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BACKGROUND: Osteoclasts are major actors in the maintenance of bone homeostasis. The full functional maturation of osteoclasts from monocyte lin-
eage cells is essential for the degradation of old/damaged bone matrix. Diuron is one of the most frequently encountered herbicides, particularly in
water sources. However, despite a reported delayed ossification in vivo, its impact on bone cells remains largely unknown.

OBJECTIVES: The objectives of this study were to first better characterize osteoclastogenesis by identifying genes that drive the differentiation of
CD14% monocyte progenitors into osteoclasts and to evaluate the toxicity of diuron on osteoblastic and osteoclastic differentiation in vitro.

METHODS: We performed chromatin immunoprecipitation (ChIP) against H3K27ac followed by ChIP-sequencing (ChIP-Seq) and RNA-sequencing
(RNA-Seq) at different stages of differentiation of CD14* monocytes into active osteoclasts. Differentially activated super-enhancers and their poten-
tial target genes were identified. Then to evaluate the toxicity of diuron on osteoblasts and osteoclasts, we performed RNA-Seq and functional tests
during in vitro osteoblastic and osteoclastic differentiation by exposing cells to different concentrations of diuron.

RESULTS: The combinatorial study of the epigenetic and transcriptional remodeling taking place during differentiation has revealed a very dynamic
epigenetic profile that supports the expression of genes vital for osteoclast differentiation and function. In total, we identified 122 genes induced by
dynamic super-enhancers at late days. Our data suggest that high concentration of diuron (50 pM) affects viability of mesenchymal stem cells
(MSCs) in vitro associated with a decrease of bone mineralization. At a lower concentration (1 M), an inhibitory effect was observed in vitro on the
number of osteoclasts derived from CD14* monocytes without affecting cell viability. Among the diuron-affected genes, our analysis suggests a sig-
nificant enrichment of genes targeted by pro-differentiation super-enhancers, with an odds ratio of 5.12 (p=2.59 x 107).

DiscussioN: Exposure to high concentrations of diuron decreased the viability of MSCs and could therefore affect osteoblastic differentiation and
bone mineralization. This pesticide also disrupted osteoclasts maturation by impairing the expression of cell-identity determining genes. Indeed, at
sublethal concentrations, differences in the expression of these key genes were mild during the course of in vitro osteoclast differentiation. Taken to-

gether our results suggest that high exposure levels of diuron could have an effect on bone homeostasis. https://doi.org/10.1289/EHP11690

Introduction

Bone tissue is maintained through continual bone remodeling
during the life of an individual. This process involves mainly two
cell types: the osteoblasts and the osteoclasts, respectively pro-
ducing and resorbing the bone matrix. Osteoclasts derive from
the hematopoietic lineage through the action of two essential
molecules, colony-stimulating factor 1 (CSF-1), and receptor ac-
tivator of nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-xB) ligand (RANKL) expressed by osteoblasts.! A
tight control of the activities of these two cell types is essential
for bone health given that an imbalance seems to be correlated to
multiple bone diseases, including osteoporosis,? but also charac-
teristic of bone sarcomas.>
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The tumor necrosis factor (TNF) receptor family RANK, in
association with its ligand RANKL, induces the expression of a
key osteoclast differentiation transcription factor (TF), nuclear
factor of activated T cells, cytoplasmic 1 (NFATCI), through the
action of Fos proto-oncogene, AP-1 transcription factor subunit
(c-FOS) and TNF receptor-associated factor 6 (TRAF6).* This
essential step of osteoclastogenesis results in the formation of
multinucleated polarized cells that can tightly bind to the bone
surface. The resorptive activity of osteoclasts depends highly on
their capacity to create an acidic environment on the bone
surface. Thus, mutations on the T cell immune regulator 1 gene
(TCIRG1), encoding for a subunit of the proton secreting ATP6i
complex, caused osteopetrosis.” Mature osteoclasts also secrete
major lytic enzymes: cathepsin-K and tartrate-resistant acid phos-
phatase (TRAP), encoded by acid phosphatase 5 and tartrate-
resistant genes (CTSK and ACP5), respectively.®

Enhancers are cis-regulatory DNA elements that play an im-
portant role in controlling the expression of cell-type—specific
genes.” Super-enhancers are chromatin regions characterized by a
high acetylation of the histone H3K27, a high methylation of
H3K4, as well as an important binding of the mediator and
BRD4 proteins.®° As such, they seem to more efficiently recruit
the transcriptional complex and induce expression of their target
genes compared with typical enhancers.'® What is more interest-
ing in the study of super-enhancers is their ability to induce
expression of master TFs, a subset of TFs that are responsible for
defining cell identities.” Hence, mapping of super-enhancer tar-
gets could be useful to identify key cell-identity driving TFs.

3-(3,4-Dichlorophenyl)-1,1-dimethylurea (diuron) is a
phenylurea-class herbicide widely used around the world. Owing
to its environmental toxicity and suspected effects on human health,
its use is banned or strictly restricted to use on hard surfaces in
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many countries, such as in France.!! Despite regulations, diuron is
one of the most detected herbicides in our environment, particularly
in water.!2-14

The European Chemicals Agency (ECHA) classified diuron
as very toxic to aquatic life with long-lasting effects and as sus-
pected of causing cancer.!> Moreover, the U.S. Environmental
Protection Agency listed it as a likely human carcinogen in
1997.16

Reports have claimed that diuron and its residues affect fertil-
ization and embryo development of invertebrate aquatic species,'”
cause hormonal disturbance in fish,'®!° and are toxic to prokary-
otic algae and cyanobacteria.!” Furthermore, diuron is suspected to
be harmful to mammal health. It has been shown to be cytotoxic in
vitro in human cells, partially through oxidative stress.? A carci-
nogenic potential of diuron exposure is also suspected by in vitro
and in vivo studies. Diuron at high dietary levels in the rat
(110 mg/kg for male and 200 mg/kg for female) induced bladder
hyperplasia after 20 wk of exposure and neoplasia after 2 y accord-
ing to a 2002 study from the California Office of Environmental
Health Hazard Assessment (OEHHA).?! Recently Briand et al.
showed, in a xenograft mouse model, that diuron alone was not on-
cogenic in glioma, but that it could participate in tumorigenesis
when it was associated with other events, such as overexpression
of Akt.??> Moreover, an in vivo experiment on rats showed a large
spectrum of effects of diuron, including damage to red blood cells
resulting in anemia, liver effects, or splenotoxicity.?* Despite many
in vivo studies, the impact of diuron on bones is largely unknown,
even though few data suggest a disturbance in bone development.
When pregnant rats were exposed to high concentrations of diuron,
some offspring showed abnormal bone growth, namely a delayed
ossification of the calvarium.?*

The aim of our study was to better characterize differentiation
and maturation of CD14* monocytes into osteoclasts and to eval-
uate the impact of diuron exposure on bone homeostasis, particu-
larly in osteoblastic and osteoclastic differentiations. To this end,
we first identified genes that are key for osteoclastogenesis by
predicting target genes of pro-differentiation super-enhancers.
Mapping target genes of super-enhancers that were differentially
activated during osteoclastogenesis allowed us to make a compre-
hensive list of key genes in osteoclast differentiation. Then, the
effect of diuron on these genes was evaluated to gain a deeper
insight into the impact of diuron exposure on osteoclastogenesis.

Material and Methods

Diuron Preparation

Diuron from Santa Cruz [Chemical Abstracts Service (CAS) 330-
54-1, sc-239818; Santa Cruz Biotechnology] was used for all
in vitro studies. It was dissolved in dimethyl sulfoxide (DMSO;
Sigma-Aldrich) at 100 mM, stored at 4°C and added in the cell cul-
ture medium at the required concentration, as noted. DMSO was
used as the control (corresponding to the percentage of DMSO
with the high concentration of diuron, i.e., between 0.01% and
0.1%, according to the experiments).

Osteoblasts Differentiation and Mineralization

At day 0, human mesenchymal stem cells (hMSCs) from two dif-
ferent healthy donors (patients #1 and #2) were seeded at 10,000
cells/well in 48-well plates in minimum essential medium alpha
1X (alphaMEM; 22571-020; Thermo Fisher Scientific) supple-
mented with 5% platelet lysate and plasma (PLP), heparin
(1UI/mL; Panpharma) and 1% penicillin/streptomycin (09-757F;
Lonza). hMSCs and PLP were provided by the Institute for
Clinical Transfusion Medicine and Immunogenetics Ulm (IKT
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Ulm). Briefly, hMSCs were isolated following the single-step
protocol developed by the Ulm’s institute for transfusion.>-2°
Complete medium (CMSSP) consisted of alphaMEM (Lonza),
supplemented with 10% platelet lysate (IKT Ulm), and 2 IU
sodium-heparin/mL complete medium. Unprocessed bone marrow
was seeded in a first step at a density of 12,000 mononuclear cells
(MNCs)/cm? on 5-chamber CellStacks (Corning) in 750 mL of
CMSSP. After 3 d, the supernatant containing the nonadherent
cells was removed, the cells were rinsed with phosphate-buffered
saline (PBS) without calcium or magnesium cations (Lonza), and
700 mL of CMSSP was added. The partial exchange of 300 mL
of CMSSP was performed twice weekly. After 10-14 d, the cells
were rinsed with PBS and harvested using TRYPZEAN (Lonza).
After 3 d of expansion, freshly prepared ascorbic acid (50 pg/mL,
A-4034; Sigma-Aldrich), B-glycerophosphate (10 mM, G9422;
Sigma-Aldrich), and dexamethasone (107"M; D4902; Sigma-
Aldrich) were added into the culture medium to allow mineraliza-
tion, either in the presence of DMSO (0.1% corresponding to the
highest concentration of DMSO used with diuron) or different con-
centrations of diuron, ranging from 0.78 to 100 M (obtained by
serial dilution). The osteogenic medium was changed twice a
week. Alizarin red staining was used to detect the mineralized nod-
ules formed in vitro. Between days 13 and 14 and after PBS wash-
ing, the cells were fixed in ice-cold 70% ethanol for 1 h and
incubated with alizarin red (40 mM, pH 7.4; TMS-008; Sigma-
Aldrich) for 10 min at room temperature (RT). After extensive
washing with molecular biology-quality water (Eurobio), images
were captured with an Axiocam 105 color camera (Zeiss) fitted to
a Stemi 2000-C microscope (Zeiss). Mineralized surfaces were
quantified using the Image Pro-Plus software (version 6.0; Media
Cybernetics). Information about all donors are available in Excel
Table S1.

Isolation of CD14% Premonocytes

The generation of osteoclasts from human CD14" premonocytes
was described previously.?” Briefly, peripheral blood mononuclear
cells were purified from healthy donors using a Ficoll gradient (cen-
trifugation 20 min, 2,000 rpm, at RT), and magnetic-activated cell
sorting was used (LS Columns, 130-042-401, and CD14 microbeads
human, 130-050-201; Milteny Biotec) to isolate CDI14* cells.
Except for the Ficoll step, each centrifugation lasted 10 min at
1,800 rpm. Every protocol step was performed at RT. Information
relative to experimental reproducibility and donors used in the differ-
ent experiments are listed in Excel Table S1. The seven donors con-
sisted of six men and one woman, ranging from 39 to 64 years of age
(mean =53.29y).

Osteoclast Differentiation

CD14" cells from three healthy donors (patients #3, #6, and #7)
were seeded at 45,000 cells/well in 96-well plates in alphaMEM
with 10% fetal bovine serum (FBS; S1810-500; Biowest) and
25ng/mL human macrophage colony-stimulating factor (MCSF;
216-MC-0025; R&D systems) with 6 wells/condition. After 3 d
of expansion, 100ng/mL hRANKL (donated by Amgen Inc.)
was added in the presence of either DMSO (0.025% correspond-
ing to the highest concentration of DMSO used with diuron)
or different concentrations of diuron ranging from 0.38 uM to
25 uM (obtained by serial dilution). The osteoclastic medium
was changed twice per week. After 7 or 8 d of differentiation,
TRAP staining was performed with acid phosphatase, Leukocyte
(TRAP) Kit (387A; Sigma-Aldrich) in accordance with the rec-
ommendations of the supplier. Images were captured using with
an Axiocam 105 color camera (Zeiss) fitted to a Stemi 2000-C
microscope (Zeiss). TRAP-stained multinucleated cells formed
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with three or more nuclei were counted manually using ImagelJ
software.”8

Viability Assay

CD14" monocytes (from four donors, patients #3, #4, #5, and #6)
or MSCs (from three donors, patients #1, #2, and #3) were plated in
96-well plates at 45,000 and 3,500 cells/well, respectively, and
then treated with DMSO (0.025% and 0.1%, respectively, corre-
sponding to the highest concentration of DMSO used with diuron)
or different concentrations of diuron as noted (respectively,
0.38-25 puM and 0.78-100 pM). Six wells per condition were per-
formed. After 7 d of treatment, the cells were fixed with 1% glutar-
aldehyde (G62557; Sigma-Aldrich) under agitation for 5 min,
washed with water, and then stained with 0.1% crystal violet
(HT901-8F02; Sigma-Aldrich) for 5 min. After drying, the dye
was diluted 5 min in Sorensen’s buffer (trisodium citrate, hydro-
chloric acid 0.1N, and ethanol; Sigma-Aldrich) and the absorbance
was measured at 570 nm using a spectrophotometer (1420 Victor?;
Perkin Elmer). The proliferation rate is represented as a percentage
of cells treated with DMSO only.

Quantitative Reverse Transcription—Polymerase Chain
Reaction

After osteoclastic differentiation of CD14" cells (from four donors,
patients #3, #4, #6, and #7) seeded at 1.2 million cells/well in 6
wells in the presence of DMSO (0.01%) or different concentrations
of diuron (0.1 uM, 1 uM, or 10 uM), total RNA was extracted
from cultured cells at day 7 or day 10 using the Nucleospin RNA
Plus kit (740984.250; Macherey-Nagel) according to the proto-
col of the manufacturer. Total RNA was reversed transcribed
using the Maxima H Minus First Strand cDNA Synthesis Kit
(K1652; Thermo Fisher Scientific). Real-time monitoring of po-
lymerase chain reaction (PCR) amplification of complementary
DNA (cDNA) was performed in duplicate using validated DNA
primers (Eurogentec) on CFX96 real-time PCR detection system
(Bio-Rad) with SYBR Select Master Mix (4472908; Applied
Biosystems) following the PCR program shown in Excel Table S2.
Primer sequences are available in Excel Table S3. Target gene
expressions were normalized to glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) levels in respective samples as an inter-
nal standard, and the comparative cycle threshold (Ct) method
was used to calculate relative quantification of target mRNAs.
Experiments were performed once per donor, except for donor
#3 for whom the experiment was carried out twice.

H3K27ac ChIP-Sequencing

A total of 1.2million CD14% monocytes/well from two healthy
donors (patients #1 and #2) were seeded in a 6-well plate and dif-
ferentiated into osteoclasts as described above. After 3 d of pro-
liferation (without differentiation medium) and at day 7 and at
day 10 of culturing with or without differentiation medium, cells
were washed twice with PBS and then treated 10 min at 37°C
with accutase solution (A1110501; Gibco) to gently remove cells.
The experiment was done in duplicate for each donor. Cells from
six wells were pooled and centrifuged for 15 min at 400X g
and resuspended with PBS. Pellets were suspended with a 1%
formaldehyde-PBS (28908; Pierce Biotechnology) solution and
incubated for 10 min at 37°C to cross-link cells. A 5% glycine so-
Iution (50046; Sigma-Aldrich) was added to stop cross linking,
and the samples were incubated for 5 min at 37°C. The cells were
spun down at 320 X g for 5 min, and the pellets were resuspended
with PBS containing protease inhibitors (11873580001; Roche).
This step was repeated twice, and the pellets were then flash
frozen in liquid nitrogen. Samples were stored at —80°C and
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sent to ChIP-sequencing (ChIP-Seq) platforms at the Broad Institute
(Boston, MA, USA). To identify super-enhancers, ChIP-Seq was per-
formed using H3K27ac antibodies [acetyl-histone H3 K27 (D5E4)
XR Rabbit mAB; 8173P; Cell Signaling Technologies] at the Broad
Institute’s Genomics Services platform. Libraries preparations and
sequencing were performed in a multiplexed system for 96 samples
as reported earlier.?? Input libraries preparations and sequencing were
done at Active Motif Inc (Carlsbad, CA, USA). Prepared libraries
were sequenced using Illumina’s HiSeq2500 in 2 X 100 bp format for
the ChIP data and using [llumina’s NextSeq500 in a 1 X 75 bp format
for the input data.

RNA-Sequencing

For the differentiation data set, RNA-sequencing (RNA-Seq) was
performed in triplicate for CD14% monocytes from patient #2 at
day 3 without differentiation medium, at day 7 with or without
differentiation medium, and at day 10 with or without differentia-
tion medium at Active Motif Inc. For the diuron effect data set,
cells were treated with either DMSO (0.01%) or diuron (10 pM)
plus the differentiation medium. Cells were harvested at day 3
and at day 10 for RNA-Seq. The Illumina’s TruSeq Stranded
mRNA Sample Preparation Kit was used for libraries prepara-
tion, and sequencing was done using [llumina’s NextSeq 500 in
2 X 42bp mode.

Data Treatment

ChIP-Seq. Read mapping was performed using bwa mem (ver-
sion 0.7.17)%° against the human genome hgl9. Low-quality
reads (-q 20) and PCR duplicates were removed from bam files
using samtools (version 1.9). To remove technical replicate spe-
cific signals, bam files of technical replicates were merged. Peak
calling was then performed using MACS23! with recommenda-
tions given on MACS2’s Git Hub page. The peak calling pipeline
consists of generating coverage tracks for the ChIP and input
data separately. This pipeline can be found as a snakemake file
on the lab’s GitHub page (https://github.com/EpistressLab).

1. We first filtered duplicate reads from both ChIP and input
data using macs?2 filterdup, keeping only one read.

2. Fragment lengths were then estimated for the ChIP data
using a script (sam_insert-size.pl) from the bac-genomics-
scripts by sampling 2 million reads from the ChIP sam-
ple.32 Macs2 predictd was used to estimate fragment length
for the input sample.

3. ChIP sample coverage track was then built by extending
reads to meet fragment length.

4. Multiple coverage tracks were then generated for the input
sample using macs2 pileup. Input reads were extended in
both directions with half of the estimated fragment length
(d background), with 500 bp (1kb slocal background) and
with 5,000 bp (10 kb llocal background). The genome back-
ground was then calculated by multiplying the total number
of reads in the input sample by the ratio of fragment length
and genome size (2.7 x 10”). The slocal and llocal coverages
were corrected by multiplying them with the ratios of ChIP
fragment lengths, to 1,000 and 10,000, respectively (macs2
bdgopt). The maximum of these different corrected input
coverages (d background, slocal, llocal, and genome back-
grounds) was then computed for each genomic location
(macs2 bdgecmp). The maximum biases for each genomic
location formed the local bias bedgraph file.

5. The ChIP and input samples were scaled to the same
sequencing depth. For this the local bias bedgraph file was
multiplied by the ratio of total number of reads in the ChIP
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sample by the total number of reads in the input sample
using macs2 bdgopt.

6. Then ChIP and input coverages were compared using
macs2 bdgecmp to produce the scores in g-values through a
local Poisson test.

7. Peaks were then called using macs2 bdgpeakcall with a
g-value threshold for peak significance set at 1 x 107>,

RNA-Seq. Fastp®® (version 0.19.5) was used to filter low-
quality reads (Q <30) and to trim remaining PCR adapter sequen-
ces. Filtered reads were mapped to the human genome hg19 using
HISAT2** (version 2.1.0), then read quantification on gene and
transcript level was performed using stringtie®> (version 2.1.1).
Gencode’s GRCh37 (version 35) was used for gene annotation. R
package DESeq23¢ was then used to normalize and extract signifi-
cantly differentially expressed genes between different conditions.
The same sequencing protocol and data analysis pipeline were used
for the diuron-treated samples. To identify differentially expressed
genes during differentiation within cells treated with either DMSO
or diuron in a full model, that is, considering time and treatment,
the likelihood-ratio test (LRT) was used with an adjusted p-value
threshold of 0.05. For pairwise comparisons, the Wald test was per-
formed and log,-fold-changes were shrunken. Genes were identi-
fied as significantly differentially expressed if the absolute value of
their log,-fold-change was >1 and the adjusted p-value was <0.05.
Gene set enrichment analysis (GSEA) and overrepresentation analy-
sis (ORA) were performed using the R package ClusterProfiler.?’
For GSEA, genes were preranked using shrunken log,-fold-changes
(DESeq2’s IfcShrink function), and enrichment was performed
against gene sets from either Reactome.db®® or Gene Onotology’s
Biological Processes (GO:BP). For overenrichment analysis, differ-
entially regulated genes were selected using the aforementioned
thresholds for adjusted p-values and log,-fold-changes, then enrich-
ment for gene sets was performed against Reactome.db or GO:BP.
For both analyzes, a p-value threshold of 0.05 was used to select
significantly enriched or overrepresented gene sets. Among the sig-
nificantly enriched gene sets, only those involved in osteoclastogen-
esis or bone remodeling are represented in the figures, for the sake
of readability more details on these analyzes can be found in the
scripts publicly available on our GitHub page (https://github.com/
EpistressLab/OC_diuron_paper).

To validate our differentiation model, we established a list of 40
genes that are of interest in osteoclastogenesis based on the literature
(Excel Table S4). We hereafter refer to this list as genes of interest in
this article. The names and the expression levels of the genes included
in this list can be found in Figure 1E. The expression levels in the fig-
ure were normalized using DESeq2’s median of ratios method (see
DESeq2’s user’s manual® for more details if needed).

Heatmaps of significantly differentially expressed features repre-
sent row z-scores. The z-scores were calculated on normalized log-
transformed counts (DESeq2’s rlogTransformation function). For
each feature (gene or regulatory DNA element) in a row, values were
subtracted from the average feature count across all samples and di-
vided by the standard deviation (SD) of the feature across all the sam-
ples (R base’s scale function). As such, the per-row average is
brought to 0 and the SD to 1. This allows the capture of feature vari-
ability across samples and its representation in a color-coded, easy-
to-read manner. For the sake of transparency, the z-score values
underlying the heatmaps are provided as supplementary material
(Excel Tables S5, S11, S25, S26, S29).

Super-enhancers identification and target genes prediction.
To identify super-enhancer regions, the ROSE2 algorithm was
used.”*® Super-enhancers identified in the different samples were
gathered and read counts were quantified using Rsubreads’s
featureCounts function.*! For this, the allowMultiOverlap argument
was set to True, to include reads within overlapping regions, and
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requireBothEndsMapped was set to True, to ignore single-end
reads. Then overlapping regions were filtered using chromVAR’s
filterPeaks function, keeping the regions with the highest read
counts. Normalization of read counts was then processed using
EDASeq*? and a script from Ott et al., based on biases in read
counts within regions of equivalent GC content.** Normalization
factors calculated as such and raw read counts were added in a
DESeq2 object. The same procedure was performed to analyze
identified typical enhancers. To have a consistent normalization pro-
cess, bigWig tracks for data visualization were normalized using nor-
malization factors from the DESeq?2 object of all enhancers data. For
this, normalized bigWig tracks coverage files were generated using
deeptools’ bamCoverage** with -scaleFactor argument taking the me-
dian of normalization factors for the corresponding sample in the
DESeq?2 object. To check the quality of the normalization process,
normalized counts were extracted at the promoters of known house-
keeping genes that we expected to be unchanged (Figure S1). To
functionally annotate super-enhancers, that is, to assign them a target
gene, genes within the topologically associated domains [TADs, as
defined in human embryonic stem cells (ESCs) by Dixon et al.*’] of
each super-enhancer were identified. TADs correspond to genomic
regions that display higher frequency of contacts inside the TAD than
outside the TAD and a strong conservation across cell types and even
across mammalian genomes.*>*® These domains were revealed
using HiC, a genome-wide chromatin interactions mapping technique
first described in 2009.% Given that regions within the same TAD
have higher frequency of contact between them, enhancers and target
genes are suggested to be found within the same TAD.>® Hence,
among the genes found within the TAD of the super-enhancer consid-
ered, those showing fold-differences in the same direction as the
super-enhancer were kept. With this approach, a gene was considered
a target of a super-enhancer if and only if the gene was found within
the same TAD as the super-enhancer and if the gene was significantly
differentially expressed in a manner where the fold-differences of the
super-enhancer and the gene were in the same direction.

Statistical analysis for Table 1. To test whether target genes of
super-enhancers activated or gained during in vitro osteoclastic
differentiation are significantly affected when cells are exposed to
diuron, the list of predicted target genes of gained super-enhancers
were compared with the list of genes affected by exposure to diuron
(for genes significantly differentially expressed according to the
LRT with adjusted p <0.05 considering both time and treatment
effect; Figures 2A and 4A; Figure S7). For the Fisher’s exact test,
the background was considered to be all genes that were detected
(normalized counts >20) in at least one of the samples in our RNA-
Seq data. This is because one of the criteria to consider genes as tar-
gets of super-enhancers is if they are differentially expressed, and
for this they need to be detected in at least one of the samples.
Among the genes annotated by Gencode (GRCh37; version 35), all
those detected in our RNA-Seq were considered as background
(Table 1 presents the sizes of the lists).

Motif analysis. For the motif enrichment analysis we chose to
work on the differentially activated enhancers and not the super-
enhancers, given that the number of differentially activated super-
enhancers was low. By considering all the enhancers, we could
obtain a more comprehensive overview of the effector transcription
factors that could be recruited in the regulatory DNA elements.
After identifying gained and lost enhancers at day 7 and at day 10
with differentiation medium compared with day 3 without differen-
tiation medium (Wald test, | log—,fold-change| > 0.7 and adjusted
p <0.1), potential actors in the differential enhancers were pre-
dicted by looking for known TF binding sites. For this, meme-
suite’s Analysis of Motif Enrichment (version 5.3.3; AME) was
used to perform differential enrichment between sequences of
gained and lost enhancers at day 7, for example.®! As such, four
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Figure 1. Functional and transcriptional characterization of the applied in vitro osteoclast differentiation model. (A) schematic representation of the osteoclast
differentiation protocol. CD14" premonocytes were treated with either differentiation medium or left with the proliferation medium for 4 d (day 7) or 7 d (day
10). TRAP staining was then performed on day 10. Cells were also harvested at day 3 (initial day of differentiation), day 7, and day 10 for RNA-Seq.
(B) Images of TRAP staining at day 10 of differentiation of CD14* monocytes (medium complemented with MCSF and RANKL) from four different donors
[patients #3, #4, #6, and #7 (Excel Table S1)] into osteoclasts (magnification 40 X ). (C) Relative expressions of significantly differentially expressed genes in
subsequent pairwise comparisons of (day 7+ diff vs. day 7 — diff) and (day 7+ diff vs. day 3 —diff) (Wald test, |log,-fold-change| > 1, p <0.05; Excel Tables
S6 and S7 provide outputs of the two comparisons, Excel Table S5 provides z-scores underlying the heatmap). (D) Overrepresented GO:BP terms in the list of
genes from C. (E) Log,-normalized abundances of selected genes (list in Excel Table S4) at different time points and culture conditions (individual values in
Excel Table S8). Note: D, day; Diff, differentiation; GO:BP, Gene Onotology’s Biological Processes; MCSF/M-CSF, macrophage colony-stimulating factor;
nonDiff, non-differentiation; p.adjust, adjusted p-value; RANKL, nuclear factor kappa-light-chain-enhancer of activated B cells ligand; RNA-Seq, RNA
sequencing; TRAP, tartrate-resistant acid phosphatase.
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Figure 2. Transcriptional modifications and super-enhancer mapping during osteoclast differentiation. CD14* premonocytes from two donors [patients #1 and #2
(Excel Table S1)] were treated with differentiation medium for 4 d (day 7) and 7 d (day 10), then cells were harvested at day 3 (initial day of differentiation), day 7, and
day 10 for anti-H3K27ac ChIP-sequencing. (A) Relative H3K27ac read counts within significantly differentially active super-enhancers (annotated with their potential
target genes) in the comparison day 7 with differentiation medium vs. day 3 without differentiation medium (z-score values underlying the heatmap are provided in
Excel Table S11, and Wald test output is provided in Excel Table S12). (B) H3K27ac signal coverage plot from normalized bigWig files (see the “Material and
Methods” section for the normalization process) around NFATCI region; (C) CD93 region; (D) hockey stick plot representing H3K27ac signal vs. enhancer rank in
percentile X 100 (can be read as the percentage of enhancers with higher score values). (E) Box plot showing rank positions of regulatory regions (enhancers/super-
enhancers) overlapping super-enhancers predicted to induce genes of interest (midline: average; box limits: 1st and 3rd quartiles; whiskers: 5th and 95th quantiles; see
Excel Table S28 for statistical summary). (F) Differential motif enrichment within sequences of gained enhancers at day 7 or day 10 compared with enhancers specific
to day 3 (lost enhancers) was performed using meme-suite’s analysis of motif enrichment (AME). Sequences of gained enhancers were used as primary sequences and
those of lost enhancers as control/background sequences. Figure presents top significantly differentially enriched motifs (AME analysis summary with E. value corre-
sponding to the expected number of random motifs that would be as enriched as the considered motif in the primary sequences. E. value is calculated as the adjusted
p-value multiplied by the number of motifs in the motif database; see AME’s user’s manual for more detail; https://meme-suite.org/meme/doc/ame.html). Note: ChIP,
chromatin immunoprecipitation; chr, chromosome; Diff, differentiation; E. value, expected value; pat, pattern; nonDiff, non-differentiation; SE, standard error.
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Table 1. Summary of Fisher’s exact test result when comparing overlap between the lists of diuron-affected genes and genes targeted by gained super-
enhancers during osteoclastic differentiation at day 10.

Diuron-affected

In-house association High-confidence association

Yes No Yes No
Gained super-enhancers targets (day 10)
Yes 11 111 10 45
No 424 21,916 425 21,982
Fisher’s exact test OR=5.12 (95% CI: 2.74, 9.58) OR=11.49 (95% CI: 5.13, 23.31)
p=2.59%x107 p=8.99x107%

Note: Diuron-affected genes are identified thanks to the LRT test considering both time and treatment (Figure 4A; Excel Table S25). Target genes of gained super-enhancers correspond
to genes associated to super-enhancers that gain H3K27ac signal at day 10 in differentiation medium—treated cells (Excel Table S13: log,-fold-changes >0; columns: “target” for in-house
association and “target_symbols” for high-confidence association). In the 3rd and 4th columns are presented numbers from our super-enhancer-gene associations, and in the 5th and 6th
columns are presented numbers from the high-confidence list of associations cross-validated with PEGASUS (Predicting Enhancer Gene Associations Using Synteny). CI, confidence

interval; LRT, likelihood-ratio test; OR, odds ratio.

analyses were performed by using sequences in gained enhancers
day 7 vs. sequences in lost enhancers day 7, and then lost enhancers
day 7 vs. gained enhancers day 7, and likewise for day 10.

Results

Validating the in Vitro Differentiation Protocol by Tracking
Transcriptional Modifications Occurring during OC
Differentiation

In an effort to first validate our differentiation protocol, we sought
to characterize the transcriptional modifications occurring during
osteoclast differentiation under normal conditions. After a 3-d long
proliferative phase, involving culturing purified CD14" monocytes
with MCSF, the culture medium was complemented or not with
RANKL (Figure 1A). To validate formation of mature osteoclasts,
we first performed TRAP staining at day 10 of the differentiation
protocol, and we visually assessed the TRAP* cells (Figure 1B).
RNA-Seq on CD14% cells treated with or without differentiation
medium for either 4 (day 7) or 7 (day 10) d was performed. For each
time point (day 7 and day 10), pairwise comparisons were made
between differentiation medium—treated (mCSF"; RANKL™)
and proliferation medium—treated (mCSF*; RANKL"™) cells
(Figure 1C), as well as between differentiation medium—treated
cells (at day 7 or day 10) and day 3 proliferation medium-treated
cells to identify genes differentially expressed owing to the differ-
entiation medium. Genes that were significantly differentially
expressed (adjusted p <0.05 and |log, FC| > 1) in both compari-
sons were extracted (Figure 1C; Excel Tables S5-S7) and an ORA
analysis for each time point was performed against GO:BP gene
sets. Starting from day 7, “bone remodeling” and “glycosaminogly-
can catabolic process” were among the top significantly overrepre-
sented gene sets, as expected (Figure 1C,D). At day 10, an
overrepresentation of “glycosaminoglycan catabolic process” and
“collagen metabolic process” was observed (Figure S2A,B). A list
of genes that participate in osteoclast differentiation or activity was
established based on the literature and our experience (see Excel
Table S4 for references), to validate our differentiation model. Plots
of the expression of individual genes of interest demonstrated the
evolution of expression of these genes during the osteoclastic differ-
entiation process (Figure 1E; Excel Table S8). An early increase in
mRNA levels of osteoclast stimulatory transmembrane protein
(OCSTAMP), ACP5, CTSK, NFATCI, matrix metallopeptidase 9
(MMP9), and JDP2 can be mentioned.

Transcriptional Modifications and Super-Enhancer
Mapping during Osteoclast Differentiation

The epigenetic landscape was then tracked to understand the
onset of the transcriptional program during the osteoclastic
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differentiation process. ChIP-Seq using antibody targeting
H3K27ac was performed on CD14% cells treated with differentia-
tion medium for either 7 or 10 d and on CD14" cells harvested
after the proliferation phase and before treatment with differentia-
tion medium (day 3 proliferation medium-treated cells). As
described earlier, H3K27ac is a marker of transcriptionally active
promoters and active enhancers.’>3

Analysis was started by looking into enhancers. Differentially
active enhancers between differentiation medium—treated cells
(d7.+diff and d10.+diff) and proliferation medium—treated cells
(d3.— diff) were extracted (adjusted p <0.1 and |log, FC|>0.7).
Genes found within the corresponding TADs (as defined by
Dixon et al.*) of these enhancers were determined and tested if
their expressions were also altered during the differentiation pro-
cess. The purpose of this process was to functionally annotate
enhancers by checking for coherence between gene expression
and H3K27ac signals in enhancers. Using this approach, we were
able to identify 489 and 1,519 enhancers that showed a signifi-
cantly higher H3K27ac signal in differentiated cells at day 7 and
day 10, respectively, compared with day 3 undifferentiated cells
(Excel Tables S9 and S10). We will refer to these as gained
enhancers going forward. Their potential target genes, required to
be within the TADs of these enhancers and to be significantly up-
regulated in differentiated cells, were extracted and ORA was
performed on these genes. Target genes of gained enhancers at
day 7 (n=227) showed significant overrepresentation of “phago-
some acidification,” “‘extracellular matrix organization,” “monova-
lent inorganic cation homeostasis” among others, suggesting the
support of the transcriptional program by the epigenetic landscape
during differentiation (Figure S3A). At day 10 (n=644), overre-
presentation of “bone remodeling” and “collagen catabolic pro-
cess” was observed (Figure S3B). In total, 871 associations were
obtained between significantly up-regulated genes and gained
enhancers, among which NFATC1, MMP9, FOS like 2 (FOSL2),
C-X-C motif chemokine receptor 1 (CXCRI), and CD109 were la-
beled as targets (Figure 2B,C). As such, we were able to associate
17 of the 40 genes of interest, to be colocalized within the TADs
of gained enhancers during CD14" cells differentiation into
osteoclasts.

On the other hand, lost enhancers (enhancers with signifi-
cantly reduced H3K27ac enrichment during the course of osteo-
clast differentiation) seemed to regulate genes involved in more
diversified biological processes. Innate and adaptive immune sig-
natures seemed, however, to be highly present among the overre-
presented gene sets. “Positive regulation of mast cell activation,”
“cytokine secretion,” and “leukocyte migration” could be noted
(Figure S3C,D). For the lost enhancers, we were able to assign
648 genes in total. Among these genes, we can mention CD93
(Figure 2C) and Fc receptor like A (FCRLA) (Figure S4G). A
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differential motif enrichment analysis was performed using AME
from meme-suites in the differentially activated enhancers. The
analysis at day 7 showed a higher enrichment of NFATC-like and
ATF1/3 motifs within the sequences from gained enhancers com-
pared with the lost enhancers, whereas minor allele frequency
(MAF)/MAF BZIP transcription factor B (MAFB) motifs were
relatively enriched in the sequences of the lost enhancers (Figures
S5 and S6).

The analysis was then restricted to super-enhancers to identify
genes that are supported by the most highly activated clusters of
enhancers. Lost and gained super-enhancers, at day 7 (Figure 2A;
Excel Tables S11 and S12) and at day 10 (Figure S7 and Excel
Table S12), during the osteoclast differentiation process were
identified and annotated to their potential target genes. As such,
super-enhancers potentially targeting NFATCI, FOSL2, and
JDP2 were identified through this analysis (Figure 1; Figure S4).
Interestingly, two distinct super-enhancers seemed to support the
expression of FOSL2 and leukemia inhibitory factor genes (LIF)
expression (Figure S4). In contrast, some super-enhancers present
in the progenitor cells seemed to be lost, among these were CD93
and FCRLA (Figure 2C; Figure S4G). Interestingly, a lost super-
enhancer during the osteoclast differentiation process was identi-
fied close to the MAFB gene, and on the other hand, MAF and
MAFB motifs seemed to be relatively enriched within lost
enhancers compared with gained enhancers at day 7. The associa-
tion between this lost super-enhancer and MAFB gene was not
built using our approach owing to the fact that MAFB gene
expression seemed to decrease without differentiation medium
and so was not specific to the treatment. As a consequence, it was
excluded from the potential target genes (Figure S8).

Rank positions of super-enhancer—regulating genes of the pre-
selected genes of interest were compared between different sam-
ples. Regulatory regions targeting genes of interest seemed to
rank among the regions with highest H3K27ac signal scores,
mainly among the top 5% to 10% of all the identified regions
within the differentiated samples (Figure 2D,E). The gain of
H3K27ac signal within super-enhancer targeting genes of interest
seem to occur as early as day 7.

We sought to identify significantly differentially active regions
between differentiation medium—treated and proliferation medium-—
treated cells at day 7 and day 10. When we performed tests of differ-
ential activation between differentiation medium-treated and prolif-
eration medium—treated cells at day 10, we identified no significantly
differentially enriched enhancers or super-enhancers (thresholds:
log,-fold-change > 0.7 or < — 0.7 and adjusted p <0.1). We found
55 differentially enriched enhancers at day 7 between differentiation
medium—treated and proliferation medium—treated cells, but none
of these enhancers were super-enhancers (Excel Table S14).
Proliferation medium—treated cells at day 3 and at late days (7 and 10)
displayed numbers of enhancers and super-enhancers differentially
enriched comparable to those obtained in the comparison between
differentiation medium—treated cells at late days and day-3 prolifera-
tion medium-—treated cells (Excel Tables S15-S18). It seemed like the
proliferation medium alone allowed the setup of active enhancers and
super-enhancer; however, there were strong differences at the RNA-
Seq level.

We then sought to support our predicted enhancer/super-
enhancer—gene associations using conservation of synteny.
This is based on the conservation of the positional linkage
between enhancers and their associated genes through evolu-
tion. We used the associations between conserved noncoding
elements (CNEs) and genes in their surroundings performed
by Predicting Enhancer Gene Associations Using Synteny
(PEGASUS) to verify this information.>*>> The rationale on
the use of this database was, first, because variants in
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functional noncoding elements could be deleterious especially
in developmental enhancers and, second, because conserved
synteny or at least conserved positional proximity between
enhancers and promoters across evolution could suggest func-
tional associations. When comparing our enhancers/super-
enhancers and PEGASUS’s CNEs, we observed that between
55% and 60% of active enhancers in our data set overlapped at
least with one CNE, whereas the proportion was ~87% in our
active super-enhancers. When looking into our associations,
we observed that between 43% and 70% overlapped with
PEGASUS’s associations (Excel Table S19). Going forward,
we will address this list of associations cross-validated with
PEGASUS as high confidence.

In Vitro Evaluation of Diuron Effects during Osteoclast and
Osteoblast Differentiation

In the aim to study the potential impact of diuron on bone homeo-
stasis, its effects on osteoclastic cells in vitro were evaluated.
Purified human CD14" monocytes were grown with or without a
range of diuron concentrations (Figure 3A). No significant effect
on cell viability was noticed even at the highest concentration of
diuron, suggesting that this pesticide did not affect survival of
osteoclastic precursors (Figure 3B; Excel Table S20). Then, the
same range of concentrations was used to test whether this herbi-
cide could impair osteoclastic differentiation. CD14* monocytes
from three different donors were differentiated during 7-8 d into
osteoclasts with either DMSO or diuron (Figure 3A). Owing to a
large variability in the number of mature osteoclasts obtained after
differentiation of CD14% monocytes, data were normalized to 100
for DMSO condition. Interestingly, the cells treated with diuron
exhibited impaired osteoclastogenesis, and this occurred in a
concentration-dependent manner. The number of osteoclasts per
well was lower by 26.5% at 0.38 uM to 88.3% at 25 uM of diuron
in differentiation medium (Figure 3C,D; Excel Table S21).
Moreover, this inhibitory effect of diuron was associated with
a lower gene expression of osteoclastic differentiation markers
(Figure 3E; Excel Table S22).

At day 7, the mRNA level of NFATCI, a master transcription
regulator of osteoclastic differentiation was lower by 75.5% in
the presence of 10 uM diuron. No significant differences in
expression were noticed at lower concentrations of diuron com-
pared with control. Expression of other osteoclastic markers was
not significantly different at day 7 compared with control even
though lower expression of cathepsin K (CTSK), a protease
expressed predominantly by osteoclasts, and MMP9, another pro-
tease involved in osteoclastic activity, were observed. At day 10,
mRNA levels of NFATCI, CTSK, and MMP9 were significantly
lower by 69%, 77.8%, and 54.9%, respectively, with 10 uM
diuron. Surprisingly, the expression of TRAP was not signifi-
cantly different from control.

The effect of diuron was also evaluated on osteoblasts,
major actors in bone homeostasis. Human MSCs from healthy
donors were treated with a large scale of diuron concentrations
at day 3 and then cultured for 14 d with proliferation medium
(Figure S9A). Osteoblastic precursors exposed to 25 puM
diuron and higher concentrations exhibited lower viability than
control cells (Figure S9B and Excel Table S23). After differen-
tiation of MSCs from two different donors into osteoblasts in
the presence of DMSO or diuron, quantification of calcium
deposits through alizarin red staining showed less mineraliza-
tion starting at 25 pM for donor #1 and at 100 pM for donor #2
in the diuron-treated cells (Figure S9C and Excel Table S24).
Because the inhibitory effect of diuron on osteoblastic differen-
tiation could not be distinguished from its impact on
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Figure 3. In vitro evaluation of diuron effects during osteoclast differentiation. (A) Schematic representation of experimental protocol. Purified human CD14*
monocytes were cultured for 3 d in the proliferation medium (MCSF). DMSO (0.025%) or range of diuron concentrations was added at day 3 and osteoclastic precur-
sors were either maintained in proliferative medium for 7 d to perform crystal violet staining (viability) or cultured with differentiation medium (mCSF + RANKL)
for 7-8 d to realize TRAP staining. (B) Cell viability was assessed by crystal violet staining. Results are expressed in percentage of the control condition with DMSO
(0.025%) and represent mean + SD of four independent experiments with CD14" monocytes isolated from four different donors (patients #3, #4, #5, and #6).
Summary data are available in Excel Table S20. (C) Images of TRAP staining at day 10 of differentiation of CD14* monocytes in 96-well plates in the absence
(DMSO 0.025%) or presence of a range of diuron concentrations (magnification 40 X ). TRAP coloration was performed at the end of the culture period. (D) CD14*
purified from three different donors [patients #3, #6, and #7 (Excel Table S1)] were differentiated in the absence (DMSO 0.025%) or presence of a range of diuron
concentrations. TRAP coloration was performed at the end of the culture period and multinucleated TRAP* cells were counted under a light microscope. Data for
the cells of each donor are normalized to vehicle control (100%). The graph represents the mean + SD of three independent experiments, *p < 0.05, “*p <0.01,
“**p <0.001, compared with control by one-way ANOVA followed by Dunnett’s multiple comparisons test. Summary data are available in Excel Table S21.
(E) Purified human CD14% monocytes from a minimum of four different donors (patients #3, #4, #6, and #7) were cultured for 7 d in the presence of MCSF,
RANKL, and three different concentrations of diuron as indicated. DMSO (0.01%) was used as control. mRNA levels of TRAP, cathepsin K, NFATc1, and MMP9
were assessed by qRT-PCR at the end of the culture period. Data are expressed as fold-change compared with control and represent mean + SD of five independent
experiments, “p < 0.05, **p < 0.01, **p < 0.001, compared with control by one-way ANOVA followed by Dunnett’s multiple comparisons test. Summary data are
available in Excel Table S22. Note: ANOVA, analysis of variance; D, day; DMSO, dimethyl sulfoxide; MCSF/M-CSF/mCSF, macrophage colony-stimulating fac-
tor; RANKL, nuclear factor kappa-light-chain-enhancer of activated B cells ligand; qRT-PCR, quantitative real-time polymerase chain reaction; SD, standard devia-
tion; TRAP, tartrate-resistant acid phosphatase.
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osteoblastic precursor viability, we focused our study on the
effects on osteoclastogenesis.

Osteoclast Differentiation Transcriptional Profile during
10 uM Diuron Exposure

To study the transcriptomic effect of diuron on osteoclast differ-
entiation, RNA-Seq was performed on CD14% cells treated with
either DMSO or diuron complemented with osteoclast differentia-
tion medium. Cells treated with DMSO or diuron were harvested at
day 3 and at day 10. With the intent to evaluate the effect of diuron
treatment on the differentiation process, LRT was used to identify
differentially expressed genes. The DESeq2 object was assigned a
reduced design model that would consider only the individual
effects of time and treatment (time + treatment), whereas the full
design model included the combination of time and treatment vari-
ables (time + treatment + time:treatment). Genes were considered
to be significantly differentially expressed if the adjusted p-value
was <0.05.

Using this approach, genes that were significantly differen-
tially expressed owing to diuron treatment during the differentia-
tion process were identified. Among these, some were key genes
for osteoclast development or function, such as MMP9,%>7
OCSTAMP,>® TCIRG1,> or NFATCI>® (Figure 4A; Excel Table
S525). ORA using GO:BP showed a significant overrepresentation
of gene sets linked with osteoclast activity, such as “collagen cata-
bolic process,” “extracellular matrix disassembly,” and the osteo-
clast differentiation-driving “calcineurin-NFAT signaling cascade”
(Figure 4B). Expression of the 40 genes of interest in the prese-
lected list were tracked in the different conditions (Excel Table
S3). To do so, the R package DEGReport,®® which can classify the
differentially expressed genes in different clusters based on the dy-
namics of their expressions in the different conditions, was used
(Figure 4C). The genes of interest were either in the cluster “1” or
“5,” which are clusters that contain genes expressed higher in the
DMSO-treated cells at day 10 but whose difference in expression
is significantly lower in the diuron-treated cells.

To check whether the differentiation process occurred properly
in the DMSO-treated cells, pairwise comparison using the Wald
test was performed between day-10 DMSO-treated and day-3
DMSO-treated cells. GSEA was run against Reactome.db’s
(Reactome pathway database; https://reactome.org/) gene sets
using the significantly differentially expressed genes in this com-
parison (adjusted p-value threshold <0.05, and |log, FC|>1).
These results, summarized in Figure 4D, showed that genes
involved in “collagen degradation,” “activation of matrix metallo-
proteases,” or “degradation of the extracellular matrix” were up-
regulated (positive log,-fold-changes) in the day-10 DMSO-
treated cells compared with day-3 DMSO-treated cells. On the
other hand, genes involved in the innate immune system seemed to
be down-regulated in day-10 DMSO-treated cells.

Then a pairwise comparison between diuron-treated and
DMSO-treated cells at day 10 was performed, and significantly dif-
ferentially expressed genes (Figure 4E; Excel Table S26) were used
to do ORA against GO:BP gene sets. In Figure 4F, for the sake of
readability, among the significantly overrepresented gene sets, those
that are related to osteoclasts function or development are plotted.
We can point out “collagen metabolic process,” “tissue remodel-
ing,” and “glycosaminoglycan catabolic process” among them.

Targets of Osteoclasts Pro-Differentiation Super-Enhancers
after Diuron Exposure

To summarize the effect of diuron exposure on key genes driving
osteoclastogenesis, the sets of genes differentially expressed in
diuron-exposed osteoclasts (Figure 4A) and those targeted by

Environmental Health Perspectives

067007-10

gained super-enhancers (Figure 2A; Figure S7) during normal
differentiation were compared. Excel Table S25 presents the list
of diuron-affected genes, whereas Excel Tables S12 and S13 pro-
vide the lists of targets of gained super-enhancers. FOSL2, CSPG4,
FAMS83G, TMEM132A, HYOU1, VWA, LIF, PRKCH, SEMA4D,
SLCY9B1, and SLC9B2 were all differentially expressed in diuron-
exposed cells and induced by gained super-enhancers that showed
significant higher enrichment in H3K27ac at day 10 compared
with day-3 undifferentiated cells, whereas FOSL2, CSPGH4,
PLEKHI, VWAI, ATP6VIEI, LIF, JDP2, MMP9, NFATCI,
SEMA4D, and N4BP2 were differentially expressed in diuron-
exposed cells and induced by super-enhancers that were increased
significantly at day 7. A Fisher’s exact test was performed compar-
ing super-enhancer—associated genes at day 10 (Excel Table S13)
and those identified as diuron-affected genes (Excel Table S25).
The total number of genes was restricted to genes of Genecode’s
GRCh37 (version 35) gene annotation file expressed (normalized
read counts >20) in at least one sample. The test gives a significant
enrichment and an odds ratio (OR) with 95% confidence interval
(CI) of >2.7 (Table 1). This suggests an enrichment of genes
induced by gained super-enhancers during differentiation among
the diuron-affected genes. To express it differently, these results
suggest that 0.54% of genes were regulated by gained super-
enhancers during osteoclast differentiation, whereas 2.5% of
diuron-affected genes were regulated by gained super-enhancer,
so they were about 5-fold enriched.

The OR was even higher when the test was performed on the
list of high-confidence associations, meaning those that also dis-
played linkage between the enhancers and the surrounding genes
through evolution. Fifty-five of the 122 targets of gained super-
enhancers we identified displayed evolutionarily conserved link-
age as observed by PEGASUS. Interestingly, 10 of the 11 target
genes [except von Willebrand factor A (VWA)] that were identi-
fied as targets of gained super-enhancers and were differentially
expressed in diuron-exposed MSCs were part of the high-
confidence list cross-validated with PEGASUS. Fisher’s exact
test with these numbers gave an OR of 11.45 (95% CI: 5.11,
23.24)and a p=9.23x 1075,

Interestingly, all 11 genes that were differentially expressed af-
ter diuron treatment in MSCs among those identified as induced by
all differentially active super-enhancers (lost and gained super-
enhancer) during the differentiation process, were targets of gained
super-enhancers and none of lost super-enhancers.

Discussion
Bone homeostasis is a very tightly regulated process involving a
balance between osteoblastic and osteoclastic activities.®! This bal-
ance is based on cell interactions but also on the higher regulated
differentiation of osteoblasts and osteoclasts, implicating the orches-
tration of a complex transcriptional network. It has already been
demonstrated numerous times that epigenetic regulations are impli-
cated in the osteoclast differentiation and resorption activity.®?->
Corroborating these reports, our study suggests that key osteo-
clastic genes seem to be induced by newly acquired super-enhancers
during osteoclast formation. FOSL2 and JDP2 can be mentioned
within this context, such that gained super-enhancers within the vicin-
ity of these genes seem to be activated in the late days of differentia-
tion. The role of JDP2 in osteoclastogenesis is already described.®®
Similarly, FOSL2 and LIF/LIFR pathways were also reported to play
an important role in regulating osteoclastogenesis.®” CXCRI gene
expression also seems to be induced by a gained super-enhancer. In
this study, we made the observation that the herbicide diuron has the
potential to interfere with the transcriptional program, leading to
osteoclast differentiation, even at relatively low concentrations rela-
tive to those used in other in vitro studies.?”
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Figure 4. Osteoclast differentiation transcriptional profile during 10 pM diuron exposure. CD14" premonocytes were treated with differentiation medium and
either DMSO or diuron at 10 uM. Cells were harvested for RNA-Seq at day 3 or day 10 of differentiation. To identify differentially expressed genes, an LRT
was performed to take into consideration both the effects time and treatment, and the Wald test was performed for pairwise comparisons. (A) Relative expres-
sion of significantly differentially expressed genes in LRT (full model: time + treatment + time:treatment vs. reduced model: time + treatment, p < 0.05; Excel
Table S25 provides z-score values underlying the heatmap). (B) Top overrepresented GO:BP terms in the list of genes from (A). (C) z-Scores of gene abun-
dance in different clusters of genes from A. (D) Summary of GSEA results on pairwise Wald test of day-10 DMSO vs. day-3 DMSO; on the x-axis are the
log,-fold-changes. (E) Relative expressions of significantly differentially expressed genes in Wald pairwise between day-10 DMSO and day-10 diuron (z-score
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dimethyl sulfoxide; GO:BP, Gene Onotology’s Biological Processes; GSEA, gene set enrichment analysis; LRT, likelihood-ratio test; RNA-Seq, RNA-

sequencing.
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Our observations also associated CD93 to a super-enhancer
that is lost during the course of osteoclastic differentiation.
Interestingly, down-regulation of Cd93 gene expression was reported
to increase osteoclastogenesis in a murine model.®®

To go deeper into the interpretation of the RNA-Seq, some
observations should be mentioned. Among the genes identified
through RNA-Seq, CALCR, JDP2, TCIRGI, and ACP5 seemed
highly specific to osteoclast differentiations. DCSTAMP seemed
to be induced even without differentiation medium, so it is not
specific enough to verify full maturation of osteoclasts.

The AP-1 family transcription factor FOS, described as play-
ing a key role in osteoclastogenesis,* was not significantly differ-
entially expressed in this model; however, significantly higher
expression of FOSL2 and JDP2 were observed and their expres-
sion was accompanied by a higher expression of their potential
respective super-enhancers.

Interestingly, the CXCRI receptor to interleukin-8 seemed to
be highly induced at day 7, and its high expression was maintained
up to day 10. This induction seemed also to be supported with a
gained super-enhancer associated with our approach at day 10.
Even though the role of CXCR1 based on its expression level dur-
ing differentiation process seems to be controversial, our observa-
tions suggest a pro-osteoclastogenesis role for CXCR1.99-7!
Regarding DNM1, it has been described as playing an important
role in multinucleation in osteoclasts.”> Among the genes activated
during osteoclast differentiation, we identified the ones under the
regulation of super-enhancers. It is very interesting to note that the
transcripts that were identified as differentially expressed in diuron-
treated osteoclasts compared with control cells were enriched within
this group of super-enhancers—controlled genes. Study of enhancers
and super-enhancers requires an appropriate annotation of identified
enhancers, namely, target genes assignment.

Indeed, enhancer annotation raises some challenges owing to
the particular characteristics of these elements. Among these charac-
teristics, we can mention their ability to target genes located
hundreds of kilobases upstream or downstream.”® Nevertheless,
based on the current understanding of genome organization and
admitting that enhancers activity requires chromatin looping, their
targets could only be located within their TADs. These domains,
conserved among tissues and genomes, gather coregulated regula-
tory elements and genes, creating a microenvironment within which
intergenomic interactions are highly frequent.*>’# We also observed
a discrepancy between the activation of enhancers/super-enhancers
and the expression of their associated target genes when considering
proliferation medium-treated cells. Our observations lead us to con-
clude that even though the super-enhancers seemed active, they
lacked efficiency in the regulation of their target genes. The lack of
up-regulation of genes encoding for transcription factors, such as
NFATCI, FOSL2, and JDP2, in the proliferation medium—treated
cells could suggest a reduced recruitment of these effector proteins
within the enhancer/super-enhancer regions, meaning accessible
chromatin is not sufficient.

Even though mutations in enhancers are associated with de-
velopmental disorders, resulting in a higher sequence conserva-
tion compared with other noncoding elements, they evolve
relatively fast when compared with tissue-specific gene expres-
sion patterns.’>-’® This faster evolution rate in enhancers could be
explained by mutations in reshuffling of TFs binding sites that
have no functional consequences and enhancers’ functional re-
dundancy, which dampens mutations’ effects, among other rea-
sons. When compared with the PEGASUS database, we observed
a high rate of CNEs in the active super-enhancers. We also
observed a fairly high (40%—60%) conservation of synteny
between our super-enhancers and the genes to which we associ-
ated them. These observations support our strategy of
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identification of functional active super-enhancers and their asso-
ciated target genes via H3K27ac ChIP-sequencing.

Given that the target genes of the super-enhancers identified in
our model are potential key genes leading to osteoclast differentia-
tion, there is a possibility that their preferential mys-regulation by
an external factor, such as diuron, could affect osteoclast maturation
and function. Short-term diuron treatment might help to identify
direct short-term effects.

We make the hypothesis of an epigenetic influence of diuron,
at least partially, on osteoclast development through the deregula-
tion of the super-enhancers. Overall, our study shed light on the
negative effect of the herbicide diuron on osteoclast differentia-
tion and on osteoblast survival and would justify the use of an
in vivo model to assess bone parameters in the presence of such
compounds before its commercial usage. Our study on cell sys-
tems with relatively low concentrations of diuron, compared with
studies in animal models, has allowed us to characterize subtle
alterations on cells epigenome or identity. These subtle effects
could result in major phenotypic consequences over time owing
to long-term and cumulative exposure, hence the relevance to
evaluating compounds’ toxicity on cell systems rather than exclu-
sively on animal models.
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