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Abstract

Since gold nanoparticles (AuNPs) have great potential to bring improvements to the biomedical
field, their impact on biological systems should be better understood, particularly in a long-term,
using realistic doses of exposure. miRNAs are small noncoding RNAs that play key roles in the
regulation of biological pathways, from development to cellular stress responses. In this study, we
performed genome-wide microRNA (miRNA) expression profiling in primary human dermal
fibroblasts 20 weeks after chronic and acute (non-chronic) treatments to four AUNPs with different
shapes and surface chemistries at a low dose. The exposure condition and AuNP surface chemistry
had a significant impact on the modulation of miRNA levels. In addition, a network-based analysis
was employed to provide a more complex, systems-level perspective of the miRNA expression
changes. In response to the stress caused by AuNPs, miRNA co-expression networks perturbed in
cells under non-chronic exposure to AuUNPs were enriched for target genes implicated in the
suppression of proliferative pathways, possibly in attempt to restore cell homeostasis, while
changes in mMiRNA co-expression networks enriched for target genes related to activation of
proliferative and suppression of apoptotic pathways were observed in cells chronically exposed to
one specific type of AuNPs. In this case, miRNA dysregulation might be contributing to enforce a
new cell phenotype during stress. Our findings suggest that miRNAs exert critical roles in the
cellular responses to the stress provoked by a low dose of NPs in a long term and provide a fertile
ground for further targeted experimental studies.
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Herein, we identify the long-term genome-wide miRNA expression changes induced by a low
dose of AuNPs, providing a systems-level perspective of these changes. The miRNA
dysregulation, mostly implicated in the modulation of proliferative pathways, is a cellular response
to the stress caused by AuNPs.

Introduction

Over the past decade, nanotechnology has evolved from fundamentals to applications. Gold
nanoparticles (AuNPs) are being extensively explored in biomedicine. The combination of
remarkable optical scattering/absorption properties, photothermal and photoacoustic
capabilities, along with well-controlled synthesis procedures, make AuNPs very attractive
for applications in sensing, molecular diagnostic, drug/gene delivery, therapeutics and
theranostics. Furthermore, AuNPs are also present in consumer goods such as cosmetics,
supplements, food packaging and beverages.? By definition, nanoparticles are very small,
have large surface areas, contain under-coordinated surface atoms and, therefore, might be
more reactive than bulk materials. Thus, in parallel to the societal benefits promised by
nanotechnology, some concerns have been expressed about the intersection of NPs with
living systems.

In general, the biological responses to NPs have been assessed with the use of endpoint-
based conventional toxicity tests for traditional chemicals, mostly at unrealistically high
concentrations over short times. There is a clear gap in knowledge of the long-term effects of
NPs on living systems considering data taken at realistic doses of exposure, under relevant
environmental conditions. To shed light on this issue, our group investigated the /n vitro
long-term cellular responses (after 20 weeks) to well-characterized AuNPs (spheres and
rods) with different surface chemistries at a very low dose (0.1nM) under chronic (20 weeks
of continuous exposure) and non-chronic (24 h of exposure followed by NP-free cell media
for the rest of the 20 weeks) conditions.3 We found that AuNPs were not cytotoxic at this
dose in any condition, but they did perturb cell homeostasis by altering levels of stress
response genes to different degrees: in general, while cells upon chronic exposure
adaptatively responded to the continual stress, cells under non-chronic conditions showed a
sustained endoplasmic reticulum (ER) stress, and activation of the unfolded protein response
(UPR), an adaptative response aiming the restoration of cell homeostasis, suggesting that the
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non-chronic treated cells were still struggling to cope with perturbations caused by AuNPs
stimulation 20 weeks before.3 The UPR activation trigger pro-survival signals to manage the
stress but can also induce pro-death signals, depending on the cellular context. The

unresolved ER stress is a concern since is implicated in the development of human diseases.
4

Advanced tools to evaluate the NP-biological systems interactions have been proposed to
provide insights into the molecular responses to NPs.? These tools include omics-based and
systems biology approaches (which involves the holistic analysis of complex interactions
within biological systems) to detect molecular changes and perturbations in complex
biological networks and pathways by toxicants, which may lead to potential adverse effects.
miRNAs have been identified as critical regulators of biological pathways and play pivotal
roles in cellular responses to environmental chemicals since miRNA target genes are
preferentially regulated by those molecules in the human genome,8 highlighting the
importance of miRNAs in the (nano) toxicology research. miRNAs are short non-coding
RNAs that mediate the regulation of gene expression by inducing translation repression
and/or degradation of MRNA targets.” Each mRNA can be targeted by multiple miRNAs
that act cooperatively in gene repression. One miRNA can potentially have hundreds of
targets. Since miRNAs are virtually involved in the regulation of all cellular processes, from
development to maintenance of homeostasis,® miRNA dysregulation has been linked to
many human diseases. In the last years, studies have associated the exposure to
nanomaterials with changes in miRNA expression levels and corresponding biological
pathways.9-18 However, few studies have addressed the impact of AuNPs on miRNA
expression profile and they are limited to the evaluation of one AuNP type (citrate spheres)
being mostly focused on the short-term effects of high doses of NPs.19-23

To assess the long-term changes in miRNA levels in response to one low dose of AuUNPs, we
performed genome-wide miRNA expression profiling in primary human dermal fibroblasts
20 weeks after chronic and non-chronic exposures to 0.1nM of AuNPs with different shapes
and surface chemistries. Alongside the identification of differentially expressed miRNAs,
Weighted Gene Correlation Network Analysis (WGCNA) was employed to gain a systems-
level view of the miRNA changes after the AUNP exposure. The WGCNA is a systems
biology approach used to explore the functionality of a transcriptome by considering
correlations between gene transcripts, which are organized into functional clusters according
to cellular processes/pathways.?4 Further, bioinformatics analyses were carried out to
identify miRNA targets and related biological pathways. Finally, we integrated the
information obtained from the miRNome analysis with cellular parameters (e.g. cell
proliferation, viability, and morphology) and gene expression data investigated previously in
the same cells under the same conditions to provide a better understanding of the long-term
cellular responses to AuNPs. To the best of our knowledge, no study has examined the long-
term impact of AuNPs with different shapes and surface coatings on the miRNA modulation
focusing on a realistic scenario of low dose, relevant exposure conditions, and using a
systems biology approach.
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Experimental

The AuNPs synthesis, surface modification, cell culture and cell treatment with AuNPs, and
RNA isolation have already been described in more details elsewhere.3 Thus, only a brief
description of these methodologies is presented here.

Gold nanoparticles synthesis, surface modification and characterization

The citrate spheres were prepared by a scale up Turkevich method. Briefly, 25mL of 0.01nM
HAUCIy solution (trihydrate, HAuCls*3H,0, =99.9%, Sigma Aldrich) and 975 mL of
ultrapure deionized water (18.2 MQ, Barnstead NANOpure I1) were combined and the
solution was heated to boiling under constant stirring. Then, 20 mL of 5% (w/w) sodium
citrate (tribasic dehydrate, CgHsNa307¢2H,0, =99%, Sigma-Aldrich) was added. Additional
5 mL of 5% sodium citrate was added to the solution after 30 min. During this time, the
solution turned wine-red. After cooling down to room temperature, the solution was cleaned
up by centrifugation (8,000 rcf for 20 min). These gold nanospheres (average size: 18.4 nm
+ 2.0 nm in diameter) bore a net negative charge due to adsorbed citrate ions.

The PAA spheres (poly(acrylic acid)-coated nanospheres) were prepared by wrapping citrate
NPs using the typical layer-by-layer polyelectrolyte (PAH/PAA) procedures. Briefly, a
solution of 25 mL of 0.01 M NaCl and 50 mL of 10 mg/mL PAH (poly(allylamine
hydrochloride), M.W. 17,500 g/mol, Aldrich) (with 1 mM NaCl) was prepared and added to
1 L of citrate NPs under vigorous stirring. After centrifugation (8,000 rcf for 20 min), the
pellet was redispersed in 1L of deionized water and the procedure was repeated a second
time with 10 mg/mL PAA (sodium salt, M.W. 15,000 g/mol, Aldrich) (with 1 mM NacCl).
The final solution was purified by centrifugation and resuspended in minimal water.

The synthesis of gold nanorods was performed by a scale-up seed-mediated silver-assisted
method.2® In brief, 0.25 mL of 0.01 M HAuUCI, trihydrate and 9.75 mL of 0.1 M
hexadecyltrimethylammonium bromide (CTAB for molecular biology, Sigma-Aldrich) were
combined under vigorous stirring to make gold seeds. Then, 0.6 mL of freshly made 0.01 M
sodium borohydride (NaBHyg, Sigma-Aldrich) was added into the solution, resulting in a
honey-brown solution. The 2 L batches of gold nanorods were prepared by mixing 16 mL of
0.01 M silver nitrate (AgNO3, 99.0%, Sigma-Aldrich), 1900 mL of 0.1 M CTAB solution,
100 mL of 0.01 M HAuUCI4 and 11 mL of freshly made 0.1 M L-ascorbic acid (BioXtra,
>99.0%, crystalline, Sigma) (the solution reverted to colorless). Finally, 2.4 mL of the gold
seeds solution (prepared 1 h before) was added. Purification was done by centrifugation
(13,500 rcf for 20 min, 2 x) and the pellet was resuspended in deionized water. Then, the as-
made gold nanorods (46.0 nm £4.1 nm; 15.9 nm + 2.6 nm) were used to prepare PAA rods
and PEG rods. A sequential layer-by-layer polyelectrolyte (PAA/PAH/PAA) procedure was
used to make PAA rods. Briefly, a solution of 4mL of 0.01 M NaCl and 8 mL of 10 mg/mL
PAA (with 1 mM NaCl) was prepared and added to 20 mL of gold nanorods. After 2 hon a
shaker, the solution was centrifuged. This procedure was repeated 2 x more (once with PAH
and another with PAA). After the final PAA coating, the solution was centrifuged and
redispersed in minimal water. The PEG rods were made by mixing 20 mL of as-made
nanorods (diluted to 40 mL in water) and 20 mL of 0.5 mM mPEG-SH (thiolated methoxy-
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PEG, M.W. 5,000 g/mol, Nanocs, stored at —20°C). Then, the solution was purified by
centrifugation (8,000 rcf for 20 min, 2 x) before being redispersed in minimal water.

All AuNPs suspensions were gram-negative bacterial endotoxin-free determined by the
Pierce™ LAL Chromogenic Endotoxin Quantitation Kit (Thermo Scientific, USA).

All AuNPs solutions (in water and cell media) were characterized by UV-Vis spectroscopy
(Cary 500 Scan UV-vis-NIR spectrophotometer, Varian), dynamic light scattering (DLS),
zeta potential measurements (ZetaPALS DLS/zeta potential analyzer, Brookhaven
Instruments) and transmission electron microscopy (TEM, 2100 JEOL Cryo TEM) as
previously reported3 (tables S1 and S2).The concentrations of AuNPs solutions were
calculated using UV-vis spectroscopy.

Cell culture and gold nanoparticles treatment

In brief, human dermal fibroblasts (HDF), primary cells obtained from normal human
neonatal foreskin or adult skin (Sigma-Aldrich), were plated in 6-well plates (100,000 cells
per well) and grown in Dulbecco’s Modified Eagle Medium (DMEM, without phenol red,
Mediatech) supplemented with 10% Fetal Bovine Serum (FBS, Gemini Bio-Products) and
1% penicillin-streptomycin (Mediatech). These cells can be cultured at least 16 population
doublings according to the manufacture. At each passage (once a week), cells were plated
with NP-free media and allowed to adhere for 24 h. For chronic treatment with AuNPs, the
cell media was replaced with media containing 0.1 nM AuNPs (~ 6 x 1010 NPs/mL) and
cells were grown in the continuous presence of NPs for 20 weeks. For “non-chronic”
treatment with AuNPs, cells were grown in the presence of 0.1 nM of NPs only during the
first 24h. After this point, the cell media containing NPs was removed from non-chronic
samples and replaced with NP-free media. Then, the non-chronic samples were cultured
during the following 20 weeks in NP-free cell media such as the control cells (samples never
exposed to NPs). The cell media on all samples was replaced four days after plating, with
fresh 0.1 nM AuNP- containing media being added only to chronic samples. All experiments
were performed in three biological replicates (for controls and per sample type: citrate
spheres, PAA spheres, PAA rods and PEG rods; chronic and non-chronic exposures). No
experiments were performed that contained equivalent amounts of free ligand (~1-10 nM)
without the nanoparticles, as these molecular concentrations were expected to be below the
threshold for cellular responses.

RNA isolation, miRNA library preparation and sequencing

The total RNA, including miRNAs, was isolated from HDF cells treated with 0.1 nM AuNPs
under chronic and non-chronic conditions as well as from control cells after 20 weeks of
culture using the AllPrep® DNA/RNA/miRNA universal kit (Qiagen, USA). Samples were
then stored at -80 °C.

For the miRNA analysis, samples were quantified in Nanodrop 1000 (Thermo Scientific)
and their quality checked by Agilent 2100 Bioanalyzer (Agilent Technologies, USA). The
miRNA libraries were prepared using the NEXTflex Small RNA-Seq kit v3 (Bio Scientific)
following the manufacturer’s instructions and 800 ng of total RNA was used as starting
material. Briefly, after ligation of the 3’ adenylated and 5’adapters, the products were reverse
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transcribed and amplified by PCR (22 cycles) using different barcoded primers for each
sample. The miRNA libraries were then size selected (~150 bp band) on 10% TBE-PAGE
gel (BioRad) followed by overnight gel-elution and cleanup. Libraries were quantified with
the Qubit dsDNA HS Assay kit (Thermo Fisher, USA) and validated by Agilent 2100
Bioanalyzer using the Bioanalyser High Sensitivity DNA assay (Agilent Technologies,
USA) and Real-Time PCR (Applied Biosystems). Samples presenting low concentration
(Qubit values <0.4 ng/uL) (poor-quality libraries) were not included in further analysis
(control-replicate 2; citrate spheres chronic-replicate 1; PAA spheres chronic-replicate 3;
PAA rods chronic-replicate 2). The high-quality barcoded miRNA libraries were then pooled
and sequenced at the High-Throughput Sequencing and Genotyping Unit (Roy J Carver
Biotechnology Center, UIUC) using the Illumina HiSeg4000 instrument with 50 nucleotide
single-end reads.

Quality control, miRNA quantification and differential expression analysis

The sequencing data was extracted from FASTQ files. The average number of raw reads was
about 14 million and the quality control of the data was assessed using the MultiQC tool .26
High-quality data was obtained by filtering the sequences based on defined cutoffs: low-
quality sequence reads with a Phred score of less than 30 and a read-length shorter than 18
nucleotides were discarded and the adapters sequences were trimmed and removed. The
Novoalign 3.06.03 (miRNA mode) was used to align the reads to the human miRNA mature
sequences from miRbase V21 to match them to known miRNA sequences.2’

The read counts for mature miRNAs were input into R (v 3.4.3) for quality control, pre-
processing and statistical analysis using packages from Bioconductor,28 as indicated below.
Two samples, one replicate of PEG rods chronic and one of PEG rods non-chronic, were
deemed outliers from Principle Components Analysis clustering (data not shown) and were
removed from further analysis. Normalization was done using the TMM (trimmed mean of
M-values) method then log2-transformed with prior.count = 3 (hereafter referred to as
logCPM).22 Any miRNA without logCPM > log2(1) in at least 2 samples were filtered out,
leaving 991 miRNAs for analysis.

Differential miRNA expression was identified using the edgeR’s (v 3.4.1) likelihood ratio
test method.39 The equivalent of a one-way ANOVA test was used to calculate global
changes in mMiRNA expression across all nine groups (controls and AuNP-treated cells) and
pairwise comparisons were made between each of the eight treated groups versus the control
group. Additionally, pairwise comparisons were made between groups exposed to the same
AUNP type in different conditions (chronic versusnon-chronic). The Benjamini-Hochberg
false discovery rate (FDR) method was used to adjust the raw P values.3! miRNAs
presenting fold change (FC) = 2 or < -2 and an adjusted Pvalue (FDR) < 0.05 were
considered differentially expressed.

Quantitative real-time PCR

To validate the robustness of the data generated by sequencing, quantitative real-time PCR
(gPCR) was performed on a set of miRNAs (hsa-miR-29b-1, hsa-miR-181a, hsa-miR-486)
which presented significant sequencing-detected changes in their expression levels. Briefly,
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10 ng of total RNA was reverse transcribed into cDNA using the TagMan™ MicroRNA
Reverse Transcription (RT) kit (Applied Biosystems, USA) following the manufacturer’s
instructions. The qPCR reaction was carried out using TagMan Universal Master Mix Il (no
UNG) (Applied Biosystems, USA), the cDNAs previously obtained, individual TagMan™
MicroRNA assays (Applied Biosystems, USA) and nuclease-free water as recommend by
the manufacturer on a Quanta Studio 7 instrument (Applied Biosystems, USA). The human
U6B small nuclear RNA (RNU6B) was used as endogenous control for data normalization.
Samples were run in triplicate for each miRNA along with no-template controls. Changes in
miRNA relative expression levels were calculated using the 272ACT method and differences
were considered significant at £< 0.05.32

Weighted gene co-expression network analysis (WGCNA)

miRNA co-expression networks were built using the WGCNA package (v 1.61).33 We re-
filtered the miRNAs using less rigorous criteria of logCPM (without any prior count added)
> log2(1) in only one sample to include more miRNAs (1,130) in the pattern-based analysis.
First, pairwise correlations between miRNAs were calculated using the biweight
midcorrelation method. Next, pairwise topological overlap between miRNAs was calculated
using a soft-thresholding power of 8 based on a fit to scale free topology. Then, we used the
blockwiseModules() function with default parameters except corType = “bicor”,
maxPOutliers = 0.1, power = 8, networkType = “signed hybrid”, deepSplit = 4,
minModuleSize = 10, and mergeCutHeight = 0.2 to assign miRNAs to modules. The
miRNAs expression data in each module was summarized by the parameter module
eigengene (ME). The module membership, also known as eigengene-based connectivity
(KkME), was calculated to identify highly connected miRNAs within each module (hub
miRNAS). A KME = the median for each module presenting differences in the miRNA
expression profile was used as a cut-off for hub miRNA selection (Turquoise: KME > 0.68;
Blue: KME = 0.74; Yellow: KME = 0.80; Green: KME > 0.76; Red: KME > 0.77; Pink: KME
> 0.76; Magenta: KME = 0.81; Purple: KME = 0.71; Green yellow: KME = 0.69; Salmon:
kME = 0.77; Midnight blue: KME > 0.65; Light cyan: KME > 0.84). Pairwise comparisons
among samples within the same module were performed using the one-way ANOVA test
and adjusted P values (FDR) < 0.05 were considered significant.

Identification of predicted and validated miRNA targets and pathway enrichment analysis

The target genes of hub miRNAs were then bioinformatically predicted using miRWalk (2.0)
(http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/) and only those targets commonly
predicted by miRWalk (Predicted Target Module), miRDB, miRanda and TargetScan were
filtered.34 In addition, miRNA target genes experimentally validated by reporter assay and
western blot and/or g°PCR methods (strong evidence of miRNA-target interaction) were
selected from miRTarBase (release 7.0) (http://miRTarBase.mbc.nctu.edu.tw/).3®

Both predicted and strongly validated targets that were hit by at least 2 or more miRNAs in
each module were then considered in the enrichment analysis (= 2 in the green, pink, purple,
green yellow, salmon, midnight blue and light cyan modules; = 3 in the red module; = 4 in
the turquoise, blue, yellow and magenta modules, which presented the larger number of
miRNA targets). The freely available enrichment analysis tool Enrichr (http://
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Results

amp.pharm.mssm.edu/Enrichr) was used to identify overrepresented biological pathways
(REACTOME, update 2016) related to the miRNA targets in each module (Fisher’s exact
test, adjusted Pvalue < 0.10).

The miRNA target genes filtered from those public databases were compared with
differentially expressed genes (P value < 0.05) related to Stress and Toxicity pathways found
in our previous study using the same samples to identify miRNA-mRNA target pairs.3

miRNA changes in HDF cells exposed to a low dose of AUNPs

The overall workflow of our study is depicted in Fig. 1. The global changes in miRNA
expression profiles in human dermal fibroblasts (HDF) exposed to AuNPs under both
chronic and non-chronic conditions and controls (non-treated cells) were determined by
next-generation sequencing (NGS). Well-characterized AuNPs presenting different surface
chemistries, anionic citrate, anionic PAA and neutral PEG, considered some of the most
innocuous coatings for NPs, and different shapes (spheres and rods) were used in this study.

A total of 991 miRNAs were identified in our samples after quality control and reads
alignment to human mature miRNA sequences from miRbase VV21. A broad view of the
miRNA expression patterns across samples was obtained using the Benjamini-Hochberg
false discovery rate (FDR) set at 5% to adjust the raw P values and one hundred and thirty-
four (134) miRNAs were found to be differentially expressed (DE) (FDR<0.05).
Hierarchical clustering heatmaps of the DE miRNAs (Fig. 2A) revealed a complex miRNA
response to AuNPs stimuli in HDF cells even for the low dose exposure. When grouped by
chronic or non-chronic (Fig. 2A, left), we notice a clustering of DE miRNAs in samples
exposed to AUNPs (PAA spheres, PAA rods and PEG rods) in a non-chronic way, suggesting
some common miRNA dysregulation signatures. A clustering was less evident considering
samples under chronic AuNPs exposure. Intriguingly, the miRNA expression profile of cells
challenged with citrate spheres under the non-chronic condition grouped together with those
found in samples chronically exposed to NPs (Fig. 2A, left). When samples were grouped by
AUNP type (Fig. 2A, right), distinct miRNA expression patterns were observed between the
exposure to the same particle type but under different conditions, particularly considering
PAA rods and PEG rods NPs.

To determine differences in the miRNA expression levels between groups, we performed
pairwise analyses comparing HDF cells exposed to AuNPs with controls (ctrl) as well as
comparing samples treated with the same AuNP type upon a different exposure condition
(chronic or non-chronic). miRNAs were filtered with a more restrict cut-off criterion of fold
change (FC) = 2 or <2 and FDR < 0.05. The changes in miRNA expression are presented in
Volcano plots (Fig. 2, B and C). The individual miRNAs with accompanying FC and raw
and adjusted Pvalues (FDR) are tabulated in tables S3 and S4.

Compared to controls, the non-chronic exposure to AuNPs led to a larger number of
significant changes in miRNA expression levels (12 DE miRNAs versus 1 DE miRNA by
the chronic counterpart) (Fig. 2B). Citrate spheres had the greatest impact on miRNA
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dysregulation under non-chronic conditions. Members of the hsa-let-7 (let-7) miRNA family
were downregulated by the non-chronic exposure to both citrate spheres and PAA rods as
well as by the chronic exposure to PAA spheres. The let-7 family is well-known to its
essential role in cell cycle regulation and cell differentiation, presenting strong tumor
suppressor activities.38 Moreover, the other significantly downregulated miRNAs by citrate
spheres (hsa-miR-424-3p and hsa-miR-660-5p) and PAA rods (hsa-miR-29b-1-5p and hsa-
miR-486-5p) exposures under non-chronic condition have been associated with modulation
of proliferation in different cell types.37-3% More specifically in fibroblasts, while the
downregulation of hsa-miR-424-3p seems to optimize the cell response to ER stress,%0
decreased levels of hsa-miR-29b-1-5p and 486-5p were related to aberrant fibroblast
proliferation during the pathogenesis of fibrosis.4142 By contrast, the non-chronic exposure
to PAA rods induced the expression of hsa-miR-193b-3p involved in inhibition of cell
proliferation in human fibroblasts under oxidative stress, and apoptosis.#3 On the contrary,
the non-chronic exposure to citrate spheres led to upregulation of the hsa-miR-625-3p
involved in a cell type-dependent induction or suppression of cell proliferation and survival,
44 as well as upregulation of hsa-miR-146a-5p and hsa-126a-3p, negative regulators of the
inflammatory response in fibroblasts,*> and hsa-miR-369-5p, involved in fibroblast
proliferation.46

Differences in miRNA expression levels were more evident in the analyses comparing cells
exposed to the same AuNP type under different conditions (chronic or non-chronic) (Fig.
2C). A total of 54 miRNAs was found to be dysregulated. While the comparison between
samples exposed to citrate spheres chronic and non-chronic, and PAA spheres chronic and
non-chronic showed changes in the expression of only 1 miRNA, remarkable differences in
miRNA expression levels were noticed comparing samples treated with PAA rods in distinct
ways: 44 DE miRNAs were identified. The most dysregulated miRNAs were hsa-miR-4634
(12.94-fold), hsa-miR-4488 (10.0-fold), hsa-miR-3129-3p (9.95-fold) and hsa-miR-491-5p
(9.83-fold) (table S4). The functions of hsa-miR-4634, hsa-miR-3129-3p, and hsa-
miR-4488 are still unclear; the hsa-miR-491-5p has been related to fibroblast senescence®’
and serves mainly as tumor suppressor in cancer cells by inhibiting proliferation and
inducing apoptosis.#8 The list of altered miRNAs includes both well-known anti-
proliferative miRNAs, such as hsa-miR-34b-3p and 34c-3p, hsa-let-7c-3p, hsa-miR-15b-5p,
hsa-miR-486-5p, hsa-miR-143-3p, as well as miRNAs related to the induction of
proliferation, such as hsa-miR-21-3p and 21-5p, and hsa-miR-17-5p (17~92 cluster), in
fibroblasts and other cell types.#%-52 The comparison between cells exposed to PEG rods
under chronic and non-chronic conditions showed DE miRNAs also involved in cell
proliferation suppression and/or apoptosis induction (hsa-miR-486-5p, hsa-miR-24-3p, hsa-
miR-99b-5p, hsa-miR-22-3p, hsa-miR-320a and b, and hsa-miR-335-5p)°3:>4 and fibroblast
senescence (hsa-miR-22-3p, hsa-miR-335-5p).55:56

Common sets of dysregulated miRNAs were identified: the hsa-miR-4488 was strongly
downregulated in cells after the non-chronic exposure to PAA spheres and PAA rods
compared to samples chronically treated with these AuNPs (Fig. 2C); the hsa-miR-486-5p
was found downregulated after the treatment with PAA rods and PEG rods under non-
chronic conditions whereas the upregulation of the hsa-miR-181 family (181a-5p, 181b-5p
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and 181c-5p), implicated in the regulation of inflammatory responses and senescence in
fibroblasts, was observed (Fig. 2C).%7

To validate some changes observed in miRNA expression levels after the cell exposure to
AuUNPs, quantitative real time PCR (qPCR) analysis was performed and confirmed the
significant changes in the expression levels of hsa-miR-29b-1, hsa-miR-181a, hsa-miR-486
detected by sequencing (fig. S1), supporting the robustness and reproducibility of our
miRNA-seq data.

Altogether, our results demonstrate that miRNAs mostly related to the modulation of cell
proliferation are dysregulated after the cell exposure to AuNPs, and the effects of AuNPs on
miRNA expression levels in HDF cells are dependent on both cell exposure condition and
NP surface chemistry.

mMiRNA co-expression patterns perturbed by AuNPs at low dose

To further understand the impact of AuNPs exposure on miRNA expression changes at a
system level, we performed the Weighted Gene Co-Expression Network Analysis
(WGCNA). To ensure a more robust and meaningful network, we re-filtered our miRNASs to
include more samples, considering now a total of 1,130 miRNAs (see Material and
Methods). Widely used in genomic data analysis, the WGCNA is a systems biology
approach that employs a cross-correlation method to identify modules of co-expressed genes
(similar expression patterns) which may be functionally related, belong to the same
biological pathway, or are likely co-regulated by a common set of transcription factors
and/or chromatin regulators.2* We identified 16 modules labelled by different colors (fig.
S2), summarized by module eigengene (ME) (Fig. 3, fig. S3). The grey color was reserved
for unassigned miRNAs (do not belong to any module). The complete set of miRNAs in
each module is listed in data file S1.

We used a pairwise one-way ANOVA test to determine significant differences in the miRNA
expression profiles between samples within the same module. The results are summarized in
Table 1. Statistical differences were found in 12 modules. Overall, we observed that a single
module was perturbed by different AuUNP types, which may indicate dysregulation of
common biological pathways by distinct particles. The miRNA profiles obtained from the
chronic treatment with citrate spheres and PEG rods, and the non-chronic treatment with
PAA spheres, did not change significantly from controls in any module. In contrast, the
chronic exposure to PAA rods and spheres as well as the non-chronic exposure to citrate
spheres, PAA rods and PEG rods led to perturbations in the miRNA expression profiles
across different modules when compared with controls. Once again, the patterns observed
after the non-chronic treatment with citrate spheres mostly followed the same trend (up or
downregulation) as those observed in samples chronically exposed to AuNPs within the
same module, independently of the NP type (except in the ME purple). Differences in the
miRNA profiles of cells exposed to PAA spheres upon chronic and non-chronic conditions
were evident in the yellow, red, magenta, green yellow and salmon modules whereas seven
modules presented different patterns of miRNA expression between the chronic and non-
chronic exposures to PEG rods. The miRNA expression profiles differed significantly
between PAA rods chronic and non-chronic in the turquoise, blue and yellow modules.
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Indeed, 36 of the 44 DE miRNAs detected in our pairwise analysis comparing these two
conditions are scattered across these 3 modules (15 DE miRNAs in the turquoise, 15 in the
blue and 6 in the yellow modules). A clear effect of the exposure condition in the miRNA
expression independently of the AUNP type can be observed in the yellow module which
was upregulated in samples treated under non-chronic condition and downregulated by their
chronic counterpart (Fig. 3).

Hub miRNAs identification and target genes prediction by module

The WGCNA method applied in our study is also a useful tool to find the key drivers (i.e.
hub miRNAs) within modules. miRNAs that share the largest number intramodular
connections with others are called hub miRNAs since they play pivotal roles in the
biological function of co-expression networks. Thus, a set of highly connected miRNAs
(hub miRNAs) was identified within each of the 12 modules perturbed by AuNPs based on
their module membership scores (kME) (Fig. 4, data file S2). Strikingly, 43 of the 62 DE
miRNAs found in our samples were listed as hub miRNAs within different modules.
Furthermore, the miRNAs with the highest degree of connection in the turquoise, blue,
yellow, green, magenta and light cyan modules were also found to be DE in our cells,
suggesting their critical function in the cellular responses to AuNPs (data file S2).

The biological function of miRNAs is dictated by the genes (MRNAS) they regulate. Hence,
for the functional characterization of co-expressed miRNAs in each module, experimentally
validated (strong experimental evidence from miRTarBase 7.0) as well as targets
bioinformatically predicted by four well-known miRNA target prediction databases accessed
via miRWalk 2.0 (see Experimental section) were identified (data file S3). To reduce false
positive results generated by the target prediction algorithms, only targets commonly
predicted by all four prediction databases were selected. Moreover, we considered only
genes targeted by at least 2 or more miRNASs since the combination of multiple miRNAs at
the same target may determines the most dramatic changes in its expression and,
consequently, the biological effect.

To verify the validity of the bioinformatically determined data, the set of miRNA target
genes identified in each module was then compared with the set of differentially expressed
genes (Pvalue <0.05) related to cell stress and toxicity pathways (cell death, unfolded
protein response, oxidative stress, etc) previously found in the same samples.3 Considering
the commonly accepted role of miRNAS to negatively regulate gene expression, a total of 72
inversely correlated miRNA-mRNA target pairs was identified across modules (data file S4).
However, since our previous gene expression data was limited to the evaluation of only 72
genes and mMiRNA-mRNA target pairs were not observed in some modules perturbed by
AUNPs, the further pathway enrichment analysis was not restricted to the matched miRNA
targets identified, but instead, the whole set of target genes rigorously selected using
bioinformatics tools was considered.

Biological pathway enrichment analysis

To interpret each module in a biological context, we further conducted pathway enrichment
analysis considering genes targeted by the hub miRNAs. Employing the REACTOME
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pathway database through Enrichr’s interface, biological pathways related to signal
transduction, metabolism of proteins, gene expression regulation, programmed cell death,
cell senescence, cell differentiation, etc., were found overrepresented in cells after AUNPs
treatment. The most significantly biological pathways enriched in each of the 12 modules
are presented in Fig. 5. The complete lists of the significantly enriched pathways along with
their respective adjusted P values and miRNA target genes by module are shown in data file
S5.

Pathways related to post-translational protein modification were among the most enriched in
the turquoise module, particularly pathways related to the asparagine-linked (N-linked)
glycosylation process, the most prominent protein modification of eukaryotic cells which
controls the folding and functional properties of proteins.>® The miRNA target genes of the
blue module were mainly associated to cell death process by apoptosis (mitochondrial
perturbation). Inversely correlated miRNA-mRNA pairs involving two important pro-
apoptotic genes (both downregulated in our previous gene expression analysis) were found:
TP53was the target of hsa-miR-125a, 125b, 1514, 30c, 491, and BN/P3L was the target of
hsa-miR-30c and 34b, all hub miRNAs in the blue module (data file S4). Moreover, the
upregulation of hsa-miR-222-3p, the top hub miRNA in this module, was recently
associated with inhibition of apoptosis in fibroblasts.>® Signaling pathways mediated by
receptor tyrosine kinases (RTKSs) such as KIT, IGF1R (Insulin-like Growth Factor 1
Receptor) and the RTK families ERBB (ERBB2, ERBB4 and EGFR - Epidermal Growth
Factor Receptor) and FGFR (Fibroblast Growth Factor Receptors 1,2,3,4) were highly
significantly overrepresented in the yellow and green modules. Notably, the enrichment for
RTKs-related pathways was also observed in other 6 modules (turquoise, blue, pink, purple,
green yellow and salmon) (Fig. 5, data file S5). The downstream cascades activated by
RTKSs, like MAPK/ERK and PI3K/AKT are related to the regulation of cell proliferation and
differentiation, cell survival, cell metabolism, and other critical cellular processes.®? Other
signal transduction pathways such as SMAD2/3:SMADA4 transcription activity (TGF-p
signaling), implicated in the control of fibroblast proliferation and transformation6?
(turquoise and purple modules), Insulin-like Growth Factor-2 (IGF-2) mRNA binding
proteins (IGF2BPs/IMPs/VICKZs)®2 (red module), and Notch pathway®3 (light cyan
module) were also found overrepresented. The pink module was highly related to cellular
senescence, the most significantly enriched pathway found in our analysis. Interestingly, the
top hub miRNA in this module, hsa-miR-152-3p (data file S2), has been related to the
induction of senescence in human dermal fibroblasts.>” Enrichment for senescence pathways
was also observed in the blue, green, red, and purple modules. No biological pathways were
significantly enriched for miRNA target genes of the magenta module. The purple module
was mainly related to developmental biology, particularly axon guidance (related to cell
differentiation). In addition to the RTK cascades, as highlighted above, the green yellow
module was highly related to immune response. Pathways involved in nonapoptotic
functions of caspases 8 and 10 mediating the activation of NF-xB,%* a nuclear factor
implicated in cell proliferation and survival, cell stress responses and immune response, and
transcriptional regulation of cell death genes, such as caspase 10, by 7P53were enriched in
the midnight blue module.
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Discussion

In our genome-wide analysis, we identified the long-term perturbations in the miRNome
induced by the exposure of non-transformed human fibroblasts to a very low dose of
different types (shape and surface chemistry) of AuUNPs under relevant exposure conditions
(chronic and non-chronic). In addition, we used a network-based approach (WGCNA) to
provide a more complex, systems-level perspective of the miRNA expression changes
leading to important insights into the biological processes underlying the cellular responses
to AUNPs exposure.

Here, we report the significant role of cell exposure condition in miRNA dysregulation in
the long term, with the non-chronic exposure to 0.1nM of AuNPs having a wider impact in
the modulation of miRNA levels in HDF cells. We found that miRNAs mostly implied in
controlling cell proliferation were substantially dysregulated in our samples. Altered levels
of miRNAs related to cell proliferation pathways have been reported after short-term cell
exposure to different NPs, including citrate AuNPs.1%:22 In our previous work, we showed
that the non-chronic cell exposure to our AuNPs induced ER stress in HDF.3 ER stress is
implicated in ROS production, involved in the activation of proliferative signaling pathways.
65 Tsai and co-authors reported a significant increase of ROS and activation of proteins in
RTK pathways associated with the ER stress response in cells treated with a low dose of
“naked” AuNPs (no surface coating).® Our previous analysis has shown no increase in cell
proliferation rates in HDF cells after the treatment with any AuNP under non-chronic
exposure.3 Indeed, at the systems-level perspective, the non-chronic exposure led to
significant perturbations in pathways related to modulation of cell proliferation across
virtually all WGCNA modules (Table 1, Fig. 5) with cells under this exposure condition
potentially suppressing proliferative signaling pathways, as a general trend, through
miRNAs. This was well exemplified in the yellow module (Fig. 3), enriched for RTK
signaling pathways, where co-expressed miRNAs were upregulated in cells under non-
chronic exposure, independently of the AUNP type (exposure condition effect). The
upregulation of most hub miRNAs in this module, including the top 4 hub miRNAs, hsa-
miR-26b-5p, 376a-3p, 146b-5p, 369-3p, as well as hub miRNAs found DE (data file S2)
have been associated with inhibition of fibroblast proliferation.>”:67-72 miRNAs exert a
profound influence in the response to stress in developed tissues, suggesting their critical
function in the maintenance of homeostasis.® Thus, we speculate that, in this case, the
miRNA dysregulation leading to inhibition of proliferative signals is a cellular response to
the stress provoked by the non-chronic exposure to AuNPs in attempt to restore cell
hemostasis.

Under non-chronic conditions, the cell treatment with citrate spheres surprisingly presented
the greatest impact on miRNA expression levels compared to controls, suggesting that the
AUNP surface chemistry also had a large effect in miRNA expression changes. Generally,
citrate is considered a relatively benign surface chemistry to cells. Perturbations in three
miRNA co-expression modules, red, green yellow and light cyan, enriched for pathways
related to the modulation of cell proliferation, were noticed. The downregulation of hsa-
miR-132-3p, let-7a-5p, and 196a-5p, all hub miRNAs in the red module, and the
upregulation of their target CDKN1A (p21) (FC: 1.40, Pvalue: 0.016; unpublished
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observation), associated with inhibition of cell proliferation, were validated in our cells
under the non-chronic exposure to citrate spheres (data file S4). Moreover, miRNA-mRNA
pairs were also found in the light cyan module: the upregulation of hsa-miR-146a-5p by
citrate spheres, non-chronic treatment, and concomitant downregulation of its targets 7.R-4
and NFAT5;3 related to cell cycle progression and inflammation. These findings strongly
suggest that cells are activating anti-proliferative programs through miRNAs. The
suppression of HDF proliferation associated with significant changes in miRNA levels after
a short-term treatment with 20 nm-citrate spheres in a high dose (200 uM) was shown
previously.22

Interestingly, the global miRNA expression pattern observed for the non-chronic treatment
with citrate spheres presented more similarities to the ones found in cells chronically treated
with AuNPs (Fig. 2A) and the WGCNA showed miRNA co-expression patterns following
the same trend as observed particularly in samples chronically exposed to PAA Rods. This is
well-represented in some modules such as in the blue one (Table 1), enriched for intrinsic
mitochondrial apoptotic pathway, which plays a major role in the cell death triggered by
metal-based NP-induced ROS.56:73 As discussed above, the upregulation of miRNAs in this
module by the non-chronic citrate spheres and the chronic PAA rods exposures was
concomitant with the inhibition of two pro-apoptotic target genes, 7P53and BNIP3L, in the
same samples. These data, along with our previous results showing no significant cell death
after the non-chronic exposure to citrate spheres or the chronic exposure to PAA rods
compared to controls, suggest that the inhibition of apoptosis play a pivotal role in the
cellular response to these AuNPs in such exposure conditions. As mentioned previously, ER
stress was observed at the mRNA level in all non-chronic treated samples but also in
samples chronically treated with PAA rods.3 It was demonstrated that the ER stress can lead
to a decrease in the expression of tumor suppressor genes such as 7P53, target of five
different hub miRNAs in the blue module, preventing apoptosis and promoting cell survival
in attempt to restore cell homeostasis.”# In line with our data, the suppression of apoptosis in
HDF cells was observed after the acute treatment with citrate spheres (200 uM), via
pathways regulation by miRNAs.22

Profound differences in miRNA expression between samples treated with the same AuNP
type but under distinct exposure conditions were observed. This was particularly true
considering the exposure to PAA rods, the most endocytosed AuNP type by our cells,
indicating distinct mechanisms of cell response to these AuNPs in an exposure condition-
dependent way. At the systems-level perspective, differences in miRNA co-expression
profile between these two treatments were highlighted in the turquoise, blue and yellow
modules. The turquoise module was mainly enriched for miRNA target genes involved in the
protein modification pathways, in particular, N-linked glycosylation, implicated in the
protein folding process in the ER lumen and critical to cell homeostasis.>® Alterations in this
pathway are common features of cancer cells.”®> The downregulation of co-expressed
miRNAs in the yellow module and upregulation of the blue module by the chronic cell
exposure to PAA rods compared to both non-chronic exposure and controls suggest that the
treatment with these NPs under chronic condition might stimulates cell proliferation and
survival pathways with concomitant repression of apoptosis, as discussed above. Notably,
the chronic exposure to PAA rods also downregulated other genes associated with cell cycle
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control and apoptosis (GADD45A and TNFRSFI10A) in addition to 7253and BN/P3L.3
These observations are compatible to those described during the carcinogenesis process. In
response to stress, cells either reestablish their homeostasis or assume an altered state (“new
homeostasis”) in the new environment, and miRNAs play a key role in mediating cell
decision.8 Thus, our data suggest that the miRNA modulation occurred in response to the
chronic exposure to PAA rods (continual stress) might be enforcing a new state of our cells.
However, no changes in cell proliferation was yet observed in our samples. Of note, we
previously shown that both chronic and non-chronic treatments with PAA rods evoked
oxidative stress-related responses in HDF cells without a concomitant upregulation of the
protective antioxidant genes present in our array (such as NQOZI and GSTPI), increasing the
probability of cell injury.3

The two different exposure conditions for PEG rods, the least endocytosed AuNP type but
found free in the cytoplasm of HDF cells,3 also elicited great differences in the miRNA
expression profiles. PEGylated NPs are popularly thought to resist protein adsorption and be
biocompatible.”® However, PEGylated gold NPs indeed cause measurable cellular responses
in vitroand in vivo.3 "7 A total of seven miRNA co-expression modules was perturbed by
PEG rods, including the pink module, strongly enriched for target genes related to
senescence (Table 1, Fig. 5). Our miRNA DE analysis showed a 4.4x increase in the hsa-
miR-335-5p levels in cells under non-chronic exposure to PEG rods compared their chronic
counterpart (Fig. 2, table S4). This miRNA is associated with the senescence-associated
secretory phenotype (SASP) development in human fibroblasts by inducing the
inflammatory cytokine IL-6, and other SASP markers.>® Interestingly, we found the /L-6
gene highly expressed in our cells after the non-chronic exposure to PEG rods, as well as
increased levels of the chemokine CCLZ2 gene, another component of the SASP, and the
DDIT3gene (also known as CHOP), related to UPR-mediated cell senescence in response
to prolonged ER stress.”® In addition, cells under this treatment presented a significant
increase in size,3 a morphological change feature of senescence, and a slight increase in the
expression levels of CDKN1A (p21) (FC: 1.3, Pvalue: 0.04, unpublished observation), a
cell-cycle inhibitor often upregulated in senescent cells. Senescence is a mechanism of cell
response to stress (genotoxic, oxidative, oncogenic, and others) activated when cells are
unable to cope (adapt) with severe perturbations of homeostasis, adopting a state of
proliferative inactivation, and other characteristics,’® as discussed above. However, no
suppression of cell proliferation was yet noticed in our cells non-chronically exposed to PEG
rods after 20 weeks.3 Our network-based analysis revealed that the non-chronic exposure to
PEG rods elicited the overexpression of miRNAs in the pink module (Table 1). Notably, the
top 3 hub miRNAs in this module, hsa-miR-152-3p, 1185-2-3p and 34a-5p, have been
reported to promote cellular senescence in fibroblasts.>”:89:81 Fyrthermore, the same
exposure led to downregulation of miRNAs in the green module which has the hsa-miR-24—
3p as the top hub miRNA. Interestingly, decreased levels of this miRNA, also found DE in
the comparison PEG rods chronic x non-chronic, has been associated with senescence
phenotype in fibroblasts.82 Despite our data provide evidences implying a link between the
non-chronic exposure to PEG rods and the senescence program in HDF cells in a long-term,
further investigation is needed to clarify this effect.
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Conclusions

Taken together, our data revealed that HDF cells exposed to AuNPs upon non-chronic
condition presented greater dysregulation in the miRNA levels than the chronic one, despite
the time of cell exposure (only 24h) and the low dose applied. These cells were under ER
stress after 20 weeks of the exposure to AuNPs.3 At the systems-level perspective, our
findings suggest that the alterations in miRNA levels represent a cell strategy to cope with
the changes in homeostasis after the non-chronic treatment with AuNPs, mostly by
suppressing proliferative signaling pathways. Indeed, no significant alterations in cell
proliferation, a possible ER stress outcome,55 were observed in our cells.

Furthermore, we showed that the surface chemistry plays a critical role in the miRNA
dysregulation and, therefore, in the pathways perturbed by AuNPs. Considering the non-
chronic cell exposure, citrate spheres led to the highest number of miRNA changes
compared to any other AuNP type, indicating the big impact of these NPs on cell
homeostasis. Some mechanisms of cellular response to the NPs exposure were mostly
correlated to a specific AUNP surface chemistry. For instance, the non-chronic treatment
with citrate was related to antiapoptotic pathways whereas PEG-coated rods were possibly
activating senescence pathway. Different mechanisms of cell response are most likely to be
related to the intensity/duration of ER stress in the NPs treated samples.

The observation that cells chronically exposed to PAA rods are potentially suppressing
apoptosis pathways while inducing proliferative pathways is a concern and needs to be
further explored. Here, the miRNA dysregulation might be contributing to cells reprogram
their gene expression patterns during continual stress and reach a new state. High amounts
of PAA rods were found accumulated in HDF cells under chronic exposure after 20 weeks,
inducing oxidative stress without eliciting antioxidant defense,® which increases the chances
of cell damage.

Collectively, our study provides new insights into the molecular changes underlying the
long-term cellular responses to a low dose of AuNPs through genome-wide miRNA
profiling combined with a systems biology approach. We suggest that miRNAs play critical
roles in the cellular responses to the stress provoked by AuNP stimuli. The exposure
condition and surface chemistry had a significant impact on the miRNA changes and in the
mechanisms of cellular response to AuNPs. Our findings can be used as a guide to further
experimental studies to validate specific mechanisms/pathways perturbed by NPs, providing
a fertile ground for testing more molecular-level hypotheses on how exactly NPs exert their
effects in biological systems.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Flow chart of the overall approach.

Total RNA isolation;
miRNA library preparation;
Next generation sequencing

I miRNA identification and quantification |

miRNA differential weighted gene co-expression
expression analysis network analysis (WGCNA)

Hub miRNAs identification;
Predicted and validated miRNA target selection;
Pathway enrichment analysis

Integration with cellular parameters and

Human dermal fibroblasts were exposed to different types of well-characterized AuNPs at a
low dose (0.1nM) under chronic and non-chronic conditions. After 20 weeks, genome-wide
miRNA analysis was performed in cells exposed to AuNPs as well as in controls to assess
the long-term changes in miRNA expression levels. Differentially expressed miRNAs were
identified. Network-based analysis was also performed to gain a detailed, systems-level view
of the miRNA changes. miRNA target genes were bioinfomatically selected and enrichment
analysis were carried out to determine biological pathways perturbed by AuNPs exposure.
Cellular parameters and mRNA expression data were integrated with miRNA data.

Nanoscale. Author manuscript; available in PMC 2021 November 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Falagan-Lotsch and Murphy Page 21

3 -1 1 3
SD from mean

L2 oQ
= =
o o
2 2
£ &
L 9
= <
c 5}
< c

non-chronic
non-chronic

chronic non-chronic

let-7a-5p.

-log,, (adjusted p-value)
N

o B TIPR S § - RN
8 6 -4 2 0 2 4 6 8
log, (fold change)

4
T3

g -miR-625-3p
3 let-7¢-5p. i

£ 21 miR424-3p. _"“ﬁ:‘;gg'gp
=1 iR-660-50" =MmiR-369-5p
5 MIRBB0EP |l SmiR- 12030
1 4

f=2]

©

8 6 4 2 0 2 4 6 B
log, (fold change)

let-7¢c-5p,
miR-29b-1-5p,

-log,, (adjusted p-value)
N

= = Py emiR-183b3p
S 0w L e 9 0 o 5 » » » 0 18 e :
fgeeggg e ¢ B3 £ g o T 03 1 Pr
c ¢ a3 2 2 <o ) = = c < < 2 4
s £ £ e £ ] = £
0 & o E O o o g (L} o S S i (L) L i
o o g W o o & W 7 ) g w 0 y i
23 £ 2 g = L g A 8 6 4 2 0 2 4 6 8
-g o g o g o log, (fold change)
s s 5
citrate sph chronic X non-chronic PAA rods chronic X non-chronic PAA spheres chronic X non-chronic PEG rods chronic X non-chronic
4 o] miRA2600, | | 4 41 miR-486-5p+
. miR-486-5p = miR-1260a o
T3 ) ! T 3 T3 miR-320a «» miR-335-3p
] g S 3 ) R-320,
3 3 i 3 3 miR-24-3p » *miR-181a-5p
% 0 o i a a i A o
miR-4497 « i | i *miR-320b
3 84 miR-491-5p | «miR-143-3p 82 g2 Pl
] 2 iR-3129- ; 2 ] miR-99b-5p |
2 2 iR 3129\@._ | omR5423p 5 |irades ) Rl
2 | B 3 mir-4488 % ® miR-181c-5p 8 | .. B IR
=1 = o JmiR-4634" _ ° i = 14 =1 B
g 8 ey g 2 s ot '
T . % ., T R AT T - yoes i T ot AP e o
" - N SR ms v iy, . o o e n ..5':""
0 —— ———— 0 —— ——— 0 T e 0 7 T
8 6 4 2 0 2 4 6 8 8 6 4 -2 0 2 4 6 8 8 6 4 -2 0 2 4 6 8 8 6 4 2 0 2 4 6 8
log, (fold change) log, (fold change) log, (fold change) log, (fold change)

Fig. 2. miRNA expression changes after HDF cells exposure to AUNPs.
(A) Hierarchical clustering heatmaps showing changes in miRNA expression with samples

grouped by exposure condition (left) and by AuNP type (right). Using a scale of standard
deviations from the mean expression level, the change in expression level (one-way
ANOVA, FDR<0.05) is shown as red (higher expression) or blue (lower expression) relative
to the mean across all samples. Each row represents one miRNA and each column
corresponds to one sample. The dotted line (2A, left) highlights the similarities between the
miRNA expression profile in cells treated with citrate spheres under the non-chronic
condition and samples chronically exposed to AuNPs. (B and C) Volcano plots of miRNA
expression comparing cells treated with different types of AUNPs and controls (ctrl) (B), and
cells treated with the same AuNP type under different conditions (C). Only comparisons
showing DE miRNAs are presented. Blue dots represent miRNAs significantly
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downregulated while the red dots represent miRNAs significantly upregulated in treated
samples (FC=2 or<-2, FDR<0.05).
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Fig. 5. The most significantly enriched biological pathways associated to hub miRNA target

genes by module.

REACTOME pathway database (update 2016). Adjusted Pvalue < 0.1 was considered as

cutoff for significance.
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Intramodular pairwise comparisons (statistically significant differences).

Table 1:

Module Comparison Fold Change  ppR*
Turquoise PAA rods chronic x non-chronic 1.48 0.005
Blue CTRL x citrate spheres non-chronic 1.24 0.017

CTRL x PAA rods chronic 1.34 0.010
PAA rods chronic x non-chronic -1.59 0.005
Yellow CTRL x PAA rods chronic -1.19 0.040
CTRL x PAA rods non-chronic 1.28 0.004
PAA rods chronic x non-chronic 1.53 7.91E-06
PAA spheres chronic x non-chronic 1.29 0.003
PEG rods chronic x non-chronic 1.36 0.001
Green PEG rods chronic x non-chronic -1.36 0.042
Red CTRL x citrate spheres non-chronic -1.38 0.014
CTRL x PAA rods chronic -1.43 0.016
CTRL x PAA spheres chronic -1.60 0.003
PAA spheres chronic x non-chronic 1.36 0.028
Pink PEG rods chronic x non-chronic 1.38 0.030
Magenta CTRL x PAA spheres chronic -1.35 0.025
PAA spheres chronic x non-chronic 1.28 0.037
PEG rods chronic x non-chronic 1.42 0.010
Purple CTRL x citrate spheres non-chronic 1.38 0.012
CTRL x PAA rods chronic 131 0.040
CTRL x PAA rods non-chronic 1.45 0.004
CTRL x PEG rods non-chronic 1.45 0.016
PEG rods chronic x non-chronic 1.46 0.007
Greenyellow  CTRL x citrate spheres non-chronic -1.33 0.020
CTRL x PAA spheres chronic -1.44 0.014
PAA spheres chronic x non-chronic 131 0.035
Salmon CTRL x PAA spheres chronic 1.43 0.025
PAA spheres chronic x non-chronic -1.39 0.029
Midnight blue  PEG rods chronic x non-chronic 1.37 0.028
Light cyan CTRL x citrate spheres non-chronic 1.43 0.003
PEG rods chronic x non-chronic -1.33 0.012

*
One-way ANOVA
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