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ABSTRACT

Tumor necrosis factor receptor-associated protein 1 (TRAP1) is abnormally
expressed in many cancers. In this study, we showed that TRAP1 is aberrantly
upregulated in breast tumors compared to control tissues. TRAP1 knockdown
downregulates mitochondrial aerobic respiratory, sensitizes cells to lethal stimuli, and
inhibited tumor growth in MDA-MB-231 and MCF-7 breast cancer cells in vivo. TRAP1
overexpression, however, enhances the capacity to cope with stress conditions. These
evidences suggested that TRAP1 is required for tumorigenesis. We also found that
TRAP1 regulates the mitochondrial morphology. Relatively lower TRAP1 levels are
associated with the rod-shaped mitochondrial phenotype in invasive and metastatic
MDA-MB-231 breast cancer cells; on the contrary, higher TRAP1 levels are associated
with the tubular network-shaped mitochondrial phenotype in non-invasive MCF-7
cells. Interestingly, the expression of TRAP1 in human breast cancer specimens
inversely correlates with tumor grade. Overexpression of TRAP1 in MDA-MB-231 cells
causes mitochondrial fusion, triggers mitochondria to form tubular networks, and
suppresses cell migration and invasion in vitro and in vivo. These data link TRAP1-
regulated mitochondrial dynamics and function with tumorigenesis of breast cancer
and suggested that TRAP1 may therefore be a potential target for breast cancer drug
development.

INTRODUCTION

cancer is determined by its classification. While targeted
therapies such as tamoxifen and trastuzumab benefit
patients with ER+ and HER2+ breast cancers [2, 3], the
basal phenotype, characterized by the lack of expression

Breast cancer is one of the most frequently
diagnosed cancers in women, comprising 23% of new

cancer cases and 14% of all cancer deaths [1]. Breast
cancer is also a complex and heterogeneous disease. Based
on histological type, tumor grade, lymph node status and
the presence of predictive markers (including estrogen
receptor (ER); progesterone receptor (PR); and human
epidermal growth factor receptor 2 (HER?2)), breast cancer
could be classified into at least five subtypes: luminal A,
luminal B, HER2, basal and normal. Treatment of breast

of ERa, PR and HER2 (referred to as triple-negative
breast cancer), is more difficult to treat and often has a
poor prognosis. ER+ and HER+ phenotypes also suffer
as targeted therapies eventually fail, due to the intrinsic
or acquired resistance derived from tumor heterogeneity
or genomic instability. This instability includes mutations
and alterations in drug transporter proteins, suppression
of apoptotic pathways, and altered signal transduction [4].
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Therefore, new drug targets are needed to improve therapy
and prolong the survival of patients with breast cancer.

Mitochondria are the energy center and signaling
hubs within cells. They are essential for maintaining
aspects of physiology such as cellular energy balance,
metabolism, modulation of calcium signaling and the
intrinsic apoptosis pathway; it also defines cellular redox
balance and regulates important biosynthetic pathways.
Dysregulation of mitochondria impairs mitochondrial
function, leading to disease or tumor development [5].
Since mitochondrial function is also crucial for certain
types of cancer cells, particularly under low glucose
conditions commonly observed in solid tumors [6, 7],
targeting cancer cell mitochondria might be a novel
strategy for the treatment of cancer [8]. Anticancer agents
that specifically target the cancer cell mitochondria are
denoted as “mitocans”. This group of drugs is represented
by redox-silent vitamin analogs [9, 10] that disrupt
the normal functioning of mitochondrial complex II.
This disruption causes inhibition of ATP generation
that eventually leads to apoptosis in cancer cells. In
addition, inhibitors of mitochondrial complex I (NADH
dehydrogenase), such as metformin [11] and phenformin
[6], also show anticancer effects in vitro and in vivo.

Mitochondrial Hsp90 chaperone tumor necrosis
factor receptor-associated protein 1 (TRAPI; also termed
as Hsp75) is abnormally expressed in many cancers; it
is also suggested to be a potential therapeutic target for
cancer [12, 13]. TRAP1was initially identified as an Hsp90
homolog interacting with the TNF receptor [14], which is
localized mainly to the mitochondria and its ATP-binding
site is sensitive to Hsp90 inhibitors [15-17]. Recent reports
revealed aberrant up-regulation of TRAP1 in pancreas,
colon, lung, prostate and colorectal cancers [18-21],
whereas significant loss of TRAP1 expression was also
observed in non-Hodgkin lymphomas and pancreatic
neuroendocrine tumors [22]. TRAP1 overexpression
creates a resistance to stress stimuli and protects human
cancer cells from apoptosis [13, 21, 23-29]; it is also
associated with chemotherapy response and overall
survival in ovarian and colorectal cancers [20, 30], human
esophageal squamous cell cancer [31] and non—small cell
lung cancer [32]. However, the role of TRAP1 in breast
cancer tumorigenesis and metastasis remains elusive.

In this study, we analyzed the expression of TRAP1
in breast tumor specimens and established breast cancer
cell lines by Western blot and immunohistochemistry. We
also manipulated TRAP1 levels in different types of breast
cancer cells and measured its effect on tumorigenesis and
metastasis in vitro and in vivo. To address the possible
mechanisms, the impact of TRAP1 on mitochondrial
morphology and function was investigated. Based on
the results, we propose that TRAP1 exhibits essential
roles in tumorigenesis of breast cancer via modulation of
mitochondrial homeostasis.

RESULTS

TRAP1 is aberrantly upregulated in breast cancer
and is required for tumorigenesis

We first analyzed TRAP1 expression in human
breast cancer samples. Western blot analysis showed
that TRAP1 was up-regulated in the majority of tested
specimens (9 out of 10) compared to patient-matched
adjacent normal breast tissues (Figure 1A). To investigate
the involvement of TRAPI in tumorigenesis, breast
cancer cells (MCF-7, MDA-MB-231, MDA-MB-436,
MDA-MB-453 and MDA-MB-468) were transfected with
non-silencing control (NC) or TRAPI-specific shRNA
(shTRAP1) vectors (Figure 1B). The impact of TRAP1
knockdown on the anchorage-independent growth was
estimated by a soft-agar colony formation assay. We found
that knockdown of TRAP1 inhibited colony formation
in MCF-7, MDA-MB-231, MDA-MB-436, and MDA-
MB-453 cells (Figure 1C), and induced cell death in
MDA-MB-468 cells (Figure S1).

To further determine the importance of TRAP1
in tumorigenesis, we investigated the effect of TRAP1
knockdown on tumor growth in vivo. MDA-MB-231 and
MCE-7 cells stably expressing NC or shTRAP1 were
injected subcutaneously into the right and left flanks of
nude mice, respectively. TRAP1 knockdown substantially
inhibited in vivo tumor growth derived from MDA-
MB-231 cells and MCF-7 cells (Figure 1D and 1E). It
should be noted that inhibition of the tumorigenic capacity
of breast cancer cells by TRAP1 is not due to inhibition
of cell proliferation because there was no difference in
growth of control breast cancer cells expressing NC and
cells expressing shTRAP1 (Figure S2).

TRAP1 mediates the cellular responses to stress
stimuli

The above data suggested that TRAP1, a member
of the mitochondrial Hsp90 family, is required for
tumorigenesis of breast cancer cells. Since Hsp90
family members can protect cancer cells against pro-
apoptotic stimuli, we investigated whether TRAP1 also
modulates cellular responses to stress stimuli. We either
overexpressed or down-regulated TRAP1 in MDA-
MB-231 cells, and then treated cells with different
lethal stimuli and measured their viability. Results
shown in Figure 2A indicate that knockdown of TRAP1
significantly potentiated Taxol-induced cell death whereas
overexpression of TRAP1 attenuated Taxol-induced cell
death (Figure 2B). Considering that elevated levels of
reactive oxygen species are often observed in tumors,
we further characterized TRAP1-overexpressing cells for
their response to oxidative stress. As shown in Figure 2C
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Figure 1: TRAP1 is aberrantly upregulated in breast cancer and is required for tumorigenesis. A. Western blot analyses
of TRAPI protein in primary breast tumors (T) and adjacent normal breast tissues (N). Actin was used as a loading control and numbers
represent individual patients. B. MCF-7, MDA-MB-231, MDA-MB-436, and MDA-MB-453 cells were stably transfected with control
(NC) or shTRAPI vectors and TRAP1 expression was analyzed by Western blot. C. Upper panel, soft agar colony formation assay for
MCF-7, MDA-MB-231, MDA-MB-436, and MDA-MB-453 cells. Lower panel, quantitation of foci area calculated with Image J software.
Values represent the mean + SEM; N = 3; *P < 0.05. D. MDA-MB-231 cells stably transfected with control (NC) or shTRAP1 vectors
were injected subcutaneously into nude mice. The final tumor volume and tumor weight are shown with images of xenograft tumors.
Values represent the mean + SEM; N =10; *P <0.05. E. MCF-7 cells stably transfected with control (NC) or shTRAP1 1+2# were injected
subcutaneously into nude mice. The final tumor volume and tumor weight are shown with images of xenograft tumors. Values represent
the mean = SEM; N=5; *P <0.05.
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and 2D, overexpression of TRAP1 in MDA-MB-231 cells
significantly increased their resistance to oxidative stress
induced by glucose oxidase and H,O,.

TRAP1 expression is inversely correlated
with tumor grade and overexpression inhibits
metastasis

Given the fact that TRAPI is overexpressed
in breast cancer and is crucial for tumorigenesis, we
examined TRAP1 protein levels in different human breast
cancer specimens by immunohistochemical staining.
Surprisingly, TRAP1 levels inversely correlate with breast
cancer tumor grade (P = 0.042) (Figure 3A; Table 1). No
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significant difference in TRAP1 status was observed in
tumors with different stage (P = 0.699), age (P = 0.23),
or histochemical markers (Her2, ER, and PR) (Table
1). Since late-grade tumors (Grade 3 and 4) often have
a higher metastatic capacity, we next analyzed TRAPI
levels in breast cancer cell lines with different invasive
and metastatic abilities. Results shown in Figure 3B and
3C indicate that both protein and mRNA levels of TRAP1
are much lower in invasive cell lines (MDA-MB-231,
MDA-MB-468 and MDA-MB-436) than in non- and less
invasive cell lines (MCF-7 and MDA-MB-453). These
data suggest an inverse correlation between TRAPI
expression levels and metastatic capacity of breast cancer
cells.
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Figure 2: TRAPI1 level determines the sensitivity to stress stimuli. A. and B. MDA-MB-231 cells were stably transfected with
vectors (NC, shTRAP1, GFP or TRAP1-GFP) and were treated with Taxol for 24 h. MTT assay was used to measure the cell viability; *P
<0.05. C. and D. MDA-MB-231 cells were stably transfected with GFP or TRAP1-GFP and were treated with GO or H,O_ for 24 h. MTT

assay was used to measure the cell viability; *P < 0.05.
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Figure 3: TRAPI inversely correlates with tumor grade and overexpression inhibits breast cancer metastasis. A.
Schematic images of immunohistochemistry staining intensities for TRAP1 expression in breast tumors and scores of immunohistochemistry
staining for TRAP1 expression in different grades of breast tumor. Chi-Square Test. *P < 0.05. B. Western blot analysis of TRAPI in
human breast cancer cells (MCF-7, MDA-MB-231, MDA-MB-436, and MDA-MB-453). The expression of TRAP1 was quantified by
densitometry analysis and normalized against actin. C. Real-time PCR analysis of TRAP1 mRNA in breast cancer cells. D. and E. MDA-
MB-231 cells were transfected with vectors (control, TRAP1 or TRAP1 (A1-59) and their ability to migrate across the matrigel were
determined by transwell assays. Invading cells were stained, imaged, counted, and normalized to the control. Values represent the mean +
SEM; N=3; *P <0.05. F. and G. TRAP1-overexpressing MDA-MB-231 cells were injected into the tail vein of nude mice. After 6 weeks,
lungs were dissected and metastatic nodules in lung surface were counted. Values represent the mean + SEM; N =5; *P < 0.05.
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Table 1: Characteristics of TRAP1 expression in breast cancer patients

Characteristics | Cases, n (%) ;l:,}SAPI low, n ;1;}})‘“’1 Middle, n ;l:,}:;A‘Pl High, n P* value
All 42 6 (14.3) 19 (45.2) 17 (40.5)

Age

<65 32 (76.2) 3(9.4) 16 (50) 13 (40.6) 023
>=65 10 (23.8) 3 (30) 3 (30) 4 (40) )
Gender

Male

Female 42 6 (14.3) 19 (45.2) 17 (40.5)

Stange n (%)

I 12 (28.6) 1(8.3) 7 (58.3) 4(33.3)

11 18 (42.9) 3 (16.7) 3 (33.3) 9 (50) 0.699

111 12 (28.6) 2 (16.7) 6 (50) 4(33.3)

Grade

0-1 14 0 (0) 5(35.7) 9 (64.3) 0.042%
2-3 18 6(21.4) 14 (50) 8 (28.6)

Marker

Her2

0 4(9.5) 3 (75) 1(25) 0

1 15 (35.7) 2 (13.3) 5(33.3) 8 (53.3) .
2 14 (33.3) 8 (57.1) 6 (42.9) Not valid
3 9(21.4) 1(11.1) 5 (55.6) 3 (33.3)

ER

0 12 (28.6) 2 (16.7) 7 (58.3) 3 (25)

1-4 6 (14.3) 1(16.7) 3 (50) 2 (33.3) Not valid
5 24 (57.1) 3(12.5) 9 (37.5) 12 (50)

PR

0 12 (28.6) 3 (25) 5(41.7) 4(9.5)

1-2 9(21.4) 5 (55.6) 4 (44.4) 0.474
3-4 9(21.4) 5 (55.6) 4 (44.4) '

5 12 (28.6) 3 (25) 4(9.5) 5(41.7)

*Chi-Square Test.

To test this hypothesis, we overexpressed TRAP1 in
invasive and metastatic MDA-MB-231 cells. As compared
to vector control and A1-59 TRAP1 (lacking mitochondrial
signal recognition peptide), overexpression of TRAP1
inhibited the invasive activity of MDA-MB-231 cells
in vitro (Figure 3D and 3E). We further investigated the
impact of TRAP1 overexpression on metastasis in vivo.
TRAP1-overexpressing MDA-MB-231 cells (Figure 3F)
were injected into the tail vein of immunodeficient nude
mice. Six weeks later, we sacrificed the mice, removed
the lungs, and counted metastatic nodules. As shown in
Figure 3G, nodules of TRAP1-overexpressing cells were
less than that of control MDA-MB-231 cells, suggesting
that TRAP1 overexpression inhibits cancer cell metastasis
in vivo.

TRAP1 modulates mitochondrial morphology

The migration of cancer cells is a highly orchestrated
multistep process that needs abundant ATP. Drpl and Mfn
proteins control mitochondrial dynamics (fusion and
fission) and modulate mitochondrial function, which plays
a critical role in breast cancer cell migration and invasion
[33]. Since TRAP1 overexpression inhibits metastasis of
breast cancer cells, we then examined whether TRAP1
impacts cell motility by regulating mitochondrial
dynamics. Invasive and metastatic MDA-MB-231 cells
express relatively low levels of endogenous TRAP1 (see
Figure 3) and have a rod-shaped mitochondrial phenotype.
Further knockdown of TRAP1 in MDA-MB-231 cells had
little impact on mitochondrial morphology (Figure 4B). In
contrast, overexpression of recombinant TRAP1 in MDA-
MB-231 cells induced the formation of mitochondria
tubular networks (Figure 4A), suggesting an induction of
mitochondrial fusion.
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We also investigated the influence of TRAP1 on suggesting an induction of mitochondrial fission (Figure

mitochondrial morphology in non-invasive MCF-7 cells. 4D).

Unlike invasive MDA-MB-231 cells with rod-shaped We next examined the expression of fusion- and
mitochondria, mitochondria in MCF-7 cells show a tubular fission-related proteins (Drpl, Mfnl, and Mfn2) in
network-shaped morphology. MCF-7 cells express very breast cancer cells. Overexpression of TRAP1 decreased
high level of endogenous TRAPI (see Figure 3). Further the phosphorylation of Drpl at S616 site, suggesting a
overexpression of recombinant TRAP1 in MCF-7 cells reduction of active Drpl. In addition, an increase in Mfn1
had no apparent effect on mitochondrial morphology expression was observed in TRAP1-overexpressed MDA-
(Figure 4C). In contrast, knockdown of TRAP1 in MCF-7 MB-231 cells (Figure 4E). These changes are consistent
cells induced the formation of rod-shaped mitochondria, with the transformation of mitochondrial morphology to
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Figure 4: TRAP1 regulates mitochondrial morphology in breast cancer cells. A. TRAPI overexpressing MDA-MB-231
cells were transfected with Mito-DsRed for 48 h and the mitochondria were visualized by confocal microscopy. B. TRAP1 knockdown
MDA-MB-231 cells were transfected with Mito-DsRed for 48 h and the mitochondria were visualized by confocal microscopy. C. TRAP1
overexpressing MCF-7 cells were stained with Mito-Tracker and the mitochondria were visualized by confocal microscopy. D. TRAP1
knockdown MCF-7 cells were transfected with Mito-DsRed for 48 h and the mitochondria were visualized by confocal microscopy. E.
Western blot analysis of TRAP1, Drpl, pS616-Drpl, Mfnl, and Mfn2 expression in TRAP1-overexpressing MDA-MB-231 cells. Actin
was used as a loading control. F. Western blot analysis of TRAP1, Drpl, pS616-Drpl, Mfnl, and Mfn2 expression levels in TRAP1
knockdown MCF-7 cells. Actin was used as a loading control.
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the tubular phenotype. Similarly, knockdown of TRAP1
in MCF-7 cells led to down-regulation of Mfnl (Figure
4F), which could be responsible for the transformation of
mitochondrial morphology to the rod-shaped phenotype.

TRAP1 maintains
phosphorylation

mitochondrial oxidative

The data shown above indicate that TRAPI
controls mitochondrial morphology. To further investigate
the impact of TRAP1 on mitochondrial function, we
monitored mitochondrial aerobic respiration in MDA-
MB-231 and MCF-7 cells using the XF24 extracellular
flux analyzer under normal cell culture conditions (XF-
DMEM with 25 mM glucose and 2 mM pyruvate).
As shown in Figure 5A and 5B, knockdown of TRAP1
in MDA-MB-231 cells caused a rapid decrease in the
oxidative phosphorylation (OXPHOS) levels. Knockdown
of TRAP1 also significantly altered cellular responses to
typical mitochondrial complexes inhibitors (including
OM, an ATP synthase inhibitor; FCCP, a mitochondrial
uncoupler; AA, a complex III inhibitor; rot, a complex
I inhibitor), suggesting that the basal, coupled, leaked,
and maximal mitochondrial OXPHOS capacities were
inhibited. Similar inhibitory effects were observed in
TRAP1-knockdown MCF-7 cells (Figure 5C and 5D).

Cancer cells divide and grow uncontrollably,
and therefore face a considerable metabolic challenge.
Low amino acid and glucose conditions are commonly
observed in solid tumors. We next examined whether
TRAP1 modulates mitochondrial aerobic respiration of
breast cancer cells under stress conditions. When MCF-7
cells were cultured in EBSS supplemented with 1% FBS,
an amino acid-free and growth factor-insufficient solution
mimicking a nutrient-deprived condition [34], knockdown
of TRAPI decreased the basal, coupled, leaked, and
maximal mitochondrial OXPHOS capacity more
significantly (Figure SE and 5F). Under another glucose-
depleting condition (glucose was replaced with pyruvate),
knockdown of TRAP1 also decreased the mitochondrial
OXPHOS (Figure 5G and 5H). These data clearly indicate
that TRAPI is crucial for the mitochondrial aerobic
respiration under normal or stressed conditions.

DISCUSSION

In this study, we demonstrated that TRAPI1 is
overexpressed in breast cancer. We also provided direct
evidence that TRAP1 links mitochondrial morphology
and function with tumorigenesis in breast cancer cells.
TRAPI knockdown downregulates mitochondrial aerobic
respiratory, sensitizes cells to lethal stimuli, and inhibits
tumorigenesis; TRAP1 overexpression, however, enhances
the capacity to cope with stress conditions, and is required
for the tumorigenesis of breast cancer.

Several groups have suggested TRAP1 as a
predictive marker for prognosis in colorectal cancer [20],
ovarian cancer [30], esophageal squamous cell cancer
[31], non-small cell lung cancer [32], and ulcerative
colitis-associated colorectal cancer [35]. We reported here
that breast cancer samples express high levels of TRAP1
compared with adjacent normal breast tissues, while
knockdown of TRAPI attenuated the tumorigenicity of
both MDA-MB-231 and MCF-7 cells in nude mice,
suggesting the requirement of TRAP1 in breast cancer
tumorigenesis and progression, which was consistent with
previous findings [25].

TRAPI is generally crucial for colony formation
and tumor growth of the breast cancer cells we tested;
however, the cellular responses after TRAP1 knockdown
were different. Knockdown of TRAP1 in MDA-MB-231,
MDA-MB-436 and MDA-MB-453 cells inhibited colony
formation; however, TRAPI1-knockdown MCF-7 cells
still formed colonies, although the sizes were much
smaller (Figure S3). We also found that transfection of
MCE-7 cells with one single shRNA construct, which
downregulated TRAP1 levels moderately, showed
no apparent effect on tumor growth in vivo (Figure
S4A); however, transfection of MCF-7 cells with two
independent shRNA constructs, which downregulated
TRAP1 levels significantly, inhibited tumor growth
in vivo. We speculate that mitochondrial Hsp90 might
compensate for the partial loss of TRAP1. Indeed, Hsp90
was highly expressed in the xenograft tumor samples
and in mitochondrial fractions of breast cancer cells
(Figure S4B, S4C and S4D). The compensatory increased
recruitment of Hsp90 to mitochondria was also observed
in TRAP1-knockout mice as well as in TRAP-1-silencing
prostate adenocarcinoma PC3 cells [53]. Human Hsp90
proteins are molecular chaperones that include Hsp90a,
Hsp90pB, Grp94, and TRAP1 [54]. They form a chaperone
network in mitochondria and other organelles and have
been linked to an adaptation to unfavorable environments.
Considering that Hsp90 that has been recruited to the
mitochondria might compensate for TRAP1, drugs that
target to the mitochondria and inhibit the Hsp90 family
members will be more efficient in the prevention of
TRAPI-related tumorigenesis.

Some of the mechanisms underlying TRAPI-
dependent tumorigenesis have been suggested.
TRAPI1 interacts with cyclophilin D and regulates the
mitochondrial permeability transition [18]; TRAPI
interacts with PINK 1 and protects cells against oxidative
stress-induced cell death [36]; TRAPI interacts with
the Ca’-binding protein Sorcin and maintains its
mitochondrial localization and stability [28]. TRAPI1-
overexpressing cells are more resistant to S-fluorouracil
and cisplatin-induced DNA damage and apoptosis [23,
29, 37, 38]. Our data presented here also indicate that
knockdown of TRAP1 sensitized cells to different lethal
stimuli. Thus, TRAP1, as well as other Hsp90 family
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Figure 5: TRAP1 knockdown reduces mitochondrial aerobic respiratory in breast cancer cells. A. MDA-MB-231 and
C. MCF-7 cells stably transfected with NC and shTRAP1 were seeded in XF24-well plates and OCR was monitored using the Seahorse
XF24 Extracellular Flux Analyzer in real time in analysis buffer with 25 mM Glucose. B. and D. Key parameters of mitochondrial
respiration including basal, coupled, leaked, maximal, and spare OCR were calculated from the OCR curves. E. and G. MCF-7 cells stably
transfected with NC and shTRAP1 were seeded in XF24-well plates, then incubated with amino acid-free buffer or glucose-free buffer
containing 2 mM pyruvate for 1 h before monitoring OCR using the Seahorse XF24 Extracellular Flux Analyzer in real time. F. and H. Key
parameters were calculated from the OCR curves. Values represent the mean + SEM, N = 4-5. OM, oligomycin. FCCP, carbonyl cyanide
p-trifluoromethoxyphenylhydrazone. AA, antimycin A. Rot, rotenone. *P < 0.05.
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members, is involved in stress protection and apoptosis in
mitochondrial and extramitochondrial compartments.

An impact on mitochondrial metabolism is
also suggested to be involved in TRAPI-dependent
tumorigenesis. Mitochondrial metabolic pathways
produce energy, precursors for macromolecular synthesis,
and substrates for other essential cellular functions [39].
Cancer cells face a considerable metabolic challenge as
they divide and grow uncontrollably, thus resulting in a
drastic adjustment of many metabolic pathways. Cancer
cells often exhibit an increased rate of glycolysis, known as
the Warburg effect [40], which is regarded as an important
hallmark of cancer [41]. TRAPI regulates a metabolic
switch between oxidative phosphorylation and aerobic
glycolysis [42], probably by binding to the succinate
dehydrogenase of the complex II of the respiratory
chain [13]. The respiratory downregulation elicited by
TRAPI primes the succinate-dependent stabilization of
the transcription factor HIF1a, and promotes neoplastic
growth and tumorigenesis [43]. However, the function of
TRAP1 in mitochondrial metabolism is more complex,
as a large body of literature shows that pharmacologic
or genetic targeting of TRAPI1 inhibited mitochondrial
respiration [44, 45], impaired mitochondrial quality
control [46], and suppressed ATP production [32]. By
monitoring mitochondrial aerobic respiratory in real time,
we provide direct evidences here that TRAP1 is required
for the oxidative phosphorylation of breast cancer cells,
under both normal and nutrient-deficient conditions. Thus,
we suggest that TRAP1 is of crucial importance for cancer
cells, particularly under low glucose conditions commonly
observed in solid tumors.

We also hypothesized that TRAP1 negatively
regulate metastasis by modulating mitochondrial
dynamics. TRAP1 expression inversely correlates
with tumor grade in breast cancers; moreover, levels
of TRAPI were lower in invasive breast cancer cell
lines than in non-invasive cell lines. These data were
consistent with previous reports that down-regulation of
TRAP1 dramatically enhances invasion in mouse and
human cell lines [42, 47, 48]. Metastasis of cancer cells
requires an abundance of ATP [49-51]. Our recent report
links mitochondrial morphology with the migration and
invasion of breast cancer cells [33]. When mitochondrial
morphology was manipulated, the subcellular distribution
of mitochondria was altered, and breast cancer cell
migration and invasion was decreased. Metastatic MDA-
MB-231 breast cancer cells express relatively low level
of TRAPI1, and their mitochondria were more fragmented
(rod-shaped). Upon chemoattractant exposure, the rod-
shaped mitochondria were recruited to lamellipodial
regions, where they generate ATP and contributed to
the assembly of F-actin filaments. However, when
we overexpressed TRAP1 in MDA-MB-231 cells,
phosphorylated Drpl at Ser616 site [52] was down-
regulated and Mfnl was up-regulated, the mitochondria

were transformed into tubular networks, the subcellular
distribution of mitochondria to the lamellipodia was
blocked, and, as a result, the ability of cells to invade
and metastasize were inhibited. On the contrary, non-
metastatic MCF-7 breast cancer cells express high level
of TRAPI, and their mitochondria were tubular network-
shaped. Based on these evidences, we hypothesized that
the inversely correlation between metastatic abilities and
TRAPI levels might be due to the impact of TRAP1 on
mitochondrial dynamics.

In conclusion, the mitochondrial chaperone TRAP1
is overexpressed in breast cancer and is required for
tumorigenesis and progression, and contributes to the
adaptation to unfavorable stress conditions by regulating
mitochondrial homeostasis. The results of our study and
future work may offer a feasible therapeutic target for
cancer therapy.

MATERIALS AND METHODS

Antibodies and chemicals

The antibodies were as follows: anti-B-Actin
(Sigma-Aldrich); anti-TRAP1, anti-Hsp90, anti-COX 1V,
anti-caspase 3, anti PARP (Santa Cruz Biotechnology);
anti-Drp1, anti-Drp1 (Ser616), anti-Mfn1, anti-Mfn2, anti-
Tom?20, anti-Tim23 (Cell Signaling); MitoProfile antibody
cocktail for mitochondrial complexes (Abcam); anti-
rabbit or anti-mouse HRP-conjugated secondary antibody
(Sigma-Aldrich). All chemicals were from Sigma-Aldrich
unless otherwise indicated.

Cell culture

Human breast cancer cell lines MDA-MB-231,
MDA-MB-436, MDA-MB-453, MDA-MB-468 and MCF-
7 were purchased from American Type Culture Collection
and cultured in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum, 100 U/mL penicillin,
and 100 mg/mL streptomycin.

Patient samples

All tumor samples were obtained with written
informed consent from patients at the Cancer Hospital,
Chinese Academy of Medical Sciences.

Ten pair of tumor and adjacent normal breast tissues
were collected immediately after surgical resection and
stored in liquid nitrogen until further use. For western blot
assay, tissue specimens were ground in liquid nitrogen-
cooled mortar, tissue powder was suspended in lysis
buffer (50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1%
triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM
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PMSF, complete protease inhibitor cocktail) and cleared
by centrifugation.

A total of 42 formalin-fixed, paraffin-embedded
breast cancer tissue specimens (5 um) were included in
Table 1. Immunohistochemical assay was performed using
an anti-TRAP1 antibody. TRAP1 immunopositivity was
graded in one to three tumor scores for each patient based
on the intensity of the immunoreactivity in the cancer
cells, that is, 3 (+++) was strong, 2 (++) moderate, 1 weak
(+), and 0 negative. The scoring of immunoreactivity was
performed as described [55].

Construction of vectors and transfection

The full-sequence TRAP1 and a derivative
lacking the mitochondrial signal sequence (1-177) were
amplified and cloned into pcDNA3.1" and pEGFP-N1,
then transfected into cells using Lipofectamine 2000
(Invitrogen). For knockdown of TRAPI expression,
scramble shControl and shTRAP1 were constructed with
core sequence 5’-AAACATGAGTTCCAGGCCGAG-3’
(shTRAP1 1#) and 5’-TTCTGTGTCCTCGGAGGAC-3’
(shTRAPI1 2#) [56]. Cells were transfected with the
lentivirus system (Genepharm). Transfection efficiency
was assessed by western blotting and cell sorting, which
was also used to select stably transfected cells.

Western blot assay

Cells were suspended in lysis buffer (50 mM Tris-
HCI (pH 7.4), 150 mM NacCl, 1% triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 1 mM Na,VO,, I mM NaF, 1
mM EDTA, 1 mM PMSF, complete protease inhibitor
cocktail) and cleared by centrifugation to obtain whole-
cell lysates. Equal amounts of samples were separated
by SDS-PAGE, transferred to polyvinylidene fluoride
(PVDF) membranes, and immunoblotted with proper
antibodies.

RNA preparation and real time-PCR

Total RNA was isolated by using TRIZOL reagent
(Invitrogen) and the phenol-chloroform extraction
method according to manufacturer protocols. The
cDNA was synthesized using a First-Strand ¢cDNA
Synthesis Kit (Invitrogen). Quantitative real-time
PCR was performed on an ABI 7300 instrument with
UltraSYBR Mixture (CoWin Biosciences) according to
manufacturer instructions with the following primers:
GAPDH, forward: 5>~ AGGCTGAGAACGGGAAGC-3’,
reverse: 5’-CCATGGTGGTGAAGACGC-3’; TRAPI,
forward: 5°-CGCAGCATCTTCTACGTGC-3’; reverse:
5’-CTGATGAGTGCGCTCTCC-3".

Soft agar colony formation assay

After transfection of vectors for 48 h, a soft agar
colony assay was performed. To this end, trypsinized
cells were suspended in DMEM medium containing 10%
FBS and low-melting-point 0.3% agarose (Amresco) and
subsequently overlaid onto a solidified layer of DMEM
medium containing 10% FBS and 0.6% agarose in 35 mm
plate (10,000 cells/plate) in triplicate. After 1 week, the
colonies were fixed in 90% ethanol and imaged with light
microscope. The average areas of colonies are calculated
by ImagelJ software.

Mitochondrial oxidative phosphorylation assays

The mitochondrial oxidative phosphorylation
function of cells was measured by determining the
oxygen consumption rate (OCR) with a Seahorse XF24
extracellular flux analyzer. MDA-MB-231 and MCF-7
cells were seeded at 40000/well overnight before running
the Seahorse experiment. For measuring OCR, experiment
was performed in medium consist of DMEM or EBSS,
pH 7.4, at 37°C. Oligomycin A (OM; an ATP synthase
inhibitor; final concentration, 1 uM), carbonylcyanide
m-chlorophenylhydrazone (FCCP; a mitochondrial
uncoupler; final concentration, 500 nM), antimycin A
(AA; complex III inhibitor; final concentration, 1 pM)
and rotenone (rot; complex I inhibitor; final concentration,
1 uM) were added into different ports of the Seahorse
cartridge. OCR was measured with a standard cycling
program of 8-min mix (3 min), wait (2 min), and measure
(3 min).

Murine models

Mice were bred and maintained in a specific
pathogen-free environment, and all experiments were
performed according to the guidelines for experimental
animals and approved by the Institutional Animal Care
and Use Committee of the Institute of Biophysics, Chinese
Academy of Sciences (IACUC-IBP).

For xenograft assays, MCF-7 cells (1 x 10° cells/
mice) or MDA-MB-231 cells (1 x 10° cells/mice) stably
transfected with shTRAP1 or NC vectors were injected
subcutaneously into the right and left flanks of 6-8-week
old female Balb/c nude mice (Vital River; n = 9—-10 for
each group) in 100 uLL PBS. Tumors were measured with
a caliper and the volume calculated as follows: volume
(mm?®) = (width? x length)/2. After 22 days (MCF-7) or
38 days (MDA-MB-231), the mice were euthanized
by cervical dislocation and tumor tissues were excised,
imaged, and lysed for western blot analysis.

For experimental metastasis assays, MDA-MB-231
cells were injected into the tail vein of 6-8-week old
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female Balb/c nude mice (1 x 10° MDA-MB-231) in 100
pL PBS. After 6 weeks, the mice were sacrificed, and
metastatic nodules in the lungs were dissected and re-
cultured in 10% FBS-DMEM.

Cell proliferation and viability

Cells were stably transfected and treated with
Taxol, H,0,, or glucose oxidase (GO). Cell viability
was measured by MTT assay, and cell proliferation was

estimated by cell counting and trypan blue dye exclusion.

Transwell invasion assay

Matrigel invasion assays were performed at 37°C
using 24-well Transwell inserts (Corning) coated with 30
pg Matrigel (BD Biosciences). TRAP1-overexpressing or
control cells (50,000/well) suspended in 200 pL serum-
free medium were seeded in the upper chamber, and 600
pL migration inducer was placed in the lower chamber.
Invasion of MDA-MB-231 cells was induced with NIH-
3T3 conditioned medium. Cells that invaded through the
membrane were quantified, and the data were normalized
to the controls.

Statistical analysis

Differences between groups were evaluated by
Student’s ¢-test of unpaired data. The association between
TRAP1 expression and clinicopathological features was
assessed by using the ¥? test. P values less than 0.05
indicate statistical significance. All experiments were
repeated at least three times and data are presented as the
mean = SEM unless noted otherwise.

ACKNOWLEDGMENTS

The authors thank Dr. Lixin Wan (Department of
Pathology, Beth Israel Deaconess Medical Center, Harvard
Medical School) for valuable discussions and suggestions.
The authors are also indebted to Wenmin Zhong, Shuoguo
Li and Yan Teng (Institute of Biophysics, Chinese
Academy of Sciences) for technical assistances.

This work was supported by grants from the
National Basic Research Program of China (Grant
2012CB934003), the National Natural Science Foundation
of China (Grants 31200622, 31300683 and 31470814),
the Beijing Municipal Natural Science Foundation (Grant
7142140), the Major Equipment Program of China (Grant
2011YQ030134) , and the Nebraska State LB595 Research
Program of USA.

CONFLICTS OF INTEREST

The authors declare that they have no conflict of
interest.

REFERENCES

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E and Forman
D. Global cancer statistics. CA Cancer J Clin. 2011; 61:69-
90.

Abe O, Abe R, Enomoto K, Kikuchi K, Koyama H, Masuda
H, Nomura Y, Sakai K, Sugimachi K, Tominaga T, Uchino
J, Yoshida M, Haybittle JL, et al. Effects of chemotherapy
and hormonal therapy for early breast cancer on recurrence
and 15-year survival: an overview of the randomised trials.
Lancet. 2005; 365:1687-1717.

3.  Romond EH, Perez EA, Bryant J, Suman VJ, Geyer CE,
Jr., Davidson NE, Tan-Chiu E, Martino S, Paik S, Kaufman
PA, Swain SM, Pisansky TM, Fehrenbacher L, et al.
Trastuzumab plus adjuvant chemotherapy for operable
HER2-positive breast cancer. N Engl J Med. 2005;
353:1673-1684.

Wong ST and Goodin S. Overcoming Drug Resistance in
Patients with Metastatic Breast Cancer. Pharmacotherapy.
2009; 29:954-965.
5. Wallace DC. Mitochondria and cancer. Nat Rev Cancer.
2012; 12:685-698.

Birsoy K, Possemato R, Lorbeer FK, Bayraktar EC, Thiru
P, Yucel B, Wang T, Chen WW, Clish CB and Sabatini
DM. Metabolic determinants of cancer cell sensitivity to
glucose limitation and biguanides. Nature. 2014; 508:108-
12.

Zhang X, Fryknas M, Hernlund E, Fayad W, De Milito A,
Olofsson MH, Gogvadze V, Dang L, Pahlman S, Schughart
LA, Rickardson L, D’Arcy P, Gullbo J, et al. Induction of
mitochondrial dysfunction as a strategy for targeting tumour
cells in metabolically compromised microenvironments.
Nat Commun. 2014; 5:3295.

Zhao L, Zhao X, Zhao K, Wei P, Fang Y, Zhang F, Zhang
B, Ogata K, Mori A and Wei T. The alpha-tocopherol
derivative ESeroS-GS induces cell death and inhibits cell
motility of breast cancer cells through the regulation of
energy metabolism. Eur J Pharmacol. 2014; 745:98-107.

Dong LF, Freeman R, Liu J, Zobalova R, Marin-Hernandez
A, Stantic M, Rohlena J, Valis K, Rodriguez-Enriquez
S, Butcher B, Goodwin J, Brunk UT, Witting PK, et al.
Suppression of tumor growth in vivo by the mitocan alpha-
tocopheryl succinate requires respiratory complex II. Clin
Cancer Res. 2009; 15:1593-1600.

Neuzil J, Dyason JC, Freeman R, Dong LF, Prochazka L,
Wang XF, Scheffler I and Ralph SJ. Mitocans as anti-cancer
agents targeting mitochondria: lessons from studies with

10.

vitamin E analogues, inhibitors of complex II. J Bioenerg
Biomembr. 2007; 39:65-72.

www.impactjournals.com/oncotarget

44506

Oncotarget



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Wheaton WW, Weinberg SE, Hamanaka RB, Soberanes
S, Sullivan LB, Anso E, Glasauer A, Dufour E, Mutlu
GM, Budigner GRS and Chandel NS. Metformin inhibits
mitochondrial complex 1 of cancer cells to reduce
tumorigenesis. Elife. 2014; 3: ¢02242.

Lee CW, Park HK, Jeong H, Lim J, Lee AJ, Cheon KY,
Kim CS, Thomas AP, Bae B, Kim ND, Kim SH, Suh PG,
Ryu JH, et al. Development of a mitochondria-targeted
Hsp90 inhibitor based on the crystal structures of human
TRAPI.J Am Chem Soc. 2015; 137:4358-4367.

Guzzo G, Sciacovelli M, Bernardi P and Rasola A.
Inhibition of succinate dehydrogenase by the mitochondrial
chaperone TRAP1 has anti-oxidant and anti-apoptotic
effects on tumor cells. Oncotarget. 2014; 5:11897-11908.
doi: 10.18632/oncotarget.2472.

Song HY, Dunbar JD, Zhang YX, Guo DQ and Donner
DB. Identification of a protein with homology to hsp90
that binds the type-1 tumor-necrosis-factor receptor. J Biol
Chem. 1995; 270:3574-3581.

Cechetto J. Immunoelectron microscopy provides evidence
that tumor necrosis factor receptor-associated protein 1
(TRAP-1) is a mitochondrial protein which also localizes
at specific extramitochondrial sites. Exp Cell Res. 2000;
260:30-39.

Chae YC, Angelin A, Lisanti S, Kossenkov AV, Speicher
KD, Wang H, Powers JF, Tischler AS, Pacak K, Fliedner
S, Michalek RD, Karoly ED, Wallace DC, et al. Landscape
of the mitochondrial Hsp90 metabolome in tumours. Nat
Commun. 2013; 4:2139.

Felts SJ, Owen BAL, Nguyen P, Trepel J, Donner DB
and Toft DO. The hsp90-related protein TRAP1 is a
mitochondrial protein with distinct functional properties. J
Biol Chem. 2000; 275:3305-3312.

Kang BH, Plescia J, Dohi T, Rosa J, Doxsey SJ and Altieri
DC. Regulation of tumor cell mitochondrial Homeostasis by
an organelle-specific Hsp90 chaperone network. Cell. 2007;
131:257-270.

Leav I, Plescia J, Goel HL, Li J, Jiang Z, Cohen RIJ,
Languino LR and Altieri DC. Cytoprotective mitochondrial
chaperone TRAP-1 as a novel molecular target in localized
and metastatic prostate cancer. Am J Pathol. 2010; 176:393-
401.

Gao JY, Song BR, Peng JJ and Lu YM. Correlation
between mitochondrial TRAP-1 expression and lymph
node metastasis in colorectal cancer. World J Gastroenterol.
2012; 18:5965-5971.

Costantino E, Maddalena F, Calise S, Piscazzi A, Tirino V,
Fersini A, Ambrosi A, Neri V, Esposito F and Landriscina
M. TRAPI1, a novel mitochondrial chaperone responsible
for multi-drug resistance and protection from apoptotis
in human colorectal carcinoma cells. Cancer Lett. 2009;
279:39-46.

Hu JT, Tan EY, Campo L, Leek R, Seman Z, Turley H,
Delia D, Cesario A, Gatter K and Pezzella F. TRAP1

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

is involved in cell cycle regulated by retinoblastoma
susceptibility gene (RB1) in early hypoxia and has variable
expression patterns in human tumors. J Cancer Res Updates.
2013; 2:210.

Sisinni L, Maddalena F, Lettini G, Condelli V, Matassa DS,
Esposito F and Landriscina M. TRAP1 role in endoplasmic
reticulum stress protection favors resistance to anthracyclins
in breast carcinoma cells. Int J Oncol. 2014; 44:573-582.

Matassa DS, Amoroso MR, Agliarulo I, Maddalena F,
Sisinni L, Paladino S, Romano S, Romano MF, Sagar V,
Loreni F, Landriscina M and Esposito F. Translational
control in the stress adaptive response of cancer cells: a
novel role for the heat shock protein TRAP1. Cell Death
Dis. 2013; 4:e851.

Maddalena F, Sisinni L, Lettini G, Condelli V, Matassa
DS, Piscazzi A, Amoroso MR, La Torre G, Esposito
F and Landriscina M. Resistance to paclitxel in breast
carcinoma cells requires a quality control of mitochondrial
antiapoptotic proteins by TRAP1. Mol Oncol. 2013; 7:895-
906.

Masuda Y. The role of mitochondrial chaperone tumor
necrosis factor-associated protein 1 (TRAPI) in the
regulation of apoptosis. J Health Sci. 2011; 57:1-9.

Xiang F, Huang Y'S, Shi XH and Zhang Q. Mitochondrial
chaperone tumour necrosis factor receptor-associated
protein 1 protects cardiomyocytes from hypoxic injury
by regulating mitochondrial permeability transition pore
opening. FEBS J. 2010; 277:1929-1938.

Landriscina M, Laudiero G, Maddalena F, Amoroso MR,
Piscazzi A, Cozzolino F, Monti M, Garbi C, Fersini A,
Pucci P and Esposito F. Mitochondrial chaperone Trapl and
the calcium binding protein Sorcin interact and protect cells
against apoptosis induced by antiblastic agents. Cancer Res.
2010; 70:6577-6586.

Hua GQ, Zhang QX and Fan ZS. Heat shock protein 75
(TRAP1) antagonizes reactive oxygen species generation
and protects cells from granzyme M-mediated apoptosis. J
Biol Chem. 2007; 282:20553-20560.

Aust S, Bachmayr-Heyda A, Tong D, Darb-Esfahani S,
Denkert C, Chekerov R, Sehouli J, Mahner S, Van Gorp T,
Vergote I, Speiser P, Horvat R, Zeillinger R, et al. Role of
TRAP1 and estrogen receptor alpha in patients with ovarian
cancer -A study of the OVCAD consortium. Mol Cancer.
2012; 11:69.

OuY, Liu L, Xue L, Zhou W, Zhao Z, Xu B, Song Y and
Zhan Q. TRAP1 shows clinical significance and promotes
cellular migration and invasion through STAT3/MMP2
pathway in human esophageal squamous cell cancer. J
Genet Genomics. 2014; 41:529-537.

Agorreta J, Hu JT, Liu DX, Delia D, Turley H, Ferguson
DJP, Iborra F, Pajares MJ, Larrayoz M, Zudaire I, Pio
R, Montuenga LM, Harris AL, et al. TRAP1 regulates
proliferation, mitochondrial function, and has prognostic
significance in NSCLC. Mol Cancer Res. 2014; 12:660-669.

WWW

.impactjournals.com/oncotarget

44507

Oncotarget



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Zhao J, Zhang J, Yu M, Xie Y, Huang Y, Wolff DW, Abel
PW and Tu Y. Mitochondrial dynamics regulates migration
and invasion of breast cancer cells. Oncogene. 2013;
32:4814-4824.

Braun F, Bertin-Ciftci J, Gallouet AS, Millour J and Juin P.
Serum-nutrient starvation induces cell death mediated by
Bax and Puma that is counteracted by p21 and unmasked
by Bcl-x(L) inhibition. PLoS One. 2011; 6:€23577.

Chen R, Pan S, Lai K, Lai LA, Crispin DA, Bronner MP and
Brentnall TA. Up-regulation of mitochondrial chaperone
TRAPI in ulcerative colitis associated colorectal cancer.
World J Gastroenterol. 2014; 20:17037-17048.

Pridgeon JW, Olzmann JA, Chin L-S and Li L. PINK1
Protects against Oxidative Stress by Phosphorylating
Mitochondrial Chaperone TRAP1. PLoS Biol. 2007;
5:el72.

Im CN, Lee JS, Zheng Y and Seo JS. Iron chelation study
in a normal human hepatocyte cell line suggests that tumor
necrosis factor receptor-associated protein 1 (TRAP1)
regulates production of reactive oxygen species. J Cell
Biochem. 2007; 100:474-486.

Xu LJ, Voloboueva LA, Ouyang YB, Emery JF and Giffard
RG. Overexpression of mitochondrial Hsp70/Hsp75 in rat
brain protects mitochondria, reduces oxidative stress, and
protects from focal ischemia. J Cereb Blood Flow Metab.
2009; 29:365-374.

Heiden MGV, Cantley LC and Thompson CB.
the Warburg effect:
requirements of cell proliferation. Science. 2009; 324:1029-
1033.

Ferreira LMR. Cancer metabolism: The Warburg effect
today. Exp Mol Pathol. 2010; 89:372-380.

Hanahan D and Weinberg RA. Hallmarks of cancer: the
next generation. Cell. 2011; 144:646-674.

Yoshida S, Tsutsumi S, Muhlebach G, Sourbier C, Lee MJ,
Lee S, Vartholomaiou E, Tatokoro M, Beebe K, Miyajima
N, Mohney RP, Chen Y, Hasumi H, et al. Molecular
chaperone TRAP1 regulates a metabolic switch between

Understanding the metabolic

mitochondrial respiration and aerobic glycolysis. Proc Natl
Acad Sci U S A. 2013; 110:E1604-E1612.

Sciacovelli M, Guzzo G, Morello V, Frezza C, Zheng
L, Nannini N, Calabrese F, Laudiero G, Esposito F,
Landriscina M, Defilippi P, Bernardi P and Rasola A. The
mitochondrial chaperone TRAP1 promotes neoplastic
growth by inhibiting succinate dehydrogenase. Cell metab.
2013; 17:988-999.

Butler EK, Voigt A, Lutz AK, Toegel JP, Gerhardt E,
Karsten P, Falkenburger B, Reinartz A, Winklhofer KF and
Schulz JB. The mitochondrial chaperone protein TRAP1
mitigates alpha-Synuclein toxicity. PLoS Genet. 2012;
8:1002488..

Chae YC, Caino MC, Lisanti S, Ghosh JC, Dohi T, Danial
NN, Villanueva J, Ferrero S, Vaira V, Santambrogio L,
Bosari S, Languino LR, Herlyn M, et al. Control of tumor

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

bioenergetics and survival stress signaling by mitochondrial
HSP90s. Cancer Cell. 2012; 22:331-344.

Costa AC, Loh SHY and Martins LM. Drosophila Trapl
protects against mitochondrial dysfunction in a PINK1/
parkin model of Parkinson’s disease. Cell Death Dis. 2013;
4:e467.

Matassa DS, Agliarulo I, Amoroso MR, Maddalena F, Sepe
L, Ferrari MC, Sagar V, D’Amico S, Loreni F, Paolella
G, Landriscina M and Esposito F. TRAP1-dependent
regulation of p70S6K is involved in the attenuation of
protein synthesis and cell migration: Relevance in human
colorectal tumors. Mol Oncol. 2014; 8:1482-1494.

Liu DX, Hu JT, Agorreta J, Cesario A, Zhang YC, Harris
AL, Gatter K and Pezzella F. Tumor necrosis factor
receptor-associated protein 1(TRAP1) regulates genes
involved in cell cycle and metastases. Cancer Lett. 2010;
296:194-205.

Xie Y, Wolff DW, Wei TT, Wang B, Deng CS, Kirui JK,
Jiang HH, Qin JB, Abel PW and Tu YP. Breast cancer
migration and invasion depend on proteasome degradation
of regulator of G-protein signaling 4. Cancer Res. 2009;
69:5743-5751.

Yamaguchi H and Condeelis J. Regulation of the actin
cytoskeleton in cancer cell migration and invasion. Biochim
Biophys Acta. 2007; 1773:642-652.

Le Clainche C and Carlier MF. Regulation of actin
assembly associated with protrusion and adhesion in cell
migration. Physiol Rev. 2008; 88:489-513.

Taguchi N, Ishihara N, Jofuku A, Oka T and Mihara K.
Mitotic phosphorylation of dynamin-related GTPase Drpl
participates in mitochondrial fission. J Biol Chem. 2007,
282:11521-11529.

Lisanti S, Tavecchio M, Chae YC, Liu Q, Brice AK,
Thakur ML, Languino LR and Altieri DC. Deletion of
the mitochondrial chaperone TRAP-1 uncovers global
reprogramming of metabolic networks. Cell Rep. 2014;
8:671-677.

Chen B, Piel WH, Gui L, Bruford E and Monteiro A. The
HSP90 family of genes in the human genome: insights into
their divergence and evolution. Genomics. 2005; 86:627-
637.

Khanna A, Bockelman C, Hemmes A, Junttila MR, Wiksten
JP, Lundin M, Junnila S, Murphy DJ, Evan GI, Haglund
C, Westermarck J and Ristimaki A. MYC-dependent
regulation and prognostic role of CIP2A in gastric cancer. J
Natl Cancer Inst. 2009; 101:793-805.

Masuda Y, Shima G, Aiuchi T, Horie M, Hori K, Nakajo
S, Kajimoto S, Shibayama-Imazu T and Nakaya K.
Involvement of tumor necrosis factor receptor-associated
protein 1 (TRAPI1) in apoptosis induced by beta-
hydroxyisovalerylshikonin. J Biol Chem. 2004; 279:42503-
42515.

WWW

.impactjournals.com/oncotarget

44508

Oncotarget



