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Abstract

Extensive incorporation of engineered nanomaterials (ENMs) into industrial and biomedical 

applications increases the risks of exposure to these potentially hazardous materials. While the 

geno- and cytotoxic effects of ENMs have been investigated, the potential of ENMs to target the 

cellular epigenome remains largely unknown. Our goal was to determine whether or not industry 

relevant ENMs can affect the epigenome at low cytotoxic doses. A panel of cells relevant to 

inhalation exposures such as human and murine macrophages (THP-1 and RAW264.7, 

respectively) and human small airway epithelial cells (SAEC) were exposed to printer-emitted 

engineered nanoparticles (PEPs), mild steel welding fumes (MS-WF), copper oxide (CuO), and 

titanium dioxide (TiO2) nanoparticles. Toxicological effects, including cytotoxicity, oxidative 

stress, and inflammatory responses were assessed, taking into consideration in-vitro dosimetry. 

The effects of ENMs on cellular epigenome were determined by addressing the global and 

transposable elements (TEs)-associated DNA methylation and expression of DNA methylation 

machinery and TEs. The percentage of ENMs-induced cytotoxicity for all cell lines was in the 

range of 0-15%. Oxidative stress was evident in SAEC after exposure to PEPs and in THP-1 when 

exposed to CuO. Additionally, exposure to ENMs resulted in modest alterations in DNA 

methylation of two most abundant TEs in mammalian genomes, LINE-1 and Alu/SINE, their 

transcriptional reactivation, and decreased expression of DNA methylation machinery in a cell-, 

dose-, and ENM-dependent manner. These results indicate that exposure to ENMs at 

environmentally relevant concentrations, aside from the geno- and cytotoxic effects, can also 

affect the epigenome of target cells.

*Corresponding authors: Philip Demokritou, Department of Environmental Health, Harvard School of Public Health, Harvard 
University, 665 Huntington Avenue, Boston, MA 02115, USA. Tel: +1 6174323481. pdemokri@hsph.harvard.edu; Igor Koturbash, 
Department of Environmental and Occupational Health, College of Public Health, University of Arkansas for Medical Sciences, Little 
Rock, AR, 72205, USA. Tel: +1 5015266638. IKoturbash@uams.edu. 

Declaration of interests: The authors report no competing financial interests. The authors alone are responsible for the content and 
writing of the paper.

HHS Public Access
Author manuscript
Nanotoxicology. Author manuscript; available in PMC 2016 March 01.

Published in final edited form as:
Nanotoxicology. 2016 March ; 10(2): 140–150. doi:10.3109/17435390.2015.1025115.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Engineered nanomaterials; epigenetics; printer-emitted particles; DNA methylation; transposable 
elements

Introduction

Due to their unique physicochemical and mechanical properties, ENMs are used extensively 

in many industrial products and biomedical applications (Pirela et al., 2014b; Pyrgiotakis et 

al., 2014). While the geno- and cytotoxic effects of ENMs have been investigated in many 

studies (Cohen et al., 2014a; Setyawati et al., 2013; Sotiriou et al., 2014; Watson et al., 

2014), the potential of ENMs to target the cellular epigenome remains largely unknown. 

However, it is becoming increasingly recognized that environmental stressors can affect 

epigenetic mechanisms and that these alterations can play a key role in the development and 

progression of diseases (Bollati and Baccarelli 2010; Koturbash et al., 2011a).

Epigenetics define somatically heritable changes in gene expression without alterations in 

DNA sequence. Epigenetic mechanisms of regulation include methylation of DNA, histone 

modifications, regulation by non-coding RNAs, and nucleosome positioning. DNA 

methylation, the most studied epigenetic event, plays a critical role during the development 

and maintenance of cellular homeostasis. It regulates the expression of genetic information 

in a sex-, tissue-, and cell type-dependent manner and serves as a key mechanism in 

silencing of TEs (reviewed in Jones 2012).

Environmental factors have been reported to target the cellular epigenome, indicating TEs as 

one of the primary targets for alterations in DNA methylation. This is largely due to their 

abundance: up to two thirds of the genome is estimated to be comprised by TEs (de Koning 

et al., 2011). A wealth of studies have concluded that ambient particulate matter (PM2.5 and 

PM10) can induce hypomethylation of TEs in blood/buccal cells of exposed humans and in 

animal and in-vitro models (Baccarelli et al., 2009; Madrigano et al., 2011; Miousse et al., 

2014a; Salam et al., 2012; Stoccoro et al., 2013; Tarantini et al., 2009).

Limited but increasing evidence clearly points to the ability of ENMs to induce epigenetic 

changes. For instance, cadmium telluride quantum dots (CdTe QDs) have been shown to 

induce histone hypoacetylation in human breast carcinoma cells (Choi et al., 2008). Other 

ENMs, such as gold nanoparticles, iron (III) oxide nanoparticles, multi-walled carbon 

nanotubes, and CdTe QDs induced alterations in miRNA expression (Li et al., 2011; Ng et 

al., 2011). Similarly, microRNAome was affected in in-vivo studies (Balansky et al., 2013; 

Halappanavar et al., 2011). Of particular interest is the study by Gong et al. (2010), 

reporting that the short-term (24 h) treatment of human keratinocyte cells (HaCaT) with 

nano-silicon dioxide induced dose-dependent global genomic hypomethylation and 

alterations in DNA methylation machinery.

Here we hypothesize that ENMs may cause epigenetic changes, exhibited as 1) alterations in 

global and TEs-associated DNA methylation and 2) the expression of TEs and DNA 

methylation machinery and that these alterations are both cell- and ENM-dependent. Taking 
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into account that alveolar epithelial cells and macrophages are directly in contact with 

inhaled particles and constitute the first line of defense against foreign particles in the lung 

(Hiraiwa and van Eeden 2013), we exposed these cells to a number of industry related 

ENMs: PEPs, MS-WF, CuO, and TiO2 nanoparticles at low cytotoxic dose levels. The 

overall research strategy and experimental design for the study is outlined in Figure 1.

Methods

Sources and Characterization of ENMs

A variety of ENMs widely used in commercial applications (TiO2, CuO) as well as 

engineered nanoparticles released in the air from nano-enabled products during consumer 

use (PEPs) and nanoparticles of known toxicological and chemical footprint (MS-WF) were 

used in the study. The MS-WF particles were a kind gift from Dr. James M Antonini from 

the National Institute for Occupational Safety and Health and their physico-chemical 

properties are described in detail in a previous study (Zeidler-Erdely et al., 2010). The PEPs 

were sampled using a newly developed printer exposure generation systems described in our 

previous publication (Pirela et al., 2014a). The TiO2 and CuO were commercially obtained 

from EVONIK (EVONIK, Parsippany, NJ) and Sigma Aldrich (Sigma, St. Louis, MO), 

respectively.

The specific surface area (SSA, m2/g) of MS-WF, TiO2, and CuO was measured by the 

nitrogen adsorption/Brunauer-Emmett-Teller (BET) method using a Micrometrics Tristar 

3000 (Micrometrics, Inc., Norcross, GA). The average primary particle diameter dBET of 

these ENMs was determined from their SSA as dBET (nm) = 6000/(ρ×SSA), where ρ is the 

material density. Morphological assessment was subsequently performed using transmission 

electron microscopy (TEM) by a JEOL2100 microscope (JEOL, Peabody, MA) as described 

in great detail on a previous study (Sotiriou et al., 2012). The detailed chemical composition 

of PEPs which were collected from printer B1 is described in our previous study (Pirela et 

al., 2014b). Only PEPs with an aerodynamic diameter smaller than 0.1 μm (PM0.1) were 

used in this study.

ENM dispersal and characterization in liquid suspensions

The critical delivered sonication energy (DSEcr) of the ENMs was determined in order to 

break powder agglomerates in deionized water (DI H2O) and achieve stable monodispersed 

agglomerates based on a previously established protocol (Cohen et al., 2013). The DSEcr of 

MS-WF, TiO2, CuO, and PEPs was found to be 400, 161, 242, and 514 J/mL, respectively.

The preparation and characterization of particle suspensions for the toxicological studies 

was performed as follows: a 1 mg/mL stock suspension of each particle suspended in DI 

H2O was sonicated to the DSEcr using a Branson Sonifier S-450A (Branson Ultrasonics, 

Danbury, CT). The DI H2O-particle suspensions were then diluted to 100 μg/mL level using 

the appropriate type of cellular media for the various cell lines used in the study: small 

airway epithelial cell growth medium with the SAGM bullet kit (SAGM, LONZA, 

Allendale, NJ) for SAEC, Roswell Park Memorial Institute (RPMI) supplemented with 10% 

heat-inactivated fetal bovine serum (FBS) and 1×Antibiotic-Antimycotic (RPMI/10%FBS) 
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for THP-1, and Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% FBS 

and 100 U/mL penicillin-streptomycin (DMEM/10%FBS) for RAW264.7 (Life 

Technologies, Grand Island, NY). The pH of all the three media was 7.4. The hydrodynamic 

diameter (dH), polydispersity index (PdI), zeta potential (ζ), and specific conductance (σ) of 

these dispersions at 0 and 24 h exposure time were analyzed by dynamic light scattering 

(DLS) (ZetasizerNano-ZS, Malvern Instruments, Worcestershire, UK). In addition, the 

effective density of the formed ENM agglomerates in the culture media was determined 

using the volumetric centrifugation method (VCM) recently developed by our group 

(DeLoid et al., 2014). Effective density along with the size of the formed agglomerates are 

the two most important determinants of the fate and transport and dosimetry in-vitro (Cohen 

et al., 2014b). A brief description of the VCM method is presented in Supplementary 

Materials.

In-vitro dosimetric considerations

The actual delivered-to-cell dose of the test particles in specific media as a function of 

exposure time was determined by the hybrid VCM-in-vitro sedimentation, diffusion, and 

dosimetry (VCM-ISDD) method recently developed by our group (Cohen et al., 2014b; 

Deloid et al., 2014). A brief description is presented in Supplementary Materials.

Cell culture

The RAW264.7 were purchased from ATCC (Manassas, VA) and cultured in DMEM/10% 

FBS. The SAEC were a present from Jennifer Sisler (NIOSH, Morgantown, WV) and 

cultured in SAGM. The THP-1 were a gift from Dr. Lester Kobzik (Harvard School of 

Public Health, Boston, MA) and cultured in RPMI/10% FBS. All cells were cultured at 

37°C with 5% carbon dioxide.

The cells were exposed to MS-WF, TiO2, CuO, and PEPs dispersed in the respective cell 

culture media at two doses (0.5 and 30 μg/mL) for 24 h. PEPs exposures were only 

performed on the SAEC and RAW264.7, while the three other particle types were used on 

all three cell lines. All ENM suspensions were prepared as described above prior to cellular 

treatment. Cell seeding and harvesting details can found in Supplementary Materials.

Cell viability analysis

The CytoTox-One Homegenous Membrane Integrity Assay (Promega, Madison, WI) was 

used to estimate the number of non-viable cells present after the exposure to ENMs by 

measuring the amount of lactate dehydrogenase (LDH) leaked from the cells. The Lysis 

Solution was used as a positive control, which was included in CytoTox-One Homegenous 

Membrane Integrity Assay to generate maximum LDH release. Fluorescence intensity was 

detected by SoftMax Pro 6 GxP Microplate Data Acquisition and Analysis System 

(Molecular Devices, Sunnyvale, CA) with an excitation/emission wavelength of 560/590 

nm. To ensure that the nanoparticles did not interfere with the assay results, particle-only 

and media-only control groups were used. The particle-only controls were particles in media 

at 0.5 or 30 μg/ml concentrations (without cells), and media-only controls were only media 

in the absence of cells. Results indicated that the fluorescence intensity of the particle-only 
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control groups was almost the same as the media-only group indicative of no 

autofluorescence effects from particles (data not shown).

Oxidative stress assessment

Dihydroethidium (DHE), a superoxide indicator, is a fluorescent probe used to evaluate the 

oxidative stress in cells after exposure to ENMs. Fifteen percent hydrogen peroxide (15% 

H2O2, 4.9 mol/L) was used as positive control for 30 min at the end of 24 h exposure. Then, 

cells were incubated with 5 μM DHE at 37°C for 30 min. The fluorescence intensity was 

detected by SoftMax Pro 6 GxP Microplate Data Acquisition and Analysis System 

(Molecular Devices, Sunnyvale, CA) with an excitation/emission wavelength of 518/605 

nm. Particle-only control experiments were also included in this assay and compared with 

media-only control groups. Results indicated that autofluorescence effects were only 

detected in the particle-only control groups of MS-WF and TiO2 in SAEC media and TiO2 

in THP-1 media at 30 μg/mL. Thus, the signals for the aforementioned ENM exposures in 

both cell lines were corrected to take into the account the autofluorescence effects of 

particle-only controls.

Cytokines analysis

SAEC were treated with 30 μg/mL MS-WF, CuO, and PEPs for 24 h. Cell supernatants were 

collected and assayed by Eve technologies using a human 41-multiplex assay (Eve 

Technologies, Calgary, Alberta, Canada). The standard curve matrix which is the equivalent 

of a positive control is used by EVE Technologies with their own specific standard samples 

for each cytokine (Bedran et al., 2014; Egli et al., 2014).

Nucleic Acids Extraction

RNA and DNA were extracted simultaneously from flash-frozen cells using the AllPrep 

Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. DNA 

concentrations were analyzed by the Nanodrop 2000 (Thermo Scientific, Waltham, MA), 

and DNA integrity was evaluated on 1% agarose gel.

Analysis of 5-Methylcytosine (5-mC) and 5-hydroxymethylcytosine (5-hmC) levels

RNaseA (Sigma, St. Louis, MO) was added to 1 μg of genomic DNA to a final 

concentration of 0.02 mg/mL and incubated at 37°C for 15 min. Purified DNA was digested 

into component nucleotides using Nuclease P1, snake venom phosphodiesterase, and 

alkaline phosphatase as previously described (James et al., 2010). Methodology has been 

described in Supplementary Materials.

Analysis of methylation status of TEs

Methylation at the LINE1 and Alu/SINE elements was assessed by methylation-sensitive 

quantitative Real-Time Polymerase Chain Reaction (qRT-PCR). The detail method has been 

described in Supplementary Materials. Primers are listed in Supplementary Table 1.
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Quantitative analysis of gene and TEs expression levels

Complementary DNA (cDNA) was synthesized from 1 μg RNA using random primers and a 

High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) 

according to the manufacturer's protocol. Quantitative real-time PCR (qRT-PCR) to 

determine the levels of gene transcripts was performed using 10 ng of cDNA per reaction 

and the TaqMan Universal PCR Master Mix, no AmpErase® UNG (Life Technologies) on a 

ViiA 7 instrument (Life Technologies). Assay IDs used in the study are provided in 

Supplementary Table 2. Primers for determination of mRNA abundance of LINE-1 and Alu/

SINE elements are provided in the Supplementary Table 3. The ΔCt values for all genes 

were determined relative to the control gene GAPDH or RPS13/Rps29 (Supplementary 

Tables 2 and 3). The ΔΔCt were calculated using each exposed group means relative to 

control group as described previously (Schmittgen and Livak, 2008). All qRT-PCR reactions 

were conducted in triplicate and repeated twice.

Copy numbers analysis

LINE-1 copy number was assessed as following: LINE1 ORF2 was amplified by real-time 

quantitative PCR from 10 ng of gDNA. Relative abundance of the target in gDNA was 

normalized to 5S ribosomal DNA using the ΔΔCt method. The FAM/ZEN-conjugated 

primers with the probe sequence are shown in Supplementary Table 4 (Integrated DNA 

Technologies, Coralville, IA) and were used at a final concentration of 5 μM. Amplification 

was performed for 40 cycles using conditions for the 2× Taqman Universal Master Mix as 

recommended by the manufacturer (Life Technologies).

Statistical analysis

The significance was determined by one way ANOVA, followed by Dunnett's or Tukey's 

test using GraphPad Prism 5.0 software. A p-value ≤ 0.05 was considered to be significant.

Results

Physicochemical and morphological characterization of ENMs

Primary particle size as determined by BET and TEM methods for MS-WF, TiO2, CuO, or 

PEPs is shown in Supplementary Figure 1. The BET diameters for MS-WF, TiO2, and CuO 

were 23.8, 21.0, and 58.7 nm, respectively. Similar results were observed by TEM analysis. 

Moreover, the primary particle size of PEPs was also below 100 nm detected by TEM 

analysis.

Colloidal properties measured by DLS for all ENMs suspended at 100 μg/mL in either DI 

H2O or media are summarized in Supplementary Table 5. First, the dH and zeta potential 

were measured at 0 h after sonication by DEScr. Generally, formed ENM agglomerates in 

SAGM were bigger than other two media. As shown in suppl. Table 5, for MS-WF, TiO2, 

CuO, or PEPs in SAGM, the dH was found to be 1526.7 ± 259.6, 774.4 ± 59.61, 1367 ± 

73.12, and 381.7 ± 40.2 nm, respectively. In RPMI/10%FBS, the dH for TiO2, CuO, or PEPs 

was much smaller than that in SAGM and detected as 307.7 ± 25.22, 907.9 ± 24.81, and 

227.3 ± 105.0 nm for these particles, respectively, with little change for MS-WF (1502 ± 

96.26 nm). Similarly, the dH for all ENMs in DMEM/10%FBS was also smaller than that in 
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SAGM. It was observed as 783.0 ± 21.26, 390.4 ± 16.04, 828.3 ± 95.49, and 298.0 ± 5.73 

nm for MS-WF, TiO2, CuO, or PEPs, respectively. Moreover, the zeta potential was found 

to be negative for TiO2 and CuO suspended in DI H2O and the three different media at 0 h. 

For PEPs and MS-WF in DMEM/10%FBS, zeta potential was found to be negative (-15.9 

mV for PEPs, and -12.5 mV for MS-WF) as well as PEPs in DI H2O (-20.6 mV), and the 

rest were positive for these two ENMs in different suspensions at 0 h.

The stability of the colloids was also subsequently evaluated 24 h post-sonication to DSEcr 

(Supplementary Table 5). The dH at 24 h was found to be similar as those of 0 h for all the 

ENMs in the three different media. Moreover, the zeta potential at 24 h was also consistent 

with the results of 0 h for TiO2 and CuO suspended in DI H2O and the three different media. 

For PEPs, the zeta potential at 24 h was similar to those of 0 h in the three different media, 

except in SAGM which was a little bit lower than that of 0 h (1.22 mV at 24 h versus 9.97 

mV at 0 h). For MS-WF, the zeta potential in SAGM and RPMI/10%FBS was turned to 

negative at 24 h (-7.56 mV for SAGM, and -7.63 mV for RPMI/10%FBS) and positive at 0 

h (18.8 mV for SAGM, and 12.1 mV for RPMI/10%FBS); however, the zeta potential in 

DMEM/10% FBS was similar between 0 and 24 h. Taken together, the ENM suspensions 

exhibited stability during the exposure time.

In-vitro dosimetric considerations

In order to determine the cell-delivered dose of all ENMs in the three cell culture media as a 

function of exposure time, the VCM-ISDD method was used. In general, ENMs with greater 

values of hydrodynamic diameter and effective density in media may deposit faster than 

those with smaller values. As shown in Supplementary Figures 2 and 3, CuO and MS-WF 

deposited at a faster rate than TiO2 and PEPs in the three media for both well plate 

configurations. This is consistent with their relatively large hydrodynamic diameters 

(Supplementary Table 5). It will take less than 5 h for all of the administered mass of MS-

WF or CuO to deposit on the cells for both the 96-well plate and 100-mm diameter dish 

configurations. However, the opposite was observed for TiO2 and PEPs, especially when 

suspended in RPMI/10%FBS and DMEM/10%FBS. In 96-well plates, only approximately 

66% of the administrated dose of PEPs in RPMI/10%FBS will actually reach the bottom of 

the wells after 24 h exposure, while about 37% of the PEPs in DMEM/10%FBS will reach 

the bottom; and approximately 93% of the administrated dose of TiO2 in these two media 

will actually deposit to the bottom. Although with 100-mm diameter dishes, almost 100% 

TiO2 and PEPs deposited to the bottom after 24 h exposure; settling times were longer than 

those of MS-WF and CuO that also settled 100% at 24 h exposure time.

Cytotoxicity of ENMs

In order to evaluate the potential impact of ENMs on lung tissue, human epithelial cells as 

well as human and murine macrophages were exposed to MS-WF, TiO2, CuO, and/or PEPs 

at 0.5 (low dose) and 30 μg/mL (high dose) for 24 h. LDH analysis provides evidence that 

all ENMs have a dose-dependent cytotoxic response in all three cell lines, with the exception 

of CuO on THP-1. The two CuO treatments in this cell line didn't show any cytotoxicity 

compared with control group, while CuO were the only toxic particles on RAW264.7 among 
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all the ENMs. The percentage of cytotoxicity was in the range of 0-15% for all ENMs in the 

three cell lines, when compared to the untreated control group (Figure 2A).

Oxidative stress induced by ENMs

Levels of ROS were increased in PEPs-treated SAEC and CuO-treated THP-1 at high dose 

(Figure 2B). Although slight increases were observed, no significant difference was evident 

in total DHE fluorescence between other ENMs and control groups in all three exposed cell 

lines (Figure 2B). Furthermore, an increase in the expression levels of heme oxygenase 1 

(HO-1) was detected in all three cell lines, indicative of cells conferred cytoprotection 

innumerous models of oxidative injury (Lee et al., 2014). As shown in Figure 2C, CuO at 

the 30 μg/mL dose significantly increased more than 20-fold of HO-1 expression in both 

THP-1 and RAW264.7 compared to the control group. While upregulation was also 

observed in SAEC for CuO treatment, it did not reach significance. Interestingly, PEPs 

upregulated HO-1 expression only in SAEC at the 30 μg/mL dose (p < 0.01), whereas MS-

WF markedly increased HO-1 expression in both SAEC and RAW264.7 at same dosage 

(Figure 2C).

Effects of ENM exposures on cytokines

Levels of cytokines were measured in SAEC post-exposure to ENMs at high dose. Cytokine 

release for TiO2 was not included as TiO2 was found less toxic compared to other ENMs in 

the panel (see results above). Exposure to PEPs and MS-WF led to significantly elevated 

levels of ten cytokines (Supplementary Figure 4). Particularly, granulocyte macrophage 

colony-stimulating factor (GM-CSF), fractalkine, growth regulated oncogene (GRO), 

interleukin 6 (IL-6), IL-8, and monocyte Chemoattractant Protein-1 (MCP-1) increased over 

88-fold when compared with the control group. CuO exposure had no effects on these 

cytokines; however, the levels of basic fibroblast growth factor (FGF-2), platelet-derived 

growth factor-BB (PDGF-BB), and IL-7 increased, while that of epidermal growth factor 

(EGF) was decreased (Supplementary Figure 5).

Analysis of global DNA methylation

Global DNA methylation was addressed by measuring the levels of 5-mC in control and 

exposed cells. No significant differences were identified in the levels of 5-mC in response to 

ENM exposure (Figure 3, Panel A). At the same time, some minor differences in 5-mC 

levels were observed between the cells exposed to various ENMs.

Analysis of methylation status of repetitive elements

Previous studies indicate that analysis of global DNA methylation may mask the 

redistribution of methylation patterns between the different genomic loci, where the 

hypomethylation of one and hypermethylation of others may result in cumulatively 

unchanged levels of DNA methylation (Miousse et al., 2014a). To further investigate 

whether this phenomenon can be associated with exposure to ENM, we evaluated the 

methylation status of two most abundant in human and mouse genomes TEs, LINE-1 (L1), 

and Alu elements that correspond to SINE B1 and SINE B2 in mouse.
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First, we addressed the methylation status of L1 element in its four functional units: 5′- and 

3′-untraslated regions (UTR) and two open reading frames (ORF1 and ORF2, Figure 4). We 

identified the hypomethylation of ORF1 in SAEC cells after exposure to higher dose of 

PEPs (30% decrease, p-0.04). Interestingly, trends towards modest hypomethylation were 

also identified in ORF2 and 3′-UTR after exposure of SAEC to 30 μg/mL of PEPs as well as 

the above mentioned decrease in 5-mC; however, they were statistically insignificant. Some 

statistically significant, although of very minor magnitude, hypermethylation effects were 

observed in 5′-UTR, ORF1, and ORF2 of SAEC in response to exposure to CuO. The same 

effects were detected in ORF2 of THP-1 after exposure to CuO at high dose. Weak 

hypomethylation was also identified in 5′-UTR and 3′-UTR of RAW264.7 after low dose 

CuO treatment.

We next addressed the methylation status of SINE B1 and SINE B2 (RAW264.7) and Alu 

elements (THP-1 and SAEC) after exposure to ENMs. Similar to effects observed in L1 5′-

UTR, ORF1, and ORF2, significant hypermethylation of Alu elements in SAEC after 

exposure to higher dose of CuO was detected. Interestingly, a similar pattern was observed 

in THP-1, where exposure to both doses of CuO resulted in Alu hypermethylation. However, 

the most interesting results were found in RAW264.7, where exposure to virtually all ENMs 

resulted in modest hypermethylation of SINE B1 elements. No significant changes, 

although, were identified in methylation of SINE B2.

Expression of transposable elements

Exposure to environmental stressors frequently results in transcriptional activation of TEs 

(Koturbash et al., 2011b; Miousse et al., 2014b; Rudin and Thompson 2001). Therefore, 

next we sought to evaluate the expression of L1 and Alu/SINE in response to exposure to 

ENMs (Figure 5). Exposure to a lower dose of TiO2 and both doses of CuO resulted in 

significant and profound reactivation of both L1 ORFs – ORF1 and ORF2 as well as SINE 

B1 and SINE B2 in RAW264.7. In contrast, exposure to a higher dose of MS-WF led to 

transcriptional activation of L1 ORF1 and ORF2 and Alu (although, the latter two–

insignificant) in THP-1, while some weak L1 reactivation was also observed after exposure 

to a higher dose of TiO2. Similar to THP-1, effects were detected in SAEC cells, where 

exposure to high dose of MS-WF and TiO2 resulted in increased transcripts of L1 ORF2 and 

Alu (although Alu in TiO2 treatment–insignificant). Additionally, exposure to higher dose 

PEPs also led to increased expression of Alu in SAEC.

Analysis of L1 copy numbers

Reactivation of TEs, such as L1 and Alu/SINE, may lead to their retrotransposition and, 

subsequently, increase in their copy numbers. Taking into account the observed 

overexpression of L1 ORFs in response to ENMs, we addressed copy numbers of this highly 

abundant TE 24 h after exposure; however, we did not identify any significant increases in 

any of the treatment groups (Supplementary Figure 6).

Exposure to ENMs and DNA methylation machinery

Identified changes in expression of genes may predict further alterations within the 

pathways they control. Therefore, next we addressed the expression of a panel of genes 
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directly involved in establishment and maintenance of methylation marks and, therefore, 

called DNA methylation machinery. The expression of DNMT1, DNA methyltransferase 

responsible for copying the methylation patterns during the replication on the newly 

synthesized DNA strand, was found to be negatively affected by exposure to high dose of all 

ENMs and in all tested cell lines. The only exception was found in SAEC after exposure to 

high dose of CuO, where a statistically significant (p-0.001) 2-fold increase in the 

expression of DNMT1 was observed. Similar patterns, however, less pronounced were 

observed for both de novo methyltransferases DNMT3A and DNMT3B as well as UHRF1 

(Figure 6).

Effects of exposure to ENMs on DNA hydroxymethylation

Hydroxymethylation of DNA, an epigenetic mechanism discovered several years ago, is 

considered to be an intermediate chain in the process of DNA demethylation (Kohli and 

Zhang 2013). The levels of DNA hydroxymethylation in regard to exposure to ENMs were 

addressed by measuring the 5-hmC. Similar to 5-mC, exposure to ENMs did not greatly 

affect the levels of 5-hmC in any of the treatment groups, expect the low dose MS-WF 

exposure in RAW264.7 (Figure 3, Panel B). In contrast to DNA methyltransferases, where 

the congruent response was found for all three genes (DNMT1, DNMT3A, and DNMT3B), 

TET1-TET3 genes were differentially regulated, depending on the cell line, ENM, and dose. 

For instance, exposure to high dose of TiO2 and PEPs resulted in increased expression of 

Tet2 in RAW264.7, while high dose of MS-WF and CuO led to decreased mRNA levels of 

Tet3 in the same cell line (Supplementary Figure 7). More simultaneous response was 

observed in SAEC, where high doses of MS-WF, TiO2, and CuO and both concentrations of 

PEPs resulted in decreased expression of all three methyl deoxygenases.

Discussion

In this study, it was demonstrated that ENMs at environmentally relevant concentrations and 

at low cytotoxicity levels, aside from the inflammatory response and oxidative stress, has 

also resulted in epigenetic alterations in the target cells – macrophages and lung epithelium. 

These effects were exhibited as alterations in methylation of two most abundant in 

mammalian genomes TEs – L1 and Alu/SINE, their reactivation, and down-regulation of 

DNA methylation machinery.

These epigenetic alterations were associated with minimal cytotoxic effects. The treatment 

doses of 0.5 and 30 μg/mL used were chosen to cause no more than 20% of cytotoxicity 

following exposure to the test materials used here. It is worth noting that for the case of 

PEPs that we have “real world” exposure data, the cell-administered doses of 0.5 and 30 

μg/mL correspond to 1 and 60 h of inhalation exposure to PEPs emitted from laser printers 

(manuscript in preparation). As the results, the percentage of ENMs-induced cytotoxicity for 

all three cell lines was below 15%, and no significant changes were detected in cells 

exposed to 0.5 μg/mL of any of the ENMs. These data are in a good agreement with the 

previous studies (Badding et al., 2014; Sisler et al., 2014; Xia et al., 2013; Xiong et al., 

2013).
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Additionally, exposure to ENMs resulted in inflammatory response. Similar effects were 

observed in mice after exposure to stainless steel welding fumes (Zeidler-Erdely et al., 

2011). It is worth noting that the ten cytokines induced by MF-WF or PEPs exposures were 

most related to asthma and chronic obstructive pulmonary disease (Barnes 2008). A 

previous study reported that FGF-2 contributes to the progression of pulmonary 

hypertension in humans and rodents (Izikki et al., 2009). Thus, these results indicated that 

exposure to ENMs might induce lung diseases, but larger studies are needed to reveal the 

potential disease risk by the exposure.

Exposure to ENMs also generated oxidative stress, as evidenced from the intracellular 

generation of ROS and up-regulation of HO-1 expression (Figure 2B and C). This is in 

agreement with previous studies that reported WF (Antonini et al., 1999), TiO2 (Shrivastava 

et al., 2014), and CuO (Wang et al., 2012) capable of generation intracellular ROS. It is 

worth mentioning that ROS may lead to epigenetic changes that affect the genome by 

causing alterations in DNA methylation patterns (Gong et al., 2010).

Environmental stressors, independently of their mode of action (geno- or non-genotoxic), 

have been shown to target the cellular epigenome and DNA methylation, particularly. 

Exposure to various sources of particulate matter has been frequently associated with 

alterations in DNA methylation and TEs in particular (Baccarelli et al., 2009; Madrigano et 

al., 2011; Miousse et al., 2014a; Salam et al., 2012; Stoccoro et al., 2013; Tarantini et al., 

2009). Loss of TEs-associated DNA methylation is associated with numerous disease, 

including cancer (Miousse and Koturbash, 2015) and has been also reported early after 

exposure to both physical and chemical carcinogens (Koturbash et al., 2011b; Miousse et al., 

2014b). On the other hand, hypermethylation of TEs have been associated with allergen 

sensitization, suggesting their involvement in the pathogenesis of asthma and allergies 

(Sordillo et al., 2013). In the current study, levels of global and TE-associated DNA 

methylation were not greatly affected by ENMs exposure. This can be possibly explained by 

the short post-exposure time when a sufficient number of cell divisions had not occurred in 

order to detect potential alterations in DNA methylation. The observed loss of DNA 

methyltransferases activity, if sustained, will possibly lead to global genomic 

hypomethylation. Studies, investigating DNA methylation at later time-points after several 

cell divisions, will address this issue and are currently in progress in our laboratories.

In contrast to methylation, expression of TEs was greatly affected by exposure to ENMs. 

This well agrees with other studies, reporting reactivation of L1 and Alu/SINEs shortly after 

exposure to environmental toxicants and carcinogens both in-vitro and in-vivo (Koturbash et 

al., 2011b; Rudin and Thompson 2001). Reactivation of TEs may result in their 

retrotransposition via a “copy-and-paste” mechanism, by which a copy of a newly created 

TE is being introduced elsewhere in the genome, while the “original” remains at its primary 

location. Such events may have detrimental effects over genomes, by the mean of genome 

amplification and mutations within the target-genes of retrotransposition. Growing evidence 

indicates deleterious effects of retrotransposition in human cancers, including lung cancer 

(Iskow et al., 2010), and retrotransposition stimulated by exposure to various environmental 

stressors (Terasaki et al., 2013). Despite the significant increase in L1 and Alu/SINEs 

mRNA transcripts, no increases in TEs copy numbers were detected, suggesting absence of 
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retrotransposition events associated with exposure to ENMs. It is possible that a 24 h time-

point is not sufficient to initiate detectable rates of retrotransposition. Indeed, the most 

recent study indicates that L1 mobilization may take ∼ 120 h after exposure (Terasaki et al., 

2013).

Accumulating evidence clearly demonstrates the potential of epigenetic parameters to be 

introduced into risk and safety assessment (Goodman et al., 2010; Herceg et al., 2013; 

Koturbash et al., 2011a). This study provides a comprehensive characterization of the short-

term effects of in-vitro exposure of inhaled ENMs on DNA methylation and DNA 

methylation machinery. We show that such parameters as expression of TEs and DNA 

methyltransferases can be further utilized in the characterization of ENMs with the potential 

to be introduced into safety and risk assessment of ENMs. This study also provides a 

roadmap for future studies on epigenetic effects of ENMs, including evaluation of longer 

terms of exposure, involvement of histone modifications, and utilization of in-vivo models, 

which are ongoing studies in our laboratories. Further delineation of epigenetic alterations 

caused by ENMs will aid in understanding of the molecular mechanisms of potential health 

effects associated with exposures.

Conclusions

In this manuscript, we performed an extensive in-vitro characterization of epigenetic effects 

associated with DNA methylation by various sources of real world ENMs at low cytotoxic 

levels. We show that exposure to ENMs modestly affect DNA methylation within the most 

abundant TEs, but selectively enhance their transcription and suppress the expression of 

DNA methylation machinery at doses below cytotoxicity. Observed epigenetic alterations 

are associated with the development of human pathologies, including allergies, asthma, and 

lung cancer. Further studies are clearly needed in order to investigate short and long-term 

effects of exposure to ENMs and possible health outcomes of such exposures.
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