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Abstract

Activated cancer associated fibroblasts (CAFs) play a major role in poor outcome in many
diseases including pancreatic cancer. Normally quiescent with high lipid content and low
proliferative capacity, CAFs receiving cues from cancer cells in the tumor microenvironment
become activated and transformed into a lipid-deprived and highly proliferative myofibroblast type
phenotype. Therefore, reversal of activated fibroblasts to quiescence state is an important area of
investigation that may help therapeutic management of a number of diseases including pancreatic
cancer. Here, we describe a unique biological function of gold nanoparticles (GNPs) and
demonstrate that GNP may be used to transform activated CAFs to quiescence and provide
insights into the underlying molecular mechanisms. Using immortalized and primary patient
derived CAFs, we demonstrate that GNPs enhanced lipid content in the cells by inducing
expression of lipogenesis genes such as FASN, SREBFPZ, FABP3. Using pharmacological
inhibitors of lipolysis, lipophagy and fatty acid oxidation we further demonstrate that CAFs
utilized GNP-induced endogenously synthesized lipid to maintain the quiescent phenotype.
Consequently, treatment with GNP sensitizes CAF to FASN inhibitor or FASN siRNA. Hence,
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GNPs may be used as a tool to probe mechanisms of quiescence in CAFs and help device
strategies to target stromal compartment exploiting the mechanisms of lipid utilization.
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gold nanoparticle; lipid droplets; quiescent cancer-associated fibroblast; activated cancer-
associated fibroblasts; lipid utilization

INTRODUCTION

Fibroblasts play a major role in normal tissue homeostasis (1-2). Under the conditions of
tissue injury, inflammation, environmental stress or cues from the cancer cells in the tumor
microenvironment quiescent fibroblasts with high lipid content (mainly vitamin A) and low
proliferative capacity become activated and transformed into a lipid-deprived highly
proliferative myofibroblast type cells (3-7). In pancreatic ductal adenocarcinoma (PDAC)
these activated cancer associated fibroblasts (CAFs) make it highly dense, hugely fibrotic
with poor vascularity, impermeable to chemotherapeutics and consequently therapy-resistant
(8-16). In addition, it is also not clear whether the high lipid content in non-activated
fibroblasts plays any key role to keep them into a quiescent state. Therefore, devising
strategies to transform activated fibroblasts to quiescent state and understanding molecular
mechanisms are important areas of research that may be useful for therapeutic management
of a number of diseases including PDAC. However, such studies are rare. Here, we
demonstrate how gold nanoparticles may be used to transform activated CAFs to quiescence
and provide insight into the molecular mechanisms.

We previously demonstrated self-therapeutic property of 20 nm gold nanoparticles (GNPs)
that inhibited tumor growth in two preclinical orthotopic models of ovarian cancer through
the inhibition of mitogen-activated protein kinase (MAPK)-activation and reversal of
epithelialmesenchymal transition (EMT) via downregulation of a number of heparin binding
growth factors (17-18). Furthermore, exploiting self-therapeutic property of GNPs we
demonstrated disruption of bidirectional crosstalk between pancreatic cancer cells and
pancreatic cancer associated fibroblasts (CAFs) that reprogrammed tumor microenvironment
in pancreatic cancer leading to the inhibition of tumor growth in an orthotopic model (19).
Here, we demonstrate how GNPs regulate lipid content in CAFs to transform them to
quiescence and the underlying molecular mechanisms.

MATERIALS AND METHODS

Materials.

Gold (111) chloride trihydrate (520918), Sodium citrate tribasic trinydrate (S4641),
Diethylumbelliferyl phosphate (DEUP) (D7692), 3-Methyladenine (3-MA) (M9281),
Etomoxir (E1905), fatty acid synthase siRNA (EHU130711) and all trans ratinoic acid
(R2625) were bought from Sigma-Aldrich (St. Louis, MO, USA). C75 (10005270) was
purchased from Cayman chemicals (Ann Arbor, Michigan, USA). BODIPY 493/503
(D3922), 1-pyrenedecanoic acid (P31) and lipofectamine RNAIMAX transfection reagent
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(13778150) were bought from Invitrogen (Waltham, Massachusetts, USA). Cell culture
media such as Dulbecco’s modified eagle’s medium (DMEM) (10-014-CV) and DMEM/
Ham’s F12 (10-090) were obtained from Corning Inc. (Corning, NY, USA). Fetal Bovine
Serum (16000-044) and Penn-Strep (15140-122) were purchased from Life technologies
(Grand Island, NY, USA).

Synthesis and characterization of 20 nm GNPs.

20 nm gold nanoparticles (GNPs) were synthesized as previously described in endotoxin-
free water from G Biosciences (St. Louis, MO, USA) (17). Briefly, a stock solution of gold
(110) chloride trihydrate (10 mM) was diluted 40-fold with water, heated up at 340°C until
boiling, added 1% pre-warmed filtered sodium citrate tribasic trihydrate and was then
allowed it to boil for 12-15 mins until the color becomes dark purple. Finally, the hot GNPs
were removed from the hot plate and stirred it overnight on the cooled plate. The
synthesized GNPs were characterized using UV-Visible spectroscopy (Spectrostar Nano,
BMG Labtech) and dynamic light scattering (Malvern Zetasizer Nano ZS). The
nanoparticles were concentrated by centrifugation before treatments and the gold contents in
the preparations were ascertained from the absorbance of the surface plasmon resonance
(SPR) band centered at 522 nm and by measuring the content using instrumental neutron
activation analysis (INAA).

Cells, cell culture and transfection.

The primary pancreatic tumor-associated fibroblasts (PTAF2 and PTAF3) were isolated from
freshly resected pancreatic tissue of patients undergoing surgical resection using outgrowth
methods (19, 20) at the University of Oklahoma Health Sciences Center according to the
approved IRB protocol, whereas a cell line (CAF19) of activated tumor-associated fibroblast
was obtained from Prof. Michael Goggins (Johns Hopkins, Baltimore, USA). These cells
were herein collectively termed as activated tumor-associated fibroblasts (CAFs). CAF19
was cultured in DMEM media with a composite of 10% FBS and 1% Penn-Strep. A mixture
of DMEM and Ham’s F12 media supplemented with 20%FBS and 1% Penn-Strep was used
for the culture of PTAF2 and PTAF3. FASN siRNA transfection was carried out by using
lipofectamine RNAIMAX transfection reagent according to the manufacterer’s protocol. In
briefly, CAFs were cultured in 6 cm dish containing 1x10° cells. Post 48 h, cells were
transfected with scrambled control siRNA (cat. SIC001, Sigma) and FASN siRNA at a dose
of 133 nM. The effective silencing (at a protein or mRNA level) was obtained after 48 h of
transfection.

Quantification of 20 nm GNPs uptake and its mechanism.

CAFs were cultured in a 10 cm dish at a density of 5x10° cells/dish for 48 h with 5% CO2

in the presence of serum. The cells either SCM or SFM were treated with GNPs (20 pg/ml)
at various time points, including 15, 30, 60, 120, 180 and 360 mins, centifuged, colleted cell
pelletes after centifugation. The GNPs inside cells were quantified by using flow cytometry
(21) and instrumental neutron activation analysis (INAA) (17). To disclose the mechanism of
GNPs uptake, cells were pretreated with 3 types of inhibitors, including chloroquine (10
uM) (22), amiloride (125uM) and methy B-cyclodextrin (500 uM) for 2h and were then
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treated with GNPs (20 pg/ml) for 1h either in SCM or in SFM. The cells were washed,
tripsinized, centrifuged and the GNP content in cell pelletes was measured by INAA

Fluorescence microscopy.

CAFs (CAF19, PTAF2 and PTAF3) were prepared in both serum free media (SFM) and
serum containing media (SCM) from non-treated (NT) or GNPs-treated as follows: On day
0, 1 x 10* cells/well were grown on cover glass in a 12 well plate in the presence of SCM.
After 48 h, on day 2, the media was replaced with either SFM or SCM. On day 3 (24 h
interval), the media was again replaced with either fresh SFM or SCM and were treated with
20 ug/ml freshly prepared 20 nm GNPs or remained NT. After 48h treatment, on day 5,
media was again replaced with either SFM or SCM containing BODIPY 495/505 at a
dilution of 1:1000. After 30 mins incubation, the cells were washed, fixed with 4%PFA,
mounted with mounting media and were observed under fluorescence microscope (Carl
Zeiss Axioplan, Germany).

For the observation of lipid droplets in CAFs after combined treatments of GNPs and
inhibitors, CAFs were prepared in the same way, as described above. On day 3, the media
was again replaced with either fresh SFM or SCM and were then treated with GNPs (20 ug/
ml), GNPs + DEUP (50 puM), GNPs + 3-MA (5 mM) and GNPs + etomoxir (50 uM) or
remained NT. In parallel, the only DEUP, 3-MA and etomoxir were also used as the
corresponding controls for the combined treatment groups. Post 48h, cells were incubated
with SFM or SCM containing BODIPY 495/505 at a dilution of 1:1000 for 30 mins to stain
the neutral lipids. The cells were washed, fixed with 4%PFA, mounted with DAPI
containing mounting media and were observed under fluorescence microscope (Carl Zeiss
Axioplan, Germany).

For the observation of lipid droplets in CAFs after post-treatment of inhibitors, CAFs were
prepared in the same way, as described above. On day 3, cells were treated with GNPs (20
ug/ml) or remained NT for 48h. The media of GNPs treated CAFs was replaced with either
DEUP (50 uM), 3-MA (5 mM), etomoxir (50 pM), SFM or SCM and were then incubated
for 24h. Post 72h, cells were stained with BODIPY 495/505 at a dilution of 1:1000 for 30
mins and were observed, as described above.

On day 3, CAFs were pretreated with C75 for 2h and were then treated with GNPs for 48h.
Moreover, CAFs were also pretreated with FASN siRNA (133 nM) for 48h and were then
treated with GNPs for 48h. Neutral lipids and nuclei were stained with BODIPY 495/505
and DAPI respectively and images were captured.

For a-SMA staining, CAFs were prepared, as described above. On day 3, CAFs were treated
with GNPs or remained NT for 48h, followed a fixation by 4% PFA and were then incubated
with mouse anti-a-SMA antibody (ab7817, abcam, Cambridge, USA) (1:100) for overnight,
followed by anti-ms alexa Fluor 546-conjugated secondary antibody. The images were
captured under fluorescence microscope.

1 x 10% CAFs per well containing cover glass were plated into a 12 well plate in the
presence of SCM. After 48 h, the media was replaced with the SCM and SFM and were then
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either treated with GNPs (20 ug/ml) or remained NT for 4 and 48 hrs. The old media were
further replaced with the fresh corresponding media and were then treated with 1-
pyrenedecanoic acid (P31 340/376, 50 uM) for 2-hr. The cells were washed, fixed with 4%
PFA and were then observed under fluorescence microscope (Carl Zeiss Axioplan,
Germany).

Oil red O staining.

Oil red O staining was performed, as described previously (23). Briefly, CAFs (2x10* cells/
well) were seeded on a 6-well plate and were grown for 48 hr in the presence of SCM. The
preparation of cells was done, as described above. For the evaluation of lipid content in
various CAFs (CAF19, PTAF2 and PTAF3), cells were treated with GNPs or remained NT
for 48h. Post 48h, cells were washed with PBS (3), fixed with10% formalin for 10 min at
room temperature (RT) and followed by a further incubation with 10% formalin for at least 1
h. Cells were washed with 60% isopropanol for 5 min at RT, rinsed with water (5) and were
then dried under chemical hood overnight. The Oil Red O working solution was added onto
the dried formalin-fixed cells and were incubated for 10 min at RT. After the incubation,
cells were further washed with water (5) and were dried under hood. The Oil Red O dye was
eluted by adding 100% isopropanol, along with a gentle shaking for 10 mins. The optical
density (OD) of the eluted dye was measured at 500 nm using 100% isopropanol as blank. In
a separate experiment, the cell counts for GNPs-treated and non-treated groups after
trypsinization and centrifugation were performed using hemocytometer. The data were
expressed as OD/104 cells. In addition, the images for oil red o staining were also captured
by using Nikon Eclipse Ni microscope.

For the measurement of lipid content in CAFs after combined treatments of GNPs and
inhibitors, CAFs were prepared, as described above. On day 3, the media was again replaced
with either fresh SFM or SCM and were then treated with GNPs (20 ug/ml), GNPs + DEUP
(50 uM), GNPs + 3-MA (5 mM) and GNPs + etomoxir (50 uM) or remained NT. In parallel,
the only DEUP, 3-MA and etomoxir were also used as the corresponding controls for the
combined treatment groups. Post 48h, the lipid content/10* CAFs were measured, as
described above.

For the estimation of lipid content in CAFs after post-treatment of inhibitors, CAFs were
prepared, as described above. On day 3, cells were treated with GNPs (20 ug/ml) or
remained NT for 48h. The media of GNPs treated CAFs was replaced with either DEUP (50
uM), 3-MA (5 mM), etomoxir (50 pM), SFM or SCM and were then incubated for 24h. Post
72h, the lipid content/10* CAFs were measured, as described above.

Real-time PCR (QRT-PCR).

Total RNA was extracted from NT/GNP-treated CAFs using Quick-RNA Plus (Zymo
research, Irvine, CA, USA) according to manufacturers’ protocol. iScript cDNA synthesis
kit (Bio- Rad, Hercules, CA, USA) was used to retrotranscribed isolated RNA (1000 ng) and
then by following the suppliers protocol for iTaq SYBR Green (Biorad), gRT-PCR was
performed. The relative abundance of mMRNA from GNPs-treated, compared with that of NT,
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where 18s is an internal control, was calculated by using the comparative Ct method (24).
The details of the primer’s sequences (forward and reverse) are as shown below;

FASN: 5"-CAC AGG GAC AAC CTG GAG TT -3’ 5°- ACT CCA CAG GTG GGA ACA
AG-3’

SREBP1a: 5"-CGG CGC TGC TGA CCG ACA TC -3" 5’- CCC TGC CCC ACT CCC
AGC AT-3’

SREBP2: 5'-CAA GCT TCT AAA GGG CAT CG -3’ 5'- AGT AGG GAG AGA AGC
CAG CC-3’

PLINL1: 5'-TGG AAA CTG AGG AGA ACA AG-3’ 5’- ATG TCA CAG CCG AGA
TGG-3’

PLIN4: 5"-GAG TCA CTG GTG CCG TAA AT -3’ 5’- CCA GTA GTC ACT GCA TCC
TTA G-3’

FAB3: 5'-GAA GCT AGT GGA CAG CAA GAA -3’ 5'- GAT TGT GGT AGG CTT
GGT CAT-3’

FAB4:5’- GGA AAG TCA AGA GCA CCATAAC -3’ 5'-GCA TTC CAC CAC CAG
TTT ATC-3’

18S: 5’-TGA CTC AAC ACG GGA AAC C -3’ 5- TCG CTC CAC CAA CTA AGA
AC-3’

Immunoblotting.

Immunoblotting was performed using CAFs lysates containing a 100:1 v/v dilution of RIPA
buffer and proteinase inhibitor (Pierce, Appleton, WI, USA). The cell lysate was digested
with lamellae buffer containing B-mercaptoethanol at 100°C for 10 mins, followed a
separation using a 10% tris-glycine SDS-PAGE gel that was transferred to PVDF membrane.
The PVDF membrane was blocked in 5% BSA in TBS for at least 30 mins at room
temperature and was then incubated with rab a-SMA (cat. 19245, CST) and rab FASN (cat.
3180, CST) primary monoclonal antibodies in 5% BSA. Primary antibodies was used in
dilutions recommended by the manufacturer (1:1000) and secondary antibody was used at a
concentration of 1:10,000. GAPDH and a-tubulin were used as loading control to confirm
the equity.

Transmission Electron microscopy (TEM).

TEM was done according to the protocol, as described previously (19). Briefly, freshly
prepared GNPs were loaded into a 300 Cu mesh formvour carbon coated grids and were
then visualized under TEM. For the observation of internalized GNPs into CAFs, cells were
treated with GNPs or remained NT for 4h in SCM or SFM. After the incubation, cells were
washed with PBS and were collected the cell pellets with a brief trypsinization after
centrifugation at 14,000xg for 10 min, followed by the fixation with 4% Paraformaldehyde
(EM grade), 2% glutaraldehyde (EM grade), in 0.1M sodium cacodylate buffer overnight at
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4°C. According to the previous described protocol, various treatments were done before the
preparation of the ultrathin sections. The prepared sections which were stained with lead
citrate and uranyl acetate, were viewed under a Hitachi H7600 Transmission Electron
Microscope at 80 kV equipped with a 2k x 2k.

Cell viability assay.

1x10* CAFs were plated into a 12 well plate in the presence of SCM. After 48 h, cells were
treated with various inhibitors ((DEUP, 3-MA and etomoxir for 24h) and FASN for 6h)) at
various doses (DEUP: 6.25, 12.5, 25, 50 and 100 pM; 3-MA: 0.5, 1.0, 2.0, 4.0 and 8.0 mM;
etomoxir: 0.25, 0.5, 1.0, 12.5, 25.0, 50.0 and 100 pM; C75: 12.5, 25, 50 and 100 pM;
Amiloride (EIPA): 0, 31.25, 62.5, 125, 250 and 500 uM and methyl -cyclodetrin (MBCD):
0, 0.44, 0.88, 1.75 and 3.5 mM). The cell viability was determined using MTT assay (Sigma,
Ann Arbor, Michigan, USA) according to the manufacturer’s protocol. The viability of
CAFs was also assessed by using cell counting method. CAFs were pretreated with C75 for
2h, washed with either SCM or SFM and were then treated with GNPs for 48h in the
presence of their corresponding media. Next, the cell counts for GNPs, FASN, GNPs +
FASN and NT control after trypsinization and centrifugation were performed using
hemocytometer. The cell viability was expressed as a percentage (%) of cells that remained
live in the SCM or SFM.

Statistical analysis.

All numerical results are reported as mean+SD. The data were presented here from a
minimum of three independent experiments unless stated. The statistical significance of the
difference between non-treated and treated groups were performed by using unpaired
student’s #test and one way anova followed by multiple comparison test via prism pad
software.

RESULTS AND DISCUSSION

We first synthesized 20 nm GNPs by citrate reduction method and physico-chemically
characterized them by UV-Visible Spectroscopy (UV-Vis), Dynamic Light Scattering (DLS),
Zeta potential measurements and Transmission Electron Microscopy (TEM). The presence
of surface plasmon resonance (SPR) band around 522 nm in the UV-Vis spectrum is
indicative of the formation of GNPs (Figure 1A) (25). Hydrodynamic diameter (HD) and
surface charge of the GNPs were determined by DLS and zeta potential measurements,
respectively. DLS measurements demonstrate that GNPs of HD nearly 23 nm were formed
by this method with a net negative charge of ~—43 mV as determined by zeta potential
measurements (inset of Figure 1A). The size and shape of GNPs were further confirmed by
TEM that demonstrated that spherical GNP of ~ 20 nm was formed by this method (Figure
1B). Since cells generally utilize lipids according to their nutritional demand particularly
under nutrient deficient conditions (26) we next wanted to investigate internalization of
GNPs in activated fibroblast cell line CAF19 grown both in serum containing media (SCM)
mimicking abundance of nutrients and serum free media (SFM) mimicking nutrient deficient
environment. TEM micrographs clearly demonstrated that CAF19 cells internalized GNPs in
double membrane bound vesicles and multivesicular bodies when treated with GNPs with or
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without the presence of serum (Figure 1D and Figure S1A), that remains consistent with the
previous report (27). To quantitatively measure the internalized GNPs, we first determined
time course (0, 15, 30, 60, 120 and 180 mins) of internalization of GNPs into CAFs by using
flow cytometry in the presence of serum free media (SFM) and serum containing media
(SCM). The results depicted in Figure S1B showed that internalization of GNPs resulted in
an increase in the geometric mean intensity of side scattering (SSC) population in a time-
dependent manner. It is reported that the intensity of SSC represents the inner density or
granularity of each cell, whereas that of forward scattering (FSC) is related to the cellular
volume (21). Therefore, it is likely that GNPs inside cells increased the granularity, resulting
in a time-dependent increase in the intensity of SSC population. In order to further confirm
the results, we measured internalized GNPs by INAA at various time points (0, 15, 30, 60,
180 and 360 mins) after culturing CAFs in SFM and SCM. In SFM, the uptake of GNPs into
cells increased in a time-dependent manner. Maximum uptake (~40 % of the treated dose)
was observed at 3 h time point, beyond which internalization reached a plateau. However, in
case of SCM, the uptake is slow (~ 2 % of treated dose) and continuously increasing with
time (Figure 1E). This is likely due to the fact that the presence of abundant nutrients in
SCM reduces the uptake of the exogenous materials. However, we do not rule out the
possibility of other mechanisms such as the corona formation between GNPs and serum
containing proteins. In addition, we quantified amount of internalized GNP by INAA as a
readout of pathways involvement. To disclose the mechanism of GNPs uptake, we employed
3 widely used chemical inhibitors such as methyl p-cyclodextrin (MBCD to inhibit caveolae-
mediated endocytosis, amiloride (EIPA) to inhibit macropinocytosis and chloroquine to
inhibit clathrin-mediated endocytosis (CME). At first, we optimized the concentration of
MPBCD and EIPA at which most of the cells remained alive (Figure S1C), whereas we used
chloroquine (CQ) at a previously reported dose of 10 UM (22). Inhibitors pretreated CAFs
were incubated with GNPs at a dose of 20 ug/ml for 1 h in the presence of SCM and SFM
and then the internalized GNPs were quantified by INAA. The results depicted in Figure
S1D demonstrated that MBCD blocked GNPs uptake around 27% in SFM and 80% in SCM.
Similarly, EIPA inhibited gold uptake around 31% in SFM and 80% in SCM. Interestingly,
however, CQ (a vesicular disruption by elevating the intracellular pH of endosomes and
lysosomes), only marginally inhibited uptake (~8 % of treated dose) of GNP in SFM, while
inhibition is ~ 76 % in SCM. The possibility for the predominant inhibition of GNPs uptake
in SCM is that GNPs coated with proteins, known as corona is prone to take up by cells
through the receptors-mediated endocytosis (28), while large particles are mainly followed
up another route of cellular entry (e.g. large particles via macropinocytosis). Collectively,
these results suggest that GNPs are internalized into cells by multiple pathways, caveolae-
mediated, clathrin-mediated and macropinocytosis in SCM, whereas uptake is mainly
through caveolar and micropinocytosis in SFM.

To test whether GNPs can transform activated fibroblasts to quiescent characterized by high
lipid content, we next visualized lipid content in immortalized activated CAFs (CA19) and
primary patient derived CAFs (PTAF2 and PTAF3) isolated and characterized as we
described previously (19, 20). We first treated the cells with GNPs either under serum free
(SFM) or serum containing (SCM) condition for 48 h and labeled lipid droplets by a
fluorescent dye BODIPY (10) and visualized lipid droplets using fluorescence microscope.
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Compared to non-treated (NT) control, treatment with GNPs either in SCM or SFM
condition significantly increased lipid content in both immortalized and primary CAFs as
visualized by BODIPY fluorescence (green) (Figure 2A, B). Interestingly, however, GNPs
did not increase lipid content in pancreatic cancer cell line PANC1 under the same
conditions (Figure S4). In separate experiments, we quantified lipid content of the cells
under the same experimental conditions as above but using Oil Red O staining method as
described previously (23). Oil O Red dye was extracted from the cells using 100 %
isopropanol and optical density (OD) was measured at 500 nm. As well, the oil red o stained
lipid droplets inside cells were visulalized. Compared to NT control, treatment with GNP
significantly increased lipid content in CAF19 under both serum containing and serum free
media (Figure 2C, D, E and Figure S2, S3), however, the effect was much prominent under
serum free condition as expected. Together, these results indicate that GNP has the potential
to transform activated CAFs to quiescence through the modulation of lipid contents in the
cells. However, mechanisms through which GNP increased lipid content in CAFs were not
known that we wanted to investigate next.

GNPs may enhance lipid content of the cells either by increasing lipid biosynthesis by
upregulating lipogenic genes or by enhancing extracellular lipid uptake or interfering with
lipid utilization by the cells or may be by regulating all of these three possibilities. Lipids are
usually stored in the cells in the form of lipid droplets (LDs) and usually associated with the
upregulation of several fatty acid-related genes, including fatty acid binding proteins
(FABP3, FABP4), perilipin family (PLIN1, PLIN4), sterol regulatory element binding
proteins (e.g. SREBP1, SREBP?2) and fatty acid synthatase (FASN) (19, 23). Therefore, we
wanted to investigate if GNPs regulated expression of these genes using quantitative real
time PCR (gRT-PCR) as one of the mechanisms of enhanced lipid content of the cells by
GNP treatment. In the presence of serum, treatment of CAF19 with GNP enhanced mRNA
expression of FASN, SREBP2 and FABP3 whereas under serum free conditions GNP
significantly increased mRNA levels of all of the lipogenic genes tested when compared
with non-treated control. Importantly, mRNA levels of FASN, SREBP2 and FABP3 were
significantly enhanced both in SCM and SFM condition upon GNP treatment when
compared with non-treated controls (Figure 3A). These findings indicate that enhanced
expression of lipogenic genes such as FASN, SREBP2 and FABP3 may be responsible for
enhanced lipid content of the cells upon GNP treatment. Since FASN is a key lipogenic
enzyme which helps cells to produce long-chain fatty acids that are stored in the in
cytoplasm as LDs for cells to utilize under environmental stress (29), we next wanted to
investigate if inhibition of FASN activity would impair GNP-induced enhancement of the
lipid content in the cells. We first carried out a dose dependent viability assay with CAF19
cells to determine the optimum dose of C75, a pharmacological inhibitor of FASN (30), to
be used to interfere with the lipid synthesis but without hampering cell viability (Figure S5).
Pre-treatment with C75 or by knocking down FASN using FASN siRNA completely
abolished GNP induced increase in lipid content CAF19 cells in SCM, confirming that
FASN played a critical role in GNP-induced increase in lipid content in CAFs (Figure 3B—
E). Afterwards we tested the effect of the combination treatment on the viability of CAFs.
As expected non-toxic of dose of C75 did not alter viability of CAF19 whereas GNP
treatment decreased viability by 30-40 % in SCM as well as in SFM condition. However,
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combination treatment with GNP and C75 further reduced the viability of CAF19 by ~60 %.
These results indicate that CAFs utilized lipids to remain viable when treated with GNP by
enhancing endogenous lipid synthesis. Therefore, combination treatment with FASN
inhibitor and GNP decreased cell viability significantly when compared to GNP treatment or
C75 treatment alone. Furthermore, C75 completely abolished viability of CAF19 cells when
treated in SFM condition, indicating that cells relied on lipids to survive under starving
condition (Figure 3F). We thereupon wanted to investigate whether GNP induced increase in
lipid content in CAFs transformed them from activated to quiescent type phenotype.
Expression of a-SMA is a marker for activated CAFs that is expected to decrease when
transformed into quiescent phenotype (31). Therefore, we probed expression of a-SMA
using immunoblot (Figure 3G) and immunofluorescence (Figure 3H) experiments. With
concomitant increase in lipid content, treatment with GNP reduced a-SMA expression in
CAF19 cells, indicating reversal of activated fibroblast phenotype to quiescence (Figure 3G—
H). Collectively, these results support that GNPs enhanced lipid content in activated CAFs
by increasing expression of lipogenic genes mainly FASN and transformed activated
fibroblast towards quiescence.

As discussed above treatment of CAF19 cells with FASN inhibitor under serum free
condition completely abolished their viability indicating that cells utilized lipids to survive
under serum free condition. Therefore, we wanted to investigate whether cells utilized lipid
droplets (LDs) induced by GNP treatment to remain viable in quiescent state. LDs first
needs to be broken down to free fatty acids (FFASs) in order for cells to utilize them in
cellular energy homeostasis (31). There are mainly two major pathways by which cells break
down lipids; i) lipolysis: break down of lipids by the action of various lipases; ii) lipophagy:
break down of lipids by autophagic pathways (28). Finally FFAs thus formed needs to be
transported to the mitochondrion by carnitine palmitoyl transporter 1A (CPT1A) to be used
as fuels for fatty acid oxidation (FAO). To discern the effect of lipolysis in LD breakdown
we used diethylumbelliferyl phosphate (DEUP, a selective inhibitor for lipase function) (32).
We also used 3-methyladenine (3-MA, an inhibitor for blocking autophagosome formation)
(33) to decipher a role of lipophagy in LD breakdown and etomoxir, an inhibitor of CPT1A
that prevents FFAs transport to the mitochondria and inhibits FAO (34). We first determined
toxicity profile of each of the inhibitors on CAF19 cells to select a non-toxic dose of the
inhibitors to be used in the study (Figure S5). We next investigated effects of these inhibitors
on LD utilization by CAFs. We induced LD formation by GNP treatment under both SCM
and SFM condition and then monitored utilization of these LD by CAFs in the presence of
different inhibitors. Similar to the observations described above treatment of CAF19 cells
with GNP under SCM and SFM condition increased lipid content (Figure 4A). When SCM
and SFM were replaced with fresh SCM and SFM respectively, and visualized after 24 h, no
significant change in LD fluorescence was observed in SCM, however, a significant drop in
LD fluorescence was observed in SFM, indicating that cells utilized LDs that were induced
by GNP treatment to remain viable. When cells were treated with DEUP and 3-MA under
the same conditions, a significant increase in LD fluorescence was observed under both
SCM and SFM condition although the effects were more prominent under SFM condition, as
expected. Interestingly, treatment with Etomoxir did not significantly change LD
fluorescence in SCM, however, LD fluorescence increased significantly in SFM condition.
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These results clearly demonstrated that cells partially utilized GNP-induced lipid droplet
both under SCM and SFM condition, however, the effect was more prominent under starving
condition where cells predominantly rely on lipid store to survive. We next quantified lipid
contents of the cells using Oil O Red staining as we described above. The results clearly
support the same conclusions drawn from the LD visualization experiments (Figure 4B, C).
Next we investigated whether treatment with a mixture of GNP and inhibitors would have
similar effect. Combination treatment exhibited similar effect on LDs accumulation and
utilization as determined by LD visualization by fluorescence and quantification by Qil O
Red staining as described above (Figure S6A-C). We then wanted to investigate whether
GNP treatment impacted lipid uptake in CAFs. We used a fluorescence fatty acid analog P31
(1-pyrenedecanoic acid, P31) either in SFM or in SCM as exogenous lipid source to
determine the effect of GNP on lipid uptake. Fluorescence images clearly demonstrated that
treatment of CAFs with GNP for either 4h or 48 h did not alter the uptake of P31 as
compared to non-treated controls both under SCM and SFM condition. In addition, the
presence of partial co-localization (yellow) between P31 and LDs with and without GNP
treatment clearly demonstrated that GNP did not interfere with lipid uptake and induced
endogenous lipogenesis. (Figure S7A, B).

In summary, we demonstrated a unique biological function of gold nanoparticles. Gold
nanoparticles reprogram activated cancer associated fibroblast to quiescent by enhancing
lipid synthesis and lipid utilization (Figure 5). Since activated fibroblast plays major role in a
number of pathological conditions such as fibrosis, cancer, gold nanoparticles may find wide
applications in those pathological conditions where reversal of activated fibroblast to
quiescence is necessary to improve pathological outcome. In addition, the current study also
provides some mechanistic insight on the roles of lipid droplets in maintaining quiescent
phenotype through lipid utilization which may be exploited to target stromal compartment to
improve poor outcome in diseases.
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Refer to Web version on PubMed Central for supplementary material.
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GNPs characterizations and its cellular uptake. (A) The UV-Visible spectrum of as
synthesized GNPs exhibits SPR band around 522 nm. (B) TEM micrographs of as
synthesized GNPs showing spherical particles of ~ 20 nm diameter was formed by this
method. Scale bar 100 nm. (C-D) Observation of internalized GNPs into CAFs through
TEM. Treatment of CAFs with GNPs (20 pg/ml) was performed with or without the
presence of serum for 4h. Cells without GNP treatment were used as controls (NT). Cells
were then trypsinized, fixed, sectioned and then visualized under TEM. Scale bar 200 nm.
(E) Quantification of internalized GNPs into CAFs via instrumental neutron activation
analysis (INAA). CAFs were treated with GNPs at various time points, including 15, 30, 60,
180 and 360 mins in the presence or absence of serum and were then collected the cell
pelletes by centrifugation with a brief tripsinization. The cells pelletes were captured with a

digital camara and were then quantified by INAA.
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Figure 2.
GNP treatment increased neutral lipid contents in activated cancer-associated fibroblasts

(CAFs). (A-B). CAFs (CAF19, PTAF2 and PTAF3 were plated at a density of 104 cells/well
in a 12 well-plate with cover glass) followed treatment with GNPs (20 ug/ml) or remained
non-treated (NT) in SCM or SFM condition. After 48h, neutral lipids were stained with
BODIPY (green, Aex./em.=493/503 nm) for 30 mins and were visualized under
fluorescence microscope. Representative images of cells were shown here from three
independent experiments. Scale bar 20 pm. (C-D). Quantification of lipid contents in CAFs
cultured in SCM and SFM using Oil Red O. CAFs (2x10* cells/well in 6-well plate) were
prepared and were treated with GNPs or remained NT. Post 48h, lipids were stained with Oil
Red O dye and that dye was extracted by using 100% isopropanol. In separate experiment,
cells were counted by using hemocytometer. The optical density (OD) value of Oil Red O
dye was measured at 500 nm and was expressed as OD/10% cells. Statistical significance was
determined by student’s unpaired #test(NT vs GNPs, n=3, meanzs.d., *p<0.05, **p<0.01
and ****p<0.0001). (E) Images after Qil red o staining CAFs were prepared, stained with
oil red o dye and were then visualized by Nikon Eclipse Ni microscope. Scale bar 20 pm.
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GNPs treatment increased lipogenic gene expression and induced quiescence in CAFs. (A)
GNPs upregulate the mRNA levels of lipid metabolism genes in CAFs analyzed by gRT-
PCR. CAFs (2x10° cells/10 cm dish) were cultured and were then treated with GNPs for 48
h in SCM and SFM condition separately. mRNA levels of important lipid metabolism genes
(FASN, SREBP1a, SREBP2, PLIN1, PLIN4, FABP3 and FABP4) were determined using
gRT-PCR, where 18s was used as internal control. Results were expressed as fold mRNA
expression, with respect to non-treated controls (NT) and represented as meanzs.d. of three
individual experiments (n=3). Statistical analyses were performed using student’s unpaired
ttest (NT vs GNPs, ns = non-significant, *p<0.05, and **p<0.01). (B). Inhibition of fatty
acid synthatase (FASN) by C75 reduced lipid droplets formation. CAFs were pretreated with
C75 at a dose of 50 uM for 2h in the presence of SCM and followed by treatment with GNPs
for 48h. The cells were stained with BODIPY (green, Aex./em.=493/503 nm), fixed and
were visualized under microscope after mounting with DAPI (blue, Aex./em.=340/380 nm).
Scale bar 20 um. (C-E) Knock-down of FASN by siRNA reduced the lipid droplets
formation. CAFs were transfected with FASN siRNA at a dose of 133 nM. Post 48h, the
MRNA and protein expression were determined by RT-gPCR and immunoblotting, where
18s and GAPDH were used controls respectively. Neutral lipids into control and knock-
down cells were also visualized by staining BODIPY (green, Aex./em.=493/503 nm) under
microscope. Scale bar 20 um (F) CAFs were pretreated with C75 at a dose of 50 uM either
in SCM or SFM, post 48h, cells were counted by using hemocytometer. Results were
expressed as the viable cells (%) with respect to NT from three individual experiments (n=3)
and statistical analyses were performed using one way anova, followed by multiple
comparison test (NT vs treated, meanzs.d., ns=non-significant, *p<0.05, #p<0.001 and
#p<0.0001). (G) Western blot for a-smooth muscle actin (a-SMA) showing decreased
expression of a-SMA upon 48h GNPs and ATRA treatment, where GAPDH was used as the
loading control. (H) Immunofluorescence for a-SMA showing reduced fluorescence (red)
upon GNP treatment. Scale bar 5 pm.
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Utilization of lipid droplets by CAFs. (A) CAFs were treated with GNPs or remained
untreated (NT) for 48h. GNPs-treated CAFs were further incubated with SFM, SCM, DEUP
(50puM), 3-MA (5 mM), etoximir (50 uM) either in SCM or SFM for 24h or remained
untreated after which LDs were visualized by BODIPY fluorescence (green, Aex./
em.=493/503 nm). LDs were stained with BODIPY for 30 mins, fixed and then visualized
under fluorescence microscope. Representative images of cells were shown here from three
independent experiments (n=3). Scale bar 20 um. (B-C). Quantification of lipid contents in
CAFs using Oil Red O staining. Experiments were performed as above except staining with
Oil O Red instead of BODIPY. The optical density (OD) value of Qil Red O dye was
measured at 500 nm and was expressed as OD/10% cells. Statistical significance was
determined by student’s unpaired #test of three independent experiments (meanzs.d., n=3,
ns=non-significant, *p<0.05, **p<0.01 and ***p<0.001, NT vs treated groups).
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