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ABSTRACT: Arsenite-contaminated groundwater poses a major - — ~N
health concern affecting millions of people. Chronic exposure to _//¥) histone H3 modifications
elevated levels of inorganic arsenic is implicated in carcinogenesis, with  NaAsO, \ : @
impaired DNA repair and dysregulated DNA and histone modifications (As*) gene- | genome-

as key factors. Using human A549 lung carcinoma cells, we investigated ) l B specific |  wide

the persistence of acute arsenite-induced cellular stress at the / ‘ DNA

epigenetic and transcriptional levels after 24 h of exposure to 1-25 | % | ?//J\) Eg:g ® d

UM NaAsO,, reflecting low to high acute exposure scenarios, followed L——; =

by a 48 h arsenite-free postincubation period. The primary objective transient . l As* lAs3’

was to analyze alterations in acetylation and methylation marks on both vs. N\ ® )

bulk histone H3 and specific DNA repair gene loci. We conducted pzrf?ésctgnt \\\ _//J\) 7 ) i
immunochemical and proteomic analyses to assess alterations in N : )

histone modification patterns. Transient effects were observed at both
methylated and acetylated residues, with hypoacetylation specifically detected at promoters of certain DNA repair genes, including
MLHI1, MSH2, MPG, and XPA. Among all modifications analyzed, H3K18ac exhibited the most pronounced decline, suggesting its
preferential sensitivity toward arsenite. H3 hypoacetylation was further observed in noncancerous human BEAS-2B lung cells,
indicating that this effect is not cancer cell-specific. Mechanistically, in A5S49 cells, increased total HDAC or decreased HAT activity
could be excluded. Instead, a persistent moderate decline in HDAC activity and a delayed, pronounced induction of HAT activity
suggest targeted arsenite interactions with specific enzymes of the histone acetylation regulatory network.

Bl INTRODUCTION particularly sensitive targets of arsenite-induced epigenetic
alterations.">~

Histones are small, positively charged proteins that form the
structural units of chromatin, the nucleosomes.'®'” Negatively
charged DNA is wrapped around histone octamers, which are
composed of a tetramer of H3 and H4, along with two H2A
and H2B dimers. These core histones enable the compact and
organized packaging of DNA within the nucleus. Histones are
thus pivotal in regulating gene expression by modulating

Arsenic is a naturally occurring metalloid found in soil, water,
and the atmosphere, well-known for its carcinogenic proper-
ties." Extensive epidemiological research and studies in both in
vitro and in vivo models have clearly linked exposure to
inorganic arsenic with an increased risk of tumors in multiple
organs, including skin, lung, bladder, kidney, and liver.”
Consequently, inorganic arsenic is classified as a human

carcinogen.” > Even moderate dietary intake levels of arsenite, chromatin organization, either through condensation or
such as those found in Europe, are considered critical.® The relaxation.'® Post-translational modifications (PTMs) on
toxicologically most relevant inorganic arsenic species is serine, arginine, and lysine residues, along with histone
trivalent arsenite, which exerts the highest carcinogenic variants, contribute to a complex regulatory histone
potential due to its strong affinity for thiol groups in proteins, code.'® Among the most studied histone PTMs (hPTMs)
thereby disrupting key cellular processes.” Unlike most are lysine acetylation and methylation. These are mediated by
carcinogens, arsenite itself is a weak mutagen.® However, the specific “writers” and “erasers”, such as histone acetyltrans-
mutagenic effect of distinct carcinogens can be potentiated by

arsenite, most likely due to DNA repair inhibition.”'? While Received: August 5, 2025

inhibition at the protein level has been linked to direct Revised:  December 11, 2025

interactions with zinc-binding motifs in DNA repair proteins,11 Accepted: December 12, 2025

increasing attention has turned to arsenite-mediated epigenetic Published: January 2, 2026

dysregulation.'”™"* Specifically, histones, as key components of
chromatin structure and transcriptional activity, may be
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ferases (HATSs) and histone deacetylases (HDACs).”"** Their
effects depend on their location within genomic elements such
as promoters or enhancers. Activating marks, e.g., H3K4me3,
H3K9ac, and H3K18ac, are strongly associated with actively
transcribed regions, while repressive hPTMs like H3K27me3
correlate with transcriptional inactivity.'®*'

Arsenite is a well-documented inducer of chromosomal
changes, primarily by altering hPTM processes, which in turn
disrupt higher-order chromatin structures.”””* Studies have
shown its ability to affect some histone H3 acetylation and
methylation sites on a global scale, likely via interference with
histone-modifying enzymes.'®**™>” In addition, down-regu-
lation of DNA repair genes has been linked to the
accumulation or depletion of specific hPTMs at gene
regulatory loci,">'” suggesting a role in arsenite-mediated
inhibition of DNA repair. However, most studies focused on
individual hPTMs, using antibodies raised against selected
marks, and on single DNA repair pathways, without addressing
the persistence of these effects. This study aimed to fill these
gaps by examining how hPTMs change under low-micromolar
arsenite-induced cellular stress and after recovery, tracking the
epigenetic response, while using biochemical and omics
methods. We first investigated H3 PTM alterations in key
DNA repair genes and integrated these with gene expression
data. Moreover, we performed an antibody-based and unbiased
proteomic analysis of bulk histone H3 PTMs to identify in
both canonical H3 and variant H3.3 which lysine modifications
are significantly affected by arsenite. These orthogonal
approaches provided complementary and overlapping infor-
mation in H3K9/K14ac, H3K18ac, and H3K36me2 variations,
offering new insights into the impact of arsenite on histone H3
PTM:s.

B EXPERIMENTAL PROCEDURES

Materials

All chemicals were obtained from Carl Roth (Karlsruhe, Germany) or
Sigma-Aldrich (Massachusetts, USA). Cell culture media and
materials were purchased from Sarstedt (Nuembrecht, Germany)
and Lonza (Basel, Switzerland), with additives including fetal bovine
serum from Thermo Fisher Scientific (Waltham, MA, USA) and
Penicillin—Streptomycin from Sigma-Aldrich (Burlington, MA, USA).
The ATP-Assay reagent was bought from Promega (Madison, WI,
USA). FACSFlow and FACSRinse were supplied by BD (Franklin
Lakes, NJ, USA), and DAPI (1 g/L) was purchased from Sigma-
Aldrich (Burlington, MA, USA). PCR consumables were sourced
from Brand (Wertheim, Germany) while PCR reagents were acquired
from Applied Biosystems (Waltham, MA, USA), Bio-Rad (Munich,
Germany), Fluidigm (San Francisco, USA) Machery-Nagel (Dueren,
Germany), and Teknova (Hollister, USA). Primers were synthesized
by Eurofins (Luxembourg City, Luxembourg). Antibodies and ChIP
reagents were obtained from Cell Signaling Technology (Leiden,
Netherlands) and Santa Cruz Biotechnology (Dallas, TX, USA).
Histone extraction reagents for Western blot analysis were bought
from Sigma-Aldrich (Burlington, MA, USA). LC—MS/MS consum-
ables were purchased from Affinisep (Le Houlme, France) and Aurora
(Collingwood, Australia). ELISA kits and nuclear isolation buffers
were supplied by EpigenTek (Farmingdale, NY, USA).

Antibodies

The hPTM and ChIP control antibodies were obtained from Cell
Signaling Technology (Leiden, Netherlands) including H3K4me3
Tri-Methyl-Histone H3 (Lys4) (C42D8) Rabbit mAb no. 9751,
H3K9ac Acetyl-Histone H3 (Lys9) (CSB11) Rabbit mAb no. 9649,
H3K18ac Acetyl-Histone H3 (Lys18) (D8ZSH) Rabbit mAb no.
13998, and H3K27me3 Tri-Methyl-Histone H3 (Lys27) (C36B11)
Rabbit mAb no. 9733, Histone H3 (D2B12) XP Rabbit mAb (ChIP
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Formulated) no. 4620, and Normal Rabbit IgG no. 2729. For Western
blotting, the secondary antibodies were obtained from Santa Cruz
Biotechnology (Dallas, TX, USA), including mouse antirabbit IgG-
HRP no. 2357, m-IgG Fc BP-HRP no. 525409, and the loading
controls f-Actin antibody (C4) no. 47778 and Histone H3 antibody
(1G1) no. 517576.

Cell Cultivation

AS549 cells (ATCC CCL-185), a human lung adenocarcinoma cell
line, were cultured in RPMI-1640 medium supplemented with 10%
heat-inactivated fetal bovine serum, 100 U/mL penicillin, and 100 pg/
mL streptomycin at 37 °C in a 5% CO, and 100% humidified
atmosphere. Passages 14—30 were utilized to ensure experimental
consistency.

BEAS-2B cells (ATCC CRL-3588), a human noncancerous
bronchial epithelial cell line, were cultured in KGM medium on
flasks coated with fibronectin, collagen, and bovine serum albumin at
37 °Cin a 5% CO, and 100% humidified atmosphere. Passages 45—
SS were used.

Cell identities and mycoplasma-free status were verified.

Arsenite Treatment and Postincubation

Logarithmically growing AS49 cells were treated with NaAsO, at low
micromolar concentrations for 24 h. Cytotoxicity (0.5—50 M) and
gene expression (1—25 uM) analyses guided the selection of 5—20
UM for the analysis of epigenetic changes. BEAS-2B cells were treated
with 2.5—-10 uM NaAsO,. For postincubation studies, treated cells
were immediately reseeded at the same vessel-to-cell ratio and
cultivated for an additional 48 h recovery period in arsenite-free
medium. Concurrently, unexposed control cells were simultaneously
cultured and passaged to account for any effects arising from
continuous passaging.

Cytotoxicity Assessment

ATP levels were analyzed using the CellTiter-Glo Luminescent Cell
Viability Assay Kit (Promega GmbH, Walldorf, Germany) as
previously described.'” Cell cultivation and incubation were carried
out on 96-well plates, with 3 X 10* cells seeded per well
Logarithmically growing cells were treated with NaAsO,. For
postincubation studies, cells were initially treated on plates (4.5 X
10 per dish) and subsequently seeded into 96-well plates as described
above. ATP levels were normalized to untreated controls.

For determining the relative cell count, 4.5 X 10° cells were seeded
in plates (150 mm) and treated as stated above. The cells were
collected in fresh medium, and cell numbers were measured using the
CASY TT cell counter (OMNI Life Science, Bremen, Germany). Cell
viability was normalized to untreated controls.

Intracellular Arsenic Levels

The intracellular arsenic concentration was measured by graphit
furnace-AAS (PinAAcle 900 T, PerkinElmer, Rodgau, Germany).
Initially, 4.5 X 10° cells were seeded and treated as stated above.
Before pelleting, the cell count and cell volume were determined using
the CASY TT cell counter (OMNI Life Science, Bremen, Germany).
For sample preparation, the cells were dissolved in 500 uL of 30%
H,0, and 96% HNO, (1:1, v/v) and heated stepwise to 95 °C. After
complete evaporation of the solution, the remaining residue was
dissolved in 0.2% HNO;. An external calibration was performed using
AAS elemental standard solutions to ensure accurate measurements.
The temperature program consisted of drying at 120 °C for 45 s and
140 °C for 30 s, pyrolysis at 1200 °C for 20 s, atomization at 2000 °C
for 5 s, and tube cleaning at 2450 °C for 3°s.

Analysis of Cell Cycle Distribution

The cell cycle analysis was conducted by flow cytometry (BD,
Heidelberg, Germany) as previously described.'>*®** For this study,
4.5 X 10° cells were seeded and treated as described above, and about
2 X 10° cells were fixed. The fluorescence signal was plotted against
cell count to assess the distribution of cell cycle phases.

https://doi.org/10.1021/acs.chemrestox.5c00312
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Gene Expression Profiling

High-throughput gene expression profiling was performed as
previously described.'>***° In this study, 5 X 10° cells were seeded,
and logarithmically growing cells were exposed to NaAsO, and
postincubated as described above. High-throughput RT-qPCR
enabled simultaneous analysis of 96 samples for the expression of
95 genes using a 96 X 96 Dynamic Array integrated fluidic circuit
system (Fluidigm, San Francisco, USA). Gene details are listed in
Supporting Information Table SI, and primer sequences were
published in.">*® Data analysis was performed with Fluidigm Real-
Time PCR Analysis and GenEx software (version 5.3.6.170). The
reference genes ACTB, B2M, GAPDH, GUSB, and HPRT1 were used
for normalization. The relative quantities were calculated using the
AACq-method, with results expressed as log,-fold changes compared
to respective controls.

Gene-Specific Analysis of Histone Modifications

To detect hPTMs at specific DNA repair gene promoters, a ChIP
assay coupled with gPCR detection was performed. For this analysis,
4.5 X 10° cells were seeded and treated as stated before. The
SimpleChIP Plus Sonication Chromatin IP Kit (Cell Signaling
Technology, Leiden, Netherlands) was used. First, chromatin was
cross-linked with 1% formaldehyde for 10 min, neutralized with
glycine for S min. After washing twice, fixed cells were scraped into
ice-cold PBS with protease inhibitor cocktail (PIC) and pelleted by
centrifugation. Pellets were resuspended in ice-cold ChIP Sonication
Cell Lysis Buffer with PIC, incubated on ice for 10 min, and
centrifuged. This process was repeated, with the second step using the
ChIP Sonication Nuclear Lysis Buffer with PIC. The lysates were
sonicated for 2:30 min using a Branson Sonifier W-250D (Branson,
Ultrasonics, Danbury, USA) at 10% energy input with 1 s pulses (on/
off), while cooling on ice. Fragmentation efficiency was verified by
running an aliquot of the fragmented lysates on a 2% agarose gel.
Sonicated lysates were diluted (1:S ratio) in ChIP-Buffer with PIC,
and a 2% input was aliquoted for each sample. Specific hPTM
antibodies (10 uL per 500 uL lysate), mock IgG antibody (2 uL), or
ChIP control H3 antibody (10 uL) were added to the samples and
incubated overnight at 4 °C. ChIP-Grade Protein G Magnetic Beads
(30 uL) were added and incubated for 2 h at 4 °C. Chromatin was
eluted with elution buffer for 30 min at 65 °C, reverse cross-linked
with NaCl and Proteinase K. DNA was purified using spin columns.
To improve DNA yield, a preamplification step and exonuclease
digestion were included (according to gene expression profiling
protocol). qPCR was performed on a CFX96 Touch Real-Time PCR
Detection System (Bio-Rad, Feldkirchen, Germany) with Sso Fast
EvaGreen with Low ROX (Bio-Rad, Feldkirchen, Germany) master
mix using specific primers for DNA repair gene promoters, as well as
positive and negative controls (GAPDH, MB, MYOD1, and RPL30).
Primer sequences are listed in Supporting Information Table S3. The
thermal protocol included an initial 180°s at 95 °C, followed by 40
cycles of 15 s at 96 °C (denaturation) and 60°s at 60 °C (annealing
and elongation), followed by a melting curve analysis. ChIP-qPCR
signals were calculated as a % of input.

Global Analysis of Histone Modifications

Western blotting was used to analyze specific hPTMs genome-wide. A
total of 4.5 X 10° cells were seeded and treated as described above.
Histones were extracted using the Core Histone Isolation Kit (Sigma-
Aldrich, Taufkirchen, Germany) following the manufacturer’s
instructions. Briefly, cells were lysed, the cytoplasmic fraction was
separated, and histones were isolated from the nuclear fraction
through acid extraction. The histone extracts were separated via SDS-
PAGE and transferred to a PVDF membrane. Ponceau staining was
performed as a loading control and documented using the LAS-3000
(FujiFilm, Tokyo, Japan). Proteins and antibodies were blocked with
nonfat milk in 0.1% TBS-T. Primary and secondary antibody
incubations were followed by chemiluminescent signal detection
using Amersham ECL Western blotting detection reagent (GE
Healthcare, UK), visualized with the LAS-3000 (FujiFilm, Tokyo,
Japan) imaging system. In addition to detecting the respective
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hPTMs, pB-Actin and histone H3 were also analyzed as loading
controls. Before detecting H3, the membrane was stripped to prevent
signal interference.

Proteomic Analysis of H3 PTMs

For the proteomic analysis of hPTMs, 4.5 X 10° cells were seeded and
treated as stated before. Histones were acid-extracted and analyzed by
LC—MS/MS as described elsewhere.’! Briefly, histones were
derivatized using propionic anhydride in two rounds: pre- and post-
trypsinization (at protein and peptide levels) at reactive free amines of
unmodified and monomethylated lysines in addition to the free
peptide N-termini. The undesired O-propionylation on serine,
threonine, and tyrosine residues was reversed using hydroxylamine
(0.5 M) with ammonium hydroxide (pH 12). The reaction was
stopped by adding a few drops of pure TFA. The samples were then
desalted using SPE tips (BioSPE PurePep) (Affinisep, Le Houlme,
France) and vacuum-dried until later use. After derivatized histone
peptides were resuspended in (5% ACN, 0.1% TFA), they were
separated via a C18 column (C18, 25 cm X 75 um, 1.7 ym beads, 120
A pore size) (Aurora, Collingwood, Australia) of a liquid
chromatography system (Vanquish Neo) then sprayed into an
Ascend mass spectrometer (Thermo Fisher Scientific, Massachusetts,
USA) that was operated in data-dependent acquisition (DDA) mode.
Details of the LC gradient (Buffer A [0.1% FA in H,0]; Buffer B
[ACN with 0.08% v/v FA]) and MS parameters are summarized in
Supporting Information Tables S4 and SS, respectively.

For data analysis, the RAW files were converted into peak lists and
searched by MASCOT software (Matrix Science v2.8) against an in-
house curated histone database and contaminant database.’” The
modifications were configured as follows: propionyl (Any N-term) set
as a fixed modification, and propionyl (K), acetyl (K), butyryl (K)
(standing for the sum of a methyl and a propionyl on the same lysine
side chain), dimethyl (K), and trimethyl (K) set as variable
modifications. Mass tolerance on peptides and fragments was set to
S and 20 ppm, respectively. Identification result DAT files were
imported into Proline software®® for identification validation (Mascot
rank 1, cutoff score 30, minimum length of 6 amino acids) and label-
free quantification by using the MS1 intensity at the chromatographic
peak apex, and the match-between-runs option. The relative
abundance (RA) of each sequence X PTM combination was
calculated as follows

)

The data was visualized as bar plots representing the mean of 3
individual biological replicates that were shown as jittered points. The
line segment represents the upper and lower limits of the confidence
interval at 0.95%. Data analysis and visualization were carried out
using in-house written scripts (https: //github.com/HijaziHassan/
histonePTM).

Measurement of HDAC and HAT Enzymatic Activity

HDAC and HAT activity were measured using ELISA-based
methods. A total of 4.5 X 10° cells were treated with arsenite as
described above. Nuclear extracts were prepared using the EpiQuick
Nuclear Extraction Kit I (EpigenTek, New York, USA) according to
the manufacturer’s instructions. To enhance extraction yield, all
samples were further sonicated using a probe sonicator at 10%
amplitude, with a 1 s on and 2 s off pulsed pattern for 30 s. For
activity measurements, 5 ug of protein from nuclear extract was used.
HDAC activity was determined with the Epigenase HDAC Activity/
Inhibition Direct Assay Kit Colorimetric, and HAT activity was
assessed using the EpiQuik HAT Activity/Inhibition Assay Kit, both
from EpigenTek (New York, USA), following the manufacturer’s
protocol. The enzymatic activities of HDAC and HAT in treated cells
were calculated relative to those of unexposed control cells.

intensity of a (modified) sequence

intensity of all modified sequence forms

Statistical Analysis
All cell culture experiments were conducted in duplicate across at least

three independent experiments except for LC—MS/MS and ChIP-

https://doi.org/10.1021/acs.chemrestox.5c00312
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Figure 1. Assessment of arsenite cytotoxicity, uptake, and impact on cell cycle progression in A549 cells. Cells were treated with NaAsO, for 24 h,
followed by either no (0 h) or a 48 h postincubation period in arsenite-free cell culture medium. ATP content was analyzed immediately after
arsenite treatment (A) or 48 h afterward (B). The relative cell count (RCC) was assessed using CASY cell count analysis (C), and the cellular
uptake of arsenic was quantified by AAS (D). Moreover, the cell cycle distribution was analyzed by flow cytometry using DAPI staining (E,F).
Shown are mean values + SD from three independent experiments, each conducted in duplicate. Statistical analysis was performed using a one-way
ANOVA followed by a Dunnett’s post hoc test to evaluate which of the observed changes in exposed cells reached statistical significance compared
to the untreated control: *(p < 0.05), **(p < 0.01), ****(p < 0.0001). To assess the effect of postincubation, statistical significance was

determined using ANOVA with Sidak’s post hoc test: ##HH# (p < 0.0001).

gqPCR analyses. Statistical analyses were performed using one-way
ANOVA followed by Dunnett’s post hoc test to evaluate the
significance of treated cells relative to the control. For AAS, ANOVA
with Sidak’s post hoc test was applied to compare 0 and 48 h
postincubation. For high-throughput RT-qPCR analysis, two-way
ANOVA followed by Dunnett’s post hoc test was performed across all
genes to assess the significance of the exposed cells relative to the
untreated control. For LC—MS/MS results, three biological replicates
were analyzed in two independent experiments, with confidence
intervals calculated. ChIP-qPCR was performed in single replicates
across at least three independent experiments and analyzed statisti-
cally using Welch’s test. All statistical evaluations were performed
using GraphPad Prism 10.4.0.621.

B RESULTS

Persistence of Arsenite-Induced Cellular Responses

Given that lung cancer is among the most sensitive end points
of arsenic toxicity,” we selected human lung cells as a model
system. To assess the extent of arsenite-induced cellular stress
and its persistence, we first examined cytotoxicity profiles of
the human lung tumor cell line AS49. Following previous
reports of our group,'”*” A549 cells were exposed to NaAsO,
for 24 h at initial doses up to 50 uM. For the postincubation
study, the cells were subsequently cultured in arsenite-free
medium for an additional 48 h. First, intracellular ATP levels,
as a marker of cytotoxicity, were determined to identify
suitable exposure conditions. Based on these results,
concentrations of 1—-20 uM arsenite were selected for
subsequent experiments. This range reflects environmentally
and occupationally high exposure acute scenarios and was
chosen to remain below general cytotoxicity in vitro. In the
general European population, blood arsenic levels are typically
around 30 nM, rising to agproximately 300 nM in occupa-
tionally exposed individuals™ and up to 9 uM in populations
residing in highlsy contaminated regions such as parts of India
or Bangladesh.” In these regions, groundwater arsenic levels
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frequently exceed the WHO limit of 10 yg/L. In some areas,
these levels reach up to approximately 27 yM, which is around
200-fold above the WHO limit.*® To confirm that the selected
concentrations triggered adaptive and stress-related rather than
nonspecific cytotoxic responses, we further analyzed the
relative cell count, intracellular arsenic content using atomic
absorption spectroscopy (AAS), and cell cycle phase
distribution via flow cytometry. At the transcriptional level,
high-throughput RT-qPCR was performed to examine various
cellular stress response genes, including those involved in
(oxidative) stress response, inflammation, cell cycle regulation,
DNA repair and damage response, as well as epigenetic
regulation.

Postincubated Cells Exhibited No Signs of Cytotoxicity
Recovery after 48 h

Figure 1A/B presents the cytotoxic potential of arsenite in
AS49 cells, assessed first by measuring ATP content. ATP
levels serve as an indicator of cellular metabolic activity and
viability, and measurements were performed both without and
with a 48 h arsenite-free recovery period. Within the 0.5 yM to
1S5 uM range, no signs of cytotoxicity were observed. However,
starting from 20 pM, a moderate decrease in ATP was
detected, though the levels remained above 80% of control at
20 uM and 25 uM arsenite. At 50 uM, ATP levels dropped to
approximately 60% in both setups. Thus, postincubation did
not further affect cytotoxicity, nor did it allow restoration of
intracellular ATP.

The cell count analysis within this dose range also showed
no changes (Figure 1C). The values remained near 100%, both
with and without postincubation.

To explore whether this outcome was influenced by
intracellular accumulation of the metalloid, total arsenic levels
were measured at both time points (Figure 1D). Subsequently,
after treatment, a dose-dependent increase in intracellular
arsenic was observed, reaching nearly 97 uM per cell at 20 uM
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NaAsO,. Notably, following the postincubation, the levels
decreased significantly. At S M, levels were barely measurable.
At 10 uM and 20 uM, residual nanomolar doses were detected.
These correspond to a reduction to approximately 1.2% and
0.9%, respectively. This pronounced decline indicates efficient
cellular excretion within this time frame. Additionally, cell cycle
analysis revealed no phase changes within the selected dose
range, irrespective of postincubation (Figure 1E/F).
Postincubated Cells Show More Pronounced Changes in
the Expression of Specific Genes

To analyze the time-dependent transcriptional response of
AS549 cells to NaAsO, (1-2S uM), gene expression profiles
were assessed for 95 cellular stress-related genes using high-
throughput RT-qPCR.'*® Exploratory analysis revealed
significant differences in gene activity between solely
arsenite-treated and additionally 48 h postincubated cells.
Figure 2 represents a volcano plot of the relative gene
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Figure 2. Effect of arsenite and postincubation on the gene expression
profile of A549 cells. Cells were exposed to 25 M NaAsO, for 24 h
and subsequently subjected to either a 0 or 48 h arsenite-free recovery
phase. The mRNA levels were assessed by high-throughput RT-qPCR
in 95 genes. Displayed is the relative change in gene expression
(RGE) compared to the untreated control against the p-value
generated by two-way ANOVA, followed by Dunnett’s post hoc test.
For simplification purposes, all p-values <0.0001 are displayed on the
line of p = 0.0001.

expression changes (RGE) in AS49 cells treated with the
highest concentration of 25 yM NaAsO,. Figure 3 shows a
heatmap of the RGE for selected genes categorized into
functional clusters. Comprehensive log,-values for the gene

panel and selected RGE plots are provided in Supporting
Information Table S2 and Figure SI.

Considering the distribution of the data points, including
and excluding postincubation, a trend toward effect intensifi-
cation was observed with extended postincubation time
(Figure 2). This is evidenced by a broader distribution of
data, reflected in a widening parabolic shape with additional
recovery time. Furthermore, the number of relevant gene
repressions increased, as shown by a higher density of data
points surpassing p < 0.005 and exhibiting gene expression
changes of <1, corresponding to at least a 50% reduction
compared to untreated controls.

Postincubation of acutely arsenite-treated AS49 cells
resulted in distinct changes in the mRNA levels. In the
following, the results for selected genes shown in Figure 3 are
discussed. Notably, significant changes in RGE were observed
primarily starting at 10 uM NaAsO,, yet trends were already
emerging at 1 uM.

Specifically, genes related to metal homeostasis, such as
MT1X and MT2A, displayed higher induction following a 48 h
recovery phase. At the highest dose of 25 M, postincubation
led to a 10-fold increase in MT1X transcript levels and a 9-fold
increase for MT2A, compared to 3-fold and 4-fold increases,
respectively, observed immediately after NaAsO, treatment.

Furthermore, arsenite induced a persistent inflammatory
response, primarily driven by the sustained induction of ILIA.
However, IL8 expression levels returned to basal states.

The most pronounced RGE alterations following arsenite
treatment were observed in oxidative stress response genes.
HMOXI1 exhibited the most significant induction of all genes.
Starting at 10 uM, a 24 h incubation resulted in an 8-fold
increase in transcript levels, which exceeded an 18-fold increase
at the highest dose. Even after the postincubation, induction
remained substantial, showing a 6-fold and 14.5-fold increase
at 25 uM. Interestingly, acute NaAsO, treatment did not
significantly alter mRNA levels of HSPAIA or SOD2. However,
after the 48 h recovery phase, these genes were up-regulated,
with HSAPIA increasing 9-fold and SOD2 doubling.

In addition, arsenite exposure induced DNA damage
markers, with levels returning to baseline 48 h post-treatment,
potentially indicating the completion or discontinuation of
DNA repair processes. For instance, DDIT3 levels were up-
regulated directly after treatment, but returned nearly to the
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Figure 3. Gene expression profiles of arsenite-treated and postincubated A549 cells. Cells were exposed to NaAsO, in the dose range of 1 uM to 25
UM for 24 h and subsequently subjected to either a 0 or 48 h arsenite-free recovery period. Gene expression was determined using high-throughput
RT-qPCR. The results are presented as log,-fold change of the relative gene expression (RGE). Gene induction is represented in red color; gene
repression is depicted in blue. Shown are mean values from at least three independent experiments, each conducted in duplicate.
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Figure 4. Basal versus arsenite-modified hPTM levels at selected DNA repair genes. AS549 cells were incubated with different concentrations from S
UM to 20 uM NaAsO, for 24 h. (A) and (B) show the ChIP-qPCR results for H3K4me3 and H3K27me3 at 20 uM. (C) Shows the results for
H3K18ac at 20 4uM and (D) at S uM and 10 uM. (E) Displays the ChIP-qPCR data of H3K9ac in the whole dose range. As positive and negative
control locus RPL30, GAPDH, MB, and MYOD1 were determined. In addition, an IgG isotype control antibody was used to detect the nonspecific
background. The corresponding ChIP controls for the enrichment of histone H3 at the positive control locus RPL30 can be found in the
Supporting Information Figure S2. A representative example of the fragmentation pattern is given in Supporting Information Figure S3. Shown are
the mean values + SD of at least three independent experiments. Statistical analysis was performed using Welch’s test to evaluate which of the
observed changes in exposed cells reached statistical significance compared to the untreated control: *(p < 0.05), **(p < 0.01), ***(p < 0.001).

basal state after 48 h. Overall, most DNA repair factors
examined demonstrated a repressive transcriptional behavior
after acute arsenite exposure. This includes genes involved in
various repair pathways: BRCAI, BRCA2 (homologous
recombination), DDB2 (nucleotide excision repair (NER)),
OGGI, LIGI, and LIG3 (base excision repair (BER)), as well
as MLHI and MSH2 (mismatch repair (MMR)). The
repression of these genes was intensified after the additional
postincubation period. For instance, basal transcript levels of
most genes declined further, except for MSH2, where the
reduced levels remained stable. At the highest dose of 25 uM
NaAsQO,, the extent of repression differed between targets, with
some genes showing more pronounced suppression (e.g.,
MLH]1 or BRCA2) than others (e.g, OGGI). Accordingly, all
DNA repair genes except OGGI showed varying degrees of
reduction to below 50% of their original transcript levels. Such
variability in inhibition strength likely reflects gene-specific
promoter accessibility due to epigenetic alterations.

In addition, epigenetic regulatory genes were also assessed.
Following 24 h acute arsenite exposure, an overall decline in
transcriptional levels of epigenetic regulators was observed,
with some showing even increased repression after the
postincubation period. Transcripts of DNMT1, HDAC2, and
MECP2 were repressed by arsenite, with reduction exceeding
50% after recovery at the highest dose. The repression of TET3
was particularly detectable 48 h after treatment at the highest
concentrations (15—25 uM).
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Epigenetic Insights into H3 Modification Changes Induced
by Arsenite

We investigated hPTM patterns of histone H3, focusing also
on the effect persistence. Considering alterations in gene
expression and cytotoxicity results, low micromolar concen-
trations of 5 uM to 20 uM were selected for epigenetic
analysis. We initially conducted postincubation studies to
investigate gene-specific responses of selected DNA repair
genes and their associations with hPTMs, analyzed through
chromatin immunoprecipitation (ChIP) coupled with quanti-
tative PCR (qPCR). Subsequently, global assessments of the
selected gene-specific hPTMs were carried out using Western
blotting, providing a broader perspective on arsenite-induced
hPTM alterations. Finally, to identify additional arsenite-
sensitive hPTM patterns, these findings were complemented
by comprehensive hPTM landscape profiling via liquid
chromatography coupled with tandem mass spectrometry
(LC—MS/MS).

Temporary Changes in H3 Modifications at Various DNA
Repair Genes Caused by Arsenite

Acute exposure of AS49 cells to low micromolar concen-
trations of NaAsO, resulted in a sustained, moderate
transcriptional repression of all DNA repair factors investigated
(see Figure 3). To determine whether corresponding
alterations in hPTMs occur at the promoters of selected
DNA repair genes, we investigated the levels of specific gene-
activating marks (H3K4me3, H3K18ac, H3K9ac) and one
gene-repressive mark (H3K27me3). Our study expanded upon
earlier research, which primarily focused on single DNA repair
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Figure S. Effects of arsenite exposure and postincubation on the levels of various post-translational histone modifications in A549 cells. Cells were
exposed to NaAsO, for 24 h and subsequently subjected to either 0 h (A,C,E,G) or 48 h (B,D,F,H) arsenite-free recovery period. Relative
modification abundance was detected using Western blotting. For the semiquantitative analysis presented here, the results were normalized to the
respective loading controls (Ponceau, histone H3, and f-Actin) and averaged. Shown are mean values + SD from at least three independent
experiments. Statistical analysis was performed using a one-way ANOVA followed by a Dunnett’s post hoc test to evaluate which of the observed
changes in exposed cells reached statistical significance compared to the untreated control: *(p < 0.05), **(p < 0.01), ***(p < 0.001), ***¥(p <

0.0001).

pathways and individual modifications,"”"” by examining
multiple hPTMs at the promoter loci of MPG and XRCClI
(BER), MLHI and MSH2 (MMR), XPA and XPC (NER), as
well as at positive and negative control loci. The selection of
these modifications was designed to capture a broad spectrum
of hPTMs, encompassing both transcriptional activating and
repressive marks. The selected DNA repair genes have all been
previously reported to be repressed by arsenite."”~""*” The
results of this analysis are presented in Figure 4. Additional
controls, including an example of the fragment size distribution
of chromatin fragments generated by sonication, are provided
in Supporting Information Figures S2 and S3.

In the AS549 cell line, the active histone mark H3K4me3 was
substantially detected across all DNA repair-related promoters
investigated, indicating active transcription of these genes
(Figure 4A). Acute exposure to 20 uM NaAsO, resulted in no
significant changes in H3K4me3 abundance in the selected
promoter regions.

Regarding the repressive histone mark H3K27me3, A549
cells displayed minimal signal at the selected promoter sites,
further supporting the transcriptionally active states of these
genes (Figure 4B). Exposure to 20 uM NaAsO, did not result
in any significant alterations in H3K27me3 levels. Consistently,
enrichment levels remained below those observed at the
RPL30 negative control locus, with no discernible trends.

Since neither H3K4me3 nor H3K27me3 elicited any
changes, further analyses with lower concentrations or
postincubation were not pursued for these histone marks.

Moreover, a strong signal of the gene activating mark
H3K18ac was detected at the respective promoter sites (Figure
4C/D). A 24 h treatment of A549 cells to 20 M NaAsO, led
to a significant decline in H3K18ac levels at the promoters of
MPG, MLHI, MSH2, and XPA (Figure 4C). In detail,
H3K18ac levels decreased by 33% at MPG, 29% at MLHI,
36% at MSH2, and 27% at XPA, respectively. Further
investigation of lower doses revealed a consistent down-
regulation of H3K18ac at the MSH2 promoter in response to
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arsenite (Figure 4D). Both 5 M and 10 #M NaAsO, exposure
elicited reduced H3K18ac levels at MSH2, with a reduction by
20% (S uM) and 27% (10 uM). This pattern aligns with our
previous transcriptional findings that indicated a down-
regulation of MSH2 expression. To determine whether the
H3K18ac levels exhibit sustained changes, an additional
arsenite-free recovery period was included (see Supporting
Information, Figure S4). However, no persistent effects were
observed after the postincubation, suggesting transient changes
of H3K18ac at specific DNA repair-related promoters.

Consistent with H3K18ac, also a strong signal for the hPTM
H3K9ac was detected at the investigated promoter sites
(Figure 4E). Cells treated with S uM to 20 uM NaAsO,
showed a decreasing trend in H3K9ac levels at nearly all tested
loci at the highest dose. Significant H3K9ac declines of 54%
and 50% were observed at MPG and MLHI promoters after
arsenite exposure. However, it is important to note that the
positive control locus RPL30 also exhibited a slight decreasing
trend at 20 gM NaAsO,, suggesting possibly a more
generalized effect rather than a gene-specific response. As the
changes were only evident at the highest dose and no
differences were detected in initial postincubation experiments
(data not shown), further loci-specific investigations for
H3K%ac were not conducted.

Dynamic Global Response of H3 Lysine Modifications to
Arsenite Treatment

To gain insight into the persistence of the arsenite-induced
bulk hPTM effects, the selected hPTMs were further analyzed
by Western blotting. The relative global abundances of the
modifications are depicted in Figure S, with an example blot
provided in Supporting Information Figure SS.

A 24 h treatment of AS49 cells with 20 uM NaAsO, resulted
in a notable increase in H3K4me3 abundance of 45%
compared to the control (Figure SA). At lower concentrations
(5 uM and 10 uM), no significant effects were detected,
although a minor downward trend was apparent. An additional
48 h arsenite-free postincubation phase revealed dynamic
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changes in H3K4me3 levels (Figure SB). While all arsenite
concentrations exhibited an upward trend, a significant 57%
increase was observed specifically at 10 uM. At S uM and 20
uM, H3K4me3 abundance rose by 1.3-fold. The elevated
abundance at 20 uM persisted after postincubation, albeit with
reduced intensity. These findings suggest a dynamic, time-
dependent response in H3K4me3 levels following acute
arsenite exposure, with evidence of persistent effects at 20 uM.

Regarding H3K9ac, the acute treatment of the cells with
NaAsO, resulted in a moderate decrease of H3K9ac at the
highest dose, with no significant changes observed at lower
doses (Figure SC). Specifically, exposure to 20 uM NaAsO,
led to a 16% decline in H3K9ac abundance compared to the
basal state. After an additional arsenite-free 48 h post-
incubation, H3K9ac levels at 20 yM recovered to baseline,
while a slight upward trend was noted at lower doses (Figure
SD). These findings align with the gene-specific results,
indicating that arsenite induces a marginal, transient reduction
in H3K9ac at the highest dose, which is fully restored following
the recovery phase.

In the case of H3K18ac, arsenite exhibited a pronounced
dose-dependent decline in H3K18ac abundance in A549 cells
(Figure SE). Starting from the lowest concentration tested,
H3K18ac levels decreased significantly. At S uM, a decline to
87% of basal levels was observed. At 10 uM, 74% remained.
The strongest reduction was observed at the highest dose of 20
uM, with H3K18ac levels reaching only 50% of control.
Following a 48 h postincubation period without arsenite,
H3K18ac levels showed partial recovery (Figure SF). At S uM,
even a slight yet significant 1.2-fold increase was observed.
However, at 10 uM and 20 yM, minor downward trends were
noted. Altogether, the most pronounced changes occurred
immediately after the 24 h NaAsO, treatment, with H3K18ac
levels reduced to approximately 50% of control levels.
Subsequent recovery nearly restored H3K18ac levels with a
marginal increase at 5 M. Thus, similar to the gene-specific
observations, low-micromolar arsenite exposure resulted in
transient hypoacetylation within the tested dose range.

Arsenite also induced significant changes in H3K27me3
levels, displaying a dose-dependent pattern of both increases
and decreases (Figure SG). At S uM, a slight but significant
increase of 15% compared to the control was detected. At 20
HUM, a significant decline of 35% was observed. After the two-
day recovery phase, H3K27me3 levels at 10 yM and 20 uM
nearly returned to baseline (Figure SH). At S uM, the
increasing trend persisted. These results indicate that arsenite
induces transient changes in H3K27me3 expression at 10 M
and 20 uM, while at 5 uM, levels remain stable and slightly
elevated.

Given that arsenite exposure leads to hypoacetylation of
H3K9 and H3K18 in A549 lung tumor cells, we investigated
whether noncancerous lung cells exhibit the same epigenetic
response. Therefore, we assessed H3K9ac and H3K18ac levels
in the nonmalignant lung cell line BEAS-2B. Due to a higher
arsenite sensitivity of BEAS-2B compared to A549 cells (data
not shown), the dosage was adjusted to 2.5—10 uM NaAsO,.
The results are shown in Figure 6, with a representative blot
provided in Supplementary Figure S6.

In the case of H3K9, a significant hypoacetylation was
detected at S uM (Figure 6A). Arsenite led to a 29% decline in
H3K9%ac levels compared to the basal state. At 10 uM, the
hypoacetylation was less pronounced, which may be attributed
to the beginning of cytotoxic effects at this dose.
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Figure 6. Effects of acute arsenite exposure on the level of H3K9ac
and H3K18ac in BEAS-2B cells. PTM levels were detected using
Western blotting. The values were normalized to the respective
loading controls (Ponceau, histone H3, and f-Actin) and averaged.
Shown are mean values + SD from at least three independent
experiments performed. Statistical analysis was performed using a
one-way ANOVA followed by a Dunnett’s post hoc test to evaluate
which of the observed changes in exposed cells reached statistical
significance compared to the untreated control: *(p < 0.05), *** (p <
0.001), **** (p < 0.0001).

Moreover, H3K18 displayed a concentration-dependent
hypoacetylation starting from 2.5 yM. The relative acetylation
levels decreased from 84% (2.5 uM) down to 76% (5 uM) and
72% (10 uM). Similar to AS49 cells, arsenite caused H3K9 and
H3K18 hypoacetylation in BEAS-2B cells. These findings
suggest that hypoacetylation may be a regulatory mechanism in
the cellular response to arsenite in lung-derived cells.

Arsenite Alters the Landscape of Histone H3 PTMs

To assess the impact of arsenite on histone modifications more
exhaustively, we conducted a comparative proteo-mic analysis
of the H3 PTM landscape using histone ex-tracts derived from
arsenite-treated versus control A549 cells. Our analysis focused
specifically on identifying modifications in lysine residues of
histone H3. Briefly, histones were propionylated at their free
lysines and proteolyzed with trypsin, to produce peptides all
ending with arginine and containing between one and three
lysines. Samples were analyzed by LC—MS/MS to quantify the
relative abundance of each modified form of a given peptide
sequence. Figure 7 shows peptides with modified acetylation
and methylation states. Additional profiling results are
provided in Supporting Information Figure S7.

Opverall, specific alterations were observed, suggesting that
arsenite induces targeted regulatory mechanisms. Starting at
the N-terminus of H3, we detected a consistently low
abundance of H3K9ac that remained largely unaffected by
arsenite, while a clear trend toward hypoacetylation was noted
for H3Kl4ac, interestingly observed in combination with
H3K9mel, H3K9me2, and H3K9me3 (Figure 7A/B). This
decreasing trend extended to H3K18ac, whereas H3K23ac
levels remained stable (Figure 7C/D). In contrast, lysine
residues further downstream of the N-terminus displayed
changing patterns in their methylation states. Notably, our
analysis distinguished between the K27-R40 peptide from H3.1
(canonical H3) and that from variant H3.3, which differs by an
Ala/Ser switch at position 31. The most pronounced effects
were observed for K36me2 in both H3.1 and H3.3, starting at
10 uM NaAsO,. Interestingly, this trend was observed in
combination with H3K27unmod and H3K27mel (7E-H).
Conversely, we observed an increase by about 30% in
H3.3K27me2 in combination with K36unmod at the highest
arsenite concentration compared to controls (Figure 7H).
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Figure 7. Relative abundances of the variably modified forms of selected peptides from histone H3 upon treatment of AS49 cells with increasing
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LC—MS/MS. The data are shown for all modified forms of peptide spanning residues K9-R17 (A), K18-R26 (C), K27-R40 from canonical H3 (E)
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these sequences significantly changing in abundance. The quantitative data obtained from biological triplicates were plotted as individual dots. The
bar heights correspond to the mean + confidence interval at 95% confidence level. The histograms of the other analyzed peptides from H3 are

represented in Supporting Information Figure S7.

Overall, these analyses provided a refined characterization of
PTM combinations at K9/K14, K18/K23, and K27/K36 from
histone H3, some of which exhibited a significant change upon
arsenite. The selective change for only some of these PTM
patterns likely reflects changes at specific genomic regions.

To complete the analysis of H3 PTMs, we hypothesized a
potential difference in the abundance of H3.1 versus H3.3 in
response to arsenite exposure. However, this hypothesis was
excluded by comparing the summed MS signals corresponding
to variably modified K27-R40 peptide sequences from H3.1
and H3.3 (see Supporting Information, Figure S8). Moreover,
we also tested for direct arsenic binding to histone H3
cysteines but found no peptides with matching theoretical
mass.

Prolonged Impact of Arsenite on Writers and Erasers of
Histone Acetylation

To explore the cause of deacetylation, we examined the activity
of histone acetylation regulators. These include also cysteine-
containing writers and erasers,”*~** making them particularly
sensitive to arsenite.*’ An ELISA-based approach was applied
to measure the total activity.
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Arsenite Leads to a Persistent and Modest Reduction of
HDAC Activity

To gain a better understanding of how arsenite affects the
histone acetylation status, total nuclear HDAC activity was
assessed. A 24 h treatment of A549 cells with NaAsO, resulted
in a moderate, dose-dependent reduction in HDAC enzymatic
activity (Figure 8A). While no statistically significant effects
were observed at 5 yM and 10 uM, a significant decrease down
to 86% of the control was detected in nuclear extracts from
cells treated with 20 uM NaAsO,. After a subsequent 48 h
recovery period, the reduced HDAC activity at 20 uM
persisted at 86% of control (Figure 8B). Additionally,
treatment of the nuclear extracts with the HDAC inhibitor
Trichostatin A (TSA) revealed a significant decrease in HDAC
activity, both without and with the recovery period (Figure
8C/D). TSA alone caused a comparable reduction of HDAC
activity down to nearly 68% of control under both conditions.
When TSA treatment was combined with arsenite-exposed
extracts, no clear intensification of the inhibitory effect was
observed. At 20 uM, arsenite-treated extracts showed a slight
additional reduction, reaching approximately 66% and 59% of
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Figure 8. Effect of arsenite exposure and postincubation on the total HDAC and HAT activity in AS549 cells. Cells were exposed to NaAsO, for 24
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from at least three independent experiments performed in duplicate. Statistical analysis was performed using a one-way ANOVA followed by a
Dunnett’s post hoc test to evaluate which of the observed changes in exposed cells reached statistical significance compared to the untreated

control: *(p < 0.05), **(p < 0.01), *** (p < 0.001).

control at both time points, respectively. This indicates that
arsenite does not markedly amplify TSA-induced HDAC
inhibition in this experimental setup. It is important to note
that the applied method was limited to detecting class I and
class I HDACs (HDACs 1—11). This limitation may exclude
potential contributions from the class I1I sirtuin (SIRT) family
to the observed effects.

Arsenite Modulates HAT Activity with a Delayed
Enhancement Post-Recovery

Given that the equilibrium between acetylating and deacetylat-
ing enzymes is crucial, the activity of HATs was additionally
examined. The arsenite-exposed AS549 nuclear extracts initially
exhibited a slight, increasing trend in HAT activity, particularly
at 10 uM (Figure 8E). Following a 48 h arsenite-free recovery
period, the nuclear extracts showed a strong induction in HAT
enzymatic activity (Figure 8F). The most pronounced increase
occurred at 10 uM NaAsO,, with a 162% rise. At S M and 20
UM, increasing trends of 72% and 99% were detected. Notably,
the 10 M arsenite-treated extracts demonstrated a significant
induction in enzymatic activity, a phenomenon that emerged
only after the 48 h recovery period. These findings suggest a
delayed but pronounced response in HAT activity, particularly
at 10 M arsenite, underscoring the dynamic interplay between
acetylating and deacetylating enzymes in response to arsenite
exposure.

B DISCUSSION

Arsenite, a known carcinogen, disrupts DNA repair through
protein interference, but the mechanisms driving transcrip-
tional repression of DNA repair genes remain unclear. This
study supports a role for altered hPTMs in mediating this
repression, yielding new perspectives into arsenite-mediated
epigenetic dysregulation.

Arsenite Induces Persistent Transcriptional Changes

Here, we demonstrate that even a single low-micromolar
exposure to arsenite can cause persistent transcriptional
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repression in human cells, particularly affecting DNA repair
and epigenetic regulators. Notably, despite the almost
complete drop of intracellular arsenic levels during the
postincubation period, gene-specific repression not only
persisted but even intensified after the two-day recovery
period. This decline was likely due to efflux via ABC
transporters, cell division dilution, and passive diffusion
through uptake channels.”” These findings suggest that arsenite
may remain tightly bound to specific cellular targets, thereby
creating a lasting cellular memory, potentially driven by
epigenetic mechanisms known to maintain altered gene
expression through reversible modifications.”’ Although the
residual intracellular levels declined to less than 1% of the
initial amount, resulting in levels of 0.5—1 uM, they appear to
be sufficient for the observed effect persistence. The prolonged
repression coincided with sustained ATP depletion, indicating
impaired cellular recovery. Nevertheless, the continued gene-
specific transcriptional dysregulation of stress-response genes
implies sustained interactions with critical molecular targets.
Supporting this notion, chronic arsenite exposure studies have
shown similar long-term transcriptional dysregulation.** More-
over, our study demonstrates that even acute exposure (24 h)
can induce sustained disruptions in transcriptional regulation
of various genes, highlighting the ability of arsenite to trigger
lasting epigenetic changes. Previous work in HaCaT cells
supports this notion, althou§h limited to DNA methylation
regulators and MMR genes.*

Arsenite Mediates Transient Histone Hypoacetylation at
Different DNA Repair Genes

Epigenetic alterations play a pivotal role in cellular responses to
environmental stress. Among these, the fine-tuned network of
chemical modifications on histones regulating the chromatin
structure and accessibility is highly sensitive to carcinogenic
agents such as arsenite.”””* These hPTMs can exert targeted
regulatory effects, leading to the down-regulation or activation
of specific genes. Given that the arsenite-induced transcrip-
tional changes persisted after the recovery period and showed
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an intensification across the DNA repair gene set (resembling
basically all major DNA repair pathways), we subsequently
analyzed specific genes and associated hPTMs. Our findings
provide supporting evidence that arsenite mediates transient
hypoacetylation of specific histone residues at the promoter
regions of various DNA repair genes. In particular, H3K18ac
showed significant hypoacetylation at the promoters of genes
involved in BER (MPG), MMR (MLHI, MSH2), and NER
(XPA). The most pronounced decline was observed for MSH2,
independently of the respective dose, in agreement with its
observed transcriptional down-regulation. However, this
hypoacetylation dissipated after a two-day recovery period,
suggesting that the changes were transient. In addition,
H3K9ac was hypoacetylated at the promoters of MPG and
MLHI at the highest dose. This pattern aligns with previous
studies in HaCaT cells, which demonstrated that the repressive
mark H3K9me?2 increased at MPG, XRCCI, and PARP1," and
that H3K18ac decreased at the promoter loci of XPA, XPD,
and XPF."” These findings may partially explain the described
inhibition of the corresponding DNA repair pathways.
Notably, the present study is the first to demonstrate that
arsenite induces hypoacetylation of specific histone residues at
MMR gene promoters. Among all investigated pathways,
MMR was the most affected in our experimental setup. Similar
disruption of DNA repair pathways, particularly MMR, and
resulting microsatellite instability have already been identified
as critical events in metal-induced tumorigenesis, as shown for
chromium.***” MMR is crucial for correcting replication errors
and preserving genomic stability. However, its downregulation
may act as a pro-survival mechanism under stress, promoting
cellular resistance.””"” Previous reports have shown that
arsenite induces DNA hypermethylation in MLHI and
MSH?2 promoters, leading to gene silencing.16 In HaCaT
cells, MSH2 appears particularly sensitive, as its promoter
remained hypermethylated even after a single acute arsenite
exposure.” This aligns with our finding that the MSH2
promoter is particularly susceptible to arsenite-induced
epigenetic reprogramming. Consequently, MSH2 may con-
stitute a key epigenetic target of arsenite.

It is important to note that the hypoacetylation of DNA
repair genes was transient, whereas transcriptional repression
persisted (e.g, MLHI or MSH2). Thus, the sustained reduced
mRNA levels cannot be attributed to H3 hypoacetylation alone
but likely involve epigenetic crosstalk. Here, the initial
hypoacetylation of histone H3 may serve as a priming event,
inducing a repressive chromatin environment. This could
subsequently trigger other epigenetic mechanisms such as
DNA methylation at specific gene loci or chromatin
remodeling processes, and ncRNA expressions, ultimately
resulting in sustained transcriptional repression.'®*%*!
Although it remains unclear whether hPTMs are drivers or
consequences of genomic regulation, a recent study suggests
they could function as both."”

Arsenite Triggers Dynamic Global H3 PTM Changes

Consistent with the gene-specific findings, our analysis of
selected marks of bulk histones confirms that hPTMs are
highly dynamic and temporally responsive to environmental
stress. Notable changes were observed in H3K4me3,
H3K27me3, H3K9ac, and H3K18ac levels during the recovery
phase, with H3K18ac showing the strongest effects. The
detected transient global decline of acetylation levels of H3K9
and H3K18 aligns with the observed gene-specific hypoacety-

74

lation of these lysines and suggests that hPTMs contribute to
finely tuned regulatory cell responses. Importantly, hypoace-
tylation occurred in both cancerous and noncancerous human
lung cells, showing that the effect is not restricted to tumor
cells.

While previous work has examined H3K4me3 dynamics
after subchronic arsenite exposure,52 our study is, to our
knowledge, the first to characterize global hPTM changes
following recovery from acute arsenite exposure. Together,
these findings suggest that exposure duration critically
influences the persistence of hPTM alterations.

To complete the investigation by Western blot of selected
hPTMs, the spectrum of global H3 modification changes
induced by a 24 h arsenite treatment was explored without a
priori using a proteomic approach. Our first aim was to identify
additional hPTMs potentially modulated by arsenite and to
compare these findings with the antibody-based results. In
detail, we identified new molecular targets, specifically
decreased acetylation at H3K14, and increased dimethylation
at H3K36 in both canonical H3 and variant H3.3. Very
interestingly, the increase in H3K36me2 was detected when
combined with unmodified, acetylated, and monomethylated
H3K27, while the decrease in H3Kl4ac co-occurred with
mono-, di-, and trimethylated H3K9. This likely indicates a
change in H3K36me2 (especially in variant H3.3) and
H3Kl14ac levels at various genomic regions. However, we
could not detect a significant decrease of H3K9ac. As
H3Kl14ac is much more abundant than H3K9ac, it may
happen that the signal detected by Western blot using an
antibody raised against H3K9ac actually comes from H3K14ac.
Besides, our proteomic analysis would reveal increased
H3K27me2 in combination with unmodified H3K36 and
K37, in particular in variant H3.3, whereas it did not confirm
changes in H3K27me3. The proteomics data also confirmed
H3K18 hypoacetylation, in good agreement with the Western
blot results. Finally, our proteomic method could not detect
the very small peptide containing H3K4me3, which is known
to be very hydrophilic and usually overlooked, unless an
alternative derivatization protocol is applied.”> These observa-
tions underscore the importance of integrating multiple
analytical methods to comprehensively capture the full
spectrum of arsenite-induced hPTM targets.

Indeed, reported inconsistencies in the literature, e.g., for
H3K9 acetylation, for instance, range from hyperacetylation®
to hypoacetylation®*** or no significant changes.*® Similar
discrepancies exist for other marks, including H3K4me3,
H3K18ac, and H3K27me3, as previously reviewed.”” These
inconsistencies may be related to differences in experimental
systems and methodologies, including the limited specificity of
antibodies, with respect to the sequence (e.g, possible cross-
reactivity between close lysine sites) and to the PTM (e.g,
cross-reactivity between di- and trimethylation), as probably
exemplified by our findings. In general, factors such as
exposure duration, arsenite concentration, and the use of
male- or female-derived cells may also contribute to the
variability.>®

Arsenite Disrupts HDAC/HAT Balance

To investigate whether arsenite-induced hypoacetylation
involves altered corresponding enzyme activities, we measured
total HDAC and HAT activity. Given the critical importance
of the balance between these two antagonistic enzyme
59 . . L
classes,” our results provide evidence that arsenite disrupts
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this equilibrium persistently. Overall HDAC activity decreased
both immediately after exposure and following the recovery
phase, whereas total HAT activity significantly increased
during the subsequent 2 d postincubation period. This suggests
a pivotal role for HATs in cellular restoration and survival
processes after arsenite exposure. However, these results do
not support the hypothesis that the acute genome-wide and
gene-specific hypoacetylation arises from reduced HAT or
increased HDAC activity. Instead, the data point toward the
opposite effect, indicating a potential hyperacetylation
response.

Studies in HepG2 cells identified arsenite as a potent HDAC
suppressor, comparable to the pan-HDAC inhibitor TSA.*
Additionally, a recent study showed that arsenite suppresses
HDAC:s at both the transcriptional and protein levels in rats.*’
In our gene expression analysis, we assessed various HDACs
but did not detect notable transcriptional changes immediately
after treatment, with HDAC2 decreasing solely after 48 h
postincubation.

Our data demonstrate that acute arsenite exposure of A549
cells induces locus-specific histone hypoacetylation, independ-
ent of global HDAC or HAT activity changes, suggesting a
targeted mechanism. Such specificity may involve direct
inhibition of individual regulators, as seen for PARP-1,°
cysteine-rich HATs such as p300/CBP,> and hMOEF.*
Arsenite has also been shown to down-regulate class III
HDAGCs, the sirtuins (SIRTs). Specifically, previous studies
reported that arsenite triggers miR-34a expression, which
destabilizes SIRTI mRNA and leads to its down-regulation,
partly through aberrant DNA methylation.”>™° Gene-specific
effects of SIRTs, such as SIRT7 activity at ELK4-regulated
promoters,”® further support this hypothesis. Additionally,
transcription factors like HIF-1a, a known repressor of MSH2
and an arsenite-inducible factor,”” "® may interact with
histone-modifying enzymes to mediate these effects. Moreover,
gene-specific interactions with corepressors such as TRIM33”°
may also lead to gene-specific hypoacetylation. In addition,
reduced acetylation levels could also result from protein
degradation, as arsenite has been shown to target the zinc-
binding motif of HAT TIP60, leading to its ubiquitin-
proteasome-mediated degradation.71 Furthermore, reduced
cellular acetyl-CoA availability may contribute to the observed
hypoacetylation.””

Opverall, this study uncovers novel aspects of epigenetic
regulation in response to acute arsenite-induced cellular stress.
Our experimental design comprises both low- and high-dose
acute exposure scenarios (1—25 yM) to capture a broad range
of stress responses. While this design provides valuable
mechanistic insights, future studies using lower concentrations
and conducting long-term studies will help to understand
whether these findings are also relevant for environmental
exposure levels in noncontaminated areas. While our findings
primarily focused on histone acetylation, the analyses also
highlighted the involvement of histone methylation in arsenite-
induced hPTM changes. Particularly, the methylation of
H3K36, whose dimethylated state was identified to be
significantly increased by arsenite, may be linked to arsenite-
induced inhibition of the MMR system, a connection
previously demonstrated for the trimethylated state
H3K36me3.'® Future studies should focus on specific
arsenite—enzyme interactions, including writers, erasers, and
readers of hPTMs—a topic currently under investigation by
our group. Analyzing the precise binding of these enzymes to
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substantial gene loci could provide critical insights into the
targeted effects of arsenite on chromatin structure and gene
expression. Importantly, a comprehensive understanding of the
hPTM landscape, including the regulatory network encompass-
ing diverse modifications, histone variants, and associated
proteins, is essential. This includes deciphering the interplay
between hPTMs and other epigenetic mechanisms, such as
DNA methylation, chromatin remodeling and the impact of
noncoding RNA expression. Such knowledge will be pivotal for
advancing our understanding of arsenite-induced interactions
and pathogenesis under low-exposure conditions.

B CONCLUSIONS

In this study, to the best of our knowledge, we investigated for
the first time the impact of acute arsenite exposure followed by
an arsenite-free recovery phase on the cellular stress response
and on the global and DNA repair-related acetylation and
methylation of histone H3. The data demonstrate that a single
acute exposure of human AS549 lung tumor cells to arsenite
leads to persistent repression of DNA repair genes and
epigenetic regulators up to 48 h postexposure, suggesting
epigenetic transcriptional dysregulation. These effects occurred
at noncytotoxic concentrations, comprising low to high acute
exposure conditions. Significant H3K18 hypoacetylation was
observed at the promoters of MPG, MLH1, MSH2, and XPA at
20 uM NaAsO,. The most pronounced decline was already
detectable at 5 uM for MSH2, correlating with its transcrip-
tional down-regulation. However, this effect was abolished 48
h postexposure, suggesting transient hPTM changes. Addi-
tionally, H3K9 hypoacetylation was also detected at the MPG
and MLHI promoters at 20 M. These gene-specific findings
are consistent with our global analysis showing transient
hypoacetylation. However, sustained transcriptional repression
could not be fully explained, potentially pointing to crosstalk
with DNA methylation and other epigenetic processes. These
results obtained by classical biochemical methods were
supported and completed by the proteomic analysis of H3,
which confirmed the decrease of H3Kl8ac, indicated a
decrease of H3Kl4ac, and highlighted an increase of
H3K36me2 upon arsenite treatment. Importantly, this
hypoacetylation occurred without corresponding changes in
total HAT or HDAC activity, suggesting specific epigenetic
targeting rather than global enzymatic inhibition. Still, HAT
and HDAC activities remained altered beyond 48 h, alongside
transcriptional changes in stress-response genes, indicating the
presence of arsenite-sensitive targets. Additionally, non-
cancerous BEAS-2B lung cells likewise showed H3K9 and
H3K18 hypoacetylation, confirming that the effect is not
specific to cancer cells. These findings reveal a complex
regulatory network and emphasize the need for further
investigation of mechanisms driving arsenite-induced epige-
netic changes.
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results and method details are presented in Tables S4
and SS and Figures S7 and S8 (PDF)

B AUTHOR INFORMATION
Corresponding Author

Andrea Hartwig — Institute of Applied Biosciences,
Department of Food Chemistry and Toxicology, Karlsruhe
Institute of Technology (KIT), 76131 Karlsruhe, Germany;

orcid.org/0000-0003-3826-3319;
Email: andrea.hartwig@kit.edu

Authors

Tatjana Lumpp — Institute of Applied Biosciences, Department
of Food Chemistry and Toxicology, Karlsruhe Institute of
Technology (KIT), 76131 Karlsruhe, Germany

Hassan Hijazi — University Grenoble Alpes, INSERM, CEA,
UA13 BGE, CNRS, CEA, UAR2048, 38000 Grenoble,
France

Sandra Stofer — Institute of Applied Biosciences, Department
of Food Chemistry and Toxicology, Karlsruhe Institute of
Technology (KIT), 76131 Karlsruhe, Germany

Eda Tekin — Institute of Applied Biosciences, Department of
Food Chemistry and Toxicology, Karlsruhe Institute of
Technology (KIT), 76131 Karlsruhe, Germany

Lara Brunner — Institute of Applied Biosciences, Department of
Food Chemistry and Toxicology, Karlsruhe Institute of
Technology (KIT), 76131 Karlsruhe, Germany

Franziska Fischer — Institute of Applied Biosciences,
Department of Food Chemistry and Toxicology, Karlsruhe
Institute of Technology (KIT), 76131 Karlsruhe, Germany

Sabine Brugiere — University Grenoble Alpes, INSERM, CEA,
UA13 BGE, CNRS, CEA, UAR2048, 38000 Grenoble,
France

Delphine Pflieger — University Grenoble Alpes, INSERM,
CEA, UA13 BGE, CNRS, CEA, UAR2048, 38000 Grenoble,
France; ® orcid.org/0000-0003-2122-3900

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemrestox.5c00312

Author Contributions

CRediT: Tatjana Lumpp conceptualization, data curation,
formal analysis, investigation, methodology, validation, visual-
ization, writing - original draft, writing - review & editing;
Hassan Hijazi conceptualization, data curation, formal
analysis, investigation, methodology, validation, visualization,
writing - review & editing; Sandra Stoesser investigation,
methodology, validation, visualization, writing - review &
editing; Eda Tekin investigation, visualization, writing - review
& editing; Lara Brunner investigation, visualization, writing -
review & editing; Franziska Fischer investigation, method-
ology, writing - review & editing; Sabine Brugiere
investigation, writing - review & editing; Delphine Pflieger
conceptualization, data curation, formal analysis, funding
acquisition, methodology, project administration, resources,
supervision, validation, visualization, writing - review & editing;
Andrea Hartwig conceptualization, data curation, formal
analysis, funding acquisition, methodology, project adminis-
tration, resources, supervision, validation, visualization, writing
- review & editing.

76

Funding

The proteomic experiments were supported by Agence
Nationale de la Recherche under projects ProFI (Proteomics
French Infrastructure, ANR-10-INBS-08), GRAL, a program
from the Chemistry Biology Health (CBH) Graduate School
of University Grenoble Alpes (ANR-17-EURE-0003), and
HD-EPIeNERGY (ANR-2022-CE12—0033). PhD funding for
H.H. was from GRAL and HD-EPIeNERGY.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Dr. Paul Schumacher for his valuable input and
insightful discussions at the beginning of the project. We also
gratefully acknowledge Katharina Gleiss, and Benedikt Noll for
their valuable support in experimental execution and Johanna
Tratz for her input on method development. The table of
contents (TOC) graphic was created in BioRender. Lumpp, T.
(2025) https://BioRender.com/pw80nea.

B ABBREVIATIONS

AAS, atomic absorption spectroscopy; BER, base excision
repair; ChIP, chromatin immunoprecipitation; HAT, histone
acetyltransferase; HDAC, histone deacetylase; hPTM, histone
post-translational modification; LC-MS/MS, liquid chroma-
tography coupled with tandem mass spectrometry; MMR,
mismatch repair; NER, nucleotide excision repair; RGE,
relative changes in gene expression; SIRT, sirtuin; TSA,
Trichostatin A.

B REFERENCES

(1) Chen, Q. Y,; Costa, M. Arsenic: A Global Environmental
Challenge. Annu. Rev. Pharmacol. Toxicol. 2021, 61, 47—63.

(2) Tam, L. M,; Price, N. E.; Wang, Y. S. Molecular mechanisms of
arsenic-induced disruption of DNA repair. Chem. Res. Toxicol. 2020,
33 (3), 709—726.

(3) Greim, H. Arsenic and arsenic compounds (with the exception
of arsine). In MAK Value Documentation; Wiley-VCH Weinheim:
Germany, 2002; Vol. 21, pp 49—106.

(4) IARC Arsenic, Metals, Fibres, and Dusts. IARC Monographs on the
Evaluation of Carcinogenic Risks to Humans 2012.

(5) NRC. Critical Aspects of Epa’s IRIS Assessment of Inorganic
Arsenic: Interim Report; National Academies Press, 2013.

(6) Schrenk, D.; Bignami, M.; Bodin, L.; Chipman, J. K.; del Mazo,
J.; Grasl-Kraupp, B.; Hogstrand, C.; Hoogenboom, L. R,; Leblang, J;
et al. Update of the risk assessment of inorganic arsenic in food. EFSA
J. 2024, 22.

(7) El-Ghiaty, M. A,; El-Kadi, A. O. S. The Duality of Arsenic
Metabolism: Impact on Human Health. Annu. Rev. Pharmacol. 2023,
63, 341-358.

(8) Mure, K; Uddin, A. N.; Lopez, L. C.; Styblo, M.; Rossman, T. G.
Arsenite induces delayed mutagenesis and transformation in human
osteosarcoma cells at extremely low concentrations. Environ. Mol.
Mutagen. 2003, 41 (S), 322—331.

(9) Jha, A. N.; Noditi, M.; Nilsson, R.; Natarajan, A. T. Genotoxic
Effects of Sodium Arsenite on Human-Cells. Mutat. Res. 1992, 284
(2), 215-221.

(10) Maier, A.; Schumann, B. L.; Chang, X. Q.; Talaska, G.; Puga, A.
Arsenic co-exposure potentiates benzo[a]pyrene genotoxicity. Mutat.
Res,, Genet. Toxicol. Environ. 2002, 517 (1-2), 101—111.

(11) Hartwig, A.; Blessing, H.; Schwerdtle, T.; Walter, I. Modulation
of DNA repair processes by arsenic and selenium compounds.
Toxicology 2003, 193 (1-2), 161—169.

(12) Stosser, S.; Lumpp, T.; Fischer, F.; Gunesch, S.; Schumacher,
P.; Hartwig, A. Effect of Long-Term Low-Dose Arsenic Exposure on

https://doi.org/10.1021/acs.chemrestox.5c00312
Chem. Res. Toxicol. 2026, 39, 64—78


https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.5c00312/suppl_file/tx5c00312_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Hartwig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3826-3319
https://orcid.org/0000-0003-3826-3319
mailto:andrea.hartwig@kit.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tatjana+Lumpp"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hassan+Hijazi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sandra+Sto%CC%88%C3%9Fer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eda+Tekin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lara+Brunner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Franziska+Fischer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sabine+Brugie%CC%80re"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Delphine+Pflieger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2122-3900
https://pubs.acs.org/doi/10.1021/acs.chemrestox.5c00312?ref=pdf
https://BioRender.com/pw80nea
https://doi.org/10.1146/annurev-pharmtox-030220-013418
https://doi.org/10.1146/annurev-pharmtox-030220-013418
https://doi.org/10.1021/acs.chemrestox.9b00464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.9b00464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2903/j.efsa.2024.8488
https://doi.org/10.1146/annurev-pharmtox-051921-020936
https://doi.org/10.1146/annurev-pharmtox-051921-020936
https://doi.org/10.1002/em.10164
https://doi.org/10.1002/em.10164
https://doi.org/10.1016/0027-5107(92)90005-M
https://doi.org/10.1016/0027-5107(92)90005-M
https://doi.org/10.1016/S1383-5718(02)00057-8
https://doi.org/10.1016/j.tox.2003.08.004
https://doi.org/10.1016/j.tox.2003.08.004
https://doi.org/10.3390/ijms242015238
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.5c00312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Research in Toxicology

pubs.acs.org/crt

DNA Methylation and Gene Expression in Human Liver Cells. Int. J.
Mol. Sci. 2023, 24 (20), 15238.

(13) Chakraborty, A.; Ghosh, S.; Biswas, B.; Pramanik, S.; Nriagu, J.;
Bhowmick, S. Epigenetic modifications from arsenic exposure: A
comprehensive review. Sci. Total Environ. 2022, 810, 151218.

(14) Ren, X. F.; McHale, C. M.; Skibola, C. F.; Smith, A. H.; Smith,
M. T.; Zhang, L. P. An Emerging Role for Epigenetic Dysregulation in
Arsenic Toxicity and Carcinogenesis. Environ. Health Perspect. 2011,
119 (1), 11-19.

(15) Ding, X.; Zhang, A,; Li, C,; Ma, L.; Tang, S.; Wang, Q.; Yang,
G.; Li, J. The role of H3K9me2-regulated base excision repair genes in
the repair of DNA damage induced by arsenic in HaCaT cells and the
effects of Ginkgo biloba extract intervention. Environ. Toxicol. 2021,
36 (5), 850—860.

(16) Bhattacharjee, P.; Sanyal, T.; Bhattacharjee, S.; Bhattacharjee,
P. Epigenetic alteration of mismatch repair genes in the population
chronically exposed to arsenic in West Bengal, India. Environ. Res.
2018, 163, 289—296.

(17) Zhang, A. L.; Chen, L.; Ma, L.; Ding, X. J.; Tang, S. F.; Zhang,
A. H; Li, J. Role of H3K18ac-regulated nucleotide excision repair-
related genes in arsenic-induced DNA damage and repair of HaCaT
cells. Hum. Exp. Toxicol. 2020, 39 (9), 1168—1177.

(18) Millan-Zambrano, G.; Burton, A.; Bannister, A. J.; Schneider, R.
Histone post-translational modifications - cause and consequence of
genome function. Nat. Rev. Genet. 2022, 23 (9), 563—580.

(19) Maze, L; Noh, K. M.; Soshnev, A. A; Allis, C. D. Every amino
acid matters: essential contributions of histone variants to mammalian
development and disease. Nat. Rev. Genet. 2014, 15 (4), 259—271.

(20) Martire, S.; Banaszynski, L. A. The roles of histone variants in
fine-tuning chromatin organization and function. Nat. Rev. Mol. Cell
Biol. 2020, 21 (9), 522—541.

(21) Martin, B. J. E,; Brind’Amour, J.; Kuzmin, A.; Jensen, K. N.;
Liu, Z. C,; Lorincz, M.; Howe, L. J. Transcription shapes genome-
wide histone acetylation patterns. Nat. Commun. 2021, 12 (1), 210.

(22) Park, S. Y,; Kim, J. S. A short guide to histone deacetylases
including recent progress on class II enzymes. Exp. Mol. Med. 2020,
52 (2), 204-212.

(23) Bhattacharjee, P.; Paul, S.; Bhattacharjee, P. Understanding the
mechanistic insight of arsenic exposure and decoding the histone
cipher. Toxicology 2020, 430, 152340.

(24) Martinez-Zamudio, R.; Ha, H. C. Environmental epigenetics in
metal exposure. Epigenetics 2011, 6 (7), 820—827.

(25) Zhou, X.; Sun, H.; Ellen, T. P.; Chen, H. B.; Costa, M. Arsenite
alters global histone H3 methylation. Carcinogenesis 2008, 29 (9),
1831—1836.

(26) Ramirez, T.; Brocher, J.; Stopper, H.; Hock, R. Sodium arsenite
modulates histone acetylation, histone deacetylase activity and
HMGN protein dynamics in human cells. Chromosoma 2008, 117
(2), 147-157.

(27) Chervona, Y.; Hall, M. N; Arita, A.,; Wu, F.; Sun, H.; Tseng, H.
C,; Al E; Uddin, M. N,; Liu, X. H; Zoroddu, M. A,; et al
Associations between Arsenic Exposure and Global Posttranslational
Histone Modifications among Adults in Bangladesh. Cancer
Epidemiol,, Biomarkers 2012, 21 (12), 2252—2260.

(28) Fischer, F.; Stosser, S.; Wegmann, L.; Veh, E; Lumpp, T,;
Parsdorfer, M.; Schumacher, P.; Hartwig, A. Chromate Affects Gene
Expression and DNA Methylation in Long-Term In Vitro Experi-
ments in AS49 Cells. Int. J. Mol. Sci. 2024, 25 (18), 10129.

(29) Matthius, T.; Stosser, S.; Seren, H. Y.; Haberland, V. M. M,;
Hartwig, A. Arsenite Impairs BRCAl-Dependent DNA Double-
Strand Break Repair, a Mechanism Potentially Contributing to
Genomic Instability. Int. J. Mol. Sci. 2023, 24 (18), 14395.

(30) Fischer, B. M; Neumann, D.; Piberger, A. L.; Risnes, S. F;
Koberle, B.; Hartwig, A. Use of high-throughput RT-qPCR to assess
modulations of gene expression profiles related to genomic stability
and interactions by cadmium. Arch. Toxicol. 2016, 90 (11), 2745—
2761.

(31) Geshkovski, V.; Hijazi, H.; Manessier, J.; Brugiere, S.; Courcon,
M.; Vachon, G.; Pflieger, D.; Carles, C. C. Quantitative Profiling of

77

Histone Variants and Posttranslational Modifications by Tandem
Mass Spectrometry in Arabidopsis. Methods Mol. Biol. 2025, 2873,
19-38.

(32) El Kennani, S.; Adrait, A.; Shaytan, A. K;; Khochbin, S.; Bruley,
C.; Panchenko, A. R; Landsman, D.; Pflieger, D.; Govin, ]J.
MS_HistoneDB, a manually curated resource for proteomic analysis
of human and mouse histones. Epigenet. Chromatin 2017, 10, 2.

(33) Bouyssié, D.; Hesse, A. M.; Mouton-Barbosa, E.; Rompais, M.;
Macron, C.; Carapito, C.; Gonzalez de Peredo, A; Couté, Y,;
Dupierris, V.; Burel, A.; et al. Proline: an efficient and user-friendly
software suite for large-scale proteomics. Bioinformatics 2020, 36 (10),
3148-315S.

(34) Serrazina, D. C.; Lopes De Andrade, V.; Cota, M.; Mateus, M.
L.; Aschner, M.; Dos Santos, A. P. M. Biomarkers of exposure and
effect in a working population exposed to lead, manganese and
arsenic. J. Toxicol. Environ. Health, Part A 2018, 81 (19), 983—997.

(35) Kumar, M.; Ramanathan, A. L.; Rahman, M. M.; Naidu, R.
Concentrations of inorganic arsenic in groundwater, agricultural soils
and subsurface sediments from the middle Gangetic plain of Bihar,
India. Sci. Total Environ. 2016, 573, 1103—1114.

(36) Kumar, M.; Rahman, M. M.; Ramanathan, A. L.; Naidu, R.
Arsenic and other elements in drinking water and dietary components
from the middle Gangetic plain of Bihar, India: Health risk index. Sci.
Total Environ. 2016, 539, 125—134.

(37) Holcomb, N.; Goswami, M.; Han, S. G.; Scott, T.; D’Orazio, J.;
Orren, D. K,; Gairola, C. G.; Mellon, L. Inorganic arsenic inhibits the
nucleotide excision repair pathway and reduces the expression of
XPC. DNA Repair 2017, 52, 70—80.

(38) Han, H;; Feng, X.; He, T.; Wu, Y. F,; He, T. M.; Yue, Z. W,;
Zhou, W. Q. Discussion on structure classification and regulation
function of histone deacetylase and their inhibitor. Chem. Biol. Drug
Des. 2024, 103 (1), No. e14366.

(39) Zhang, Y,; Xue, Y. M; Shi, J. J; Ahn, J; Mi, W. Y,; Ali, M,;
Wang, X. L,; Klein, B. J.; Wen, H.; Li, W,; et al. The ZZ domain of
p300 mediates specificity of the adjacent HAT domain for histone
H3. Nat. Struct. Mol. Biol. 2018, 25 (9), 841.

(40) Liu, D.; Wu, D. L.; Zhao, L. H,; Yang, Y,; Ding, J.; Dong, L. G,;
Hu, L. H,; Wang, F.; Zhao, X. M,; Cai, Y,; et al. Arsenic Trioxide
Reduces Global Histone H4 Acetylation at Lysine 16 through Direct
Binding to Histone Acetyltransferase hMOF in Human Cells. PLoS
One 2015, 10 (10), No. e0141014.

(41) Shen, S. W,; Li, X. F.; Cullen, W. R;; Weinfeld, M,; Le, X. C.
Arsenic binding to proteins. Chem. Rev. 2013, 113 (10), 7769—7792.

(42) Garbinski, L. D.; Rosen, B. P.; Chen, J. Pathways of arsenic
uptake and efflux. Environ. Int. 2019, 126, 585—597.

(43) Sarkies, P.; Sale, J. E. Cellular epigenetic stability and cancer.
Trends Genet. 2012, 28 (3), 118—127.

(44) Clancy, H. A; Sun, H; Passantino, L.; Kluz, T.; Mufioz, A;
Zavadil, J.; Costa, M. Gene expression changes in human lung cells
exposed to arsenic, chromium, nickel or vanadium indicate the first
steps in cancer. Metallomics 2012, 4 (8), 784—793.

(45) Mauro, M.; Caradonna, F.; Klein, C. B. Dysregulation of DNA
methylation induced by past arsenic treatment causes persistent
genomic instability in mammalian cells. Environ. Mol. Mutagen. 2016,
57 (2), 137-150.

(46) Holmes, A. L.; Wise, S. S; Wise, J. P. Carcinogenicity of
hexavalent chromium. Indian . Med. Res. 2008, 128 (4), 353—372.

(47) Wise, S. S; Holmes, A. L; Wise, J. P, Sr. Hexavalent
Chromium-Induced DNA Damage and Repair Mechanisms. Rev.
Environ. Health 2008, 23 (1), 39-57.

(48) Ortega, J.; Lee, G. S.; Gu, L. Y,; Yang, W,; Li, G. M. Mispair-
bound human MutS-MutL complex triggers DNA incisions and
activates mismatch repair. Cell Res. 2021, 31 (5), 542—553.

(49) Wu, C. L,; Huang, L. Y.; Chang, C. L. Linking arsenite- and
cadmium-generated oxidative stress to microsatellite instability in
vitro and in vivo. Free Radical Biol. Med. 2017, 112, 12—23.

(50) Manna, S.; Mishra, J.; Baral, T.; Kirtana, R.; Nandi, P.; Roy, A.;
Chakraborty, S.; Niharika; Patra, S. K. Epigenetic signaling and

https://doi.org/10.1021/acs.chemrestox.5c00312
Chem. Res. Toxicol. 2026, 39, 64—78


https://doi.org/10.3390/ijms242015238
https://doi.org/10.1016/j.scitotenv.2021.151218
https://doi.org/10.1016/j.scitotenv.2021.151218
https://doi.org/10.1289/ehp.1002114
https://doi.org/10.1289/ehp.1002114
https://doi.org/10.1002/tox.23088
https://doi.org/10.1002/tox.23088
https://doi.org/10.1002/tox.23088
https://doi.org/10.1016/j.envres.2018.01.002
https://doi.org/10.1016/j.envres.2018.01.002
https://doi.org/10.1177/0960327120903482
https://doi.org/10.1177/0960327120903482
https://doi.org/10.1177/0960327120903482
https://doi.org/10.1038/s41576-022-00468-7
https://doi.org/10.1038/s41576-022-00468-7
https://doi.org/10.1038/nrg3673
https://doi.org/10.1038/nrg3673
https://doi.org/10.1038/nrg3673
https://doi.org/10.1038/s41580-020-0262-8
https://doi.org/10.1038/s41580-020-0262-8
https://doi.org/10.1038/s41467-020-20543-z
https://doi.org/10.1038/s41467-020-20543-z
https://doi.org/10.1038/s12276-020-0382-4
https://doi.org/10.1038/s12276-020-0382-4
https://doi.org/10.1016/j.tox.2019.152340
https://doi.org/10.1016/j.tox.2019.152340
https://doi.org/10.1016/j.tox.2019.152340
https://doi.org/10.4161/epi.6.7.16250
https://doi.org/10.4161/epi.6.7.16250
https://doi.org/10.1093/carcin/bgn063
https://doi.org/10.1093/carcin/bgn063
https://doi.org/10.1007/s00412-007-0133-5
https://doi.org/10.1007/s00412-007-0133-5
https://doi.org/10.1007/s00412-007-0133-5
https://doi.org/10.1158/1055-9965.EPI-12-0833
https://doi.org/10.1158/1055-9965.EPI-12-0833
https://doi.org/10.3390/ijms251810129
https://doi.org/10.3390/ijms251810129
https://doi.org/10.3390/ijms251810129
https://doi.org/10.3390/ijms241814395
https://doi.org/10.3390/ijms241814395
https://doi.org/10.3390/ijms241814395
https://doi.org/10.1007/s00204-015-1621-7
https://doi.org/10.1007/s00204-015-1621-7
https://doi.org/10.1007/s00204-015-1621-7
https://doi.org/10.1007/978-1-0716-4228-3_2
https://doi.org/10.1007/978-1-0716-4228-3_2
https://doi.org/10.1007/978-1-0716-4228-3_2
https://doi.org/10.1186/s13072-016-0109-x
https://doi.org/10.1186/s13072-016-0109-x
https://doi.org/10.1093/bioinformatics/btaa118
https://doi.org/10.1093/bioinformatics/btaa118
https://doi.org/10.1080/15287394.2018.1509408
https://doi.org/10.1080/15287394.2018.1509408
https://doi.org/10.1080/15287394.2018.1509408
https://doi.org/10.1016/j.scitotenv.2016.08.109
https://doi.org/10.1016/j.scitotenv.2016.08.109
https://doi.org/10.1016/j.scitotenv.2016.08.109
https://doi.org/10.1016/j.scitotenv.2015.08.039
https://doi.org/10.1016/j.scitotenv.2015.08.039
https://doi.org/10.1016/j.dnarep.2017.02.009
https://doi.org/10.1016/j.dnarep.2017.02.009
https://doi.org/10.1016/j.dnarep.2017.02.009
https://doi.org/10.1111/cbdd.14366
https://doi.org/10.1111/cbdd.14366
https://doi.org/10.1038/s41594-018-0114-9
https://doi.org/10.1038/s41594-018-0114-9
https://doi.org/10.1038/s41594-018-0114-9
https://doi.org/10.1371/journal.pone.0141014
https://doi.org/10.1371/journal.pone.0141014
https://doi.org/10.1371/journal.pone.0141014
https://doi.org/10.1021/cr300015c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envint.2019.02.058
https://doi.org/10.1016/j.envint.2019.02.058
https://doi.org/10.1016/j.tig.2011.11.005
https://doi.org/10.1039/c2mt20074k
https://doi.org/10.1039/c2mt20074k
https://doi.org/10.1039/c2mt20074k
https://doi.org/10.1002/em.21987
https://doi.org/10.1002/em.21987
https://doi.org/10.1002/em.21987
https://doi.org/10.1515/reveh.2008.23.1.39
https://doi.org/10.1515/reveh.2008.23.1.39
https://doi.org/10.1038/s41422-021-00468-y
https://doi.org/10.1038/s41422-021-00468-y
https://doi.org/10.1038/s41422-021-00468-y
https://doi.org/10.1016/j.freeradbiomed.2017.07.006
https://doi.org/10.1016/j.freeradbiomed.2017.07.006
https://doi.org/10.1016/j.freeradbiomed.2017.07.006
https://doi.org/10.2217/epi-2023-0235
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.5c00312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Research in Toxicology

pubs.acs.org/crt

crosstalk in regulation of gene expression and disease progression.
Epigenomics 2023, 1S (14), 723—740.

(51) Qin, W. H.; Wolf, P; Liu, N.; Link, S.; Smets, M.; Mastra, F. L.;
Forné, I; Pichler, G.; Horl, D.; Fellinger, K.; et al. DNA methylation
requires a DNMT1 ubiquitin interacting motif (UIM) and histone
ubiquitination. Cell Res. 2015, 25 (8), 911—929.

(52) Zhou, X.; Li, Q.; Arita, A.; Sun, H.; Costa, M. Effects of nickel,
chromate, and arsenite on histone 3 lysine methylation. Toxicol. Appl.
Pharmacol. 2009, 236 (1), 78—84.

(53) Maile, T. M.; Izrael-Tomasevic, A.; Cheung, T.; Guler, G. D.;
Tindell, C.; Masselot, A.; Liang, J.; Zhao, F.; Trojer, P.; Classon, M.;
et al. Mass Spectrometric Quantification of Histone Post-translational
Modifications by a Hybrid Chemical Labeling Method. Mol. Cell.
Proteomics 20185, 14 (4), 1148—1158.

(54) Cronican, A. A.; Fitz, N. F.; Carter, A.; Saleem, M.; Shiva, S,;
Barchowsky, A.; Koldamova, R.; Schug, J.; Lefterov, I. Genome-Wide
Alteration of Histone H3K9 Acetylation Pattern in Mouse Offspring
Prenatally Exposed to Arsenic. PLoS One 2013, 8 (2), No. e53478.

(55) Rahman, S.; Housein, Z.; Dabrowska, A,; Mayin, M. D.;
Boobis, A. R.; Hajji, N. E2F1-Mediated Induction in Arsenic Trioxide-
Induced Cellular Transformation: Effects of Global H3K9 Hypo-
acetylation and Promoter-Specific Hyperacetylation. Environ. Health
Perspect. 2015, 123 (S), 484—492.

(56) Ma, L.; Li, J.; Zhan, Z. B.; Chen, L. P.; Li, D. C.; Bai, Q; Gao,
C,; Li, J.; Zeng, X. W.; He, Z. N; et al. Specific histone modification
responds to arsenic-induced oxidative stress. Toxicol. Appl. Pharmacol.
2016, 302, 52—61.

(57) Howe, C. G.; Gamble, M. V. Influence of Arsenic on Global
Levels of Histone Posttranslational Modifications: a Review of the
Literature and Challenges in the Field. Curr. Environ. Health Rep.
2016, 3 (3), 225-237.

(58) Howe, C. G.; Liu, X. H; Hall, M. N; Slavkovich, V.; Ilievski,
V.; Parvez, F.; Siddique, A. B.; Shahriar, H.; Uddin, M. N; Islam, T;
et al. Associations between Blood and Urine Arsenic Concentrations
and Global Levels of Post-Translational Histone Modifications in
Bangladeshi Men and Women. Environ. Health Perspect. 2016, 124
(8), 1234—1240.

(59) Li, Y. X;; Seto, E. HDACs and HDAC Inhibitors in Cancer
Development and Therapy. Cold Spring Harb. Perspect. Med. 2016, 6
(10), 2026831.

(60) Li, X. L.; Shen, K. N.; Yuan, D. X; Fan, J. P,; Yang, Y.; Tian, F.
Z.; Quan, J. R; Li, C. Y,; Wang, J. L. Sodium arsenite exposure
enhances H3K14 acetylation and impairs male spermatogenesis in rat
testes. Reprod. Toxicol. 2023, 122, 108474.

(61) Walter, L; Schwerdtle, T.; Thuy, C.; Parsons, J. L.; Dianov, G.
L.; Hartwig, A. Impact of arsenite and its methylated metabolites on
PARP-1 activity, PARP-1 gene expression and poly(ADP-ribosyl)-
ation in cultured human cells. DNA Repair 2007, 6 (1), 61—70.

(62) Zhu, Y; Li, Y. Q;; Loy, D.; Gao, Y.; Yu, J.; Kong, D. H.; Zhang,
Q.; Jia, Y. K; Zhang, H. M.; Wang, Z. B. Sodium arsenite exposure
inhibits histone acetyltransferase p300 for attenuating H3K27ac at
enhancers in mouse embryonic fibroblast cells. Toxicol. Appl.
Pharmacol. 2018, 357, 70—79.

(63) Ye, E. P,; Wu, L.; Li, H; Peng, X. S.; Xu, Y.; Li, W. Q; Wei, Y.
Y,; Chen, F; Zhang, J. S; Liu, Q. Z. SIRT1/PGC-1a is involved in
arsenic-induced male reproductive damage through mitochondrial
dysfunction, which is blocked by the antioxidative effect of zinc.
Environ. Pollut. 2023, 320, 121084.

(64) Balarastaghi, S.; Barangi, S.; Hosseinzadeh, H.; Imenshahidi,
M.; Moosavi, Z.; Razavi, B. M,; Karimi, G. Melatonin improves
arsenic-induced hypertension through the inactivation of the Sirtl/
autophagy pathway in rat. Biomed. Pharmacother. 2022, 151, 113135.

(65) Herbert, K. J.; Holloway, A.; Cook, A. L.; Chin, S. P.; Snow, E.
T. Arsenic exposure disrupts epigenetic regulation of SIRT1 in human
keratinocytes. Toxicol. Appl. Pharmacol. 2014, 281 (1), 136—14S.

(66) Barber, M. F.; Michishita-Kioi, E.; Xi, Y. X; Tasselli, L.; Kioi,
M.; Moqtaderi, Z.; Tennen, R. L; Paredes, S.; Young, N. L.; Chen, K.
F.; et al. SIRT7 links H3K18 deacetylation to maintenance of
oncogenic transformation. Nature 2012, 487 (7405), 114.

78

(67) Guo, W.; Yang, Z; Xia, Q; Liu, J. Y;; Yu, Y. H;; Li, J. X;; Zuo,
Z.H.; Zhang, D. Y,; Li, X. Y.; Shi, X. L.; et al. Arsenite stabilizes HIF-
la protein through p85a-mediated up-regulation of inducible Hsp70
protein expression. Cell. Mol. Life Sci. 2011, 68 (3), 475—488.

(68) Zhao, F.; Severson, P.; Pacheco, S.; Futscher, B. W.; Klimecki,
W. T. Arsenic exposure induces the Warburg effect in cultured human
cells. Toxicol. Appl. Pharmacol. 2013, 271 (1), 72—77.

(69) Koshiji, M.; To, K. K. W.; Hammer, S.; Kumamoto, K.; Harris,
A. L.; Modrich, P.; Huang, L. E. HIF-1a induces genetic instability by
transcriptionally downregulating MutSar expression. Mol. Cell 2005,
17 (6), 793—803.

(70) Luo, M. G.; Bai, J. B.; Liu, B. F.; Yan, P. Q.; Zuo, F. F.; Sun, H.
Y.; Sun, Y,; Xu, X. H,; Song, Z. H.; Yang, Y.; et al. H3K18ac Primes
Mesendodermal Differentiation upon Nodal Signaling. Stem Cell Rep.
2019, 13 (4), 642—656.

(71) Tam, L. M,; Jiang, J.; Wang, P. C; Li, L.; Miao, W. L.; Dong, X.
J; Wang, Y. S. Arsenite Binds to the Zinc Finger Motif of TIP60
Histone Acetyltransferase and Induces Its Degradation via the 26S
Proteasome. Chem. Res. Toxicol. 2017, 30 (9), 1685—1693.

(72) Feron, O. The many metabolic sources of acetyl-CoA to
support histone acetylation and influence cancer progression. Ann.
Transl. Med. 2019, 7, S277.

CAS INSIGHTS™

EXPLORE THE INNOVATIONS
SHAPING TOMORROW

Discover the latest scientific research and trends with CAS Insights.
Subscribe for email updates on new articles, reports, and webinars
at the intersection of science and innovation.

Subscribe today

https://doi.org/10.1021/acs.chemrestox.5c00312
Chem. Res. Toxicol. 2026, 39, 64—78


https://doi.org/10.2217/epi-2023-0235
https://doi.org/10.1038/cr.2015.72
https://doi.org/10.1038/cr.2015.72
https://doi.org/10.1038/cr.2015.72
https://doi.org/10.1016/j.taap.2009.01.009
https://doi.org/10.1016/j.taap.2009.01.009
https://doi.org/10.1074/mcp.O114.046573
https://doi.org/10.1074/mcp.O114.046573
https://doi.org/10.1371/journal.pone.0053478
https://doi.org/10.1371/journal.pone.0053478
https://doi.org/10.1371/journal.pone.0053478
https://doi.org/10.1289/ehp.1408302
https://doi.org/10.1289/ehp.1408302
https://doi.org/10.1289/ehp.1408302
https://doi.org/10.1016/j.taap.2016.03.015
https://doi.org/10.1016/j.taap.2016.03.015
https://doi.org/10.1007/s40572-016-0104-1
https://doi.org/10.1007/s40572-016-0104-1
https://doi.org/10.1007/s40572-016-0104-1
https://doi.org/10.1289/ehp.1510412
https://doi.org/10.1289/ehp.1510412
https://doi.org/10.1289/ehp.1510412
https://doi.org/10.1101/cshperspect.a026831
https://doi.org/10.1101/cshperspect.a026831
https://doi.org/10.1016/j.reprotox.2023.108474
https://doi.org/10.1016/j.reprotox.2023.108474
https://doi.org/10.1016/j.reprotox.2023.108474
https://doi.org/10.1016/j.dnarep.2006.08.008
https://doi.org/10.1016/j.dnarep.2006.08.008
https://doi.org/10.1016/j.dnarep.2006.08.008
https://doi.org/10.1016/j.taap.2018.08.011
https://doi.org/10.1016/j.taap.2018.08.011
https://doi.org/10.1016/j.taap.2018.08.011
https://doi.org/10.1016/j.envpol.2023.121084
https://doi.org/10.1016/j.envpol.2023.121084
https://doi.org/10.1016/j.envpol.2023.121084
https://doi.org/10.1016/j.biopha.2022.113135
https://doi.org/10.1016/j.biopha.2022.113135
https://doi.org/10.1016/j.biopha.2022.113135
https://doi.org/10.1016/j.taap.2014.09.012
https://doi.org/10.1016/j.taap.2014.09.012
https://doi.org/10.1038/nature11043
https://doi.org/10.1038/nature11043
https://doi.org/10.1007/s00018-010-0459-7
https://doi.org/10.1007/s00018-010-0459-7
https://doi.org/10.1007/s00018-010-0459-7
https://doi.org/10.1016/j.taap.2013.04.020
https://doi.org/10.1016/j.taap.2013.04.020
https://doi.org/10.1016/j.molcel.2005.02.015
https://doi.org/10.1016/j.molcel.2005.02.015
https://doi.org/10.1016/j.stemcr.2019.08.016
https://doi.org/10.1016/j.stemcr.2019.08.016
https://doi.org/10.1021/acs.chemrestox.7b00146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.7b00146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.7b00146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.21037/atm.2019.11.140
https://doi.org/10.21037/atm.2019.11.140
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.5c00312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://solutions.cas.org/CASInsights_Subscribe?utm_campaign=GLO_GEN_ANY_CIS_AWS&utm_medium=DSP_CAS_ORG&utm_source=Publication_CEN&utm_content=pdf_footer 

