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Abstract

Altered tumor microenvironment (TME) arising from a bidirectional crosstalk between the 

pancreatic cancer cells (PCCs) and the pancreatic stellate cells (PSCs) is implicated in the dismal 

prognosis in pancreatic ductal adenocarcinoma (PDAC), yet effective strategies to disrupt the 
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crosstalk is lacking. Here, we demonstrate that gold nanoparticles (AuNPs) inhibit proliferation 

and migration of both PCCs and PSCs by disrupting the bidirectional communication via 
alteration of the cell secretome. Analyzing the key proteins identified from a functional network of 

AuNP-altered secretome in PCCs and PSCs, we demonstrate that AuNPs impair secretions of 

major hub node proteins in both cell types and transform activated PSCs toward a lipid-rich 

quiescent phenotype. By reducing activation of PSCs, AuNPs inhibit matrix deposition, enhance 

angiogenesis, and inhibit tumor growth in an orthotopic co-implantation model in vivo. Auto- and 

heteroregulations of secretory growth factors/cytokines are disrupted by AuNPs resulting in 

reprogramming of the TME. By utilizing a kinase dead mutant of IRE1-α, we demonstrate that 

AuNPs alter the cellular secretome through the ER-stress-regulated IRE1-dependent decay 

pathway (RIDD) and identify endostatin and matrix metalloproteinase 9 as putative RIDD targets. 

Thus, AuNPs could potentially be utilized as a tool to effectively interrogate bidirectional 

communications in the tumor microenvironment, reprogram it, and inhibit tumor growth by its 

therapeutic function.
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Desmoplasia is a hallmark of pancreatic ductal adenocarcinoma (PDAC) and characterized 

by the development of a fibrous connective tissue mass arising from the bidirectional 

communication between the pancreatic cancer cells and the pancreatic cancer associated 

fibroblasts, also known as pancreatic stellate cells (PSCs).1–3 Though the molecular 

mechanisms are poorly understood,4–8 a number of growth factors (GFs) and cytokines such 

as transforming growth factor β (TGFβ), basic fibroblast growth factor (FGF2), connective 

tissue growth factor (CTGF), interleukin-1β (IL-1β), vascular endothelial growth factor 

(VEGF), platelet derived growth factor (PDGF), and sonic hedgehog (SHH) are recognized 

to play major roles in the bidirectional crosstalk and perpetual activation of PSCs.9–11 Thus, 

molecularly targeted therapy aimed at disrupting a single pathway has only met with limited 

success in improving therapeutic outcome in PDAC.12 It is recently reported that activated 

PSCs that are characterized by overexpression of alpha smooth muscle actin (α-SMA) and 

low vitamin A content can be reversibly transformed back to their nonactivated, quiescent 
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form.13 Treatment with the vitamin D analogue, Calcipotriol, suppresses pancreatitis and 

desmoplasia in the transgenic KPC (KrasLSL·G12D/+; p53R172H/+; PdxCretg/+) model of 

pancreatic cancer by reprogramming activated PSCs to quiescence.14

Desmoplasia varies within the tumor as well as between patients.15 The combination of high 

stromal activity (characterized by high α-SMA expression) and low collagen deposition was 

reported to have a worse outcome than the combination of high collagen deposition and low 

stromal activity, indicating that the crosstalk between PSCs and PCCs is important for 

PDAC outcome.16 Interestingly, a positive role of fibrotic stroma in restraining PDAC cells 

from undergoing metastasis has also been recently reported.17,18 Together these studies 

emphasize the importance of interrogating and disrupting cellular communications between 

PSCs and PCCs to improve therapeutic efficacy, however, effective strategies are limited.

In this context, we recently reported that gold nanoparticles (AuNPs) possess intrinsic 

therapeutic property.19 We demonstrated that 20 nm AuNPs (among 5, 10, 20, and 100 nm) 

demonstrated the highest efficacy in inhibiting tumor growth and metastasis in two 

preclinical orthotopic models of ovarian cancer by inhibiting activation of mitogen-activated 

protein kinase (MAPK) and reversing epithelial-mesenchymal transition (EMT) via 
downregulation of a number of heparin binding growth factors (HB-GFs) such as PDGF, 

bFGF, TGF-β, and HGF.19 These GFs are also responsible for bidirectional crosstalk in the 

TME of PDAC.9–11 Therefore, the 20 nm AuNPs present an opportunity to disrupt the PCC–

PSC crosstalk, inhibit MAPK-activation, reverse EMT in PCCs, and reprogram the 

pancreatic tumor microenvironment. Hence, in the present report, we investigated whether 

unmodified 20 nm AuNPs could be utilized to disrupt the PCC–PSC crosstalk and 

reprogram tumor microenvironment to inhibit PDAC growth.

RESULTS AND DISCUSSION

We synthesized 20 nm AuNPs by the citrate reduction method19 using endotoxin-free water 

and characterized their physicochemical properties by UV–vis spectroscopy (UV–vis), 

dynamic light scattering (DLS), zeta potential measurements, and transmission electron 

microscopy (TEM) (Supplementary Figures S1A–E and S2). UV–vis spectrum of as 

synthesized AuNPs exhibits a surface-plasmon resonance (SPR) band centered at 522 nm 

(Figure 1A). DLS and zeta potential measurements demonstrate that as synthesized particles 

of hydrodynamic diameter of 20 ± 1.2 nm (based on volume, Figure 1B) with a mean zeta 

potential of −44.3 ± 2.8 mV (Figure 1C) are formed by this method. The core size of the 

nanoparticles is further confirmed by TEM analysis that showed nanoparticles of nearly 20 

nm are formed by this method (Supplementary Figure S2). Next, we investigated stability of 

20 nm AuNPs under different cell culture conditions such as in serum-free culture media, 

conditioned media (CM) from cells, and serum-supplemented culture media. A red-shift in 

the SPR band of as synthesized AuNP was observed when incubated with the conditioned 

media and serum containing media, possibly due to the binding of proteins from the CM and 

serum containing media or some extent of aggregation (Figure 1D). However, a dramatic red 

shift in SPR band was observed when as synthesized AuNPs were incubated with serum-free 

media, suggesting aggregation of AuNPs in absence of proteins either from serum or from 

CM. DLS measurements, exhibiting increase in hydrodynamic diameter of as synthesized 
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AuNPs after incubation with media recapitulating different culture conditions, further 

support the conclusion of the UV–vis studies (Figure 1E). Results from UV–vis and DLS 

measurements were further confirmed by TEM, where nicely dispersed AuNPs were 

observed in water and in serum containing media, whereas AuNP aggregates were seen in 

serum-free as well as conditioned media (Figure S2). The stability results suggest that 

citrate-capped AuNPs, while prone to aggregation in serum-free culture media, but the 

presence of secreted proteins either in conditioned media from cells or in serum, form a 

protective coating which prevents them from substantial aggregation.

To investigate the effect of AuNPs on PCCs and PSCs, we utilized two well-established PCC 

cell lines, AsPc1 and Panc-1, and two patient-derived PSCs, CAF19 and iTAF, that were 

characterized by Western blot and qRT-PCR. Compared to PCCs or the noncancerous 

pancreatic ductal epithelial cells (HPDECs), PSCs expressed higher levels of fibronectin, 

collagen I, collagen III, collagen IV, and α-SMA (Supplementary Figure S3A,B). 

Subsequently, we determined the effect of different concentrations of AuNP on the 

proliferation of PCCs and PSCs by 3H-thymidine incorporation assay. To demonstrate the 

ability of AuNPs to disrupt the cross-talk between PCCs and PSCs due to secretory growth 

factors/cytokines, all the proliferation experiments were carried out in serum-free media. A 

dose-dependent inhibition in proliferation of either PCCs or PSCs was observed, reaching a 

maximum of ~70–80% inhibition at 48 h with 50 μg/mL AuNP (AsPc1: Control: 1 ± 0.18 vs 
0.19 ± 0.03 AuNP; Panc-1: Control: 1 ± 0.06 vs 0.33 ± 0.08 AuNP; CAF19: Control: 1 ± 0.1 

vs 0.3 ± 0.2 AuNP; iTAF: Control: 1 ± 0.2 vs 0.29 ± 0.14 AuNP; p < 0.05) (Figure 1A,B). 

However, to test whether AuNPs retain their antiproliferative activity in the presence of 

serum, we additionally carried out the proliferation experiments under varying 

concentrations of serum (5% and 10%). Importantly, AuNPs retained their antiproliferative 

activity under serum-replete conditions as well (Supplementary Figure S4A). Previous 

studies from various groups including ours have demonstrated that 20 nm AuNPs do not 

affect the proliferation of normal cells like ovarian surface epithelial cells nor do they show 

systemic toxicity after multiple injections over a period of 3–4 weeks,19,20 indicating their 

nontoxic behavior against normal cells. In line with these observations, 20 nm AuNPs did 

not significantly affect the proliferation of normal HPDECs and nonmalignant NIH3T3 

fibroblast cells under serum-free or serum-replete conditions (Supplementary Figure S4B,C, 

respectively).

Next, we investigated cellular uptake of AuNP by PCCs and PSC and their intracellular 

location under the same experimental conditions used in proliferation assays. Instrumental 

neutron activation analysis revealed that both PCCs and PSCs significantly internalized 

AuNPs, intracellular uptake being higher in PCCs (~40% of the treated dose) than in PSCs 

(~30%) (Supplementary Figure S5A). Furthermore, TEM analyses revealed that internalized 

particles are mostly localized in double membrane bound vesicles or in multivescular bodies 

(Supplementary Figure S5B).

Next we investigated the mechanisms by which AuNPs inhibit proliferation of PCCs and 

PSCs. Since growth factor-mediated signaling converges at mitogen activated protein kinase 

(MAPK), signaling cascades that increase proliferative activity of the cells, we determined 

whether AuNPs inhibited activation of MAPK.21 In both PCCs and PSCs, we observed a 
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dose-dependent inhibition of p42/44 MAPK and p38 MAPK at 48 h of AuNP treatment 

(Figure 1C). We also examined the levels of Akt phosphorylation, critical for the progression 

of pancreatic cancer.22 However, Akt phosphorylation was not significantly reduced in PCCs 

and PSCs (Supplementary Figure S6).

Previous reports demonstrated that quiescent PSCs, once activated, support their own growth 

and remodel ECM in an autocrine manner through an expanded secretome.23 To determine 

any effect of AuNP on PSC-mediated ECM synthesis, we performed immunoblot analyses 

of key ECM components such as fibronectin, collagens I, III, and IV, and α-SMA after 

treating CAF19 or iTAF with increasing doses of AuNP for 48 h. Treatment with AuNP 

dose-dependently reduced expression of collagens I and III, α-SMA, and fibronectin in 

PSCs, whereas collagen IV levels remained unaffected (Figure 1D). Similar results were 

obtained in three additional patient-derived PSCs (Figure 1D). Furthermore, treatment with 

AuNP reduced mRNA expression of collagens I and III in all of the PSCs tested except in 

PTAF2 (Figure 1E). Notably, the effects of AuNP on mRNA expression of fibronectin and 

collagen IV were congruent with their protein levels. Moreover, a significant attenuation in 

the mRNA expression of α-SMA and FAP (fibroblast-activating protein) was indicative of 

PSCs transitioning to a more quiescent phenotype. To further investigate the effect of AuNP 

treatment on reverse activated fibroblasts to a more quiescent phenotype, we determined the 

neutral lipid content in AuNP-treated or untreated PSCs using BODIPY493/503 (Figure 1F 

and Supplementary Figure S7) since vitamin A-storing neutral lipid droplets indicate PSC 

quiescence.24 AuNP treatment (25 μg/mL for 48 h) resulted in a significant increase in 

neutral lipid droplet accumulation inside PSCs, whereas these droplets were nearly absent in 

untreated controls. To further investigate the ability of AuNP in lipid droplet accumulation, 

we evaluated mRNA levels of lipid metabolism genes associated with PSC quiescence 

following AuNP treatment14,24 (Figure 1G). The results demonstrate an increase in 

expression of fatty acid binding protein FABP3, FABP4, and FABP7 in a cell-type-

dependent manner, suggesting additional complexities in the reprogramming events. 

Additionally, AuNP treatment increased the mRNA levels of Perilipin-1 (PLIN1), Perilipin-4 

(PLIN4), and fatty acid synthase (FASN). SREBP1a and SREBP2 mRNA levels were, 

however, unaltered by AuNPs in majority of the PSCs studied. Together, these results 

suggest that AuNPs promote lipid synthesis/accumulation in PSCs, a key modulator of their 

quiescence status, which is a subject of future investigation.

We next investigated the ability of AuNPs to disrupt the PCC–PSC crosstalk using a 

conditioned media (CM)-based approach as reported in the literature.25–27 Accordingly, we 

first generated the CM from PSCs with or without AuNP treatment under starving 

conditions and treated PCCs to determine proliferation (Figure 2A). Treatment of PCCs with 

CM of AuNP-treated PSCs decreased PCCs proliferation (determined by fold 3H-thymidine 

incorporation) as compared to CM of control PSCs without AuNP treatment (Panc-1: 

CAF19-CM: 2.94 ± 0.17 fold vs CAF19-AuNP-CM: 1.95 ± 0.34 fold, p < 0.05; iTAF-CM: 

4.86 ± 0.36 fold vs iTAF-AuNP-CM: 2.72 ± 0.41 fold, p < 0.001), (AsPc1: CAF19-CM: 

3.16 ± 0.27 fold vs CAF19-AuNP-CM: 1.38 ± 0.09 fold, p < 0.001; iTAF-CM: 1.74 ± 0.07 

fold vs iTAF-AuNP-CM: 1.36 ± 0.12 fold, p < 0.05) (Figure 2B,C). Similarly, we observed a 

significant reduction in PSC proliferation using CM from AuNP-treated PCCs (CAF19: 

Panc-1-CM: 3.77 ± 0.7 fold vs Panc-1-AuNP-CM: 2.1 ± 0.46 fold, p < 0.05; AsPc1-CM: 5.5 
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± 0.58 fold vs AsPc1-AuNP-CM: 1.5 ± 0.9 fold, p < 0.01), (iTAF: Panc-1-CM: 1.7 ± 0.09 

fold vs Panc-1-AuNP-CM: 1.2 ± 0.08 fold, p < 0.05; AsPc1-CM: 2.7 ± 0.4 fold vs AsPc1-

AuNP-CM: 1.0 ± 0.23 fold, p < 0.01) (Figure 2D,E). To appreciate the role of bidirectional 

crosstalk in proliferation of PCCs and PSCs, we also investigated the effect of CM derived 

from the mixed coculture of AsPc1 and CAF19 cells on the proliferation of AsPc1 and 

CAF19 cells individually (Supplementary Figure S8A,B). We observed that CM obtained 

from a PCC–PSC coculture enhanced proliferation of AsPc1 cells by ~1.5-fold as compared 

to CAF19 CM only and nearly 2-fold in CAF19 cell proliferation as compared to AsPc1 CM 

only. These results suggest that AuNP treatment by altering the levels of secreted factors 

from PSCs and PCCs might disrupt their bidirectional communication. Therefore, next, we 

investigated the ability of AuNPs to disrupt the crosstalk between PCCs and PSCs using 

Boyden chamber-based co-culture migration assays (Figure 2F). AuNP significantly 

inhibited PSC-induced migration of PCCs as compared to untreated control (AsPc1 

migration by CAF19:1.68 ± 0.06 fold vs CAF19–50 μg-AuNP: 1.22 ± 0.07 fold, p < 0.001; 

iTAF: 2.32 ± 0.2 fold vs iTAF-50 μg-AuNP: 1.06 ± 0.21 fold, p < 0.001) (Figure 2G,H). 

Similarly, compared to untreated PCCs, migration of PSCs was significantly reduced when 

cocultured with AuNP-treated PCCs. (CAF19: Untreated AsPc1:1.99 ± 0.13 fold vs AsPc1–

50 μg-AuNP: 0.98 ± 0.06, p < 0.001; Untreated Panc-1:3.23 ± 0.4 fold vs Panc-1–50 μg-

AuNP: 1.52 ± 0.4, p < 0.05). Thus, the combined results of proliferation and migration 

experiments confirm that AuNPs disrupt the cross-talk between the pancreatic cells and the 

stellate cells likely by decreasing the levels of key secretory molecules and inhibiting their 

functions.

Previously, we reported that AuNPs bind HB-GFs such as VEGF165, FGF-2, and PIGF and 

alter their conformation that inhibits their function.28,29 We also demonstrated that AuNPs 

inhibited ovarian tumor growth and metastasis by inhibiting HB-GFs like TGF-β1, bFGF, 

and PDGFAA secretion.19 In the current study, we sought to identify the key molecules 

mediating the crosstalk between PCCs and PSCs in PDAC. We determined the expression of 

56 angiogenesis-related proteins in the CM derived from both AuNP-treated PCCs and PSCs 

using a commercially available angiogenesis array kit. Expression of a number of the 

proteins present in the array was significantly reduced in the CM of both AuNP-treated 

PSCs and PCCs as compared to untreated control CM (Supplementary Table S1). As 

determined from the quantitative analysis of the blotted membrane, TGF-β1, endostatin/

ColXVIII, AREG, DPPIV/CD26, matrix metalloproteinase 9 (MMP-9), EG-VEGF, THBS1, 

PlGF, and CCL2 proteins were the most prominently downregulated secretory molecules 

(≥2-fold decrease, p < 0.05) in PCCs, suggesting a potential role of these molecules in 

mediating the PCC–PSC crosstalk (Figure 3A). Interestingly, TGF-β1, THBS1, endostatin, 

CCL2, and MMP-9 are known to negatively regulate angiogenesis and promote fibrosis.25,26 

Thus, AuNPs by depleting the pro-fibrotic molecule in the CM might potentially inhibit 

desmoplasia. We also determined the mRNA expression of these factors after treating PCCs 

with AuNP for 48 h (Figure 3B). We observed a marked decrease in mRNA expression of all 

of the above molecules except for TGF-β1. In PSCs, AuNP treatment reduced the expression 

of pro-angiogenic factors like bFGF (>6-fold, p < 0.01) and uPA (~2-fold, p < 0.05). 

Interestingly, the levels of multiple pro-fibrotic GFs such as angiopoietin-1 (ANGPT1), 

THBS1, and Activin A (INHBA) (Figure 3C, Supplementary Table S2) were also decreased 
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(ANGPT1: 2.3-fold, p < 0.01; THBS1: 2.1-fold, p < 0.05; INHBA: 2.8-fold, p < 0.05), 

suggesting a switch toward an angiogenic phenotype. Additionally, IL-8, GM-CSF, 

Pentraxin-3, Activin A, PDGFAA and Persephin, implicated in pancreatic tumorigenesis, 

were also downregulated by AuNP-treatment3,30–34 (Figure 3C). Similarly, treatment of 

PSCs with AuNP for 48 h also significantly decreased mRNA expression of many of these 

factors (Figure 3D). Together these results indicate that AuNPs reduced secretion of a 

number of proteins critical for autocrine and paracrine signaling in PCCs and PSCs.

We next investigated the ability of AuNPs to disrupt PCC-induced activation of PSC to 

promote fibrogenesis and matrix production (Figure 4A,B). Notably, CM from untreated 

PCCs upregulated expression of several ECM components in PSCs such as fibronectin, 

collagens I, III, and IV, and activation marker, α-SMA, in comparison to CM from AuNP-

treated PCCs. To identify potential key regulators responsible for altered tumor 

microenvironment among the secretory molecules downregulated by AuNP such as Activin 

A, TGF-β1, PDGFAA, HGF, and bFGF, we treated serum-starved CAF19 cells with these 

secretory molecules and investigated their effect on α-SMA (maker of activated stellate 

cells) and ECM components (Figure 4C). Interestingly, while expression of α-SMA was 

marginally increased by Activin A, TGF-β1, and HGF, only Activin A and TGF-β1 

significantly increased expression of fibronectin (Activin A, ~10-fold induction; TGF-β1, 

~30-fold induction). However, expression of collagen I was modestly upregulated by TGF-

β1 (2-fold) and HGF (1.3-fold), indicating disruption of key regulatory factors responsible 

for the desmoplastic reaction in PDAC by AuNP.

To further determine how alteration of the PSC secretome affects critical signaling pathways 

in PCCs responsible for growth and survival, we treated serum-starved PCCs with CM of 

untreated or AuNP-treated PSCs (Figure 4D,E). Dose-dependent reduction in the activation 

of Akt and p42/44 MAPK signaling in PCCs was observed when incubated with the CM of 

AuNP-treated PSCs as compared to the untreated CM. Oncogenic mutant k-Ras in PDAC 

utilizes three major pathways: Raf/MEK/ERK, PI3K/Pdk1/Akt, and the Ral/GEF.35 The 

results described above indicate that PSC-derived secretory factors further exacerbate these 

pathways and suggest that disruption of these pathways by AuNP treatment may inhibit 

PDAC growth.

To dissect further the mechanism of AuNP action, we determined which secreted factors 

from AsPc1 cells directly bind to AuNPs (Supplementary Figure S8C). To investigate the 

direct binding of secretory molecules with AuNP, we incubated the CM from untreated 

AsPc1 cells with or without 25 μg AuNPs for 6 h and then analyzed the spun down 

supernatant for 56 important GFs/cytokines using commercially available antibody array kit 

as we used in the experiments discussed above. Notable decreases (>50% decrease, p ≤ 0.05) 

in the levels of DPPIV/CD26, THBS1, CXCL16, Coagulation Factor III (F3), and SerpinE1 

were observed. Interestingly, a marginal increase of SerpinE1 was observed when AsPc1 

cells were directly treated with AuNPs, suggesting that besides binding and sequestering the 

secreted proteins, AuNPs also functionally affect the secretory profile of PCCs and PSCs 

and consequently affect the expression of a large number of other secreted factors. To further 

decipher the molecular interactions among the secretory molecules altered upon AuNP 

treatment, we adopted a systems biology approach driven by biological network analysis. To 
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test the functional significance of the proteins downregulated by AuNPs, we constructed and 

used network topology parameters to prioritize proteins for functional experiments. A 

functional network with differentially secreted proteins from iTAF cells yielded 22 nodes 

based on 94 interactions derived from multiple data types (coexpression: 76.65%; 

colocalization: 10.71%; shared-protein domain: 8.29%; protein–protein interaction: 2.94%, 

and protein participating in same pathways: 1.41%) (Figure 5A, Supplementary Table S3). 

Proteins (CSF2, CCL2, INHBA, and VEGFA) in the network were enriched for complement 

and coagulation cascades and dissolution of fibrin clot (PLAU and SERPINE1) 

(Supplementary Figure S9; Tables S4 and S5 and SuppNetworkAnalysis.xlsx). Node 

prioritization analysis suggested that GFs such as Activin A (INHBA), THBS1, PLAU 

(uPA), TIMP1, IL-8, SERPINE1, and PTX3 were “hub” proteins (having maximal 

informational connections with other genes) and could direct gene expression over many 

functional pathways. To validate the role of these hub proteins in autoregulation (regulating 

self-expression) as well as heteroregulation (regulating expression of other proteins in the 

network) of other key hub node proteins, we treated iTAF with Activin A (100 ng/mL), 

PDGFAA (10 ng/mL), bFGF (10 ng/mL), THBS1 (1 nM), uPA (1 nM), and HGF (10 

ng/mL) for 24 h and analyzed the mRNA expression of the secretory molecules (Figure 5B). 

Although no appreciable decrease in PDGFA and HGF was observed in iTAF upon AuNP 

treatment, we still tested their role to further validate their role in heteroregulation. Activin 

A not only enhanced its transcription by ~1.6-fold implying autoregulation but also 

enhanced expression of IGFBP2, GDNF, coagulation factor F3, CSF2 (>1.5-fold). However, 

expression of HGF was decreased by 2.6 fold, indicating a negative heteroregulation by 

Activin A. A broader heteroregulatory loop was observed with PDGFAA in PSCs. While 

induction by PDGFAA increased the transcripts of PTX3, IGFBP1, IGFBP2, and IL-8 by 

more than 2-fold, a modest increase was observed for Activin A, HGF, bFGF, uPA, F3, and 

CSF2, indicating the existence of a complex heteroregulatory network in the tumor 

microenvironment partly dominated by PDGFAA. PDGFAA, however, did not induce its 

own transcript, indicating absence of any autoregulation. Although FGF2 did not exhibit any 

autoregulation, it caused a modest but significant increase in transcript levels of PTX3, 

CSF2, and IGFBP2 (>1.3-fold) and a marginal decrease (1.4-fold) of PDGFA mRNA. 

Interestingly, THBS1 demonstrated strong autoregulation (2.4-fold) and also modest 

heteroregulation (~1.5 fold increase) of other proteins such as Activin A, bFGF, IL8, and 

uPA mRNAANGPT1, PTX3, and GDNF. uPA also demonstrated lack of autoregulation in 

iTAF. Importantly, regulation of many of these key secretory molecules is unknown. 

Together, network analysis and prioritization in PSCs indicate that altered expression of GF/

cytokine transcripts by AuNP might be a consequence of complex auto- and 

heteroregulations mediated by the hub node proteins.

To further investigate the effect on PCCs, we established a network with 16 altered secretory 

molecules in AsPc1 cells (Figure 5C, Supplementary Table S6). A functional network with 

16 nodes with 42 interactions (coexpression: 53.7%; colocalization: 14.6%; shared-protein 

domain: 2.4%; protein–protein interaction: 17.1%; and proteins participating in same 

pathways: 2.4%) was constructed. The network showed enrichment of the plasminogen 

activating cascade (F3 and PLAU) and regulation of cell migration (EDN1, ANGPT1, 

SERPINE1, CCL2, THBS1, FGF2, F3, and VEGFA) (Figure S9, Tables S4 and S5, and 
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SuppNetworkAnalysis.xlsx). Computing the network properties revealed that MMP-9 (12 

nodes) and THBS1 (11 nodes) could be key “hub” proteins followed by uPA/PLAU (8 

nodes) and IL-8 (9 nodes). To validate the functional connectivity, we studied the mRNA 

expression of altered secretory factors after treating AsPc1 cells with either 10 ng/mL TGF-

β1, 1 nM THBS1, 10 ng/mL PDGFAA, or 1 nM uPA for 24 h (Figure 5D). We selected 

these doses based on literature reports.36–39 TGF-β1 demonstrated strong positive 

autoregulation (>3-fold increase) and only enhanced expression of EG-VEGF, MMP-9, and 

endostatin as observed in the network analysis. THBS1 significantly upregulated the mRNA 

levels of endostatin, PLGF, MMP-9, EG-VEGF, and PDGFAA. PDGFAA treatment 

marginally increased TGF-β1 mRNA expression (1.5-fold) but decreased mRNA 

expressions of DPPIV/CD26, MMP-9, IL-8 and AREG. uPA demonstrated significant (≥1.5-

fold) positive regulation of MMP-9, PlGF, PDGFA, DPPIV/CD26, IL8, AREG, and THBS1 

but did not exhibit autoregulation. These results indicate that uPA, TGF-β1, and THBS1 are 

critical GFs from PCCs driving autocrine and paracrine signaling. Together, the auto- and 

heteroregulation studies indicate AuNPs may be utilized to decipher the complexity of 

molecular interactions in the tumor microenvironment.

Recently, ER-stress has been suggested to be a plausible mechanism of AuNP-mediated 

growth inhibition in cancer cells.20 To investigate this possibility, we conducted immunoblot 

analysis of AsPc1 and CAF19 lysates for ER-stress markers after treating with various 

concentrations of AuNP for 48 h. Treatment with AuNP demonstrated a dose-dependent 

induction of key ER-stress proteins IRE1α and IRE1β in AsPc1 cells (Figure 6A). Also an 

increase in phospho-IRE1 was noted, although no significant changes in the expression of 

other ER-stress markers were observed. Similar results were also obtained with CAF19 

cells. Induction of IRE1α and IRE1β demonstrates that AuNP treatment induces ER-stress 

in PCCs and PSCs activating the IRE1 arm. Activation of IRE1 results in IRE1-dependent 

XBP-1 cleavage and also in regulated Ire1-dependent decay of mRNAs (RIDD).40,41 This 

dual function is more pronounced for IRE1α than IRE1β. Since activation of IRE1α under 

ER-stress could degrade ER-resident mRNA,42 we transiently overexpressed wt-IRE1α or 

its kinase-dead mutant IRE1α-K599A (RIDD inactive) in AsPc1 cells (Figure 6B) and 

determined the mRNA expression of altered GFs (Figure 6C). Nearly 2-fold reduction in 

TGF-β1, endostatin, THBS1, MMP-9, PDGFA, and uPA transcripts was observed in wt-

IRE1α expressing cells compared to the IRE1α-K599A mutant expressing cells, suggesting 

involvement of the RIDD pathway. It is also reported that IRE1α cleaves ER-resident 

mRNA with a consensus XBP-1 like cleavage site having a CUGCAG sequence. To further 

investigate the involvement of XBP-1 like cleavage site, we analyzed the mRNA sequence of 

TGF-β1, endostatin, MMP-9, PDGFA, and uPA, which revealed the presence of 1 site for 

TGF-β1, PDGFA, and MMP-9 and 6 and 3 sites for endostatin and uPA, respectively. To 

further confirm which of these secretory molecules are indeed regulated through RIDD upon 

AuNP treatment, we studied their mRNA expression post 48 h AuNP treatment in wt-IRE1α 
or IRE1α-K599A expressing AsPc1 cells (Figure 6D). The expression of endostatin and 

MMP-9 remained unaltered in the RIDD-inactive AsPc1 cells compared to wt-IRE1α 
expressing cells, indicating that their downregulation is through the RIDD activity of IRE1α. 

These results support our hypothesis that alteration of the secretory profile of PCCs and 

PSCs by AuNP is likely due to deprivation of key hub proteins that heteroregulate other 
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secretory proteins and additionally through RIDD-dependent cleavage of ER-localized 

mRNA induced by ER-stress.

To determine the ability of AuNP to inhibit tumor growth in vivo, we used a previously 

reported orthotopic co-implantation model by surgically implanting a mixture of AsPc1 and 

CAF19 cells into the tip of the pancreas (Figure 7A,B).43 Mice that received either AsPc1 or 

CAF19 cells alone were used as controls for the co-implantation group. Each group was 

further divided into two subgroups, one receiving an intraperitoneal injection of 100 μg of 

AuNPs in a volume of 100 μL daily for 21 days, starting on day 4 after tumor cell 

implantation (experimental cohort). The dose of AuNP was decided based on our previous 

reports that demonstrated dose-dependent reduction of tumor growth and metastasis in two 

orthotopic models of ovarian cancer.19,44 The control group received only 100 μL of the 

HBSS (vehicle cohort). Animals were euthanized after treatment for 21 days, and tumor size 

and volume were determined. The co-implantation group formed significantly (p < 0.05) 

larger tumors (mean tumor mass: 469 mg) than the AsPc1 only group (mean tumor mass: 

353 mg). As previously described, the animals implanted with PSCs (CAF19) alone did not 

form any tumor.45 Compared to the HBSS-treated control group, AuNPs significantly 

reduced tumor growth in the AsPc1 as well as in the co-implantation (AsPc1/CAF19) group. 

AuNP-treated AsPc-1 only group had a mean tumor mass of 210 mg as compared to 353 mg 

in HBSS-treated group, whereas AuNP-treated AsPc1/CAF19 tumors had a mean tumor 

mass of 303 mg as compared to 468 mg in the HBSS-treated control group (p < 0.01) 

(Figure 7A). Similar trend was also observed in tumor volume (Supporting Figure S10A). 

There was no appreciable change in body weight between AuNP and HBSS-treated group, 

confirming a lack of systemic toxicity due to AuNP as previously reported (Figure 7C).46,47 

To estimate the distribution of gold in the tumor and major organs like spleen, liver, kidney, 

and lungs, we carried out instrumental neutron activation analysis (INAA) analysis 

(Supplementary Figure S10B). Highest accumulation of gold was found in the tumor, spleen, 

and liver, whereas accumulation in the lungs and kidneys were significantly lower. 

Furthermore, immunostaining for Ki-67 showed a substantial reduction in proliferating cell 

nuclei in AuNP-treated groups, further confirming the inhibition of tumor growth upon 

AuNP treatment (Figure 7D,E). The above observation was further supported by TUNEL 

staining of apoptotic cells where both AuNP-treated AsPc1 only or AsPc1/CAF19 tumors 

demonstrated a significant increase in the number of TUNEL positive nuclei than the HBSS-

treated group (Figure 7F,G), indicating significant induction of apoptosis in the AuNP-

treated groups. To further investigate if inhibition of tumor growth correlated with the status 

of PSC activation, IHC for αSMA was performed on tumor tissues obtained from AuNP-

treated and HBSS-treated control animals (Figure 8A,B). We noted that the HBSS-treated 

co-implantation group (16 ± 4.3% αSMA positive area) showed a higher stained area than 

the HBSS-treated AsPc1-only group (9.8 ± 2.6% αSMA positive area) group. αSMA 

staining was significantly reduced in AsPc1 (5.7 ± 2.3%) and co-implantation AsPc1/CAF19 

(6.85 ± 2.8%) upon AuNP treatment, confirming the in vivo ability of AuNP to inhibit 

stromal activation. To further evaluate if the stromal deactivation was accompanied by the 

changes in the expression of extracellular matrix proteins, we performed IHC for fibronectin 

and collagen, key components of the desmoplastic reaction.3 Treatment of AsPc1 and 

AsPc1/CAF19-bearing animals with AuNPs significantly decreased (~50%, p < 0.01) 
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expression of fibronectin (reflected by a ~ 34 fold reduction in the number of strongly 

stained pixels) as compared to the control HBSS-treated groups (Figure 8C,D). The 

evaluation of collagen levels in tumors as determined by Sirius Red staining revealed a 

similar trend (Figure 8E,F). Specifically, we observed that compared to HBSS-treated 

control animals, AuNP treatment resulted in a significant reduction of Sirius Red positive 

areas in both the AsPc1 (2.8-fold, p < 0.01) and AsPc1/CAF19-bearing tumors (2.3-fold, p < 

0.001). We further investigated whether reprograming of the tumor microenvironment and 

downregulation of pro-fibrotic molecules by AuNPs actually increased intratumoral 

vascularity as determined by CD31 staining (Figure 8G,H). Notably, treatment with AuNP 

increased the number of CD31-positive vessels in AsPc1/CAF19 tumors (44 vessels/10× 

field) as compared to HBSStreated animals (30 vessels/10× field, p ≤ 0.01). However, AuNP 

treatment resulted in a decrease in CD31 positive vessels (18 vessels/10× field) in the AsPc1 

only group as compared to the control HBSS-treated group 28 vessels/10× field, p ≤ 0.01), 

further confirming the contribution of PSCs toward altering tumor microenvironment in 

PDAC and its reprogramming by AuNP. Any systemic toxicity due to AuNP treatment was 

assessed by H&E immunohistochemical staining of the major organs viz. liver, lung, and 

kidney. No apparent toxicity was noticed in the stained areas from these organs, thereby, 

indicating nontoxic behavior of 20 nm AuNPs toward normal cells within the investigated 

dosage (Supplementary Figure S11). Together, these results support the effect of AuNPs on 

inhibiting pancreatic tumor growth and reprogramming of the tumor microenvironment.

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive malignancies with a 

notoriously dismal prognosis and is the fourth leading cause of cancer-related deaths in the 

United States. Unfortunately, 80–85% patients are diagnosed with unresectable, incurable 

advanced stage tumors placing the median survival at <6 months and the overall 5-year 

survival at <5%.48–50 Therefore, new therapeutic strategies are urgently needed to improve 

the dismal outcome in PDAC patients. The stroma, through the synthesis of extensive 

fibrotic proteins, presents a major clinical barrier to therapy limiting effective drug delivery 

in PDAC. Besides inhibiting vessel growth, the secreted stromal factors support a growth 

promoting niche which harbor cancer stem cells that are unresponsive to standard 

chemotherapy. Matrix degradation strategies that diminish the fibrotic stroma and enhance 

intratumoral vasculature have been recently approved by the FDA, resulting in marginal 

improvement of overall survival in patients with advanced-stage disease.51,52 Therefore, new 

therapeutic strategies are required that can disrupt the PCC–PSC crosstalk and reprogram 

the tumor microenvironment.

Here, we demonstrate that unmodified AuNP can effectively disrupt the crosstalk between 

PCC and PSC by abrogating multiple signaling cascades mediated by secreted GFs/

cytokines (Figures 1C and 2B–E). By alteration of the cellular secretome, AuNPs reprogram 

activated PSCs to a more quiescent phenotype resulting in reduction of ECM synthesis 

(Figures 1D–G and 3A,C). Analysis of the AuNP-treated PCC secretome demonstrated a 

decrease in TGFβ1, endostatin, THBS1, and PDGFAA, which are widely implicated in the 

PCC–PSC crosstalk. Importantly, TGF-β is one of the potent growth factors driving PSC 

activation.53,54 Antiangiogenic molecules such as endostatin and THBS1, associated with 

the dismal prognosis in PDAC, showed marked downregulation by AuNPs.55–57 It is likely 

that the downregulation of antiangiogenic factors by AuNPs tilts the balance toward an 

Saha et al. Page 11

ACS Nano. Author manuscript; available in PMC 2020 January 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



angiogenic phenotype and reprograms the tumor microenvironment, resulting in an increase 

in tumor vasculature in the co-implantation model in vivo. Additionally other important GFs 

that were implicated in poor prognosis of PDAC, such as angiopoietin-1, Activin A, GM-

CSF, IGFBPs, and Pentraxin-3, were also substantially depleted from the CM of PSCs.32,34 

Importantly, cytokines like IL-8 and GM-CSF play a major role in PCC stemness and 

immune suppression, respectively, hence their downregulation by AuNPs could also 

potentially improve therapeutic outcomes in PDAC.3,33,34 Interestingly, inhibition of 

autocrine and paracrine signaling by AuNPs not only occurs through the binding and 

denaturation of secreted GFs, but also these effects extend beyond, altering the secretome 

(Figure 3B,D). Thus, the multifunctional property of AuNPs to inhibit multiple signaling 

cascades by a number of GFs/cytokines is promising, considering the challenges in targeting 

crosstalk between the PCCs and PSCs with a single agent.

Insights into GFs inter-relationship using an integrated bioinformatics approach revealed that 

AuNPs downregulate key hub proteins, thus affecting expression of other network proteins. 

This is expected as gene products often act as connected entities to achieve complex 

functional hierarchy of disease phenotype.58,59 Recently, we exploited such an approach in 

identifying new therapeutic targets in ovarian cancer.60 From the PSC network, we identified 

THBS1, PTX3, Activin A, uPA, and bFGF as important “hub” nodes, which were further 

validated in in vitro experiments (Figure 5A,B). A similar approach in PCCs led to the 

identification of THBS1, endostatin, and TGF-β1 as important “hub” nodes (Figure 5C). 

The bioinformatics approach was further validated by the observation that PDGFAA, sharing 

low connectivity in the network, failed to alter expression of other node proteins, whereas 

THBS1 with high connectivity had a significantly greater effect (Figure 5D). Interestingly 

our investigations identify autoregulatory mechanisms for THBS1 and Activin A and also 

provide an understanding of complex heteroregulatory GF networks that exist in tumor 

microenvironments. In addition, an integrated bioinformatics approach delineates GF 

autoregulation and heteroregulation as major contributing factors guiding alteration of the 

secretome in PCCs and PSCs by AuNPs.

PCCs and activated PSCs due to their high growth rate require an increased rate of protein 

synthesis and folding.61,62 The ER is the site of regulated production of secretory and 

membrane-bound proteins, which further ensures proper folding, and misfolded proteins are 

degraded through the ER-associated degradation (ERAD) and the RIDD pathway. IRE1, a 

transmembrane protein present in the ER, under stress orchestrates ERAD through XBP-1 

cleavage, enhancing activation of ER chaperones and through RIDD reduces translation and 

protein load in the ER.62 Our results demonstrate that 20 nm AuNP induces ER-stress and 

activates specifically the IRE1 pathway (Figure 6A) In fact, several secreted proteins 

including insulin and SPARC have been found to be RIDD targets of IRE1α.40,42 By 

utilizing RIDD active and inactive IRE1α constructs, we establish downregulation of 

endostatin and MMP-9 in AsPc1 cells by AuNPs through activation of the RIDD pathway 

(Figure 6B–D). Thus, the therapeutic property of 20 nm AuNPs is realized through the 

depletion of important HB-GFs, triggering auto and heteroregulation of secretory proteins 

and also through activation of IRE1 leading to RIDD-mediated suppression of protein 

translation.
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Using human orthotopic models of pancreatic cancer, we assessed the antitumor and 

antidesmoplastic property of AuNPs in vivo. AuNP treatment significantly reduced tumor 

growth that was further confirmed through histologic analysis (Figure 7A,D). The co-

implantation model yielded larger tumors as previously reported confirming PCC–PSC 

crosstalk in vivo.8 Further characterization of the xenografts for fibronectin, collagen, and α-

SMA showed significant reduction in these pro-fibrotic components by AuNP, consistent 

with our in vitro observations (Figure 8A–F). Inhibition of pro-fibrotic components by 

AuNP resulted in an increase in intratumoral vasculature in the co-implantation model 

(Figure 8D). Recent studies demonstrate that reprogramming of the tumor stroma induces 

angiogenesis, thereby, improving drug delivery and enhancing therapeutic efficacy.14 Thus, 

reprogramming of the tumor microenvironment by AuNP opens up possibilities to improve 

drug efficacy by enhancing drug delivery and purports future applications as a 

chemosensitizing agent in PDAC.

CONCLUSION

Although recent studies emphasize the importance of interrogating and disrupting cellular 

communications between PSCs and PCCs to improve therapeutic efficacy, effective 

strategies are limited. Here, we used AuNPs as a tool to effectively disrupt multiple 

signaling pathways that are involved in the perpetual activation of PSCs and the PCC–PSC 

crosstalk. Our findings present AuNP as a promising tool to interrogate tumor 

microenvironments and identify critical molecules responsible for poor outcomes.

METHODS

Chemicals and Media.

Details of Materials are provided in the Supporting Information (SI) Materials and Methods.

Synthesis and Characterization of 20 nm AuNP.

Twenty nm AuNPs were synthesized and characterized as described previously in 

endotoxin-free water from G Biosciences (St. Louis, MO, U.S.A.).19 More details are 

provided in the SI Materials and Methods.

Instrumental Neutron Activation Analysis (INAA).

Gold content in the nanoparticle solution, cell pellets, and tissues was determined by 

instrumental neutron activation analysis at the University of Missouri Research Reactor 

Center as previously described.19,43,63,64 In brief, nanoparticle solution/cell pellet/tissue 

samples were weighed into high-density polyethylene irradiation vials and lyophilized to a 

dry weight. Samples were then irradiated for 90 s in a thermal flux density of approximately 

5 × 1013 n cm−2 s−1 and allowed to decay for 24–48 h, followed by counting on a high-

purity germanium detector for 3600 s at a sample-to-detector distance of approximately 5 

cm. Gold content in each sample was determined by measuring 411.8 keV gamma ray from 

the β- decay of 198Au (t1/2 = 2.7 days) using the Genie ESP spectroscopy package from 

Canberra. Comparator standards of 0.1 μg (n = 3) and 1.0 μg (n = 3) prepared from certified 

standard solutions (High-Purity Standards) were used with each sample set.
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Transmission Electron Microscopy (TEM).

TEM samples (cell pellets and tissues) were fixed in fixative solution and processed as 

previously described.43,63 Ultrathin sections were stained with lead citrate and uranyl acetate 

before viewing on a Hitachi H7600 transmission electron microscope at 80 kV equipped 

with a 2k × 2k AMT digital camera.

Cell Lines and Culture.

Isolation of PSCs65 and culture conditions for various cell lines are provided in the SI 

Materials and Methods.

Conditioned Media (CM) Experiments.

CM from untreated or AuNP-treated cells were generated as follows: On day 0, 2 × 106 cells 

of PCCs or PSCs were plated in 150 mm culture dishes. After 24 h, on day 1, the media was 

replaced with serum-free media. On day 2 (24 h interval), the media was again replaced with 

fresh serum-free media and treated with various doses of freshly prepared 20 nm AuNP. 

After 48 h treatment, on day 4, the media was collected, spun down at 3500 rpm for 15 min 

to remove cell debris and AuNPs, filtered through a 0.22 μm filter, and diluted with an equal 

volume of fresh serum-free media before subsequent experiments, as reported previously.27

3H-Thymidine Incorporation Assay.

This assay was performed as described previously.19 Details of the procedure are provided in 

the SI Materials and Methods.

Immunoblotting.

Immunoblotting was performed following a previous reported literature procedure.66 The 

details of all antibodies used are provided in Supplementary Table S7.

Real-Time PCR (qRT-PCR).

Quantitative real-time PCR was performed as reported earlier.19 The details of method (SI 

Materials and Methods) and the primers used are provided in Supplementary Table S8.

Cell Viability Assay.

MTS assay was performed on PCC treated with PSC CM and vice versa following the 

reported protocol and manufacturers’ instruction (Promega).66

Antibody Arrays.

This assay was performed following literature reported methods.19 Details are provided in 

the SI Materials and Methods.

Animal Studies.

48 female athymic nude mice (NCrnu; 5–6 wk old) were divided into 3 groups receiving 1 × 

106 CAF19 cells or 1 × 106 AsPc1 cells only or a mixture of 1 × 106 AsPc1 and 1 × 106 

CAF19 cells in 100 μL PBS into the head of the pancreas. Four days post-implantation, the 

animals in each group were randomized and divided into 2 subgroups (8 animals each), 
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receiving daily intraperitoneal injections of 100 μL HBSS or 100 μg of AuNP in 100 μL 

volume. Treatment was continued for 21 days. After 21 days, the animals were euthanized, 

and tumors and tissues were collected for further analyses. For details are provided in the SI 

Materials and Methods.

Immunocytochemistry/Immunohistochemistry.

Immunohistochemistry and immunocytochemistry were performed on formalin-fixed 

paraffin embedded tissues as reported previously.19 Details of the procedure are given in the 

SI Materials and Methods.

Statistical Analysis.

For in vitro experiments, comparison between two groups were carried out using two-sided 

Students t-test, and for comparison between three or more groups, One-way ANOVA 

followed by Newman–Keuls’ multiple comparison test were performed. For statistical 

analysis of in vivo data, One-way ANOVA followed by Newman–Keuls’ multiple 

comparison test were used. The p-value ≤0.05 was deemed significant.

iTAF and AsPc1 Network Construction.

iTAF network was constructed using a list of compiled from 22 proteins using GeneMania 

database. AsPc1 network was constructed using a list of 16 proteins using GeneMania and 

STRING databases. Nodes and edges and the source of interactions used to derive networks 

are provided in SuppNetworkAnalysis.xlsx.

Network Analysis.

We used quantitative network assessment parameters closeness centrality67 and radiality68 to 

identify hub proteins69 from the iTAF and AsPc1 protein networks.70,71 Details are provided 

in the SI Materials and Methods.

Enrichment Analysis of Proteins in iTAF and AsPc1 Networks.

Gene Ontology, pathway, and protein domain enrichment analyses of proteins from iTAF 

network and AsPc1 network were performed using Enrichr using default settings.72–78 

Details of the methods used are provided in the SI Materials and Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Treatment with 20 nm AuNP affects growth of PCCs and PSCs and reprograms pancreatic 

stellate cells to quiescence. (A) Effect of various doses of 20 nm AuNP on the proliferation 

of PCCs (AsPc1 and Panc-1) ascertained through 3H-thymidine incorporation assay post 48 

h treatment. (B) Effect of various doses of 20 nm AuNP on the proliferation of PSCs 

(CAF19 and iTAF) ascertained through 3H-thymidine incorporation assay post 48 h 

treatment. (C) Immunoblotting analysis showing dose-dependent inhibition of MAPK 

signaling by 20 nm AuNP in PCCs and PSCs after 48 h treatment. (D) Effect of 20 nm 

AuNP on the expression of various ECM components and activation marker, α-SMA, by 

immunoblotting in PSCs. (E) qRT-PCR analyses of mRNA levels of ECM components and 

activation markers, α-SMA and FAP, in PSCs after 48 h 20 nm AuNP (25 μg/mL) treatment. 

(F) BODIPY493/503 staining for neutral lipids in iTAF cells post 48 h treatment with 20 nm 

AuNP (25 μg/mL) treatment. Scale bar is 10 μm. (G) Effect of 48 h treatment with 20 nm 

Saha et al. Page 21

ACS Nano. Author manuscript; available in PMC 2020 January 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AuNP on mRNA levels of important lipid metabolism genes in PSCs determined through 

qRT-PCR. Data represent mean ± s.d. of three individual experiments (n = 3) each time in 

triplicate, and statistical analyses were performed using two-tailed students t test * p ≤ 0.05, 

** p ≤ 0.01; p/t indicates ratio of phosphorylated protein to total protein. All other 

densitometric analyses are with respect to loading control.
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Figure 2. 
20 nm AuNPs disrupts PCC–PSC crosstalk in vitro. (A) Schematic representation of the 

method for generating CM from PCCs and PSCs. (B) and (C) Effect of 20 nm AuNP 

treatment on induction of proliferation in Panc-1 and AsPc1 cells by untreated and AuNP-

treated (25 μg/mL) PSC CMs for 48 h determined through MTS assay. (D) and (E) Effect of 

20 nm AuNP treatment on induction of proliferation in CAF19 and iTAF cells by untreated 

and AuNP-treated (25 μ/ml) PCC CMs for 48 h determined through MTS assay. (F) 

Schematic representation of the employed method for study of AuNP effects on induction of 

directed migration in indirect coculture between PCCs and PSCs. (G) and (H) Effect of 

various doses (0, 5, 25, and 50 μg/mL) of 20 nm AuNP treatment on PSCs to induce 

migration of AsPc1 cells. (I) and (J) Effect of various doses (0, 5, 25, and 50 μg/mL) of 20 

nm AuNP on PCCs to induce migration of CAF19 cells. All experiments were performed in 

triplicate, and statistical analysis was done using One-Way ANOVA followed by Newman–

Keuls post-test. Data represent mean ± s.d. of three individual experiments (n = 3), and 

statistical analyses were performed using One-Way Anova *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 

0.001.
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Figure 3. 
Treatment with AuNPs alters secretory profile of pancreatic cancer and stellate cells. (A) 

Relative levels of significantly (*p ≤ 0.05) altered angiogenesis-related proteins in AsPc1 

and Panc-1 conditioned media upon treatment with 25 μg/mL dose of 20 nm AuNP for 48 h. 

Folds are with respect to untreated controls. (B) qRT-PCR analysis of altered angiogenesis-

related proteins in untreated and 25 μg/mL AuNP-treated AsPc1 cells analyzed 48 h post-

treatment. GAPDH was used as an internal control. (C) Relative levels of significantly (p ≤ 

0.05) altered angiogenesis-related proteins in iTAF and CAF19 conditioned media upon 

treatment with 25 μg/mL of 20 nm AuNPs for 48 h. Folds are with respect to untreated 

controls. (D) qRT-PCR analysis of altered angiogenesis-related proteins in untreated and 25 

μg/mL AuNP-treated iTAF and CAF19 cells analyzed 48 h post-treatment. GAPDH was 

used as an internal control. Data represent mean ± s.d. of three individual experiments (n = 

3).
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Figure 4. 
AuNP treatment inhibits mounting of fibrogenic response in PSCs by PCCs and signaling in 

PCCs by PSCs. (A) and (B) Immunoblot analysis of CAF19 and iTAF cells for ECM 

markers and α-SMA upon treatment with serum-free media, serum-supplemented culture 

media, untreated/AuNP-treated (25 μg) AsPc1 conditioned media for 24 h. α-Tubulin was 

used as the loading control. (C) Effect of various growth factors on the ECM components 

and α-SMA protein levels determined by immunoblotting after 24 h of treatment in CAF19 

cells. (D) and (E) Immunoblot analysis of AsPc1 cells (10 μg protein) to study Akt and 

MAPK signaling upon treatment with serum-free media, complete-10% FBS media, CAF19/

iTAF CM, or various doses of AuNP-treated CAF19/iTAF CM for 24 h. GAPDH was used 
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as the loading control; p/t indicates ratio of phosphorylated protein to total protein. All other 

densitometric analysis are with respect to loading control.
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Figure 5. 
AuNPs alter the secretome through growth factor auto and heteroregulation. (A) Functional 

network of differentially secreted proteins from iTAF cells showing putative interactions 

generated using GeneMania. Highlighted nodes in black are proteins differentially secreted 

upon AuNP treatment; edge color indicates different types of interaction type. (B) Heatmap 

representing the effect of key growth factors/cytokines on the expression of differentially 

expressed genes in iTAF cells after 24 h of treatment determined by qRT-PCR. The mean 

values of three independent experiments were plotted in OriginPro 8.1 to generate the 

heatmap. (C) Functional network of differentially secreted proteins from AsPc1 cells 

showing putative interactions and results from network analysis visualized using Cytoscape. 

Node size corresponds to the degree of a node; node color corresponds to the radiality score 

(green-to-yellow-to-red). Edge color represents the evidence of interaction between the 

nodes (cyan: coexpression; blue: colocalization; pink: pathways; brown: physical protein–

protein interactions; green: shared-protein domains; gray: text-mining) (D) Heatmap 

representing the effect of key growth factors/cytokines on the expression of differentially 

expressed genes in AsPc1 cells after 24 h of treatment determined by qRT-PCR. The mean 

values of three independent experiments were plotted in OriginPro 8.1 to generate the 

heatmap.
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Figure 6. 
AuNP-induced ER-stress activates RIDD to alter the secretome. (A) Immunoblot analysis of 

AsPc1 cells (10 μg protein) 48 h post-treatment with various doses of AuNPs for markers of 

ER-Stress. (B) Immunoblot analysis to confirm overexpression of wt-IRE1α and IRE1α-

K599A. α-Tubulin is used as the loading control. (C) qRT-PCR analysis of altered growth 

factors/cytokines in wt-IRE1α-expressing AsPc1 cells compared to RIDD-inactive IRE1α-

K599A. (D) qRT-PCR analysis of altered mRNAs in stable wt-IRE1α and mutant IRE1α-

K599A expressing AsPc1 cells upon treatment with 20 nm AuNP (25 μg/mL) for 48 h. 

Experiments were performed in triplicate, and two-tailed student t test was performed to 

determine statistical significance. *p ≤ 0.05, **p ≤ 0.01. Densitometric analysis are with 

respect to loading control.
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Figure 7. 
Inhibition of tumor growth in orthotopic models of pancreatic cancer by AuNP. (A) 

Scattered plot of tumor weight in HBSS-treated (sham) or 100 μg/daily i.p. Twenty nm 

AuNP-treated animals post 21 days of treatment. Statistical analysis was performed using 

One-way ANOVA followed by Newman–Keuls multiple comparison test. (B) Representative 

H&E stained sections of (i) AsPc1-HBSS, (ii) AsPc1-AuNP, (iii) AsPc1/CAF19-HBSS, and 

(iv) AsPc1/CAF19-AuNP groups. Statistical analysis was performed using One-way 

ANOVA followed by Newman–Keuls multiple comparison test. (C) Animal body weight 

changes over time in CAF19 only, AsPc1 only, and AsPc1+CAF19 cells injected animals 

receiving HBSS or AuNP daily demonstrating apparent nontoxic behavior of AuNPs. (D) 

Whiskers min-to-max plot of Ki-67 stained nuclei in HBSS or AuNP-treated AsPc1 or 
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AsPc1/CAF19 tumors. (E) Representative Ki-67 stained sections of tumors from (i) AsPc1-

HBSS, (ii) AsPc1-AuNP, (iii) AsPc1/CAF19-HBSS, and (iv) AsPc1/CAF19-AuNP groups. 

Images were acquired using 4× objective and quantified using ImageJ (NIH). (F) Histograms 

representing number of tunnel stained nuclei in HBSS or AuNP-treated AsPc1 only or 

AsPc1/CAF19 tumors. (G) Representative tunnel stained sections of tumors from (i) AsPc1-

HBSS, (ii) AsPc1-AuNP, (iii) AsPc1/CAF19-HBSS, and (iv) AsPc1/CAF19-AuNP groups. 

Images were acquired using 4× objective and quantified using ImageJ (NIH). Statistical 

analysis was performed using One-way ANOVA followed by Newman–Keuls multiple 

comparison test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Figure 8. 
Inhibition of desmoplasia in orthotopic models of pancreatic cancer by AuNP. (A) Whiskers 

min-to-max plot of α-SMA positive area in HBSS or AuNP-treated AsPc1 or AsPc1/CAF19 

tumors and their (B) representative α-SMA stained sections of (i) AsPc1-HBSS, (ii) AsPc1-

AuNP, (iii) AsPc1/CAF19-HBSS, and (iv) AsPc1/CAF19-AuNP groups. Statistical analysis 

was performed using One-way ANOVA followed by Newman–Keuls multiple comparison 

test. (C) (i) NSR (ratio of strongly stained pixels to positive pixels) of fibronectin levels in 

HBSS and AuNP-treated AsPc1 only or AsPc1/CAF19 tumors. (ii) Percentage of positively 

stained pixels with fibronectin in HBSS and AuNP-treated AsPc1 only or AsPc1/CAF19 

tumors. (D) Representative fibronectin stained sections of (i) AsPc1-HBSS, (ii) AsPc1-

AuNP, (iii) AsPc1/CAF19-HBSS, and (iv) AsPc1/CAF19-AuNP groups. (E) Whiskers min-

to-max plot showing percentage Sirius Red stained area in in HBSS or AuNP-treated AsPc1 

or AsPc1+CAF19 tumors for determination of collagen levels. (F) Representative Sirius Red 
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stained sections from (i) AsPc1-HBSS, (ii) AsPc1-AuNP, (iii) AsPc1+CAF19-HBSS, and 

(iv) AsPc1+CAF19-AuNP groups. (G) Whiskers min-to-max plot showing number of 

CD31-positive vessels per 4× field of view in HBSS or AuNP-treated AsPc1 or 

AsPc1+CAF19 tumors. (H) Representative CD31 stained sections of tumors from (i) AsPc1-

HBSS, (ii) AsPc1-AuNP, (iii) AsPc1/CAF19-HBSS, and (iv) AsPc1/CAF19-AuNP groups.
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