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Abstract

The tumor microenvironment (TME) plays a key role in the poor prognosis of many cancers.
However, there is a knowledge gap concerning how multicellular communication among the
critical players within the TME contributes to such poor outcomes. Using epithelial ovarian
cancer (EOC) as a model, we show how crosstalk among cancer cells (CC), cancer associated
fibroblasts (CAF), and endothelial cells (EC) promotes EOC growth. We demonstrate here that
co-culturing CC with CAF and EC promotes CC proliferation, migration, and invasion /n vitro
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and that co-implantation of the three cell types facilitates tumor growth /in vivo. We further
demonstrate that disruption of this multicellular crosstalk using a gold nanoparticle (GNP) inhibits
these pro-tumorigenic phenotypes /in vitro as well as tumor growth /n vivo. Mechanistically,

GNP treatment reduces expression of several tumor-promoting cytokines and growth factors,
resulting in inhibition of MAPK and PI3K-AKT activation and epithelial-mesenchymal transition
- three key oncogenic signaling pathways responsible for the aggressiveness of EOC. The current
work highlights the importance of multicellular crosstalk within the TME and its role for the
aggressive nature of EOC, and demonstrates the disruption of these multicellular communications
by self-therapeutic GNP, thus providing new avenues to interrogate the crosstalk and identify key
perpetrators responsible for poor prognosis of this intractable malignancy.
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Introduction

Gold nanoparticles (GNP) have demonstrated intrinsic therapeutic potential in a variety
of disease models [1]. Using cancer cells (CC) only models, GNP were found to act
directly on CC to inhibit the survival, growth, and metastasis of cancers of the breast [2],
cervix [3], ovary [4], pancreas [5] and prostate [6], as well as leukemia [7], melanoma [8],
multiple myeloma [9] and osteosarcoma [10] (Fig 1). GNP transformed activated cancer
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associated fibroblasts (CAF), an important cell type in the tumor microenvironment (TME)
[11], to quiescence by disturbing lipid metabolism [12]. GNP also exhibited antiangiogenic
properties, both /n vitro and in vivo, by either inducing autophagy in endothelial cells (EC),
another important cell type in the TME, or inhibiting several proangiogenic factors [13,

14], thus contributing to block ovarian tumor progression [4]. In CC-CAF co-implantation
models, GNP inhibited growth of both pancreatic and oral tumors by disrupting CC-CAF
crosstalk [4, 5, 15]. Additionally, GNP inhibited CAF activation by obstructing their
communications with CC, EC and CAF [16]. Mechanistically, when introduced into a
biological system, GNP can rapidly adsorb biomolecules to form a dynamic protein corona
on the surface, and further bind, deform and inhibit numerous growth factors, such as
PDGF (platelet derived growth factor), bFGF (basic fibroblast growth factor) and VEGF
(vascular endothelial growth factor) [4, 5, 15, 17, 18]. Based on these observations, as well
as their ability to easily access the TME [19], GNP could be a potential effective therapeutic
candidate to simultaneously target CC, CAF and EC, as well as multiple signaling pathways
initiated by multicellular communications within TME. This kind of therapeutic agent, or
multi-target drug, could be more potent than the single-target drug by eliciting synergistic
effects and various antitumor mechanisms, and bring more clinical benefits [20].

The TME is the biological and biochemical milieu surrounding CC. The major TME
constituents range from tissues to molecules, including vasculature, nerves, CAF, EC,
immune cells, and signaling molecules [21, 22]. The highly reactive TME and its
communication with CC play key roles in tumor progression and therapeutic response [23,
24]. Active desmoplasia and angiogenesis are two main features of the reactive TME,

and both are associated with increased aggressiveness and poor prognosis in multiple
cancers [23, 24]. CAF are the principal desmoplastic effector cells, and as such promote
tumor growth, angiogenesis, invasion, and metastasis (Fig 1). CAF enable CC to escape
both immune surveillance and therapeutic attack by secreting soluble factors, exchanging
metabolites with CC, releasing immunosuppressive cytokines, and reducing drug receptors
on CC [25, 26]. EC are the principal angiogenic effector cells, as such they form blood
vessels that provide tumors with oxygen and nutrients as well as routes for metastasis.
Also, EC secrete molecules such as IL-6, EGF, Jagged-1 and FGF2 to directly promote
CC growth and induce epithelial to mesenchymal transition (EMT), stem cell phenotype,
and docetaxel resistance [27-30]. Likewise, CC, by releasing cytokines and growth factors
such as TGFB, PDGF, FGF2, VEGF and ANGPT?2, activate CAF and EC, thus promoting
desmoplasia and angiogenesis [31, 32]. Additionally, the crosstalk between CAF and EC
reciprocally activates both cell types [16, 26, 32]. Despite the knowledge about all the
bidirectional crosstalk, the possible triangular crosstalk among CAF, EC and CC, its impact
on tumor progression and its role as a therapeutic target, remains inadequately investigated
and understood. Importantly, effective strategies to interrogate multicellular crosstalk within
the TME and identify key mediators of the communications are lacking. In this context,
the self-therapeutic property of GNP, due to their ability to bind and inhibit a number

of protumorigenic molecules, provides unique opportunities to investigate the TME and
determine specific mediators in an unbiased manner.

High-grade serous carcinoma (HGSC) and undifferentiated carcinoma (UC) respectively
represent the most common type and the type with the worst prognosis among the
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epithelial ovarian cancers (EOC), to which CAF, EC and their derived cytokines impose

a pro-tumorigenic microenvironment [33-35]. In this study (Fig 1), using the typical HGSC
and UC cell lines OV90 and A2780-CP20 (hereafter termed CP20) as EOC models [36-38],
human microvascular endothelial cells (HMEC) and human umbilical vein endothelial cells
(HUVEC) as EC models, and the TAF18 cell line as a primary ovarian CAF model [39],

we investigated the impact of CC-CAF-EC triangular crosstalk on tumor aggressiveness.
We further investigated the effects of 20 nm diameter GNP on both the crosstalk and the
malignancy, as well as on the underlying molecular mechanisms.

GNP Preparation and Characterization

We previously reported the effect of GNP of different size (5, 10, 20, 50, or 100 nm

in diameter) on the proliferation of a variety of cell lines. GNP of 20 nm exhibited the
greatest efficacy in inhibiting the growth of ovarian CC lines SKOV3, A2780 and OVCARS.
In addition, 20 nm GNPs more effectively inhibited growth factor induced proliferation

of fibroblasts and EC than GNP of other sizes [4, 18]. Thus, we prepared 20 nm GNP
with the citrate reduction method and used them in this study [18]. Physicochemical
characterization of the synthesized GNP with UV-visible spectroscopy gave a surface
plasmon resonance (SPR) band at around 521 nm, indicating successful formation of GNP
(Fig S1A). Hydrodynamic diameter and surface charge of the GNP was determined to

be 23.9 nm (Fig S1B) and —-41.9 mV (Fig S1C) by dynamic light scattering and zeta
potential measurement, respectively. The shape and size of the GNP was further validated
by transmission electron microscopy, which confirmed the formation of spherical GNP of
approximately 20 nm in diameter (Fig S1D).

Cocultured CAF and EC promoted CC proliferation

We recently reported that the conditioned media (CM) from ovarian CC (CP20, OV90,
OVCAR4), ovarian CAF (TAF18, TAF19) and EC (HMEC, HUVEC) induce morphological
changes, migration, and activation markers of the CAF via the TGFB1, PDGF, uPA and
TSP1 pathways [16]. These CM also promote tube formation and migration of the EC by
VEGF-VEGFR?2 signaling [39]. The molecular crosstalk among the three cell types and its
impact on tumor aggressiveness, however, has not been studied. To reveal the impact of
the tri-cellular crosstalk on CC, we initially co-cultured all three cell types together, so that
signaling due to either secretory factors or direct cell-cell contact could not be overlooked
at the outset, and measured cell proliferation. Antecedently, to clearly distinguish CC, we
generated EGFP-expressing derivatives of CP20 (CP20-EGFP) and OV90 (OV90-EGFP).
EGFP fluorescence at 488 nm was confirmed and was directly proportional to cell number;
thus, fluorescence directly reflected the number of CC and was used as a readout for

cell proliferation in coculture (Fig 2A). To determine whether CAF and EC promoted CC
proliferation, varying numbers of cells were seeded in complete mixed medium (complete
mixed media was a 1:1:1 mixture of individual complete media for CC, CAF and EC in
order to support all cell types well). Twenty-four hours after cell seeding, the complete
mixed medium was replaced with serum-free mixed medium to eliminate the influence

of FBS on cellular phenotype. Cell state and growth were checked daily by microscopy.
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All cells looked healthy and grew steadily, except the individually cultured TAF18 and
HUVEC which stopped growing upon withdrawal of FBS. Experiments were terminated

at day 7, cells were imaged, and fluorescence was measured (Fig 2B, C). Fig 2A and

Fig 2C show that autofluorescence from all wild type cells was minimal (Groups 11-14

for CP20 composition and 12-15 for OV90 composition). Both quantitative fluorescence
measurements and fluorescence images showed that TAF18 and HUVEC, either individually
or in combination, promoted CC proliferation. The CC proliferation positively associated
with the numbers of TAF18 and HUVEC seeded to the cocultures. It is evident that the
presence of TAF18 and HUVEC together promoted CC growth more effectively than either
single TAF18 or single HUVEC. It is also evident that specific CC:CAF:EC ratios facilitated
optimal CC growth, with 1:1:2 (Group 5) or 1:2:1 (Group 10) for CP 20 and 2:1:4 (Group 6)
or 1:1:1 (Group 11) for OV90. These results indicate that the triangular crosstalk among CC,
CAF, and EC stimulates CC growth and facilitates CC aggressiveness more effectively than
the CC-CAF and CC-EC bidirectional crosstalk, suggesting the usefulness of the three-cell
model in investigating TME.

GNP inhibited the growth of CC cocultured with EC and CAF

We demonstrated in our recent work that GNP inhibit CAF activation by disrupting CC-
CAF, EC-CAF, and CAF-CAF signaling [16], and that GNP inhibit EC angiogenesis by
disturbing CC-EC, CAF-EC, and EC-EC communication [39]. We show above that the
multicellular communication among CC, CAF and EC promoted CC growth (Fig 2). Based
on these findings, we investigated whether GNP, due to their self-therapeutic properties, can
also disrupt this triangular crosstalk. GNP were added to CC-CAF-EC cocultures, and CC
proliferation was monitored by measuring fluorescence (Fig 3). According to the results
shown in Fig 2B, C, we seeded the same number (1000 cells/well) of CAF or/and EC with
CC. The complete medium was replaced with serum-free mixed medium 24 h after cell
seeding, followed by GNP treatment for 7 days. We reported previously that GNP at 20
ug/ml (among 5, 10 and 20 pg/ml) most effectively inhibited the growth of ovarian CC
lines SKOV3, A2780, and OVCARS [4]. GNP at 25 pg/ml (among 5, 10, 25 and 50 pg/ml)
effectively inhibited the growth of pancreatic CC lines AsPC1 and Pancl, and pancreatic
CAF cell lines CAF19 and iTAF [5]. Thus, we used GNP at 25 ug/ml and found this dose
significantly inhibited the proliferation of CP20-EGFP or OV90-EGFP co-cultured with
TAF18, HUVEC (Fig 3A, B), or HMEC (Fig 4A, B) alone, or the combination of TAF18
and EC. These results suggested that GNP may interrupt the triangular crosstalk among
CC, CAF, and EC. Moreover, either coculture or GNP treatment caused morphological
changes to CC (Fig 4A). Some CP20-EGFP and OV90-EGFP cocultured with TAF18

and HMEC looked smaller, while some cells treated with GNP became bigger and better
spread, two days after coculture or treatment. Noticeably, relatively more OV90-EGFP
cells in coculture displayed fibroblast-like morphology compared to monoculture, whereas
relatively fewer exhibited such changes upon GNP treatment (Fig 4A). These observations
suggest that the cells may undergo EMT or the reverting mesenchymal-epithelial transition
(MET). We therefore investigated if the triangular crosstalk among CC, CAF and EC
promotes CC migration and invasion, two key EMT functional phenotypes that demonstrate
aggressiveness of CC, and whether GNP treatment can blunt such aggressive phenotypes.
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Supernatants of cultures treated with GNP inhibited CC proliferation, migration, invasion

and EMT

The cellular secretome is a major mediator of cell communication [40]. Previously, we
demonstrated that GNP disrupts communication between pancreatic CC and stellate cells
by altering their cell secretomes [5]. Therefore, herein, we checked whether the phenotype
changes observed above (Fig 4) were at least partially mediated by the corresponding
secretomes. To model the cell secretomes, we collected serum-free supernatants, i.e. CM,
from the cocultures of CC, TAF18, and HMEC (equal numbers for each cell type were
seeded) and from the CC monocultures that were incubated with or without 25 pg/ml
GNP for two days. We then used the CM to treat CC for three days, and compared their
growth. We found that the coculture CM, as compared to the monoculture CM, stimulated
the proliferation of CC significantly more. The CM from GNP-treated monocultures or
cocultures, as compared to the PBS-treated (Control) counterparts, exhibited less stimulatory
effect (Fig 5A). The proliferation changes mediated by the CM (Fig 5A) were comparable
to those mediated by the comprehensive communication (Fig 4B). These results clearly
indicated that the cell secretome plays a critical role in inducing the growth of CC.

Next, we investigated the stimulatory effect of coculture CM on the migration and invasion
of OV90-EGFP cells (designated as OV90 hereafter). The CM from coculture (equal
numbers for OV90, TAF18, and HMEC, for clarity designated as “MIX” hereafter) induced
more migration and invasion than did the CM from CC monoculture, whereas CM from
GNP-treated cultures inhibited CC motility more compared to CM from Control (Fig S2,
Fig 5B, C). Since EMT is a dynamic process by which CC loosen their cell-cell junctions
and gain migratory, invasive, and metastatic properties [41], and we already observed the
related morphological (Fig 4A) and functional changes (Fig S2, Fig 5B, C), we next sought
to confirm that EMT was implicated in the coculture-induced or GNP-inhibited cell motility
by examining the molecular marker changes. Indeed, treatment of OV90 with the coculture
CM upregulated the expression of Fibronectin, Collagen I, N-cadherin, a SMA and Twist
as compared to treatment with the monoculture CM (Fig 5D). Importantly, these EMT
markers were downregulated when OV90 were treated with CM from GNP-treated cultures.
Furthermore, OV90 treated with CM from GNP-treated culture exhibited upregulated
expression of E-cadherin, a marker for epithelial transition. These results suggest that the
CM from coculture contains key mediators for CC proliferation, EMT, migration, and
invasion. These aggressive potentials can be suppressed by GNP via altering the cellular
secretome that mediates multicellular communication. Thus, we next tried to identify the
key molecules in the secretome that are responsible for endowing CC with the aggressive
potential and for the impact of GNP on this potential, as well as the key intracellular
signaling in CC.

GNP decreased levels of cytokines that initiate MAPK and PI3-AKT pathways leading to CC
proliferation and EMT

CM from OV90 monoculture treated with PBS, and cocultures (equal numbers of OV90,
TAF18 and HMEC) treated with either PBS or 25 ug/ml GNP for two days were collected
as described above (for clarity in figure labeling, these CM were designated as OV90
CON, MIX CON, and MIX GNP, respectively). The CM were subjected to antibody-based
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cytokine array to determine the expression of 105 cytokines and growth factors that mediate
cell communication (Fig 6A). Blot images were converted to values using the Quick Spot
image analysis tool according to the array usage directions. Values were then manually
adjusted based on spot area and intensity (Tab S1). An expression heatmap of the cytokines
was drawn, by ranking the ratio of the coculture control to the OV90 control (highest top,
Fig 6B). We used Enrichr, a web-based tool for gene set enrichment analysis and annotation
[42], to analyze the expression data. To get meaningful information, we input the valid gene
symbols of the 79 cytokines with = 1.5-fold changes (p < 0.1) between the two control
cultures (ratio of MIX CON / OV90 CON or OV90 CON / MIX CON = 1.5) (Tab S2) to
Enrichr. KEGG pathway results showed that: (1) PI3K-AKT (phosphatidylinositol 3 kinase
- protein kinase B), (2) MAPK (mitogen activated protein kinase) and (3) Ras signaling
pathways (Fig 6C, Tab S3) were among the top 10 relevant and significantly altered (P <
0.001) pathways. Gene Ontology (GO) Biological Process results showed that: (1) positive
regulation of MAPK cascade, (2) positive regulation of cell proliferation, (3) positive
regulation of protein phosphorylation, and (4) positive regulation of ERK1 (extracellular
signal-regulated kinase 1) and ERK2 cascades (Fig 6C, Tab S4) were among the top 10
relevant and significantly altered (P < 0.001) processes. GO Molecular Function results
classified: (1) cytokine activity and receptor binding, (2) growth factor activity and receptor
binding, and (3) chemokine activity and receptor binding (Fig 6C, Tab S5) as among the top
10 relevant and significantly altered (P < 0.01) functions.

To get meaningful information, we input the valid gene symbols of the 52 cytokines with

< 0.8-fold changes (p < 0.1) between the GNP-treated coculture and the control coculture
(ratio of MIX GNP / MIX CON or MIX CON / MIX GNP < 0.8) to Enrichr (Tab S6).
KEGG pathway results showed that: (1) MAPK, (2) PI3K-AKT and (3) Ras signaling
pathways (Fig 6D, Tab S7) were among the top 10 relevant and significantly altered (P

< 0.001) pathways. GO Biological Process results showed that: (1) positive regulation of
the MAPK cascade, (2) positive regulation of ERK1 and ERK2 cascades, (3) regulation of
peptidyl-tyrosine phosphorylation, and (4) positive regulation of cell proliferation (Fig 6D,
Tab S8) were among the top 10 relevant and significantly altered (£ < 0.001) processes.
GO Molecular Function results classified: (1) cytokine activity and receptor binding, (2)
growth factor activity and receptor binding, (3) chemokine activity and receptor binding, and
(4) phosphatidylinositol bisphosphate kinase activity (Fig 6D, Tab S9) as among the top 10
relevant and significantly altered (£ < 0.001) functions.

It is notable that most of the top-ranked KEGG pathways, GO biological processes, and
GO molecular functions associated with coculture (M1X CON vs OV90 CON) and those
associated with GNP treatment (MIX GNP vs MIX CON) were the same or similar

(Fig 6C, 6D), except that if coculture promoted a pathway (process, or function), then
GNP treatment inhibited it, and vice versa. This suggested that these pathways, processes
and functions are readily affected and important for the cell behaviors discussed herein.
Specifically, the common and top relevant “Ras signaling pathway”, “MAPK cascade”, and
“ERK1 and ERK?2 cascades” pointed to the activation of the classical MAPK pathway
(Cytokines-Ras-Raf-MEK-ERK1/2) that directly participates in the regulation of cell
proliferation [43]. The analysis-identified cytokines that initiated this signaling pathway
were angiopoietin-1, Fas Ligand, FGF basic, FGF-7, growth hormone, 1L-11, LIF, MCP-3,
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M-CSF, MIP-lalpha/MIP-1beta, PDGF-AA, PDGF-AB/BB, RAGE, TARC, TGF-alpha and
TNF-alpha. Consistently, the expression of these cytokines was upregulated by coculture

as compared to monoculture, and downregulated by GNP as compared to PBS (Fig 6E).
Another common and top relevant pathway was identified as PI3K-AKT that also actively
regulates cell proliferation [43]. Cytokines activating this pathway were angiopoietin-1,

Fas Ligand, FGF basic, FGF-7, growth hormone, PDGF-AA, PDGF-AB/BB, M-CSF and
TNF-alpha. Again, expression of these cytokines was upregulated by coculture as compared
to monoculture, and downregulated by GNP as compared to PBS (Fig 6E). Equally
importantly, both the MAPK and PI3K-AKT pathways play a key role in the induction

of EMT [44, 45].

To validate the involvement of ERK1/2 and AKT activation in coculture and the effect of
GNP treatment, we treated the starved OV90 with the three CM, and found that ERK1/2
(Thr202 / Tyr204) and AKT (Thr308 / Ser473) were phosphorylated more by the coculture
control CM than the monoculture control CM, whereas the GNP-treated coculture CM
inhibited the phosphorylation of ERK1/2 (Thr202 / Tyr204) and AKT (Ser473) (Fig 6F).

These results demonstrated that some cytokines and growth factors were upregulated in

the CM from coculture, initiated MAPK and PI3K-AKT pathways, and promoted CC
proliferation and EMT. One the other hand, GNP inhibited the processes by downregulating
these cytokines and growth factors. Next, we investigated if GNP can inhibit the
multicellular communications and tumor aggressiveness /1 vivo.

GNP inhibited tumor growth and reversed EMT

We used human xenograft tumor models to validate our /n vitro findings and to investigate
the effect of GNP on tumor aggressiveness. OV90 cells (1x108 cells/mouse) alone or with
TAF18 cells (1x108 cells/mouse) and HMEC (1x10° cells/mouse) were inoculated into
nu/nu mice subcutaneously. Mice were assigned to one of three treatment groups: (1)
OV90 only tumor control (OV90 CON), (2) mixed-cell tumor control (MIX CON), and (3)
mixed-cell tumor GNP treatment (MI1X GNP). Mice were injected with either GNP 200
pg/mouse through the tail vein three times a week, or an equal volume of PBS (for CON)
once tumors attained a volume of 100 mm3. The dosage of GNP was determined based

on our previous data showing that this dose, compared to 100 and 400 pg/mouse, achieved
the best therapeutic effect on A2780 and SKOV3 orthotopic tumors. Despite significant
uptake to the liver and marginal uptake to lungs and kidneys, no sign of toxicity was seen
in those animals [4]. Since the in-group body weight variation was minimal (22.33+1.19 g
and 23.34+2.27 g at the beginning and the end of the experiment, MIX GNP group, Fig
7A), administration of GNP as pug/mouse instead of pg/mg body weight allowed the GNP
concentration to remain practically constant for all the mice, while also limiting disturbance
of the animals. Mouse health status and tumor size (Fig 7B) were monitored throughout
the experiment as mandated by the IACUC. Several mice were removed from study early:
one OV90 CON mouse did not develop tumor; two MIX CON mice developed cachexia;
one MIX GNP mouse died by tail vein injection; and one mouse inoculated with MIX did
not form tumor. Physical appearance, activity and body weights of the mice did not differ
significantly between and among groups, suggesting mouse tolerance of the GNP dosage
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(Fig 7A). Animals were euthanized and weighed, and tumors were collected and weighed
before the tumors attained IACUC-mandated limits (Fig 7C). Both the average volume

and weight of tumors in the M1X CON group were significantly greater than in the OV90
CON group, suggesting that the tricellular crosstalk promoted tumor growth. Importantly,
treatment of the co-inoculation tumors with GNP significantly inhibited tumor growth,
further confirming the ability of GNP to disrupt multicellular crosstalk within the TME. No
indications of cytotoxicity in any mouse were seen in the hematoxylin and eosin (H&E)
staining of various organs (Fig 7D, Fig S3). Biodistribution and accumulation analysis
showed that GNP were significantly enriched in liver (0.4 ug Au/mg Organ) and spleen (0.2
ug/mg) (Fig 7E). GNP accumulation in the tumor (0.4 ng/mg) was much lower than these
two organs, but comparable to lung (2 ng/mg) and kidney (0.6 ng/mg), suggesting that the
particles can directly act on CC and TME cells, besides binding the secreted and circulating
cytokines.

H&E staining of tumor tissues did not show much difference among the groups, but the CC
in some areas in the MIX CON group seemed smaller and denser compared to the other

two groups, suggesting they are faster growing and at a different stage in EMT (Fig 7D).
Ki67 (proliferating cell marker) staining of tumor tissues showed there were more active
proliferating CC in MIX CON than in OV90 CON, whereas GNP treatment significantly
decreased the number of proliferating cells (Fig 8A). CD31 (EC marker) staining by “anti-
mouse + anti-human” antibodies showed that the total micro-vessel density (MVD) was
more pronounced in MIX CON than in either OV90 CON or MIX GNP (Fig 8B), suggesting
greater angiogenic activity in the co-inoculation tumor which was inhibited by GNP. aSMA
(CAF marker) staining, to assess fibroblast activation, using an antibody reactive to both
mouse and human aSMA, showed more CAF interspersed with CC in MIX CON than in
either OV90 CON or MIX GNP (Fig 8C), suggesting enhanced activation of fibroblasts in
co-inoculation tumors which was decreased upon GNP treatment. To further validate the

in vitrofinding of EMT induction in coculture and its inhibition by GNP treatment, we
assessed expression of multiple EMT markers in tumor tissues (Fig 8D). Upregulation of
Fibronectin, N-cadherin, a SMA and Twist, accompanied by downregulation of the epithelial
marker E-cadherin was seen in MIX CON compared to the OV90 CON. GNP treatment

of mice with co-inoculation tumors downregulated the EMT markers and upregulated E-
cadherin, validating the /n vitro findings and supporting the conclusions that CAF and EC, in
concert, promote ovarian tumor aggressiveness, and that GNP treatment effectively disrupts
the tricellular communication. Finally, we assessed activation of ERK1/2 (Thr202 / Tyr204)
and AKT (Thr308 / Ser473) in tumor tissues, and observed that phosphorylation of the
kinases was increased in MIX CON compared to OV90 CON. Importantly, phosphorylation
of ERK1/2 (Thr202 / Tyr204) and AKT (Ser473) was decreased in MIX GNP compared

to MIX CON (Fig 8E). These data reinforced the /in vitro observations that coculture,
through the cellular secretome, promotes aggressive behaviors of CC via ERK1/2 and AKT
signaling, and that GNP disrupts these processes by inhibiting the pathways.

Discussion

Multicellular interactions of CC, CAF, and EC in a triangular fashion have not been
thoroughly studied, in part due to the lack of models incorporating all the functioning
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components [46, 47]. Herein, we established comprehensive /in vitroand in vivo ovarian
cancer models that serve to illustrate the triangular crosstalk among CC, CAF, and EC.

Our /n vitro models combined HGSC OV90 cells or undifferentiated ovarian carcinoma
A2780-CP20 cells, with ovarian cancer primary CAF TAF18 cells, and HMEC or HUVEC;
our /in vivomodel combined OV90 cells, TAF18 cells and HMEC. /n7 vitro investigation
indicated that both TME cells promote CC proliferation, that the more TME cells are
present then the faster CC grow, and that the simultaneous presence of the two types of
TME cells promotes CC growth more effectively than either single TME cell type. /n

vivo, OV90 co-inoculated with TAF18 and HMEC at equal numbers gave rise to tumors
almost three times the size of tumors arising from OV90 alone. At the tissue level, more
blood vessels were formed in the co-inoculation tumors than in the CC only tumors.

At the cellular level, more CAF were recruited to the sites of CC in the co-inoculation
tumors than in CC only tumors. At the molecular level, multiple cytokines, including
angiopoietin-1, FGF basic, FGF-7, growth hormone, PDGF and M-CSF, were upregulated in
the CM of CC-CAF-EC coculture compared to CC monoculture. These cytokines initiated
the MAPK and PI3K-AKT signaling pathways that mediated CC proliferation and tumor
growth. Indeed, activated ERK1/2 phosphorylates ribosomal S6 kinases (RSK) and both
ERK and RSK translocate to the nucleus where they activate multiple transcription factors
such as EIk-1, CREB and Fos, resulting in effector protein synthesis and cell survival

and proliferation [48]. ERK1/2 activation phosphorylates Bim and Bid, and causes Bim
degradation and Bad sequestration to inhibit apoptosis and increase cell survival. ERK1/2
phosphorylates FOX0O3a to enhance FOXO3a degradation that leads to cell proliferation,
transformation, angiogenesis and tumor progression [48]. ERK1/2 also activates various
other transcription factors including carbamoyl phosphate synthetase 11 (CPS 1) to facilitate
DNA synthesis and cell cycle progression [43]. Cooperatively, activated AKT drives CC
growth via activating mammalian target of rapamycin (mTOR) to initiate protein synthesis,
activating mouse double minute 2 homolog (MDM2) to inhibit p53 mediated apoptosis, and
inhibiting Bad, p27, glycogen synthase kinase-3 (GSK-3) and FOXO transcription factors
1 and 4 (FOXO1/4) to suppress apoptosis and promote cell cycle [43]. Thus, the triangular
crosstalk among ovarian CC, CAF and EC mediated at least partially by cytokines secreted
by the cells involved, not only promotes EC angiogenesis [39] and CAF activation [16], as
we reported previously, but also supports tumor growth.

We observed that coculture induced CC EMT as evidenced by morphological, functional
and molecular marker changes [41]. The underlying mechanism as we deduced based on
our findings could also be the cytokines induced MAPK and PI3K-AKT signaling. In fact,
classical RAS-RAF-MEK-ERK-MAPK signaling, activated by cytokines or growth factors,
acts as a major EMT-inducing pathway. Activated ERK1/2 enables EMT by upregulating
EMT transcription factors such as Twist and the regulators of cell migration and invasion
such as Rho GTPases [44, 45]. The PI3K-AKT pathway activates transcription factors
binding to the promoters of genes encoding EMT transcription factors such as Twist and
Snail, inhibits the expression of genes encoding cell adhesion molecules, and induces EMT
[44, 45].

MAPK and PI3K-AKT are two major signaling pathways activated in patient EOC
tissues and contribute significantly to the progression of this malignancy [49]. EMT can
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further aggravate the process by inciting cell fate transitions, increasing CC survival and
upregulating drug resistance genes [50]. Accordingly, inhibitors of the key molecules

in MAPK and PI3K-AKT pathways such as sorafenib, a multi-kinase (receptor tyrosine
kinases and serine/threonine kinase) inhibitor, was shown to improve the progression-free
survival of platinum-resistant ovarian cancer patients in a phase 1 trial [51]. Anti-EMT
therapies were reported to reverse therapy resistance in vitro or in vivo as exemplified by
Twist-targeting siRNA that sensitized ovarian cancer to cisplatin and suppressed tumor
growth [52]. Interestingly, PD98059, a MEK inhibitor, impaired cisplatin-resistance of
ovarian CC by repressing the ERK pathway and EMT processes [53].

We evaluated the effects of GNP on ovarian cancer aggressiveness in the context of the
TME. We found that GNP suppressed the growth, EMT, migration and invasion of OV90
cells /n vitroand OV90 derived tumors /n vivo. Mechanistically, GNP inhibited tumor
angiogenesis and CAF accumulation around CC. GNP downregulated multiple cytokines
that activate MAPK and PI3K-Akt signaling pathways. Treatment with GNP reportedly
modulates levels of multiple cytokines, growth factors and other secreted proteins. For
example, treatment of prostate CC with 60 nm GNP upregulated 1L-10 and CXCL3 and
downregulated MMP9 and CCL2 [6]. GNP altered levels of HGF, IL-6, IL-8, PDGF-AA,
TGF-B1 and VEGF secreted by CAF from oral squamous cell carcinoma (OSCC), and
downregulated these cytokines in the tissues of OSCC xenograft tumors [15]. Our previous
work showed that GNP changed the secretomes of pancreatic CC, pancreatic stellate
cells (pancreatic CAF) [5], ovarian CC [4, 16] and ovarian CAF [16]. The mechanisms
by which GNP regulates protein expression are not fully understood. The interaction
between GNP and biological systems results in the formation of a protein corona around
the nanoparticles. The physicochemical properties of GNP (such as size, shape, charge,
concentration, surface modifications) and characteristics of proteins (such as amino acid
residues, domain, abundancy) are among the most important determinants of the protein
corona composition [17]. Some proteins, such as those rich in -SH and -NH2 residues [54]
or heparin-binding domains [14] may preferentially bind to GNP and become the major
components of the corona. Formation of protein coronas reduces the circulating levels of
free, functional proteins, including those related to mMRNA processing [55], and thus can
regulate protein expression on both protein and mRNA levels [4-6].

Conclusions

In summary, we used ovarian CC, CAF, and EC for /n vitro coculture and /n vivo
co-inoculation models to investigate the triangular communication among the three cell
types, the effects of the communication on cancer aggressiveness, and the inhibitory effects
of GNP. We found that the TME cells promoted cancer growth and EMT via cytokines

that initiate MAPK and PI3K-AKT pathways. GNP, by downregulating the cytokines,
inactivating MAPK and PI3K-AKT pathways, inhibiting cell proliferation, reverting EMT,
preventing tumor angiogenesis and the recruitment of CAF to CC, suppressed cancer
aggressiveness. This work provided experimental evidence that the triangular crosstalk
among CC, CAF and EC promotes EOC progression and that interrupting the crosstalk
using GNP is a promising therapeutic strategy.
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Material and methods

Preparation and Characterization of 20 nm GNP

Cell Culture

GNP (20 nm in diameter) were prepared as previously described [39]. Briefly, 5 ml of

10 mM HAuCI4-3H20 (tetrachloroauric acid trihydrate, 520918, Sigma-Aldrich, St. Louis,
MO) in 185 ml water (endotoxin-free, 786671, G Biosciences, St. Louis, MO) was heated
to boiling in a 500 ml flask. Fifteen ml of sodium citrate (1%, 1613859, Sigma) preheated
to 70°C was added to the flask 4 min later. The solution was boiled for 14 min with active
agitation until the color changed to dark purple. The solution was then stirred overnight at
25°C. The GNP was then characterized using UV-visible spectroscopy (Spectrostar Nano,
BMG, Cary, NC), dynamic light scattering (Zetasizer Nano, Malvern Panalytical, Malvern,
UK), zeta potential measurement (Malvern Zetasizer Nano) and transmission electron
microscopy (Hitachi H-7600, Chiyoda, Tokyo, Japan). To concentrate them, the GNP was
centrifuged at 10000 rpm for 20 min at 10 °C immediately before use. To determine the
concentration of GNP, the original solution was concentrated 16 folds; OD for both original
and concentrated solutions were measures at 800 nm and 522 nm. The concentration of the
original solution was calculated as follows: 30.02 x total initial volume x (OD520-OD800)
of concentrated/[as synthesized volume x (OD520-OD800) of as synthesized]. All GNPs
were used within two weeks of preparation.

Human EOC cell line A2780-CP20 (designated as CP20) was a kind gift from Dr. Anil
Sood (MD Anderson Cancer Center, Houston, TX); OV90 was from American Type Culture
Collection (Manassas, VA). EGFP (enhanced green fluorescent protein) stably expressing
CP20 or OV90 cells were established by transfecting the cells with pcDNA3-EGFP vector
(Watertown, MA) with FUGENE 6 Transfection Reagent (E2691, Promega, Madison, WI).
All cell lines were cultured in RPMI 1640 (10-040-CV, Corning, NY) with 10% Fetal
Bovine Serum (FBS, 16000-044, Life technologies, Carlsbad, CA) and 1% Penn-Strep
(15140-122, Life technologies). Primary ovarian CAF TAF18 were isolated and identified in
this laboratory [39], grown in DMEM:F12 (10-090, Corning, NY) with 15% FBS and 1%
Penn-Strep, and used up to passage 7. HMEC, a kind gift from Dr. Xin Zhang (OUHSC
Stephenson Cancer Center, Oklahoma City, OK), and HUVEC (Lonza, Walkersville, MD)
were propagated in Endothelial Cell Growth Medium 2 (EGM, CC-3162) and used up to
passage 7 [56]. When different types of cells were cultured together, the mixed cells were
grown in a mixed medium prepared by combining equal volumes of the individual medium
for each of the three cell types. All cells were maintained in a humidified 95% air and 5%
CO2 atmosphere at 37 °C.

Preparation of Conditioned Media (CM)

CM from GNP-treated or PBS-treated (control) CC (CP20-EGFP or OV90-EGFP) alone

or from cocultures (CC + TAF18 + HMEC) was prepared. Briefly, 5x10° CC alone, or
“5x10° CC + 5x10° TAF18 + 5x10° HMEC” were seeded to culture dishes (T1110, Thomas
Scientific, Swedesboro, NJ) of 10 cm in diameter, and cultured in complete mixed medium
for 16 h. Media were replaced with serum-free mixed medium for 16 h. The cells were then
treated with 25 pug/ml GNP or the same volume of PBS in fresh serum-free mixed medium
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for 48 h. The serum-free media were collected, centrifuged for 6 min at 1500 rpm to remove
cell debris, then centrifuged for 20 min at 20000 rpm at 10 °C to remove the GNP, and used
within 1 h or stored at =80 °C for later use.

Proliferation assay

Proliferation of EGFP labeled CC was evaluated by EGFP fluorescence intensity. Specific
numbers of CP20-EGFP or OV90-EGFP, either alone or mixed with TAF18 and HUVEC
or HMEC cells, were seeded onto 96-well plates (1156F02, Thomas Scientific) in complete
mixed medium for 16 h. Media were replaced with serum-free mixed medium. The cells
were then left untreated, or treated with 25 pug/ml GNP, an equivalent volume of PBS, or
CM for three or seven days. Cell images were taken with a Zeiss Axiovert 200M inverted
fluorescence microscope before processing for fluorescence intensity measurement. Cell
media were removed by inverting and shaking the plates gently. Trypsin (30 pl) was added
to each well and incubated for 5-10 min to ensure complete cell detachment. PBS (200

ul) was then added to each well. Cells were resuspended by pipetting and then allowed to
settle. Trypsin (30 pl) plus PBS (200 ul) without cells was used as blank control. OD488
was measured as an indicator of cell number using CLARIOstar microplate reader (BMG
Labtech, Cary, NC). Experiments were performed in sextuplicate and repeated 3 times.

Migration assay

OV90-EGFP cells were starved in RPMI 1640 for 16 h, trypsinized, and seeded onto
each transwell (3422, Corning) at 80,000 cells in 200 pul RPMI 1640 containing 0.1%
BSA (bovine serum albumin, A2153, Sigma). Cell migration was induced by CM added
immediately after seeding to the outwells at 700 ul/well for 16 h. Cells were fixed and
dyed using 0.2% crystal violet (C0775, Sigma) in 20% ethanol. Cells inside the inserts
were cleared away with cotton swabs. Cells migrated across the membrane were then
photographed and counted using ImageJ. For analysis, migration induced by CM from
OV90 only/PBS was set as 100%. Experiments were done in duplicate and repeated three
times.

Invasion assay

OV90-EGFP cells were starved in RPMI 1640 for 16 h, trypsinized, and seeded onto each
invasion chamber (354480, Corning) at 100,000 cells in 300 pl RPMI 1640 containing 0.1%
BSA. Cell invasion was induced by CM added immediately after seeding to the outwells
800 pl/well for 24 h. The subsequent steps were as described in the “Migration assay”.
Experiments were done in duplicate and repeated three times.

Western Blotting

OV90-EGFP cells were starved for 16 h and then incubated with CM for 48 h (for EMT
marker expression) or 10 min (for ERK1/2 and AKT activation). Cells were collected

after washing with PBS twice, and lysed with RIPA buffer (BP-115, Boston BioProducts,
Ashland, MA) containing Protease Inhibitor Cocktail (78440, ThermoFisher Scientific,
Waltham, MA) and Phosphatase Inhibitor Cocktail (78420, ThermoFisher Scientific) on
ice. Xenograft tumor tissues from mice were lysed by sonication in RIPA buffer on ice. The
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concentration of proteins in the lysate was determined with BCA Protein Assay Kit (23227,
Thermo-Fisher). Lysates (5 ug - 60 ug proteins/lane) were separated on 6% - 12% SDS-
PAGE gels and transferred to P\VDF membranes (1620177, Bio-Rad, Hercules, CA). The
membranes were blocked in 5% nonfat milk (M7409-1BTL, Sigma)/PBST (0.1% Tween-20,
P1379, Sigma, in PBS) at RT for 45 min, and then incubated with primary antibodies at

4 °C overnight. HRP-coupled secondary antibodies were applied at RT for 1 h, followed

by blotting development with Clarity Western ECL Substrates (1705061, Bio-Rad) or
SuperSignal West Femto (T1271896A, ThermoFisher). Primary antibodies used were Abcam
(Cambridge, MA) rabbit anti-Fibronectin (1:1000, ab23751), rabbit anti-collagen 1 (1:1000,
ab34710); BD Biosciences (San Jose, CA) mouse anti-N-cadherin (1:2000, #610920),
mouse anti-p-catenin (1:1000, 610154); Sigma rabbit anti-Twist (1:1000, SAB1411370),
rabbit anti-GAPDH (1:10000, G9545); and Cell Signaling (Danvers, MA) mouse anti-E-
cadherin (1:2000, 5296), rabbit anti-vimentin (1:1000, 5741), rabbit anti-a-SMA (1:1000,
19245), rabbit anti-Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (1:1000, 4370), rabbit
anti-p44/42 MAPK (Erk1/2) (1:1000, 9102), rabbit anti-Phospho-Akt (Thr308) (1:1000,
13038), rabbit anti-Phospho-Akt (Ser473) (1:1000, 4060), mouse anti-Akt (pan) (1:1000,
2920). Secondary antibodies were Sigma goat anti-mouse 1gG (1:10000, A4416) and goat
anti-rabbit 1gG (1:10000, A6154). To detect tumor tissue total Erk or Akt, membranes for
Phospho-Erk or Phospho-Akt were stripped with Stripping Buffer (#BP-98, Ashland, MA)
for 10 min, followed by standard Western Blotting.

Antibody array assay

CM (1 ml each) from OV90-EGFP monocultures, the coculture control, and the GNP-
treated coculture were incubated with antibody array membrane from the Proteome Profiler
Human XL Cytokine Array Kit (ARY022B, R&D Systems, Minneapolis, MN) at 4°C

for 16 h, followed by incubation with biotinylated detection antibody cocktail, streptavidin-
horseradish peroxidase and chemiluminescent detection reagents. Films were developed for
different exposure times. Blot images were scanned with Color LaserJet Pro MFO M477fdn
and quantified with Quick Spot image analysis tool (Western Vision Software, Salt Lake
City, UT). Values were manually adjusted based on spot area and intensity. Experiments
were repeated twice.

Animal studies

Female athymic nude mice (NCr-nu; 6-week old, Harlan Laboratories, Indianapolis, IN)
were housed and maintained under pathogen-free conditions in facilities approved by
American Association for Accreditation of Laboratory Animal Care and in accordance
with regulations and standards of US Department of Agriculture, Department of Health and
Human Services, and National Institutes of Health. Studies were approved and supervised
by the University of Oklahoma Health Science Center Institutional Animal Care and

Use Committee. OV90-EGFP cells (1x108 cells in 100 ul PBS) were inoculated (day 0)
subcutaneously (SC) to the flanks of 10 mice. Mixed OV90-EGFP, TAF18 and HMEC cells
(1x108 + 1x108 + 1x108 in 100 pl PBS) (M1X) were inoculated SC to the flanks of 20 mice.
Mice weights were recorded weekly and their health and behavior were monitored daily.
Once tumors began to appear, tumor sizes were measured with calipers every (other) day.
Tumor volume was calculated as V = W2 x L/2, where W is tumor width and L is tumor
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length. Once the tumor reached 100 mm3, the mice were grouped and treated as: (1) OV90
only: PBS (as OV90 CON), (2) MIX: PBS (as MIX CON), and (3) MIX: GNP (as MIX
GNP), where GNP was injected 200 pg/mouse through the tail vein three times a week. The
experiment was terminated at day 29 when the maximum allowable tumor size was attained.
Tumors were weighed, photographed, and preserved in 10% formalin solution (HT501128,
Sigma) and —80°C.

Tissue staining

Tumor grafts were fixed in 10% formalin solution for 24 h, transferred to 70% ethanol,
embedded with paraffin, serially sectioned at 4 um thickness, and mounted on positively
charged slides. Slides were processed for Hematoxylin and Eosin (HE) staining using
standard protocols. For Ki67 staining, slides were deparaffinized and rehydrated in an
automated Multistainer (ST5020, Leica, Wetzlar, Germany). The slides were then transferred
to the BOND-I111 automated IHC Stainer (Leica) for stepwise incubation with BOND
Epitope Retrieval Solution pH 6 (AR9961, Leica) at 100°C for 20 min, 5% goat serum
(01-6201, ThermoFisher) at 25°C for 30 min, Peroxidase Block (RE7101, Leica) at 25°C
for 10 min, and primary antibody rabbit anti-Ki67 (1:2500, ab16667, Abcam) at 4°C for

16 h. The Bond Polymer Refine Detection System (DS 9800, Leica) was then used to
localize primary antibodies, visualize the targets, and counterstain cell nuclei according to
the manufacturer’s instructions. The slides were dehydrated in Multistainer and mounted
with MM 24 Mounting Media (3801120, Leica). For CD31 and aSMA staining, slides were
deparaffinized in xylene, rehydrated in graded alcohol, subjected to heat-induced antigen
retrieval with pH 6.0 Antigen Retrieval Buffer (ab93678, Abcam) for 20 min, blocked

with 2.5% Horse Serum (30022, Vector Lab, Burlingame, CA) for 1 h, probed with rabbit
anti-human CD31(1:50, ab32457, Abcam) and rabbit anti-mouse CD31 (1:100, #77699,
Cell Signaling) combined, or rabbit anti-a SMA reactive to both human and mouse aSMA
(1:200, #19245, Cell Signaling) at 4°C overnight. Slides were washed and incubated in
Peroxide Block (925B-05, Cell Marque, Rocklin, CA) for 10 min, followed by incubation
with SignalStain Boost Reagent (#8114, Cell Signaling) for 30 min. Sections were
developed with AEC Substrate (ab64252, Abcam), counterstained with 50% hematoxylin,
and mounted with aqueous Mounting Medium (ab64230, Abcam). Negative (omission of
primary antibody) controls were stained in parallel and no staining was observed under these
conditions. To quantify MVD, five microscopic images of 200x fields in each section that
contain the greatest microvessel density (hotspots) were taken. Any red staining of cell or
cell cluster that was separate from adjacent microvessels was considered a single, countable
vessel. The 3 highest vessel counts for each section were used for statistical analysis. All
tumors were counted [57]. To quantify CAF, five microscopic images of 200x fields in each
section that contain the greatest red spots (hotspots) were taken. Any red staining of cell that
was separate from other cells was considered a countable cell. The 3 highest cell counts for
each section were used for statistical analysis. All tumors were counted.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Tissue samples were processed and analyzed as previously described [58-60]. Briefly, 37%
formaldehyde fixed tumor, lung, kidney, liver, and spleen tissue samples were collected
and weighted into borosilicate tubes. Tissue samples were digested by the addition of 0.8
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ml of 16-M nitric acid to each sample. The samples were then incubated in a water bath

at 70°C for 2 h. Next, 0.2 ml of 12-M hydrochloric acid were added to each sample
followed by another hour of incubation using similar digestion conditions as in the previous
step. Samples were allowed to cool to room temperature and then diluted into nanopure
water containing an internal standard of iridium to a final volume of 40 ml. Five ml of
these diluted solutions were filtered through a 0.22-uM syringe filter (MilliporeSigma™
SLGPR33RS) into 15-ml conical tubes. A gold standard curve was prepared using the
same final acid concentration, 2.0% (v/v) nitric acid and 0.5% (v/v) hydrochloric acid as
the digested tissue samples. Elemental analysis was performed with a PerkinEImer Nexlon
2000 ICP-MS at the Mass Spectrometry Facility of the University of Oklahoma. Gold organ
biodistribution (ug of gold / mg of organ) was then calculated.

Data were expressed as mean + SD. One-way ANOVA was performed to compare the
mean among three or more groups using GraphPad Prism 9 software. P value <0.05 was
considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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aSMA a-smooth muscle actin

CAF cancer-associated fibroblast

EBM endothelial cell growth basal medium
EC endothelial cell

EGM endothelial cell growth medium
EMT epithelial-mesenchymal transition
EOC epithelial ovarian cancer

GNP gold nanoparticle
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HMEC human microvascular endothelial cells
HUVEC human umbilical vein endothelial cell
MVD microvessel density
SFM serum-free media
TME tumor microenvironment
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Highlights
. Cocultured EC and CAF promote cancer cell proliferation
. 20 nm GNP inhibit the growth of cancer cells cocultured with EC and CAF
. Supernatants of coculture treated with GNP reduce cancer cell aggressiveness

. GNP downregulate cytokines initiating MAPK and PI3-AKT pathways and
EMT

. Co-inoculated EC and CAF promote tumor growth in vivo and GNP inhibit
the process
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Fig 1.

Potential, necessity and strategy to target multicellular communications in the TME by GNP.

(A) The intrinsic tumor therapeutic potential of GNP has been

demonstrated in CC, CAF

or EC single-cell models, as well as CC-CAF, CC-EC, or CAF-EC two-cell bidirectional
crosstalk models. (B) The impact of the triangular crosstalk among CC, CAF, and EC on

tumor progression, desmoplasia and angiogenesis is not clear,

nor is the effect of GNP

on the crosstalk. (C) This study investigated the triangular crosstalk using ovarian cancer

models and evaluated GNP as a potential multi-target agent.
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Fig 2.

Cc?culture with CAF and EC promotes CC growth. (A) Specified numbers of CP20-EGFP,
OV90-EGFP or wild type (WT) CP20 were seeded to 96-well plates. OD 488 was read

the next day. (B) TAF18, HUVEC, and CP20-EGFP, OV90-EGFP, CP20-WT or OV90-WT
cells were seeded, together or separately, to 96-well plates with the composition and number
indicated in the table. Cells were grown in serum-free medium. Images were taken 7

days after seeding. In the table: CP20=CP20-EGFP, OV90=0V90-EGFP, WT=CP20 WT or
OV90 WT. (C) Cells were trypsinized after imaging with 30 ul trypsin/well, resuspended in
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200 ul PBS, and OD488 was read 30 min later. Experiments were performed in sextuplicate
and repeated 3 times. *, p<0.05, compared to group 1. Scale bar: 100 pm.
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GNP inhibit proliferation of CC cocultured with CAF and HUVEC. (A) TAF18, HUVEC,
and CP20-EGFP or OV90-EGFP cells were seeded, together or separately, to 96-well plates
with the composition and number indicated in the table. Cells were grown in serum-free
medium. Cells were treated with 25 pg/ml GNP or PBS 16 h after seeding. Images were
taken 7 days after seeding. In the table: CP20=CP20-EGFP, OV90=0V90-EGFP. (B) Cells
were trypsinized after imaging with 30 pl trypsin/well, resuspended in 200 pl PBS, and
0OD488 was read 30 min later. Experiments were performed in sextuplicate and repeated 3

Mater Today (Kidlington). Author manuscript; available in PMC 2023 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhang et al.

Page 26

times. *, p<0.05, compared to corresponding control. #, p<0.05, compared to group 1. Scale
bar: 100 pum.
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GNP alter growth and morphology of CC cocultured with CAF and HMEC. (A) CP20-
EGFP or OV90-EGFP cells, alone or with TAF18 and HMEC cells, were seeded to 96-well
plates; 1000 cells/well of each cell type. Cells were grown in serum-free medium. Cells
were treated with 25 pg/ml GNP or PBS 16 h after seeding. Images were taken 7 days after
seeding. The amplified inserts (in red box) highlight OV90 cell morphology. (B) Cells were
trypsinized after imaging with 30 pl trypsin/well, resuspended in 200 pul PBS, and OD488
was read 30 min later. Experiments were performed in sextuplicate and repeated 3 times. *,
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p<0.05, compared to corresponding control. #, p<0.05, compared to CP20 CON or OV90
CON. Scale bar: 100 pm.
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Fig 5.

Sugpernatants of cultures treated with GNP inhibit CC proliferation, migration, invasion

and EMT. CM preparation: 5x10° CP20-EGFP or OV90-EGFP cells were seeded to 10

cm dishes with or without HMEC and TAF18 of equal numbers. Cells were starved from
the next day for 16 h and then treated with 25 pg/ml GNP or PBS in fresh serum-free

media for 2 days. Supernatants were collected and centrifuged to remove cell debris and
GNP. (A) Proliferation: CP20-EGFP or OV90-EGFP cells were seeded at 1000 cells/well to
96-well plates. The following day the CM were added to plates and incubated for 3 days.
EGFP fluorescence intensity was measured after treatment. Experiments were performed

in sextuplicate and repeated 3 times. (B) Migration: OV90-EGFP (designated as OV90
hereafter) cells (8x10* cells) were seeded to each transwell. Migration was induced by CM
added to the outwells for 16 h. Experiments were performed in duplicate and repeated

3 times. (C) Invasion: OV90 cells (1x10° cells) were seeded to each Matrigel precoated
transwell. Invasion was induced by CM added to the outwells for 24 h. Experiments were
performed in duplicate and repeated 3 times. (D) EMT marker expression change upon CM
treatment. OV90 cells were treated for 2 days with CM from OV90 alone or from the OV90,
TAF18 and HMEC cocultures (MIX) incubated with or without GNP. Proteins (5 ug- 50 ug)
in cell lysates were separated with 6% or 12% SDS-PAGE. GAPDH was used as loading
control. Experiments were repeated 3 times. *, p<0.05, compared to corresponding control.
#, p<0.05, compared to CP20 CON or OV90 CON.
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GNP inhibit the MAPK and PI13-AKT signaling pathways by altering the coculture
secretome. (A) CM from coculture treated with 25 pg/ml GNP (MIX GNP) or PBS (MIX
CON), and CM from OV90 treated with PBS (OV90 CON) were collected and subjected
to cytokine antibody array assays. Experiments were performed twice with similar results.
Shown is a typical blot. (B) Blot images were quantified with Quick Spot image analysis
tool. Values were further manually adjusted based on spot area and intensity. An expression
heatmap was drawn. Cytokines were arranged by the ratio of MIX CON to OV90 CON
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(highest top). (C) 79 Cytokines with = 1.5 folds change between MIX CON and OV90
CON were subjected to pathway and GO analysis using Enrichr. Returns were ranked by
P-value (most significant top) and the top 10 returns are shown. The P-value is “computed
from the Fisher exact test which is a proportion test that assumes a binomial distribution
and independence for probability of any gene belonging to any set” (Enrichr). The highest
P-value of the top 10 returns for KEGG pathway, GO biological process and GO molecular
function are 5.2 x 1074, 2.2 x 1075 and 1.4 x 1073, respectively. (D) 52 cytokines with <
0.8 folds change between MIX GNP and MIX CON were subjected to pathway and GO
analysis. Returns were ranked by P-value (most significant top) and the top 10 returns

are shown. The highest P-value of the top 10 returns for KEGG pathway, GO biological
process and GO molecular function are 8 x 1077, 1.7 x 10711 and 5.7 x 107°. (E) Expression
changes of cytokines initiating MAPK and PI3K-AKT pathways. All cytokines shown
initiate MAPK pathway. Cytokines labeled blue initiate PI3K-AKT pathways. * P< 0.05,
compared to MIX CON. (F) ERK1/2 and AKT activation by CM. OV90 cells were treated
for 10 min with CM from OV90 alone or from the OV90, TAF18 and HMEC cocultures
(MIX) incubated with or without GNP. Cell lysates with 10 ug proteins were loaded

to each lane in 10% SDS-PAGE. 10% FBS: phosphorylation positive control, 0% FBS:
phosphorylation negative control; t-ERK1/2 (total ERK), t-AKT (total AKT) and GAPDH:
loading controls.
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GNP inhibit tumor growth without obvious toxicity to host mice. OV90 (1x10° cells/
mouse) with or without TAF18 (1x10° cells/mouse) and HMEC (1x106 cells/mouse) were
inoculated to nu/nu mice subcutaneously. Mice were divided in three groups: (1) OV90

cells alone, PBS treated (OV90 CON), (2) all three cell types, PBS treated (MIX CON),

and (3) all three cell types, GNP treated (MIX GNP). Tumor sizes were measured every
(other) day once the tumor appeared. Treatment began when tumor attained a volume of 100
mm3. Treatments were GNP (200 pg/mouse, iv, 3 times a week) or an equivalent volume

of PBS. (A) Mice body weights before and after experiment. (B) Tumor growth curves.

(C) Tumor weight at collection (10 days after their volume reached 100 mm3). (D) HE
staining of tumors and mouse organs. (E) GNP biodistribution and accumulation in tumor
and organs. Mass of gold (Au) was measured per mass of examined tissue samples with
ICP-MS. N=8 except for Lung group from which one significant outlier was removed. * P<
0.05, compared to MIX CON. Scale bar, 100 uM.
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GNP inhibit tumor aggressiveness by blockade of MAPK and PI3-AKT signaling,
angiogenesis and CAF recruitment. (A) Ki67 staining of tumor tissues and quantification
of the positive cells. (B) Anti-mouse- and anti-human-CD31 staining of tumor tissues and
quantification of the MVD. (C) Anti-aSMA (reactive to both human and mouse) staining
of tumor tissues and quantification of the positive cells interspersed among CC. (D) EMT
marker expression in tumor tissues was examined by WB. Fractions of three biggest tumors
from each group were lysed. Tissue lysates were loaded (10 pg- 60 g proteins) to each
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lane in 6% or 12% SDS-PAGE. GAPDH was used as loading control. (E) Activation of
ERK1/2 and AKT in tumor tissues. The same tissue lysates for (D) with 20 g proteins
were loaded to each lane in 10% SDS-PAGE. t-ERK1/2, t-AKT and GAPDH were used as
loading controls.
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