 0.033
Negative 35 (16.4) 153 (38.4) 30 (23.1) 158 (32.8)

PR status

Positive 156 (73.2) 193 (48.5) 2.76 × 10−9 90 (69.8) 259 (53.7) 0.001
Negative 57 (26.8) 205 (51.5) 39 (30.2) 223 (46.3)

HER2 status

Positive 40 (19.9) 76 (20.2) 1.000 29 (23.4) 87 (19.2) 0.312
Negative 161 (80.1) 301 (79.8) 95 (76.6) 367 (80.8)

The numbers in italics correspond to statistically significant P values

NPDCD4 nuclear PDCD4, CPDCD4 cytoplasmic PDCD4, ER estrogen receptor, PR progesterone receptor
a Chi-square test
b Percentage of the total number of positive tumors
c Percentage of the total number of negative tumors
dWell to moderately differentiated: tumor grade 1 + 2, poorly differentiated: tumor grade 3
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T47D BC cells by Horwitz and coworkers [36].
Consistently, we found that the pure ER+/PR+ cell line
showed significantly higher PDCD4 levels than the pure
ER−/PR− one (Fig. 3d). Next, we examined PDCD4 expres-
sion in a selected panel of BC cell lines: T47D and MCF-7
cells representative of the luminal subtype; BT-474 cells
representative of the HR+/HER2+ BC subtype; and SK-
BR-3, JIMT-1, and HCC1569 cells from the HR−/HER2+
BC subtype. Supporting the fact that expression of HRs is
associated with higher levels of PDCD4 (Fig. 3c), we found
higher levels of PDCD4 mRNA and protein in cell lines
which express ER and PR (Fig. 3e, f). The ErbB-2/HER2
pathway has already been found to decrease PDCD4 levels
via upregulation of microRNA-21 (miR-21), which targets
PDCD4 [22, 23]. Consistently, among BC cells with com-
parable levels of HRs, we found that HER2-overexpressing
BT-474 cells presented lower PDCD4 mRNA and protein
levels than T47D cells, which lack HER2 overexpression
(Fig. 3e, f). We found higher levels of PDCD4 mRNA and
protein in T47D cells than in MCF-7 (Fig. 3e, f). Subcellular
fractionation studies showed that T47D cells expressed
PDCD4 both in the cytoplasmic and in the nuclear compart-
ment, and, within the nucleus, PDCD4 was bound to the
chromatin fraction (Fig. 3g). In contrast, PDCD4was mainly
located in the cytoplasm in MCF-7 cells (Fig. 3g). Although
both T47D and MCF-7 cell lines display ER, MCF-7 cells
show lower levels of constitutive PR expression (Fig. 3f).
These findings, along with the fact that NPDCD4 positivity
was significantly lower in LumB-like tumors (Fig. 2a),
which either lack PR or display lower PR expression, than
in LumA-like tumors, raise the exciting possibility that PR
plays a key role in the regulation of PDCD4 levels.

PR Is a Key Regulator of PDCD4 Expression in BC Cells

We took advantage of the exquisite experimental model de-
veloped by Horwitz and coworkers comprising the T47D cell
line which has become the major model to study the actions of
progestins in human cells due to the constitutively high levels
of PR. This model includes sublines derived from the T47D
cell line, which enable the study of specific functions of PR
[52]. PDCD4 protein levels were significantly higher in T47D
cells than in the PR-null T47D-Y cells, and reconstitution of
either PR isoform B (PR-B) or isoform A (PR-A) in T47D-Y
cells restored PDCD4 expression (Fig. 4a). As another exper-
imental strategy to demonstrate that PR participates in the
regulation of PDCD4, we silenced PR expression in T47D
cells and, as expected, we obtained the same results than those
when using the T47D and the T47D-Y cells (Fig. 4b).
Moreover, analysis of PDCD4 mRNA levels in T47D and
T47D-Y cells also confirmed that PR knockdown decreased
PDCD4 levels (Fig. 4c). To explore the molecular mecha-
nisms involved in PDCD4 modulation by PR we performed

bioinformatics studies to identify the presence of progesterone
response elements (PREs) in PDCD4 promoter [53]. We iden-
tified PREs at positions − 4292, − 3599, and − 3568 bp rela-
tive to the human PDCD4 transcription start site (TSS) (Fig.
4d and Supplementary Fig. 3). Chromatin immunoprecipita-
tion (ChIP)-sequencing data of PR in T47D cells treated with
a synthetic progestin [43] obtained from the Cistrome data-
base, revealed a PR binding peak located at − 3740 to −
3484 bp from the TSS of PDCD4 gene, which encompasses
the − 3599 bp and − 3568 bp PREs identified by us
(Supplementary Fig. 4). We performed ChIP assays to vali-
date said PREs in our experimental conditions, i.e., in cells
starved in charcoalized fetal calf serum (chFCS) and treated or
not with MPA for 1 h. We found that the synthetic progestin
MPA induced PR binding to the region containing these sites
(Fig. 4d). Notably, PR was not significantly recruited to the
PREs in the absence of MPA when the receptor is transcrip-
tionally inactive. p300, a coactivator with histone acetyltrans-
ferase activity and marker of active gene transcription, was
also recruited to these sites (Fig. 4d). Analysis of the local
chromatin architecture revealed high levels of histone H4
acetylation (AcH4), a marker of chromatin activation (Fig.
4d). To study whether direct binding of PR toDNA is required

Fig. 2 NPDCD4 expression is an independent biomarker of good clinical
outcome in LumA-like and LumB-like BC. a Graphical representation of
NPDCD4-positive or NPDCD4-negative expression in tumor specimens
corresponding to distinct surrogate BC subtypes. Patients were classified
into the surrogate BC subtypes following St. Gallen International Expert
Consensus, and NPDCD4 expression was detected by IHC and scored as
detailed in Fig. 1. The number of positive or negative cases is shown as
the percentage of the total number of cases analyzed by subtype. b KM
survival analysis and log-rank test were performed to correlate NPDCD4
expression with overall survival (OS), disease-free survival (DFS), or
distant metastasis-free survival (DMFS) in patients classified according
to their BC subtype. c KM survival analysis and log-rank test performed
in LumA-like and LumB-like BC tumors which express NPDCD4
(NPDCD4-positive) or not (NPDCD4-negative). Hazard ratios (HR)
and 95% confidence intervals (CI) were also calculated using log-rank
analysis. d Forest plots showing the HR (squares) and 95%CI (horizontal
lines) of Cox univariate and multivariate analysis for LumA-like (left
panel) and LumB-like (right panel) BC subtypes. e KM estimates of
relapse-free survival (RFS) for patients with luminal A or luminal B
BCs in relation to PDCD4 mRNA levels from KM plotter analysis [32].
KM plots of patient survival stratified by gene expression levels
(high/low) using the median mRNA expression value of each group as
cutoff point (Probe ID 202731_at). The analysis was performed in
luminal A and luminal B tumors classified based on their intrinsic
subtype as indicated by the online KM plotter. Red line represents low
expression and blue line high expression. The hazard ratio (HR) including
95% confidence interval (CI) is shown. f KM survival analysis and log-
rank test were performed to correlate PDCD4 mRNA levels with BC-
specific survival (BCSS) in METABRIC BC patients from LumA-like
(left panel) and LumB-like (right panel) BC subtypes. Patients were
stratified by PDCD4 gene expression levels (high/low) using the
median mRNA expression value of each group as cutoff point. g Forest
plots showing the HR (squares) and 95% CI (horizontal lines) of Cox
univariate and multivariate analysis for LumA-like (left panel) and
LumB-like (right panel) BCs from the METABRIC cohort

b
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for PDCD4 transcriptional regulation, T47D-Y cells were
transfected with the C587A-PR mutant, which expresses a
PR harboring a substitution of the cysteine 587 for alanine
that renders the receptor unable to bind to DNA or to tether

to other transcription factors bound to DNA [54]. Inability of
PR capacity of binding to the DNA successfully reduced
MPA-induced PR loading to the PDCD4 promoter, inhibited
p300 recruitment, and significantly decreased AcH4 levels
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(Fig. 4d), further demonstrating requirement of PR binding
function for PDCD4 transcriptional regulation. Progestins
were found to induce T47D cells to progress through one
round of cell division, followed by growth arrest at the G1/S
phase of the second cycle [55, 56]. MPA treatment of T47D
cells for 30 h, which is compatible with a condition where
cells are arrested, showed an increase in PDCD4 protein
levels (Fig. 4e and Supplementary Fig. 5). Similar results
were obtained in MCF-7 cells, which, although at lower
levels, still express functional PR (as evidenced by the ob-
served PR downregulation after 36 h of MPA treatment)
(Supplementary Fig. 6). Induction of PDCD4 mRNA levels
in T47D cells was also observed in the presence of MPA at
18 h treatment (Fig. 4e). MPA failed to induce PDCD4 up-
regulation in the PR-null T47D-Y cells and in T47D-Y-
C587-PR cells, the latter expressing a PR protein unable to
bind to DNA, further confirming the requirement of PR
DNA-binding function for progestin-mediated PDCD4
modulation (Fig. 4f). Altogether, our findings revealed that
PR is a direct transcriptional regulator of PDCD4 in LumB-
like BC cells.

Silencing PDCD4 Inhibits Cell Death in a PDE Model
of LumB-Like BC

For preclinical assessment of PDCD4 biological effects in
LumB-like BC, we developed a PDE from a freshly resected
primary invasive mucinous breast carcinoma [44]. The pri-
mary tumor specimen presented a LumB-like phenotype,
since it displayed positive ER expression and negative PR
and HER2 expressions (Fig. 5a). As for the clinical manage-
ment of this tumor, the patient was treated with therapies
according to the LumB-like phenotype. Histological analysis
revealed that the PDE maintained in culture for 48 h present-
ed a tumor and stroma morphology similar to that observed
in both the primary specimen and the original resected tumor
tissue (i.e., day 0) (Fig. 5a). Moreover, ER, PR, and HER2
IHC staining showed that the PDE presented a LumB-like BC
subtype which resembled the original resected tumor and the
primary specimen (Fig. 5a). NPDCD4 expression was detect-
ed in the PDE (Fig. 5b). We found that the explant in which
PDCD4 was silenced by transfection with PDCD4-specific
siRNAs showed tumor morphology and histologic grade com-
parable to those observed in the control siRNA-transfected
PDE (Fig. 5b).We also found that PDCD4 silencing increased
the percentage of neoplastic tissue, supporting that PDCD4
modulates BC cell survival (Fig. 5b). Upon breakdown of
the plasma membrane, the lactate dehydrogenase (LDH) en-
zyme is released from the cells into the culture medium, serv-
ing as a cell cytotoxicity marker [57]. Interestingly, we found
that PDCD4 knockdown induced a significant decrease of
LDH release (Fig. 5c), indicating inhibition of cell death.

Altogether these findings demonstrate that PDCD4 abrogation
favors BC cell survival in a PDE model of LumB-like BC.

Discussion

Identifying biomarkers for an accurate prediction of disease
relapse in LumA-like and LumB-like BCs is crucial to select
the most adequate adjuvant therapy. Here, we revealed
NPDCD4 positivity as an independent biomarker of good
clinical outcome in both LumA-like and LumB-like BCs.
Our findings are particularly relevant for LumB-like BCs,
which, among the luminal subtype, are the ones which show
poor prognosis and reduced sensitivity to endocrine therapies
aimed at inhibiting ER action [2, 4].

�Fig. 3 PDCD4 expression depends on ER and PR in BC cells. a
Correlation of PDCD4 mRNA levels with ER-alpha (left panel) or PR
(right panel) in BC cell lines from the CCLE database (n = 50). Each dot
represents a cell line. P value determined by linear regression analysis. b
Multivariate linear regression analysis of ER-alpha, PR, and PDCD4
mRNA levels within the CCLE BC cells. For visualization of
multivariate data relationship and a better comparison of ER-alpha, PR,
and PDCD4 mRNA expression association, the regression plane is
shown. c Differential PDCD4 mRNA levels in BC cells within the
CCLE dataset grouped according to their BC subtype. Cell lines were
classified into different BC subtypes as detailed in Supplementary
Table 3. Whiskers represent the 5–95% distribution, boxes represent the
interquartile range (25th and 75th percentiles), and the horizontal line in
the box represents the median value. For c vs a: P < 0.01; for d vs a and b:
P < 0.001; and for c vs b: P < 0.05. d PDCD4 mRNA levels were
analyzed in a publicly available dataset of pure ER+/PR+ luminal
versus pure ER−/PR− luminobasal cells generated by Horwitz and
coworkers [36]. PDCD4 mRNA values are expressed as log2
transformed median-centered intensity. e PDCD4 mRNA expression
levels were determined by RT-qPCR in a panel of BC cell lines. The
relative expression levels of mRNA was calculated by normalizing the
absolute levels of PDCD4 mRNA to GAPDH mRNA levels, which were
used as an internal control, and setting the value of PDCD4 mRNA
expression in T47D cells to 1. Data are presented as mean ± SEM from
three independent experiments. For b and c vs a: P < 0.0001; for c vs b:
P < 0.05. f PDCD4 protein expression was analyzed by WB in total cell
lysates from representative BC cell lines with an anti-PDCD4 antibody.
GAPDH was used as a loading control. The bar plot on the lower panel
represents the values obtained after densitometry of PDCD4 bands and
normalization to GAPDH bands from three independent experiments.
Data are presented after setting the value of PDCD4 protein expression
of T47D cells as 1. For b, c, d, e and f vs a: P < 0.001; for d, e, and f vs b,
and e and f vs c: P < 0.01; for d vs c: P < 0.05. The control of HER2, PR,
and ER expressions in the BC cell lines is shown in the right panel.
HER2, PR, and ER protein expression was analyzed by WB. It is to
note that in order to reveal the significantly lower PR expression levels
in MCF-7 cells as compared to T47D cells, longer exposure times of the
PR WB were required. β Tubulin was used as the loading control. g
Cytosolic (C), nuclear (N), and chromatin (Chr) protein lysates were
analyzed by WB. Total (T) lysates were blotted in parallel. β Tubulin,
lamin B, and histone H3 were used to control cellular fractionation
efficiency. The experiments shown in f to g are representative of three
independent ones
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Nuclear and cytoplasmic levels of PDCD4 were found to
decrease when normal breast tissue progresses to invasive
ductal carcinoma [26]. The study of our BC cohort showed
that NPDCD4 is an independent predictor of longer OS in
LumA-like BCs and of longer OS and DFS in patients with
LumB-like tumors. Consistent with PDCD4 role as inhibitor
of metastasis [8, 9], we also revealed that NPDCD4 was as-
sociated with longer DMFS in said BC subtypes.
Interestingly, LumB-like patients displaying NPDCD4-

positive tumors presented favorable clinical outcomes, com-
parable to those observed in LumA-like patients also express-
ing NPDCD4. In contrast, NPDCD4 loss resulted in increased
risk of disease recurrence and death in LumB-like tumors
compared with LumA-like tumors. We also confirmed our
results by in silico analysis using mRNA expression data from
larger cohorts. NPDCD4 has already been associated with
good clinical outcome in esophageal, colorectal, pancreatic
ductal, and renal cell carcinomas [10–13]. On the other hand,
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CPDCD4 has been associated with good outcome in ovarian
and nasopharyngeal carcinomas [14, 58]. The fact that
PDCD4 is localized predominantly in the nucleus in normal
breast tissues [25], along with our own findings of the clinical
relevance of NPDCD4 in BC, supports the notion that
NPDCD4 is functionally more relevant than CPDCD4 in BC.

Although most women with luminal-like disease respond
to endocrine therapies, some of them, mainly patients bearing
LumB-like BCs, develop fatal relapses [2]. LumA-like tumors
express high ER and PR levels, are typically low grade, and
have a low proliferative fraction (low Ki67), while LumB-like
tumors present low or negative PR expression, are high grade,
and have a high proliferative fraction [3, 59]. Patients within
the LumB-like BC subtype receive chemotherapy in addition
to endocrine treatment, whereas most patients with LumA-like
disease avoid cytotoxic therapy [3]. Multigene assays, such as
the 21 gene recurrence score or the PAM50 risk of relapse
score (reviewed in [60]), are critical for a refined prognosis
of LumA-like and LumB-like tumors. However, these assays
are expensive and, therefore, less accessible than routine pa-
thology tests [61]. Our findings showed that NPDCD4 is a
prognostic factor of good clinical outcome in both LumA-
like and LumB-like tumors defined according to their PR
levels. Although further prospective studies would be required
to validate our findings by immunohistochemistry in a larger
cohort, our results were confirmed in LumA and LumB tu-
mors from the KMplotter database and in LumA-like and
LumB-like from the METABRIC cohort, in which patients
were classified based on the proliferation fraction determined
by their proliferation gene expression profile. Our studies
demonstrate that both NPDCD4 protein and PDCD4 mRNA
levels are associated with good clinical outcome in LumA-like
and LumB-like BCs, independently of the criteria used to
define these subtypes. Preclinical studies showed that
PDCD4 expression is downregulated in BC cells resistant to
tamoxifen, fulvestrant, and aromatase inhibitors [62–64].
Besides, PDCD4 silencing reduced the sensitivity of BC cells
to tamoxifen [65], further demonstrating that PDCD4 loss is
involved in resistance to endocrine therapy. Our findings iden-
tified a subset of LumB-like BCs with low levels or even
absence of NPDCD4 expression and poor prognoses, indicat-
ing that NPDCD4 loss might contribute to endocrine therapy
resistance in the clinic. In light of our findings, we recommend
that NPDCD4 detection could be included in the panel of IHC
markers routinely used in the clinic to accurately predict the
prognosis of LumB-like patients and to guide addition of che-
motherapy or targeted therapies for LumB-like patients bear-
ing NPDCD4-negative tumors.

The study of the mechanisms controlling PDCD4 expres-
sion is crucial to elucidate why PDCD4 is lost during BC
progression. PDCD4 regulation by ER has previously been
reported. ER-alpha pathway inhibits microRNA-21 expres-
sion, leading to increased PDCD4 expression [64, 66].

Moreover, both ER-alpha and PDCD4 levels are decreased
in tamoxifen- and fulvestrant-resistant BC cells as compared
to those in sensitive ones [63, 64], further confirming ER
involvement in PDCD4 modulation. PDCD4 regulation by
PR has not been reported. A key differential biological feature
between LumA-like and LumB-like tumors is that the latter
either lack PR or show lower PR levels than LumA-like BCs.
In this frame, one of our most exciting findings is that PR is a
direct transcriptional regulator of PDCD4. This fact may un-
derlie the inability of LumB-like tumors, showing low PR
levels, to upregulate PDCD4, and also demonstrates a direct
correlation between our findings in the clinic and those in BC
models. PR possesses an intriguing role in BC biology.
Accumulating evidence demonstrated that PR activation by

Fig. 4 PR is a key regulator of PDCD4 expression in BC cells. a PDCD4
expressionwas analyzed byWB as in Fig. 3f, in T47D-Y cells lacking PR
expression or in T47D-Y cells transfected with vectors encoding PR
isoform A (T47D-Y-A) or PR isoform B (T47D-Y-B). The middle
panel shows the successful reconstitution of PR-A and PR-B
expression. PDCD4 and PR bands underwent densitometry and values
were normalized to β tubulin protein, used as a loading control, setting
the value of control cells as 1. b T47D cells were transfected with PR or
control siRNA and PDCD4 expression was evaluated by WB. Middle
panel shows successful inhibition of PR expression by siRNA. PDCD4
and PR bands underwent densitometry and values are depicted as in panel
a. Experiments shown in (a, b) were repeated twice with similar results. c
PDCD4 mRNA expression levels were determined by RT-qPCR. The
relative expression levels of mRNA upon PR depletion was calculated
by normalizing the absolute levels of PDCD4 mRNA to GAPDH levels,
which were used as an internal control, and setting the value of wild-type
T47D cells to 1. Data are presented as mean ± SEM from three
independent experiments. For b vs a: P < 0.05. d Recruitment of PR,
p300, and H4 acetylation levels (AcH4) at the human PDCD4 promoter
was analyzed by ChIP in cells stimulated with MPA (10 nM) for 1 h.
Immunoprecipitated DNA was amplified by qPCR using primers (green
arrows) flanking PREs (denoted in red) found by in silico analysis
(MatInspec tor [h t tp : / /www.genomat ix .de] ) . Amounts of
immunoprecipitated DNA were normalized to inputs and are reported
relative to the amount obtained by IgG immunoprecipitation, used as
negative control, which was set to one. Data is expressed as n-fold
chromatin enrichment over IgG immunoprecipitation. Results are the
mean ± SEM from three independent experiments. For b vs a: P < 0.
001. e MPA induces PDCD4 protein and mRNA expression in T47D
cells. Left panel: PDCD4 protein expression was analyzed by WB after
stimulation with MPA (10 nM) for 30 h. PDCD4 WB bands underwent
densitometry and values were normalized to GAPDH protein bands, used
as a loading control, setting the value of untreated cells to 1. The
experiment shown is a representative of three with similar results. Right
panel: PDCD4mRNA levels were determined by RT-qPCR as in panel c.
Fold change of mRNA levels upon MPA treatment (10 nM, 18 h) was
calculated by normalizing the absolute levels of PDCD4 mRNA to
GAPDH levels, setting the value of untreated cells to 1. Data are
presented as mean ± SEM from three independent experiments. For b
vs. a: P < 0.05. f T47D-Y cells and T47D-Y cells transfected with a
C587A-PR mutant (T47D-Y-C587A-PR) were analyzed for PDCD4
protein expression by WB and data was analyzed as in panel e. PDCD4
bands of T47D-Y and T47D-Y-C587A-PR cells correspond to a longer
exposure time of the blots as compared with the bands of T47D cells,
albeit all of them were performed in the linear range of detection. The
experiments shown are representative of three, with similar results
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progestogens, via both genomic and non-genomic mecha-
nisms, favors BC cells proliferation and increases BC risk in
patients (reviewed in [67, 68]). However, PR expression is an
independent prognostic marker of good clinical outcome in

ER-positive BC [69–71]. These seemingly contradictory ef-
fects of PR actionmay be explained by PR biphasic regulation
of BC cell growth [55, 56]. Pioneering findings by Horwitz
and coworkers demonstrated that progestins accelerate T47D
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BC cells through one round of cell division, followed by
growth arrest at the G1 phase of the second cycle.
Therefore, despite the initial proliferative burst, the effects
of a single pulse of progestins are growth inhibitory [55].
Interestingly, our results demonstrated that MPA induces
the expression of tumor suppressor PDCD4 in a context
where growth is arrested in BC cells. This is consistent
with previous findings showing that progestin-induced

growth arrest is accompanied by increased levels of the
cyclin-dependent protein kinase inhibitor p21, a cell-
cycle inhibitor [55]. Here, we reveal a novel transcriptional
mechanism by which PR induces PDCD4. Indeed, MPA
induced PR binding to its PREs at the PDCD4 promoter,
leading to PDCD4 expression. Our present data contribute
to the understanding of the molecular mechanisms under-
lying PR growth inhibitory effects in BC models and of PR
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Fig. 5 Silencing PDCD4 inhibits cell death in a PDE model of LumB-
like BC. a Method used for PDE tissue culture. After surgery, the
pathologist resects a sample of the primary tumor specimen, which was
dissected into 1 mm3 fragments. One of these fragments was immediately
placed into neutral-buffered formalin for paraffin embedding (day 0) and
other fragments were cultured in 24-well plates on a gelatin sponge under
different treatment conditions (day 2). Lower panels show representative
hematoxylin and eosin (H&E), ER, PR, and HER2 IHC staining of the
primary tumor specimen, the tumor resected tissue (day 0), and the PDE
(day 2). b Representative H&E and PDCD4 IHC stainings from PDEs

transfected with PDCD4-specific siRNAs or control siRNAs for 48 h.
The quantification of the percentage of neoplastic tissue of the entire
section by H&E staining is depicted in the right panel. Lower panel
shows WB control of efficacy of PDCD4 inhibition. PDCD4 bands
underwent densitometry and values were normalized to β tubulin
protein bands setting the value of control siRNA-transfected PDE to 1.
c LDH release from PDEs transfected as in panel b. An aliquot of culture
supernatant was removed for LDH assay. For b vs a, P < 0.001. Scale
bars = 25 μm
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role as a biomarker of favorable prognosis, regardless of
ER expression.

Our findings in a PDE model of LumB-like BC showed
that PDCD4 silencing favors tumor cell survival, supporting
the rationale for developing therapeutic strategies aimed at
restoring PDCD4 expression in LumB-like BC.

In conclusion, our novel findings highlight the importance
of NPDCD4 clinical assessment to accurately predict the out-
comes of LumB-like BCs and to guide the addition of cyto-
toxic therapies. Current therapeutic strategies for HR+ ad-
vanced BC include inhibitors of cyclin-dependent kinases 4
and 6 (CDK4/6i), such as palbociclib and ribiciclib, which
inhibit CDK4/6 kinase activity, thus preventing cell cycle pro-
gression and proliferation (reviewed in [72]). Since PDCD4
acts as a natural inhibitor of CDK4 [9, 24], detection of
PDCD4 may serve as a biomarker to identify patients who
will benefit from CDK4/6i. Moreover, combination of endo-
crine therapy with CDK4/6i would be a useful therapeutic
strategy for NPDCD4-negative LumB-like tumors even in
early BC.
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