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Lead (Pb) is a heavy metal contaminant commonly found in air, soil, and drinking water due to legacy uses.
Excretion of ingested Pb can result in extensive kidney damages due to elevated oxidative stress. Epigenetic
alterations induced by exposure to Pb have also been implied but remain poorly understood. In this work,
we assessed changes in repressive epigenetic marks, namely DNA methylation (meCpG) and histone 3 lysine
9 tri‐methylation (H3K9me3) after exposure to Pb. Live cell epigenetic probes coupled to bimolecular fluores-
cence complementation (BiFC) were used to monitor changes in the selected epigenetic marks. Exposure to Pb
significantly lowered meCpG and H3K9me3 levels in HEK293T cells suggesting global changes in constitutive
heterochromatin. A heterodimeric pair of probes that tags chromatin regions enriched in both meCpG and
H3K9me3 further confirmed our findings. The observed epigenetic changes can be partially attributed to aber-
rant transcriptional changes induced by Pb, such as overexpression of TET1 after Pb exposure. Lastly, we mon-
itored changes in selected heterochromatin marks after removal of Pb and found that changes in these markers
do not immediately recover to their original level suggesting potential long‐term damages to chromatin
structure.
1. Introduction

Extensive epidemiological studies have shown that exposure to
environmental chemicals, especially heavy metals, at different stages
of life is associated with various diseases. For instance, developmental
exposure to lead (Pb), including prenatal or childhood exposure, can
result in disrupted neuropsychiatric function and reduced cognitive
ability (Senut et al., 2012; Mitra et al., 2017). Exposure to Pb in human
is commonly assessed via blood lead level. The accumulating Pb in
body can be either excreted by the kidneys via glomerular filtration
and tubular secretion; or deposited in bones (Mitra et al., 2017). Given
that kidney is one of the major excretion routes of Pb from body, expo-
sure to Pb can induce kidney damages. These damages can occur via
oxidative stress and lipid peroxidation (Rana et al., 2018) by decou-
pling the respiratory chains in mitochondria (Reyes et al., 2013). Stud-
ies using Wistar rats chronically exposed to Pb revealed that Pb can
accumulate in kidney causing oxidative damages to cells; lead to sev-
ere morphological modifications of the tubule epithelial cells; and
result in unbalanced biochemical functions (Navarro‐Moreno et al.,
2009). Interestingly, small inclusion bodies (∼5 µm) were also found
inside the nuclei of kidney cells with size significantly larger than
those found in cells with subacute exposure to Pb (∼1 μm) (Navarro‐
Moreno et al., 2009).

Exposure to Pb has been linked to aberrant epigenome changes and
alterations in epigenetic enzyme activities. Specifically, Pb can modu-
late DNA methyltransferase activity as a non‐competitive inhibitor
(Sanchez et al., 2017) and result in global DNA hypomethylation
(Hou et al., 2012; Nye et al., 2015) as shown in both in vitro and
ex vivo assays. Similar changes in DNA methylation as well as alter-
ations in H3K9ac, H3K4me2 and H3K27me3 levels were reported in
brain tissues of mice with early life Pb exposure (Eid et al., 2016).
Interestingly, Pb induced alterations in epigenome are potentially
sex‐dependent. For example, female mice exposed to Pb during a pre-
natal stage demonstrate lower levels of H3K9me3 (Schneider et al.,
2016) and DNA methylation in hippocampus (Sánchez‐Martín et al.,
2015), while no significant changes were observed in the hippocampus
of males (Schneider et al., 2016).

Changes in epigenome content have also been observed in acute or
chronic kidney injuries (reviewed in 12). For instance, C57BL/6 mice
injured via renal ischemia–reperfusion exhibited global DNA
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demethylation (Zhao et al., 2017). Acute kidney injury is often associ-
ated with alterations in H3 acetylation levels (Marumo et al., 2008;
Zager et al., 2011); upregulation of H3K4me3 (Naito et al., 2009;
Munshi et al., 2011), and H3K27me3 (Zhou et al., 2018). These epige-
nomic alterations are also observed in kidney cells exposed to Pb.
Specifically, human embryonic kidney (HEK) 293 cells exposed for
24 h and 48 h to Pb (100 and 300 µM) demonstrated hypomethylation
in LINE‐1 promoter (Li et al., 2013), and in a murine model, prenatal
exposure to Pb led to sex‐dependent hypomethylation of intracisternal
A particle (IAP) retrotransposons in female kidneys compared to the
male counterpart (Montrose et al., 2017). Although Pb exposure has
been shown to alter both DNA methylation and H3K9me3, which
are key constituents of constitutive heterochromatin, there are no
reports that systematically evaluate both epigenetic marks in kidney
cells. The lack of information warrants further studies on how Pb expo-
sure can affect heterochromatin conformation.

Epigenetic modifications, including DNA methylation and histone
posttranslational modifications (PTMs), are dynamic, varying in time
and across different cell lineages (Aguilar and Craighead, 2013).
DNA methylation varies during the life span of individuals due to
intrinsic and extrinsic factors, like aging and exposure to environmen-
tal chemicals (Almén et al., 2014; Feil and Fraga, 2012); and among
tissues as determined by their underlying biological functionality
(Rakyan et al., 2008). Histone PTMs are also highly dynamic and
can be altered by micro‐environment (Prompsy et al., 2020; Garcia‐
Gomez et al., 2018). Instead of performing static measurements at
selected time points, it is thus highly desirable to track epigenetic
changes in live cells. Few technologies exist that enable in situ tracking

of epigenetic features, including FRET (Fluorescence Resonance

Energy Transfer) and BiFC (Bimolecular Fluorescence Complementa-
tion) probes. Specifically, a FRET‐based sensor using a reader domain
(i.e., heterochromatin protein 1a (HP1a)) (Lin et al., 2004) was devel-
oped to monitor intracellular H3K9me3 levels. This approach has also
been used to quantify histone acetylation levels (Sasaki et al., 2009;
Nakaoka et al., 2016). Recently, a series of live‐cell compatible epige-
netic probes have been developed using engineered epigenetic reader
domains including works from our group. These probes have enabled
us to trace intracellular levels of histone PTMs, such as acetylation
(Sanchez et al., 2017) and methylation (Sánchez et al., 2019), as well
as methylated DNA (Kim et al., 2014; Sánchez et al., 2020). Most
recently monitoring changes in DNA methylation or H3K9me3 at
specific gene regions were also achieved via BiFC probes (Lungu
et al., 2017).

Utilizing novel epigenetic probes developed in our laboratory, we
monitored dynamic changes in selected epigenetic hallmarks of consti-
tutive heterochromatin, namely methylated DNA and H3K9me3, via a
human embryonic kidney cell line (HEK293T) model responding to Pb
exposure. Engineered BiFC probes were used to monitor individual
changes in selected epigenetic marks. Furthermore, given the ability
to mix‐and‐match different epigenetic probes, for example combining
the different split probes or hetero‐dimer probes, we can track dual
epigenetic marks co‐localized. The dynamic and persistent nature of
the acquired epigenetic changes were also assessed via an “on” and
“off” Pb exposure experiment.
2. Materials and methods

2.1. Live-cell protein sensors to track epigenetic changes in situ

Epigenetic “readers” with high affinity and selectivity towards tar-
geted epigenetic marks were selected based on literature reports and
our previous experimental validation work. Briefly, detection of meCpG
was conducted via a probe constituted by the methyl binding domain
(MBD) of MBD1 protein (Kim et al., 2014; Jørgensen et al., 2006;
Mendonca et al., 2021), and H3K9me3 was detected via a probe
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constituted by the chromodomain of the chromodomain Y chromo-
some (CDY) (Mendonca et al., 2021; Fischle et al., 2008). The detailed
amino acid sequence of the construct was summarized in Table S1
(Supporting Information). BiFC was used to enhance the signal‐to‐
noise ratio as previously demonstrated in literature (Kodama and
Hu, 2012; Alongkronrusmee et al., 2018). All constructs contained
an SV40 nuclear localization signal (SV40 NLS) in the N‐terminus
followed by the recognition domain and split half of mEGFP in the
C‐terminus of the construct as illustrated in Fig. S1A (Supporting Infor-
mation). A negative control pair using the same expression vector
without the epigenetic “reader” domain was also constructed, as we
described in our previous work (Sánchez et al., 2020).

The detection scheme is illustrated in Fig. S1B (Supporting Infor-
mation). Specifically, a homo‐dimer probe consists of the same epige-
netic recognition motif. It is thus used to track a single type of
epigenetic modification as illustrated in Fig. S1B top (Supporting Infor-
mation). A hetero‐dimer pair consists of two probes fused to two differ-
ent reader domains suitable for simultaneous monitoring of two
different epigenetic marks in a proximity as illustrated in Fig. S1B bot-
tom (Supporting Information). BiFC signal is typically generated when
the two halves of a fluorescent protein is within a distance of ∼ 7 nm
(Fan et al., 2008). We thus expect that a homo‐ and hetero‐dimer set
will give strong fluorescence signal when the modification(s) of inter-
est are abundant within one nucleosomal distance. Unbound probes
will not fluoresce and thus provide low background signals and poten-
tially provide more accurate tagging of functionally distinct hete-
rochromatin regions.

2.2. Mammalian cell culture and transfection

Human Embryonic Kidney 293 T (HEK293T) cells were used as a
model system to study Pb toxicity on kidneys. HEK293T cells were cul-
tured as described previously (Sanchez et al., 2017). Briefly, cells were
cultured in Dulbecco modified Eagle medium supplemented with 10%
(v/v) fetal bovine serum and 1% (v/v) of a Penicillin‐Streptomycin
solution (Gibco®, CA, US), and incubated at 37 °C with 5% CO2. Engi-
neered sensors were transiently transfected into HEK293T conducted
using Lipofectamine® 3000 (Life Technologies, MD, US) following
the manufacture’s protocol.

2.3. Chemical treatment of HEK293T cells with lead (Pb)

We selected to work with Pb concentrations of 0, 100, and 500 ppb
based on current and historical EPA regulation standard (15 ppb since
1991, 50 ppb since 1975) (Dignam, T.; Kaufmann, R. B.; LeStourgeon,
L.; Brown, M. J., Control of Lead Sources in the United States, 2019),
as well as, their abundance in the environment. For example, Pb of
concentration up to 101 ppb was detected in drinking water in the
recent Flint water crisis (Hanna‐Attisha et al., 2016). Food can be
another source of exposure including rice (Ankar‐Brewoo et al.,
2020), poultry (Trampel et al., 2003), and fruits (Parveen et al.,
2020; Türkdoğan et al., 2003). Exposure to Pb can cause high blood
Pb level. For instance, workers with occupational exposure to Pb for
36–44 days can have blood Pb levels of 49.1 ± 14.1 µg dL‐1 (equiva-
lent to ∼ 491 ± 141 ppb) (Dobrakowski et al., 2016). The Pb bioavail-
ability in kidneys is also estimated using urinal Pb concentrations,
which is found to be ∼ 22.28 µg / (g of creatinine) (Gil et al., 2011).
Typical Pb levels in human blood and urine are below 10 µg dL‐1

(equivalent to ∼ 100 ppb) (HEALTH, C. O. E.; Lanphear, B. P.;
Lowry, J. A.; Ahdoot, S.; Baum, C. R.; Bernstein, A. S.; Bole, A.;
Brumberg, H. L.; Campbell, C. C.; Lanphear, B. P.; Pacheco, S. E.;
Spanier, A. J.; Trasande, L., Prevention of Childhood Lead Toxicity.
Pediatrics, 2016). Our selected Pb concentration (500 ppb) thus
reflects potentially the highest occupational Pb level found in blood
and urine samples of exposed population. In a single‐dose pharmacoki-
netic study of Pb using a rat model, the maximum concentration of Pb
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reaches a plateau value after ∼ 12 h of treatments in various tissues
including bone, kidney, and liver; and this concentration had a signif-
icant reduction after 40 h of administration (Dalley et al., 1990). We
thus chose an exposure time of 24 h to mimic the Pb effects on selected
epigenetic marks in a short‐term acute exposure model.

A Pb‐relaxation experiment was conducted to assess the short‐term
effects of Pb on the persistence of H3K9me3 and meCpG changes.
HEK293T cells transfected with the homo‐dimer pair were exposed
to the selected Pb doses for 24 h. After that, culture medium was aspi-
rated. Cells were washed twice with PBS before fresh culture medium
was added. Cells were continuously cultured for another 24 h and
imaged every 8 h during the experimental course.

2.4. Immuno-fluorescence staining

Immunofluorescence staining was performed similarly as we
described previously (Lin et al., 2021). Briefly, cells treated with Pb
were fixed and permeabilized using cold methanol for 10 mins; and
blocked with 1% BSA in PBS for 1 h followed by incubation with pri-
mary antibodies for 1 h at room temperature. Primary antibodies,
including anti‐5mC (#61480, Active motif, CA) and anti‐H3K9me3
(ab8898, Abcam, MA), and secondary antibodies, including goat‐
anti‐rabbit Alexa Fluor 568 (ab175471, Abcam, MA) and donkey‐
anti‐mouse Alexa Fluor 647 (a31571, Invitrogen, CA), were used.
For 5mC antibody staining, an additional denaturating and neuraliza-
tion step were included prior to adding primary antibodies.

2.5. Fluorescent microscopy

Cells transfected with the selected BiFC protein sensors were
imaged using a Nikon Eclipse Ti‐2 inverted microscope equipped with
a 488 nm laser line using a 63×/1.49NA oil objective. A FITC (excita-
tion 460–500 nm, emission 510–560 nm) filter set was applied to col-
lect BiFC mEGFP. Z‐stack images of cells were collected using Nikon
EZ‐C1 software. Collected images were analyzed using Cellprofiler

(Carpenter et al., 2006) to get the Integrated Intensity per Nuclei
(IIN) as we detailed in our previous work (Sanchez et al., 2017;
Sánchez et al., 2019; Sánchez et al., 2020).

2.6. Flow cytometry

Flow cytometry data were collected using a BD FACS AriaTM (Bec-
ton Dickson, San Jose, CA). A 488 nm excitation laser line and a
530/30 nm FITC filter were used for capturing the GFP fluorescent
intensity. All cytometry data were analyzed using FCS Express soft-
ware (De Novo Software, Glendale, CA). Reported data comes from
independent assays run in triplicate.

2.7. Quantitative polymerase chain reaction (qPCR)

HEK293T cells treated with different concentrations of Pb were
harvested. Total RNA was extracted using an RNA purification kit
(PureLink, Thermo Fisher Scientific, U.S.) following the manufac-
turer’s protocol. RT‐qPCR was carried out using QuantStudio 3
(Thermo Fisher Scientific, U.S.) as we described in our previous work
(Lin et al., 2021). Primers used in qPCR are summarized in Table S2
(Supporting Information). β‐Actin (ACTB) was used as the reference
gene. qPCR was performed following the MIQE requirements (Bustin
et al., 2019).

2.8. Statistical analysis

All statistical analysis and error propagation calculations were per-
formed in OriginPro 2018 (Origin Lab Corp, North Hampton, MA) sta-
tistical software. An analysis of variance (ANOVA) followed by Tukey’s
3

HSD post‐hoc test was used with p = 0.05. Graphpad Prism was also
used for analysis. All comparisons are with the control group unless
otherwise annotated in the figures or texts.
3. Results

3.1. Exposure to low doses of Pb does not elicit immediate cytotoxic effects
or phenotypic changes in the human cell line HEK293T

We started by examining the cytotoxicity of selected Pb concentra-
tions on HEK293T cells. No significant changes were observed in the
percentage of viability relative to the untreated control via MTT assay
(Fig. 1A). These results suggest that the selected Pb doses do not have a
significant cytotoxic effect. Fig. 1B summarizes the effect of Pb on the
growth of HEK293T. Increasing Pb concentrations slightly slow down
cell growth, but the changes were found not to be statistically signifi-
cant (p > 0.05, one‐way ANOVA followed by Tukey’s HSD post‐hoc
test). We then analyzed changes in the nuclear cell morphology by
assessing the nuclear size and eccentricity of exposed cells to Pb
(Fig. 1C). Exposure to Pb does not significantly alter nuclear size or
eccentricity. Collectively, HEK293T cells exposed to a low dose of Pb
(≤500 ppb) did not induce significant changes in either viability, cell
growth rates, or morphologies.

3.2. Exposure to Pb downregulates H3K9me3 and alters its distribution in
HEK293T cells

To monitor changes in H3K9me3 level upon Pb exposure, we trans-
fected HEK293T cells with our H3K9me3 in situ probe sets. Our probes
exhibit distinctive fluorescent patterns with large size foci enriched
primarily inside the cell nucleus and small puncta near the nuclear
periphery. This pattern is consistent with what was commonly
observed for H3K9me3 patterns inside cells (Politz et al., 2013). To
ensure that the observed features are due to the presence of specific
epigenetic “readers” domains, we transfected cells with the negative
control, i.e., BiFC‐mEGFP lacking the epigenetic domain, as shown
in Fig. S2 (Supporting Information). As expected, cells transfected
with the BiFC‐mEGFP pair did not generate any distinctive features.
Cells transfected with only half of the BiFC‐pair, such as m‐EGFP‐N‐
or mEGFP‐C‐terminus did not fluoresce.

Projected 2D images of transfected cells under varying Pb concen-
trations are summarized in Fig. 2A. The bright puncta near the nuclear
periphery are expected to be perinuclear heterochromatin as reported
in the literature (Politz et al., 2013), while bright foci inside the cell
nucleus were expected to be repressive heterochromatin not actively
transcribing (Mutlu et al., 2018; Bonnet‐Garnier et al., 2018). After
Pb treatment, we noticed significant reductions in both the number
of bright foci and decrease in foci intensity, suggesting the potential
onset of chromatin instability. We quantified changes in H3K9me3

by measuring the Integrated Intensity per Nuclei (IIN). We and others
have previously demonstrated that IIN correlates with global epige-
netic modification level per cell (Sanchez et al., 2017; Sánchez et al.,
2019; Sánchez et al., 2020; Lungu et al., 2017; Hayashi‐Takanaka
et al., 2011). IIN analysis between the control and Pb‐treated groups
shows that Pb exposure significantly (p < 0.05, one‐way ANOVA fol-
lowed by Tukey’s HSD post‐hoc test) lowers the global level of
H3K9me3, by 16% and 36% for Pb concentrations of 100 and
500 ppb, respectively (see Fig. 2B).

Since we carried out a single‐cell‐based analysis, we were able to
plot the probability distribution histograms of IIN, reflecting inter‐
cellular heterogeneity distribution in H3K9me3 as in Fig. 2C. The his-
tograms exhibit a positively skewed distribution that can be well‐fitted
using a bimodal distribution modeled by a mixture Gaussian model
with R2 = 0.86, 0.98, 0.94 for cells treated with 0, 100, and
500 ppb of Pb, respectively. Randomly distributed residuals were



Fig. 1. No significant toxicity effects are induced in HEK293T cells by exposure to Pb. A. Cell survival was assessed by MTT assay. The results represent the means
of 3 biological experiments with six technical repeats. No significant (p>0.05, one-way ANOVA followed by Tukey’s HSD post-hoc test) changes were observed at
selected Pb doses, 100 and 500 ppb. B. Growth curves of HEK293T after treating with Pb, 100 and 500 ppb. Pb treatment slow down cell growth, but no significant
(p> 0.05, one-way ANOVA followed by Tukey’s HSD post-hoc test) effect was found in the doubling time (15.2 h, 15.7 h and 16.7 h for 0, 100, and 500 ppb of Pb,
respectively). The arrow indicates the time when Pb was added to the cell culture. Data is presented as the mean of 3 biological repeats. C. Exposure to Pb revealed
no significant (p>0.05, one-way ANOVA followed by Tukey’s HSD post-hoc test) modification in the nuclear size or eccentricity of HEK293T cells. Data presented
correspond to at least 25 cells analyzed per biological repeat, N = 3.
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obtained for all fittings, suggesting good fitting quality. Two subpopu-
lations of cells are identified with fitting parameters summarized in
Table S3A (Supporting Information). Pb treatment has resulted in a
noticeable narrowing of the distribution of high‐H3K9me3 subpopula-
tion and an increment in the probability density of low‐H3K9me3 sub-
population. This observation is supported by changes in width (w) and
area (A) parameters of modeled distributions (Table S3A (Supporting
Information). Compared to the untreated group the peak that repre-
sents high‐H3K9me3 subpopulation shows a reduction in the peak
width and area upon Pb treatment. Conversely, the peak representing
the low‐H3K9me3 subpopulation exhibited higher width and area
than the control group. Suggesting an increase in the low‐H3K9me3
subpopulation owed to Pb treatment. However, the center value (xc)
parameter, which represents the maximum IIN of each subpopulation,
is similar across Pb treatments.

To verify our findings, we carried out a parallel experiment by
immuno‐fluorescence staining. Typical images of HEK293T cells
exposed to Pb for 24 h and stained with anti‐H3K9me3 antibody are
shown in Fig. S3A (Supporting Information). Consistent with our
observations using BiFC probes, we observed ∼ 14.3 and 34%
4

reductions in H3K9me3 levels for cells exposed to 100 and 500 ppb of
Pb, respectively (see Fig. S3B (Supporting Information)). Single‐cell anal-
ysis revealed an increment in the population with low H3K9me3 levels as
the Pb concentration increases (Fig. S3C (Supporting Information).

To further verify the observed heterogeneous changes in HEK293
after Pb treatments, we analyzed similarly treated cell populations
via FACS. Our results are shown in Fig. S4A and S4B (Supporting Infor-
mation). A similar bimodal distribution with a low‐ and a high‐
fluorescent‐intensity species were obtained agreeing with our
microscopy‐based image analysis (see Fig. 2C). Pb treatments signifi-
cantly reduced the cell subpopulation with a high level of H3K9me3
as well as increased the cell subpopulation with a low level of
H3K9me3. The drop in the median fluorescence intensity, which is
expected to correlate with a drop in H3K9me3 levels, of Pb treated
samples were of 12% and 21% for 100 ppb and 500 ppb of Pb
(Fig. S4B (Supporting Information)), respectively, which is reasonably
close to the obtained results via image analysis.

RT‐qPCR was then performed to reveal alterations in epigenetic
enzymes. We specifically determined changes in the transcriptional
levels of KMT1A and KDM4A (Fig. 2D and Table S4 (Supporting Infor-



Fig. 2. H3K9me3 levels in HEK293T cells exposed to Pb. A. Representative 2D projected images of HEK293T cells after 24 h of transfection with H3K9me3
probes and pre-exposed for 24 h to Pb, 100 or 500 ppb. Scale bar = 2 µm. B. Relative H3K9me3 levels to the control, or 0 ppb of Pb, using the integrated intensity
per nuclei (IIN) obtained from image analysis. Data is presented as the mean ± S.D., N = 3. C. Probability density distribution of the IIN obtained from single cell
image analysis, n ≥ 80. Presented data corresponds to at least 25 cells per biological repeat, N = 3. D. Expression of mRNAs coding for KMT1A and KDM4A. Data
is expressed as cycle threshold (Ct) difference to β-actin presented as dot plots with indicated mean value. Data is presented as the mean ± S.D., N = 3. N.S.:
stands for no significant difference. * represents p < 0.05 and ** represents p < 0.01 from a one-way ANOVA followed by Tukey’s HSD post-hoc test.
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mation)), which is a histone methyltransferase and demethylase,
respectively. The selected epigenetic enzymes are highly specific for
H3K9me3 (Hyun et al., 2017). Although statistical difference among
Pb treatments was observed for KMT1A (p < 0.01, one‐way ANOVA
followed by Tukey’s HSD post hoc test), unveiling an overexpression
of mRNA for the histone methyltransferase upon Pb exposure, the
observed change does not explain the reduction in H3K9me3 levels
due to Pb exposure. Furthermore, no statistical difference among treat-
ments was observed in the mRNA level of KDM4A (p > 0.05, one‐way
ANOVA followed by Tukey’s HSD post hoc test).

3.3. Exposure to low-dose of Pb affects meCpG distribution and abundance
in HEK293T cells

Like described in the previous section, cells were transfected with a
set of meCpG BIFC probes and treated with Pb of varying doses.
Untreated cells exhibited clustered meCpG islands as bright foci located
5

mainly within the cell nucleus (Fig. 3A) representing mainly repressive
chromatin regions (Seki et al., 2005; Latham et al., 2008). Bright
meCpG clusters can be found close to the periphery but not on the
periphery as previously observed for H3K9me3. The observed meCpG
pattern is consistent with what was reported in the literature (Lungu
et al., 2017; Jørgensen et al., 2006). Pb treatment has led to reductions
in both the number and brightness of meCpG foci. IIN analysis showed
that Pb‐treatment significantly (p < 0.05, one‐way ANOVA followed
by Tukey’s HSD post hoc test) reduces the global level of meCpG when
compared to untreated cells by 14% and 30% for 100 and 500 ppb of
Pb, respectively (Fig. 3B).

The probability distribution histograms were constructed; fitted
similarly as described previously; and illustrated in Fig. 3C. The his-
tograms exhibit a positively skewed distribution shape which was bet-
ter fitted by a bimodal distribution with R2 = 0.89, 0.90, 0.97 for 0,
100, and 500 ppb of Pb, respectively. The fitting parameters were sum-
marized in Table S3B (Supporting Information). Pb treatment has



Fig. 3. meCpG levels in HEK293T cells exposed to Pb. A. Representative 2D projected images of HEK293T cells after 24 h of transfection with meCpG probes and
pre-exposed for 24 h to Pb, 100 or 500 ppb. Scale bar = 2 µm. B. Relative meCpG levels to the control or 0 ppb of Pb using the integrated intensity per nuclei and
integrated foci intensity per nuclei obtained from image analysis. Data is presented as the mean ± S.D., N = 3. C. Probability density distribution of the integrated
intensity per nuclei and integrated foci intensity per nuclei obtained from single cell image analysis, n ≥ 80. Presented data corresponds to at least 25 cells
analyzed per biological repeat, N = 3. D. Expression of mRNAs coding for DNMT1 and TET1. Data is expressed as cycle threshold (Ct) difference to β-actin
presented as dot plots with indicated mean value. Data is presented as the mean ± S.D., N = 3. N.S.: stands for no significant difference. * represents p < 0.05
from a one-way ANOVA followed by Tukey’s HSD post hoc test.
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resulted in a significant narrowing of the high‐meCpG subpopulation
and an increase in the abundance of the low‐meCpG subpopulation.
This trend was further verified using FACS as shown in Fig. S4C and
S4D (Supporting Information). The drop in the median fluorescence
intensity of FACS measurements was found to be 12% and 21% for
cells treated with 100 ppb and 500 ppb of Pb, respectively (Fig. S4D
(Supporting Information)), respectively.

Validation experiments were carried out via immuno‐fluorescence
with typical cell images shown in Fig. S5A (Supporting Information).
We found ∼ 15 and 40% drop in meCpG levels for cells treated with
100 and 500 ppb Pb, respectively (Fig. S5B (Supporting Information).
Single‐cell analysis suggested an increment in the population with low
meCpG levels for cells treated with higher concentrations of Pb as
shown in Fig. S5C (Supporting Information) consistent with our find-
ings using in situ probes.

RT‐qPCR analysis was performed to determine changes in the
transcriptional levels of DNMT1 and TET1 (Fig. 3D and Table S4
6

(Supporting Information)). DNMT1 is a maintenance methyltrans-
ferase responsible for the maintaining of meCpG, while TET1 is respon-
sible for the removal of meCpG (De Carvalho et al., 2010). Statistical
difference (p < 0.05, one‐way ANOVA followed by Tukey’s HSD post
hoc test) between Pb‐treated and the control group was observed for
TET1, unveiling an overexpression of mRNA for the DNA demethylase
upon Pb exposure. No statistical difference was observed in the mRNA
level of DNMT1. Collectively, changes in the transcription of epige-
netic enzymes governing the level of mRNA can partially explain the
observed drop in meCpG due to Pb exposure.
3.4. Detection of heterochromatin regions enriched in meCpGs and
H3K9me3

One of the advantages of our BiFC protein sensors lies in their abil-
ity to monitor different epigenetic marks based on the complementa-
tion of the conjugated split mEGFP. Taken advantage of this, we
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have paired BIFC probes targeting different epigenetic modifications,
namely a pair of meCpG‐N‐mEGFP and H3K9me3‐C‐mEGFP (labeled
as meCpG‐N‐H3K9me3‐C pair) and another pair of H3K9me3‐N‐
mEGFP and meCpG‐C‐mEGFP (labeled as H3K9me3‐N‐meCpG‐C pair,
see also Fig. S1 (Supporting Information)). Different from homo‐
pairs used in the previous two sections, these hetero‐pairs uniquely
enable us to explore changes in chromatin marked with a high density
of meCpG and H3K9me3 simultaneously. Such chromatin regions are
commonly known as constitutively suppressed chromatin and are
enriched in genes that are permanently silenced (Nicetto and Zaret,
2019).

The two hetero‐pairs were transfected into HEK293 cells with typ-
ical fluorescent patterns shown in Fig. 4A. Untreated cells exhibit
bright foci primarily inside the cell nucleus similar to those observed
previously in cells transfected with meCpG probe pair. The size of foci,
however, are smaller in cells transfected with the hetero‐pair. No sig-
nificant difference was observed between cells transfected with differ-
ent hetero‐pair of probes (p > 0.05, one‐way ANOVA followed by
Tukey’s HSD post hoc test). Fig. 4A further illustrates the effects of
Pb treatments. Exposure to Pb resulted in significant reductions in both
foci number and intensity. Signifcantly, the brighter foci within the
nucleus seem to completely diminish after Pb treatments. Intensity
measurements confirmed our visual observations as shown in
Fig. 4B. Although the percentage of reductions are slightly different
Fig. 4. Cross detection of meCpG and H3K9me3 levels in HEK293T cells expos
pair. A. Representative 2D projected cells from Z-stacks transfected with either set
H3K9me3 levels induced by Pb exposure. Data is presented as the mean ± S.D., N
post hoc test. C. Probability distribution histograms of IIN from HEK293T cells ex
dimer sensors. Presented data corresponds to at least 25 cells analyzed per biolog
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between two hetero‐pairs (meCpG‐N‐H3K9me3‐C pair: 18 ± 5.1%
and 34 ± 4.0% for 100 and 500 ppb of Pb; and H3K9me3‐N‐meCpG‐C
pair: 26 ± 5.3% and 39 ± 4.4% for 100 and 500 ppb of Pb, respec-
tively), the difference was not found statistically significant (p > 0.05,
one‐way ANOVA followed by Tukey’s HSD post hoc test).

We then analyzed the intensity histogram obtained using the
hetero‐pair as shown in Fig. 4C. Similar to meCpG and H3K9me3
probes, untreated cells exhibited a bimodal distribution (R2 0.90 –

0.94) with fitting parameters summarized in Table S3C‐D (Supporting
Information). Pb treatments, however, seem to promote the diminish-
ing of the high fluorescent subpopulation. As a result, the intensity his-
togram of cells treated with 500 ppb of Pb is better fitted using a
unimodal distribution (with R2 = 0.94 – 0.97). Cells treated with
100 ppb of Pb are more like a transition state in between with
R2 = 0.96 and 0.86 for bi‐ and uni‐modal distribution, respectively.
Essentially, the cell sub‐population with IIN values>40 from the con-
trol group vanishes upon Pb treatment (Fig. 4C). These results suggest
that the heterodimer set of probes can be more sensitive to capture
changes related to the pair of epigenetic marks that are sensing.

3.5. Short-term effect on Pb-induced changes of H3K9me3 and meCpGs

All epigenetic modifications are dynamic, we thus evaluated the
dynamic alterations during and after Pb treatments. All cells were
ed to Pb capture by meCpG-N-H3K9me3-C pair and H3K9me3-N-meCpG-C
of hetero-dimer sensors. B. Changes in the relative cross detected meCpG and
= 3. * represents p < 0.05 from a one-way ANOVA followed by Tukey’s HSD
posed to various Pb concentrations and transfected with either set of hetero-
ical repeat, N = 3.



Fig. 5. Overcompensation in H3K9me3 and meCpG levels in HEK293T cells is observed after a Pb relaxation period. A. Schematic time course of HEK293T
cells exposed to Pb and relaxation cycle. Imaging was conducted at 8 h intervals, denoted by the dark dots inside the arrows. B-C. Relative H3K9me3 and meCpG
levels after HEK293T “ON and OFF” exposure to Pb. One-way ANOVA was conducted at each time point to establish statistical difference with regard to the control
group (0 ppb of Pb). Presented data corresponds to at least 25 cells analyzed per biological repeat, N = 3. *, denotes statistical difference (p < 0.05, one-way
ANOVA followed by Tukey’s HSD post-hoc test) at the specific time point.
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exposed to Pb for 24 h followed by 24 h of relaxation as shown in
Fig. 5A. Imaging was performed at an interval of 8 h during the
24 h of exposure and 24 h of relaxation time‐period.

All fluorescent intensity was normalized to the registered IIN at 0 h.
Untreated cells were used to account for endogenous changes of
selected epigenetic marks. Relative changes in H3K9me3 and meCpG
were recorded as a function of time as shown in Fig. 5B and 5C,
respectively. Cells treated with 500 ppb of Pb seem to have a faster
decreasing rate and an early on‐set time for both H3K9me3 and meCpG.
By the end of 24 h, cells in the control group showed a reduction
of ∼ 5% in H3K9me3 while cells treated with 100 and 500 ppb showed
a reduction of ∼ 22% and 32% in H3K9me3, respectively. The reduc-
tions were found to be significant compared to the untreated control
(p < 0.05, one‐way ANOVA followed by Tukey’s HSD post hoc test).
Pb was removed from culture medium at the end of 24 h followed
by three times washing in Pb‐free culture medium. The recovery rate
and path observed during the relaxation period were found to be Pb‐
dose‐dependent. For the control group, the H3K9me3 level remained
more or less constant (±5%) till the end of the relaxation period
(48 hrs). Cells exposed to 100 and 500 ppb of Pb slowly start to
recover with cells exposed to 100 ppb recover at a faster rate com-
pared to cells exposed to 500 ppb of Pb. Towards the end of relaxation,
Pb‐treated groups exhibit a ∼ 20% increase in H3K9me3 for 100 and
500 ppb treated samples, (p < 0.05, one‐way ANOVA followed by
Tukey’s HSD post‐hoc test), suggesting an overcompensation effect.
A similar trend was observed for meCpG with cells treated with
500 ppb of Pb exhibit faster reduction and slower recovery rate com-
pared to sampled exposed to 100 ppb of Pb as shown in Fig. 5C.

As a benchmark comparison, we assessed the relative changes of
H3K9me3 and meCpG towards the end of the relaxation stage via
immunostaining (Fig. S6 (Supporting Information)). Compared to the
untreated group (0 ppb), cells exposed to 100 and 500 ppb Pb for
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24 h followed by 24 h relaxation showed an increment of ∼ 27
and ∼ 21% in H3K9me3 levels, respectively (Fig. S6A (Supporting
Information)); while for meCpG this increment was of ∼ 12%
and ∼ 15%, respectively (Fig. S6B (Supporting Information)) consis-
tent with our observations via in situ probes.

4. Discussion

We focused on Pb concentrations of 100 and 500 ppb in this work,
because of the recent incidences of Pb contamination in city water sup-
plies (Hanna‐Attisha et al., 2016) as well as its potential exposure to Pb
via contaminated food sources (Trampel et al., 2003). Although the
action level of Pb was recently lowered to 15 ppb by EPA, high Pb con-
centrations (>100 ppb) have been found in drinking water in the U.S.
and other regions worldwide (Hanna‐Attisha et al., 2016; Chen et al.,
2012; Bryant, 2004). Furthermore, similar or higher Pb concentration
were reported in blood or urine samples of worker with occupational
exposure to Pb (Dobrakowski et al., 2016; Gil et al., 2011). Typical Pb
levels in the blood and urine of human are lower than 100 ppb
(HEALTH, C. O. E.; Lanphear, B. P.; Lowry, J. A.; Ahdoot, S.; Baum,
C. R.; Bernstein, A. S.; Bole, A.; Brumberg, H. L.; Campbell, C. C.;
Lanphear, B. P.; Pacheco, S. E.; Spanier, A. J.; Trasande, L.,
Prevention of Childhood Lead Toxicity. Pediatrics, 2016). The higher
concentration of Pb being studied here, namely 500 ppb, thus reflect
the highest Pb level that can be found in exposed population poten-
tially due to substantial exposure to occupational hazards. The selected
Pb concentrations do not illicit acute toxicity in human kidney cells
and have minimal effects on cell morphology. These findings are con-
sistent with literature reports in which phenotypical changes are only
observed in animals or cell cultures at a concentration 100 – 1000
times higher than what we used in this work (Martinez et al., 2004;
Akinyemi et al., 2019).
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Exposure to Pb can result in a significant reduction in both meCpG
and H3K9me3 in a dose‐dependent manner. A similar trend was
observed in previous literature. Specifically, zebrafish embryos
exposed to 100 and 500 ppb of Pb for 72 h post‐fertilization exhibited
a global meCpG reduction of ∼ 13 and 29%, respectively (Sanchez
et al., 2017). Similarly, SH‐SY5Y exposed to even lower Pb concentra-
tions, such as 15 and 50 ppb, for 96 h showed DNA hypomethylation
(Lin et al., 2021). DNA hypomethylation has also been observed in vivo
studies. For instance, male mice exposed to Pb via consuming drinking
water at ∼ ppm level developed DNA hypomethylation in the brain
cortex (Dou et al., 2019). While the changes in meCpG can be partially
explained by the increase in TET1 transcription, Pb can also inhibit the
activity of DNMT1 as suggested in literature (Sanchez et al., 2017).
Collectively, they can lead to the observed reduction in meCpG.

Alterations in H3K9me3, however, cannot be fully accounted for by
changes in the transcription of its governing epigenetic enzymes, such
as H3K9me3 writer (KMT1A) and eraser (KDM4A) selected in this
work. There are, however, other epigenetic enzymes that may modu-
late H3K9me3 levels in an independent or synergistic manner that
are not accounted for in the current experimental design and may con-
tribute to the observed trend here. SH‐SY5Y cells exposed to Pb exhibit
similar changes in H3K9me3 as we observed in this work (Lin et al.,
2021). We expect that these changes are a result of cross‐talking
between meCpG and H3K9me3. DNA methylation can facilitate the
recruitment of lysine methyltransferase for H3K9me3 and subse-
quently induce higher levels of H3K9me3 in DNA methylated‐rich
regions (Becker et al., 2016).

The application of heterodimeric pairs enabled tracking of hete-
rochromatin that are commonly enriched in both meCpG and
H3K9me3. The observed reductions in heterochromatin content are
consistent with changes observed in either H3K9me3 or meCpG. Before
treatment, we observed two subpopulations in HEK293 cells, one with
high intensity and the other with low intensity. After Pb treatments,
the subpopulation with a high intensity almost completely diminishes.
Our results thus unequivocally suggest that Pb exposure can perturb
the stability of heterochromatin regions which may lead to an abnor-
mal gene transcriptional profile. Heterochromatin disruption is com-
mon to different cancer types (Fischer et al., 2010) and is associated
with abnormal gene expression and phenotypical behavior (Carone
and Lawrence, 2013). Loss of constitutive heterochromatin has also
been associated with aging (Tsurumi and Li, 2012). Our results thus
suggest that Pb treatment can lead to a reduction in both meCpG and
H3K9me3 levels, cause disruptions in heterochromatin stability, and
induce an abnormal phenotype that closely resembles cells in a pre‐
senescent state characteristic by redistribution of the constitutive hete-
rochromatin (Chandra et al., 2015) and an imbalance between repres-
sive and active histone marks (Chandra and Kirschner, 2016).

The probability distribution of H3K9me3 or meCpG in Pb treated
cells shows a bimodal distribution, suggesting two sub‐populations
with distinctive levels of epigenetic modifications. Pb treatment
caused a reduction of cells of high epigenetic modifications. A similar
trend was observed with the hetero‐dimer pair. Our results aligns with
previous reports, where this bimodal distribution is a common feature
reported in single‐cell analysis of epigenetics, given the heterogeneous
epigenetic content within a cell population (Grosselin et al., 2019;
Castillo‐Fernandez et al., 2020).

Given the dynamic nature of epigenetic marks, we tracked changes
in H3K9me3 and meCpG responding to Pb treatments. As expected,
high doses of Pb are associated with a faster reduction in both
H3K9me3 and meCpG. Recovery was observed after cells were
exchanged into a Pb‐free culture medium, the recovery occurs faster
for cells treated with a lower dose of Pb. Pb‐treated cells end up with
higher levels of meCpG and H3K9me3 after recovering for 24 h, sug-
gesting an overcompensation effect. Overcompensation effect has been
commonly reported in the literature as part of the hormetic dose–re-
sponse to toxins (Calabrese et al., 2009; Vaiserman, 2011). The altered
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epigenetic profiles can be potentially recovered by the intrinsic epigen-
ome repairing systems that utilize epigenetic enzymes (Flatau et al.,
1984). The partial recovery and overcompensation as observed in this
work have also been demonstrated in other studies (Lin et al., 2021;
Xie et al., 2021; Wang et al., 2018). For instance, mouse fibroblasts
(C3H 10 T1/2 C18) exhibit dynamic changes in DNA methylation after
treating with a DNA methyltransferase inhibitor (5‐aza‐
20deoxycytidine) followed by a recovery period of 24 h. The treated
cells ended up with an overall increase of 2.5% in DNA methylation
after treatment (Flatau et al., 1984), suggesting an overcompensation
effect consistent with our observations in this work. Similar observa-
tions were made in SUM159 cells after treating with A‐196 a specific
inhibitor of the histone‐lysine methyltransferase SUV4‐20 (Wang
et al., 2018).

Another interesting aspect of Pb exposure is sex‐dependence. There
is growing evidence in literature suggsing that epigenetic changes
induced by Pb is sex‐sepcific (Schneider et al., 2016; Sánchez‐Martín
et al., 2015; Montrose et al., 2017). The selected human cell line
HEK293T here was originated from a female human fetus (Libertini
et al., 2015). Unsurprisingly, the trend we observed in this work is sim-
ilar to a previous study using SH‐SY5Y cells, a neuroblastoma cell line
with a female origin (Mendell et al., 2018). Future work focusing on
cell lines with male origins can provide further insights into the sex‐
dependent effects of Pb exposure on epigenome.

5. Conclusions

Exposure to Pb can cause deterioration of multiple organs in ani-
mals. Here we assessed the effects of Pb on selected epigenetic marks,
namely meCpG and H3K9me3. Using HEK293T as a human cell line
model, we found that exposure to Pb significantly downregulates
meCpG and H3K9me3, which are characteristic epigenetic marks of
constitutive heterochromatin, while minimal perturbations were
observed in cellular viability, morphology, and proliferative proper-
ties. Constitutive heterochromatin regions enriched in both meCpG
and H3K9me3 exhibit significant reductions in volume suggesting
the onset of potential genome instability. The epigenetic changes
induced in HEK293T by Pb exposure were found to be dynamic. An
overcompensation was observed after the cessation of Pb exposure
suggesting a dynamic regulation mechanism facilitating the restora-
tion of homeostasis with potential lingering long‐term effects.
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