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particles (" AuNPs) are unknown.
Conclusion: MICU1 confers cellular resistance to apoptosis.

cells.
.

(Bacl(ground: The mechanisms underlying resistance of ovarian cancer cells to apoptosis by positively charged gold nano-
Results: MICU1 silencing stimulated mitochondrial membrane depolarization in the presence of “AuNPs, leading to apoptosis.

Significance: This study suggests that MICU1 may be an important regulator of apoptotic resistance machineries in cancer

J

Nanoparticles provide a potent tool for targeting and under-
standing disease mechanisms. In this regard, cancer cells are
surprisingly resistant to the expected toxic effects of positively
charged gold nanoparticles (*f AuNPs). Our investigations led to
the identification of MICU1, regulator of mitochondrial cal-
cium uniporter, as a key molecule conferring cancer cells with
resistance to *AuNPs. The increase in cytosolic [Caz"']Cyto in
malignant cells induced by * AuNPs is counteracted by MICU1,
preventing cell death. Pharmacological or siRNA-mediated
inhibition of mitochondrial Ca*? entry leads to endoplasmic
reticulum stress and sensitizes cancer cells to * AuNP-induced
cytotoxicity. Silencing MICU1 decreases Bcl-2 expression and
increases caspase-3 activity and cytosolic cytochrome c levels,
thus initiating the mitochondrial pathway for apoptosis: effects
further enhanced by * AuNPs. This study highlights the poten-
tial of nanomaterials as a tool to broaden our understanding of
cellular processes, establishes MICU1 as a novel regulator of the
machinery in cancer cells that prevents apoptosis, and empha-
sizes the need to synergize nanoparticle design with under-
standing of mitochondrial machinery for enhancing targeted
cellular toxicity.

Nanoparticle (NP)? biotechnology provides promising new
tools for clinical applications such as diagnosis, imaging, and
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therapy. To realize this potential, it is necessary to design and
engineer NPs that can be targeted to tissues of interest, as well
as to produce specific, desired effects (with minimal toxicity)
(1-3). Among inorganic cores, the importance of gold NPs
(AuNPs) derives from the ability of material scientists to func-
tionalize their surface to control uptake and physiological inter-
actions with cells (4, 5). On the one hand, their biocompatibility
and lack of core-based toxicity can be used to design AuNPs
that are relatively nontoxic for targeting specific intracellular
mechanisms. Conversely, AuNPs can be designed to be highly
toxic, e.g. to destroy malignant cells (6, 7). Accordingly, under-
standing AuNP-cell interactions is critical to furthering their
use in medicine. An important potential application that has
not been explored so far is the utilization of NPs as tools to
understand cellular processes such as calcium regulation, cell
proliferation/migration, and cell death that are relevant not
only to NP effects, but also to their potential use in therapy.

In a previous study, we demonstrated that positively charged
AuNPs (" AuNPs) increase cytosolic Ca®* ([Ca®*],,,,) ina vari-
ety of cells, whereas negatively charged particles are largely
without effect (8). An interesting observation was that " AuNPs
cause substantial cytotoxicity in normal cells (an obviously
undesirable effect), yet malignant cells (e.g. ovarian cancer) are
highly resistant to “AuNPs despite substantially increased
[Ca®"],,, levels induced by " AuNPs. This raises the intriguing
question as to why malignant cells are resistant to ~AuNP-
induced cytotoxicity, and conversely provides the opportunity
to utilize " AuNPs as a tool to uncover the underlying mecha-
nisms of such resistance. In the present study, we hypothesized
that mitochondria, via buffering of [Ca%]cyto, render resistance
to " AuNP-induced cytotoxicity in malignant cells (Scheme 1).

Beyond their well known role as the energy source within
cells, mitochondria are involved in [Ca®*],,,, buffering and
regulation of programmed apoptotic cell death (9, 10).

inositol-requiring protein 1¢; BiP, binding immunoglobulin protein; Dis-
BAC,(3), bis-(1,3-diethylthiobarbituric acid)trimethine oxonol; AW, mito-
chondrial membrane potential; KD, knockdown; Scr, scrambled; MICU1,
mitochondrial calcium uptake 1.
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SCHEME 1. Role of the mitochondrial uniporter regulator MICU1 in cal-
cium buffering and ER stress. “AuNPs can be used to examine the role of
MICU1. "AuNPs cause plasma membrane depolarization, allowing Ca**
influx, which is normally buffered by mitochondria regulated by MICUT,
which also has an antiapoptotic role. Separately, MICU1 may normally pre-
vent ER stress such as that induced by *AuNPs. Thus, we propose that
enhanced MICU1 expression or activity is a key mechanism that prevents the
desired cytotoxic effects of nanoparticles and other agents in conditions such
as cancer.

Although mitochondria express a number of ion transporters
capable of Ca®>" uptake into mitochondria, the predominant
mechanism is the Ca®>* uniporter, whose identity (MICU1) has
been only recently reported (11, 12). Furthermore, the role of
the uniporter regulator MICU1 beyond Ca®" uptake per se has
not yet been established. Release of mitochondrial Ca®"
([Ca®* o) back into the cytosol occurs through Na™/H ™" -de-
pendent Ca>" exchange or mitochondrial permeability transi-
tion pore (13, 14). Thus, alterations in the expression or func-
tion of mitochondrial Ca®" regulatory mechanisms can have
profound cellular effects. Here, the link between high levels of
[Ca®>*],..., and apoptosis are well established, and there is
increasing recognition that mitochondria can regulate the
behavior of cancer cells (15). However, the molecular machin-
eries regulating such processes are poorly understood. It has
been theorized that the apoptotic resistance of cancer cells is
related to distinct properties of their mitochondria as com-
pared with nonmalignant cells (16). One of these properties is
stabilization of the mitochondrial outer membrane against per-
meabilization, a key event in the intrinsic apoptotic pathway
(14). However, induction of mitochondrial outer membrane
permeabilization is dependent on Ca®>" (17) and the proapop-
totic protein Bax (18). Thus, the importance of mitochondrial
Ca®" buffering in modulating cell death cannot be underesti-
mated, making it critical to understand how and why mito-
chondrial function differs in cancer cells and whether this can
explain the resistance of malignant cells to ©AuNP-induced
cytotoxicity.

EXPERIMENTAL PROCEDURES

Materials—Sodium borohydride was from Sigma-Aldrich.
Tetrachloroauric acid trihydrate was from Strem Chemicals,
Newburyport, MA. [*’H]Thymidine was from PerkinElmer Life
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Sciences. Media and PBS were from Mediatech, Manassas, VA.
Primary antibodies were from Cell Signaling, Danvers, MA
(phospho-ERK1/2, catalogue number 9101; total ERK1/2, cat-
alogue number 9107; PERK (protein kinase RNA-like endoplas-
mic reticulum kinase), catalogue number D11A8; BiP (binding
immunoglobulin protein), catalogue number C50B12; IREl«
(inositol-requiring protein la), catalogue number 14C10; and
protein disulfide isomerase, catalogue number C81H6). BCL-2,
Bax, cytochrome ¢, and phospho-PERK were from Santa Cruz
Biotechnology (Santa Cruz, CA: sc-783, sc-6236, sc-13156, and
sc-32577, respectively), as were secondary antibodies sc-2301
(anti-rabbit) and sc-2302 (anti-mouse). Scintillation mixture
was through Fisher Scientific (catalogue number BP458-4).
Cell-permeant dyes JC1 (T3168), Fluo4 (F-14201), Mag-Fluo4
(M14206), Rhod2 (R1245MP), MitoTracker Green (M7514),
and DisBAC,(3) (B438) were from Invitrogen. Caspase 3 color-
imetric assay kit (K106-25) and annexin V-FITC (K101) were
from BioVision (Milpitas, CA). TUNEL assay was from Roche
Applied Science (catalog number 1684795).

Particle Synthesis—Gold nanoparticles were synthesized
according to methods reported by You et al. (19) In brief,
1-pentanethiol-coated gold nanoparticles (d = ~2 nm) were
prepared according to the protocol developed by Schiffrin and
co-workers (20). A Murray place-exchange reaction (21) was
performed by dissolving the thiolated ligand (bearing a quater-
nary ammonium end group), synthesized according to the
reported procedure (22) in dry dichloromethane with the pen-
tanethiol-coated gold cores and stirring for 3 days at room tem-
perature. Then, dichloromethane was evaporated under
reduced pressure, and the oily residue was dissolved in a small
amount of distilled water. Dialysis was performed during 5 days
(membrane molecular weight cut-off = 10,000) to remove
excess ligand and salts remaining in the nanoparticle solution.
After dialysis, the particles were lyophilized, redissolved in
deionized water, and diluted in buffer to the necessary
concentrations.

Cell Culture—Human ovarian cancer cell lines OVCARS5,
0OV167, and OV202 were grown in DMEM, A2780 was grown
in RPMI, and SKOV3-ip was grown in McCoy’s medium. All
media were supplemented with 10% fetal bovine serum and 1%
antibiotics, and cell lines were maintained at 37 °C in a humid-
ified atmosphere consisting of 5% CO, and 95% air. Ovarian
surface epithelium (OSE) cells were grown in MCDB105
(Sigma, M6395)/Medium 199 (Sigma, M5017) supplemented
with 15% FBS and 1% antibiotics.

siRNA Knockdown—Ovarian cancer cells were plated in
60-mm dishes with 3 ml of their respective cell culture medium.
Cells were transfected with 20 wl of 20 uM siRNA (see results for
siRNA targets) purchased from Abcam (Cambridge, MA) along
with 40 ul of HiPerfect (Qiagen, Valencia, CA) and 500 ul of
Opti-MEM (Invitrogen). Scrambled siRNA (Abcam) was used
as a control. After 48 h, cells were collected to detect siRNA
knockdown efficiency using RT-PCR.

Real-time PCR—Total RNA was isolated from cells using an
RNA mini kit (Qiagen: 74104). Quantitative PCR primer assay
for MICU1 (Qiagen: PPR50304A) was carried out using SYBR
Green master mix (Applied Biosystems: 4309155). The com-
parative C, method was used to calculate the relative abundance
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of RNA in various cell lines and compared with that with B-ac-
tin expression (-fold difference relative to OSE cells). MICU1
and B-actin primers were from Qiagen (PPH09688A and
PPHO073G, respectively). The primer sequence for MT-ND1
(gene for mitochondrial Complex I) is as follows: forward,
GGCTATATACAACTACGCAAAGGC, and reverse, GGTAG-
ATGTGGCGGGTTTTAGG. MT-ND1 was used to evaluate mi-
tochondrial copy number.

[PH]Thymidine Incorporation Assay for Cellular Proliferation—
Cells transfected with siRNA were seeded (2 X 10%) in 24-well
plates and cultured overnight under standard conditions. Fol-
lowing treatment, 1 uCi of [*H]thymidine was added; 4 h later,
the cells were washed with chilled PBS, fixed with 100% cold
methanol, and collected for measurement of TCA-precipitable
radioactivity (23). Experiments were repeated at least three sep-
arate times, with each repeat performed in triplicate.

Western Blots—Cell lysates were prepared as described pre-
viously (1), and protein concentration was determined using
Bio-Rad protein assay kit (catalogue number 500-0006). Cell
lysates (20 ug) were electrophoresed through 4 —-15% denatur-
ing polyacrylamide gels and transferred to a polyvinylidene
difluoride membrane (Millipore). The blots were probed with
the appropriate antibodies, and bound antibody was detected
using enhanced chemiluminescence according to the manufac-
turer’s protocol (Pierce). Primary antibody dilution was 1:500
for ERK1/2 (phospho and total) and 1:250 for Bcl2, Bax, and
cytochrome c. The dilution factor for a-tubulin was 1:5,000.
Phospho-PERK and total PERK, BiP, IRE1, and protein disul-
fide isomerase were diluted 1:1,000. Secondary antibodies were
used at a 1:10,000 dilution.

Confocal Microscopy—A2780 cells were plated at 5,000 cells/
well of a four-chamber slide (Labtek) in RPMI medium supple-
mented with 10% FBS and 1% antibiotics and allowed to rest
overnight. Subsequently, two wells were treated with Ru360,
and 1 h after treatment, "AuNPs were added to one of the
Ru360 wells (Ru360/"AuNP) and to an untreated well
("AuNP) overnight. After treatment, samples were acid-
stripped on ice for 1 min with stripping buffer (14.6 g of NaCl,
2.5 ml of acetic acid in 500 ml of H,O) to remove surface-bound
nanoparticles. The cells were stained for 10 min with either JC1
(mitochondrial membrane potential; AV, ) or MitoTracker
Green (mitochondrial tracker) and then fixed with 4% parafor-
maldehyde in PBS for 20 min at room temperature. Separately,
TUNEL stains were performed in fixed cells. Nuclei were
labeled using DAPI. Samples were then mounted with
VECTASHIELD and imaged using an LSM780 confocal micro-
scope, and images were processed using the National Institutes
of Health Image] software (24). For TUNEL analysis, the num-
ber of healthy cells and the number of TUNEL-positive nuclei
were counted and totaled.

Cellular Apoptosis Assay—Cells were seeded in 60-mm
dishes at 3 X 10°. At ~80% confluence, Scr siRNA and MICU
siRNA cells were treated with “AuNPs overnight (medium
alone for control cells). After treatment, cells were thoroughly
rinsed with 1X PBS. Annexin V/propidium iodide staining flow
cytometry was performed according to manufacturer-provided
protocol.
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Caspase 3 Colorimetric Assay—A2780 cells were seeded 1 X
10° in 10-cm dishes and allowed to grow overnight under stan-
dard conditions. Plates were treated overnight (16 h) with
Ru360 only, “AuNPs only, or with both Ru360 and ~AuNPs.
The assay was carried out following the manufacturer’s proto-
col, and was read at 405 nm. Treated cells were compared with
nontreated cells (noninduced). The assay was repeated in trip-
licate on different days.

Real-time Imaging—Real-time fluorescence imaging of dif-
ferent parameters was performed using a Molecular Devices
FlexStation 3 microplate reader with micropipetting capabili-
ties. 1 X 10* A2780 cells were seeded onto a 96-well clear bot-
tom plate (CoStar catalogue number 3603) and allowed to grow
overnight in standard conditions. Plates were rinsed three
times with Hanks’ balanced salt solution and subsequently
loaded with one of the following: 2 um DisBAC,(3) (cell-per-
meant plasma membrane potential-sensitive dye; excitation
488/emission 530), 2 um JC-1 (cell-permeant mitochondrial
membrane potential (AW,,) dye; excitation 488/emission 590),
5 um mag-Fluo-4 (ER Ca*" [Ca®*].,-sensitive dye; excitation
495/emission 525), 5 um fura-2 ([Ca“]cyto—sensitive dye; exci-
tation 340 or 380/emission 510); or 5 um rhod-2 ([Ca®"], ;.-
sensitive dye; excitation 568/emission 590). For plasma mem-
brane potential and AW, , calibration was performed in situ by
exposing a subset of cells to a range of KCl concentrations (0,
2.5, 5, 10, 20, 40, 80 mm KCl in Hanks’ balanced salt solution).
[Ca®>"]gr and [Ca®*']_,, calibrations were performed as
described previously (25).

Statistical Analysis—All values are expressed as means =
S.D. Statistical significance was determined using two-sided
Student’s ¢ test.

RESULTS

MICUI Enhances the Buffering Activity of Mitochondria
When Cells Are Exposed to *AuNPs—To determine whether
the mitochondrial Ca®>* uniporter contributes to cellular
responses to AuNPs, we initially examined MICU1 mRNA
expression in various ovarian cancer cells, comparing them
with normal OSE, and found both A2780 and OV202 to have
more than ~3-fold higher MICU1 expression (Fig. 14). Such
high expression of MICU1 could be due to increased number of
total mitochondria, a prominent feature of malignancy (26, 27).
Interestingly, cells undergoing malignant transformations
often increase and include ion channels, especially those that
transport Ca®" (28); however, it is unknown whether mito-
chondrial ion channels are similarly up-regulated. We deter-
mined the mitochondrial copy number in OSE and in different
ovarian cancer cells using RT-PCR for the Complex I gene
MT-ND1 (Fig. 1B). It was evident that mitochondrial copy
numbers in ovarian cancer cells relative to OSE were generally
higher. This is further demonstrated in Fig. 1C showing more
than a 2-fold increase in green fluorescence (via MitoTracker)
in A2780 cells as compared with OSE, indicative of an increased
number of mitochondria in malignant cells as compared with
nonmalignant cells. However, most relevant to this study, nor-
malization of MICU1 expression to mitochondrial copy num-
ber demonstrated comparable expression of MICU1 per mito-
chondrion in malignant ovarian cells relative to OSE
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FIGURE 1. MICU1 in ovarian cancer cells. A, MICU1 is expressed to a greater extent in different types of ovarian cancer cells as compared with noncancerous
controls (OSE) as determined by mRNA measurements. B and C, enhanced MICU1 expression may represent more mitochondria or increased MICU1 per
mitochondrion. Real-time PCR of the mitochondrial gene MT-ND1 (Complex I; B) as well as confocal imaging of cells stained with MitoTracker Green (C) show
greater number of mitochondria in A2780 malignant cells (blue staining represents DAPI). A. U., absorbance units. D, however, the ratio of MICU1 to MT-ND1 is
comparable between malignant and nonmalignant cells. Values are means = S.D.,n = 3.

(nonmalignant cells; Fig. 1D). The functional significance of the
increased number of mitochondria in malignant cells may then
be that the net greater total amount of MICU1 allows for
greater mitochondrial Ca*>* buffering. We tested this in A2780
cells loaded with the fluorescent [Ca® "], and [Ca®"],;;, indi-
cators fura-2/AM and rhod-2/AM, respectively. Exposure of
A2780 cells to 1 uM “AuNPs resulted in rapid increase in
[Ca”]Cyto (as we observed previously (8), Fig. 2 A) as well as a
slow sustained increase in [Ca®"],,,, (Fig. 2B), the latter sug-
gesting the involvement of the mitochondrial Ca®>* uniporter,
rather than the more rapid Na*/Ca®" exchanger. As compared
with A2780, * AuNPs caused smaller [Ca®"],,,, and [Ca®"],;;,
responses in nonmalignant OSE cells (Fig. 2, Cand D). Pretreat-
ment with the mitochondrial Ca®** uptake inhibitor Ru360
entirely abrogated the [Ca®"] ., response to " AuNPs, espe-
cially in A2780 cells (Fig. 2B). siRNA-mediated knockdown
(MICU siRNA) had effects comparable with Ru360, whereas
scrambled siRNA (Scr siRNA) was without effect (i.e. " AuNPs
increased [Ca®"], ;..; Fig. 2B). However, the converse effect of
inhibited mitochondrial Ca®>" uptake was a substantial increase
in [Ca®"],,,, in the presence of Ru360 or MICU siRNA (Fig.
2A). These differences of responses were further validated in
other ovarian cancer cell lines. When normalized to OSE (non-
malignant cell line), SKOV3-ip and OV202 had a comparable
response to " AuNPs and MICU inhibition analogous to A2780
(Fig. 2, E and F). This difference in amplitude (relative to OSE)
demonstrates how mitochondrial buffering of cytosolic Ca®"

mito
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correlates to MICU1 expression (Fig. 1). It is also evident from
Figs. 1B and 2, E and F, that when normalized with respect to
mitochondrial copy number, the ability of MICU1 to regulate
buffering of cytosolic calcium is higher in malignant cells as
compared with normal OSE cells. Specifically, these data high-
light the functional importance of MICU1 in the mitochondrial
response of malignant cells, showing that increase in MICU1
expression translated to enhanced ability to buffer increases in
[Ca®"],,,, induced by " AuNPs.

*AuNPs Modulate Membrane Potential in MICUI Knock-
down Cells—Given its only recent recognition, beyond mito-
chondrial Ca®>* uptake, the functions of MICUT1 are currently
unknown. In A2780 cells loaded with the plasma membrane
potential indicator DisBAC,(3), we found that “AuNPs pro-
duce substantial membrane depolarization (Fig. 3A). Interest-
ingly, inhibition of the mitochondrial Ca>* uniporter with
Ru360, or MICU siRNA resulted in substantial enhancement of
*AuNP-induced membrane depolarization. However, in OSE
cells, *AuNPs induced hyperpolarization, which was further
enhanced in the presence of Ru360 (Fig. 3B). Furthermore, in
A2780 cells loaded with the mitochondrial membrane potential
(AT, ) indicator JC-1, " AuNPs also produced mitochondrial
depolarization to some extent, but Ru360 as well as MICU
siRNA substantially enhanced such depolarization. AV, , is the
driving force behind the influx of ions (H", Ca*>*) into mito-
chondria. As shown in Fig. 3C, upon depolarization, the punc-
tate orange-red fluorescent JC1 staining was replaced by diffuse
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FIGURE 2. MICU1-mediated calcium buffering in ovarian cancer cells evaluated using “AuNPs. A and B, in A2780 cells loaded with the fluorescent dyes
fura-2 ([Ca”"1.,) and rhod-2 ([Ca*" o), 1 M "AuNPs caused rapid increase in [Ca® '], (A) but slower sustained increases in [Ca” "], (B). Inhibition of
uniporter using Ru360 or MICU1 siRNA abrogated [Ca®*],,,, responses to *AuNPs, and conversely enhanced [Ca“]cyto responses. C and D, in contrast to
A2780, [Ca®"],,, and especially [Ca®*] ., responses, or the effects of uniporter inhibition, were substantially smaller in nonmalignant OSE cells. NT, non-
treated controls. E and F, the greater role of uniporter in [Ca“]cyto (E) buffering and [Ca?* ], (F) responses to " AuNPs is valid in different types of ovarian
cancer cells (A2780, OV202, and SKOV3-ip), highlighting the functional importance of MICU1 in malignant cells. Values are means = S.D., n = 3.

green monomer fluorescence, whereas no change was seen in
OSE cells under the same conditions (Fig. 3D). Although a
slight decrease in AV, occurred in cells treated with Ru360
only or "AuNPs only, in the presence of both Ru360 and
* AuNPs, there was substantial change in AW¥, in A2780 cells
(Fig. 3, Cand E), but only a slight change in OSE cells (Fig. 3, D
and F). These data suggest that inhibiting MICU1 allows
* AuNPs to induce a robust mitochondrial membrane depolar-
ization in malignant ovarian cells, substantially larger than in
normal OSE. These differences may have downstream effects of
sensitizing malignant cells to the antiproliferative and/or pro-
apoptotic effects of ¥ AuNDs.

MICUI Influences * AuNP-induced Cellular Apoptosis—In
our previous work, we had observed that unlike nonmalignant
human bronchial epithelial cells and airway smooth muscle
cells, cancer cells are able to tolerate the substantial increases in
[Ca®"],,, induced by "AuNPs without changes in cell prolif-
eration or enhancement of cell death (19). Our data now sug-
gest that the presence of higher mitochondrial number in
malignant cells leading to increased expression of MICU1 and
function may be contributory (Fig. 1B). One response to
changes in AW, is apoptosis. Therefore, we used annexin
V/propidium iodide (Fig. 44) and TUNEL (Fig. 4, B-D) assays
to test whether blocking uniporter or MICUT1 restores an apo-
ptotic response of malignant cells to “AuNPs. Indeed, in the
presence of Ru360, “AuNP-induced increased apoptosis in

17614 JOURNAL OF BIOLOGICAL CHEMISTRY

A2780 cells (Fig. 4, A, B, and D). However, only a marginal
increase in apoptosis was observed in normal OSE cells (Fig. 4,
A, C, and D). In separate analyses, we used [*H]thymidine
incorporation to determine the role of MICUL in cell prolifer-
ation. Complementary to the apoptosis data, A2780 cells that
did not show any changes in proliferation with * AuNPs showed
substantial reduction in proliferation when MICU1 was inhib-
ited with MICU siRNA (Fig. 4E). In comparison, proliferation
of OSE cells was minimally affected by MICU inhibition (Fig.
4F).

The contribution of MICU1 to enhanced cell apoptosis/re-
duced proliferation was additionally tested using Western blot
analysis for proapoptotic and antiproliferative proteins. Bax
levels were notably increased in MICU1 siRNA-treated cells,
whereas conversely Bcl-2 levels were decreased (Fig. 54, KD)
following exposure to “AuNPs as compared with the lack of
effect in scrambled siRNA (Fig. 54, Scr)-treated cells. A marked
increase in cytosolic cytochrome ¢ was induced by ¥ AuNPs in
MICU siRNA cells (Fig. 54, KD). A decrease in phosphorylation
of ERK1/2 was also observed in MICU1 siRNA-treated cells
incubated with “AuNPs (Fig. 54, KD). However, OSE cells did
not show a noticeable difference under similar conditions (Fig.
5B). A time course study revealed that AuNP effect on Bcl-2
expression occurred around 2 h (Fig. 5C) in MICU1 knockdown
cells. Finally, activation of caspase-3 was also initiated in A2780
cells with Ru360 exposure, whereas a modest change was
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FIGURE 3. MICU1 modulates AW, responses in malignant cells. A and B, in A2780 cells loaded with the fluorescent AW, indicator DiIBASC,(3), “AuNPs
caused rapid and substantial membrane depolarization (A), whereas nonmalignant OSE cells showed slight hyperpolarization (B). *AuNP effects on AW, in
A2780 cells were enhanced by MICU1 blockade (siRNA). NT, nontreated controls. C-F, these “AuNP effects on AW, were also evident in confocal images of the
fluorescent dye JC-1in malignant cells (C) versus normal cells (D) and corresponding measurements of JC-1 (E and F). Inhibition of uniporter by Ru360 enhanced
*AuNP effects on AW, A similar effect was observed with MICU1 siRNA (not shown). Scale bar = 20 um; n = 3. w/o * AuNP, without " AuNP.

observed in OSE cells (Fig. 5D). Overall, these data support the
idea that MICU1 protects against " AuNP-induced cytotoxicity
in malignant cells.

* AuNPs Promote Substantial Endoplasmic Reticulum Ca®*
Release—Interestingly, although peak [Ca®"].,,, responses of
A2780 cells to " AuNPs increased more with MICUT inhibition,
they also rapidly declined (Fig. 2A). We tested the idea that
excess [Ca”]cyto is reabsorbed into the endoplasmic reticulum
(ER). Using the fluorescent ER Ca®>* probe Mag-Fluo-4/AM,
we found that the addition of * AuNPs in the presence of Ru360
resulted in a sharp decrease in fluorescence followed by an
increase (Fig. 64), indicating ER Ca*" reuptake. In comparison,
in A2780 cells not exposed to Ru360, the addition of “AuNPs
did not result in fluorescence change after the initial sharp
decrease. The enhanced influx of [Ca”]Cyto into the ER could
be a direct result of increased levels of Bax (33) that can initiate
an ER stress response (29). In accordance, as shown in Fig. 6B,
both phospho-PERK expression and total PERK, IREle, and
BiP expression were increased in the presence of “AuNPs and
were further enhanced when preincubated with Ru360. More-
over, protein disulfide isomerase expression was drastically
increased in cells co-incubated with Ru360 and ~AuNPs.
Although a small delayed effect was observed in OSE cells upon
the addition of ©AuNPs (Fig. 6C), Western blot analysis of the
ER stress markers did not show remarkable changes.

DISCUSSION

The significance of the present study is two-fold. On the one
hand, our results highlight the importance of the relatively
novel protein MICU1, regulator of the mitochondrial calcium
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uniporter, in the resistance of ovarian cancer cells to cytotoxic
agents wherein increased [Ca”]CytO in malignant cells is coun-
teracted by MICU1-regulated mitochondrial Ca®* uptake, thus
preventing cell death. Interestingly, normal OSE cells respond
to MICU1 blockade with marginal changes in both plasma and
mitochondrial membrane potential leading to only small
increases in [Ca®"].,,. This effect may be due to the low
amount of mitochondria and hence overall low MICU1 expres-
sion, thus making the nonmalignant cells less influenced by
blockade of MICU1 as compared with malignant cells. Our
studies further show that MICU1 appears not only to have a
role in sequestering [Ca”]Cyto but also confers protection
against ER stress, apoptosis, and cytotoxicity.

The second major significance of our studies is that the
mechanisms underlying protection against cytotoxicity can be
revealed by the use of " AuNPs. Thus, our study highlights the
ability to use nanomaterials as a tool to broaden our under-
standing of cellular processes that contribute to resistance of
cancer cells to death. Conversely, by demonstrating that
* AuNP-induced cytotoxicity per se is dependent on MICUI,
we show that if nanoparticles are to be used as therapeutic ave-
nues, synergizing nanoparticle design with understanding of
mitochondrial machinery for enhancing cellular toxicity is
critical.

Calcium signaling is a key aspect of most biological processes
such as cellular proliferation, metabolism, and protein synthe-
sis, making [Ca®"], homeostasis critical to cellular function.
Cells contain a diverse and complex toolkit of Ca®" regulatory
mechanisms including plasma membrane channels and intra-
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FIGURE 4. Uniporter and MICU1 regulate proliferation and apoptosis in malignant cells. A-C, exposure of A2780 cells to * AuNPs induces cellular apoptosis
to a certain extent, as shown by annexin V/propidium iodide (P/) assay (A) and TUNEL stain (B and C). NT, nontreated controls. D, the ratio of TUNEL-positive
nuclei (green fluorescence) to DAPI (blue fluorescence) was compared and quantified and expressed as the percentage of the total. Ru360 inhibition substantially
enhances “AuNP-induced apoptosis (A-D). E, inhibition of MICU1 does not influence base-line cellular proliferation (thymidine incorporation assay) relative to
nontreated controls. However, " AuNP-induced cell proliferation is substantially reduced when MICU1 is inhibited (inset shows the efficiency of MICU siRNA
knockdown in A2780 cells). F, OSE cells showing a marginal effect under similar conditions. Values are means = S.D., n = 3. ** indicates significant AuNP effect

(p < 0.007). Images shown are representative. Scale bar = 20 um.

cellular organelles such as the ER. With their ability to seques-
ter or buffer large amounts of free Ca®>*, mitochondria help
control [Ca®?"], and blunt any potential lethal effects of
[Ca®"] ., overload. Mitochondrial dysregulation has been
shown to be involved in tumorigenesis (27, 30). This is charac-
terized by transformation of the Ca®* signaling pathways such
that cellular proliferation, angiogenesis, and potential metasta-
sis and evasion from apoptosis are highly favored (31). Thus,
there appears to be a direct relationship between mitochondrial
dysfunction, elevated [Ca2+]cyto, and tumorigenesis. Therefore,
understanding the mechanisms by which mitochondria buffer
[Ca”]Cyto and whether and how they contribute to tumor cell
survival is key to the development of new therapies.

Although mitochondria contain multiple Ca*" regulatory
mechanisms, the importance of MICU1 has been only recently
established (11, 12). MICU1 has been shown to regulate the
mitochondrial Ca®>" uniporter, which pumps cytosolic Ca>"
into the mitochondria and thus can buffer Ca>" in combination
with the bidirectional mitochondrial Na®/Ca®>" exchanger
(32). Considering the fact that mitochondrial Ca*>* drives mito-
chondrial membrane potential as well as ATP production, the
importance of MICU1 is clear. Whether abnormalities in
MICU1 expression and/or function are important for mito-
chondrial dysfunction in different pathologies or whether

17616 JOURNAL OF BIOLOGICAL CHEMISTRY

MICUT1 can be targeted for therapy is not known. In this study,
we demonstrate that increased MICU1 expression in cancer
cells enhances the ability of mitochondria to buffer cytosolic
Ca>”". Although enhanced MICUI activity should reduce base-
line [Ca”]cyto (an aspect not studied here), what appears to be
more important is its ability to buffer high levels of [Ca”]cym
(e.g that induced by “AuNPs) that would be normally cyto-
toxic. Interestingly, such enhanced mitochondrial buffering
should have resulted in increased probability of a mitochon-
drial permeability transition pore and thus more apoptosis,
which was obviously not observed in the malignant cells. This
suggests that MICU1 may somehow prevent Ca>" -driven apo-
ptosis in cancer cells, a feature unmasked when MICU1 expres-
sion or function is blocked.

Although the underlying mechanisms by which MICU1 pre-
vents apoptosis are not entirely clear, MICU1 may modulate
mitochondrial depolarization and thus control ATP availabil-
ity. Our data further suggest that MICU1 is important for the
communication between ER and mitochondria such that via
MICU1 and ER stability, as well as reduced apoptosis, are pro-
moted. The close proximity of the mitochondria to the ER
allows for highly efficient communication and for either organ-
elle to monitor Ca®>* fluxes from the other. For example, one of
the central regulatory checkpoints in cells is ER inositol 1,4,5-
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FIGURE 5. Mechanisms by which MICU1 influences *AuNP-induced apoptosis. A, immunoblots of whole cell lysates from A2780 cells for markers of
apoptosis (BAX), antiapoptosis (BCL-2), and proliferation (ERK1/2 and phospho-ERK1/2 (ph-ERK1/2)) showed that * AuNPs increased expression of proapoptotic
factors. In the presence of MICU1 siRNA (KD), these effects were substantially enhanced. The enhancement of * AuNP-induced apoptosis by blocking MICU1
(through siRNA; KD) was also demonstrated by increased cytosolic expression of cytochrome ¢ (CytoC). Scr, scrambled siRNA . B, these effects of * AuNPs were
absentin OSE cells. NT, nontreated controls. C, the effects in A2780 cells begin after 2 h of exposure to " AuNPs in the knockdown cells. D, separately inhibition
by Ru360 leads to increased activity of caspase 3 in A2780 cells with only a modest effect in OSE cells (relative to nontreated controls). Tubulin was used as a
loading control. Values are means *+ S.D., n = 3. ** indicates significant “AuNP effect (p < 0.001).
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FIGURE 6. Uniporter contributes to ER stress in malignant cells. A, in A2780 cells loaded with the fluorescent ER Ca>* indicator mag-fluo-4, “AuNPs
produced substantial ER Ca®" release (decreased fluorescence). In the presence of Ru360, base-line ER Ca®* was higher, but * AuNP-induced release of ER Ca®*
was comparable with control (n = 3). However, ER uptake of Ca®" was more rapid in Ru360-treated cells. A. U., absorbance units. 8and C, these +AuNP-induced
changes in ER Ca®" were paralleled by enhanced expression of ER stress proteins such as phospho-PERK (phPERK), total PERK, BiP, and IRE1« (but not protein
disulfide isomerase) in A2780 cells (B) but not in OSE cells (C). NT, nontreated controls.

ing ER stress response is BiP. Under normal cellular conditions,
BiP binds PERK and IREe, thus rendering them inactive. How-

trisphosphate receptors that are inhibited by the antiapoptotic
protein Bcl-2, which is overexpressed in tumor cells (31, 33).

Bcl-2 affects apoptosis/survival by regulating mitochondrial
outer membrane permeability (14, 34, 35). Bax and other pro-
apoptotic proteins form a pore in the outer mitochondrial
membrane that allows release of cytochrome c into the cytosol
and subsequent activation of downstream caspases. Our find-
ings show that in tumor cells, only when MICUL is inhibited
does exposure to * AuNPs result in reduced Bcl-2 and elevated
Bax, thus promoting apoptosis. Separately, perturbations in
normal ER function can trigger the ER stress response, such as
the unfolded protein response or changes in the ionic condi-
tions of the ER lumen (17, 36). One of the main ER chaperones
that targets misfolded proteins and regulates Ca®>* binding dur-
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ever, during ER stress, BiP binds to unfolded proteins, subse-
quently releasing both PERK and IRE« (37, 38). Upon release,
PERK suppresses mRNA production of the proapoptotic pro-
tein IRE« in response to the unfolded protein response. Our
data demonstrate the importance of mitochondria and MICU1
in these relationships, preventing " AuNP-induced ER stress to
occur in cancer cells.

Overall, the data presented in this study demonstrate how
surface modified nanoparticles could be utilized to study mech-
anisms such as MICU1 that modulate a number of intracellular
processes including Ca®>" homeostasis, apoptosis, proliferation,
and ER stress. Future studies should focus on the engineering of
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nanoparticles to better understand the mechanism of the mul-
tidrug-resistant properties of cancer cells. This in turn may
allow malignant cells to be sensitized to chemotherapeutics and
further inhibit tumor growth and metastasis. Furthermore, our
results highlight the importance of synergizing nanoparticle
design with targeted interference with cellular mechanisms,
such as mitochondria, to enhance cytotoxicity in cancer
therapy.
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