Inhibition of tumor growth and metastasis
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Although biomedical applications of nanotechnology, which typi-
cally involve functionalized nanoparticles, have taken significant
strides, biological characterization of unmodified nanoparticles
remains underinvestigated. Herein we demonstrate that unmodi-
fied gold nanoparticles (AuNPs) inhibit the proliferation of cancer
cells in a size- and concentration-dependent manner by abrogating
MAPK-signaling. In addition, these AuNPs reverse epithelial-mes-
enchymal transition (EMT) in cancer cells by reducing secretion of
a number of proteins involved in EMT, up-regulating E-Cadherin,
and down-regulating Snail, N-Cadherin, and Vimentin. Inhibition of
MAPK signaling and reversal of EMT upon AuNP treatment inhibits
tumor growth and metastasis in two separate orthotopic models
of ovarian cancer. Western blot analyses of tumor tissues reveal
up-regulation of E-Cadherin and down-regulation of Snail and
phospho-MAPK, confirming the reversal of EMT and inhibition of
MAPK signaling upon AuNP treatment. The ability of a single self-
therapeutic nanoparticle to abrogate signaling cascades of multiple
growth factors is distinctive and purports possible medical applica-
tions as potential antitumor and antimetastatic agent.

drug delivery | heparin-binding growth factors

M ajor efforts in biomedical nanotechnology have concentrated
in the area of drug delivery and biosensor applications. Al-
though size- and shape-dependent physico-chemical and opto-
electronic properties of inorganic nanoparticles have been studied
in detail (1), their biological properties remain to be elucidated.
Gold nanoparticles (AuNPs), in particular, have attracted wide
attention in various biomedical applications because they are bio-
compatible, easy to synthesize, characterize, and surface modify
due to the strong ability of AuNPs to bind to —-SH- and -NH,-
containing molecules (2). Thus, biological molecules, particularly
proteins, can serve as important substrates in binding to AuNP
through cysteine and lysine residues. The preferential binding of
cysteine/lysine-rich proteins to AuNP may then alter their structure
and biological functions, allowing AuNPs to be exploited as a
therapeutic agent. We recently demonstrated that AuNPs upon
binding HB-GFs (Heparin-binding growth factors) such as vas-
cular endothelial GF 165 (VEGF165) and basic fibroblast GF
(bFGF) inhibited their function due to the unfolding of the protein
structure (3). Since HB-GFs are critically important for angio-
genesis and epithelial-mesenchymal transition (EMT), a mecha-
nism that confers metastatic potential to tumor cells, AuNPs may
find wide applications as therapeutic agents in angiogenesis-
dependent disorders and in preventing tumor growth and me-
tastasis in cancer (4).

Epithelial ovarian cancer (EOC) is one of the deadliest among
gynecologic malignancies (5). Despite optimal surgical debulking
and carefully designed chemotherapeutic regimen, relapse is al-
most inevitable with a more aggressive drug-resistant phenotype
and metastatic spread (6). EMT is one of the main mechanisms
underlying development of cancer metastasis, which induces stem-
like properties and confers drug resistance to tumor cells (7, 8).
Thus, reversing the process of EMT could potentially be a unique
therapeutic approach to sensitize drug-resistant cells to chemo-
therapeutics and to inhibit metastasis. Repression of E-Cadherin
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(E-Cad) is the hallmark of EMT and occurs through transcrip-
tional repressors such as Vimentin, Snail, Slug, Twist, etc. (8-10).
Down-regulation of E-Cad expression by its transcriptional
repressors through several compensatory and independent
mechanisms poses a challenge for anti-EMT therapy (11-13).
Since AuNPs can inhibit the function of a multitude of HB-GFs
responsible for EMT (3, 14, 15), it can potentially act as a multi-
functional molecule to reverse epithelial plasticity, thereby inhib-
iting tumor growth and metastasis. A number of inflammatory GFs
containing the HB domain are pivotal in regulating EMT such as
VEGF165, HB-EGF, bFGF, TGF-p, TNF-a, etc., which are
overexpressed in ovarian cancer and other solid tumors (16). In
clinical samples, high levels of these HB-GFs correlate with ad-
vanced stage of the disease, increased metastasis, and poor survival
(17). Thus, ovarian cancer represents an important model to test
the self-therapeutic anti-EMT and antitumor property of AuNPs.

Results

AuNPs Inhibit the Proliferation of Ovarian Cancer Cells in a Size-
Dependent Manner. AuNPs synthesized by the citrate reduction
method without any further modification were used for all of the
studies and are referred to as unmodified nanoparticles in this
paper. To determine a relationship between the size and the
biological function of the nanoparticles, we used AuNPs of four
different sizes (circa 5, 20, 50, or 100 nm) and characterized
them by transmission electron microscopy (TEM), dynamic light
scattering (DLS) and zeta potential measurements (Figs. S1 and
S2). Next we sought to determine the effect of these AuNPs on
the proliferation of three different ovarian cancer cell lines—
A2780, OVCARS, and SKOV3-ip cells—and compare them with
normal ovarian surface epithelial (OSE) (18) cells. Our findings
demonstrated that both size and concentration of AuNPs play a
pivotal role in inhibiting the proliferation of ovarian cancer cells
(as determined by *[H]-Thymidine incorporation), in a time-
dependent manner (Fig. 1 and Fig. S3). While 20 nm AuNPs
exhibited the highest efficacy at 72 h in inhibiting the prolif-
eration of SKOV3-ip cells, AuNPs of 5 nm showed only a modest
inhibition, whereas no inhibition was observed with AuNPs of 50
and 100 nm size (Fig. 1). Furthermore, the proliferation of
normal OSE cells was not affected (Fig. S44). AuNPs exhibited
similar size and concentration-dependent effects on A2780 and
OVCARS cells (Fig. S3). These results clearly demonstrate that
the inhibitory effect of AuNPs is dependent on surface size, with
20 nm AuNPs showing the greatest efficacy. Since our working
hypothesis is that secreted GFs from malignant cells are inhibi-
ted by AuNPs, most of our experiments are performed under
starving conditions. However, it is important to test the efficacy
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Fig. 1. Inhibition of cellular proliferation, downstream signaling, and uptake
is dependent on the size of AuNPs. Serum-starved A2780 cells were incubated
with (A) 5 nm, (B) 20 nm, (C) 50 nm, or (D) 100 nm AuNPs for either 24, 48, or
72 h. [3H]Thymidine incorporation is represented as fold proliferation. (E) Se-
rum-starved SKOV3-ip was incubated with 20 nm AuNPs (different concen-
trations) for 48 h, and 20 pg of cell lysates were immunoblotted with antibodies
to p42/44-phospho (p42/44-ph) and total p42/44 (Total) levels in the cell extracts.
a-Tubulin was used as a loading control. (F) Cellular uptake of AuNPs into cells.
The uptake was determined by measuring the gold concentration in cells using
INAA. The y axis represents gold concentrations as percentage of microgram
of total dry mass of cells. Values are means + SD. *P < 0.05, **P < 0.001.

of AuNPs in various serum levels. As shown in Fig. S4B, 20 nm
AuNPs (20 pg/mL) inhibit the proliferation of A2780 cells in the
presence of different concentrations of serum. These results clearly
illustrate that the interactions between AuNPs and proteins is a very
dynamic and complex process that warrants further investigation.

Inhibition of MAPK Activation and Intracellular Uptake Is Dependent
on the Size of AuNPs. MAPK cascades play a central role in various
biological processes such as meiosis, mitosis, etc. (17). Of interest is
the activation (via phosphorylation) of p42/44, which when stimu-
lated by several stimuli including GFs contributes to the increased
proliferation of tumor cells (10). Furthermore, activation of this
pathway is also known to induce EMT in cancer cells (19). Since
AuNPs disrupt HB-GF-mediated signaling (3, 20, 21), we wanted
to determine whether inhibition of AuNP-mediated proliferation
could be due to an inhibition of MAPK activation in cancer cells.
Our results revealed a substantial, concentration-dependent in-
hibition of p42/44 phosphorylation in ovarian cancer cells. While
a modest inhibition was observed at lower concentration, complete
abrogation of p42/44 phosphorylation was achieved when SKOV3-
ip cells were treated with 20 pg of 20 nm AuNP for 48 h (Fig. 1E).
Similar results were also observed with A2780 and OVCARS cells
(Fig. S5 A and B). However, MAPK activation was marginally al-
tered by 50 and 100 nm AuNPs (Fig. S5 C and D). These results
suggest that 20 nm AuNPs inhibit the proliferation of ovarian
cancer cells through abrogation of the MAPK signaling cascade.
We also probed for two other major MAPK pathways, the Jun
N-terminal kinase (Jnk), and p38 MAPK pathways (Fig. S5 C and D).
These pathways are referred to as stress-activated protein kinase
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pathways (22). These pathways are activated due to environmental
and genotoxic stress and play a key role in cellular proliferation.
However, we did not observe any change in activation of either of
these kinases after AuNP treatment (Fig. S5 C and D). It is likely
that the efficacy of 50 and 100 nm AuNPs is limited due to the lack
of GF binding to their respective surfaces. To verify the GF
binding, we used an ELISA for bFGF to determine the concen-
trations of unbound bFGF remaining in solution after incubation
with AuNPs (SI Materials and Methods). As shown in Fig. SSE, the
amount of bFGF bound to the 50 and 100 nm AuNPs is less than
5%, compared with the 20 nm AuNP, which shows maximum
binding. Interestingly, the antiproliferative effect of AuNPs corre-
lated with their intracellular uptake, as quantified by Instrumental
Neutron Activation Analysis (INAA). While the uptake for 5 and 20
nm AuNP was the highest, least uptake was seen for AuNPs of 50 and
100 nm size (Fig. 1F). The cellular uptake of the AuNPs was further
confirmed using TEM (Fig. S6). We also wanted to investigate any
proapoptotic property of AuNPs after treating ovarian cancer cells
with various concentrations of nanoparticles for 48 h in starving
conditions using DAPI staining and Annexin/propidium iodide (PI)
assay, respectively. It is clear from Fig. S7 that the nuclei in the AuNP
treated cells (SKOV3-ip) are intact and similar to nontreated cells,
suggesting absence of cell death. These observations were further
supported by the Annexin—FITC/PI assay demonstrating lack of
induction of apoptosis upon AuNP treatment. These data suggest
that, in addition to inhibiting the function of secreted HB-GFs,
internalized AuNPs may also alter intracellular processes of the
tumor cells, leading to the abrogation of the MAPK signaling. We
performed all of our subsequent experiments with 20 nm AuNP as
it demonstrated the highest efficacy to inhibit the proliferation and
abrogate MAPK signaling of ovarian cancer cells.

AuNP Treatment Alters the Cytokine Profile in Ovarian Cancer Cells.
To further understand the mechanism of AuNP-mediated in-
hibition of MAPK activation, we wanted to determine whether
treatment with 20 nm AuNPs altered the cytokine profile in the cell
lysates and conditioned media of ovarian cancer cells (Fig. 2.4A-D).
Treatment with AuNP substantially reduced hepatocyte GF (HGF),
urokinase plasminogen activator (uPA), and bFGF levels, while the
Serpin E1 level increased in the lysate of A2780 cells. However, in
the conditioned media of AuNP-treated A2780 cells, transforming
GF-p (TGF-p1), matrix metalloproteinase 8 (MMP 8), TNF-
inducible gene 14 protein (TSG-14), and uPA levels decreased
substantially, whereas the Serpin 1 level increased (Fig. 2.4 and C).
While the levels of bFGF, interleukin-8 (IL-8), and uPA decreased
significantly in the lysate of SKOV3-ip cells after AuNP treatment,
the level of Serpin E1 increased in the lysate as well as in the
conditioned media. Similarly, Dipeptidyl peptidase 4 (DDP4), IL-8,
PDGEF, and uPA decreased significantly in the conditioned media
of AuNP-treated SKOV3-ip cells, and the levels of Serpin E1 and
thrombospondin-1 (THBS-1) increased (Fig. 2 B and D). Since all
of these proteins are known to activate the MAPK pathway in
cancer cells through various mechanisms, down-regulation of these
proteins upon AuNP treatment further supports the anti-
proliferative effect of AuNP due to abrogation of MAPK signaling.

To determine the effect of AuNP on the expression of dif-
ferent GFs at the transcriptional level, quantitative RT-PCR
experiments were performed for few selected targets in A2780
and SKOV3-ip cells that exhibited more than twofold change
upon AuNP treatment (Fig. 2 E and F). GAPDH was used as the
housekeeping gene control and the expression levels of the GFs
were normalized with respect to GAPDH. It is evident from Fig.
2 E and F that uPA, bFGF, PDGF, and HGF were also transcrip-
tionally down-regulated by AuNPs. However, TGF-f and Serpin E1
exhibits opposite effect at the transcriptional level, suggesting an-
other level of complexity in the regulation of these proteins.

Treatment with AuNP Reverses Epithelial Plasticity of Ovarian Cancer
Cells. Almost all of the cytokines discussed above have been
implicated in tumor growth and metastasis in various cancers
including ovarian cancer through the up-regulation of EMT
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pathways (epithelial plasticity) (9, 23-26). Repression of E-Cad is
a hallmark of EMT and occurs through transcriptional repressors
such as Vimentin, Snail, Slug, Twist, etc. (8-10). Therefore, we
next determined the expression level of several EMT markers in
AuNP treated versus control (nongold) samples. Incubation of 20
nm AuNPs with SKOV3-ip cells led to a significant up-regulation
of E-Cad with concomitant down-regulation of its repressors
Vimentin, N-Cad, and Snaill, thereby supporting anti-EMT
function of AuNPs (Fig. 2E). However, the expression levels of
Twist were not affected. Confocal immunofluorescence studies
were performed to determine the localization of E-Cad in control
and AuNP-treated SKOV3-ip cells 48 h posttreatment. Previous
studies demonstrated that in epithelial cells E-Cad was pre-
dominantly localized in the plasma membrane, whereas in mes-
enchymal cells it was mainly localized in the perinuclear region
(27-29). As shown in Fig. 2H, Upper, E-Cad was predominantly
localized in the perinuclear regions of the control cells. However,
in AuNP-treated cells, a decrease of E-Cad from the perinuclear
region and a concomitant increase in the E-Cad signal at the cell
membrane was noticed (Fig. 2 H, Lower). Increase in cell—cell
contact was also noted through F-actin staining with fluorescently
labeled phalloidin. Moreover, a total increase in the E-Cad signal
intensity was also noticed in the treated cells, which corroborates
with our immunoblotting data, depicting an overall increase in
E-Cad in AuNP-treated cells supporting its anti-EMT function.

AuNPs Inhibit Tumor Growth in Vive. Since AuNPs inhibited the

proliferation of ovarian cancer cells and demonstrated anti-EMT
function in vitro, we next sought to determine their therapeutic

6702 | www.pnas.org/cgi/doi/10.1073/pnas.1214547110

Merge
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Mesenchymal to Epithelial transition. Effect of cit-
rate-capped AuNP treatment for 48 h on the ex-
pression and localization of E-Cad in SKOV3-ip cells.
A-D show the staining for control cells and A’-D’ for
nanoparticle-treated cells. D and D’ represent the
merged images for DAPI (nucleus, blue), Phalloidin
(F-Actin, green), and E-Cad (red). (Scale bar, 10 um.)

properties in vivo using two orthotopic mouse models of ovarian
cancer. In the first model, where tumor growth was primarily lo-
calized into the ovary, we surgically implanted A2780-luciferase
(luc) intrabursally into the ovaries (6-8-wk-old athymic nude fe-
male mice) and monitored the tumor growth noninvasively using
bioluminescence over time (30). In the second model, we surgi-
cally implanted SKOV3-ip-luc cells intrabursally into the ovaries
and monitored the tumor growth and metastasis noninvasively as
stated above (Materials and Methods) (31). After 3 wk of 3 d/wk of
L.p. injection of AuNPs, the mice (n = 5) were killed and tumors
and metastatic nodules (see Fig. S84 for a representative image)
were collected and measured. A substantial reduction in bio-
luminescence was observed in AuNP-treated mice (Fig. 34) be-
fore euthanasia. The mice treated with 200 pg or 400 pg of 20 nm
AuNPs had a ~threefold reduction of tumor mass, whereas the
100 pg treatment had a ~1.5-fold decrease compared with the
PBS-treated controls (Fig. 3B). Likewise, analysis of gold content
demonstrated that the mice treated with 200 pg and 400 pg had
a three- to fourfold difference in AuNP uptake into tumors
compared with the mice treated with 100 pg of 20 nm AuNPs (Fig.
30C). Significant uptake was also noticed in liver, with marginal
uptake in the lungs and kidneys (Fig. S8D). However, histological
analysis of the organs did not reveal any sign of inflammation or
toxicity in AuNP-treated groups (Fig. S8E). Absence of potential
toxicity of AuNPs was also reported earlier (32). Further TEM
analysis confirmed the passive uptake of AuNPs into the tumors
(Fig. 3D). To corroborate our in vitro data, we examined the ef-
fect of AuNPs on cell proliferation in vivo by Ki67 staining of the
tumor samples (Fig. 3 £ and G). Treatment with 200 pg of 20 nm
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Fig. 3. AuNPs reduce tumor growth in a mouse model of ovarian cancer.
A2780-luc cells were surgically implanted intrabursally into the ovaries (6-8-
wk-old athymic nude female mice) and monitored the tumor growth non-
invasively using bioluminescence over time. (A) Mice treated with AuNPs
displayed a remarkable diminution in flux compared with the PBS-treated
controls (NT). (B) Final tumor mass of the PBS-treated (NT) and AuNP-treated
mice (NT). (C) Gold uptake into tumors using INAA analysis after necroscopy
exhibiting a significant concentration-dependent increase (compared with
the 100 pg treatment). (D) Representative TEM of tumors from mice treated
with 200 pug of 20 nm AuNP postnecropspy. (E) Image analysis of Ki67
staining showing a notable reduction in the treated samples compared with
the PBS-treated mice (NT). (F) AuNP treatment of mice with A2780 tumors
significantly decreased microvascular density. (G) Representative histology
of tumors from mice xenografts of A2780 cells with Ki67 expression (Middle)
and CD31 expression (Right). Note in the treated sample the presence of
AuNPs. Values are means + SD. **P < 0.001, *P < 0.05.

AuNP showed the highest effect, with ~70% decrease in Ki67
positive cells compared with the PBS-treated group (NT; Fig. 3E).
Mice treated with 400 pg showed a 55% reduction in Ki67-posi-
tive cells, whereas the 100 pg—treated group showed a 40% re-
duction. Treatment with AuNPs also revealed a substantial
decrease in number of blood vessels as determined by CD31
staining (Fig. 3 F and G), consistent with inhibitory effect of
AuNPs toward HB-GF. Unlike in vitro results, a significant in-
duction of apoptosis was also noticed in tumor tissues by TUNEL
assay in the AuNP-treated group compared with control (Fig. S9).

AuNP Treatment Inhibits Tumor Growth and Metastasis in Vivo by

Reversing EMT of Tumor Cells. Since AuNPs exhibited anti-EMT
potential in vitro, we next sought to determine their anti-EMT
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efficacy in vivo reflected by the metastatic nodule formation. Since
200 pg/mouse demonstrated the highest therapeutic efficacy to
inhibit tumor growth in the first model, we decided to select this
dose to test the antimetastatic property of AuNP in the SKOV3-ip
model. Nanoparticle (20 nm AuNP, 200 pg/mouse/d) treatment
resulted in a drastic decrease in bioluminescence over the course of
the study (Fig. 44). AuNP-treated mice showed a substantial de-
crease in tumor mass (Fig. 4B) in comparison with sham-treated
(NT) mice. Similarly, a substantial decrease in peritoneal metas-
tasis and a reduction in number of metastatic nodule formation
were observed in AuNP-treated mice compared with NT mice (Fig.
4C). A significant induction of apoptosis was also observed in tu-
mor tissues of the AuNP-treated group compared with control
(Fig. S9). Furthermore, Western blot analyses of the tumor samples
showed a decrease in Snail and a notable increase in E-Cad upon
nanoparticle treatment (Fig. 4D). A notable decrease in the acti-
vation of p42/44 was also observed, corroborating our in vitro data.
All of these findings support the self-therapeutic anti-EMT func-
tion of AuNPs in inhibiting tumor growth and metastasis.

Discussion

EOC is one of the leading causes of morbidity among women
(5). Surgical removal is generally the only option; even so, only
15-20% are suitable for surgery due to late diagnosis (33). Fur-
thermore, despite optimal surgical debulking and meticulously
designed chemotherapeutic regimens, recurrence of the disease
with drug-resistant phenotype and metastatic spread is a common
event (6, 33). EMT is considered to be a key mechanism that
confers stem-like properties to the epithelial cancer cells, leading
to metastasis and drug-resistant phenotype (9, 16). Thus, reversing
the process of EMT could potentially be a unique therapeutic ap-
proach to sensitize drug-resistant cells to chemotherapeutics and to
inhibit metastasis. However, down-regulation of E-Cad expression
by its transcriptional repressors such as Vimentin, Snail, Slug, Twist,
etc., through several redundant and independent mechanisms,
poses a challenge for anti-EMT therapy (11-13). Since AuNPs can
inhibit the function of a multitude of HB-GFs responsible for EMT
(3, 15), it can potentially act as a multifunctional molecule to reverse
epithelial plasticity, thereby inhibiting tumor growth and metastasis.

In this study, we demonstrate that AuNPs exhibit unique an-
titumor and anti-EMT properties that inhibit tumor growth and
metastasis in two orthotopic models of ovarian cancer. The in-
hibition of cellular proliferation in vitro is primarily due to the
abrogation of MAPK signaling, initiated by HB—GFs secreted by
the cancer cells (Fig. 1). However, the proliferation of normal
OSE cells is not affected, presumably because these cells have a
diminished capability to secrete said GFs. The reduction of p42/44
phosphorylation is most likely due to AuNPs binding and inhib-
iting the function of HB-GFs as reported earlier (3, 20, 21). Since
MAPK activation is a central pathway in tumor cell proliferation,
AuNPs may find useful application in abrogating this pathway
to inhibit tumor growth (34). Interestingly, the inhibitory effect of
AuNPs is found to be correlating with their intracellular uptake
pattern (Fig. 1F). These data suggest that, in addition to inhibiting
the function of secreted HB-GFs, internalized AuNPs may also
alter intracellular processes of the tumor cells, leading to the
abrogation of the MAPK signaling cascade. To further understand
the biological effects of internalized AuNPs, we investigated the
cytokine profile in the cell lysates and conditioned media of the
cancer cells after AuNP treatment.

Treatment with AuNP altered the cytokine profile in the con-
ditioned media and cell lysates of ovarian cancer cells (Fig. 2 A-
D). This treatment reduced the levels of a number of cytokines,
such as HGF, TGF-f, bFGF, PDGF, uPA, etc., responsible for
MAPK activation and EMT in cancer cells (35-38). For example,
it has been reported that the uPA receptor (uPAR) is overex-
pressed in HEp3 carcinomas, promoting its rapid growth, and
initiates the signaling cascade that triggers the phosphorylation of
p42/44 (35, 37). This activation promotes uPA to bind to uPAR,
thus creating a positive feedback loop. Likewise, a dose-dependent
increase was seen in Serpin E1, which inhibits uPA. In addition,
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Serpin E1 may also have a role in regulating tumor angiogenesis
and growth (36). It is also evident from Fig. 2 E and F that uPA,
bFGF, PDGF, and HGF were also transcriptionally down-regu-
lated by 20 nm AuNPs. However, TGF-f and Serpin E1 exhibited
opposite effects and the transcriptional level, suggesting another
level of complexity in the regulation of these proteins. It should be
further noted that many of the GFs are autoregulated, such that
reduction in their protein level or protein function causes re-
duction in their mRNA induction (39, 40). Together the results
obtained from qRT-PCR and the cytokine array indicate that the
AuNP treatment in the ovarian cancer cell lines does modulate
the expression of the growth both at the transcriptional and
translational level. Since the proteins discussed above are collec-
tively known to induce EMT (19, 25, 41), these results suggest a
possible anti-EMT function of AuNPs.

The anti-EMT function of AuNP was further supported
through the enhanced expression of E-Cad upon AuNP treat-
ment. It is well known that the down-regulation of E-Cad ex-
pression is the hallmark of epithelial plasticity (9, 41). Our data
demonstrated that AuNP treatment resulted in a substantial
increase in E-Cad expression with simultaneous decrease in
Vimentin, Snail, and N-Cad expression in ovarian cancer cells,
further supporting anti-EMT function of unmodified AuNPs
(Fig. 2G). Furthermore, previous studies demonstrated that in
epithelial cells E-Cad is predominantly localized in the plasma
membrane, whereas in mesenchymal cells it is mainly localized in
the perinuclear region (27-29). Our data showed that AuNP
treatment ensued a change in the localization of E-Cad from
a more perinuclear site to the cell membrane, which further
supports reversal of EMT upon nanoparticle treatment (Fig. 2H)
(42-44). Since EMT is recognized to confer drug resistance and
metastatic potential to cancer cells (11-13), AuNPs may find
wide applications to sensitize drug-resistant cancer cells to che-
motherapeutics and to prevent metastasis.

By using human orthotopic models of ovarian cancer we are
able to evaluate the antitumor and antimetastatic property of
AuNPs. Treatment with AuNP significantly inhibited primary
tumor growth in A2780 model (Fig. 3), wherein it significantly
reduced tumor growth and formation of metastatic nodule in
SKOV3-ip models (Fig. 4). It has become evident that the de-
velopmental pathways of EOC are distinct, creating variable
responses to therapeutic strategies (15). Assessment of the his-
tology of the tumor xenografts in the A2780 model yielded
a significant reduction of proliferating tumor cells, as evidenced by
Ki67 staining upon treatment with 20 nm AuNPs (Fig. 3E). Fur-
thermore CD31 staining of the tumor tissues of AuNP-treated
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as a loading control. Values are means + SD. **P < 0.001, *P <
0.05.

mice also demonstrated a reduction in the number of tumor blood
vessels compared with NT mice, consistent with the inhibitory ef-
fect of AuNPs toward HB-GF (Fig. 3 F and G) (45-47). Moreover,
AuNP-mediated reversal of EMT and abrogation of MAPK acti-
vation leading to inhibition of tumor growth and metastasis was
further confirmed by analysis of tumor tissues by Western blot
analysis (Fig. 4D). Western blot analysis clearly revealed an in-
crease in E-Cad expression and decrease in p42/44-phospho and
Snail in AuNP-treated tumor tissues, confirming antimetastatic
property of unmodified AuNP through reversal of EMT.

Although major efforts in biomedical nanotechnology have
concentrated on drug delivery and biosensing applications,
biological characterization of unmodified nanoparticles still
remains underinvestigated. The ability of a single self-therapeutic
nanoparticle to abrogate signaling cascades of multiple GFs is
distinctive and purports possible medical application. By abro-
gating MAPK signaling and preventing epithelial plasticity
(EMT), unmodified AuNPs inhibit tumor growth and me-
tastasis in preclinical mouse models of ovarian cancer. Our
findings present a unique biological function of unmodified
nanoparticles and pave the way for future investigation on the
use of inorganic nanoparticles as a class of antitumor and
antimetastatic agents.

Materials and Methods

Materials. Materials are provided in SI Materials and Methods.

Fabrication of 20 nm AuNP for Animal Model. Citrate AuNPs were prepared as
previously reported (48). The synthesis process is provided in SI Materials
and Methods.

Western Blot Analysis. Cell lysates were prepared and Western blot analyses
were performed as described previously (3), and protein concentration was
determined using the Protein Assay Kit (Bio-Rad) (detailed procedure is
provide in S/ Materials and Methods).

Cell Proliferation Assay. Ovarian cells (2 x 10%) were seeded in 24-well plates
and cultured overnight, and [*H]thymidine assay was done as described
previously (21) (S/ Materials and Methods).

TEM. Transmission electron micrographs of the tumor cell lines and tumor
tissues were taken on a TECNAI 12 operating at 120 kV (49) (detailed method
provided in S/ Materials and Methods).

Cellular Apoptosis Assay. The assay is described in SI Materials and Methods,
“Measurement of Gold Content by Instrumental Neutron Activation
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Analysis.” Samples were analyzed by INAA as previously described (49), and
details are provided in S/ Materials and Methods.

Human Angiogenic Cytokine Array. A2780 cells were seeded at 4 x 10°in 60 mm
dishes and allowed to grow under normal conditions overnight, and the assay was
performed according to manufacturer’s instruction (S/ Materials and Methods).

Real-Time PCR. Total RNA was isolated from untreated and AuNP-treated
A2780 and SKOV3-ip cells using RNeasy Plus Mini kit (QIAGEN). RNA was first
retrotranscribed using iScript cDNA Synthesis kit (Bio-Rad), and then real-time
PCR was carried out using TagMan SYBR Green Master Mix (Applied Bio-
systems). The comparative C; method was used to calculate the relative
abundance of the mRNA and compared with that of GAPDH expression (50).
The experiments were performed twice in triplicates. Primer sequences for
qRT-PCR are provided in S/ Materials and Methods.

Confocal Microscopy. A total of 5,000 cells of SKOV3-ip were plated per well of
a four-chamber slide (Labtek) in McCoy’s 5A media supplemented with 10%
(volivol) FBS and 1% (vol/vol) antibiotics (Penicillin/Streptomycin). After in-
cubating overnight in standard conditions, the cells were serum-starved for
24 h and treated with the citrate-capped AuNPs in serum-free McCoy's 5A
media for 48 h (detailed procedure is provided in S/ Materials and Methods).
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Imaging was carried on a LSM780 confocal microscope, and the images were
processed using ImageJ (National Institutes of Health) software (51).

Preclinical Model of Ovarian Cancer. Before injection, tumor cells were washed
twice with PBS, detached by 0.1% cold EDTA, centrifuged for 7 min, and
reconstituted in HBSS (Invitrogen). Cell viability was confirmed by trypan
blue exclusion. For the generation of orthotopic ovarian tumor models,
10 puL of 1 x10° A2780 cells or SKOV3-ip cells containing luciferase (A2780-
luc) were injected into the ovaries of nude mice (ages 6-8 wk) (30, 31).

Immunohistochemistry. Tumor samples were fixed in 4% paraformaldehyde and
stained for H&E, Ki67, or CD31 as previously described (52). Ki67 was determined
by the percentage of Ki67-positive cells in 10 high-powered fields at x100.

Statistical Analysis. All values are expressed as means + SD. Statistical signifi-
cance was determined using two-sided Student t test. For animal experiments,
five mice were assigned per treatment group. To judge the necessary sample
size for proposed experiments, we considered a one-way ANOVA model using
Kruskal-Wallis. *P < 0.05 and **P < 0.001 were considered significant.
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