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ARTICLE INFO ABSTRACT

Keywords: Epigenetic alterations are ubiquitous across human malignancies. Thus, functional character-
Environmental carcinogens ization of epigenetic events deregulated by environmental pollutants should enhance our un-
Epigenetics

derstanding of the mechanisms of carcinogenesis and inform preventive strategies. Recent reports
showing the presence of known cancer-driving mutations in normal tissues have sparked debate
on the importance of non-mutational stressors potentially acting as cancer promoters. Here, we
aimed to test the hypothesis that the presence of mutations in p53, a commonly mutated gene in
human malignancies, may influence cellular response to an environmental non-mutagenic agent,
potentially involving epigenetic mechanism. We used the CRISPR-Cas9 system to generate
knockouts of p53 in MCF7 and T47D breast cancer cell lines and characterized DNA methylome
changes by targeted pyrosequencing and methylome-wide Infinium MethylationEPIC BeadChip
arrays after exposure to sodium arsenite, a well-established human carcinogen with documented
effects on the epigenome. We found that the knockout of p53 alone was associated with extensive
alterations in DNA methylation content, with predominant CpG hypermethylation concurrent
with global demethylation, as determined by LINE-1 repetitive element pyrosequencing. While
exposure to sodium arsenite induced little to no effects in parental cell lines, mutant cells, upon
treatment with sodium arsenite, exhibited a markedly altered response in comparison to their
wild-type counterparts. We further performed genome regional analyses and found that differ-
entially methylated regions (DMRs) associated with exposure to sodium arsenite map to genes
involved in chromatin remodeling and cancer development. Reconstitution of wild-type p53 only
partially restored p53-mutant-specific differential methylation states in response to sodium
arsenite exposure, which may be due to the insufficient reconstitution of p53 function, or sug-
gestive of a potential exposure-specific epigenetic memory. Together, our results revealed wide-
spread epigenetic alterations associated with p53 mutation that influence cellular response to
sodium arsenite exposure, which may constate an important epigenetic mechanism by which
tumour promoting agents synergize with driver mutations in cancer promotion.
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1. Introduction

The accumulation of epigenetic alterations, much like that of genetic alterations, plays a crucial role in the development of human
cancers [1,2]. The dysregulation in gene expression resulting from epigenetic reprogramming contribute to the distinctive hallmark
capabilities associated with tumour development and malignant progression [3]. A broader appreciation of epigenetic deregulation in
the aetiology of human cancer has led to an increasing call for incorporation of epigenetics and epigenomics into carcinogen iden-
tification and safety assessment [4,5]. As a wide range of known and suspected human carcinogens (environmental pollutants,
physical, and biological agents) have been linked to epigenome deregulation in normal and malignant cells, the ability to induce
non-mutagenic epigenetic alterations has been included as one of the key characteristics of carcinogens [6]. Consistent with the notion
that the epigenome serves as the interface between the genome and the environment, epigenetic modifications were found responsive
to environmental stressors, and are proposed as plausible mechanisms by which environmental factors contribute to carcinogenesis [7,
8].

A comprehensive study of the cancer epigenome has revealed that consistent locus-specific DNA methylation changes differentiate
tumour and normal tissue across tumour types, underscoring the universality of epigenetic aberrations in carcinogenesis and malig-
nant progression [9]. Moreover, multiple studies aimed at identifying the factors underlying tumour-specific epigenetic aberrations
have demonstrated that deregulation in epigenetic regulatory genes (e.g. TET1, KDMI1A, and ARID1A) is consistently enriched in
pan-cancer studies [9-11]. Intriguingly, mutations that alter the function or expression of cancer driver genes which encode for
proteins not known to directly influence the epigenome (e.g. IDH1, TP53, GATA3, and PIK3CA) have also been shown to result in
downstream epigenetic deregulation [9,12,13], providing further evidence that the interplay between epigenetic and genetic factors
plays a key role in cancer development.

While the advent of large-scale molecular profiling efforts and the integration of exposomic approaches have deepened our un-
derstanding of gene-environment interactions and their influence on cancer risk [14,15], more studies are warranted to better outline
the impact carcinogenic exposures could have on the epigenome and cellular behaviour, particularly in individuals harbouring genetic
alterations that predispose them to cancer. For instance, the discovery that exposure to pervasive environmental toxins such as
formaldehyde and acetaldehyde selectively depletes the BRCA2 tumour suppressor protein highlighted the importance of under-
standing gene-environment interactions [16]. However, to date, it remains to be investigated if a backdrop of genetic alterations will
correspondingly alter the epigenome, sensitizing cells exposed to environmental toxins.

Substantial epidemiologic evidence has linked exposure to inorganic arsenic to various human cancers, including lung, skin, and
urinary bladder cancers [17-19]. Arsenic is a pervasive environmental toxin, with over 100 million people worldwide estimated to be
exposed to carcinogenic levels of arsenic, particularly through the consumption of contaminated drinking water [17]. Arsenite, the
common form of arsenic found in water [17,20], is biotransformed in hepatocytes through a series of sequential oxidative-methylation
and reduction steps resulting in the production of methylation products including monomethylarsenate, monomethylarsenite,
dimethylarsenate, and dimethylarsenite [21]. Excessive arsenic metabolism will lead to the depletion of S-adenosylmethionine, which
is the principal source of methyl groups to be transferred onto the C5’ position of cytosines at CpG dinucleotides by DNA methyl-
transferases (DNMTs) to produce 5-methylcytosines [21]. Additionally, arsenic has been shown to inhibit DNMTs either by reducing
enzyme activity [22-24] or decreasing expression of the enzyme [25], ultimately leading to genome-wide DNA hypomethylation as
well as perturbations in histone modification and miRNA levels (as reviewed in [26]). Additionally, exposure to arsenic in early life has
been shown to induce global DNA hypomethylation in the children of exposed individuals [27], while genomic regions associated with
the tumour suppressor pl6 [28], extracellular matrix remodeling genes such as metalloproteinase-9 (MMP-9) and tissue inhibitor of
matrix metalloproteinase-1 (TIMP-1) were hypermethylated with increasing exposure to arsenic in utero and early life [29]. However,
the combined interactions between genetic alterations and environmental exposures on the epigenome have not been well established.

In this study, we reasoned that mutations in cancer drivers not only assume a primary role at different stages of tumorigenesis (and
dictate cancer outcome/phenotype) but that they may also enhance the carcinogenic potential of environmental exposures through
mutational and non-mutational mechanisms. Specifically, we hypothesized that mutations in common cancer-related genes influence
cellular response to environmental exposures. Cells that have a background of genetic aberrations may be more susceptible to
epigenetic reprogramming by environmental toxicants.

2. Materials and methods
2.1. Cell culture and CRISPR-Cas9 gene editing

Human breast carcinoma cell lines MCF7 (ATCC) and T47D (ATCC) were maintained in RPMI (Gibco) containing 10 % fetal bovine
serum (Gibco), 100 IU/mL penicillin (Gibco), and 100 pg/mL streptomycin (Gibco). All cells were maintained in a 37 °C environment
containing 5 % CO,. Guide RNA targeting p53 were designed using the ThermoFisher GeneArt CRISPR design tool (sequences in
Supplemental Table 1) and ligated into the pLenti-Guide-Puro (#GE100032, Origene) CRISPR vector, and positive clones confirmed by
Sanger sequencing (Eurofins Genomics). Pools of guide RNA plasmids were subsequently co-transfected with the hCas9 plasmid
(#41815, Addgene) into the target cell lines using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions.
Following puromycin selection, isogenic cell lines were isolated, cultured, and verified as knockouts by Sanger sequencing and Western
blot for p53. Sodium arsenite (S7400, Sigma-Aldrich) was prepared in dimethyl sulfoxide (DMSO), and cells were treated with a final
concentration of 3 pM sodium arsenite for 72 h. The DMSO-only served as the negative control.
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2.2. Determination of cell viability

Cell viability in response to sodium arsenite was quantified using the CellTiter 96® Aqueous One Solution Cell Proliferation Assay
(Promega) according to the manufacturer’s instructions. Briefly, cells were seeded in 96 well plates overnight before being exposed to
treatment with sodium arsenite for 72 h. The CellTiter 96® Aqueous One Solution Reagent was then added to each well and incubated
for a further 4 h. The absorbance of the resulting bioreduced formazan product was measured at 492 nm using an Apollo 11 LB913
plate reader.

2.3. Reconstitution of full-length p53

pcDNA3 expression vector containing cDNA coding for wild-type p53 (pcDNA-pSSWT) was received as a kind gift from Dr Magali
Olivier. Cells (2 x 10°) cells were transfected with 5 pg of the pcDNA-p53™T plasmid using the Xfect transfection reagent (Takara Bio)
according to the manufacturer’s instructions. Positive clones were selected using 1 mg/mL G418.

2.4. Protein extraction and immunoblot analysis

Total cell lysates were prepared using ice-cold RIPA-like buffer supplemented with protease inhibitors (50 mM Tris pH 7.4, 250 mM
NacCl, 0.1 % SDS, 2 mM DTT, 0.5 % NP-40NP40 and 1X cOmplete Protease Inhibitor, Roche). Proteins (50 pg/well) were separated on
4-15 % Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad) and transferred onto polyvinylidene fluoride membrane (Bio-Rad) with the
Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad) at 18 V for 60 min. Membranes were blocked with 5 % skimmed milk in 1X Tris-
Buffered Saline, 0.1 % Tween-20 (TBST) solution for 2 h at room temperature with gentle agitation and then incubated overnight
with the primary antibody at 4 °C with gentle agitation. Anti-p53 (1:2000, sc-126 Santa Cruz Biotechnology) and anti-GAPDH (1:2000,
sc-32233 Santa Cruz Biotechnology) primary antibodies were used in this study. Species-matched horseradish peroxidase-conjugated
secondary antibodies (1:5000) were used to enable detection using the Clarity Western ECL mix (Bio-Rad).

2.5. Methylome-wide profiling and data analysis

Total DNA and RNA were extracted using the Qiagen AllPrep DNA/RNA Kit.

The quantity and quality of nucleic acids were determined using a Qubit 4 instrument (Thermo Fisher Scientific). Extracted DNA
(500 ng) was subjected to bisulfite conversion using the EZ DNA Methylation Kit (Zymo Research). The bisulfite-modified DNA was
analyzed using the Infinium MethylationEPIC BeadChip arrays, which assess DNA methylation levels at more than 850,000 CpG sites
(Illumina). The data was analyzed using the methylkey pipeline developed by the Epigenomics and Mechanisms Branch at the In-
ternational Agency for Research on Cancer (https://github.com/IARCbioinfo/methylkey). Briefly, raw data files were pre-processed,
in which background correction was conducted by normal-exponential out-of-band (Noob), normalization of signal intensity values by
the SWAN normalization method, and quality control was performed using the minfi R package [30]. As the samples were processed in
a way that no significant batch effects affecting the intergroup comparisons were observed, batch correction was not applied to this
dataset. Intergroup comparisons were conducted using robust linear regression analysis as implemented in the limma R package.
Differentially methylated probes (DMPs) were defined as those that were significantly different between the compared groups with a
false discovery rate-adjusted p-value of <0.05 and with an intergroup absolute mean beta value difference of >10 %. Regional analysis
to identify differentially methylated regions (DMRs) was conducted using the DMRcate R package. Plots reflecting the quality of the
signal intensities are shown in Supplemental Figs. 1A and 1B. The potential impact of sentrix ID, which may contribute towards batch
effects, was evaluated by multidimensional scaling shown in Supplemental Fig. 1C. Pathway enrichment analyses were conducted
using the Enrichr tool [31-33]. Plots were generated using the ggplot2 [34] and ggridges [35] R packages. The REMP R package was
used to estimate DNA methylation levels at CpG sites mapped to LINE-1 repetitive elements [36].

2.6. LINE-1 pyrosequencing

LINE-1 pyrosequencing was used for the quantitative measurement of DNA methylation levels in 5 CpG sites associated with LINE-1
sequences, as previously described [37,38]. Briefly, 500 ng of DNA was subjected to sodium bisulfite modification using the EZ DNA
Methylation-Gold Kit (Zymo Research) according to the manufacturer’s instructions. Amplification of LINE-1 regions was performed
using the HotStarTaq Master Mix kit (Qiagen), and pyrosequencing was carried out using the PyroMark Q96 ID pyrosequencing system
(Qiagen) following the manufacturer’s protocol. Methylation states at the target CpGs were evaluated by calculating the average of all
CpG sites analyzed at the LINE-1 region.

2.7. RT-qPCR analysis

RT-qPCR gene expression analysis of p53 target genes was performed as previously described, with modifications [39]. Briefly,
total RNA was converted to cDNA using MMLV-RT and oligo(dT) primers (Invitrogen). Gene expression levels were quantified by
CFX96 PCR detector system (Bio-Rad) using the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). The PCR conditions used
were as follows: 94 °C for 3 min, followed by 40 cycles of 94 °C for 40 s, 60 °C for 40 s and 72 °C for 25 s. Primers used are as indicated
in Supplemental Table 2. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the housekeeping gene for normalization.
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3. Results
3.1. Loss of TP53 results in global demethylation in MCF7 cell lines and alters cellular response to sodium arsenite treatment

To test the hypothesis that mutations in common cancer driver genes may influence cellular response to environmental exposures,
we investigated the impact of p53 mutation on cellular response to sodium arsenite, a derivative of arsenic, which in turn is a well-
established human carcinogen with reported epigenetic modifying properties [40]. To this end, we generated MCF7 breast cancer
cell lines harbouring mutant p53 using CRISPR-Cas9 gene editing and analyzed the methylome for sodium arsenite-exposed p53
knockout (KO) cells and their wild-type counterparts (Fig. 1A). The two independent MCF7 p53 KO sublines harbored mutations in the
p53 coding sequence that resulted in the encoding of premature stop codons (Fig. 1B, Supplemental Fig. 1D), and displayed reduced
expression of known p53 target genes GADD45A and CDKN1A (Supplemental Fig. 1E), consistent with the disruption of the p53 gene.
To characterize potential DNA methylome changes associated with p53 loss, we profiled the DNA methylome of MCF7 p53 knockout
and wild-type cells using the Illumina Infinjum MethylationEPIC BeadChip. Substantial differential methylation was observed in the
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Fig. 1. Loss of p53 expression results in extensive DNA methylation changes and increased sensitivity to sodium arsenite-induced DNA
methylation changes. (A) Epigenetic stability was assessed by generating p53-knockout breast cancer cell lines and comparing the effects of
sodium arsenite on the epigenome between edited and parental cell lines. Figure created with BioRender.com (B) Western blot analysis was
conducted to confirm the knockout (KO) status of MCF7 cell lines. (C) Heatmap illustrating CpG sites that were consistently differentially meth-
ylated in between p53-knockout and wildtype cell lines. (D) Analyses of LINE-1 repetitive regions indicate a reduction in DNA methylation in p53-
knockout cells relative to the parental cells. Results shown are the mean of five readings per condition. Treatment with 3 uM sodium arsenite
resulted in hypermethylation of LINE-1 repetitive regions, which were more pronounced in knockout cells compared to parental MCF7. There was a
statistically significant difference between sodium arsenite-treated KO2 cells relative to untreated controls (Student’s t-test, p < 0.05). (E) MDS plot
illustrating the separation of parental (WT) MCF7 cells and knockout (KO2) cells that were analyzed at an epigenome-wide level with treatment of 3
pM sodium arsenite and untreated controls.
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knockout lines relative to the wild-type cells, with significant differential methylation observed in 107,920 CpG sites, of which 99,165
were hypermethylated and 8755 were hypomethylated (Supplemental Table 3, Fig. 1C). Regional analyses comparing p53-KO to
wild-type cells yielded 19,505 DMRs, with the topmost differentially methylated genes including p53 target NOTCH4, tumour sup-
pressor T-box 5 (TBX5), and pioneer factor Forkhead box protein A1 (FOXA1) (Supplemental Table 4). Pathway enrichment analyses
conducted on differentially methylated regions (DMRs) revealed that the SLC family-related genes, which have also been implicated in
cancers, were significantly deregulated upon p53 depletion (Supplemental Table 5). While transcriptome-wide analyses were not
conducted in this study, significant downregulation was observed in the genes integrin subunit beta like 1 (ITGBL1) and peptidyl arginine
deiminase 4 (PADI4), both of which were primarily hypermethylated in MCF7 p53 KO2 (Supplemental Fig. 1F).

In a separate analysis, assessments of global methylation using LINE-1 pyrosequencing revealed a global DNA methylation loss in
p53 knockout cells (Fig. 1D, grey whisker-box plots). To examine the impact of exposure to environmental carcinogens on the
methylome of cells lacking p53, we exposed p53 KO cells and their wild-type counterparts to sodium arsenite. While knockout and
wild-type cells did not display significant differences in cell viability when treated with sodium arsenite (Supplemental Fig. 1G), the
treatment at sublethal doses (3 pM) induced hypermethylation of LINE-1 repetitive elements in wild-type and knockout cells (Fig. 1D,
coloured whisker-box plots) relative to untreated controls (Fig. 1D, grey whisker-box plots), though this was only statistically sig-
nificant for the MCF7-KO2 cell line (Student’s t-test, p < 0.05). As the MCF7-KO2 subline was observed to be more dysregulated upon
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Fig. 2. Sodium arsenite treatment predominantly triggered hypomethylation in treated cells, to which cells depleted for p53 displayed
greater sensitivity. (A) Volcano plot illustrating epigenetic changes resulting from 3 pM sodium arsenite treatment in MCF7-KO2. (B) Heatmap
illustrating differentially methylated probes (DMPs) that were consistently differentially methylated in MCF7-KO2 and parental cell lines, which
were predominantly hypermethylated in the knockouts (C) Scatterplot comparing the absolute group mean differences (JA|) in the probes
consistently differentially methylated by sodium arsenite in MCF7 parental and MCF7-KO2 lines indicate that epigenetic alterations were exacer-
bated in KO lines. Regional plots of DMRs associated with (D) ARID1B, (E) GNG7, and (F) PRRX1 which were identified in sodium arsenite-treated
MCF7-KO2 cells.
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sodium arsenite treatment, subsequent epigenome-wide analyses were conducted using this subline. Multidimensional scaling of the
top 10,000 most variable positions indicated that relatively small variation was observed amongst wild-type control, wild-type sodium
arsenite-treated, and KO2 control cells, compared to the KO2 sodium arsenite-treated cells (Fig. 1E).

Probe-level analyses revealed that sodium arsenite treatment resulted in significant differential methylation at 9,098 CpG sites in
the MCF7 KO2 subline, of which 8,243 were hypomethylated in treated cells relative to the untreated KO2 controls (Fig. 2A, Sup-
plemental Table 6). Pathway enrichment analyses indicated that genes associated with the top 500 hypermethylated hypomethylated
probes included genes involved in the neuronal system (CAMK2B, GRIA2, and GRIK3, Supplemental Table 7). While not statistically
significant after adjusting for multiple testing, hypermethylated DMPs were enriched for genes involved in CREB phosphorylation
(Supplemental Table 7).

In contrast, no individual CpG sites were significantly differentially methylated based on the same cut-offs in p53-WT MCF7 treated
at the same dose of sodium arsenite relative to the untreated p53-WT MCF7 (Supplemental Fig. 1H). Applying less stringent cut-offs
(absolute delta betas of >5 % between groups, though the differences do not reach statistical significance), 12,350 probes were
observed to be hypomethylated, while 9,804 probes were observed to be hypermethylated in the sodium arsenite-treated group
relative to the control (Supplemental Table 8). Overall, these results suggest that the epigenetic effects of sodium arsenite generally
result in DNA hypomethylation, the magnitude of which is p53 state-dependent.

3.2. Exposure to sodium arsenite alters DNA methylation states at genes associated with chromatin remodeling and cancer development

In sodium arsenite-treated p53-WT MCF?7 cells relative to untreated cells, we identified 14 differentially methylated regions
(DMRs), which included hypomethylation in regions associated with adaptive splice regulator RNA-binding motif protein 20 (RBM20),
regulator of transforming growth factor beta receptor binding Sorting Nexin 25 (SNX25) and PKC-related serine/threonine-protein
kinase Protein kinase N2 (PKN2) (Supplemental Table 9). In p53-KO cells treated in the same manner, 216 DMRs were identified. While
not statistically significant following adjustment for multiple testing, pathways enriched in DMRs identified in sodium arsenite-treated
p53-KO cells included genes associated with neurotransmission (i.e. PDE10A and PDE5SA, Supplemental Table 9), and Nef and signal
transduction (i.e. PKN2, Supplemental Table 10) in sodium arsenite-treated wild-type cells, all of which have also been implicated in
cancers [41-45].

To identify sodium arsenite-responsive regions that are common to both KO and wild-type cell lines, we intersected probes that
were observed to be consistently differentially methylated in p53-KO2 arsenite-treated cells (g-value <0.05 and absolute delta betas
>10 %) with wild-type arsenite-treated cells (delta betas >5 % in the same direction as the p53-MCF7 KO2 treated cells). We found 500
probes to be consistently differentially methylated, the majority (454) of which were hypomethylated. Taken together with probe-level
comparisons of sodium arsenite-treated cells in the MCF7 KO2 subline presented earlier, which showed the majority of treated DMPs
being hypomethylated, these findings showed that sodium arsenite exposure primarily induced hypomethylation regardless of p53
status (Fig. 2B).

The magnitude of differential methylation was greater in the majority of these consistent probes in the MCF7 KO2 cells (485/500),
further indicating that arsenite-induced DNA methylation changes are exacerbated in knockout cell lines (Fig. 2C). Fig. 2D-F illustrates
the methylation states at DMRs associated with chromatin remodeler and tumour suppressor; AT-rich interactive domain-containing
protein 1B (ARID1B), tumour suppressor G protein gamma 7 (GNG7), and transcription factor Paired Related Homeobox 1 (PRRX1),
which were identified as significantly different between p53-KO and wild-type parental cells. In these DMRs, sodium arsenite-induced
alterations of DNA methylation were greater in magnitude in p53-KO cells than in wild-type parental cells.

3.3. Gene reconstitution of wild-type p53 only partially restores epigenetic stability in MCF7-KOZ2 cells

Because epigenetic changes are potentially reversible, we reasoned that the changes in DNA methylation resulting from the
introduction of mutant p53 may be reversible after reconstitution of functional p53. To determine if the restoration of functional (wild-
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type) p53 will reverse the effects of p53 depletion on the methylome, p53-expressing cells (pcDNA-p53VT) were generated in the
MCF7-KO2 lines (Fig. 3A). The Sankey plot in Fig. 3B summarizes the transition in methylation states for the probes that were initially
found to be differentially methylated in MCF7-KO2 cells relative to the wild-type parental cells (99,165 hypermethylated and 8,755
hypomethylated DMPs). Treatment with sodium arsenite resulted in the hypomethylation of a substantial fraction of the DMPs (81,166
of the 99,165 p53-KO hypermethylated DMPs). Upon reconstitution of p53, probes that had “reverted” to the state observed in p53-WT
cells were defined as probes which were within 5 % by beta value of the MCF7 wild-type parental cells treated with sodium arsenite or
had been significantly altered towards the methylation state of the arsenite WT-treated cells. The reverted CpGs made up a minority of
the analyzed probes, indicating that stable p53-re -expression is insufficient to reverse the effects of depletion of p53, and the sub-
sequent arsenite-induced DNA methylation changes. However, this observation may be due to the fact that p53 was not fully
reconstituted to the levels expressed in the parental cell line.

3.4. T47D p53-mutant cell lines exhibit reduced sensitivity to sodium arsenite-induced epigenetic reprogramming

To determine if depletion of mutant p53 will result in similar epigenetic destabilization, knockout clones were generated in T47D
cells. These cells were selected because they represent the same molecular subtype of breast cancer as MCF7 (luminal A) while har-
bouring the p.L194F p53 mutation. Amino acid substitution L194F of p53 is located within the DNA binding domain of the protein
conferring a decreased p53 transactivation activity and decreased binding to its partner proteins in cells [46]. Two edited clones were
established (Fig. 4A, Supplementary Fig. 2C) and subjected to sodium arsenite treatment similar to the MCF7 cells described previ-
ously. Multidimensional scaling of the top 10,000 most variable positions indicated that relatively small variation was observed be-
tween sodium arsenite-treated and untreated cells, while relatively large differences were observed between knockout and parental
cells (Fig. 4B).

Correspondingly, knockdown clones exhibited substantial differential methylation compared to the parental cell lines (112,793
DMPs in T47D-KO1, and 119,809 DMPs in T47D-KO2; Fig. 4C and E respectively, Supplemental Tables 11 and 12 respectively).
Notably, while T47D-KO1 and T47D-KO2 were independent knockout clones, we observed that approximately half of the sodium
arsenite-induced hypermethylated sites and the majority of hypomethylated sites were common between these two cell lines (Fig. 4E).
Sodium arsenite treatment induced significant differential methylation at 9 CpGs in the parental T47D cells (Supplemental Table 13).
Knockout cell lines were slightly sensitized to sodium arsenite treatment and were differentially methylated at 37 and 15 CpGs sites
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respectively (Supplemental Tables 14 and 15).

The overall distribution of beta values in all cell types and treated conditions recapitulated the main findings of the study
(Supplementary Fig. 3A), whereby p53 depletion predominantly induced hypermethylation, while arsenic treatment resulted pre-
dominantly in hypomethylation in MCF7 cells. T47D parental cells exhibited lower levels of baseline methylation relative to MCF7
parental cells. In contrast to MCF?7 cells, depletion of p53 in T47D induced hypomethylation, while treatment with arsenic had minimal
effects on the T47D cells regardless of their p53 status. Correspondingly, estimations of DNA methylation at LINE-1 repetitive elements
using the REMP R package showed that MCF7 p53-KO2 were hypermethylated relative to the parental cells (Supplementary Figs. 3B
and 3C), while p53-KO T47D cells exhibited hypomethylation relative to the parental cells (Supplementary Figs. 3B and 3D). These
findings contradict the results obtained by LINE-1 pyrosequencing performed on MCF7 cells (described in Fig. 1D), indicating that the
LINE-1 pyrosequencing assay may lead to an incomplete assessment of global DNA methylation levels. However, in the absence of
comprehensive epigenome-wide profiling methods, the LINE-1 pyrosequencing assay remains a valuable tool for identifying condi-
tions that perturb the epigenome and experimental conditions for more in-depth investigation.

4. Discussion

Major international sequencing efforts have shed light on the comprehensive genomic portraits of common human cancers,
revealing a relatively small number of “driver” genes and many passengers (functionally inert mutations). Interestingly, more recent
reports showing the presence of known cancer-driving mutations in normal tissues have sparked debate on the importance of tumour
promotion that may be enabled by environmental exposures potentially acting through non-mutational mechanisms [47]. The pos-
sibility that tumour-promoting agents may synergize with driver mutations by acting through epigenetic mechanisms and fuelling
epigenome changes that are rampant in human malignancies has not been investigated. The tumour suppressor gene TP53 plays a
prominent role in modulating cellular response to acute stress, supporting DNA repair by inducing cell cycle arrest or apoptosis in
response to DNA damage and controlling a broad range of cellular processes through its activity as a transcription factor [48].
Additionally, it has been demonstrated that mutant forms of p53 proteins may alter cellular mechanisms through gain-of-function
interactions [49,50], disrupting genomic stability to a greater degree than in p53 null cells [51]. p53 has also been implicated in
the regulation of epigenetic (DNA methylation) machinery [52]. A recent study has reported that mutant p53 protein intersects with
epigenetic regulation as mutant p53 tumour cells exhibit differential chromatin accessibility compared to wild-type p53 tumours,
suggestive of the role of p53 in mediating these chromatin changes. However, the role of p53 in epigenome regulation during cellular
response to stress conditions has yet to be fully elucidated [53].
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Fig. 5. Proposed mechanistic model of deregulation epigenome stability in response to cancer-promoting exposures in p53 mutant cells.
Figure created with BioRender.com.
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In this study, we determined that p53 depletion results in extensive alterations to the DNA methylome. Notably, compared to
parental cell lines, the epigenome of p53-knockout cells was more severely perturbed following treatment with sodium arsenite, a
substance which has been linked to various human cancers, including lung, skin, and urinary bladder cancers [17-19]. By inhibiting
DNMTs or by reducing enzyme activity, sodium arsenite treatment is expected to induce genome-wide DNA hypomethylation (as
reviewed in [26]). Correspondingly, sodium arsenite predominantly triggered demethylation in treated cells, regardless of p53 status.
We observed that although T47D cells and their corresponding knockout lines were less responsive to sodium arsenite treatment,
knockout lines derived from both T47D and MCF7 displayed greater sensitivity to sodium arsenite treatment compared to their
parental cell lines.

Additionally, we observed that CpG sites that were perturbed due to p53 knockout were sensitive to further alterations induced by
sodium arsenite treatment. Partial reconstitution of wild-type p53, however, did not sufficiently rescue the epigenome and did not fully
revert differentially methylated sites to that of sodium arsenite-treated parental cells. These observations may have been due to the
incomplete reconstitution of wild-type p53 in transfected cells. It may also have been due to lasting effects on the epigenome
configuration following p53 depletion.

Epigenome (chromatin) organization has been proposed as a major determinant not only of gene expression programmes but also of
the cancer mutational landscape [54,55]. Changes in the epigenomic patterns as a consequence of environmental exposure combined
with a driver (p53) or epigenetic driver gene (epidriver) [10] disruption may not only contribute to changes in the transcriptional
programme but also enhance the carcinogenic potential of environmental exposures through mutational and non-mutational mech-
anisms. Indeed, we observed differential methylation in cancer-related genes such as PRRX1 and ARID1B to be more exacerbated in
knockout cell lines, which suggests that alterations in cancer driver genes may promote epigenetic deregulation in response to
epigenome-modifying exposures (mechanistic model is illustrated in Fig. 5). This may be an alternative mechanism by which chro-
matin modifiers have been reported to influence mutation density and patterns, through their direct involvement in DNA repair [56].
The mechanisms by which p53 loss impacts epigenome stability may be directly linked to the DNA methylome and may involve
p53-mediated regulation of DNA methylation machinery (notably the expression of the de novo DNA methyltransferases
DNMT3A/DNMT3B and DNA demethylation enzyme TET1/TET2) [57]. Alternatively, although not mutually exclusive to the
previously-described mechanism, p53 may impact the methylome profiles indirectly through changes in chromatin accessibility and
modification patterns that are known to be linked to the establishment and maintenance of DNA methylation linked to gene activity
state.

Interestingly, the findings of DNA methylome instability associated with p53 loss were not fully recapitulated in the T47D cell line
model which harbours the p53 p.L194F mutation. Our observations suggest that the p.L194F mutant may play a larger role than
initially anticipated in modulating epigenetic states, as evidenced by the widespread alterations following its depletion. However, the
mutant cell lines were found to be inherently less responsive to sodium arsenite exposure, with relatively few significant alterations
observed between treated and untreated cells regardless of p53 status. With the growing body of evidence highlighting the roles that
gain-of-function p53 mutants play in influencing cell behaviour and driving carcinogenesis [50,58,59], it is probable that the presence
or absence of each p53 mutant will have a unique impact on the epigenome and the epigenome’s response to environmental exposures.
Further studies to fully elucidate the differential epigenetic effects of p53 mutants may yield additional information on the effect of
different p53 variants on the epigenome and epigenetic stability. Moreover, the relative resistance of T47D cells to sodium
arsenite-induced hypomethylation could be attributed to their inherently low baseline levels of DNA methylation. However, it should
be noted that T47D exhibited hypomethylation upon p53 knockout, and the observations of Supplementary Fig. 3A indicate that a
substantial proportion of CpG sites remain fully or almost fully methylated in all observed conditions. Thus, it is likely that T47D cells
possess an intrinsic resistance to sodium arsenite, independent of p53-related mechanism.

A notable limitation of this study was that transcriptome-wide analysis was not performed alongside the methylome-wide analysis.
Although differential methylation was observed in genes associated with tumour development, it remains uncertain whether these
changes will lead to corresponding shifts in gene expression. However, since this study primarily focused on assessing the impact of
mutations on the epigenome and epigenetic stability against perturbations, the impact of the above on the transcriptome was
considered beyond its scope. Further studies aimed at gaining insights into the precise mechanisms underlying p53-mediated regu-
lation of the epigenome, including the response to environmental exposure and its impacts on gene expression are warranted.

5. Conclusion

In summary, our study demonstrated that p53 depletion results in persistent alterations to the epigenome that may be only partially
rescued by the restoration of wild-type p53 expression. These persistent alterations include the disruption of epigenetic stability and
may sensitize cells to epigenetic aberrations induced by environmental exposures. However, further studies will be required to fully
understand the implications these findings may have on human health and safety assessments of epigenetic modulators.
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