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A B S T R A C T

Evasion from apoptosis is one of the hallmarks of cancer. X-linked inhibitor of apoptosis protein (XIAP) is known
to modulate apoptosis by inhibiting caspases and ubiquitinating target proteins. XIAP is mainly found at the
cytoplasm, but recent data link nuclear XIAP to poor prognosis in breast cancer. Here, we generated a mutant
form of XIAP with a nuclear localization signal (XIAPNLS-C-term) and investigated the oncogenic mechanisms
associated with nuclear XIAP in breast cancer. Our results show that cells overexpressing XIAPΔRING (RING
deletion) and XIAPNLS-C-term exhibited XIAP nuclear localization more abundantly than XIAPwild-type.
Remarkably, overexpression of XIAPNLS-C-term, but not XIAPΔRING, conferred resistance to doxorubicin and in-
creased cellular proliferative capacity. Interestingly, Survivin and c-IAP1 expression were not associated with
XIAP oncogenic effects. However, NFκB expression and ubiquitination of K63, but not K48 chains, were in-
creased following XIAPNLS-C-term overexpression, pointing to nuclear signaling transduction. Consistently, mul-
tivariate analysis revealed nuclear, but not cytoplasmic XIAP, as an independent prognostic factor in hormone
receptor-negative breast cancer patients. Altogether, our findings suggest that nuclear XIAP confers poor out-
come and RING-associated breast cancer growth and chemoresistance.

1. Introduction

Breast cancer is the most common malignancy within women in
Brazil and worldwide. Despite improvements in therapeutic options
over the last decades, overall survival for advanced breast cancer re-
mains disappointing. The acquisition of drug resistance accounts for, at
least in part, treatment failure and eventual relapse in these patients.
The efficacy of chemotherapeutic agents relies mainly on their ability to
sensitize cancer cells towards programmed cell death. X-linked IAP
(XIAP) is the prototype member of the inhibitor of apoptosis proteins
(IAP), family known to negatively regulate the apoptotic cascade
through a wide diversity of mechanisms [1]. The mechanisms

underlying XIAP antiapoptotic function have been initially attributed to
its BIR domain-dependent binding and direct inhibition of caspases [2].
However, XIAP presents a RING domain in its C-terminal, which ex-
hibits E3 ubiquitin ligase activity and thus, regulates stability of itself
[3] and proapoptotic proteins such as caspase-3 [4] and Smac [5]. Al-
though XIAP expression is detected in non-neoplastic tissues [6], XIAP
overexpression is observed in a wide variety of tumor types, which has
been shown to counteract drug-induced cell death in vitro and to as-
sociate with poor outcome in cancer patients [7]. Regarding cellular
distribution, XIAP expression is mainly cytoplasmic, but can present
nuclear localization in specific cell types [6]. We have recently assessed
XIAP expression in breast cancer patient samples and demonstrated that
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it can be detected in both nuclear and cytoplasmic subcellular com-
partments [8]. Also, we have found that co-expression of nuclear XIAP,
but not cytoplasmic, with Survivin and FOXM1 oncogenic proteins,
associates with shorter survival [8]. Consistently, nuclear XIAP had
been previously described as an independent prognostic biomarker in a
different cohort of breast cancer patients [9]. However, the mechanisms
underlying XIAP oncogenic functions at the nucleus of breast cancer
cells remain unexplored. Here, we generated a mutant form of XIAP
with an insertion of the nuclear localization signal (NLS) of SV40 T
antigen (XIAPNLS C-term) in its sequence and investigated how XIAP
contributes to aggressive features in this model. We report that XIAPNLS
C-term and XIAPΔRING transfectants localize in the nucleus of breast
cancer cells expressing basal levels of cytoplasmic XIAP. Notably, ec-
topic expression of XIAPNLS C-term, but not XIAPΔRING, associates with a
chemoresistance phenotype and increased growth capacity. Interest-
ingly, expression of p50 subunit of NFκB and ubiquitination in K63
chains were induced following transfection with XIAPNLS C-term, with no
significant changes in K48 chains, an effect similarly dependent on the
RING domain of XIAP. Finally, nuclear expression of XIAP was found to
be an independent prognostic factor in hormone receptor (HR)-negative
breast cancer patients, further confirming the biological relevance of
these findings.

2. Materials and methods

2.1. Breast cancer patients' samples

The expression and localization of XIAP in breast cancer patients'
samples was analyzed by immunohistochemistry (IHC) in a previous
study [8]. Briefly, the mean percentage and intensity of stained cells
was evaluated and a score for XIAP staining was calculated. The in-
tensity of staining was considered as follows: 0 = no expression,
1 = weak, 2 = moderate, 3 = strong. The percentage of positively
stained cells was scored as: 0 = no cells, 1 = 1–9%, 2 = 10–40%,
3 = 50–79%, 4 = 80–100%. For each sample, a total score for nuclear
and cytoplasmic staining was calculated by multiplying the intensity
score by the percentage score, with resulting scores ranging from 0 to
12. We considered 0–2 as negative and 3–12 as positive scores. In this
study, data concerning XIAP expression and localization was reanalyzed
particularly with regard to patient stratification within breast cancer
subgroups with distinct clinical and pathological parameters. This study
was approved by our Institutional Ethics Committee, under the protocol
number 153/09.

2.2. Cell lines and drug treatment

In this study, we used MCF-7 (non-invasive, HR positive), T47D
(non-invasive, HR positive), MDA-MB-231 (invasive, triple negative),
BT549 (invasive, triple negative) and HB4a (non-neoplastic cell line
originated from luminal breast cells) cell lines as models. Except for
BT549 cells, which were cultured in RPMI 1640 medium, the cell lines
were cultured in DMEM medium (Gibco) supplemented with 10% in-
activated fetal bovine serum (FBS) and 1 μL/mL penicillin/strepto-
mycin (Life Technologies). Non-neoplastic HB4a cells were cultured in
DMEM medium supplemented with 10% heat-inactivated FBS (Gibco),
1 μL/mL penicillin/streptomycin and 5 μM hydrocortisone and insulin.
The cell lines were kept in a humidified atmosphere at 37 °C and 5%
CO2. Cells in exponential growth were treated with doxorubicin
(Fauldoxo®-Libbs Pharmaceuticals Ltda, São Paulo) and paclitaxel
(Paclitaxel® - Accord Pharmaceuticals Ltda, São Paulo) at increasing
concentrations and time-points.

2.3. Plasmid construction

Plasmid vectors pEBB (empty vector), pEBB-HA-XIAPwild type, pEBB-
HA-XIAPH467A (loss of ubiquitin E3 ligase function) and pEBB-HA-

XIAPΔRING (deletion of the RING domain) were kindly provided by
Professor Colin Duckett's laboratory [10]. pEBB-HA-XIAPNLS N-term and
pEBB-HA-XIAPNLS C-term vectors were constructed by fusing oligonu-
cleotides containing the NLS coding sequence of the SV40 virus T an-
tigen (amino acid sequence: SPKKKRKVEAS) to the 5′ or 3′ XIAP cDNA,
respectively. To construct the XIAPNLS N-term vector, the NLS sequence
was inserted between the HA tag and the XIAP initiation codon in the
XIAPwild type vector, using the BamHI and BglII enzymes. To construct
the XIAPNLS C-term vector, the XIAP stop codon was removed by PCR
amplification followed by subcloning to the pEBB vector using the
EcoRV and ClaI enzymes and the NLS sequence was inserted in the 3′
from the XIAP cDNA using ClaI and NotI restriction enzymes. All con-
structs were confirmed by restriction enzyme mapping and DNA se-
quencing (Applied Biosystems), using primer sequences available at
Supplementary Table 1.

2.4. Transfection of XIAP vectors into breast cancer cells

Cell transfections with the plasmid vectors: pEBB, HA-XIAPwild type,
HA-XIAPH467A, HA-XIAPΔRING, HA-XIAPNLS N-term and HA-XIAPNLS C-term

were conducted using the Lipofectamine 2000 reagent (Invitrogen),
according to manufacturer's instructions. After 24 h of transfection,
cells were trypsinized and reseeded for subsequent experiments. XIAP
overexpression was confirmed by Western blotting.

2.5. Measurement of metabolic cell viability

The MTT assay was performed for measurement of drug-mediated
changes in cell viability. Briefly, 104 cells were plated in 96-well plates
and left to adhere for 24 h. After 24, 48 and 72 h treatment with in-
creasing concentrations of doxorubicin, cells were submitted to the
MTT assay, as previously described [11]. Alternatively, cells transfected
with XIAP expression vectors had their growth profile assessed in a 72 h
kinetics, for direct comparison. The experiments were done in tripli-
cates and the mean values of optical densities at 570 nm (EZ Read 400
Microplate Reader, Biochrom) from each experiment were normalized
to 100%.

2.6. Clonogenic assay

A total of 2 × 103 cells was plated in 6-well plates and treated with
doxorubicin and paclitaxel after 24 h adherence. Following 24 or 48 h
of treatment, drugs were removed and cells maintained in drug-free
media until colony formation (approximately 14 days). Colonies were
fixed in absolute ethanol, stained with 0.5% crystal violet and air-dried.
Dilution in 33% glacial acetic acid solution was performed and the
optical density was measured at 595 nm. Optical densities in control
untreated cells were normalized to 1 for comparison within experi-
ments. The clonogenicity was assessed in, at least, three independent
experiments.

2.7. DNA content flow cytometry analysis of cell cycle distribution and cell
death

Cells were transfected with XIAP expression vectors and a total of
5 × 105 cells were left to adhere onto T25 flasks for 24 h. Cells were
then harvested and cell cycle distribution was assessed by DNA content
analysis following addition of 50 μg/mL propidium iodide (PI) and ri-
bonuclease A (100 μg/mL). Alternatively, XIAP-overexpressing cells
were treated with doxorubicin and had cell death-associated DNA
fragmentation estimated by the percentage of hypodiploid population
in the sub-G0/G1 phase. Fluorescence was measured by flow cytometry
using a FACSCalibur (BD Beckton Dickinson FACSCalibur). Data ana-
lysis was performed using the Summit 4.3v software.
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2.8. Crystal violet staining

Following transfections, cells were reseeded in 96-well plates for
24 h and treated with doxorubicin for 24 h. Cells were fixed in 100%
ethanol and stained with 0.05% crystal violet at 24 h after adhesion or
at 24 h of drug treatment. Dilution was performed in 100% methanol
and optical densities were measured at 595 nm in a microplate reader
(EZ Read 400 Microplate Reader, Biochrom).

2.9. Western blotting

For protein content analysis, pellets of 2 × 106 cells were washed
three times in phosphate buffered saline (PBS), lysed in Invitrogen cell
extraction buffer (Eugene, OR, Carlsbad, CA, US) and quantified using
the Bio-Rad protein assay solution (Life Science Research, Hercules,
CA). Antibodies for XIAP (1:1000 dilution; Cell Signaling), Survivin
(1:1000 dilution; Cell Signaling), cIAP-1 (1:1000 dilution; Cell
Signaling), p50/p105 (1:1000 dilution, Cell Signaling), p65 (1:1000
dilution, Cell Signaling), K48 (1:1000 dilution, Cell Signaling), K63
(1:1000 dilution, Cell Signaling), HA-tag (1:500 dilution; Cell
Signaling), GAPDH (1:10000 dilution, Sigma-Aldrich), Hsc70 (1:1000
dilution; Santa Cruz) and β-tubulin (1:1000 dilution; Santa Cruz), and
Lamina B (1:300 dilution; Calbiochem) were used. Mouse and rabbit
secondary antibodies were purchased from Sigma-Aldrich (1:20,000
dilution). Protein bands were developed using the Clarity Max™ sub-
strate (Western ECL Substrate – BioRad Laboratories, Hercules, CA, US)
and detected using the C-DiGit blot scanner (Li-cor Biociences, Lincoln,
Nebraska, USA).

2.10. Subcellular fractioning

The NE-PER (Nuclear and Cytoplasmic Extraction Reagents,
ThermoFisher Scientific) kit was used to isolate the cytoplasmic and
nuclear fractions, according to manufacturer's instructions. XIAP levels
were evaluated in each subcellular fraction by Western blotting.
GAPDH and Hsc70 proteins were used as cytoplasmic marker and
Lamina B, as a nuclear constitutive control.

2.11. Immunofluorescence and confocal microscopy

For analysis of XIAP subcellular localization, cells were fixed in 4%
paraformaldehyde for 15 min at −20 °C, and washed with PBS, per-
meabilized and blocked with 1% BSA and 0.1% Triton X-100 in PBS for
30 min. Then, cells were incubated in 50 mM NH4Cl for 15 min and,
subsequently, in anti-XIAP (1:20; Santa Cruz) and anti-HA (1:50; Cell
Signaling) primary antibodies overnight at −4 °C. On the following
day, cells were incubated for 1 h at room temperature with appropriate
Alexa Fluor secondary antibodies (1:200; Molecular Probes) and stained
with DAPI for 10 min, after which glass slides were washed and
mounted using n-propyl-gallate. Cell staining was visualized with a
confocal laser scanning microscope (FV10i-O), and the images were
analyzed using the FV10-ASW software (Olympus).

2.12. NF-κB luciferase reporter assay

HEK293 cells stably expressing pBIIx-luc described in [12] were
kindly provided by Dr. Dario Zamboni (Department of Cellular and
Molecular Biology, Faculty of Medicine of Ribeirao Preto, University of
Sao Paulo). They were cultured in 96-well plates at 5 × 105 cells/well,
and after 24 h, transfected with 75 ng of each plasmid (pEBB, HA-
XIAPwild type, HA-XIAPH467A, HA-XIAPΔRING and HA-XIAPNLS C-term) and
1.5 ng of pCMV-Renilla luciferase control plasmid, with Lipofectamine
2000. After 24 h, cells were treated or not with 10 ng/mL TNF-α in
serum deprived DMEM without phenol red (Gibco) for 12 h. Cells were
lysed by Dual-Glo Luciferase assay kit (Promega), transferred to white
96-well Corning Costar® plates and Firefly and Renilla luciferase

activity measurement were obtained in a SpectraMax i3 luminometer
(Molecular Devices).

2.13. Statistical analysis

The SPSS 17.0 (SPSS for Windows, version 17.0, SPSS Inc.) software
was used to perform the statistical analysis with the breast cancer pa-
tient samples. To estimate overall survival (OS), the Kaplan-Meyer
curves were compared by the log-rank test. OS was defined as the time
between diagnosis and death by any cause or censored at last follow-up.
Multivariate anal+ysis by Cox proportional hazard models was per-
formed to assess the independent prognostic impact of XIAP subcellular
localization. The chi-square test was used to evaluate the association
between the XIAP expression and localization with the patients' clinical-
biological parameters. Paired Student's t-test or Two-way ANOVA were
used to compare differences between means from different groups in
experiments in vitro. All tests were two-sided and the value of p < 0.05
was considered statistically significant.

3. Results

3.1. XIAP expression is more abundantly found in the cytoplasm of breast-
derived cell lines

XIAP expression has been widely reported in non-neoplastic tissues,
where a predominant cytoplasmic localization has been found [6]. Al-
though XIAP overexpression has been implicated in prognosis and re-
sponse in vitro to chemotherapeutic agents, little is known on the sub-
cellular distribution of XIAP in breast cancer cells. To address this issue,
we initially analyzed XIAP expression and subcellular localization in a
panel of breast-derived cell lines. For this purpose, we assessed cell lines
originated from distinct molecular breast cancer subtypes along with a
non-neoplastic breast model. Our results from Western blotting analysis
of whole cell extracts show that breast-derived cell lines exhibited
different levels of XIAP expression, which were found higher in the
MDA-MB-231 cell line (Fig. 1A). When we performed subcellular frac-
tionation and obtained cell extracts enriched for nuclear and cyto-
plasmic fractions, we found that all cell lines presented cytoplasmic
localization of XIAP, irrespective of XIAP basal expression levels
(Fig. 1B). We have also analyzed subcellular distribution of XIAP by
confocal microscopy and observed that XIAP is mainly expressed in the
cytoplasm of MCF-7 cells (Fig. 1C). These results suggest that breast-
derived cell lines exhibit mainly cytoplasmic expression of XIAP.

3.2. XIAPΔRING and XIAPNLS C-term localize in both nuclear and cytoplasmic
fractions in breast cancer cells

It has been previously described that a mutant form of XIAP, deleted
for the RING domain (XIAPΔRING), localized at the nucleus of colorectal
cancer cells and induced cell growth, differently from its vector control
XIAPH467A, which lacks E3 ubiquitin ligase activity but localizes at the
cytoplasm [13]. To understand the mechanisms underlying the onco-
genic role of nuclear XIAP in breast cancer, we used these mutants as a
tool to induce XIAP expression and evaluate its localization at cellular
compartments. In addition, since XIAP does not present an NLS, we
generated XIAP with an NLS at the N-terminal and C-terminal ends
(Fig. 2A). Subsequently, we transfected XIAP constructs into MCF-7
cells and analyzed its expression in whole cell and fractioned extracts.
Following 24 h post-transfection, we found that overexpression of all
mutants resulted in cytoplasmic localization but only XIAPΔRING and
XIAPNLS C-term mutants were more expressed and also abundantly lo-
calized at the nucleus (Fig. 2B and C). Interestingly, we could not find
the same pattern of XIAPNLS C-term expression and localization in
XIAPNLS N-term-overexpressing cells, hence we did not proceed with
XIAPNLS N-term mutant in subsequent experiments. To further establish
the subcellular distribution of the transfectants, we immunolabelled
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cells overexpressing XIAP with anti-XIAP and anti-HA-tag antibodies
and performed confocal microscopy analysis. The images show that
nuclear XIAP expression co-localized with HA-tag-stained cells
(Fig. 2D), validating our model of induced exogenous XIAP over-
expression at the nucleus of breast cancer cells.

3.3. Ectopic expression of XIAPNLS C-term, but not XIAPΔRING, promotes
breast cancer cell growth

Next, we functionally addressed the role of XIAP mutants in growth
in breast cancer cells. For this purpose, we transfected MCF-7 cells with
plasmids encoding the empty vector, the wild-type and the mutant
forms of XIAP (Fig. 3A). After 24 h of transfections, we counted cells by
trypan blue exclusion and found that XIAPwild-type and XIAPΔRING ex-
hibited augmented cell number compared to the empty vector (Fig. 3B).
Remarkably, the highest cell count was observed in XIAPNLS C-term cells,
which exhibit XIAP expression levels comparable to XIAPΔRING cells
(Fig. 3B). Short-term cell viability was similarly increased over a time-
course of 24, 48 and 72 h following XIAPNLS C-term overexpression,
comparatively with the other transfectants (Fig. 3C). We then assessed
long-term viability of cells transfected with these constructs through
clonogenic assay. Consistent with results from short-term cytotoxicity
assays, XIAPNLS C-term overexpressing cells had the most pronounced
clonogenicity capacity within XIAP variants, particularly comparing
with XIAPΔRING cells presenting similar XIAP content (Fig. 3D). Of note,
we found no changes in cell cycle distribution when comparing all
transfectants (Fig. 3E and Supplementary Fig. 1), suggesting that dif-
ferential pattern of proliferation is not resulted from a phase arrest.
DNA content analysis also revealed a low percentage of sub-G0/G1 cells
following transfection with XIAP variants (Supplementary Fig. 2),

indicating that differences in cell number are not a result of fewer cells
undergoing cell death. These findings suggest that the induction of
XIAP expression in the nucleus is associated with breast cancer cell
growth, an effect that requires the RING domain of XIAP.

3.4. XIAP protects breast cancer cells from doxorubicin-induced cell death
in a RING domain-dependent manner

XIAP overexpression has been widely implicated in cancer drug
resistance, mainly through its BIR domains through which it exerts its
caspase-inhibitory activities [14]. However, the impact of XIAP sub-
cellular localization in the response of breast cancer cells to the cyto-
toxic effects of chemotherapeutic agents has not been investigated. To
address this issue, MCF-7 cells transfected with XIAP variants were
exposed to 24 h clinically relevant concentrations of doxorubicin, a
chemotherapeutic agent commonly used to treat breast cancer. Our
results show that MCF-7 cells overexpressing mutant forms of XIAP
presented distinct profiles of response to doxorubicin (Fig. 4A). No-
tably, overexpression of XIAPNLS C-term, but not XIAPΔRING, rendered
cells less sensitive to doxorubicin treatment (Fig. 4B). Confirming these
data, analysis of clonogenic assays revealed that transfection with the
XIAPNLS C-term vector prevented, at least in part, cells from doxorubicin-
induced inhibition of colony formation (Fig. 4C), differently from the
other vectors. Moreover, our cell death analysis failed to find differ-
ences between XIAP expression vectors upon a 24 h doxorubicin ex-
posure (Supplementary Fig. 2), probably because later steps of doxor-
ubicin-induced apoptotic cascade are known to occur in a time-
dependent manner. Interestingly, breast-derived cell lines which exhibit
XIAP expression exclusively in the cytoplasm were shown to present a
sensitive phenotype towards doxorubicin in short (Supplementary

Fig. 1. Breast-derived cell lines exhibit predominantly cytoplasmic expression of XIAP. T47D, MCF-7, MDA-MB-231, BT549 and HB4a cells were left to adhere for
24 h and then had their cytoplasmic and nuclear fractions separated by the NE-PER kit (Thermoscientific). Subsequently, whole cell (A) and fractioned (B) lysates
were subjected to the analysis of XIAP expression by Western blotting. Lamin B was used as a nuclear constitutive control, while Hsc70 as cytoplasmic constitutive
control. C: cytoplasm; N: nucleus. (C). MCF-7 were seeded into slides and submitted to the immunofluorescence protocol for XIAP staining. Subcellular localization of
XIAP was analyzed by confocal microscopy and nuclei were counterstained with DAPI. Scale bar: 20 μM.
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Fig. 3) and long-term (Supplementary Fig. 4A-D) viability assays. Also,
doxorubicin treatment did not change the subcellular localization of
XIAP in both MCF-7 and MDA-MB-231 cell lines (Supplementary
Fig. 5A and B). These findings were confirmed in MCF-7 cells treated
with paclitaxel, another chemotherapeutic agent used in breast cancer
treatment, where no changes in XIAP localization were observed after
treatment (Supplementary Fig. 6A and B). Altogether, these results
suggest that while cytoplasmic XIAP associates with a favorable re-
sponse to drug treatment, XIAP accumulation in the nucleus of breast
cancer cells is linked to a drug resistance phenotype.

3.5. XIAPNLS C-term-mediated effects are associated with increased p50
content and polyubiquitination of K63, but not K48-linked chains

Next, we went on to explore the mechanisms underlying XIAP-in-
duced oncogenic effects. We initially analyzed the expression of pro-
teins known to cross-talk with XIAP to counteract apoptosis, such as the
NF-κB transcription factor [15] and other members of IAP family [16].
To investigate the involvement of these signaling pathways in XIAPNLS
C-term-mediated effects, we then obtained whole cell extracts from XIAP
transfectants and compared protein expression in XIAPNLS C-term and
XIAPΔRING overexpressing cells, which present nearly similar levels of
XIAP. Although p50 and p105 subunits of NF-κB had their expression
remarkably increased in XIAPNLS C-term cells, we found no difference in

the p65 subunit, neither in Survivin or c-IAP1 expression in XIAPNLS C-

term and XIAPΔRING transfected cells (Fig. 5A). Intriguingly, the levels of
nuclear p50 subunit in XIAPNLS C-term were not similarly increased when
compared to the other vectors (Supplementary Fig. 7). To verify whe-
ther changes in NF-κB expression and localization were accompanied by
modulation in its transcriptional activity, we co-transfected each XIAP
variant in HEK293 cells stably expressing a reporter to NF-κB in fusion
with luciferase. Our results show that NF-κB transcriptional activity
remained low and nearly unchanged in non-stimulated cells, but was
clearly induced following stimulation with TNF-α (Fig. 5B). Re-
markably, NF-κB luciferase activity was significantly reduced following
transfections with XIAPH467A and XIAPΔRING vectors, both of which lack
ubiquitin ligase activity. This effect was partially reversed by trans-
fection with XIAPNLS C-term, which induced NFκB transcriptional activity
in an extent similar to the wild-type form (Fig. 5B, right panel). These
data suggest that the effects we observed in XIAPNLS C-term over-
expressing cells are not related to IAP regulation but are likely to in-
volve the NFκB pathway.

To investigate whether XIAP modulates polyubiquitin linkages, we
focused on K48 and K63, the most abundant and functionally sig-
nificant ubiquitin chains. Following transfections of MCF-7 cells with
XIAP expression plasmids, we observed that K63-linked polyubiquitin
chains were found more abundant in XIAPNLS C-term than in the other
transfectants (Fig. 5C). Interestingly, no evident variations were

Fig. 2. XIAP expression and subcellular localization in MCF-7 cells overexpressing the vectors pEBB, XIAPwild type, XIAPH467A, XIAPΔRING, XIAPNLS N-term and XIAPNLS
C-term. MCF-7 cells were left to adhere in petri dishes (10 cm) for 24 h and thereafter, were transfected with the pEBB, XIAPwild type, XIAPH467A, XIAPΔRING, XIAPNLS N-

term and XIAPNLS C-term vectors (A), using Lipofectamine 2000. (B) The levels of XIAP expression in XIAP-transfected cells were examined by Western blotting 24 h
post-transfection. The relative expression levels of XIAP and HA-tag were determined based on the expression levels of the target gene product versus the reference,
Hsc70. The values are shown below the respective Western blot bands (C) MCF-7 cells had their cytoplasmic and nuclear fractions separated by NE-PER kit
(Thermoscientific) and XIAP expression was evaluated by Western blotting after 24 h of transfection. Lamin B and GAPDH were used as nuclear and cytoplasmic
constitutive controls, respectively. C: cytoplasm; N: nucleus. (D) Following 24 h of transfection, MCF-7 cells overexpressing XIAP variants were submitted to the
immunofluorescence protocol for XIAP (green) and anti-HA-tag (red) staining. Subcellular localization of XIAP was analyzed by confocal microscopy and nuclei were
counterstained with DAPI. Scale bar: 10 and 20 μM.
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observed in the levels of K48-linked polyubiquitin chains within XIAP
variants (Fig. 5C). These findings provide some mechanistic insights
into XIAP functions and further suggest that XIAPNLS C-term might act to
contribute to nuclear RING domain-dependent signal transduction in-
stead of proteasome degradation of potential substrates.

3.6. Nuclear expression of XIAP is an independent predictor of poor
prognosis in hormone receptor-negative breast cancer patients

In a previous work, we have labeled XIAP expression by im-
munohistochemistry in biopsies of 138 women with stage III ductal
invasive carcinoma of the breast, in order to investigate the association
between the expression of XIAP and FOXM1, an oncogenic transcription
factor which transcriptionally regulates XIAP gene expression [8].
Herein, we aimed to explore the clinical significance of our findings
concerning the association between nuclear XIAP and an aggressive
phenotype in vitro. For this purpose, we deepened our analysis of XIAP
expression and cellular distribution not only in the patient cohort as a
whole, but also in breast cancer subtypes, where we observed three
different XIAP distribution patterns: nuclear, both nuclear and cyto-
plasmic or cytoplasmic XIAP staining (Fig. 6A, B and C). When we
stratified the patients into subgroups with distinct clinicopathological

characteristics, such as high or low tumor grade, age below or above
50 years, each tumor size, each lymph node status, each IHC subtype
and status of vascular invasion, no statistically significant associations
were observed between expression and subcellular distribution of XIAP
and patient overall survival in 10 years (data not shown). Nevertheless,
univariate analysis of subgroups of patients positive and negative for
HR revealed that expression of nuclear XIAP was significantly asso-
ciated with poor prognosis in the HR-negative breast cancer patients
(Fig. 6D). This finding was not confirmed for HR-positive cases neither
total and cytoplasmic XIAP, whose expression pattern had no impact on
patient survival (Supplementary Fig. 8A, B and C). Also, analysis from
chi-square tests showed that, while cytoplasmic XIAP expression in HR-
positive patients was associated with age above 50 years and low tumor
grade, classical favorable prognostic factors for breast cancer (Supple-
mentary Table 2), there were no significant associations between ex-
pression of nuclear XIAP in HR-positive patients and clinicopathological
parameters, except for tumor size (Supplementary Table 3).

Next, we separately compared survival curves for patients ex-
hibiting exclusively cytoplasmic XIAP (76 cases; 55%) and nuclear XIAP
(18 cases; 13%), excluding those with simultaneous expression of nu-
clear and cytoplasmic XIAP (14 cases; 10%). Remarkably, patients ex-
pressing only nuclear XIAP presented significantly lower survival rates

Fig. 2. (continued)
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than those expressing only cytoplasmic XIAP (p= 0.012) (Fig. 6E). This
finding was restricted to the HR-negative group of patients, since we
lacked biological significance of nuclear XIAP in the total population
and in the group of HR-positive patients (Supplementary Fig. 9). In-
terestingly, survival curves for patients with concomitant expression of
nuclear and cytoplasmic XIAP grouped with those with exclusive nu-
clear XIAP (Fig. 6F), suggesting that the clinical relevance of nuclear
XIAP is irrespective of XIAP expression in the cytoplasm. We then
questioned whether labeling of XIAP localization and HR expression
could identify subgroups of breast cancer patients with distinct clinical
outcomes. For this purpose, we stratified patients according to XIAP
localization and HR status and compared survival curves by the log-
rank test. Our results show that HR-negative patients with no expres-
sion of nuclear XIAP grouped with HR-positive patients in terms of
overall survival rates (Fig. 6G). Conversely, we found that the survival
curve reached statistical significance for lower survival rate in patients
negative for HR exhibiting nuclear XIAP expression (Fig. 6G). This
further suggests that labeling nuclear XIAP expression in breast cancer
biopsies has the potential to identify a subgroup of poor outcome pa-
tients within the HR-negative specific group.

To further address the role of XIAP in breast cancer prognosis, we
performed multivariate analysis of XIAP expression and localization
and clinicopathological characteristics. Data from Cox regression model
analysis showed that only the expression of HR was an independent
predictor of prognosis in our cohort of patients (Table 1). When we

stratified the cohort into groups with different HR status, we observed
that expression of nuclear XIAP in HR-negative patients was an in-
dependent factor of unfavorable prognosis (Table 1), consistently with
our previous results from univariate analysis. Altogether, this evidence
indicates that the presence of nuclear XIAP in hormone-receptor ne-
gative patients leads to a reduced overall survival and might be used as
a potential biomarker for prognosis in breast cancer.

4. Discussion

XIAP expression has been reported in different subcellular com-
partments [6], but a predominant cytoplasmic distribution in both
cancer and normal tissues has been attributed to its role in caspase
regulation. However, the analysis XIAP expression in breast cancer
tissues revealed that XIAP can be detected at both nuclear and cyto-
plasmic compartments [8,9]. Since the differential role of XIAP across
subcellular compartments has been poorly explored, we herein aimed at
investigating how nuclear XIAP contributes to aggressive features in
breast cancer. Data from cellular transfections with vectors encoding
wild-type and mutant forms of XIAP revealed that XIAPNLS C-term and
XIAPΔRING overexpressing cells exhibited nuclear XIAP apart from cy-
toplasmic XIAP, already present in MCF-7 cells. Interestingly, the
overexpression of XIAPNLS N-term was not followed by XIAP nuclear lo-
calization, which suggests that the insertion of an NLS in the N-terminal
end of XIAP might have resulted in conformational changes leading to

Fig. 3. Breast cancer cell growth profile in response
to overexpression of XIAP and its mutants. (A) MCF-
7 cells were left to adhere in petri dishes (10 cm) or,
alternatively, in 6-well plates for 24 h and thereafter,
were transfected with pEBB, XIAPwild type, XIAPH467A,
XIAPΔRING and XIAPNLS C-term vectors using
Lipofectamine 2000. (B) Transfected cells were
counted via trypan blue exclusion 24 h post trans-
fection. The total number of cells transfected with
the empty vector (pEBB) in each experiment was
normalized to the value of 1. The graph corresponds
to means and standard deviation of five independent
experiments (Student's t-test: *p < 0.05;
**p < 0.01; ***p < 0.001; considered statistically
significant). (C) Cells were transfected and left to
adhere in 96-well plate and cell mitochondrial via-
bility was assessed at 24, 48 and 72 h. Optical den-
sity was obtained at 570 nm and values for each
expression vector at 24 h were normalized to 1. The
graph corresponds to means and standard deviation
of three independent experiments (Student's t-test:
*p < 0.05; **p < 0.01; considered statistically
significant). (D) After 24 h of transfection, MCF-7
cells were left to adhere in 6-well plates for 24 h.
Following colony formation, cells were stained with
crystal violet and had their viability measured at
595 nm. The values obtained for cells transfected
with the empty vector (pEBB) in each experiment
were normalized to 1. The graph corresponds to the
mean and standard deviation of four independent
experiments (Student t-test: *p < 0.05; **p < 0.01;
***p < 0.001; considered statistically significant).
(E) The cell cycle profile of XIAP-overexpressing cells
was evaluated by flow cytometry analysis of DNA
content. The histograms are representative of three
independent experiments.
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masking of residues essential for importing recognition. The nuclear
localization of XIAPΔRING overexpressing cells is consistent with data
from [13], which reported the same subcellular distribution in a model
of colorectal cancer cells. The reason behind the nuclear translocation
of XIAP from the cytoplasm to the nucleus following the deletion of the
RING domain remains to be determined. Interestingly, we performed a
nuclear export signal (NES) prediction analysis of XIAP sequence at the
NetNES 1.1 Server [17] and identified two hydrophobic residues lo-
cated at the border and within the RING domain (Supplementary
Fig. 10). Therefore, it is likely that the RING deletion prevents, at least
in part, XIAP export to the cytoplasm, disrupting the balance in XIAP
nuclear-cytoplasmic shuttling and leading to the nuclear accumulation
of XIAP.

From functional assays with XIAP variants, we found that over-
expression of XIAPNLS C-term, but not XIAPΔRING, was associated with
improved cell count, clonogenicity capacity and cellular mitochondrial
viability. Of note, XIAPΔRING overexpressing cells exhibited a pro-
liferative capacity similar to XIAPwild-type, which presented exclusive
cytoplasmic XIAP. We also assessed the impact of XIAP transfectants in
the acquisition of a drug resistance phenotype in drug-sensitive MCF-7
cells. Consistently, overexpression of XIAPNLS C-term partially reduced
the response rates when cells were treated with clinically relevant
concentrations of doxorubicin. Of note, our data from breast cell lines
derived from distinct molecular subtypes associates exclusive cyto-
plasmic XIAP with a sensitive phenotype towards doxorubicin and
even, paclitaxel. Also, we found no alterations in XIAP subcellular
distribution following drug treatment, contrasting data from [18],
which have shown that XIAP is translocated to the nucleus of lym-
phoma cells upon apoptotic stimuli induced by a wide range of che-
motherapeutic agents with different modes of action. XIAP has also

been shown to translocate into the nucleus in models of induced brain
ischemia [19,20]. In these experimental settings, the sequestration of
XIAP in nuclear inclusions was associated with the suppression of its
ability to bind caspases and thus, with the increment in apoptotic cell
death. Considering that nuclear XIAP is also associated with cancer cell
growth in our breast cancer model and in colorectal cancer [13], it is
likely that the biological roles played by XIAP in the nuclear com-
partment are dynamic, context-dependent and tissue-specific.

The mechanisms underlying XIAP translocation and effects induced
in the nucleus are poorly understood. Since XIAP does not present an
NLS in its sequence, it is supposed to shuttle from the cytoplasm to the
nucleus through interacting with cargo proteins. Once in the nucleus,
little is known on XIAP-mediated downstream effects on cell growth
and drug resistance. Although nuclear XIAP expression is detected at
similar levels in both XIAPΔRING and XIAPNLS C-term overexpressing cells,
only XIAPNLS C-term promoted a cell growth advantage and a more
chemoresistance phenotype compared to the wild type form of XIAP.
These findings suggest that the C-terminal end of nuclear XIAP is re-
quired for XIAP-mediated aggressive features in our model of breast
cancer cells. Although we cannot assume that the ubiquitin ligase
function of the RING domain is intact following the insertion of an NLS
in the C-terminal end of XIAP in XIAPNLS C-term overexpressing cells,
nuclear XIAP-mediated effects might occur in a RING-dependent
fashion. Notably, the RING domain of XIAP has also been implicated in
bladder cancer transformation via the inhibition of p63α protein
translation [21]. As a RING domain containing protein, XIAP acts like a
ubiquitin E3 ligase and attaches ubiquitin to itself and target proteins
[22]. Interestingly, overexpression of XIAPNLS C-term was associated with
an increase in K63 polyubiquitin chains. Conversely, the levels of K48
chains remain unchanged, indicating that XIAPNLS C-term-induced

Fig. 4. Effect of overexpression of XIAP and its mu-
tants on doxorubicin (dox) resistance in breast
cancer cells. MCF-7 cells were left to adhere in petri
dishes (10 cm) or, alternatively, in 6-well plates for
24 h and thereafter, were transfected with the vec-
tors pEBB, XIAPwild type, XIAPH467A, XIAPΔRING and
XIAPNLS C-term, using Lipofectamine 2000. (A) After
24 h of transfection, MCF-7 cells were left to adhere
in 96-well plates for 24 h. Subsequently, dox was
added at 0.5 and 1 μM concentrations and the cells
were incubated for 24 h for MTT assay. Cell viability
was measured at 570 nm. The cell lines transfected
with the different XIAP-encoding plasmids had each
dox concentration compared to the control of un-
treated cells. (B) Cells were transfected and left to
adhere in 96-well plate. After 24 h of drug exposure,
they were fixed and stained with crystal violet and
had their viability measured at 595 nm. The cell lines
transfected with the different XIAP-encoding plas-
mids were compared to the empty vector pEBB, for
each dox concentration. (C) After 24 h of transfec-
tion, MCF-7 cells were left to adhere in 6-well plates
for 24 h. The cells were treated with dox for 24 h and
left for 14 days in the CO2 incubator. After colony
formation, cells were stained with crystal violet and
had their viability measured at 595 nm. All graphs
correspond to means and standard deviation of three
independent experiments (Student t-test: *p < 0.05;
**p < 0.01, considered statistically significant).
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oncogenic functions are not related to target proteasomal degradation
and might be linked to signaling transduction. Increasing evidence
suggests that XIAP leads to upregulation of canonical Wnt signaling
through the ubiquitination of its negative regulator Groucho/TLE in the
nucleus [23,24]. In XIAPΔRING overexpressing colorectal cancer cells,
nuclear XIAP interacts with E2F1 transcription factor via its BIR domain
to promote cyclin-E expression and induce anchorage-independent
growth [13]. Corroborating these data, overexpression of XIAP deleted
for the RING domain in bladder cancer cells promoted EGFR translation
through a PP2A/MAPK/JNK signaling pathway leading to the sup-
pression of microRNA-200a and anchorage-independent growth [25].
This indicates that XIAP might exert RING-dependent and independent
functions in the nucleus across distinct cellular models. We herein have
also investigated molecular pathways known to crosstalk with XIAP and
found that XIAP-induced effects are independent on Survivin and cIAP-
1 expression, but might involve increased p50 protein content and NF-
κB transcriptional activity. NF-κB activation by XIAP can either involve
the RING [10], the UBA [26] or BIR [27] domains of XIAP. Of note,
most data on the role of XIAP overexpression in biological processes
have been obtained from PCR or Western blotting data from whole cells
pellets. However, increasing evidence suggests that addressing XIAP
subcellular distribution might be equally important. Our study adds to
this emerging literature and encourages the analysis of XIAP expression
in different cellular compartments as a way towards refining the
identification of its molecular mechanisms and biological functions

beyond the regulation of apoptosis.
To further validate the biological relevance of our in vitro findings,

we strengthened our analysis of XIAP subcellular distribution in pa-
tients with invasive ductal carcinoma of the breast. In our previous
study, we obtained a percentage of 78.3% XIAP positivity, among
which 91 cases presented cytoplasmic (65.9%) and 31 nuclear XIAP
expression (22.5%). However, we found no association between in-
dividual expression of total (cytoplasmic and/or nuclear), cytoplasmic
or nuclear XIAP with patient poor outcome in univariate analysis [8].
However, considering the heterogeneity in breast cancer, it is crucial to
investigate biomarkers in subgroups of patients from distinct molecular
subtypes. The stratification of our cohort into subgroups with different
clinical-biological characteristics revealed that nuclear XIAP has an
impact in HR negative patients, but not in any other subgroup. We
confirmed these data in multivariate analysis, where we found nuclear
expression of XIAP as an independent predictor of poor prognosis. This
particular finding is consistent with a report from [9], but contrasts
[28], which could not find an independent impact for nuclear XIAP.
More importantly, labelling nuclear XIAP in our patients could identify
a subpopulation with unfavorable clinical prognosis. Remarkably, pa-
tients who did not exhibit nuclear XIAP presented survival curves
grouped with HR positive patients, a good prognosis subtype. Our
findings on the prognostic value of nuclear XIAP expression in HR ne-
gative patients are quite important, considering the scarce therapeutic
opportunities directed to this subgroup of patients. Of note, treatment

Fig. 5. NFκB transcriptional activity and expression
profile of K63 and K48-linked ubiquitination, NFκB
subunits, Survivin and cIAP1 upon overexpression of
mutant forms of XIAP. MCF-7 cells were left to ad-
here in petri dishes (10 cm) for 24 h and thereafter,
were transfected with the pEBB, XIAPwild type,
XIAPH467A, XIAPΔRING and XIAPNLS C-term vectors,
using Lipofectamine 2000. (A) The expression levels
of XIAP, NFκB subunits (p50, p105 and p65), cIAP1
and Survivin were examined by Western blotting
from whole cell lysates obtained from XIAP-trans-
fected cells. (B) HEK293 cells expressing a NF-κB
reporter gene in fusion with firefly luciferase was
transfected with indicated plasmids in addition to
renilla luciferase plasmid to be used as transfection
normalization. They were treated or not with 10 ng/
mL TNF-alpha during 12 h and lysed to luminescence
quantification of firefly and renilla luciferase. The
ratio of firefly/renilla luciferase was used to plot the
graphs. The graph corresponds to means and stan-
dard deviation of five independent experiments
(two-way ANOVA: *p < 0.05; **p < 0.01;
***p < 0.005). (C) The expression pattern of K63
and K48 poly-ubiquitin chains were measured by
Western blotting using K63 and K48-specific anti-
bodies and quantification of ubiquitination was car-
ried out from a smear of 80 until 230 kDa band
(densitometry from the dashed area) following nor-
malization against β-actin levels. The values are
shown below the respective Western blot bands. The
asterisks indicate unspecific bands.
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protocols for these patients are generally based on the combination of
anthracyclines and taxanes and associated with low complete response
rates [29]. The better understanding of the mechanisms of XIAP
translocation from the cytoplasm to the nucleus might shed light into
the design of potential novel strategies aiming at preventing or in-
hibiting XIAP expression specifically at the nuclear compartment of
breast cancer cells.

To sum up, our study is the first to report the mechanisms and ef-
fects associated with XIAP localization in the nucleus of breast cancer
cells. Our findings suggest that nuclear XIAP associates with poor
clinical outcome in HR-negative breast cancer patients as well as pro-
motes cell growth and drug resistance in vitro in a RING-associated
fashion, further contributing towards an aggressive phenotype in this
neoplasm. XIAP overexpression has been widely implicated in cancer

Fig. 6. Overall survival of patients with infiltrating ductal breast carcinoma grouped according to cytoplasmic or nuclear expression of XIAP. Representative staining
from immunohistochemical analysis of XIAP expression: Nuclear XIAP staining scored 8 (A). Both nuclear and cytoplasmic XIAP staining scored 6 and 8, respectively
(B). Cytoplasmic XIAP staining scored 8 (C). Original magnification 40×; scale bar 10 μM. (D, E, F) The impact of XIAP subcellular localization was analyzed in the
hormone receptor-negative subgroups. (G) The impact of XIAP subcellular localization in the total population was analyzed according to expression of nuclear XIAP
and hormone receptors. The Kaplan-Meier curves, were compared by the log-rank test, where the value of p < 0.05 was considered statistically significant. HR:
hormone receptors; Cyt: cytoplasmic; Nuc: nuclear.
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drug resistance, mainly through its BIR domains through which it exerts
its caspase-inhibitory activities, mainly at the cytoplasm. The potential
relevance of the RING domain in the effects mediated by nuclear XIAP
suggests the identification of RING-directed therapeutic strategies to
circumvent not only cytoplasmic but also nuclear XIAP functions.
Finally, our data on the role of nuclear XIAP as an independent prog-
nostic factor, capable of identifying a population within HR negative
patients with even worse clinical outcomes, denote the prognostic value
and clinical utility of analyzing not only XIAP overexpression, but also
subcellular distribution.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbamcr.2020.118761.
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