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A B S T R A C T

The zinc metalloprotease STAM-binding protein-like 1 (STAMBPL1) has been identified as a deubiquitinase by
specifically cleaving Lys-63-linked polyubiquitin chains, but its cellular function remains unclear. Here we de-
scribed the potential role of STAMBPL1 in suppression of the intrinsic apoptosis. We observed substantially high
amounts of STAMBPL1 proteins in androgen-independent prostate cancer PC3 and DU145 cell lines. STAMBPL1
RNAi depletion triggered caspase-3/-7-dependent apoptosis in PC3 and DU145 cells. STAMBPL1 knockdown-
induced apoptosis was accompanied by accumulation of cellular ROS and a decrease in endogenous caspase
inhibitor XIAP protein content. Treatment cells with antioxidant NAC delayed STAMBPL1 silencing-induced
apoptosis, whereas ectopic expression of XIAP almost completely abrogated apoptosis. We further elucidated
that STAMBPL1 knockdown diverted XIAP protein to lysosomal degradation pathway. Taken together, these
studies show that STAMBPL1 depletion induces apoptosis by promoting XIAP lysosomal degradation, and sug-
gest that targeting deubiquitinase STAMBPL1 might offer promising therapeutic strategy for prostate cancer.

1. Introduction

Protein ubiquitination is a reversible process that has been shown to
modulate a variety of biological events [1]. Upon activation, ubiquitin
is covalently attached to target protein lysine residues. Multiple ubi-
quitin molecules can be linked to each other, thus generate poly-
ubiquitin chains. Structurally different polyubiquitin chains guide
proteins for different fates [1,2]. For instance, Lys 48-linked poly-
ubiquitin chains serve as protein proteasomal degradation signal; while
Lys 63-linked polyubiquitin chains involve in cell surface receptor in-
ternalization and endosomal sorting [3,4].

STAMBPL1 (also known as AMSH-LP) is a zinc dependent deubiqui-
tinase, which specifically cleaves Lys 63-linked polyubiquitin chains [5,6].
Previous studies suggested that STAMBPL1 enhances the trafficking of
EGFR to the cell surface by removing Lys 63-linked polyubiquitin chains
[5,7,8]. However, its cellular function is not understood. Here we show
evidence that STAMBPL1 regulates X-linked inhibitor of apoptosis protein
(XIAP) stability, thus modulates apoptosis in prostate cancer cells.

XIAP is one of the Inhibitor of Apoptosis Protein family members
that target apoptotic-caspase cascade [9]. XIAP contains three N-
terminal baculovirus IAP repeat (BIR) domains, an ubiquitin-associated
domain (UBA), followed by a C-terminal RING domain with E3

ubiquitin ligase activity. The BIR domains bind caspase-3/-7 or −9, and
directly block their proteolytic activity, thus tightly modulate caspase
activation. UBA domain binds to single ubiquitin as well as poly-
ubiquitin chains which render protein proper function in various sig-
naling process [3]. XIAP was found to be overexpressed in an array of
human cancers, and XIAP protein level is inversely correlated with the
sensitivity to apoptotic stimuli [10,11]. Therefore, inhibition of XIAP
has become a promising application for cancer therapy.

Prostate cancer is the most common cancer in American men [12],
and has become the fastest growing male malignancy diagnosed in
China [13,14]. Almost all prostate cancers at initial stages of develop-
ment are androgen-dependent, androgen ablation therapy could effec-
tive suppress tumor growth [15,16]. However, some cancerous cells
gradually acquire resistance during this treatment, ultimately leading to
androgen-refractory prostate cancer. Growing evidence showed that the
progress to androgen-independent state is accompanied by the emer-
gence of apoptosis-resistant cells [17,18]. Therefore, understanding the
abnormalities in apoptosis pathway will contribute to the design of
novel strategy for further therapy of prostate cancer.

In the present study, we observed the elevated STANBPL1 protein
levels in androgen-independent prostate cancer PC3 and DU145 cells.
We demonstrated that STAMBPL1 RNAi depletion induced apoptosis in
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PC3 and DU145 cells by promoting XIAP lysosomal degradation. Our
results suggest that STAMBPL1 is a potential therapeutic target for
prostate cancer.

2. Materials and methods

2.1. Cell culture and reagents

Human prostate carcinoma DU145, PC3, LNCaP, C4-2 and 22RV1

cells were cultured in regular RPMI 1640 medium containing 10% fetal
bovine serum, 100 U/ml penicillin, and 100 μg of streptomycin. For the
anti-androgen experiments, LNCaP cells were grown in androgen-de-
pleted medium, phenol red-free RPMI 1640 supplemented with 5%
charcoal-stripped FBS (Gibco) for 24 h and challenged with en-
zalutamide. Human prostatic epithelial RWPE-1 cells were grown in
keratinocyte serum free medium supplemented with 0.05mg/ml bo-
vine pituitary extract and 5 ng/ml epidermal growth factor [19]
(Gibco). Cell viability was measured by trypan blue exclusion assay. All

(caption on next page)

X. Chen, et al. Cancer Letters 456 (2019) 49–58

50



cells were maintained in humidified incubator at 37 °C and 5% CO2.
Necrostatin-1 (Nec-1), Z-DEVD-FMK, Z-IETD-FMK, chloroquine (CQ)
and enzalutamide were obtained from Selleckchem; N-acetyl cysteine
(NAC), ferrostatin-1 (Fer-1), MG132, and leupeptin were from Sigma.
H2DCFDA, C11-BODIPY (581/591), and MitoSOX RED were from Mo-
lecular Probes, Invitrogen.

2.2. Gene expression profiling interaction analysis (GEPIA)

GEPIA (http://gepia.cancer-pku.cn/) is a web-based platform to
profile gene expressions between normal and tumor tissues and to ex-
plore correlations between gene expression and cancer patient survival.
It provides survival data for 9,763 patients from 33 cancer studies
performed by The Cancer Genome Atlas (TCGA), along with RNA-Seq
data for mRNAs from TCGA [20]. In this study, the GEPIA online tool
was used to analyze the levels of STAMBPL1 between normal prostate
tissues and primary prostate cancer tissues. The Kaplan-Meier overall
survival curve of prostate cancer patients for STAMBPL1 gene was
generated by GEPIA using a standard processing pipeline. We divided
489 prostate adenocarcinoma patients into low STAMBPL1 and high
STAMBPL1 expression groups according to the median value.

2.3. RNAi and constructs

All transfections for siRNAs were performed using Lipofectamine
RNAiMAX (Invitrogen) according to the manufacturer's protocol.
pLenti-shCtr, and pLenti-shSTAMBPL1 were constructed using the
Gateway cloning system (Invitrogen). Lentiviruses were produced in
HEK293T cells by transfecting shRNA constructs along with packaging
constructs (pol/gag and VSVG). The siRNA target sequence for the
human caspase-8 gene is 5′- GATCAGAATTGAGGTCTTT- 3’.
shSTAMBPL1#1: 5′- GAAAAGCTTCCTAACCATC-3’; shSTAMBPL1#2:
5′-GGTTGTAATATCACCATCA-3’. Adenovirus encoding Flag-XIAP was
prepared as described previously [21].

2.4. Luciferase reporter assay

Cells in 96-well plates were transfected with a NF-κB firefly luci-
ferase reporter plasmid using Lipofectamine Plus. Luciferase activity
was determined in cell extracts using the Pierce Gaussia luciferase flash
assay kit.

2.5. Western blotting and immunoprecipitation analysis

Cells were pelleted and lysed in RIPA buffer (25mM Tris-HCl,
pH=7.5, 150mM NaCl, 0.1% Nonidet P-40, 0.5% sodium deox-
ycholate and 0.1% SDS) supplemented with protease inhibitor cocktail
(Sigma) and phosphatase Inhibitor Cocktail 2 and 3 (Sigma). The

lysates were cleared by centrifugation at 12000 rpm for 10min. Nuclear
protein fraction was obtained using the NE-PER nuclear and cyto-
plasmic extraction kit (Thermo Scientific). For immunoprecipitation,
cells were lysed in RIPA buffer with the isopeptidase inhibitor N-
ethylmaleimide (0.5mM). Cell lysates were precleared with control IgG
for 3 h at 4 °C, and then incubated with anti-XIAP mAb (Santa Cruz)
overnight at 4 °C. Immunoprecipitates were washed three times and
analyzed by immunoblot analysis.

The samples were subjected to SDS-PAGE and transferred onto
PVDF membranes. The membranes were probed with the following
antibodies: anti-STAMBPL1 (SAB4200145, Sigma), anti-GAPDH (sc-
32233, Santa Cruz -biotechnology), anti-PARP (#9542, CST), anti-cas-
pase 3 (#9665, CST), anti-caspase 7 (#12827, CST), anti-caspase 8
(#9746, CST), anti-caspase 9 (#9502, CST), anti-IκBα (#4812, CST),
anti-phospho-IκBα (Ser32) (#2859, CST), anti-NF-κB p65 (#8242,
CST), anti-XIAP (#2045, CST), anti-XIAP (sc-55552, Santa Cruz), anti-
ubiquitin (#3933, CST) or anti-c-IAP1 (#7065, CST).

2.6. Flow cytometry, caspase activity

Cell death was determined by PI exclusion (Invitrogen P3566). Cells
were collected and stained with 1 μg/mL of PI in PBS containing. For
DNA content assay, cells were fixed with 70% ethanol at −20 °C for
24 h, then washed and stained with 50 μg/ml of PI, treated with RNase
A for 30min. For apoptosis assay, cells were harvested and re-suspended
in Annexin V binding buffer and incubated with FITC Annexin V and PI
following the protocol of FITC Annexin V Apoptosis Detection Kit I
(556547, BD Biosciences). For ROS analysis, cells were incubated either
with H2DCFDA (25 μM), C11-BODIPY (581/591) (2 μM) or MitoSOX
(5 μM) for 30min at 37 °C. Cells were acquired and analyzed on BD
FACsCalibur system with CellQuest Pro software. Caspase-3/7 or cas-
pase 8 activity was measured using the Caspase-Glo 3/7or Caspase-Glo
8 or Assay kits (Promega).

2.7. Real-time PCR

Total RNA was extracted using Trizol reagent (Invitrogen). 1 μg of
purified RNA/sample was reverse-transcribed using random hexamers
as primers according to the Tetro cDNA synthesis kit (Bioline). qPCR
was performed with the iTaq universal SYBR green supermix (Bio-rad).
Data were analyzed by the 2-ΔΔCT method for relative quantification.
Experimental Ct values were normalized to GAPDH levels and relative
mRNA expression was calculated versus a control sample. The primers
used for qPCR were: A20: 5′-CTGCCCAGGAATGCTACAGATAC-3′ and
5′-GTGGAACAGCTCGGATTTCAG-3’; COX2: 5′-CACCCATGTCAAAACC
GAGG-3′ and 5′-CCGGTGTTGAGCAGTTTTCTC-3’; IкBα: 5′-GATCC-
GCCAGGTGAAGGG-3′ and 5′-GCAATTTCTGGCTGGTTGG-3’; IL6:
5′-AATTCGGTACATCCTCGAC-GG-3′ and 5′-GGTTGTTTTCTGCC-AGT-

Fig. 1. Silencing of STAMBPL1 induces apoptosis.
A. Genetic alteration of STAMBPL1 in human prostate cancers retrieved from TCGA (http://www.cbioportal.org). Percentages of gene mutation, amplification (more
copies) and deep deletion (copy number loss) are shown. The number of sample size is indicated on the top of each bar.
B. Boxplot showing the relative expression of STAMBPL1 gene in normal and prostate adenocarcinoma (PRAD) samples obtained from the TCGA database.
C. Kaplan-Meier overall survival rate of prostate adenocarcinoma was analyzed based on the TCGA data. P-value was calculated by Logrank test.
D. DU145, PC3, LNCaP and RWPE-1 cells were lysed and analyzed for STAMBPL1 expression by immunoblotting. GAPDAH was served as internal control for protein
loading.
E. Immunoblotting analysis showing STAMBPL1 and GAPDH in DU145 and PC3 cells infected with control shRNA or shRNAs against STAMBPL1 (#1 and #2) for 2
days.
F. Depletion of STAMBPL1 induced DU145 and PC3 cell death as assessed by propidium iodide (PI) exclusion assay. Values are means ± SD of triplicates.
G. PC3 and DU145 cells were infected with control shRNA or STAMBPL1 shRNA for 24 h. Cells were treated with or without 20 μM of necrostatin-1 (Nec-1),
chloroquine (CQ) or z-DEVD-FMK for 24 h. Cell death was analyzed by PI exclusion assay.
H. PC3 and DU145 cells were infected with control shRNA or shRNA against STAMBPL1 lentivirus for 72 h. Apoptosis were determined by Annexin V/PI staining
followed by flow cytometry analysis.
I. PC3 and DU145 cells were treated as in E. DNA content analysis was performed to determine subG1 peak.
J. PC3 cells were treated as in E. Cells were lysed and analyzed by IB.
K. PC3 cells were infected with control shRNA or STAMBPL1 shRNA lentivirus for 48 h. Cells were assayed for caspase-3/7 activity.
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GCC-3’; XIAP: 5′-AGCCAAGGGGAA-TGAAGTGA-3′ and 5′-GGGGA-
AGG-GCATTTGAAGAA-3’; STAMBPL1: 5′-GAGGATGGCGTCTGTGTAT
TTG-3′ and 5′-GCTGGTAATCTCGATGGTTAGG-3’; GAPDH: 5′-CATGG
GTGTGAACCATGAGA-3′ and 5′-CAGTGATGGCATGGACTG-TG-3’.

2.8. Statistical analysis

Statistical analysis was performed using student's t-test and one-way
ANOVA. Results are expressed as mean ± standard deviation of at
least three independent experiments. The overall survival was

Fig. 1. (continued)

Fig. 2. STAMBPL1 depletion-induces apoptosis is
independent of caspase 8 activation.
A. PC3 cells were infected with control shRNA or
STAMBPL1shRNA for 48 h. Cells were assayed for
caspase-3/7 activity.
B. PC3 cells were infected with indicated shRNAs
for 24 h, and treated with 100 μM Z-IETD-FMK for
24 h. Cell death was analyzed by PI exclusion assay.
C. Upper panel. PC3 cells were infected with in-
dicated shRNAs and transfected with control siRNA
or siRNA against caspase 8 for 48 h. Cell death was
analyzed as in B. Lower panel. Immunoblotting
confirmed the knockdown efficiency of RNAi.
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examined with the Kaplan-Meier method and compared with the log-
rank test. P-values of< 0.05 were considered to be significant.

3. Results

3.1. STAMBPL1 knockdown leads to apoptosis in DU145 and PC3 cells

We analyzed the genetic alteration of STAMBPL1 in different types
of human prostate cancers from TCGA database of sample size n > 100
(http://www.cbioportal.org). The gene alteration frequency of
STAMBPL1 is generally< 11% in prostate cancers (Fig. 1A). Amplifi-
cation is the most common genetic alteration in neuroendocrine pros-
tate cancers (7.89% of 114 samples) [22], but also in prostate adeno-
carcinomas (0.4% of 499 samples) [23]. We interrogated the GEPIA to
explore the relative expression of STAMBPL1 mRNA levels in normal
versus tumor tissues using TCGA prostate adenocarcinoma (PRAD)
dataset. STAMBPL1 mRNA levels were higher in primary prostate
cancer tissues compared to normal tissues (Fig. 1B). To evaluate if high
STAMBPL1 mRNA expression was relevant to patient survival, we
analyzed the overall survival correlation with STAMBPL1 gene ex-
pression data from prostate adenocarcinoma study performed by TCGA.
Patients were divided into Low STAMBPL1 and High STAMBPL1 groups
in respect to the median value. The patients overall survival plot re-
vealed that patients with higher expression of STAMBPL1 gene had
worse overall survival, suggesting a correlation between high levels of
STAMBPL1 and an unfavorable prognosis (Fig. 1C). Based on bioin-
formatics analysis results, we investigated the biological effect of
STAMBPL1 in prostate cancer cells. Substantially high levels of
STAMBPL1 expression were detected in highly aggressive and androgen
independent prostate cancer PC3, DU145, 22RV1 cells, as compared
with androgen dependent LNCaP prostate cancer cells, LNCaP-derived,
androgen-insensitive C4-2 cells and RWPE-1 normal prostate cells by
immunoblotting (Fig. 1D and Supplementary Fig. 1A). Since the

differential expression of STAMBPL1 in androgen-insensitive and
–sensitive cells, we next asked whether STAMBPL1 is one of the an-
drogen-regulated gene. To that end, we treated androgen sensitive
LNCaP cells with androgen receptor antagonist enzalutamide in either
regular culture medium or androgen-depleted medium, and examined
STAMBPL1 protein level and mRNA level. As shown in Supplementary
Figs. 1B and C, antiandrogen treatment did not change the expression of
STAMBPL1 in LNCaP cells, indicating STAMBPL1 might not be an an-
drogen responsible gene.

To address the basis for STAMBPL1 effect in prostate cancer, we
silenced STAMBPL1 and examined cell viability. Two different specific
shRNAs against STAMBPL1 (shSTAMBPL1#1 and #2) were used to
exclude the possibility of off-target effects. Immnunoblotting confirmed
effective STAMBPL1 knockdown by shRNAs (Fig. 1E). Interestingly,
knockdown of endogenous STAMBPL1 markedly induced PC3 and
DU145 cell death (Fig. 1F), indicating that STAMBPL1 is required for
PC3 and DU145 cells survival. We also knocked down STAMBPL1 in
22RV1, C4-2 and LNCaP cells, we did not observe cell death in these
three cell lines (Supplementary Fig. 1D), albeit the expression level of
STAMBPL1 is much higher in 22RV1 cells than that in LNCaP and C4-
2 cells.

Previous studies have reported that K63 ubiquitination of RIPK1 is a
critical event in the process of necroptosis [24–26]. Accumulated evi-
dences have been reported the essential role of K63 polyubquitin chains
in the regulation of apoptosis [1] and autophagic cell death [27,28].
STAMBPL1 is a deubiquitinase enzyme, which specifically cleaves K63-
linked polyubiquitin chains [6,7], although the substrates of STAMBPL1
are not well defined. To elucidate the machinery of STAMBPL1 deple-
tion-induced cell death, we tested necroptosis inhibitor necrostatin-1
(Nec-1), autophagy inhibitor chloroquine (CQ) and caspase 3 inhibitor
Z-DEVD-FMK for their ability to suppress cell death induced by
STAMBPL1 knockdown. We infected PC3 and DU145 cells with
shSTAMBPL1 lentivirus and treated cells with a series combination of

Fig. 3. STAMBPL1 does not regulate NF-kB activation.
A. DU145 and PC3 cells were infected with control shRNA or STAMBPL1shRNA, and transfected a NF-B firefly luciferase reporter plasmid for 48 h. Luminescence was
measured using the Pierce Gaussia luciferase flash assay kit.
B, C and D. PC3 cells were infected with indicated shRNAs for 48 h. Total cell lysates were analyzed by IB (B). NF-kB p65 expression in nuclear extracts (N) and
cytosolic (C) was determined by IB. Lamin A/C and α-tubulin were used as loading controls for each fraction (C). NF-kB -responsive genes were analyzed by qPCR.
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Nec-1, CQ and Z-DEVD-FMK. Necroptosis inhibitor Nec-1 and autop-
hagy inhibitor CQ did not efficiently suppress cell death induced by
STAMBPL1 targeting; whereas, addition of a caspase 3 inhibitor, Z-
DEVD-FMK, to cells markedly attenuated cell death (Fig. 1G), in-
dicating a possible role of STAMBPL1 in regulating apoptosis signaling.

To further test whether STAMBPL1 depletion triggers apoptosis
signaling, we assessed apoptotic cell death by Annexin V/PI staining
and sub-G1 peak assay. STAMBPL1 knockdown in both PC3 and
DU145 cells significantly increased Annexin V-positive cell population
(Fig. 1H), as well as accumulation of dead cells in sub-G1 phase
(Fig. 1I). We examined the cleavage of poly (ADP-ribose) polymerase
(PARP), caspase −3, −7 and −9, the biochemical hallmarks of
apoptosis signaling. The abundance of PARP, caspase-3, -7 and -9
cleavage products was observed in STAMBPL1-delpleted cells (Fig. 1J).
Consist with these data, STAMBPL1 depletion resulted in a 4-fold in-
crease in caspase-3/-7 enzymatic activity (Fig. 1K). Taken together,
these data indicate that inhibition of STAMBPL1 in prostate cancer cells
triggers caspase-dependent apoptosis.

3.2. Caspase 8 is not required for STAMBPL1 depletion induced apoptosis

Considering that caspase 8 is the predominant initiator caspase in
the cell-extrinsic apoptosis pathway [29] and plays a pivotal role in
unfolded-protein-response induced apoptosis [30,31], we wondered

whether caspase 8 mediated STAMBPL1 loss-induced cell death. We
noticed that the cleavage of caspase 8 was undetectable, and the total
cellular amount of caspase 8 was not appreciably changed in
STAMBPL1 knockdown cells (Fig. 1J). Caspase 8 activity was not ele-
vated in both control shRNA and shSTAMBPL1 cells (Fig. 2A). More-
over, pharmaceutically or genetically silencing caspase 8 by z-IETD-
FMK or siRNA against caspase 8 did not inhibit apoptosis activation by
STAMBPL1 depletion (Fig. 2B and C). These data ruled out the de-
pendence of cell death on caspase 8 activation, indicating cell-extrinsic
pathway is not a mechanism underlying the STAMBPL1 depletion in-
duced apoptosis.

3.3. STAMBPL1 is not a potential regulator of NF-kB activation in prostate
cancer cells

It was reported that STAMBPL1 positively regulates NF-kB signaling
by promoting human T-cell leukemia virus type I Tax nuclear export
[32]. As NF-kB is a prominent feature of PC3 and DU145 androgen-
independent cell lines [33,34], we investigated the role of STAMBPL1
in the maintenance of NF-kB activation. PC3 and DU145 cells were
knocked down STAMBPL1 and transfected with NF-kB luciferase re-
porter. In line with previous report [32], silencing of STAMBPL1 had no
effect on NF-kB luciferase activity as compared (Fig. 3A). NF-kB is re-
tained in the cytoplasm with inhibitory IkB proteins. Upon activation,

Fig. 4. ROS are required for STAMBPL1 depletion-induced apoptosis.
A, B, and C. PC3 cells were infected with indicated shRNAs for 48 h. Cytosolic, lipid and mitochondrial ROS were assessed by flow cytometry using H2DCFDA (A) and
C11-BODIPY (B) and MitoSOX red (C) respectively.
D. PC3 cells were infected with indicated shRNAs for 48 h. Cells were treated with NAC (5mM) or Fer-1 (10 μM) for 24 h. Cytosolic and lipid were assessed by flow
cytometry. E. Cells were treated as in D. Cell viability over time was assessed by PI exclusion assay. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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NF-kB is released from phosphorylated IkBa and is subsequently
translocated into nucleus where it transcriptionally activates anti-
apoptosis genes [35]. Although phosphorylated IkBa and nuclear NF-kB
were highly expressed under normal cell culture condition, we did not
observe a difference in their protein levels between control cells and
STAMBPL1 silenced cells (Fig. 3B and C). Moreover, we examined NF-
kB responsive genes using qPCR, and observed that STAMBPL1
knockdown did not change COX2, IкBα, A20, and IL6 mRNA levels
(Fig. 3D).

3.4. ROS are non-redundant for STAMBPL1depletion-induced apoptosis

Previous studies showed that oxidative stress is inherent in prostate
cancer cells [36]. However, excessive cellular reactive oxygen species
(ROS) cause apoptosis via mitochondria pathway [37]. To determine
whether STAMBPL1 depletion induced apoptosis is through oxidative
stress, we measured cytosolic and lipid ROS by flow cytometry using
the fluorescent probes H2DCFDA and C11-BODIPY. Compared to the
control cells, STAMBPL1 knockdown cells showed 1.2-fold accumula-
tion of cellular ROS, and 0.7-fold induction of lip ROS (Fig. 4A and B).
In an effort to search the source of ROS accumulation, we stained cells
with MitoSOX, a mitochondrial superoxide indicator, to test whether
the aberrant ROS production was from the mitochondrial electron
transport chain (ETC). However, no increase of MitoSOX-sensitive ROS
production was found in STAMBPL1 depleted cells (Fig. 4C), indicating
mitochondrial ROS was not evoked by STAMBPL1 depletion. To test
whether oxidative stress was major mechanism of cell death, we treated
cells with either antioxidant N-acetyl cysteine (NAC) or a lipid ROS
scavenger ferrostatin-1 (Fer-1) [38]. As shown in Fig. 4D, ROS was
markedly reduced by NAC or Fer-1. However, NAC treatment delayed,
but did not rescue cell death, while Fer-1 had no effect on cell death
(Fig. 4E). These results indicate that ROS accumulation is insufficient

for maximal apoptosis in STAMBPL1-depleted cells.

3.5. XIAP levels determine apoptosis induced by STAMBPL1 depletion

To determine the mechanism of STAMBPL1 depletion-induced
apoptosis, we sought to monitor amounts of several pro- and anti-
apoptotic factors. Knockdown of STAMBPL1 in PC3 and DU145 cells
had no effect on the abundance of Bax, Bak, Bid, Bcl-xl, c-IAP1/2, or
survivin; only X-linked inhibitor of apoptosis (XIAP) was significantly
declined (Fig. 5A). Since XIAP is the most potent inhibitor of caspase-
3/-7 and −9, and serves as an important guardian against cell death
[39,40], we tested whether XIAP is responsible for the apoptosis of
STAMBPL1-silenced cells. We overexpressed XIAP and knocked down
STAMBPL1 in PC3 and DU145 cells. Strikingly, overexpression of XIAP
drastically reduced the extent to which PC3 and DU145 cells apoptosed
when STAMBPL1 was depleted, and eliminated the difference in the
levels of cell death between control and STAMBPL1 silenced cells
(Fig. 5B). These results suggest that apoptosis by STAMBPL1 depletion
results from loss of antiapoptotic protein XIAP.

3.6. STAMBPL1 promotes XIAP through lysosomal degradation

To dissect how STAMBPL1 regulates XIAP abundance, we analyzed
XIAP mRNA levels in control and STAMBPL1 knockdown cells by qPCR.
Albeit the sharp drop seen in XIAP protein level in STAMBPL1 depleted
cells, we did not observe any change in XIAP mRNA level (Fig. 6A),
indicating that regulation of XIAP expression by STAMBPL1 is mediated
via posttranslational mechanism.

As XIAP protein is degraded through the proteasomal and/or lyso-
somal pathways [41,42], we treated cells with either proteasome in-
hibitor MG132 or lysosome inhibitor leupeptin and compared XIAP
protein over time. Suppression of proteasome or lysosome restored

Fig. 5. XIAP loss mediates STAMBPL1 depletion-induced apoptosis.
A. PC3 and DU145 cells were infected with indicated shRNAs for 48 h. Protein abundance was analyzed by IB of total cell lysate.
B. PC3 and DU145 cells were infected with indicated shRNAs along with Ad-vector or Ad-Flag-XIAP for 48 h. Upper panel: Overexpression of XIAP was confirmed by
IB; Lower panel: Cell death was measured by PI exclusion assay.
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Fig. 6. STAMBPL1 regulates lysosomal degradation of XIAP.
A. Relative XIAP mRNA level was measured by qPCR in PC3 cells infected with indicated shRNAs.
B and C. PC3 cells received indicated shRNAs were treated MG132 (10 μM) or leupeptin (50 μM) for the indicated hours. Cell lysates were immunoblotted for XIAP or
GAPDH.
D. PC3 cells received with indicated shRNAs were treated with MG132 (10 μM) or leupeptin (50 μM) for 8 h. Cell lysates were immunoprecipitated using anti-XIAP
antibody, and blotted with anti-ubiquitin (UB) and anti-XIAP antibodies. Molecular weight markers (in kDa) are indicated on the right.
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XIAP in PC3 cells indicating XIAP could be destroyed through both
pathways (Fig. 6B and C). Nevertheless we observed a different pattern
in XIAP accumulation in control and STAMBPL1 cells treated with
MG132 or leupeptin. XIAP level was much lower in shSTAMBPL1 cells
than that in control cells, MG132 treatment did not bring XIAP protein
to the similar level as in control cells, indicating STAMBPL1 is unlikely
to be involved in the dynamic of XIAP proteasomal degradation. In
contrast, leupeptin treatment elevated XIAP level in shSTAMBPL1 cells
to the maximum, which was much higher than that in leupeptin-treated
control cells. To study the effect of STAMBPL1 on the ubiquitination
status of XIAP, PC3 cells were infected shCtr or shSTAMBPL1 lenti-virus
follow by treatment with leupeptin or MG312 for 8 h. XIAP was pulled
down by anti-XIAP monoclonal antibody and the extent of ubiquitina-
tion was analyzed by using anti-ubiquitin antibody. Inhibition of lyso-
some activity by leupeptin induced weaker ubiquitination of XIAP than
the inhibition of lysosome activity by MG132 in shRNA control cells
(Fig. 6 D, lanes 4 and 6), indicating that XIAP decay in control was
mainly through proteasome degradation pathway. Of note, leupeptin
treatment profoundly elevated XIAP ubiquitination in STAMBPL1
knockdown cells, MG132 treatment resulted in a similar pattern of
ubiquitination of XIAP in both shCtr cells and shSTAMBPL1 cells
(Fig. 6D, lanes 5 and 7), indicating that knocking down STAMBPL1
enhanced lysosomal degradation of XIAP. These data suggest that
STAMBPL1 loss diverts the XIAP degradation from proteasome pathway
to lysosome pathway, and drastically enhances XIAP degradation.

4. Discussion

In this study, we reported evidence that silencing STAMBPL1 by
shRNA induced apoptosis in androgen-insensitive prostate cancer PC3
and DU145 cells, uncovering a previously unknown role for STAMBPL1
in controlling apoptosis signal in prostate cancer. We proposed the
regulatory role of STAMBPL1 in apoptosis repertoire (Fig. 7).

The currently mainstay treatment of prostate cancer is androgen
ablation therapy which is initially very effective at suppressing tumor
[43]. However, long term androgen deprivation (12–33 months) often
results in androgen resistance, leading to androgen-insensitive prostate
cancer which is accompanied by genotypic and phenotypic alteration in
several signaling pathway [44]. Therefore, targeting the key molecule
(s) during the progression to androgen resistance may shed light on the
development of novel therapeutic strategies towards prostate cancer.
Although STAMBPL1 has been identified as a deuibiquitinase for more
than a decade [5,6], its function is still unclear. In an effort to elucidate
the potential role of STAMBPL1 in prostate cancer, we compared the
STAMBPL1 protein levels in several prostate cancer cells. The finding
that STAMBPL1 is highly expressed in androgen insensitive PC3 and
DU145 cells, not in androgen-sensitive LNCaP cell [45] and im-
mortalized prostatic PWE cells [19], prompted us to investigate

whether STAMBPL1 is required for androgen insensitive cell survival.
Of interest, PC3 and DU145 cells underwent apoptosis when STAMBPL1
was knocked down by shRNA. We focused on apoptosis pathway in our
following experiments.

Sequential activation of caspase family is the key event for both
intrinsic and extrinsic apoptosis pathways. Activation of initiator cas-
pase-8 by ligands binding to cell surface death receptors can either
directly cleave executioner caspas-3/-7, or activate intrinsic apoptosis
by cleaving BID, depending on the cell type [39,40,46]. We observed
activation of caspase-9, -3 and -7, but not caspase-8, in STAMBPL1 si-
lencing-induced apoptosis. We further excluded the role of caspase-8 in
STAMBPL1-dependent process, as pharmaceutically or genetically in-
hibiting caspase-8 did not affect cell death, indicating STAMBPL1 si-
lencing triggers intrinsic apoptotic signal. Knocking down STAMBPL1
also promoted a burst of cellular ROS, which is non-redundant, but not
sufficient to induce efficient cell death. We have not completely ruled
out the involvement of ROS in apoptosis, nor the possibility that ROS
alter regulators involving apoptosis. Additional studies are required to
investigate the source of ROS. Consistent with a previous study [32],
STAMBPL1 does not regulate endogenous NF-кB activation and NF-кB
downstream transcription.

To decipher STAMBPL1's role in apoptosis repertoire, we examined
IAP family protein levels in STAMBPL1-silenced cells. Of interest, XIAP
protein was diminished by STAMBPL1 RNAi. Structural and biochem-
ical analyses have shown that XIAP directly blocks the proteolytic ac-
tivity of caspase-3/-7 and −9 [47], we reasoned that the effect of
STAMBPL1 RNAi on the activation of caspase-3/-7 and −9 resulted
from the loss of XIAP. Accordingly, overexpression of XIAP in
STAMBPL1-silenced cells rescued cell death, supporting the notion that
decreasing XIAP is the major mechanism underlying the cell death
caused by STAMBPL1 downregulation. Accumulating evidence showed
that many other deubiquitinases regulate key apoptotic regulators, in-
cluding IAPs, and also control protein half-life by the removal ubiquitin
from target proteins [1,2]. As having shown STAMBPL1 has no effect on
XIAP mRNA level, we examined XIAP degradation by treating cells with
either protease inhibitor MG132 or lysosome inhibitor leupeptin, and
observed that STAMBPL1 knockdown exacerbated XIAP degradation
through lysosomal pathway. We observed that STAMBPL1 depletion
modulates XIAP ubiquitination status, which diverts the XIAP de-
gradation from proteasome pathway to lysosome pathway. Future stu-
dies will be required to investigate whether XIAP is a substrate of
STAMBPL1, how XIAP can be regulated by Lys-63 linked ubiquitina-
tion.
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