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ABSTRACT
Here we report epigenomic and transcriptomic changes in a prototypical J774 macrophage after 
engulfing talc or titanium dioxide particles in presence of estrogen. Macrophages are the first 
immune cells to engage and clear particles of various nature. A novel paradigm is emerging, that 
exposure to so-called ‘inert’ particulates that are considered innocuous is not really free of 
consequences. We hypothesized that especially the insoluble, non-digestible particles that do 
not release a known hazardous chemical can be underappreciated agents acting to affect the 
regulation inside macrophages upon phagocytosis. We performed gene chip microarray profiling 
and found that talc alone, and especially with oestrogen, has induced a substantially more 
prominent gene expression change than titanium dioxide; the affected genes were involved in 
pathways of cell proliferation, immune response and regulation, and, unexpectedly, enzymes and 
proteins of epigenetic regulation. We therefore tested the DNA methylation profiles of these cells 
via epigenome-wide bisulphite sequencing and found vast epigenetic changes in hundreds of 
loci, remarkably after a very short exposure to particles; ELISA assay for methylcytosine levels 
determined the particles induced an overall decrease in DNA methylation. We found a few loci 
where both the transcriptional changes and epigenetic changes occurred in the pathways invol-
ving immune and inflammatory signalling. Some transcriptomic and epigenomic changes were 
shared between talc and titanium dioxide, however, it is especially interesting that each of the 
two particles of similar size and insoluble nature has also induced a specific pattern of gene 
expression and DNA methylation changes which we report here.
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Introduction

Epigenetic regulation plays an important role in 
maturation and functioning of phagocytes [1]; 
however, short-term epigenetic changes that 
occur during phagocytosis have not been studied. 
The data that engulfment of certain bacteria lead 
to epigenetic changes in the macrophages (MФ) 
[2] led us to hypothesize that phagocytosis of any 
particle can be associated with DNA methylation 
changes.

MФs engulf particles quickly and to the extent 
that they can become overloaded; this especially 
occurs when particles are non-digestible [3–5]. 
Uptake and especially persistence of non-digested 
particles may contribute to disease by activating or 
inhibiting mechanisms in the MФs. We sought to

test this paradigm using two types of insoluble 
particles, generally considered ‘immunologically 
inert’ and vastly used in cosmetics and food pro-
ducts: talc (T) and titanium dioxide (TiO2); they 
are recently becoming recognized as not entirely 
innocuous. Previously we show that talc particles, 
especially in the context of increased oestrogen (E) 
levels, impair the tumoricidal function of MФ 
allowing more ovarian cancer cells in a co- 
culture [6]; the study aims to provide a feasible 
mechanistic explanation to the intriguing epide-
miological data linking talcum powder with ovar-
ian cancer [7]. In another model, we linked the 
exposure to titanium dioxide (TiO2) particles and 
airway inflammation, again seen more so at high 
oestrogen levels [8,9]. While in both models the 
MФ is a key and primary cell engaging the
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particles, the mechanisms affected by T or TiO2 in 
the MФ remained unknown.

Here we performed epigenomic and transcrip-
tomic analysis of prototypical macrophages (J774) 
after incubation with talc or TiO2 particles with or 
without oestrogen to determine expression and 
methylation signatures resulting from these expo-
sures and to detect potential biological pathways 
that could explain the pro-cancer and pro- 
inflammatory changes in the MФs.

Materials and methods

We used phagocytic murine cells line J774 
(ATCC; Manassas, VA): these ‘chromosomally 
female’ cells have been widely used as 
a macrophage/phagocyte model cell line [10,11] 
including studies of particle phagocytosis (e.g 
[12].), and of the effects of female hormones on 
macrophage responses [13] including our own 
prior studies [6,9]. The cells were maintained in 
100-mm Petri dishes in DMEM (for J774) free of 
phenol red, supplemented with 10% FBS, 2 mM 
L-glutamine, penicillin (100 U/mL), streptomycin 
(100 µg/mL) and 10 mM HEPES. Prior to experi-
ments, the cells were serum-starved for 48 hrs. in 
Macrophage-SFM (serum-free medium) (Gibco/ 
Life Sciences). Adherent cells in tissue culture 
plates (Corning) were then treated to 2 µg/mL of 
17-β oestradiol (E2) (cell culture grade, Sigma 
Aldrich) or ethanol used as vehicle control; the 
following day they were treated to talc and TiO2 
particles as follows.

Talc (Mg3Si4O10(OH)2, CAS Registry Number: 
14,807–96-6, USP grade, particle diameter < 
10 µm, was obtained via JT Baker (Batch No: 
0000184513); the specimen is certified by the man-
ufacturer as asbestos-free and we have not tested 
the material for contamination. The particles were 
suspended in PBS and filtered through 30 µm 
nylon mesh filters (no visible loss of material has 
occurred). We did not use any commercial talc 
products.

Titanium dioxide (TiO2), CAS Registry 
Number 13,463–67-7, control particles (with 
mean particle size of �1 µm) were a gift from 
Dr. L. Kobzik (Harvard School of Public Health, 
Boston, MA); these were used previously in our 
studies [6,8,9].

Freshly sonicated (via Qsonica Q55 probe soni-
cator, setting of 10, 10 seconds with 10-s intervals, 
3 times, on ice) particle suspensions were added at 
10 µg/well with a fresh dose of oestradiol at the 
same time. 24 hours later the cells were processed 
for total RNA isolation via Qiagen RNEasy proto-
col with in situ lysis using the RLT buffer, or, in 
separate wells, for total DNA isolation via Qiagen 
DNEasy kit. Total RNA and DNA quality and 
quantity were assessed spectrophotometrically 
using NanoPhotometer N120 (Implen).

These protocols were tested previously and did 
not affect the viability of the cells [6].

Microarray. Gene chip microarray expression 
profiling was performed at Brown University 
Genomics Core using GeneChip™ Mouse Gene 
2.0 ST Arrays (Affymetrix).

Global DNA methylation (5-mc) of DNA iso-
lated from J774 cells cultured under the indicated 
conditions was evaluated using 5-mc ELISA Easy 
Kit (Epigentek, Farmingdale, NY) following the 
manufacturer’s instruction. Briefly, 100 ng/well of 
sample DNA along with controls for a standard 
curve were bound to the assay plate, and then 
detection solution was added to the wells. 
Colorimetric analysis was done by measuring 
absorbance at 450 nm. The percentage of methy-
lated DNA (5-mc) in total DNA was calculated 
using the following formula:

5-mc% = [(Sample OD – NC OD)/Slope x S] 
x 100%. NC; negative control, S is the amount of 
input sample DNA in ng.

Reduced-representation bisulphite sequencing 
(RRBS) [14,15] is the optimal method for gen-
ome-scale analysis of DNA methylation: it pro-
vides an efficient way to generate absolute 
quantification of methylation of more than 
1 million CpG sites at single base-pair resolution 
with enrichment in loci more likely to be linked to 
transcriptional deregulation [16,17]. In brief, this 
method combines DNA digestion with 
a methylation-insensitive restriction enzyme and 
size selection to isolate a reproducible subset of 
the genome. This ‘reduced representation’ is 
sequenced using next-generation platforms, after 
an optimized bisulphite-treatment (to identify 
methylation marks) and Illumina library prepara-
tion. RRBS assay was performed by the Weill- 
Cornell Epigenomics Core.
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Data analysis

Standard methods for data other than genomic and 
epigenomic profiling. Data are presented as Mean ± 
SEM. Data plotting and statistical analysis were per-
formed using Excel 2007 (Microsoft) and Prism 7.02 
(GraphPad Software); statistical significance was 
accepted when p < 0.05. To estimate significance of 
differences between groups we used the non- 
parametric Mann–Whitney U test, one-way or two- 
way ANOVA with Tukey, Fisher or Holme-Sidak 
tests, or Kruskal–Wallis ANOVA with Dunn’s or 
Dunnett’s test as dictated by the number of groups, 
data normality and experimental question.

Microarray data

Raw data were normalized with quantile back-
ground adjustment using RMA Express (v1.20) 
and extracted as natural scale values into a single 
tab-delimited data matrix. Statistical analyses were 
conducted using TIGR MeV 4.5.1 or 4.9.0. All 
datasets were filtered above the value of 20 to 
exclude the noise from unexpressed genes. We 
used Support Trees (ST) clustering analysis, 
Significance Analysis for Microarray (SAM), 2-fac-
tor Analysis of Variance (ANOVA) and Linear 
Models for Microarray Data (LIMMA) methods.

Parameters. ST: Bootstrapping over 100 itera-
tions, Euclidean Distance metric, Average Linkage 
clustering. SAM: 2-class unpaired SAM was per-
formed separately for talc+oestrogen vs. vehicle or 
for titanium+oestrogen vs. vehicle, ignoring other 
samples; using only unique permutations, S0 
selected using Tusher et al. method, no q-values, 
imputation engine: K nearest neighbours; FDR 
~1.3; average linkage clustering with Pearson 
l. ANOVA: 2- factor ANOVA was performed with 
p-values based on F distribution, critical p-value 
cut-offs 0.01 or 0.001, just alpha (no correction). 
LIMMA: Multi-class (6-class) analysis with p-value 
cut-offs p < 0.05, p < 0.01, p < 0.01. Default settings.

For heatmaps, green indicates lower expression 
and red – higher expression, colour brightness is 
proportionate to the value of each gene.

The raw data were deposited via NCBI Gene 
Expression Omnibus (GEO), accession no. 
GSE135238 [18].

Epigenome-wide methylation data

Initial QC of raw reads was run using ‘FASTQC’ [19]. 
Reads were trimmed using ‘Trim Galore‘ [20] using 
the following settings: quality 20, adapter 
AGATCGGAAGAGC, stringency 1, length 50. 
‘Bismark’ was used to prepare the reference genome 
(Ensembl Release 89 of GRCm38) and to align 
trimmed reads using the bowtie2 parameter [21]. 
Bismark methylation extractor was used to extract 
methylation information using the following para-
meters: bedGraph, comprehensive, ignore 3-s, 
merge_non_CpG.

The edgeR package was used to find differentially 
methylated loci [22]. The glMFit function was used 
to fit a negative binomial-generalized log-linear 
model. The experimental design matrix was con-
structed using modelMatrixMeth with a factorial 
experimental design (~hormone* treatment). The 
glmLRT function was used to find differentially 
methylated loci (DML) for comparisons of interest, 
which were made by constructing contrast vectors. 
Individual CpG sites were considered differentially 
methylated if the nominal p-value was < 0.02 and if 
the CpG was within 5 kilobases upstream or down-
stream of a transcription start site. Interaction term 
contrasts were only explored for loci where the 
inclusion of the interaction terms better fit the 
data (e.g., p-values were < 0.02 for glmLRT with 
both interaction coefficients).

The raw data were deposited via NCBI Gene 
Expression Omnibus (GEO), accession no. 
GSE150322 [23].

Results

Transcriptomics

Support trees
ST clustering analysis entails unsupervised cluster-
ing of samples to reflect the similarity between 
samples in the dataset. ST clustering (Figure 1) 
shows that all 3 talc+oestrogen (TE) samples 
were most dissimilar with vehicle (Veh, V) control 
samples. Talc alone (T) samples were clustering 
close to TE samples, and were second most dis-
similar with Veh. This indicates that talc alone, 
and especially talc with oestrogen, has induced 
the most changes in the dataset compared to vehi-
cle control.
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SAM
Significance Analysis of Microarrays (SAM) is one 
of the more stringent statistical analyses that

identifies highly significant genes in microarray 
data comparisons. Figure 2 shows that approxi-
mately 10 times more genes were significantly

Figure 1. ST clustering of microarray data (crop). Colour is proportional to gene value (green = low, red = high). Each row represents 
a separate probeset and each column represents a sample. (TE = Talc + Oestrogen, T = Talc, TiE = Titanium Dioxide + Oestrogen, 
Ti = Titanium Dioxide, E = Oestrogen and V = Vehicle Control).
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different after talc and oestrogen exposure (A) vs. 
titanium dioxide and oestrogen (B) when either 
was compared to vehicle control. Figure 3 displays 
the specific input of talc (A) and oestrogen (B); the 
result indicates that talc had a substantially stron-
ger influence than oestrogen.

2-factor ANOVA
To study further the effect of talc and oestrogen 
individually and combined we conducted 
a 2-factor Analysis of Variance (ANOVA). This 
analysis measures the interaction effect the two 
factors had on gene expression. Figure 4 demon-
strates the amount of probesets significantly chan-
ged by two factors, talc and oestrogen, and their 
interaction. Talc-significant probesets were sub-
stantially greater than oestrogen significant. Their 
interaction shows slightly more significant probe-
sets than oestrogen alone. In combination the 
results suggest that the input of talc was much 
more substantial than the effect of oestrogen, con-
sistent with SAM results. ANOVA results also 
demonstrate the TiO2 induced substantially lesser 
effect than talc.

LIMMA
Grouped analysis using Linear Models for Microarray 
Data (LIMMA) enables the differential expression

analysis of multiple groups and factors. Each experi-
mental condition (e.g. talc alone, TiO2 alone, oestro-
gen alone, talc+oestrogen, TiO2+ oestrogen and 
vehicle) were compared to each other. The following 
trends can be observed in Figure 5: 1) Macrophages 
exposed to talc alone or in combination with oestro-
gen show significantly more differently expressed pro-
besets than macrophages exposed to titanium dioxide 
alone or in combination with oestrogen when com-
pared to vehicle control or oestrogen alone. 2) 
Comparisons between the two types of particles 
(with or without oestrogen) also show a great amount 
of significantly expressed probesets, suggesting the 
nature of the particle does affect the outcome.

Comparison to PCR array
We previously performed a PCR array testing of 
a small set of relevant genes using the same expo-
sure, and identified a cluster of genes upregulated 
by talc or downregulated by talc [6]. We wanted to 
see whether the broader microarray approach 
reproduces the initial finding. Therefore, we hand- 
picked the values for probesets corresponding to 
the genes tested via PCR array in [6] and produced 
a heatmap seen in Figure 6. We conclude that the 
gene expression results were generally consistent 
between the two methods.

Figure 2. Heatmaps of hierarchical clusters after SAM analysis showing the number of significantly different probesets when 
comparing (a) TE vs. Vehicle, or (b) TiE vs. Vehicle. FDR: = 1.35. (n) = 3 per group. Colour is proportionate to expression (RMA) 
value (green = low, red = high). Rows have been normalized. TiE = Titanium Dioxide + Oestrogen, Ti = Titanium Dioxide; TE = Talc + 
Oestrogen, T = Talc, E = Oestrogen and V = Vehicle Control. (N) = 3).
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Figure 3. Heatmaps of hierarchical clusters after SAM analysis showing the number of significantly different probesets when 
comparing (a) TE vs. E, or (b) TE vs. T. FDR: = 0.8. (n) = 3 per group. Colour is proportionate to expression (RMA) value (green = low, 
red = high). (TiE = Titanium Dioxide + Oestrogen, Ti = Titanium Dioxide; TE = Talc + Oestrogen, T = Talc, E = Oestrogen and 
V = Vehicle Control. (N) = 3).

Figure 4. Two-factor ANOVA Analysis. (a). Number of significant probesets affected by talc alone, oestrogen alone and both 
(interaction). (b). Same, for TiO2. Cut-offs p < 0.01 (left bar) or p < 0.001 (right bar).
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Pathway analysis

We used the LIMMA p < 0.01 TE vs. V list of 
3684 probesets to determine pathways where the 
genes with altered expression are involved. This 
list produced 1619 unique network objects in 
GeneGo Metacore pathway analysis tool. The 
analysis indicated that top 50 pathways could be 
grouped into the following processes: 1) Cell divi-
sion/proliferation, 2) Macrophage phagocytosis/ 
particle phagocytosis, 3) Immune response sig-
nalling pathways (OX40/OX40L, IL-1, IL-4, IL-6, 
IL-11, NF-kappaB, TNFR2, TLRs, TGFb and 
others), 4) MHC class 1 presentation, 5) 
Oxidative stress/ROS induced signalling, 6) 
Oestrogen/ESR1 signalling, 7) Apoptosis, 8) 
Epigenetic control of gene transcription. Figure 
7 represents a Direct Interactions network, show-
ing that the genes we identified as significantly 
affected were involved in interrelated pathways; 
the number of connections was substantially 
higher than in a control random list of gene 
names which indirectly confirms that the results 
are biologically meaningful.

Epigenetic involvement was a particularly interest-
ing finding; as evident from Figure 8(a) number of 
epigenetically acting factors have changed expression, 
among them DNA methyltransferase 1 (DNMT1) 
was most substantially downregulated by both parti-
cles, but to a greater extent by talc (Figure 9).

mC ELISA

Because ‘epigenetic control of gene transcription’ 
was one of the involved pathways (Figure 8), we 
tested the levels of overall DNA methylation (per-
centage of methylated cytosines) after talc and 
TiO2. As shown in Figure 10, average 5-mc % in 
the control cells (3.27 ± 0.10%, Mean ±SEM, 
n = 3) was significantly higher than in talc 
(2.44 ± 0.25%, n = 3, p < 0.05) or in titanium 
(1.75 ± 0.10%, n = 3, p < 0.01) treated cells. Co- 
treatment with oestrogen significantly reduced the 
5-mc % in the talc-treated cells (1.45 ± 0.22%, 
n = 3, p < 0.05), but neither in the control 
(2.94 ± 0.27%, n = 3) nor in the titanium-treated 
cells (1.91 ± 0.36%, n = 3).

We therefore performed a detailed analysis of 
DNA methylation changes via RRBS.

Epigenomics

Analysis of RRBS data indicates that both talc and 
TiO2 exposures were associated with vast changes in 
the DNA methylation profiles; this was true at 
a various stringencies and seen via different statistical 
methods (Figure 11), here we report a representative 
set of results via the model we selected as described 
in Methods and using p < 0.02 as a cut-off threshold. 
We selected only the loci 5000 bp up- or down-
stream of the transcription start site to identify the 
effects that most likely are associated with

Figure 5. LIMMA Analysis. Group comparisons. Left blank bars have a p < 0.01 cut-off and right black bars have a p < 0.05 cut-off. 
(TE = Talc + Oestrogen, T = Talc, TiE = Titanium Dioxide + Oestrogen, Ti = Titanium Dioxide, E = Oestrogen and Veh = Vehicle Control).
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Figure 6. (a) Comparison of microarray data to previously published [6] Cancer PathwayFinder RT2 Profiler PCR array data. (b) Inhibitory 
Effect of talc alone and in combination with oestrogen on macrophages after 24 h exposure when compared to other samples. (c) Stimulatory 
effect of talc alone and in combination with oestrogen. (TiE = Titanium Dioxide + Oestrogen, Ti = Titanium Dioxide, TE = Talc + Oestrogen, 
T = Talc, E = Oestrogen and V = Vehicle Control). (n) = 3/group. Colour is proportional to gene value (green = low, red = high).
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transcriptional regulation. Raw data are available via 
NCBI GEO [GSE150322]; the analysis algorithm is 
available via Github.

First, we aimed to determine how many differen-
tially methylated loci (DML) occur after exposure to 
either particle at stringency p < 0.05. We found 1243 
DMLs for talc interaction and 883 DMLs for TiO2 
interaction (Figure 11). Then we determined the 
DMLs occurred in presence of oestrogen vs. oestro-
gen alone using p < 0.02 stringency after filtering the 
data to include loci 5000 bp up- or downstream of 
the transcription start site. We found 402 DMLs in 
TE vs. E alone comparison, and 477 DMLs in TiE vs. 
E alone comparison (Figure 12). Among these, 91

loci were the same for both particles and the others 
were unique to each. We then compared a list of 
DMLs induced by talc in the oestrogen milieu (TE vs 
E) to the list of DMLs induced by talc in absence of 
oestrogen (T vs. Veh.) using a ‘contrast’ approach 
and found 447 DMLs; a similar comparison for TiO2 
resulted in 533 DMLs.

Next, we looked for overlapping gene names in 
the list of TE vs E DMLs and the list of differen-
tially expressed targets from the microarray results 
(output of LIMMA p < 0.05, n = 9211 probesets) 
and found only 50 overlapping gene names. 
Similarly, comparison of T vs Vehicle DMLs had 
only 39 overlapping gene names and they were

Figure 7. Metacore GeneGo Pathway analysis: Direct interactions network. (a). 1619 unique gene names from the list of significantly 
different probesets between TE and Vehicle via LIMMA at p < 0.01 stringency. (b) Control random list of 1620 gene names. Titanium 
dioxide particles did not induce enough changes to build a network.
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largely not the same as in the previous compar-
ison. We conclude that the epigenome-wide DNA 
methylation changes we detected are largely not 
associated with a resultant transcription change.

Pathway analysis

Pathway analysis of TE vs. E comparison allowed 
337 unique annotated gene names; in a ‘direct

interactions’ network they have shown a good 
extent of interacting with 577 edges (Figure 13(a)) 
involving, among others: WNT/beta-catenin, NF- 
kappa B, and ETS1 transcription pathways and 
TAL1 protein interactions as well as SMAD3 path-
way. In contrast, TiE vs. E comparison allowed 381 
unique annotated gene names but resulted in a less 
involved ‘direct interactions’ network with only 493

Figure 8. Pathway analysis. A predesigned map entitled ‘Epigenetic control of transcription’ in Metacore GeneGo with highlighted 
genes (depicted with red bar sets where bar height is proportionate to RMA expression value) determined to be significantly 
different between TE and Vehicle via LIMMA. (1 = TiE, 2 = Ti, 3 = TE, 4 = T, 5 = E, 6 = V; (n) = 3).
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Figure 9. DNMT1 expression. Normalized and background adjusted RMA expression values for the 27 probesets interrogating 
DNMT1 gene shown across individual samples.

Figure 10. 5-mC ELISA. DNA samples were evaluated for global DNA methylation (5-mC) by ELISA. Values represent mean ± SEM 
(N = 3) from duplicated samples for each treatment at varying conditions. *, p < 0.05, **, p < 0.01. (a) One representative experiment 
of 3 is shown. (b) Pooled data from 3 experiments.
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edges (Figure 13(b)), the bigger hubs here also 
included ETS1 and NF-kappa B but, uniquely, 
SOX9 and HNF3-beta. Hence, we conclude that 
there were some shared and some unique loci of 
DNA methylation change induced by talc and tita-
nium. The characteristic signatures of exposure can 
be found in Figure 13 and supplementary tables.

Figure 14 shows a ‘direct interactions’ network 
for the 50 (38 annotated) gene names seen in both 
the list of DMLs in a TE vs. E comparison and the 
list of differentially expressed genes in the same 
comparison, i.e., those where epigenetic change is 
accompanied by transcriptional change. It appears 
most genes in this list interact with each other, 
mainly because of their link to NF-kappa B and 
another transcription factor ETS. The other 
approaches to link epigenomic and transcriptomic 
effects were less informative.

In summary, we report that a 24 h in vitro expo-
sure of J774 MФs to talc particles alone, and espe-
cially to a combination of talc with oestrogen leads 
to substantial genome-wide gene expression 
changes that occur to a much lesser extent after 
exposure to TiO2 particles with or without

oestrogen. Among the pathways affected, epigeneti-
cally acting enzymes were involved, especially strik-
ing was the inhibition of DNMT1 expression. We 
therefore sought, and found, substantial epigen-
ome-wide DNA methylation changes after exposure 
to both talc and TiO2 (in the context of oestrogen 
or alone) seen as a decline of overall DNA methyla-
tion and as specific bidirectional changes in methy-
lation in hundreds of loci. We found a few loci 
where both the transcriptional changes and epige-
netic changes occurred at the same time in the 
pathways involving immune and inflammatory sig-
nalling. We note, that while some transcriptomic 
and epigenomic changes were shared between 
T and TiO2, it is especially interesting that each of 
the two particles of very similar size and insoluble, 
monocomponent, and non-digestible nature has 
also induced a specific pattern of gene expression 
and DNA methylation changes.

Discussion

Epigenetic regulation plays a very important and sub-
stantial role in macrophage functions [1]; aberrations

Figure 11. RRBS data analysis. Number of DMLs resultant from different comparisons. DMLs between (a) talc effect for oestrogen 
and no oestrogen, and (b) between TiO2 effect for oestrogen and no oestrogen: P value threshold <0.05. (c) TE vs. E at P value 
threshold <0.02 and (d) TiE vs. E: P value threshold <0.02 and filtered to only include loci <5000 bp from a nearest transcript. (n) = 3 
each group.
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in the epigenome can lead to compromised immune 
responses [24]. Phagocytosis is a complex process 
involving activation of a broad spectrum of cellular 
mechanisms including gene expression changes [25]; 
these changes are linked to epigenetic mechanisms 
including DNA methylation. While some changes are 
ubiquitous to the various processes of phagocytosis, 
others can be characteristic to a phagocytized object.

Here, we used two types of insoluble particles, 
generally considered ‘inert’ and often used as con-
trol particulates in studies of other, more ‘toxic’ 
environmental particles. Talc and TiO2 are 
broadly used in cosmetics, medical and food pro-
ducts. However, these particulates are not entirely 
innocuous; hence, while one particle in this study 
serves as a control for the other, both represent 
biological phenomena that we hypothesized may 
involve epigenetic deregulation.

Talc (hydrous magnesium silicate) is a mined 
product considered ‘inert’ and used in cosmetics 
including ‘baby powder’. The International 
Agency for Research on Cancer (IARC) has 
recently concluded that even talc not contami-
nated by asbestiform fibres (a carcinogenic con-
taminant seen in talc in the past) is possibly 
carcinogenic to humans (class 2b) [26]. 
Epidemiology data suggest an increase in ovarian 
cancer risk for women who used cosmetic talc 
powder in the genital area [27,28]. Particles the 
size of talc, if they are present in the vagina, can 
traverse to the upper female genital tract and 
have been detected in and around tumour- 
associated immune cells, particularly inside the 
cytoplasm of macrophages in specimens from 
ovarian cancer patients with the history of peri-
neal talc use [29]. The talc association was more 
apparent in premenopausal women and those 
postmenopausal women who were taking oestro-
gen replacement therapy [27] suggesting higher 
oestrogen may fuel the pathogenesis. The most 
current meta-analysis confirms the association 
[7], however the potential mechanism has 
remained elusive. We recently show that J774 
(or IC21) macrophages exposed to talc particles 
are less capable to curb the growth of OC cells 
in vitro [6], hence, we postulated the increased 
cancer risk may be mediated by inhibitory effect 
of talc on the MФ.

Figure 12. Hierarchical clustering of DML values. (a). TE vs E. (b) 
TiE vs E). Colour is proportionate to row-normalized CpG methy-
lation values (green = low, red = high). Rows have been 
normalized. (Veh = Vehicle Control, E = Oestrogen, T = Talc, 
TE = Talc + Oestrogen, Ti = Titanium Dioxide, TiE = Titanium 
Dioxide + Oestrogen).
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Titanium dioxide is an insoluble particulate 
that is seen mostly as fine-size particles (but also 
is increasingly used in nano-size) as a component 
of white pigment broadly applicable from white 
paint to toothpaste and other cosmetic and food 
products [30,31] and while human exposure to it 
has become almost ubiquitous, it is also not as 
entirely innocuous as considered. TiO2 contri-
butes to inflammation [8,9,32], cancer [33,34] 
and asthma [8,35], and as pointed out by IARC 
no biomarkers of exposure have been identified in 
spite of various health risks [34]. Similar to talc,

TiO2 is not digestible and has also been shown to 
accumulate inside macrophages [36]. We pre-
viously show that TiO2 exposure during preg-
nancy is inflammatory to the airways of pregnant 
mice and is linked to increased asthma risk in their 
neonates [8] which led us to hypothesize that TiO2 
may also have epigenetic effects. We have also 
previously linked oestrogen to how macrophages 
interact with TiO2 [9].

Besides the chemical composition, one potential 
difference worth noting is that it is impossible to 
guarantee that all particles are identical in size

Figure 13. Pathway analysis. Metacore ‘Direct interactions’ networks for TE vs. E comparison (a) and TiE vs. E comparison (b).
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because particles derived from naturally mined 
products will have an especially broad size distri-
bution differing from batch to batch and even in 
the same bottle (bottom layer vs. top). However, as 
evident from micrographs in [6] the average size of 
both particles is approximately the same ranging 
from 1 µm to 10 µm.

Of note, while oestrogen is considered to exert 
its action to promote tumour growth and progres-
sion directly through oestrogen receptors in cancer 
cells, our data show that oestrogen also has syner-
gic effect with talc/TiO2 to induce genetic and 
epigenetic changes in the murine MФ cell line 
J774. The finding helps explain our data [6] on 
compromised tumoricidal activity of the immuno-
competent cells and consequently on how oestro-
gen helps promote progression of the cancer cells 
indirectly. Notably, the doses of particles and

oestrogen used here were selected so that they do 
not interfere with cell viability, as determined pre-
viously [6].

Our transcriptional profiling builds on prior 
exploratory PCR array results that identified inhi-
bition of ‘useful’ genes involved in anti- 
tumorigenic activity and upregulation of extra-
neous procarcinogenic factors by talc [6]. The 
ST2.0 array data reported here validate and expand 
the prior findings. Here we show that talc particles 
had substantially stronger transcriptomic effects 
than TiO2, a combination of talc + oestrogen 
had marginally more effect than talc alone, and 
that talc is more ‘important’ than oestrogen. With 
lower stringency however TiO2 exposure has also 
led to transcriptional responses, consistent with 
the expectation that the act of phagocytosis itself 
involves gene expression changes.

Figure 14. A Metacore ‘direct interactions’ network using the list of 50 gene names where both differential methylation and 
differential expression was induced by talc in the presence of oestrogen.
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Pathway analysis has identified that the path-
ways affected by talc included cell proliferation, 
immune responses and signalling, immunosurveil-
lance, apoptosis. These results help explain our 
prior finding of reduced tumoricidal activity of 
J774 cells after talc exposure [6]. While we did 
not observe increase in necrotic or apoptotic stain-
ing in prior experiments using this exposure pro-
tocol [6], we note that expression of relevant genes 
has been affected. We were intrigued to see that 
one of the pathways heavily involved was the epi-
genetic ‘machinery’; we were interested especially 
in DNA methylation because the expression pro-
files of DNA methyltransferase 1 (DNMT1) have 
shown a particularly consistent and prominent 
inhibition by talc and, to a lesser extent, by TiO2, 
(Figure 9) hence we tested the overall DNA 
methylation levels using mC ELISA. The results 
indicated that both types of particles induced 
a substantial decline in overall mC levels (Figure 
10) and prompted for a more detailed analysis of 
the affected loci via RRBS.

Epigenomic analysis revealed that both types of 
particles, with or without oestrogen, induced 
a substantial DNA methylation change. The epige-
nomic signatures of the exposures can be found in 
the supplementary files. At lower stringency 
(p < 0.05) talc induced a higher number of DMLs 
than titanium, however, the number of DMLs was 
approximately similar at higher stringency (p < 0.02) 
and when filtered ± 5000 bp of the nearest transcript 
(Figure 11). It is notable that these changes have 
occurred over a fairly short exposure time 
(24 hours). Others have reported that DNA methy-
lation changes can occur over relatively short time 
[37–39] but not quite that short. Specifically, there 
has been more interest in the long-term, lifetime 
exposure effects when it comes to particulate matter 
[40]. We believe we are the first to show that a single 
short-term exposure of MФs in vitro to particles can 
be linked to epigenome-wide DNA methylation 
changes. This is consistent with our in vivo studies 
showing that a single maternal exposure to particles 
can lead to increased inflammatory (asthma) risk in 
the neonates [8,9] that can be transgenerationally 
transmitted to 3 generations of progeny potentially 
via an epigenetic mechanism [41].

Our epigenomic data analysis aimed to identify 
loci that are more likely to be involved into

transcriptional deregulation. For this we filtered 
the DMLs to only include those that are within 
5000 bp of a known transcript. We then compared 
this list of DMLs to the lists of differentially 
expressed genes from the transcriptomic assay and 
found ~50 such loci which represents approximately 
10% of all DMLs. For the TE vs. E analysis, these 50 
genes have mostly directly interacted around two 
transcription factors (NF-kappa B and ESR) that 
were found on this list (Figure 14) indicating possi-
ble involvement of inflammatory/immune deregula-
tion. As evident from the supplementary tables these 
loci were largely not the same comparing talc+oes-
trogen effect and talc alone effect. We conclude that 
the data do not suggest a strong potential for 
mechanistic involvement of the DMLs we identified 
with the transcriptional changes we observe at the 
moment. This is consistent with findings by others 
that in antigen-presenting cells gene activation pre-
cedes DNA demethylation and not the other way 
around [42]. In general, it is not uncommon in 
studies linking DNA methylation and gene expres-
sion changes to observe that only either phenom-
enon occurs to a subset of genes while another 
subset shares both types of alterations, e.g [41]. In 
part, this likely occurs because DNA methylation is 
not the only mechanism of gene transcription con-
trol. It is also possible that a longer incubation 
period could allow revealing more transcriptional 
changes in the loci with altered DNA methylation; 
however, this was beyond the scope of our study. As 
a result of our work, however, we postulate that the 
‘reshuffle’ of epigenetic machinery induced by the 
particles may be responsible for downstream mal-
functioning of the exposed MФs we found: the 
reduced tumoricidal function induced by talc [6] 
and the enhanced pro-inflammatory responses 
induced by TiO2 [8,9]. Overall, our study has led 
to this ‘two-hit’ hypothesis that merits further 
testing.
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