Int. J. Biol. Sci. 2022, Vol. 18
IVYSPRING

INTERNATIONAL PUBLISHER

3859

gy
vs International Journal of Biological Sciences

2022; 18(9): 3859-3873. doi: 10.7150/ijbs.72138
Research Paper

Inhibitory role of TRIP-Br1 oncoprotein in anticancer
drug-mediated programmed cell death via mitophagy
activation

Samil Jung®, Davaajargal Myagmarjav", Taeyeon Jo, Soonduk Lee, Songyi Han, Nguyen Thi Ngoc Quynh,
Nguyen Hai Anh, Son Hai Vu, Yeongseon Choi, and Myeong-Sok Lee™

Division of Biological Sciences, Sookmyung Women’s University, Seoul, 14310, South Korea
*These authors have contributed equally to this work.

P4 Corresponding author: Myeong-Sok Lee, Department of Biological Science, Sookmyung Women’s University, Cheongpa-ro 47-gil 100, Yongsan-gu, Seoul,
04310. E-mail: mslee@sookmyung.ac.kr. Phone: +82-2-710-9418. Fax: +82-2-2077-7257.

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https:/ /creativecommons.org/licenses/by/4.0/).
See http:/ /ivyspring.com/terms for full terms and conditions.

Received: 2022.02.17; Accepted: 2022.05.08; Published: 2022.05.29

Abstract

Chemotherapy has been widely used as a clinical treatment for cancer over the years. However, its
effectiveness is limited because of resistance of cancer cells to programmed cell death (PCD) after
treatment with anticancer drugs. To elucidate the resistance mechanism, we initially focused on cancer
cell-specific mitophagy, an autophagic degradation of damaged mitochondria. This is because mitophagy
has been reported to provide cancer cells with high resistance to anticancer drugs. Our data showed that
TRIP-Br1 oncoprotein level was greatly increased in the mitochondria of breast cancer cells after
treatment with various anticancer drugs including staurosporine (STS), the main focus of this study. STS
treatment increased cellular ROS generation in cancer cells, which triggered mitochondrial translocation
of TRIP-Brl from the cytosol via dephosphorylation of TRIP-Brl by protein phosphatase 2A (PP2A).
Up-regulated mitochondrial TRIP-Brl suppressed cellular ROS levels. In addition, TRIP-Brl rapidly
removed STS-mediated damaged mitochondria by activating mitophagy. It eventually suppressed
STS-mediated PCD via degradation of VDACI, TOMM20, and TIMM23 mitochondrial membrane
proteins. TRIP-Brl enhanced mitophagy by increasing expression levels of two crucial lysosomal
proteases, cathepsins B and D. In conclusion, TRIP-Br1 can suppress the sensitivity of breast cancer cells
to anticancer drugs by activating autophagy/mitophagy, eventually promoting cancer cell survival.
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Introduction

Most anticancer drugs currently available target
apoptosis. However, many malignant cancer cells
have acquired resistance to apoptosis due to defective
or absent apoptosis-related genes or signaling
pathways, such as p53 mutations in many different
types of cancer cells and the lack of caspase 3 in MCF7
breast cancer cell line. Determining novel targets is
essential to increase the sensitivity of cancer cells to
anticancer drugs. Targeting various types of PCD
concurrently in addition to apoptosis is one of
strategies to increase cancer cell sensitivity to
anticancer drugs. Eukaryotic cells undergo more than
11 different types of PCD, including apoptosis,

necrosis/necroptosis, and anoikis depending on the
stimuli and environments [1,2]. All known types of
PCD are interconnected via multiple signaling
pathways, in which mitochondria play a vital
regulatory role [3]. Thus, understanding the precise
mechanism in mitochondria-mediated PCD would be
important for controlling the resistance of cancer cells
to anticancer drugs.

Toxicities of most chemotherapeutic agents are
attributed to the induction of mitochondrial dysfunc-
tion [4]. Mitochondrial-mediated PCD induced by
anticancer treatments is often associated with
decreases of ATP production and mitochondrial
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membrane potential (MMP), and with an increase in
reactive oxygen species (ROS) generation [5-14].
These changes can increase mitochondrial mal-
function, triggering the release of pro-apoptotic
proteins (such as cytochrome c) or pro-necroptotic
proteins (such as CypA) from damaged mitochondria,
eventually resulting in PCD. Therefore, rapid
clearance of damaged mitochondria eventually
inhibits PCD. Especially, intracellular ROS are major
factors that decide cell fate [15,16]. ROS at low
concentrations are required for cell survival by acting
as signaling molecules. Higher ROS levels can cause
mild oxidative stress, which removes damaged
mitochondria for cell survival [17]. Further increase in
ROS level can lead to apoptosis and sudden
necrosis/necroptosis [9,18-21].

Dysfunctional or damaged mitochondria can be
removed mainly by mitophagy or mitoptosis
(mitochondrial suicide) [22]. Mitophagy has been
suggested to be highly activated in cancer cells in
response to various stressful conditions [23].
Mitophagy is mediated by autophagy-related proteins
and lysosomal components. Damaged mitochondria
are engulfed by autophagosomes and eventually
degraded by lysosomes. Many studies have proposed
that mitophagy has a dual role: 1) mitophagy prevents
tumorigenesis of normal cells by removing abnormal
mitochondria and therefore protecting cells from
disordered mitochondrial metabolism; and 2)
mitophagy promotes survival of cancer cells by
suppressing sensitivity to chemotherapy [22,24-26].
Therefore, targeting cancer-specific mitophagy might
be a promising strategy to design effective
chemotherapies. In fact, manipulating autophagy/
mitophagy is currently considered as an attractive
therapeutic strategy in cancer. However, its role in
cancer remains unclear and strategies in cancer
therapy remain confusing.

To elucidate the mechanism of cancer-specific
mitophagy, we initially focused on TRIP-Brl (also
known as SERTAD1/SEI-1/SEI1/p345E-1) protein.
TRIP-Brl is a member of TRIP-Br family proteins that
share the N-terminal SERTA domain. Our
preliminary data have revealed that TRIP-Brl is
localized to the nucleus, cytoplasm, and mitochondria
[27], where it exerts different cellular functions as a
multifunctional protein. TRIP-Brl is involved in
transcriptional regulation, cell cycle, cell differentiation,
senescence, and PCD regulation [27-39]. Overexpressed
in many different types of cancer cells and cancer
patients, TRIP-Brl plays a critical role in
tumorigenesis as an oncogene [30]. Our previous data
have shown that TRIP-Brl expression is greatly
increased under different types of PCD-inducing
stressful conditions, such as anticancer treatment,

nutrient starvation, and hypoxia [27,40]. Up-regulated
TRIP-Brl suppresses three types of PCD, including
apoptosis,  necrosis/necroptosis, and  anoikis
[27,28,40]. For example, TRIP-Br1 inhibits apoptosis of
breast cancer cells upon treatment with anticancer
drugs (e.g., staurosporine, etoposide, and cisplatin) by
stabilizing XIAP E3 ligase [28]. TRIP-Brl/XIAP also
represses necroptosis under nutrient/serum starva-
tion [40]. Our unpublished data showed that TRIP-Br1
also could suppress anoikis under three-dimentioanl
suspended culture. Nevertheless, the exact
mechanism involved in the effect of TRIP-Brl on
mitochondrial-mediated PCD remains unknown.

The current study shows that TRIP-Brl onco-
genic protein contributes to high cellular resistance to
anticancer drug treatment via activation of
mitophagy.

Results

Mitochondrial distribution/sub-localization of
TRIP-Brl protein in normal breast and cancer
cell lines

Our previous report has revealed that TRIP-Brl
protein is localized to the mitochondria of various
cancer cell lines [27,28]. The current study also
showed that TRIP-Brl was more predominantly
found in the mitochondria of human breast cancer
(MCF7 and MDA-MB-231) and colon cancer
(HCT116) cell lines than in a normal breast cell line
(MCF10A) (Figures 1A-1B). Similar results were
obtained via immunofluorescence analysis, showing
that endogenous mitochondrial TRIP-Brl was
co-localized with Mitotracker (Figure 1C). Next,
mitochondrial TRIP-Brl protein levels were further
compared between MCF7 cancer and MCF10A
normal cell lines. Although total levels of TRIP-Brl
protein were slightly higher in MCF7 cells,
mitochondrial TRIP-Brl levels were substantially
higher in MCF7 cells than in MCF10A normal cells
(Figures 1D-1E). MCF10A normal cells showed
substantially higher levels of TRIP-Br1 in cytosol than
in mitochondria. In a further study, sub-localization of
TRIP-Brl in mitochondrial compartment was
analyzed by adding proteinase K to mitochondrial
fractionized sample of MCF7. Proteinase K treatment
degraded TRIP-Brl and VDACI1, a mitochondrial
outer membrane protein, but not cytochrome c, a
mitochondrial inner membrane protein, suggesting
that TRIP-Brl was accumulated in mitochondrial
outer membrane (Figure 1F).

Collectively, these data suggest the presence of a
significant amount of TRIP-Brl protein in mitochon-
dria of cancer cells, mainly localized in the outer
membrane.
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Figure 1. Subcellular distribution of TRIP-Brl protein in normal breast or cancer cell line and mitochondrial localization of TRIP-Br1. A-B Indicated cell
lines were used in mitochondrial fractionation as described in Materials and Methods. TRIP-Brl protein level in each fraction was quantified via immunoblotting analyses. The
following proteins were used as cellular markers: HSP60 as a mitochondrial marker, y-tubulin as a cytosolic marker, and histone H3 as a nuclear marker. Amount of protein
loaded: 15 pg for total protein, 2.5 pg for mitochondrial (Mito), and 15 pg for cytosolic (Cyto) fraction. Data are expressed as mean  SD (n = 3; ***, p < 0.001). C Indicated four
cell lines were stained with TRIP-Brl (green) for 24 h, incubated with 1 pM of Mitotracker (red) for 30 min, and fixed with 4% paraformaldehyde. DAPI (blue) was used as a
nuclear marker. Resulting cells were visualized with a confocal microscope. D-E MCF7 and MCFI0A cell lines were cultured for 24 h and then used for mitochondrial
fractionation. TRIP-Br1 protein level in each fraction was determined by western blot analysis. Data are presented as mean % SD (n = 3; *** p < 0.001). F Mitochondrial fraction
from MCF7 cells was incubated with 50 pg/mL of proteinase K in the absence or presence of 1% Triton X-100 for 30 min. Samples were subjected to western blotting analysis.

ROS-triggered TRIP-Br1 translocation into
mitochondria and TRIP-Brl-mediated ROS
suppression in response to anticancer drug
treatment

TRIP-Brl protein levels in mitochondria after
treatment with three different anticancer drugs were
analyzed using the MCF7 cell line, a well-known
cancer cell line that is highly resistant to many types
of anticancer drugs [2]. TRIP-Brl protein levels were
increased significantly in the mitochondria after
treatment with all three anticancer drugs even only
after a short-term exposure (2~5 h) (Figure 2A).
Especially, staurosporine (STS) greatly increased
TRIP-Brl protein levels in the mitochondria, but not
total cellular protein levels of TRIP-Brl (Figures
2A-2B). In fact, the mRNA level of TRIP-Brl was not
changed after 4 h treatment with anticancer drugs
(Figure 2C), suggesting mitochondrial translocation of
existing TRIP-Brl rather than de novo synthesis of
TRIP-Br1 after a short exposure to STS.

Next, we investigated the trigger of TRIP-Brl
translocation into mitochondria and the role of
TRIP-Brl in the mitochondria of cancer cells upon
treatment with anticancer drugs. To this end, we first
determined the effect of TRIP-Brl on three
representative mitochondrial functions. TRIP-Brl
knock-downed MCF7 (MCF7KD-TRIP-Br1) cells showed

slightly lower levels of ATP and MMP, but higher
ROS levels than TRIP-Brl wild-type MCF7
(MCF7WT-IRIP-Br1y - cells (Figures 2D-2F). Anticancer
treatment is known to induce substantially higher
levels of ROS in cancer cells. However, some
malignant cells can overcome this ROS stress. Thus,
we initially focused on intracellular ROS contents.
MCEF?7 cells were treated with 0.1 pg/mL of STS for 6
h. Intracellular ROS content was then evaluated.
Interestingly, mitochondrial TRIP-Brl expression was
increased following the accumulation of ROS (Figure
2G). However, levels of both mitochondrial TRIP-Brl
expression and ROS in MCF10A normal cells did not
change after STS treatment (Figure 2H). MCF10A cells
did not respond to treatment with H>O» (a major ROS
contributor) either (Figure 2I). These data indicate that
mitochondrial TRIP-Brl protein levels are more
sensitive to cellular ROS levels in cancer cells,
implying that ROS might trigger mitochondrial
translocation of TRIP-Brl in cancer cells. This
possibility was further tested using MCF7 and
MDA-MB-231 cell lines treated with NAC, an ROS
scavenger, as well as STS. Interestingly, a reduced
mitochondrial TRIP-Brl level was found in cells
treated with both STS and NAC than in cells treated
with STS alone (Figures 2J-2K). A further study
showed substantially higher levels of cellular and
mitochondrial ROS in TRIP-Brl suppressed MCF7
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cells under both basal conditions and upon STS  could suppress cellular ROS levels in cancer cells.

exposure (Figures 2L-2M), suggesting that TRIP-Brl
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Figure 2. Up-regulated TRIP-Brl protein level in mitochondria in response to anticancer drug treatment and TRIP-Brl-mediated ROS suppression in
cancer cells. A MCF7 cells were treated with three different anticancer drugs for indicated time periods and concentrations, followed by mitochondrial fractionation. B MCF7
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cells were treated with STS at different concentrations (0.01~1 pM) for 90 min followed by mitochondrial fractionation. C MCF7 cells were treated with 0.1 uM of STS for 4 h.
Reverse transcription (RT)-PCR analysis was performed with TRIP-Br|-specific primer pairs (See Materials and Methods) using B-actin as an internal control. D-F MCF7 cells
(1%108) were cultured for 24 h and intracellular levels of ATP, MMP, and ROS were measured as indicated in Materials and Methods. Results are presented as mean + SD (n =
5). G-I MCF7 and MCFI10A cells were cultured for 24 h and then treated with STS or H2O; at indicated concentrations or time periods. Resulting cells were used for
mitochondrial fractionation and ROS measurement. J-K Cells were pre-incubated with or without NAC, an ROS scavenger, for 30 min (5 mM for MCF7 and 1 mM for
MDA-MB-231) and then treated with 0.1 UM of STS for 45 min. Each fraction of sample lysate was subjected to western blotting analysis. ROS levels were measured with the same
sample. L-M MCF?7 cells were treated with 0.1 uM of STS for 3 h. Cellular ROS (L) or mitochondrial ROS (M) levels were then measured. Data are presented as mean * SD (n
=6).
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Figure 3. Mitochondrial translocation of TRIP-Brl via PP2A-mediated dephosphorylation upon STS treatment. A Phosphorylation status of TRIP-Brl was
analyzed using a Phos-tag SDS-PAGE gel. Lysates of MCF7 cells were prepared and then exposed to CIP for | h at 37°C, followed by 8 % SDS-PAGE with 20 uM of phos-tag and
immunoblotting analysis. Conventional SDS-PAGE was also performed with the same lysate as a control. B MCF7 cells were treated with 0.1 pM STS for 90 min followed by
subcellular fractionation. Fractionated samples were subjected to Phos-tag SDS-PAGE. C MCF7 cells were treated with STS (0.1 yM) and/or okadaic acid (50 nM) for 3 h.
Fractionated samples were subjected to western blot analysis. D U20S 4.3 osteosarcoma cells were pre-incubated with or without doxycycline (1 pg/mL) to induce TRIP-Brl
expression for 24 h before treatment with okadaic acid (50 nM) for 24 h. E MCF7 cells were treated with okadaic acid (50 nM) for 16 h and incubated with Mitotracker (red) for
30 min. TRIP-Br1 (green) and Mitotracker (red) were visualized under a fluorescence microscope. F MCF7 cells were exposed to C,-Ceramide (10 uM) in a time-dependent
manner followed by mitochondrial fractionation.

Taken together, these findings suggest that STS
treatment could elevate ROS production, which
induces mitochondrial translocation of TRIP-Brl to
suppress ROS generation in cancer cells.

Mitochondrial translocation of TRIP-Br1 via
dephosphorylation by protein phosphatase 2A
(PP2A)

Next, we investigated the mechanism of
TRIP-Brl translocation into mitochondria. Using a
protein localization prediction program (TargetP 1.1
Server), TRIP-Brl showed a low possibility of
independent mitochondrial localization because
TRIP-Brl did not contain a mitochondrial target
sequence (MTS) (Supplementary Figure 1). Instead,
we hypothesized that it might be mediated via
post-translational modification (PTM) because many
different types of PTM are strongly related to sub-
cellular re-localization. Interestingly, our Phos-tag

SDS-PAGE analysis revealed phosphorylated and
dephosphorylated forms of TRIP-Brl compared with
conventional SDS-PAGE after STS treatment (Figure
3A). Further tests showed that the TRIP-Brl
phosphorylated form was present in the cytosol,
whereas the dephosphorylated form existed in the
mitochondria (Figure 3B). We also hypothesized that
TRIP-Brl might be dephosphorylated by PP2A. It has
been proposed that PP2A can dephosphorylate
TRIP-Brl and stabilize its expression [41]. In addition,
PP2A can be activated via oxidative stress such as
high ROS generation to participate in many signaling
pathways of mammalian cells [42-47]. In fact, our
mitochondrial fractionation experiment showed that
TRIP-Brl translocation into mitochondria was
blocked when cells were treated with okadaic acid, a
PP2A specific inhibitor (Figure 3C) [48,49]. Our
hypothesis was further tested in U20S 43
osteosarcoma cells, in which TRIP-Brl expression

https://www.ijbs.com



Int. J. Biol. Sci. 2022, Vol. 18

3864

could be induced by doxycycline [50]. Treatment with
doxycycline only induced higher levels of
mitochondrial TRIP-Brl, whereas treatment with both
doxycycline and okadaic acid remarkably decreased
levels of mitochondrial TRIP-Brl (Figure 3D).
Immunofluorescence data also showed that TRIP-Brl
protein levels were decreased significantly in
mitochondria after okadaic acid treatment (Figure 3E).
In contrast, C>-ceramide, a potent activator of PP2A
[561,52], enhanced mitochondrial translocation of
TRIP-Br1 after treatment (Figure 3F).

Collectively, these data strongly suggest that
translocation of TRIP-Brl into mitochondria is
induced by PP2A-mediated dephosphorylation upon
anticancer treatment, at least partly.

TRIP-Brl-mediated PCD suppression in
cancer cells via induction of autophagy

It is known that cancer cells usually produce
significant amounts of ROS following anticancer
treatment, which usually trigger mitochondrial
damage and enhance the toxicity to cancer cells. Our
data also showed that STS treatment enhanced ROS
levels, whereas TRIP-Brl suppressed cellular ROS
generation and finally PCD in cancer cells. Therefore,
we hypothesized that TRIP-Brl could repress cellular
ROS generation by inducing mitophagy for rapid
clearance of damaged mitochondria. Thus, we
evaluated effects of TRIP-Brl on autophagy and
mitophagy.

At first, effects of TRIP-Brl on autophagy and
PCD were analyzed using MCF7TRIP-BrI-WT  and
MCEF7TRIP-Br1-KD cells following a short-term (3 h) and a
long-term (24 h) exposure to STS (0.1 and 0.5 pg/mL).
While short-term treatment with STS (3 h) induced
translocation of TRIP-Brl into mitochondria (Figure
2B), long-term exposure to STS (24 h) slightly
increased TRIP-Brl protein level (Figures 4A-4B).
MCF7WT-TRIP-Br1 cells showed higher conversion ratio
from LC3-I to LC3-II, but lower cleaved PARP level
upon treatment with 0.1 uM STS for 24 h, implying
that highly activated autophagy might repress
apoptosis. Substantially lower levels of LC3 and
PARP proteins were detected in MCF7KD-TRIP-Br1 ce]]s
treated with 0.5 uM STS due to a very high level of cell
death (Figures 4A-4C).

To test whether TRIP-Brl could suppress
STS-induced PCD via induction of active autophagy,
autophagy was blocked using chloroquine (CQ), a
well-known inhibitor of autophagy [53]. Substantially
higher levels of MCF7WT-TRIP-Br cells were viable than
MCEF7KD-TRIP-Brl - cells following treatment with only
STS (Figure 4D). However, cell viability was
decreased dramatically for MCF7WT-TRIP-Brl ce]ls upon
treatment with both STS and CQ. For MCF7XD-TRIP-Brl

cells, a similar lower level of cell viability was
detected regardless of CQ treatment (Figure 4D).
Morphological analysis also yielded the same results
(Figure 4E). Western blot analysis revealed
substantially lower levels of cleaved PARP in
MCF7WT-TRIP-Brl ce]ls than in MCF7KD-TRIP-Brl cells after
STS treatment. However, levels of cleaved PARP were
greatly increased by combined treatment of both STS
and CQ (Figure 4F). Again, PARP cleavage in
MCEF7KD-TRIP-Br1 - cel]ls did not change drastically
between before and after CQ treatment (Figure 4F).

These data strongly indicate that TRIP-Brl can
suppress PCD by activating autophagy.

TRIP-Brl-mediated PCD suppression in
cancer cells via induction of mitophagy

Next, the effect of TRIP-Brl on mitophagy
progression was evaluated using early and advanced
mitophagy markers to indicate the degradation of
mitochondrial proteins residing in outer (VDACI and
TOMM20) and inner (TIMM23) membranes,
respectively. It has been proposed that mitochondrial
outer membrane (MOM) proteins are degraded by
proteasome prior to the induction of mitophagy.
These proteins are known as early mitophagy markers
[54]. Our data showed that two early mitophagy
markers (VDACI and TOMM?20) and one advanced
mitophagy maker (TIMM23) were substantially lower
in MCF7WT-TRIP-Brl cel]ls than in MCF7KD-TRIP-Brl ce]ls
upon STS treatment (Figures 5A-5B). However, no
major difference existed between MCF7WT-TRIP-Brl and
MCEF7KD-TRIP-Brlcells after combined treatment with
STS and CQ (Figures 5A-5B). Levels of mitochondrial
membrane proteins were significantly higher in
MCEF7KD-TRIP-Br1 ce][s regardless of treatment with CQ
(Figures 5A-5B). Expression levels of heat shock
protein 60 (HSP60, a mitochondrial matrix protein)
and heat shock protein family A (HSP70) member 9
(HSPA9/GRP75, a mitochondrial associated mem-
brane (MAM) protein) as control proteins were not
altered by SIS treatment. Their levels in
MCEF7WT-TRIP-Brl and MCEF7KP-TRIP-Brl cells showed no
substantial differences either (Figure 5A). These data
suggest the delayed degradation of mitochondrial
membrane proteins and therefore a significant
impairment of mitochondrial clearance in
MCEF7KD-TRIP-Br1 cells upon STS treatment.

Mitochondrial fractionation data also showed
that protein levels of three mitochondrial membrane
proteins (VDAC1, TOMM20, and TIMM23) were
substantially lower in the mitochondria of
MCF7WT-IRIP-Brl - ce]]s than in the mitochondria of
MCEF7KD-TRIP-Br1 cel]s for both control and test samples
subjected to a short-term treatment with 0.1 pM STS
(Figures 5C-5D). Expression levels of these three
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mitochondrial proteins were greatly decreased in the
mitochondria of MCF7WT-TRIP-Br1 cells, but only slightly
decreased in the mitochondria of MCF7KD-TRIP-Br1 ce]]s
following a short-term exposure to 0.1 pM STS
(Figures 5C-5D). We  consistently observed
significantly higher levels of these proteins in

MCEF7KD-TRIP-Brl cells than in MCF7WT-TRIP-Br1 ce]ls in the
absence or presence of STS. Again, HSP60 and
HSPA9/GRP75 protein levels in MCF7WT-TRIP-Brl and
MCEF7KD-TRIP-Brl ce]ls showed no significant differences
(Figure 5C). These findings suggest that TRIP-Brl can
strongly activate mitophagy upon STS treatment.

A B i
MCF7WT-TRIPBrl  \jCF7KDTRIP-Brl
. B 8-
3h 24h 3k 24k o 107 A
2110 s
0010501050 0.1 050105 STS (M) Z 90 § BLCSL AL
70 4}
| meen &5 4346 AR
- Jed il 29 3
8 1 g
CEELEETTT T S i
- - - «w |rLcam B OControl 1
: p OSTS01pM3h 2
Sommmmmm® o Tmrare £ o BSTSOSuM3n 2
- #% | Cleaved PARP 3 g BSTS0.1pM 24h i”'
N
- - Peactin TRIPBrl Cleaved | TRIPBrl Cleaved | & 1o 0-SiM24h 0 01 05|01 05| 0 01 05|01 05
--- PARP PARP 3h (M) 24k (uM) 30 M) 24h (M)
MCF7WI-TRIP-Brl MCF7KDIRIP-Br1 MCF7WT-TRIP-Brl MCF7KD-TRIP-Brl
C 0h 3h 24h
Control 05 5 STS (ug/ml)
| MCF7VT-TRIP-Br1
MCF7KDTRIP-Br1
D
120 5 u STSOpM u STS01 M BSTS 0.5 uM #STS 1.0 uM #STS 5.0 M #STS 10.0 M
- RCQIO0mM+STSOuM  RCQ100mM+STS 01 M = CQ100 mM+STS 0.5 )M = CQ100mM+STSLOWM = CQ100 mM+STS 5.0 uM  » CQ 100 mM+STS 10.0 M
I
< 50+
=
3 60
&
=
= 401
e
S
20
0l :
STS CQ+STS STS CQ+STS
MCF7VT-TRIP-Br1 MCF7KDTRIP-8r1
E €Q (100 mM) + F
€Q (100 mM), 24k STS (0.1 M), 24h STS (0.1 M), 24h
' 7 MCF7WT-TRIP-Brl MCF7KD-TRIP-Brl

MCF7WT-TRIP-Brl

MCF7KD-TRIP-Brl

STS (0.1 M), 24h
€Q (100 mM)
TRIP-Brl

Total PARP (long exposure)

Cleaved PARP

** | Total PARP (short exposure)
_| Cleaved PARP

LC3l

Lc3a

p-actin

Figure 4. Suppression of STS-mediated cell death by TRIP-Br1 via induction of autophagy. A-B MCF7WT-TRIP-8rl and MCF7KD-TRIP-Br1 cells were cultured for 24 h and
then treated with 0.1 or 0.5 pM of STS for 3 h or 24 h. Western blot was performed and B-actin was used as a loading control. Data are presented as mean * SD (n = 3; ¥, p
< 0.01, ¥, p < 0.001). C MCF7WT-TRIP-Brl and MCF7KD-TRIP-8rl cells were cultured in 100 mm culture dishes for 24 h and then treated with 0.1 or 0.5 pM of STS for 3 h or 24 h,
respectively. Cell morphology was observed using an optical microscope with an IS capture software (KI-400F; Korea Lab Tech, Seongnam, South Korea) at X100 magnification.
The experiment was repeated three times. Images represent the average cell morphology. D MCF7WT-TRIP-Bri and MCF7KD-TRIP-Brl cells were pretreated with CQ (100 mM) for 6 h,
followed by STS treatment at indicated concentrations for 24 h. Cell viability was measured using a CellTiter-Glo 3D cell viability assay kit. Data are expressed as mean * SD (n
=4). E Morphological changes in MCF7WT-TRIP-Briand MCF7KD-TRIP-Brl cells were observed after treatment with CQ (100 mM) for 24 h, followed by STS (0.1 uM) treatment for 24
h. F MCF7WT-TRIP-Brl and MCF7KD-TRIPBrl cells were pre-treated with CQ (100 mM) for 3 h, followed by STS (0.1 pM) treatment for 24 h. Each protein level was detected via

immunoblotting using corresponding antibody.
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Figure 5. Suppression of STS-mediated cell death by TRIP-Brl via induction of mitophagy. A-B MCF7WT-TRIP-Brl and MCF7KD-TRIP-Brl cells were pre-treated with CQ
(100 mM), followed by STS (0.1 uM) for 24 h. Each protein level was detected via immunoblotting using the corresponding antibody. C-D MCF7WT-TRIP-Brl and MCF7XD-TRIP-Brl cells
were cultured in the absence or presence of STS (0.1 uM) for 3 h. Resulting cells were used for mitochondrial fractionation and western blotting analysis as mentioned in Materials
and Methods. Data are expressed as mean * SD (n = 3; ¥, p < 0.01; ***, p <0.001). E Relative quantification of mtDNA amount in MCF7WT-TRIP-Brl and MCF7KD-TRIP-8rl cells was
performed using real-time (RT)-PCR. Cells were pre-treated with or without 100 mM CQ for 6 h and then treated with 0.1 uM STS for 24 h. Relative mtDNA levels were
normalized to GAPDH and a graphical representation of the summary data is presented. Data are expressed as mean * SD (n = 3). F MCF7WT-TRIP-Bri and MCF7KD-TRIP-Brl cells were
grown in confocal dishes for 24 h. These cells were incubated with STS (0.1 uM) or CQ (100 mM) for 6 h. They were then incubated with 1 uM of Mitotracker dye for 30 min.
Cells were stained with LC3 (yellow) and Mitotracker (red). Representative fluorescent images were visualized with a confocal microscope (scale bars, 20 puM). The
co-localization of mitochondria and LC3 was measured by counting more than 100 cells in Image] per experiment for each group. Data represent the mean value of three
independent experiments. H-1 TRIP-Br1 wild-type MEF (MEFWT-TRIP-Br1) and TRIP-Br1-null MEF (MEFKO-TRIP-8rl) were cultured in confocal dishes for 24 h, followed by staining with
Mitotracker (100 nM) for 30 min. Representative fluorescent images were visualized under an immunofluorescence microscope (scale bars, 20 um). Mitochondria intensity with
red staining was quantified using Image).
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These findings were further reinforced by
monitoring mitochondrial mass. The relative
quantification of mtDNA levels upon STS treatment
was achieved using real-time (RT)-PCR (Figure 5E). A
markedly reduced mtDNA level was found in
MCEF7WT-TRIP-Brl cells than in MCF7KD-TRIP-Brl cel]ls upon
STS treatment as well as in basal conditions.
However, mtDNA level was increased by combined
treatment with CQ and STS (Figure 5E). It was found
that mtDNA level was also decreased in
MCEF7KD-TRIP-Brl ce]ls after STS treatment, showing no
significant difference between before and after CQ
treatment (Figure 5E). It has been suggested that
reduced mtDNA level can attenuate the respiratory
chain, resulting in decreased ROS production [55].
This suggestion is consistent with our data showing
higher ROS levels in TRIP-Br1 suppressed MCEF?7 cells.
Co-immunofluorescence analysis also revealed a
higher co-localization of mitochondria and LC3 in
MCF7WT-TRIP-Brl ce]]s than in MCF7KD-TRIP-Brl ce]ls upon
STS treatment, suggesting higher levels of mitophagy
in wild-type TRIP-Brl expressing MCF7 cells (Figures
5F-5G).

Our in vitro data showed fewer mitochondria in
MCEF7WT-TRIP-Brl ce][s than in MCF7WT-TRIP-Brl cel]s even
in the control group probably due to a higher basal
level of mitophagy in MCF7WT-TRIP-Brl cells (Supple-
mentary Figure 2). Consistent with our in vitro data, a
similar result was obtained with MEF cells isolated
from TRIP-Brl wild-type (MEFWT-TRIP-Br1)  and
knock-out mice (MEFKO-TRIP-Br1)  [ower levels of
mitochondria were detected in MEFWI-TRIP-Brl ce]]s
than in MEFKD-TRIP-Brl cells under a fluorescence
microscope (Figures 5H-5I). However, CQ treatment
induced the accumulation of mitochondria in
MEFWT-TRIP-Br1 = Again, no difference was detected in
MEFKD-TRIP-Br1 - cells regardless of CQ. These data
suggest higher levels of mitophagy in MEFWT-TRIP-Brl
than in MEFKD-TRIP-Br1 ce]ls. TRIP-Brl knock-out was
confirmed by PCR (Supplementary Figure 3).

Collectively, these findings suggest that
TRIP-Brl can strongly activate mitophagy upon STS
treatment.

Enhanced TRIP-Brl-mediated mitophagy via
up-regulation of lysosomal proteins, cathepsins
B and D

Lysosome is a vital cellular organelle in the
mitophagy process [56]. Lysosome contains 11
cathepsins, the most abundant and essential
lysosomal proteases. Of all lysosomal proteases, the
most abundant cathepsins B and D are highly
overexpressed in breast cancer cells to regulate breast
cancer cell growth and metastasis [57,58]. Therefore,
we investigated the effect of TRIP-Brl on lysosomal

function in terms of cathepsins. Markedly higher
levels of cathepsins B and D proteins were detected
even in the control (Figures 6A-6B). Their levels were
increased substantially, whereas lower levels of
cleaved PARP were found in TRIP-Brl wild-type cells
than in TRIP-Br1 knock-downed cells after 24 h of STS
treatment (Figures 6A-6B). However, lysosomal
membrane protein LAMP-1 levels were increased to a
similar extent in both cell lines (MCF7WT-TRIP-Brl and
MCEF7KD-TRIP-Br1 - ce]ls) after STS treatment (Figures
6A-6B). In addition, no significant difference was
found in the intensity of lysotracker between
MCEF7WT-TRIP-Brl and MCF7KD-TRIP-Brl cel]s, implying not
much difference in the number or the size of
lysosomes between the two cell lines (Figure 6C).
Lysosome enriched fractionation experiment
also revealed significantly higher levels of cathepsins
B and D in both total and lysosomal fractionations of
MCF7WT-IRIP-Brl - cells  compared with those of
MCEF7KD-TRIP-Br1 ce]]s (Figure 6D). Notably, the adopted
lysosome enriched fraction contained autophagoly-
sosome as well as pure lysosome. The crude

lysosomal fraction still contained portions of
mitochondria, suggesting basal level of mitophagy.
Therefore,  mitochondrial  proteins  (VDACI,
TOMM20, and TIMM23) were also found in

lysosome-enriched fractions of both MCF7WT-TRIP-Brl
and MCF7KD-TRIP-Brl cells based on the detection of
only LC3-II, but not LC3-I in lysosome-enriched
fractions in control groups as well as in STS-treated
groups. An inverse relationship was found between
mitochondrial marker proteins and the expression of
cathepsins B or D (Figure 6D).

Our findings demonstrate that TRIP-Br1 appears
to enhance mitophagy at least via up-regulation of
cathepsins B and D wunder both control and
STS-treated conditions.

Discussion

Targeting cancer cell-specific ~autophagy/
mitophagy may facilitate the development of novel
strategies for the treatment of various types of cancer.
Our results may provide one clue to target
autophagy/mitophagy = mechanisms in cancer
research. We found that up-regulated mitochondrial
TRIP-Brl inhibited STS-mediated PCD of breast
cancer cells by inducing mitophagy, at least partly.

A further study is needed to analyze the function
of TRIP-Brl in lysosomes, one of key players in
mitophagy. Lysosome not only suppresses
tumorigenesis in normal cells, but also shows
oncogenic characteristics in cancer cells. Lysosome
can induce anticancer drug resistance by blocking
chemotherapeutic drugs from reaching their cellular
targets [59]. Cathepsins play a vital role in the
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degradation of intracellular proteins and organelles.
In cancer cells, overexpression of cathepsins can
promote cell migration, proliferation, invasion, and
metastasis [56,57,60]. Many studies have shown that
lysosomal membrane permeability (LMP) can induce
PCD and that LMP is strongly correlated with cancer.
PCD stimulating stress factors such as ROS and
anticancer drugs can induce LMP, which then triggers
the release of cathepsins from the lysosomal lumen
into the cytosol, thereby activating caspases.
Cathepsins B and D can cleave Bid and induce its
proteolytic activation, followed by induction of
MOMP, resulting in cytochrome ¢ release and
apoptosome-dependent caspase activation. Thus,
TRIP-Brl may suppress LMP and PCD eventually by
blocking lysosomal release of cathepsins B and D into
the cytoplasm. This hypothesis needs to be further
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tested.

Degradation of outer or inner mitochondrial
membrane can trigger mitophagy. We and others
have shown that TRIP-Brl is responsible for the
ubiquitination and degradation of membrane proteins
in conjunction with E3 ligases (XIAP, NEDD4-1)
[28,34]. Therefore, it would be interesting to test
whether mitochondrial relocalization of TRIP-Brl
upon anticancer treatment can induce ubiquitination
and degradation of MOM and MIM (e.g.,, VDACI,
TOMM20, TIMM23) in combination with unknown
E3 ligases. In fact, we found that TRIP-Brl positively
regulated the expression of PARKIN, a vital E3 ligase
in mitophagy. However, direct interaction between
TRIP-Brl and PARKIN was not detected (data not
shown).
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Figure 6. Enhanced TRIP-Brl-mediated mitophagy via up-regulation of lysosomal proteases cathepsins B and D. A-B MCF7WT-TRIP-Brl and MCF7KD-TRIP-Brl cells
were treated with 0.1 pM STS for 3 h and 24 h. The precursor and mature forms of cathepsins B and D were determined via immunoblotting analysis. B-actin was used as an
internal control. Data are presented as mean * SD (n = 3). C MCF7WT-TRIP-Brl and MCF7KD-TRIP-Brl cells were cultured in confocal dishes for 24 h and then incubated with
Lysotracker (Red) for 90 min. These cells were captured using a confocal microscope. Quantification of red fluorescence intensity of Lysotracker is shown. Values are expressed
as mean * SD of three independent experiments with each count of no less than 100 cells. D Both cell lines were cultured for 24 h and then treated with 0.1 uM STS for 3 h. Cells
were harvested and lysosomal fractions were isolated as described in Materials and Methods. y-Tubulin was used as a cytosolic marker.
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Defective mitochondria can be eliminated via  Cell viability analysis
mitoptosis and mitophagy, especially when Cell viability was analyzed using a

mitophagy is inhibited. TRIP-Brl might also be
involved in mitoptosis. Mitoptosis involves both inner
and outer mitochondrial membranes. During “inner
mitochondrial membrane mitoptosis”, only the
internal matrix and cristae are degraded, while the
outer mitochondrial membrane remains intact [61].
Our data revealed that a substantially lower level of
TIMM23 was detected in MCF7WT-TRIP-Br1 cells after
STS treatment, implying a possible induction of inner
membrane mitoptosis.

In a further study, we tried to find out the
phosphorylation site in TRIP-Brl by making single
point mutations of TRIP-Brl protein. We and Zang et
al. have predicted potential phosphorylaton sites (7
serine and 1 tyrosine) using bionformatic tools [41].
Our data showed that all mutation did not induce an
increase of TRIP-Brl in mitochondria upon STS
treatment (Supplementary Figure 4). However, we
could not exclude the possibility of three-dimentinal
distortion of TRIP-Brl due to single amino acid
change, which might affect TRIP-Brl translocation.
Thus, the exact phosphorylation site(s) responsible for
TRIP-Brl tranlocation needs to be discovered in the
future.

Our current studies imply that TRIP-Brl
oncoprotein represents a possible candidate targeting
cancer-specific mitophagy when combined with
anticancer drugs to efficiently kill cancer cells.

Materials and Methods

Cell lines, cell culture, and cell treatment

All cancer cell lines were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; WelGENE, Korea)
supplemented with 10% fetal bovine serum (FBS)
(Gibco BRL) and 1% antibiotic-antimycotic solution
(Gibco BRL, Cat#15240-062). A mnormal human
MCF10A mammary epithelial cell line was grown as
described elsewhere [27]. All cells were maintained at
37°C in a humidified atmosphere with 95% air and 5%
CO,. MCF7 and MDA-MB-231 human breast cancer
cell lines were purchased from the American Type
Culture Collection (ATCC). MCF7 cell lines with
wild-type or knock-down TRIP-Brl were established
in our previous study [27]. U20S 43, a
TRIP-Brl-inducible osteosarcoma cell line, was a kind
gift from Dr. Rikiro Fukunaga (Kyoto University,
Japan). Other reagents used in this study included
staurosporine  (STS) (A.G. Scientific, S-1016),
chloroquine (CQ)(Sigma-Aldrich, C6628), okadaic
acid (A.G. Scientific, O-1028), and Cr-ceramide (Enzo
Life science, BML-SL100).

CellTiter-Glo® 3D Cell Viability Assay (Promega,
G9681), according to the manufacturer’s instructions.
Briefly, cells (2 x 10* cells/well) were cultured in
96-well plates and then exposed to STS at indicated
concentrations and time periods. These cells were
vigorously mixed with a CellTiter-Glo 3D reagent for
5 min and incubated at room temperature for 30 min
to stabilize luminescence. Cell viability was assessed
by measuring the absorbance at luminescence in a
GloMax® Discover (Promega). The analysis was
conducted in triplicate.

Western blot analysis

Western blot was performed as described in our
previous study [27]. Antibodies employed in this
study were: anti-TRIP-Brl (Enzo Life Sciences, ALX-
804-645), anti-PARP (Cell Signaling Technology,
#9542S), anti-cytochrome c (Santa Cruz Biotech-
nology, sc-7159), anti-CypA (Enzo Life Sciences,
BML-5A296), anti-LC3 (Cell Signaling Technology,
#2775S), anti-VDAC1 (Cell Signaling Technology,
#4661), anti-TOMM20 (BD biosciences, 612278),
anti-TIMM23 (BD biosciences, 611222), anti-HSP60
(Santa Cruz Biotechnology, sc-139661), anti-HSP70/
GRP75 (Santa Cruz Biotechnology, sc-13967),
anti-cathepsin B (Bioworld, BS3536), anti-cathepsin D
(Bioworld, BS90201), anti-LAMP1 (Santa Cruz
Biotechnology, sc-20011), anti-rabbit (Cell Signaling
Technology, #7074S), and anti-mouse (Santa Cruz
Biotechnology, sc-516102). Antibodies against
y-tubulin (Santa Cruz Biotechnology, sc-7396) and
B-actin (Santa Cruz Biotechnology, sc-47778) were
used to measure levels of y-tubulin and p-actin as
loading controls. Results of western blot analysis were
semi-quantified using Image] software (ver. 1.51u;
National Institutes of Health, USA). The relative
intensity was compared to y-tubulin or pB-actin level
and presented as bar graphs.

Mitophagy assessment

Mitophagy progression was calculated by
monitoring the disappearance of mitochondrial
membrane proteins (VDAC1, TOMM20 and TIMM23)
and counting mitochondrial DNA (mtDNA) content
via real-time PCR [62]. The degradation of VDAC1
and TOMM20 was used to monitor early mitophagy,
whereas TIMM?23 expression was used to determine
advanced mitophagy [62].

Real-time polymerase chain reaction
(RT-PCR) for mtDNA determination

Mitochondrial DNA was quantified by
extracting total DNA using a HiYield Plus™ Genomic
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DNA Mini Kit (Real Biotech Corporation, #QBT100).
Rsulting mtDNAs were quantified using a 2xSYBR
Green PCR master mix (ThermoFisher, #4367659) on a
StepOnePlus™ (Applied Biosystems) with the
following primers: mtDNA-(FW) 5-AGGACAAG
AGAAATAAGGCC-3/(REV)5'-TAAGAAGAGGAA
TTGAACCTCTGACTGTAA-3. GAPDH-(FW) 5-CT
GGGCTACACTGAGCACCAG-3'/(REV) 5-CCAGC
GTCAAAGGTGGAG-3'.

Reverse transcription-polymerase chain
reaction (RT-PCR)

Total RNA was extracted with an RNeasy
Minikit (Qiagen, Cat. 74106, Germany) following the
manufacturer’s instructions. For reverse transcription,
1 pg RNA of each sample was subjected to cDNA
synthesis using an ImProm-II™ Reverse Transcription
System (Promega, #A3800). PCR amplification was
performed using an AccuPower PCR PreMix system
(Bioneer, Korea). Each gene product was amplified
using the following primer pairs: TRIP-Brl ¢cDNA-
(FW)  5-AGGACCTCAGCCACATTGAG-3" and
(REV) 5-GGTGCCCAAAGTTCATTGTC-3'. ACTB
cDNA (FW) 5-CCATCGAGCACGGCATCGTCAC
CA-3'/(REV) 5-CTCGGTGAGGATCTTCATGAGGT
AGT-3".

Measurement of cellular ATP

Cellular ATP levels were measured using a
luminescent ATP detection assay kit (Abcam,
ab113849) according to the manufacturer's protocol.
ATP levels were measured by detecting luminescence
using a GloMax® Discover multimode microplate
reader (Promega Corporation, Madison, WI, USA).

Measurement of mitochondrial membrane
potential (MMP)

MMP was determined using a Mito-ID Mem-
brane Potential Cytotoxicity kit (cat. No. ENZ-51019;
Enzo Life Sciences) according to the manufacturer’s
instruction. The MMP was measured based on the
resulting fluorescence with a Gemini XPA microplate
reader at an excitation wavelength of 480 nm and an
emission wavelength of 590 nm.

Measurement of reactive oxygen species
(ROS)

ROS were measured with a Gemini
microplate reader as previously described [27].

XPA

Mitochondrial fractionation

Cells were collected into 15 mL conical tubes
after centrifugation at 1000 rpm for 5 min, washed
with ice-cold PBS, resuspended with hypotonic lysis
buffer (220 mM mannitol, 10 mM HEPES, 2.5 mM
POH, K, T mM EDTA, 68 mM sucrose, and 1 mM

PMSF), stored on ice for 10 min, and then centrifuged
at 1000 rpm for 5 min at 4°C. Cell pellets were
resuspended in the hypotonic lysis buffer and gently
pipetted approximately 10-20 times every 15 min
during 1 h incubation on ice, followed by
centrifugation at 1500-2000 rpm for 5 min at 4°C to
remove cellular debris. The supernatant was
transferred to a fresh tube and centrifuged at 14,000
rpm for 5 min at 4°C. The supernatant and pellet
represent cytosolic and mitochondrial fractions,
respectively. Pellets were resuspended with RIPA
buffer and used in western blot analysis.

Preparation of lysosomal fractionations

Lysosomes were isolated emplyoing a lysosome
isolation kit (Abcam, #ab234047) following the
manufacturer’s protocol. Briefly, cells were collected
into 15 mL conical tubes and isolated using an
isolation buffer. The supernatant was centrifuged at
500 xg for 10 min at 4°C and layered onto a
discontinuous density gradient. Lysosomes were
further isolated via ultracentrifugation (Beckman,
Optima XE-100) at 145,000 g for 2 h at 4°C. Lysosomal
fractions were extracted from cell homogenates using
a lysosome extraction kit (Sigma-Aldrich; LYSISO1).
Cell homogenates were centrifuged at 1000 x g for 10
min at 4°C. The supernatant fraction was centrifuged
at 20,000 x g for 20 min at 4°C to pellet lysosomes and
other organelles. The supernatant was collected as the
cytosolic fraction. Pellet fractions were subjected to
additional centrifugation. The wultimate pellet,
lysosomal fraction, was lysed using the lysis buffer
described within the procedure. Samples were then
subjected to western blot analysis.

Phos-tag SDS-PAGE

Phosphorylated and non-phosphorylated TRIP-
Brl were analyzed using Phos-tag™ SDS-PAGE gel as
described by the manufacturer. Briefly, total cells or
mitochondrial samples were prepared with a lysis
buffer (20 mM HEPES, 120 mM NaCl, 1% Triton
X-100) containing protease inhibitor cocktail. Cell
lysates were subjected to 8% SDS-PAGE containing 50
mM Phos-tag acrylamide (Wako Pure Chemical
Industries, 30493521) and 20 pM of phos-tag, followed
by immunoblotting analysis.

Immunofluorescence and confocal imaging

Cells (5 x 10* cells) were grown on a sterilized
confocal dish (Coverglass-Bottom Dish, SPL.
Cat#100350) for 24 h. Cells were incubated with
Mitotracker (Invitrogen, #M?22426) for 30 min and
fixed with 4% formaldehyde for 30 min. These cells
were then washed with PBS twice and incubated with
TRIP-Brl (Enzo Life Sciences, ALX-804-645) or LC3
(Cell Signaling Technology, #27755) antibodies
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overnight at 4°C. These primary antibodies were
detected with an anti-mouse IgG H&L (Alexa Fluor®
568) (Abcam, #ab175473) or an anti-rabbit IgG H&L
(Alexa Fluor® 488) (Abcam, #ab150077). Nuclei were
stained with DAPI (Invitrogen, Cat#P36931) for 10
min after washing with PBS. Colocalization between
fluorophores was analyzed using Image] software
(ver. 1.51u; National Institutes of Health, USA). For
lysosomal confocal imaging, cells were incubated
with 100 nM Lysotracker (Invitrogen, Cat# L12492) in
a phenol-free medium for 90 min. Confocal images
were obtained using a Zeiss confocal microscope
(Nikon Al confocal). Image manipulation and
merging were performed using appropriate tools of
the Image]J software.

Animal experiment

TRIP-Br1 knockout mice (RRID: MGI:4437096) in
a C57BL/6 genetic background were provided by Dr.
Huang (Hong Kong University of Science and
Technology, Hong Kong, China). Mice strains were
genotyped via PCR as described previously [63]. To
isolate mouse embryonic fibroblasts (MEFs), embryos
were dissected and decapitated from 13.5-day
pregnant mice expressing wild-type or knock-out
TRIP-Brl. These tissues were washed with cold PBS,
cut into pieces, and incubated with trypsin/EDTA.
Cells were transferred to DMEM media
supplemented with 10 % FBS after each incubation.
These cells were maintained in DMEM media after
non-adherent cells were removed.

Statistical analysis

Data are presented as mean + standard deviation
(SD) from a minimum of three independent
experiments. All statistical analyses were performed
using Student’s t-test to check two different groups.
One-way ANOVA, followed by Bonferroni’s multiple
comparison was accustomed to compare multiple
groups. SPSS statistics version 23 (IBM Corporation,
Armonk, NY, USA) was used for all statistical
analyses. P < 0.05 indicated statistically significant
difference.
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with the PHD-bromodomain 1; PCD: programmed
cell death; mtDNA: mitochondrial DNA; STS:
staurosporine; CQ: Chloroquine; ROS: Reactive
Oxygen Species; MOM: mitochondrial outer
membrane; MIM: mitochondrial inner membrane;
PP2A: protein phosphatase 2A; VDACI: voltage
dependent anion channel 1; TOMM?20: translocase of
outer mitochondrial membrane 20; TIMM?23:
translocase of inner mitochondrial membrane 23; LC3:

Microtubule-associated protein 1A /1B-light chain 3.

Supplementary Material

Supplementary figures.
https:/ /www.ijbs.com/v18p3859s1.pdf

Acknowledgments

We deeply appreciate Dr. Rikiro Fukunaga
(Kyoto University, Japan) for providing U20S 4.3, a
TRIP-Brl-inducible osteosarcoma cell line.

Author Contributions

S] and DM were responsible for designing the
review protocol, conducting the research, extracting
and analyzing data, interpreting results, and writing
the manuscript. T] and YC contributed to data
extraction of lysosomal fractionation. SL and SH
contributed to the development of mitochondrial
fractionation and TRIP-Brl translocation. NTNQ and
NHA contributed to the handling of animals for
animal experiments. SHV revised the manuscript.
MSL made substantial contribution to the conception
of the study and the experimental design, revised the
manuscript, and gave the final approval for the
publication of the manuscript.

Funding

This work was supported by the National
Research Foundation of Korea (NRF) Grant funded by
the Korean Government (No. NRF-2016R1A
5A1011974) and the Korea government (Ministry of
Science and ICT) (No. NRF-2020R1A2C1102100).

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Housman G, Byler S, Heerboth S, Lapinska K, Longacre M, Snyder N, et
al. Drug resistance in cancer: An overview. Cancers (Basel). 2014; 6:
1769-92.

2. Affoué Dit Faute M, Laurent L, Ploton D, Poupon M-F, Jardillier J-C, Héi
Ene Bobichon &. Distinctive alterations of invasiveness, drug resistance
and cell-cell organization in 3D-cultures of MCF-7, a human breast
cancer cell line, and its multidrug resistant variant. Clin. Exp. Metastasis.
2002; 19: 161-168

3. Roy MJ, Vom A, Czabotar PE, Lessene G. Cell death and the
mitochondria: Therapeutic targeting of the BCL-2 family-driven
pathway. Br ] Pharmacol. 2014; 171: 1973-1987.

4. Bernardi P, Krauskopf A, Basso E, Petronilli V, Blalchy-Dyson E, Di Lisa
F, et al. The mitochondrial permeability transition from in vitro artifact
to disease target. FEBS J. 2006; 273:2077-99.

5. Dashzeveg N, Yoshida K. Cell death decision by p53 via control of the
mitochondrial membrane. Cancer Lett. 2015; 367: 108-112.

6. Liou GY, Storz P. Reactive oxygen species in cancer. Free Radic Res.
2010; 44: 479-96.

7. Karch], Kanisicak O, Brody MJ, Sargent MA, Michael DM, Molkentin JD.
Necroptosis interfaces with MOMP and the MPTP in mediating cell
death. PLoS One. 2015; doi:10.1371/journal.pone.0130520

8. Lin Y, Choksi S, Shen HM, Yang QF, Hur GM, Kim YS, et al. Tumor
Necrosis ~ Factor-induced = Nonapoptotic Cell Death Requires

https://www.ijbs.com



Int. J. Biol. Sci. 2022, Vol. 18

3872

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Receptor-interacting Protein-mediated Cellular Reactive Oxygen Species
Accumulation. J Biol Chem. 2004; 279: 10822-10828.

Marchi S, Giorgi C, Suski JM, Agnoletto C, Bononi A, Bonora M, et al.
Mitochondria-Ros Crosstalk in the Control of Cell Death and Aging. J
Signal Transduct. 2012; 2012:1-17.

Montero J, Dutta C, Van Bodegom D, Weinstock D, Letai A. P53
regulates a non-apoptotic death induced by ROS. Cell Death Differ. 2013;
20: 1465-1474.

Redza-Dutordoir M, Averill-Bates DA. Activation of apoptosis signalling
pathways by reactive oxygen species. Biochim Biophys Acta - Mol Cell
Res. 2016; 1863: 2977-2992.

Rohde K, Kleinesudeik L, Roesler S, Lowe O, Heidler J, Schroder K, et al.
A Bak-dependent mitochondrial amplification step contributes to Smac
mimetic/ glucocorticoid-induced necroptosis. Cell Death Differ. 2017; 24:
83-97.

Tsujimoto Y, Shimizu S. Role of the mitochondrial membrane
permeability transition in cell death. Apoptosis. 2007; 12: 835-40.

Vaseva A V., Marchenko ND, Ji K, Tsirka SE, Holzmann S, Moll UM. P53
opens the mitochondrial permeability transition pore to trigger necrosis.
Cell. 2012; 149: 1536-1548.

Thannickal V], Fanburg BL. Reactive oxygen species in cell signaling.
Am ] Physiol Lung Cell Mol Physiol. 2000; doi:
10.1152/ ajplung.2000.279.6.1.1005.

Vernon PJ, Tang D. Eat-me: Autophagy, phagocytosis, and reactive
oxygen species signaling. Antioxidants Redox Signal. 2013; 18: 677-91.
Shrivastava A, Kuzontkoski PM, Groopman JE, Prasad A. Cannabidiol
Induces Programmed Cell Death in Breast Cancer Cells by Coordinating
the Cross-talk between Apoptosis and Autophagy. Mol. Cancer Ther.
2011 doi: 10.1158/1535-7163.MCT-10-1100.

Ozben T. Oxidative stress and apoptosis: Impact on cancer therapy. J
Pharm Sci. 2007; 96: 2181-96.

Gupta SC, Hevia D, Patchva S, Park B, Koh W, Aggarwal BB. Upsides
and downsides of reactive oxygen species for Cancer: The roles of
reactive oxygen species in tumorigenesis, prevention, and therapy.
Antioxidants Redox Signal. 2012; 16: 1295-322.

Martindale JL, Holbrook NJ. Cellular response to oxidative stress:
Signaling for suicide and survival. J Cell Physiol. 2002; 192: 1-15.
Hampton MB, Orrenius S. Dual regulation of caspase activity by
hydrogen peroxide: Implications for apoptosis. FEBS Lett. 1997; 414: 552-
556.

Um JH, Yun ]. Emerging role of mitophagy in human diseases and
physiology. BMB Rep. 2017; 50: 299-307.

Yan C, Li TS. Dual role of mitophagy in cancer drug resistance.
Anticancer Res. 2018; 38: 617-21.

Li X, Zhou Y, Li Y, Yang L, Ma Y, Peng X, et al. Autophagy: A novel
mechanism of chemoresistance in cancers. Biomed Pharmacother. 2019;
doi: 10.1016/j.biopha.2019.109415.

Towers CG, Thorburn A. Therapeutic Targeting of Autophagy.
EBioMedicine. 2016; 14: 15-23.

Wang Y, Liu HH, Cao YT, Zhang LL, Huang F, Yi C. The Role of
Mitochondrial Dynamics and Mitophagy in Carcinogenesis, Metastasis
and Therapy. Front Cell Dev Biol. 2020; 8: 1-12.

Jung S, Li C, Duan J, Lee S, Kim K, Park Y, et al. TRIP-Brl oncoprotein
inhibits autophagy, apoptosis, and  necroptosis under
nutrient/serum-deprived condition. Oncotarget. 2015; 6; 29060-75.

Hong SW, Kim CJ, Park WS, Shin JS, Lee SD, Ko SG, et al. p34SEI-1
inhibits apoptosis through the stabilization of the X-linked inhibitor of
apoptosis protein: p34SEI-1 as a novel target for anti-breast cancer
strategies. Cancer Res. 2009; 69: 741-6.

Tang D-J, Hu L, Xie D, Wu Q-L, Fang Y, Zeng Y, et al. Oncogenic
Transformation by SEI-1 Is Associated with Chromosomal Instability.
Cancer Res. 2005; 65: 6504-6508

Tang TCM, Sham ]JST, Xie D, Fang Y, Huo KK, Wu QL, et al.
Identification of a candidate oncogene SEI-1 within a minimal amplified
region at 19q13.1 in ovarian cancer cell lines. Cancer Res. 2002; 62: 7157-
61.

Li J, Muscarella P, Joo SH, Knobloch TJ, Melvin WS, Weghorst CM, et al.
Dissection of CDK4-binding and transactivation activities of p34 SEI-1
and comparison between functions of p34SEI-1 and pl6INK4A.
Biochemistry. 2005; 44: 13246-56.

Hong SW, Shin JS, Lee YM, Kim DG, Lee SY, Yoon DH, et al. p34sei-1
inhibits ros-induced cell death through suppression of ASK1. Cancer
Biol Ther. 2011; 12: 421-6.

Hsu SIH, Yang CM, Sim KG, Hentschel DM, O’leary E, Bonventre J V.
TRIP-Br: A novel family of PHD zinc finger- and
bromodomain-interacting proteins that regulate the transcriptional
activity of E2F-1/DP-1. EMBO J. 2001; 20: 2273-85.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Jung S, Li C, Jeong D, Lee S, Ohk J, Park M, et al. Oncogenic function of
p34SEI-1 via NEDD4-1-mediated PTEN ubiquitination/degradation and
activation of the PI3K/AKT pathway. Int ] Oncol. 2013; 43: 1587-95.
Jung S, OhkJ, Jeong D, Li C, Lee S, Duan J, et al. Distinct regulatory effect
of the p34SEI-1 oncoprotein on cancer metastasis in HER2/neu-positive
and -negative cells. Int ] Oncol. 2014; 45: 189-96.

Lo S, Lee O, Hong S-W, Shin J-S, Kim JS, Ko S-G, et al. p34 SEI-1 Inhibits
Doxorubicin-Induced Senescence through a Pathway Mediated by
Protein Kinase C-8 and c-Jun-NH 2-Kinase 1 Activation in Human Breast
Cancer MCF7 Cells. Mol Cancer Res. 2009; 7: 1845-53.

Lee S, Kim J, Jung S, Li C, Yang Y, Kim K II, et al. SIAHI-induced
p34SEl-1polyubiquitination/degradation mediates p53 preferential
vitamin C cytotoxicity. Int ] Oncol. 2015; 46: 1377-84.

Li C, Jung S, Lee S, Jeong D, Yang Y, Kim K-I, et al. Nutrient/serum
starvation derived TRIP-Br3 down-regulation accelerates apoptosis by
destabilizing XIAP. Oncotarget. 2015; 6: 7522-35.

Sugimoto M, Nakamura T, Ohtani N, Hampson L, Hampson IN,
Shimamoto A, et al. Regulation of CDK4 activity by a novel
CDK4-binding protein, p34(SEI-1). Genes Dev. 1999; 13: 3027-33.
Sandag Z, Jung S, Ngoc Quynh NT, Myagmarjav D, Anh NH, Thi Le DD,
et al. Inhibitory role of TRIP-Brl/XIAP in necroptosis under
nutrient/serum starvation. Mol Cells. 2020; 43: 236-50.

Zang 7], Gunaratnam L, Cheong JK, Lai LY, Hsiao LL, O’Leary E, et al.
Identification of PP2A as a novel interactor and regulator of TRIP-Brl.
Cell Signal. 2009; 21: 34-42.

Cicchillitti L, Fasanaro P, Biglioli P, Capogrossi MC, Martelli F.
Oxidative stress induces protein phosphatase 2A-dependent
dephosphorylation of the pocket proteins pRb, p107, and p130. J Biol
Chem. 2003; 278: 19509-17.

Alonso A, Sasin J, Bottini N, Friedberg I, Friedberg I, Osterman A, et al.
Protein tyrosine phosphatases in the human genome. Cell. 2004; 117:
699-711.

Wang Y, Lei Y, Fang L, Mu Y, Wu ], Zhang X. Roles of phosphotase 2A in
nociceptive  signal ~ processing. Mol  Pain.  2013;  doi:
10.1186/1744-8069-9-46.

Boens S, Szekér K, Eynde A Van, Bollen M. Phosphatase Modulators.
Methods Mol Biol. 2013; 1053: 271-81.

Xin M, Deng X. Protein phosphatase 2A enhances the proapoptotic
function of Bax through dephosphorylation. J Biol Chem. 2006; 281:
18859-67.

Seshacharyulu P, Pandey P, Datta K, Batra SK. Phosphatase: PP2A
structural importance, regulation and its aberrant expression in cancer.
Cancer Lett. 2013; 335: 9-18.

Cruz PG, Norte M, Creus AH, Fernandez JJ, Daranas AH.
Self-association of okadaic acid: Structural and pharmacological
significance. Mar Drugs. 2013; 11: 1866-77.

Garcia L, Garcia F, Llorens F, Unzeta M, Itarte E, Gomez N. PP1/PP2A
phosphatases inhibitors okadaic acid and calyculin A block ERK5
activation by growth factors and oxidative stress. FEBS Lett. 2002; 523:
90-4.

Watanabe-Fukunaga R, lida S, Shimizu Y, Nagata S, Fukunaga R. SEI
family of nuclear factors regulates p53-dependent transcriptional
activation. Genes to Cells. 2005; 10: 851-60.

Singh AT, Dharmarajan A, Aye ILMH, Keelan JA. Ceramide biosynthesis
and metabolism in trophoblast syncytialization. Mol Cell Endocrinol.
2012; 362: 48-59.

Ruvolo PP, Deng X, Ito T, Carr BK, May WS. Ceramide induces Bcl2
dephosphorylation via a mechanism involving mitochondrial PP2A. ]
Biol Chem. 1999; 274: 20296-300.

Redmann M, Benavides GA, Berryhill TF, Wani WY, Ouyang X, Johnson
MS, et al. Inhibition of autophagy with bafilomycin and chloroquine
decreases mitochondrial quality and bioenergetic function in primary
neurons. Redox Biol. 2017; 11: 73-81.

Choubey V, Zeb A, Kaasik A. Molecular Mechanisms and Regulation of
Mammalian Mitophagy. Cells. 2022; doi.org/10.3390/ cells11010038.
Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial Reactive Oxygen
Species (ROS) and ROS-Induced ROS Release. Physiol Rev. 2014; 94: 909-
50.

Mrschtik M, Ryan KM. Lysosomal proteins in cell death and autophagy.
FEBS J. 2015; 282: 1858-70.

Sun T, Jiang D, Zhang L, Su Q, Mao W, Jiang C. Expression profile of
cathepsins indicates the potential of cathepsins B and D as prognostic
factors in breast cancer patients. Oncol Lett. 2016; 11: 575-83.

Turk B, Turk D, Turk V. Lysosomal cysteine proteases: More than
scavengers. Biochim Biophys Acta. 2000; 1477: 98-111.

Paunovic V, Kosic M, Misirkic-Marjanovic M, Trajkovic V,
Harhaji-Trajkovic L. Dual targeting of tumor cell energy metabolism and
lysosomes as an anticancer strategy. Biochim Biophys Acta. 2021;
doi:10.1016/j.bbamcr.2020.118944.

https://www.ijbs.com



Int. J. Biol. Sci. 2022, Vol. 18

3873

60.

61.

62.

63.

Vara-Perez M, Felipe-Abrio B, Agostinis P. Mitophagy in Cancer: A Tale
of Adaptation. Cells. 2019; 8: 493.

Skulachev VP. Bioenergetic aspects of apoptosis, necrosis and
mitoptosis. Apoptosis. 2006; 11: 473-85.

Gelmetti V, De Rosa P, Torosantucci L, Marini ES, Romagnoli A, Di
Rienzo M, et al. PINK1 and BECN1 relocalize at mitochondria-associated
membranes during mitophagy and promote ER-mitochondria tethering
and autophagosome formation. Autophagy. 2017; 13: 654-69.

Hu W, Yu X, Liu Z, Sun Y, Chen X, Yang X, et al. The complex of
TRIP-Brl and XIAP ubiquitinates and degrades multiple adenylyl
cyclase isoforms. Elife. 2017; 6: 1-25.

https://www.ijbs.com



