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ABSTRACT
The lysosomal protease cathepsin D (Cath-D) is overproduced in breast
cancer cells (BCC) and supports tumor growth and metastasis formation. Here, we
describe the mechanism whereby Cath-D is accumulated in the nucleus of ERα-positive
(ER+) BCC. We identified TRPS1 (tricho-rhino-phalangeal-syndrome 1), a repressor
of GATA-mediated transcription, and BAT3 (Scythe/BAG6), a nucleo-cytoplasmic
shuttling chaperone protein, as new Cath-D-interacting nuclear proteins. Cath-D binds
to BAT3 in ER+ BCC and they partially co-localize at the surface of lysosomes and in
the nucleus. BAT3 silencing inhibits Cath-D accumulation in the nucleus, indicating
that Cath-D nuclear targeting is controlled by BAT3. Fully mature Cath-D also binds
to full-length TRPS1 and they co-localize in the nucleus of ER+ BCC where they are
associated with chromatin. Using the LexA-VP16 fusion co-activator reporter assay,
we then show that Cath-D acts as a transcriptional repressor, independently of its
catalytic activity. Moreover, microarray analysis of BCC in which Cath-D and/or TRPS1
expression were silenced indicated that Cath-D enhances TRPS1-mediated repression
of several TRPS1-regulated genes implicated in carcinogenesis, including PTHrP, a
canonical TRPS1 gene target. In addition, co-silencing of TRPS1 and Cath-D in BCC
affects the transcription of cell cycle, proliferation and transformation genes, and
impairs cell cycle progression and soft agar colony formation. These findings indicate
that Cath-D acts as a nuclear transcriptional cofactor of TRPS1 to regulate ER+ BCC
proliferation and transformation in a non-proteolytic manner.
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INTRODUCTION

RESULTS

Cathepsins were originally identified as lysosomal
proteases, but recent work highlighted their atypical roles
in the extracellular space, cytoplasm and nucleus [1].
Cathepsin D (Cath-D) is one of the most abundant
lysosomal endoproteinases implicated in protein
catabolism. Human Cath-D is synthesized as a 52-kDa
precursor that is converted to an active 48-kDa single-chain
intermediate within endosomes and then to the fully active
mature protease, which consists of a 34-kDa heavy chain
and a 14-kDa light chain, in lysosomes. Cath-D catalytic site
includes two critical aspartic residues (Asp 33 and 231).
Cath-D is also an independent marker of poor
prognosis for breast cancer associated with metastasis
[2, 3]. Indeed, Cath-D is overproduced by breast cancer
cells (BCC) and the pro-enzyme is abundantly secreted
in the tumor microenvironment [4]. Cath-D stimulates
BCC proliferation, fibroblast outgrowth, angiogenesis,
breast tumor growth and metastasis formation [5–12].
Secreted Cath-D enhances proteolysis in the breast tumor
microenvironment by degrading the cysteine cathepsin
inhibitor cystatin C [13] and promotes mammary fibroblast
outgrowth by binding to LDL receptor-related protein-1
(LRP1) [14].
To better understand the mechanisms underlying
Cath-D pro-tumoral activity, we carried out a yeast
two-hybrid screening using the 48-kDa Cath-D form
as bait and identified the nuclear proteins tricho-rhinophalangeal-syndrome type 1 (TRPS1) and BAT3 as two
Cath-D molecular partners. TRPS1, a multi zinc-finger
nuclear protein, is an atypical GATA-type transcription
repressor that binds to GATA sites on its target genes [15].
TRPS1 affects cell proliferation, differentiation and
apoptosis essentially in bone and cartilage [16–22] and
it overexpressed in breast cancer [23]. Recently, it was
shown that in BCC, TRPS1 is inversely associated with
the epithelial-to-mesenchymal transition (EMT) [24] and
controls cell cycle progression and cell proliferation [25].
The nucleo-cytoplasmic shuttling protein BAT3 (known
as Scythe/BAG6) controls apoptosis [26], DNA damage
response [27], autophagy [28] and quality control of
nascent peptides [29] in mammalian cells. We then
investigated the nuclear role of Cath-D and its two partners
in BCC homeostasis. We found that the chaperone BAT3
promotes Cath-D accumulation in the nucleus of ERαpositive (ER+), well-differentiated luminal epithelial BCC,
where fully-mature Cath-D co-localizes with full-length
TRPS1. Using a reporter gene assay, we demonstrate that
Cath-D acts as a transcriptional repressor, independently of
its catalytic activity, and enhances TRPS1 transcriptional
repressor function. The transcriptional network controlled
together by Cath-D and TRPS1 is required for cell
cycle progression and maintenance of the transformed
phenotype in luminal ER+ BCC.

Cath-D binds directly to the transcriptional
repressor TRPS1 in vitro
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We identified Cath-D binding proteins by yeast
two-hybrid screening of a randomly-primed BCC cDNA
library using as bait the 48-kDa Cath-D form fused to
the LexA DNA-binding domain. The clone (isolated in
duplicate) encoded a 647-residue peptide that included the
C-terminal region (aa 635–1281) of TRPS1 (Fig. 1A). We
verified the direct binding of full-length TRPS1 to Cath-D
by GST pull-down assays (Fig. 1B). TRPS1 fragments
F5 (aa 635–1281) and F6 (635–1184) bound to 48-kDa
GST-Cath-D, whereas F9 (aa 635–984), F10 (aa 635–819)
and F1 (aa 1185–1281) did not (Fig. 1A and 1C). This
narrowed the minimal Cath-D-binding site to a TRPS1
region of 200 aa (985–1184) that lies between the GATA
DNA-binding zinc finger and the C-terminal IKAROS-like
double zinc finger. Further analyses showed that TRPS1
fragment F6 bound also to both the 34-kDa heavy chain
and the 14-kDa light chain of GST-Cath-D (Fig. 1D),
indicating that the interaction interface involves both
subunits of mature Cath-D.

ER expression and EMT differentially affect
Cath-D and TRPS1 expression in BCC
We then investigated Cath-D and TRPS1 expression
in ER+/ER- BCC lines and breast tumor samples (Fig. 2A
and 2B). Cath-D was abundantly expressed in both ER+
and ER- BCC lines and tumor samples, although it was
up-regulated in ER+ tumors compared to ER- tumors.
TRPS1 was also significantly up-regulated in ER+
tumors compared to ER- samples (Fig. 2B), but was
only detected in ER+ BCC lines (Fig. 2A). The absence
of TRPS1 expression in ER- BCC lines could be related
to its significant down-regulation in ER- breast cancer
samples; however, this finding needs to be validated in
a wider number of ER- BCC lines and by quantitative
immunohistochemistry analysis. Differently from CTSD,
the gene encoding Cath-D [30], estradiol did not further
stimulate TRPS1 mRNA expression in ER+ MCF7
cells, suggesting that the TRPS1 gene is not estradioldependent (Fig. S1). The ER+ BCC lines that express
both Cath-D and TRPS1 were derived from luminal-like
cancer subtypes with a more differentiated epitheliallike phenotype, frequently associated with the absence
of EMT [31, 32]. We thus analyzed the effect of EMT
induction on TRPS1 and Cath-D expression in ER+ MCF7
cells that were stably transfected with a Snail variant
(6SA) that cannot be phosphorylated by GSK-3 beta and
thus induces EMT [33]. As expected, E-Cadherin was
down-regulated and vimentin was induced, indicating
the occurrence of canonical EMT in 6SA-transfected
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Figure 1: Cath-D binds to TRPS1 in vitro. A. TRPS1 minimal region required for binding to Cath-D. TRPS1 (1281 aa) has nine putative

zinc finger motifs. The seventh zinc finger is very similar to the GATA-type DNA-binding zinc fingers. TRPS1 also includes an IKAROSlike double zinc finger dimerization domain that mediates TRPS1 repressive function and a nuclear localization signal (NLS). The TRPS1
clone (residues 635–1281) identified in the yeast two-hybrid screen with 48-kDa Cath-D as bait is shown (black bar). Different TRPS1 fragments
(F5, F6, F9, F10 and F1) were used for in vitro GST pull-down assays to determine the minimal region (aa 985–1184) required for binding
to Cath-D. B. Binding of full-length TRPS1 to GST-48kDa Cath-D by GST pull-down. Radio-labeled full-length TRPS1 synthesized in a
reticulocyte lysate system was incubated with glutathione-Sepharose beads containing GST-48K Cath-D or GST. GST proteins stained with
Coomassie blue are shown in the left panel. Bound TRPS1 was detected by autoradiography (right panel). Input corresponds to 1/10 of the lysate
used for the pull-down assay. K, molecular mass in kiloDaltons. C. Binding of TRPS1 fragments to 48-kDa Cath-D-GST. Radio-labeled TRPS1
fragments were incubated with beads containing GST-48K Cath-D or GST. GST proteins stained with Coomassie blue are shown in the left
panel. Bound TRPS1 was detected by autoradiography (right panels). D. The F6 fragment of TRPS1 binds to the different Cath-D-GST forms.
Radio-labeled F6 TRPS1 was incubated with beads containing GST-48K, 34K and 14K Cath-D forms, or GST. *GST proteins stained with
Coomassie blue are shown in left panel. Bound F6 was detected by autoradiography (right panel). NS, non-specific
www.impactjournals.com/oncotarget
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Figure 2: The ER status and EMT influence Cath-D and TRPS1 expression in human BCC lines and breast
tumors. A. Cath-D and TRPS1 expression in ER+ and ER- BCC lines. Whole cell extracts (10 μg proteins) were separated by SDS-PAGE

and analyzed by immunoblotting with anti-TRPS1 and Cath-D antibodies. β-actin: loading control. B. TRPS1 and Cath-D expression in
ER+ and ER- human breast tumor samples. TRPS1 and Cath-D mRNA levels were quantified in 22 ER+ and 22 ER- breast tumor biopsies by
RT-qPCR. Median ± SD of triplicate PCR assays. ***p < 0.0001 for TRPS1 and **p < 0.01 for Cath-D, Mann- Whitney U-test. C. Effect
of EMT on Cath-D and TRPS1 expression in ER+ MCF7 cells. Cath-D, TRPS1, Snail, E-cadherin, vimentin and α-tubulin expression
were assessed by immunoblotting in wild type MCF7 cells (WT) and MCF7 cells stably transfected with SNAIL WT or SNAIL-6SA
(to induce EMT).
www.impactjournals.com/oncotarget
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MCF7 cells compared to controls (wild type Snail or
untransfected cells). Conversely, both TRPS1 and Cath-D
were repressed in these cells (Fig. 2C). Thus TRPS1
and Cath-D are co-expressed in ER+ well-differentiated
luminal epithelial BCC under the negative control of EMT.

(HMF) (Fig. 3A). The 52-kDa, 48-kDa and 34-kDa forms
of Cath-D were detected mainly in the membrane fraction
that contains endosomes and lysosomes, together with the
lysosomal marker LAMP2. However, a significant amount
of mature Cath-D (34-kDa) was also in the nuclear fraction
of the assessed ER+ BCC lines, together with full-length
TRPS1 (175-kDa) and histone deacetylase 3 (HDAC3).
Only very low levels of TRPS1 were detected in HMT3522-S1 nuclear fraction, whereas both Cath-D and TRPS1
were not observed in HMF nuclei (Fig. 3A). Finally, both
TRPS1 and Cath-D were detected in the chromatin-enriched
fraction of T47D cells with histone H3, but not LAMP2
(Fig. 3B, panel a). TRPS1, Cath-D and H3 solubilization

Nuclear localization of Cath-D and
TRPS1 in ER+ BCC
As TRPS1 is a nuclear protein [15], we examined
the cellular localization of TRPS1 and Cath-D in ER+ BCC
lines (T47D, MCF7 and BT474), immortalized human breast
epithelial cells (HMT3522-S1) and human breast fibroblasts

Figure 3: Nuclear localization of Cath-D and TRPS1. A. Subcellular localization of Cath-D and TRPS1. Cytoplasmic, membrane
and nuclear fractions (10 μg) of different BCC lines (T47D, MCF7 and BT474), immortalized epithelial breast cells (HMT3522-S1) and
human mammary fibroblasts (HMF) were analyzed by western blotting (WB) using antibodies against Cath-D, TRPS1, LAMP2 (marker
of lysosomes), GAPDH (cytoplasm marker) and HDAC3 (nucleus). NS, not specific. B. Cath-D and TRPS1 in the chromatin-enriched
fraction. Aliquots (10 μg) of cell extracts (CE), soluble and chromatin-bound fractions were separated by SDS-PAGE. Cath-D, TRPS1,
histone H3 and LAMP2 were detected by WB. The lysosomal marker was LAMP2 and the chromatin-bound marker was Histone H3
(panel a). Chromatin-bound proteins (P) were treated (or not) with micrococcal nuclease (MNase). DNA and the associated proteins were
collected in the supernatant (Sup) and analyzed by WB (panel b).
www.impactjournals.com/oncotarget
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from the nucleus by micrococcal nuclease (Mnase) (Fig. 3B,
panel b) indicated that TRPS1 and Cath-D are associated
with chromatin and not with other insoluble structures.

with BAT3 (in green; panels a) in vesicle-like structures
surrounding the nucleus (panels a; arrows). At higher
magnification, BAT3 dots were frequently seen at
the margins of lysosomes (panels a, right) and some
punctuate Cath-D/BAT3 spots within the nucleus
(arrows in panels b). Finally, BAT3 silencing in T47D
cells with different BAT3 siRNAs (siRNA 1, 2 or 1+2)
reduced the nuclear accumulation of Cath-D, but not of
TRPS1 (Fig. 6A). Concomitantly, Cath-D expression was
slightly increased in the cytosol of T47D cells silenced
with the BAT3 siRNAs 1+2 (Fig. 6B). Cath-D lysosomal
expression was unaffected by BAT3 silencing (Fig. 6C).
Similarly, BAT3 silencing in T47D cells did not modify
Cath-D or TRPS1 expression in whole cell extracts
(Fig. 6D). These results strongly suggest that Cath-D
nuclear accumulation is controlled by the chaperone
protein BAT3. The finding that mature Cath-D in T47D
nuclei is glycosylated indicates that it had passed through
the endoplasmic reticulum (ER) (Fig. S2B).

Nuclear interaction and co-localization
of endogenous mature Cath-D and fulllength TRPS1
We detected only intact full-length 175-kDa
TRPS1 in the nucleus of ER+ BCC (Fig. 4A) and
Cath-D silencing in T47D cells did not modify
TRPS1 level (Fig. 4B). These findings suggest that
TRPS1 binding to nuclear mature 34-kDa Cath-D
does not induce limited or complete proteolysis of
TRPS1. Immunoprecipitation of endogenous Cath-D
in T47D nuclear extracts demonstrated that TRPS1
was immunoprecipitated together with mature 34-kDa
Cath-D (Fig. 4C). Confocal immunocytochemistry
and double staining with monoclonal anti-Cath-D, and
polyclonal anti-TRPS1 antibodies (Fig. 4D) showed
that Cath-D (in red; panel b) partially co-localized
with TRPS1 (in green; panel c, see slices 1 and 2) in
punctuate spots within the nucleus of T47D cells. Thus,
fully-mature Cath-D and full-length TRPS1 interact and
co-localize in the nucleus of ER+ BCC.

Transcriptional repression by Cath-D
As Cath-D binds to TRPS1, we investigated
whether it can regulate gene transcription using a
heterologous transcription assay. The reporter system
used contained eight copies of the LexA binding site
adjacent to five copies of the GAL4 binding site [35],
cloned upstream of the luciferase gene (Fig. 7A, panel
a). In the presence of the LexA-VP16 fusion co-activator
(VP16) and the GAL4 DNA-binding domain (Gal4), this
reporter was strongly activated in T47D cells (data not
shown). Full-length wild type and the D231N Cath-D
mutant, which is proteolytically inactive, were fused
to the GAL4 DNA-binding domain (Gal-Cath-D, GalCath-DD231N). Co-expression of LexA-VP16 and GalCath-D inhibited luciferase activity in a dose-dependent
manner in T47D cells (Fig. 7A, panel b). Similar results
were obtained with D231NCath-D, indicating that Cath-D
enzymatic activity is not required for transcriptional
inhibition (Fig. 7A, panel b). We thus hypothesized that
the Cath-D/TRPS1 molecular interplay regulates TRPS1
transcriptional repressor activity. In order to explore this
possibility, we next studied the impact of Cath-D on the
transcription of endogenous TRPS1 target genes.

BAT3 promotes Cath-D accumulation in the
nucleus of ER+ BCC
As Cath-D does not have a nuclear localization
signal (NLS), we investigated whether mature Cath-D
reaches the nucleus by binding to TRPS1. TRPS1
silencing did not prevent Cath-D accumulation in the
nucleus of T47D cells (Fig. S2A). However, our yeast
two-hybrid screen also identified BAT3 as a Cath-D
partner (the clone was 100% identical to residues
376–659 in the proline-rich region of BAT3). BAT3 is
a nucleo-cytoplasmic shuttling protein that contains an
N-terminal ubiquitin homology region, a zinc fingerlike domain, a nuclear export signal (NES), an NLS
and, in its C-terminal part, a BAG domain that binds to
the ATPase domain of HSC70/HSP70. We and others
have shown that BAT3 targets the acetyltransferase
p300 [28] and p21 [34] to the nucleus. We therefore
investigated whether BAT3 binds to Cath-D by GST
pull-down assay. All GST-Cath-D isoforms bound to
BAT3, indicating that the interaction interface involves
the whole Cath-D protein (Fig. 5A). Moreover, BAT3
was abundantly expressed in the tested ER+ BCC lines
(Fig. 5B) and was detected in the membrane, cytoplasmic
and nuclear fractions of T47D cells (Fig. 5C). Binding
of endogenous Cath-D to endogenous BAT3 in T47D
cells was confirmed by immunoaffinity purification with
the M1G8 anti-Cath-D antibody (Fig. 5D). Confocal
immunocytochemistry in T47D cells (Fig. 5E) showed
that Cath-D (in red; panels a) partially co-localized
www.impactjournals.com/oncotarget

Cath-D enhances the transcriptional repressor
function of TRPS1
To determine whether Cath-D binding to TRPS1
affects TRPS1 transcriptional repressor activity, we first
assessed the effect of TRPS1 silencing (Fig. S3) on the
transcription of endogenous TRPS1-target genes, such
as parathyroid hormone-related protein (PTHrP) [21],
STAT3 [22], osteocalcin [36] and ZEB2, which induces
EMT in BCC [24]. TRPS1 silencing in T47D cells
significantly (2.1-fold, p < 0.005) increased only PTHrP
28089
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Figure 4: Nuclear interaction and co-localization of endogenous fully-mature Cath-D and full-length TRPS1 in ER+
BCC. A. Nuclear Cath-D does not influence TRPS1 proteolysis. Cytosolic, membrane and nuclear fractions of T47D, MCF7 and BT474

cells (10 μg) were resolved by SDS-PAGE. TRPS1 and Cath-D expression in the different fractions were analyzed by immunoblotting.
B. Nuclear Cath-D does not affect TRPS1 turnover. T47D cells were transfected with Cath-D siRNA2–3 (10 μg each) or control Luc
siRNA (20 μg) for 48 h. Cath-D, TRPS1 and HDAC3 expression in the nuclear fraction was then assessed by WB. HDAC3, control
for nuclear fraction. C. Endogenous TRPS1 and Cath-D are co-immunoprecipitated from nuclear fractions. Aliquots of T47D nuclear
fraction (100 μg) were immunoprecipitated with the anti-Cath-D antibody M1G8 (IP Cath-D) or control IgG1 (IP IgG). Cath-D (top) and
TRPS1 (bottom) were detected by WB. NF, nuclear fraction (10 μg). D. Co-localization of endogenous Cath-D and TRPS1 in the nucleus.
Permeabilized T47D cells were double stained with the anti-Cath-D monoclonal antibody M1G8 (red) and an anti-TRPS1 polyclonal
antibody (green). DNA was stained with 0.5 μg/ml DAPI (blue). Panel a: DAPI, Cath-D, TRPS1 and merge immunostaining analyzed
by confocal microscopy (Z projections (max intensity) of 4 × 0.23 μm slices). Panel b: Cath-D immunostaining and Panel c: double
immunostaining patterns. Higher magnifications (slices 1 and 2: 0.23 μm) are shown in the boxed regions. Arrows indicate Cath-D and
TRPS1 nuclear co-localization. Scale bar: 10 μm.
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Figure 5: Binding of nuclear Cath-D to BAT3. A. Direct binding of BAT3 to Cath-D-GST. Radio-labeled full-length BAT3 was

incubated with beads bearing GST-52K, -48K, -34K, -14K Cath-D, or GST. GST proteins stained with Coomassie blue are shown in the left
panel. Bound BAT3 was detected by autoradiography (right panel). B. BAT3 expression in ER+ BCC lines. BAT3 expression was assessed in
whole cell extracts (10 μg) by WB. β-actin: loading control. C. BAT3 subcellular localization. BAT3, Cath-D, LAMP2 (lysosomal marker)
and TRPS1 (nuclear marker) expression were analyzed in the cytoplasmic, membrane and nuclear fractions (10 μg) of T47D cells by WB.
D. Endogenous BAT3 is purified with Cath-D. T47D whole cell lysates were loaded on an anti-Cath-D M1G8 affinity column. Cath-D (top) and
BAT3 (bottom) were detected in the unfractionated (input) and the three eluted fractions by WB. E. Co-localization of endogenous Cath-D and
BAT3 in the nucleus. Permeabilized T47D cells were double stained with the anti-Cath-D monoclonal antibody M1G8 (red) and an anti-BAT3
polyclonal antibody (green). DNA was stained with 0.5 μg/ml DAPI (blue). Panel a: DAPI, Cath-D, BAT3 and merge immunostaining analyzed
with a microscope equipped with Apotome to eliminate out-of-focus fluorescence (slices of ~0.3 μm). Co-localization in lysosomes in the
middle panels is indicated by arrows. The right panels shows details of vesicles with BAT3 spots located at the margins of lysosomes. Panel b:
double immunostaining pattern in the nucleus showing Cath-D co-localization with BAT3 dots (arrows). Scale bar: 10 μm.
www.impactjournals.com/oncotarget
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Figure 6: Regulation of nuclear Cath-D accumulation by its molecular partner BAT3. Nuclear (panel A), cytoplasmic

(panel B), membrane (panel C) fractions, and whole cell extracts (panel D) (10 μg) from T47D cells transfected with Luc or BAT3 siRNA1
(20 μg), siRNA2 (20 μg), or siRNA(1+2) (10 μg each) were prepared 48 h post-transfection and BAT3, Cath-D, TRPS1, GAPDH, HDAC3
and β-actin expression analyzed by WB. GAPDH and HDAC3, loading markers for cytoplasmic and nuclear fractions. β-actin: whole cell
extract loading control.

mRNA expression, but did not affect ZEB2, STAT3 and
osteocalcin expression (Fig. S4). Therefore, the 4.3 kB
PTHrP promoter region, which contains multiple GATA,
Ets-1 and CBP binding sites, was fused to a luciferase
reporter gene (Fig. 7B, panels a, left top image) to
determine whether Cath-D affects TRPS1 transcriptional
repressor activity. Luciferase activity indicated that the
PTHrP promoter was active in Ctsd− MEFs, but not in
wild type T47D cells (not shown). However, Cath-D
re-expression in Ctsd− MEFs repressed the transcriptional
activity of the 4.3 kB PTHrP promoter in a dosedependent manner and this effect was counteracted by
TRPS1 silencing (Fig. 7B, panel a, histogram on the
right), suggesting that Cath-D cooperates with TRPS1
in inhibiting PTHrP transcription. Indeed, TRPS1 and
Cath-D co-silencing in T47D cells (reduction of their
www.impactjournals.com/oncotarget

expression by 80%) further increased PTHrP mRNA
expression compared to silencing of TRPS1 alone,
indicating that Cath-D potentiates (1.5-fold, p < 0.05)
PTHrP transcriptional repression by TRPS1 (Fig. 7B,
panels b).
Finally, to determine whether Cath-D promotion
of TRPS1 transcriptional repression was not confined to
PTHrP, the transcriptomes of T47D cells transfected with
siRNAs against Cath-D or/and against TRPS1, or with the
control Luc siRNA were analyzed by microarray analysis.
Compared to control (Luc siRNA), TRPS1 silencing
led to a significant (2-fold) increase in 53 mRNAs and
decrease in ten others (Fig. 8A, panel a; Tables S1 and
S2). Cath-D silencing significantly up-regulated (2-fold)
only ARL6IP5 (ADP-ribosylation-like factor 6 interacting
protein 5) (Fig. 8A, panel b; Table S3). TRPS1 and Cath-D
28092
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Figure 7: Transcription repression by TRPS1 and Cath-D. A. Transcription repression by Cath-D Panel a: Diagram of the L8G5-Luc

reporter gene containing the LexA operator sequence and Gal4 binding sites. LexA-VP16 is a transcription transactivator. Gal4 fusion proteins
(Gal-Cath-D, Gal-D231NCath-D) bind to the Gal4 sites to modulate LexA-VP16-induced transcription. Panel b: T47D cells were transfected with
pRL-CMV (Renilla) (40 ng), the L8G5-Luc reporter gene (160 ng), the LexA-VP16 expression plasmid (80 ng) and increasing concentrations
(100 to 800 ng) of the plasmids encoding the indicated Gal4 fusion proteins. Data are the percentage of the standardized luciferase activity
obtained with Gal4 (100 ng) and are the mean ± SD of triplicate transfections. Similar results were obtained in another independent experiment.
B. Regulation of the PTHrP promoter activity by TRPS1 and Cath-D. Panel a: The upper left image shows a diagram of the 5’-flanking 4.3 kB
region of the human PTHrP gene and the PTHrP promoter-luciferase construct. Exons are indicated by boxes and promoters by arrows. Lower
left image: Expression of TRPS1 and Cath-D was analyzed in whole cell extracts from Ctsd− MEFs and T47D cells by western blot analysis.
β-actin, loading control. Histogram on the right: Ctsd-/- MEFs were co-transfected with pRL-CMV (Renilla) (40 ng), the pGL2-PTHrP promoter
plasmid or pGL2 empty vector (250 ng), and increasing concentrations of Cath-D expression plasmid or pcDNA3 empty vector (200, 300 and
400 ng) in the presence of a non-specific control siRNA (5′AGGUAGUGUAAUCGCCUUGdTdT 3′) or TRPS1 siRNA3 (125 ng). No luciferase
activity was detected in cells with the pGL2 empty vector. **p < 0.01, Student’s t-test. Similar results were obtained in another independent
experiment. Panel b: T47D cells were transfected in triplicate with Luc siRNA (20 μg), anti-TRPS1 or anti-Cath-D siRNA1–3 (20 μg), or with
both TRPS1 and Cath-D siRNA2–3 (5 μg of each, total 20 μg). CTSD, TRPS1 and PTHrP mRNA levels were determined by RT-qPCR 48 h
later. Mean ± SD of three independent transfections. **p < 0.01; ***p < 0.0005; Student’s t-test.
www.impactjournals.com/oncotarget
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DISCUSSION

co-silencing led to significant up-regulation of 161 genes
and down-regulation of 159 (Fig. 8A, panel c; Table S3).
Comparison of the genes affected by TRPS1/Cath-D
co-silencing with those affected by TRPS1 silencing
showed that 41 genes were significantly up-regulated,
while 54 genes were down-regulated in co-silenced cells
(p < 0.00001) (Fig. 8A, panel d). Specifically, TRPS1/
Cath-D co-silencing potentiated by 1.4-fold the expression
of 10 of the 53 mRNAs up-regulated by TRPS1 silencing
alone (Fig. 8B; Table S1). This suggests that Cath-D
enhances TRPS1 transcriptional inhibition activity.
RT-qPCR confirmed that RBP1 (retinol-binding protein I)
and MAOA (monoamine oxidase A), two of the most
up-regulated genes in TRPS1-silenced T47D cells
compared to control, were significantly more overexpressed in TRPS1/Cath-D co-silenced than in TRPS1silenced T47D cells (Fig. S5).

Here, we report that Cath-D accumulates in the
nucleus of ER+ BCC and the identification of new Cath-D
nuclear partners (i.e., TRPS1 and BAT3). We found
that Cath-D interacts with the GATA family member
TRPS1 in the nucleus of ER+ BCC and enhances TRPS1
transcription repressor activity, independently of its
proteolytic function. Both the 34-kDa heavy and 14-kDa
light chains of Cath-D bind to a 200 aa TRPS1 region
located between the GATA DNA-binding zinc finger and
the C-terminal IKAROS-like double zinc fingers. This
TRPS1 region also interacts with the RING finger protein
RNF4 that counteracts TRPS1-mediated repression [37].
In the nucleus, Cath-D association with
chromatin could be due to translation initiation at
alternative, downstream AUG sites and synthesis of a
protease that lacks the N-terminal hydrophobic signal
peptide. N-terminally truncated Cath-D isoform could escape
transit through the ER, leading to nuclear accumulation of
unglycosylated Cath-D. However, Cath-D detected in ER+
BCC nuclei was the fully mature glycosylated enzyme.
Moreover, neither mouse nor human Cath-D has an out-offrame start codon and such codons hinder the biosynthesis
of truncated cathepsin L [38]. This strongly supports the
hypothesis that nuclear Cath-D is not an N-terminally
truncated variant, but the fully mature form, normally found
in lysosomes. The nuclear pool of Cath-D could be due to
low-level lysosomal permeabilization or retrograde protein
trafficking of the fully mature enzyme [39].
As Cath-D does not have a NLS, we hypothesized
that its nuclear targeting could be mediated by binding
to TRPS1, which has an NLS [40]. However, TRPS1
silencing did not change the amount of nuclear Cath-D. On
the other hand, in ER+ BCC, Cath-D also binds to BAT3, a
nucleo-cytoplasmic shuttling protein and BAT3 silencing
inhibits Cath-D nuclear accumulation. There is evidence
that cytosolic BAT3 captures soluble or membraneanchored proteins and transfers them to organelles, such
as the ER, or the nucleus via formation of multiple protein
complexes involving the membrane interface [29, 34, 41].
Based on the finding that Cath-D/BAT3 can co-localize at
the surface of lysosomes, we suggest that BAT3 captures
the excess Cath-D that escapes from lysosomes and helps
transporting the protease to the nucleus of ER+ BCC.
As BAT3 can trigger p21 nuclear targeting during the
cell cycle [34], future studies are needed to evaluate the
regulation of Cath-D nuclear accumulation in proliferating
and non-proliferating ER+ BCC.
We then show that Cath-D acts as a transcription
co-repressor. This new intracrine mechanism is independent
of its proteolytic function because the D231N Cath-D
mutant, which is proteolytically inactive, retains this
inhibitory activity in the (LexA/VP16) luciferase reporter
promoter assay. Similarly, the D231N Cath-D mutant

Impact of Cath-D/TRPS1 silencing on cell cycle
progression and transformation
Our microarray analysis indicated that TRPS1/
Cath-D co-silencing variably affected (up or downregulation) the expression of 26 cell cycle genes
compared to TRPS1 silencing alone (five genes)
(p < 0.00001) (Table S4) and 79 proliferation genes (only
ten in TRPS1-silenced cells p < 0.00001) (Table S5). In
addition, TRPS1/Cath-D co-silencing led to significant
changes in the expression of 15 transformation genes
(p < 0.00001), whereas TRPS1 silencing affected only
three transformation genes (Table S6). Analysis of cell
cycle progression by flow cytometry in unsynchronized
T47D cells showed that TRPS1 and Cath-D co-silencing
(Fig. 9A) inhibited cell cycle progression with cell
accumulation in the G0/G1 phase and reduced number
of cells in the S and G2/M phases (p < 0.025) (Fig. 9B,
panels a and b). No significant effect was observed on the
subG1 phase, indicating that apoptosis was not affected by
TRPS1 and Cath-D co-silencing. Inhibition of cell cycle
progression in co-silenced cells was also associated with
decreased levels of cyclin E, a marker of the S phase, and
cyclin A, a marker of the S and G2/M phases (Fig. 9A).
Moreover, investigation of the effect of TRPS1 and/or
CathD silencing on soft agar colony formation, a signature
of cell transformation in vitro, showed that TRPS1/Cath-D
co-silencing in T47D cells resulted in fewer and smaller
colonies (40% decrease) than in control (Luc shRNA)
cells (Fig. 9C). Of note, in the polyoma middle-T antigen
transgenic model of luminal ER+ breast cancer, TRPS1
mRNA expression was significantly up-regulated (8-fold)
in the earliest hyperplastic lesions in 5-week/old transgenic
mice compared to mammary glands from wild type mice
(Fig. S6). Our findings therefore strongly suggest that the
TRPS1/Cath-D interplay is implicated in the progression
of luminal ER+ breast cancer.
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Figure 8: Cath-D influences TRPS1 transcription repression function. A. Transcriptome analysis of TRPS1-silenced and

Cath-D-silenced cells. T47D cells were transfected in triplicate with control Luc siRNA (20 μg), TRPS1 or Cath-D siRNA1–3 (20 μg),
or with both TRPS1 and Cath-D siRNA2–3 (5 μg of each, total 20 μg). RNAs were extracted 48 h post-transfection and analyzed by
microarray hybridization. Panel a: TRPS1-silenced cells versus control. Panel b: Cath-D-silenced cells versus control. Panel c: TRPS1/
Cath-D doubly-silenced cells versus control. Panel d: TRPS1/Cath-D doubly-silenced cells versus TRPS1-silenced cells. The significant
differences in the mRNA expression of a given gene were determined by dividing the log2 of TRPS1, Cath-D or TRPS1/Cath-D silenced
sample signals by the Luc control signal, i.e. log(FC); these data were analyzed using a modified Student’s t-test followed by correction for
multiple testing. Over- and under-expressed genes, relative to control, were identified using a threshold for the log(FC) (X-axis) (between
1 or -1), corresponding to fold-changes of 2 and -2, and a threshold for the adjusted p value of 0.05 (Y-axis). B. Cumulative frequency
distribution of the difference (fold-change) between TRPS1/Cath-D co-silencing and TRPS1 silencing alone. T47D cells were transfected
with Luc siRNA (20 μg), or TRPS1 + Cath-D siRNA2–3 (5 μg of each, total 20 μg) in triplicate transfections. Microarray analysis showed
the impact of double silencing on the 53 mRNAs that were significantly up-regulated following silencing of TRPS1 alone (Table S1). Ratio
(x-axis), ratio of fold-changes for the 53 mRNAs after TRPS1 and Cath-D co-silencing divided by the fold-changes after TRPS1 silencing.
www.impactjournals.com/oncotarget
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Figure 9: Cath-D/TRPS1 dual silencing inhibits cell cycle progression and cell transformation. A. Expression of cyclin A
and E. T47D cells were transfected with Luc, TRPS1, Cath-D or TRPS1+Cath-D shRNAs. Five days post-transfection, TRPS1, Cath-D,
cyclin A and E expression were analyzed in whole cell extracts (10 μg) by western blotting. β-actin: loading control. Similar results were
obtained in three independent experiments. B. Cell cycle analysis. Cell cycle progression in T47D cells was analyzed by flow cytometry
five days after transfection with the indicated shRNAs. Cell cycle analysis (panels b) and quantification of the subG1, G0G1, S and G2M
fractions (panel a). Similar results were obtained in three independent experiments. C. Soft agar colony formation. Three days posttransfection, T47D cells were embedded in soft agar and grown for 8 days. The resulting colonies were stained with p-iodonitrotetrazolium
violet and phase-contrast photomicrographs taken. Colonies/well in 6-well plates were counted using Image J (Panel b). Data are the mean
± SD relative to Luc shRNA (n = 6). **p < 0.01, Student’s t-test. One of two representative experiments is shown. Bar = 500 μm.
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is still mitogenic in cancer cells [10, 12, 42], indicating
that Cath-D has additional actions independently of its
catalytic activity. Moreover, Cath-D enhances TRPS1mediated gene transcription repression in ER+ BCC.
Importantly, fully mature Cath-D binds to full-length
TRPS1 in ER+ BCC nuclei and Cath-D silencing does
not alter TRPS1 level, suggesting that Cath-D effect
on transcription is mediated through a non-proteolytic
chaperoning mechanism. Conversely, nuclear cysteine
Cath-L modulates transcription through limited proteolysis
of the CDP/Cux transcription factor and of histone H3
[43, 44]. We also provide evidence that the co-repressive
action of Cath-D and TRPS1 is quite widespread. Indeed,
the expression of 40% of the 53 TRPS1-repressed genes
we identified by microarray analysis was more strongly
up-regulated (ratio ≥ 1) in Cath-D/TRPS1 co-silenced cells
than in TRPS1 silenced cells.
The results of the transcriptome analysis in TRPS1
and/or Cath-D silenced cells suggest that the TRPS1/
Cath-D interplay could have dual (oncogenic or antioncogenic) effects in ER+ BCC. Indeed, TRPS1 and
Cath-D co-repress transcription of secreted protein rich
in cysteine gene (SPARC), a tumor suppressor in MDAMB-231 ER- BCC [45] and promote c-MYC and TGFB3
expression. The MYC oncogene is co-amplified with
TRPS1 in breast carcinomas with increased proliferation
rate [46]. The pleiotropic cytokine TGFβ3 promotes
ER+ BCC invasive potential [47]. However, Cath-D and
TRPS1 also co-inhibit transcription of genes implicated
in tumor progression, as shown for PTHrP that encodes a
secreted factor driving bone metastasis formation in breast
cancer. PTHrP is weakly expressed in ER+ BCC and its
overexpression in ER+ MCF7 leads to bone metastasis
formation [48]. Triple-negative (ER-, PR-, HER2-)
metastatic BCC require PTHrP for their proliferation
and survival [49]. TRPS1 is strongly expressed in ER+
BCC, such as T47D cells, while its level is lower in
triple-negative MDA-MB-231 BCC [23]. Thus, nuclear
Cath-D and TRPS1 may help limiting the tumorigenic and
metastatic capacity of T47D cells by repressing PTHrP
gene expression. We also found that the Cath-D/TRPS1
pair reduces the transcription of oncogenic elements,
including the KIT ligand (KITLG) and c-MYB. Thus, our
finding that TRPS1/Cath-D co-regulate a subset of genes
encoding oncogenic or anti-oncogenic effectors, which
are implicated in cell proliferation, differentiation and
transformation, supports the pleiotropic and opposing
biological functions associated with TRPS1 [19–22, 50].
While TRPS1 and Cath-D seem to have a dual effect
on several genes involved in carcinogenesis, TRPS1/
Cath-D co-silencing in ER+ T47D cells inhibits cell cycle
progression and anchorage-independent growth. Many
reports indicated that Cath-D is mitogenic in BCC [5–8,
10–12]. More recently, high Cath-D levels were associated
with poor prognosis in patients with ER+ breast cancer
[51, 52]. Moreover, TRPS1 is overexpressed in breast
www.impactjournals.com/oncotarget

cancer [23] and its expression is linked to the ER+, GATA3
and HER2 status [53–55] and to the EMT-negative
phenotype, as shown here for TRPS1 and Cath-D [24].
TRPS1 was proposed to have a prognostic value in early
stage breast cancer [56] and to promote tumor progression
[57]. In addition, TRPS1 stimulates cell proliferation [25]
and angiogenesis [58] in breast cancer. Altogether, these
data indicate that TRPS1 and Cath-D are implicated in
luminal breast tumor oncogenesis by promoting cell cycle
progression and maintaining the transformed phenotype
in ER+ BCC.
In summary, our study provides evidence that
nuclear Cath-D is a TRPS1 molecular partner that
enhances TRPS1 repressor activity in luminal ER+
BCC. Our studies provide a template for the preclinical
evaluation of critical Cath-D/TRPS1 target genes involved
in the progression of specific breast cancer subtypes.

MATERIALS AND METHODS
Materials
The entire coding sequence of human TRPS1
was cloned in the pcDNA4 plasmid and the TRPS1
fragments F1, F5, F6, F9 and F10 were cloned in
the pGADT7 plasmid [37]. Full-length BAT3 cDNA
cloned in the pcDNA3-HA vector was a generous gift
from F. Desmots-Loyer (CHU Hôpital Pontchaillou,
Laboratoire d’Hématologie, Rennes, France). The pGEX4T-1-Cath-D constructs were obtained by inserting PCRamplified cDNAs encoding the human 52-, 48-, 34- or
14-kDa Cath-D chains in pGEX-4T-1 that was previously
digested with EcoRI [14]. The PTHrP-luciferase
reporter plasmid containing the 4.3 kb BamHI-HindIII
PTHrP promoter region cloned in the pGL-2 vector
upstream of the luciferase gene (Promega, USA) was
kindly provided by Z. Bouizar (INSERM U349, Paris,
France). The L8G5-Luc and LexA-VP16 constructs
were kindly donated by V. Cavailles (INSERM U896,
IRCM Montpellier, France). Gal4-Cath-D and Gal4D231N
Cath-D were obtained by inserting the 1.2 kb Cath-D
or D231NCath-D cDNA into the EcoRI site of the pM vector
(Clontech Laboratories). BCC and HMFs were cultured
in DMEM with 10% fetal calf serum (FCS, GibcoBRL,
Life Technologies, Carlsbad, CA, USA). HMFs, kindly
provided by J. Piette (IGM, Montpellier, France), were
obtained from reduction mammoplasty tissue from a
patient without cancer. HMT-3522-S1 cells, kindly
provided by P. Briand (Department of Gynecology and
Obstetrics, Rigshospitalet, Copenhagen, Denmark), were
cultured in H14 chemically defined growth medium.
Snail-MCF7 and Snail6SA-MCF7 cells were kindly
provided by Pr M.C. Hung [33]. Purified goat antihuman TRPS1 antibody and purified normal goat IgG
were purchased from R&D Systems (Minneapolis,
MN, USA). The rabbit polyclonal anti-human BAT3
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Yeast two-hybrid screening

antibody used for western blotting was a generous gift
from F. Desmots-Loyer (CHU Hôpital Pontchaillou,
Laboratoire d’Hématologie, Rennes, France). The antihuman Cath-D monoclonal antibody (BD Biosciences,
San Jose, CA, USA) used for immuno-blotting and the
anti-human Cath-D monoclonal IgG1 antibody M1G8
used for immunoprecipitation recognize the 52-, 48- and
34-kDa forms of Cath-D. Rabbit polyclonal anti-human
LAMP2 and chicken polyclonal anti-BAT3 antibodies
were purchased from Abcam (Cambridge, UK). The
control IgG1 anti-MOPC-21 monoclonal antibody
and anti-β actin polyclonal antibody were purchased
from Sigma-Aldrich (St Louis, MO, USA). The mouse
monoclonal anti-GAPDH (6C5), rabbit polyclonal antihuman HDAC3 (H-99), rabbit polyclonal anti-cyclin
A (H-432) and the rabbit polyclonal anti-histone H3
antibody were from Calbiochem (Merck, Germany).
The monoclonal mouse anti-human E-cadherin antibody
was from BD Transduction Laboratories (San Jose, CA,
USA), the monoclonal mouse anti-vimentin antibody
(Clone V9) from DakoCytomation (Glostrup Denmark),
the mouse monoclonal anti-α-tubulin (clone DM1A;
epitope 426–450) from Lab Vision Corporation (Thermo
Fisher Scientific Inc., Rockford, USA) and the mouse
monoclonal anti-cyclin E (clone HE12) antibody from
Millipore. The mouse monoclonal anti-ERK2 (D-2)
antibody was purchased from Santa Cruz Biotechnology
(Cruz, CA, USA). Endoglycosidase H was purchased
from Roche Applied Science (Indianapolis, IN, USA).

Yeast two-hybrid screening was performed by
Hybrigenics Services, S.A.S., Paris, France (http://www
.hybrigenics-services.com). Briefly, a fragment containing
aa 65–412 of human Cath-D (GenBank accession number
gi: 29677) fused in frame with the Gal4 DNA-binding
domain was used to screen a randomly-primed human
breast tumor epithelial cell cDNA library.

GST pull-down assay
[35S]methionine-labeled full-length TRPS1 (or
BAT3) and the TRPS1 fragments were obtained by
transcription and translation using the TNTT7-coupled
reticulocyte lysate system (Promega). The production of
GST and GST-Cath-D fusion proteins in the Escherichia
coli B strain BL21 was induced by incubation with
1 mM isopropyl-1-thio-β-D-galactopyranoside at 37°C
for 3 h. The GST fusion proteins were purified on
glutathione-Sepharose beads (Amersham Biosciences,
USA). 20 μl aliquots of glutathione-Sepharose beads
bearing immobilized GST fusion proteins were incubated
overnight at 4°C with [35S]methionine-labeled proteins
in 500 μl PDB buffer (20mM HEPES-KOH (pH 7.9),
10% glycerol, 100 mM KCl, 5 mM MgCl2, 0.2 mM
EDTA, 1 mM DTT, 0.2 mM PMSF) containing 15 mg/ml
BSA and 0.1% Tween-20. Proteins were eluted after four
washes (500 μl each) of PDB buffer. Eluted proteins were
resolved on 15% SDS-PAGE, stained with Coomassie
blue, and bands detected on exposed X-ray films.

Breast tumors
This project was submitted to the Ethics Committees
of the clinical centers taking part in the study and was
approved by the National Institute of Cancer (INCa),
following the recommendations of the French National
Authority for Health (FNAH). Patient samples were
processed according to the French Public Health Code
(law n°2004–800, articles L. 1243–4 and R. 1243–61)
and the biological resources center has been authorized
(authorization number: AC-2008–700; Val d’Aurelle,
ICM, Montpellier) to deliver human samples for
scientific research. All patients were informed before
surgery that their surgical specimens might be used for
research purposes. They could refuse by completing an
appropriate form; their tumor biopsies would then be
destroyed. A total of 44 primary breast cancer samples
were obtained from the Pathology Department. This study
was reviewed and approved by the Montpellier Cancer
Center - Val d’Aurelle Institutional Review Board and
informed consent was obtained from all patients. Samples
were systematically anonymized. RNAs were isolated
from frozen tissues using the RNeasy Mini Kit (Qiagen
S.A. France, Courtaboeuf, France) and their quality/
quantity assessed on a Bioanalyser (Agilent, Santa Clara,
CA, USA).
www.impactjournals.com/oncotarget

siRNA and shRNA transfection
21-nucleotide siRNA duplexes against human Cath-D
(target sequence AAGCUGGUGGACCAGAACAUC;
siRNA1 [14]) were synthesized by Dharmacon RNA
Technologies (Thermo Fisher Scientific Inc., Rockford, IL,
USA), and the siRNA against firefly luciferase (Luc) (target
sequence AACGUACGCGGAAUACUUCGA) by Qiagen
Sciences (Maryland, USA). Human Cath-D siRNA2
(ID 105581) and siRNA3 (ID 4180) were purchased
from Ambion (Austin, TX). Human TRPS1 siRNAs
were purchased from Thermo Scientific Dharmacon
(ON-TARGET plus: siRNA1 (J-009644–05), siRNA2
(J-009644–06), siRNA3 (J-009644–08)). T47D cells
grown in 6-well plates were transiently transfected with
Luc, Cath-D, or/and TRPS1 siRNAs using Lipofectamine
(Invitrogen, Life Technologies, USA) by incubation at 37°C
for 48 h. Cells were then lysed in 50 mM Hepes [pH 7.5],
150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM
MgCl2 1 mM EGTA and a protease inhibitor cocktail. Total
RNA was extracted from the lysates using the RNeasy Mini
Kit (Qiagen Sciences, Maryland). T47D cells were also
transfected with 1 μg Luc, Cath-D, and/or TRPS1 shRNA
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expression vectors (Invivogen, San Diego, CA, USA)
using Nucleofector Technology (Amaxa biosystems, MD,
USA). Sequences are shown in Table S7.

the supernatants (S2) were pooled with S1 (1:1; soluble
fraction). The insoluble chromatin fractions were washed
twice with buffer B, once with MNase buffer (10 mM
Tris HCl, 10mM KCl, 1 mM CaCl2, 1 mM DTT, protease
inhibitor cocktail) and centrifuged again (4,000 rpm,
4°C, 5 min). The final chromatin pellets were suspended
in Laemmli buffer and heated.
For release of chromatin-bound proteins, chromatin
was isolated as described above and then suspended in
MNase buffer containing 2U of micrococcal nuclease
(Sigma-Aldrich) and incubated on a shaker at 37°C for
20 min. The nuclease reaction was stopped by adding
0.1 mM EDTA and the mixture centrifuged (13,000 rpm,
4°C, 10 min) to obtain a supernatant (sup) containing the
released proteins.

Subcellular fractionation, immunoprecipitation,
immunoblotting, immunopurification,
and flow cytometry
Subcellular cytoplasmic, membrane and nuclear
fractions of BCC were harvested using the Subcellular
Protein Fractionation Kit (Thermo Scientific, USA).
Cytoplasmic, membrane and nuclear extracts (10 μg)
were separated by SDS-PAGE and immunoblotted with
anti-Cath-D, anti-TRPS1, anti-LAMP2, anti-GAPDH and
anti-HDAC3 antibodies using standard techniques. For
co-immunoprecipitation experiments, nuclear extracts
(100 μg) of T47D cells were incubated with 1 μg antiCath-D M1G8 monoclonal antibody, or 1 μg of antiMOPC21 control IgG1 monoclonal antibody at 4°C
overnight, and then with 50 μl 10% protein A-Sepharose
at 4°C on a shaker for 2 h. Sepharose beads were washed
thrice in 50 mM Hepes [pH 7.5], 150 mM NaCl, 10%
glycerol, 1% Triton X-100, 1 mM EGTA and once with
the same buffer containing 300 mM NaCl, boiled for
5 min in SDS sample buffer, and analyzed by SDSPAGE. Samples were then immunoblotted with the antiCath-D monoclonal antibody or anti-TRPS1 polyclonal
antibody. Cath-D was purified from cells lysed in lysis
buffer (100 mM Tris/HCl [pH 8], 100 mM NaCl, 1%
NP40 and 1 mM DTT) containing protease inhibitors.
Lysates were purified through an agarose column coupled
with 1 ml anti-Cath-D M1G8 antibody. The column was
washed with phosphate buffer (0.5 M NaPO4, 150 mM
NaCl, 0.01% Tween 80, 5 mM β-glycerophosphate) and
proteins eluted in three 500 μl fractions with 20 mM
lysine, pH 11. For flow cytometry analysis, cells
were trypsinized, fixed in 75% EtOH and suspended in
700 μl of PBS containing 40 μg/ml propidium iodide
and 100 μg/ml RNase. Analysis was done on a Becton
Dickinson, CA Analyzer with a 20 mW argon ion laser
tuned to 488 nm. Propidium iodide fluorescence was
measured at 585 nm. Data were collected and analyzed
with FlowJo software.

Soft agar colony formation assay
T47D cells were transfected with Luc, Cath-D, or/
and TRPS1 shRNAs using the Nucleofector Technology.
Three days post-transfection, soft agar assays were
performed by plating 6000 cells/well in 6-well
plates. After 8 days, colonies were then stained with
p-iodonitrotetrazolium violet (Sigma-Aldrich) at 37°C
overnight and counted using Image J.

Fluorescence microscopy
T47D cells grown on glass coverslips in 12-well
plates were fixed with 4% paraformaldehyde,
permeabilized with 0.1% Triton X100 and incubated with
2.5% goat serum to block non-specific binding (Sigma).
Cells were then incubated with 10 μg/ml anti-TRPS1
goat polyclonal antibody followed by incubation with
AlexaFluor 488-conjugated rabbit anti-goat IgG (1/500;
Life Sciences). In other experiments, cells were first
incubated with 1 μg/ml anti-BAT3 chicken polyclonal
antibody (Abcam) followed by incubation with FITCconjugated goat anti-chicken IgG (1/5000; Abcam). Cells
were then washed, incubated with 2.5 μg/ml M1G8 (antiCath-D mouse monoclonal antibody) and then with a
RITC-conjugated goat anti-mouse IgG (1/50; Invitrogen).
Co-labeling by anti-TRPS1 and Cath-D antibodies
was examined using a BioRad 1024 CLSM confocal
microscope with a 60X (1.4NA) Nikon objective. Series
of four optical sections (0.23 μm thick) were collected and
projected onto a single plane. Co-staining was imaged with
a 63X Plan-Apochromat objective on z stacks with a Zeiss
Axioimager light microscope equipped with Apotome to
eliminate out-of-focus fluorescence (slice ~0.3 μm each).

Chromatin fractionation
Chromatin was isolated from cells suspended in
buffer A (10 mM HEPES, [pH 7], 10 mM KCl, 1.5 mM
MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM DTT,
protease inhibitor cocktail) containing 0.1% Triton X-100
and incubated on ice for 5 min. Nuclei were collected by
low-speed centrifugation (3, 500 rpm at 4°C for 5 min),
washed once in buffer A, and then lysed in buffer B (3 mM
EDTA, 0.2 mM EGTA, 1 mM DTT, protease inhibitor
cocktail) on ice for 30 min. Supernatants were saved
(S1). Pellets (insoluble chromatin) were then collected by
centrifugation of the lysed nuclei (4, 000 rpm, 4°C, 5 min);
www.impactjournals.com/oncotarget

Microarray analysis
Gene expression patterns were examined in TRPS1,
Cath-D and TRPS1/Cath-D-silenced T47D cells. Each test
condition was compared to the reference condition (a pool
of RNA from T47D cells transfected with Luciferase
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siRNA). Each experiment was repeated three times and
gene expression was analyzed using Agilent® SurePrint
G3 Human GE 8x60K Microarrays (AMADID 28004),
as specified in the manufacturer’s protocol. Test samples
were labeled with Cy5 and controls with Cy3. Microarray
images were analyzed with Agilent Feature Extraction
(10.7.3.1), using the default settings. Microarray data were
processed as follow: control probes were systematically
removed and flagged probes were considered as missing
values. Arrays were normalized by loess normalization,
followed by quantile normalization of both Cy3 and
Cy5 channels. Arrays were then normalized by quantile
normalization of the M-values. A single value was
computed for each transcript by taking the mean of each
replicated probes. Missing values were replaced using the
KNN algorithm (package ‘impute’ from R). Normalized
data were then analyzed with LIMMA. The top-ranked
genes were selected using the following criteria:
an absolute fold-change >2 and an adjusted p-value
(FDR) <0.05.

control RNA 5′AGGUAGUGUAAUCGCCUUGdTdT 3′
(MWG Eurofins, Ebersberg, Germany).
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Reverse transcription of total RNA was performed
at 37°C using Moloney murine leukemia virus reverse
transcriptase (Invitrogen, Carlsbad, CA) and random
hexanucleotide primers (Promega, Madison, WI).
wReal-time quantitative PCR analyses were performed
on a Light Cycler 480 SYBR Green I master and a Light
Cycler 480 apparatus (both from Roche Diagnostics,
Indianapolis, IN). The integrity of the PCR products
was verified by melting curve analysis. Real-time qPCR
values were determined by reference to a standard curve
generated by RT-qPCR amplification of serially diluted
cDNAs using the various primers. Quantification data
were normalized to the amplification data for the reference
genes encoding hypoxanthine phosphoribosyl transferase
(HPRT) or ribosomal protein S9 (RPS9). The sequences of
gene-specific oligonucleotides for Cath-D, TRPS1, PTHrP,
ZEB2, STAT3, osteocalcin, MAOA, RBP1, RPS9 and
HPRT are shown in Table S7.

REFERENCES
1. Reiser J, Adair B, Reinheckel T. Specialized roles for cysteine cathepsins in health and disease. J Clin Invest. 2010;
120:3421–3431.
2. Ferrandina G, Scambia G, Bardelli F, Benedetti Panici P,
Mancuso S, Messori A. Relationship between cathepsin-D
content and disease-free survival in node-negative breast cancer patients: a meta-analysis. Br J Cancer. 1997; 76:661–666.
3. Foekens JA, Look MP, Bolt-de Vries J, Meijer-van
Gelder ME, van Putten WL, Klijn JG. Cathepsin-D in primary breast cancer: prognostic evaluation involving 2810
patients. Br J Cancer. 1999; 79:300–307.

Luciferase reporter promoter assays
Cells were transfected using the Lipofectamine 2000
reagent (InVitrogen, Cergy-Pontoise, France) according
to the manufacturer’s instructions (48-well plates).
Transfected cells were lysed by incubation in 0.2 ml lysis
buffer (25 mM Tris pH 7.8, 2 mM EDTA, 10% glycerol,
1% Triton X-100) at 4°C for 10 min. Supernatant aliquots
(50 μl) were mixed with 50 μl firefly luciferase detection
solution and luciferase activity measured in a luminometer
(Labsystem, Les Ulis, France). Renilla luciferase activity
was used to normalize transfection efficiency, according
to the Promega Corporation’s instructions. Transfections
were performed in triplicate. Silencing experiments linked
to luciferase assays were performed using the non-specific
www.impactjournals.com/oncotarget

4. Capony F, Rougeot C, Montcourrier P, Cavailles V,
Salazar G, Rochefort H. Increased secretion, altered processing, and glycosylation of pro-cathepsin D in human
mammary cancer cells. Cancer Res. 1989; 49:3904–3909.
5. Garcia M, Derocq D, Pujol P, Rochefort H. Overexpression
of transfected cathepsin D in transformed cells increases
their malignant phenotype and metastatic potency.
Oncogene. 1990; 5:1809–1814.
6. Vignon F, Capony F, Chambon M, Freiss G, Garcia M,
Rochefort H. Autocrine growth stimulation of the MCF 7
breast cancer cells by the estrogen-regulated 52 K protein.
Endocrinology. 1986; 118:1537–1545.
28100

Oncotarget

7. Fusek M, Vetvicka V. Mitogenic function of human
procathepsin D: the role of the propeptide. Biochem J.
1994; 303:775–780.

19. Fantauzzo KA, Christiano AM. Trps1 activates a network
of secreted Wnt inhibitors and transcription factors crucial
to vibrissa follicle morphogenesis. Development. 2012;
139:203–214.

8. Heylen N, Vincent LM, Devos V, Dubois V, Remacle C,
Trouet A. Fibroblasts capture cathepsin D secreted by breast
cancer cells: possible role in the regulation of the invasive
process. Int J Oncol. 2002; 20:761–767.

20. Wuelling M, Kaiser FJ, Buelens LA, Braunholz D,
Shivdasani RA, Depping R, Vortkamp A. Trps1, a regulator
of chondrocyte proliferation and differentiation, interacts
with the activator form of Gli3. Dev Biol. 2009; 328:40–53.

9. Hu L, Roth JM, Brooks P, Luty J, Karpatkin S. Thrombin
up-regulates cathepsin D which enhances angiogenesis,
growth, and metastasis. Cancer Res. 2008; 68:4666–4673.

21. Nishioka K, Itoh S, Suemoto H, Kanno S, Gai Z,
Kawakatsu M, Tanishima H, Morimoto Y, Hatamura I,
Yoshida M, Muragaki Y. Trps1 deficiency enlarges the
proliferative zone of growth plate cartilage by upregulation
of Pthrp. Bone. 2008; 43:64–71.

10. Glondu M, Coopman P, Laurent-Matha V, Garcia M,
Rochefort H, Liaudet-Coopman E. A mutated cathepsin-D
devoid of its catalytic activity stimulates the growth of cancer cells. Oncogene. 2001; 20:6920–6929.

22. Suemoto H, Muragaki Y, Nishioka K, Sato M, Ooshima A,
Itoh S, Hatamura I, Ozaki M, Braun A, Gustafsson E, Fassler R.
Trps1 regulates proliferation and apoptosis of chondrocytes
through Stat3 s ignaling. Dev Biol. 2007; 312:572–581.

11. Glondu M, Liaudet-Coopman E, Derocq D, Platet N,
Rochefort H, Garcia M. Down-regulation of cathepsin-D
expression by antisense gene transfer inhibits tumor growth
and experimental lung metastasis of human breast cancer
cells. Oncogene. 2002; 21:5127–5134.

23. Radvanyi L, Singh-Sandhu D, Gallichan S, Lovitt C,
Pedyczak A, Mallo G, Gish K, Kwok K, Hanna W,
Zubovits J, Armes J, Venter D, Hakimi J, Shortreed J,
Donovan M, Parrington M, et al. The gene associated with
trichorhinophalangeal syndrome in humans is overexpressed in breast cancer. Proc Natl Acad Sci U S A. 2005;
102:11005–11010.

12. Laurent-Matha V, Maruani-Herrmann S, Prebois C,
Beaujouin M, Glondu M, Noel A, Alvarez-Gonzalez ML,
Blacher S, Coopman P, Baghdiguian S, Gilles C,
Loncarek J, Freiss G, Vignon F, Liaudet-Coopman E.
Catalytically inactive human cathepsin D triggers fibroblast
invasive growth. J Cell Biol. 2005; 168:489–499.

24. Stinson S, Lackner MR, Adai AT, Yu N, Kim HJ,
O’Brien C, Spoerke J, Jhunjhunwala S, Boyd Z, Januario T,
Newman RJ, Yue P, Bourgon R, Modrusan Z, Stern HM,
Warming S, et al. TRPS1 targeting by miR-221/222 promotes the epithelial-to-mesenchymal transition in breast
cancer. Sci Signal. 2011; 4:ra41.

13. Laurent-Matha V, Huesgen PF, Masson O, Derocq D,
Prebois C, Gary-Bobo M, Lecaille F, Rebiere B, Meurice G,
Orear C, Hollingsworth RE, Abrahamson M, Lalmanach G,
Overall CM, Liaudet-Coopman E. Proteolysis of cystatin
C by cathepsin D in the breast cancer microenvironment.
FASEB J. 2012; 26:5172–81.

25. Wu L, Wang Y, Liu Y, Yu S, Xie H, Shi X, Qin S, Ma F,
Tan TZ, Thiery JP, Chen L. A central role for TRPS1 in the
control of cell cycle and cancer development. Oncotarget.
2014; 5:7677–7690.

14. Beaujouin M, Prebois C, Derocq D, Laurent-Matha V,
Masson O, Pattingre S, Coopman P, Bettache N,
Grossfield J, Hollingsworth RE, Zhang H, Yao Z,
Hyman BT, van der Geer P, Smith GK, LiaudetCoopman E. Pro-cathepsin D interacts with the extracellular
domain of the beta chain of LRP1 and promotes LRP1dependent fibroblast outgrowth. J Cell Sci. 2010;
123:3336–3346.

26. Desmots F, Russell HR, Michel D, McKinnon PJ. Scythe
regulates apoptosis-inducing factor stability during endoplasmic reticulum stress-induced apoptosis. J Biol Chem.
2008; 283:3264–3271.
27. Wakeman TP, Wang Q, Feng J, Wang XF. Bat3 facilitates H3K79 dimethylation by DOT1L and promotes DNA
damage-induced 53BP1 foci at G1/G2 cell-cycle phases.
EMBO J. 2012; 31:2169–2181.

15. Malik TH, Shoichet SA, Latham P, Kroll TG, Peters LL,
Shivdasani RA. Transcriptional repression and
developmental functions of the atypical vertebrate GATA
protein TRPS1. EMBO J. 2001; 20:1715–1725.

28. Sebti S, Prebois C, Perez-Gracia E, Bauvy C, Desmots F,
Pirot N, Gongora C, Bach AS, Hubberstey AV, Palissot V,
Berchem G, Codogno P, Linares LK, Liaudet-Coopman E,
Pattingre S. BAT3 modulates p300-dependent acetylation of
p53 and autophagy-related protein 7 (ATG7) during autophagy. Proc Natl Acad Sci U S A. 2014; 111:4115–4120.

16. Gui T, Sun Y, Gai Z, Shimokado A, Muragaki Y, Zhou G.
The loss of Trps1 suppresses ureteric bud branching
because of the activation of TGF-beta signaling. Dev Biol.
2013; 377:415–427.
17. Wuelling M, Pasdziernik M, Moll CN, Thiesen AM,
Schneider S, Johannes C, Vortkamp A. The multi zinc-finger
protein Trps1 acts as a regulator of histone deacetylation
during mitosis. Cell Cycle. 2013; 12:2219–2232.

29. Kawahara H, Minami R, Yokota N. BAG6/BAT3: emerging
roles in quality control for nascent polypeptides. J Biochem.
2013; 153:147–160.

18. Fantauzzo KA, Kurban M, Levy B, Christiano AM. Trps1
and its target gene Sox9 regulate epithelial proliferation in
the developing hair follicle and are associated with hypertrichosis. PLoS Genet. 2012; 8:e1003002.
www.impactjournals.com/oncotarget

30. Cavailles V, Augereau P, Garcia M, Rochefort H.
Estrogens and growth factors induce the mRNA of the
52K-pro-cathepsin-D secreted by breast cancer cells.
Nucleic Acids Res. 1988; 16:1903–1919.
28101

Oncotarget

31. Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelialmesenchymal transitions in development and disease. Cell.
2009; 139:871–890.

45. Koblinski JE, Kaplan-Singer BR, VanOsdol SJ, Wu M,
Engbring JA, Wang S, Goldsmith CM, Piper JT,
Vostal JG, Harms JF, Welch DR, Kleinman HK.
Endogenous osteonectin/SPARC/BM-40 expression inhibits
MDA-MB-231 breast cancer cell metastasis. Cancer Res.
2005; 65:7370–7377.

32. Al Saleh S, Sharaf LH, Luqmani YA. Signalling pathways
involved in endocrine resistance in breast cancer and associations with epithelial to mesenchymal transition (Review).
Int J Oncol. 2011; 38:1197–1217.
33. Zhou BP, Deng J, Xia W, Xu J, Li YM, Gunduz M,
Hung MC. Dual regulation of Snail by GSK-3beta-mediated
phosphorylation in control of epithelial-mesenchymal transition. Nat Cell Biol. 2004; 6:931–940.

46. Savinainen KJ, Linja MJ, Saramaki OR, Tammela TL,
Chang GT, Brinkmann AO, Visakorpi T. Expression
and copy number analysis of TRPS1, EIF3S3 and MYC
genes in breast and prostate cancer. Br J Cancer. 2004;
90:1041–1046.

34. Yong ST, Wang XF. A novel, non-apoptotic role for
Scythe/BAT3: a functional switch between the pro- and
anti-proliferative roles of p21 during the cell cycle. PLoS
One. 2012; 7:e38085.

47. Cesi V, Casciati A, Sesti F, Tanno B, Calabretta B,
Raschella G. TGFbeta-induced c-Myb affects the expression of EMT-associated genes and promotes invasion of
ER+ breast cancer cells. Cell Cycle. 2011; 10:4149–4161.

35. Lemercier C, Verdel A, Galloo B, Curtet S, Brocard MP,
Khochbin S. mHDA1/HDAC5 histone deacetylase interacts
with and represses MEF2A transcriptional activity. J Biol
Chem. 2000; 275:15594–15599.

48. Thomas RJ, Guise TA, Yin JJ, Elliott J, Horwood NJ,
Martin TJ, Gillespie MT. Breast cancer cells interact with
osteoblasts to support osteoclast formation. Endocrinology.
1999; 140:4451–4458.

36. Piscopo DM, Johansen EB, Derynck R. Identification of the
GATA factor TRPS1 as a repressor of the osteocalcin promoter. J Biol Chem. 2009; 284:31690–31703.

49. Sterling JA, Oyajobi BO, Grubbs B, Padalecki SS,
Munoz SA, Gupta A, Story B, Zhao M, Mundy GR. The
hedgehog signaling molecule Gli2 induces parathyroid
hormone-related peptide expression and osteolysis in
metastatic human breast cancer cells. Cancer Res. 2006;
66:7548–7553.

37. Kaiser FJ, Moroy T, Chang GT, Horsthemke B,
Ludecke HJ. The RING finger protein RNF4, a co-regulator
of transcription, interacts with the TRPS1 transcription
factor. J Biol Chem. 2003; 278:38780–38785.

50. Kuzynski M, Goss M, Bottini M, Yadav MC, Mobley C,
Winters T, Poliard A, Kellermann O, Lee B, Millan JL,
Napierala D. Dual role of the Trps1 transcription
factor in dentin mineralization. J Biol Chem. 2014;
289:27481–27493.

38. Tholen M, Hillebrand LE, Tholen S, Sedelmeier O,
Arnold SJ, Reinheckel T. Out-of-frame start codons prevent
translation of truncated nucleo-cytosolic cathepsin L

in vivo. Nat Commun. 2014; 5:4931.

51. Mazouni C, Romain S, Bonnier P, Ouafik L, Martin PM.
Prognostic significance of tumor-related proteases as a
function of the estrogen receptor status. Cancer Biol Ther.
2011; 11:277–283.

39. Johannes L, Popoff V. Tracing the retrograde route in
protein trafficking. Cell. 2008; 135:1175–1187.
40. Kaiser FJ, Brega P, Raff ML, Byers PH, Gallati S, Kay TT,
de Almeida S, Horsthemke B, Ludecke HJ. Novel missense mutations in the TRPS1 transcription factor define
the nuclear localization signal. Eur J Hum Genet. 2004;
12:121–126.

52. Jacobson-Raber G, Lazarev I, Novack V, Mermershtein W,
Baumfeld Y, Geffen DB, Sion-Vardy N, Ariad S. The prognostic importance of cathepsin D and E-cadherin in early
breast cancer: A single-institution experience. Oncol Lett.
2011; 2:1183–1190.

41. Xu Y, Liu Y, Lee JG, Ye Y. A ubiquitin-like domain
recruits an oligomeric chaperone to a retrotranslocation
complex in endoplasmic reticulum-associated degradation.
J Biol Chem. 2013; 288:18068–18076.

53. Chen JQ, Litton J, Xiao L, Zhang HZ, Warneke CL, Wu Y,
Shen X, Wu S, Sahin A, Katz R, Bondy M, Hortobagyi G,
Berinstein NL, Murray JL, Radvanyi L. Quantitative immunohistochemical analysis and prognostic significance of
TRPS-1, a new GATA transcription factor family member,
in breast cancer. Horm Cancer. 2010; 1:21–33.

42. Berchem G, Glondu M, Gleizes M, Brouillet JP, Vignon F,
Garcia M, Liaudet-Coopman E. Cathepsin-D affects multiple
tumor progression steps in vivo: proliferation, angiogenesis
and apoptosis. Oncogene. 2002; 21:5951–5955.

54. Chen JQ, Bao Y, Litton J, Xiao L, Zhang HZ, Warneke CL,
Wu Y, Shen X, Wu S, Katz RL, Sahin A, Bondy M,
Murray JL, Radvanyi L. Expression and relevance of
TRPS-1: a new GATA transcription factor in breast cancer.
Horm Cancer. 2011; 2:132–143.

43. Goulet B, Baruch A, Moon NS, Poirier M, Sansregret LL,
Erickson A, Bogyo M, Nepveu A. A cathepsin L isoform
that is devoid of a signal peptide localizes to the nucleus in
S phase and processes the CDP/Cux transcription factor.
Mol Cell. 2004; 14:207–219.

55. Sircoulomb F, Bekhouche I, Finetti P, Adelaide J, Ben
Hamida A, Bonansea J, Raynaud S, Innocenti C, CharafeJauffret E, Tarpin C, Ben Ayed F, Viens P, Jacquemier J,

44. Duncan EM, Muratore-Schroeder TL, Cook RG,
Garcia BA, Shabanowitz J, Hunt DF, Allis CD. Cathepsin L
proteolytically processes histone H3 during mouse embryonic stem cell differentiation. Cell. 2008; 135:284–294.
www.impactjournals.com/oncotarget

28102

Oncotarget

Bertucci F, Birnbaum D, Chaffanet M. Genome profiling of
ERBB2-amplified breast cancers. BMC Cancer. 2010; 10:539.

57. Sun Y, Gui T, Shimokado A, Muragaki Y. The Role of
Tricho-Rhino-Phalangeal Syndrome (TRPS) 1 in Apoptosis
during Embryonic Development and Tumor Progression.
Cells. 2013; 2:496–505.

56. Chen JQ, Bao Y, Lee J, Murray JL, Litton JK, Xiao L,
Zhou R, Wu Y, Shen XY, Zhang H, Sahin AA, Katz RL,
Bondy ML, Berinstein NL, Hortobagyi GN, Radvanyi LG.
Prognostic value of the trichorhinophalangeal syndrome-1
(TRPS-1), a GATA family transcription factor, in earlystage breast cancer. Ann Oncol. 2013; 24:2534–2542.

www.impactjournals.com/oncotarget

58. Hu J, Su P, Jia M, Wu X, Zhang H, Li W, Zhou G. TRPS1
expression promotes angiogenesis and affects VEGFA
expression in breast cancer. Exp Biol Med (Maywood).
2014; 239:423–429.

28103

Oncotarget

