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Abstract

The epigenetic signature of cancer cells varies with disease progression and drug

treatment, necessitating the study of these modifications with single cell resolution

over time. The rapid detection and sorting of cells based on their underlying epige-

netic modifications by flow cytometry can enable single cell measurement and track-

ing to understand tumor heterogeneity and progression warranting the development

of a live-cell compatible epigenome probes. In this work, we developed epigenetic

probes based on bimolecular fluorescence complementation (BiFC) and demon-

strated their capabilities in quantifying and sorting cells based on their epigenetic

modification contents. The sorted cells are viable and exhibit distinctive responses to

chemo-therapy drugs. Notably, subpopulations of MCF7 cells with higher H3K9me3

levels are more likely to develop resistance to Doxorubicin. Subpopulations with

higher 5mC levels, on the other hand, tend to be more responsive. Overall, we report

for the first time, the application of novel split probes in flow cytometry application

and elucidated the potential role of 5mC and H3K9me3 in determining drug

responses.
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1 | INTRODUCTION

Epigenetic modifications overlying the genome control a host of cellu-

lar processes involved in development and differentiation. Common

epigenetic modifications include DNA methylation (i.e., methylation at

5-cytosine [5mC]) and various histone post-translational modifications

(i.e., methylation and acetylation of lysine and arginine residues). Epi-

genetic modifications are affiliated with distinctive gene activity (tran-

scription “on” or “off”). For example, 5mC is commonly found in the

context of CpG dinucleotides [1] and is responsible for genomic

imprinting [2], X chromosome inactivation, and silencing of repetitive

elements [3]. Trimethylation of lysine 9 of histone H3 (H3K9me3) is

an important repressive mark that is commonly found in gene-poor

chromosomal regions and is associated with satellite repeats [4] and

retrotransposons [5]. Aberrant changes in epigenetic modifications

are commonly observed in various types of cancers, such as leukemia,

breast, lung, and colon cancer [6, 7].

Accumulating literature suggests that apart from genetic changes

(reviewed in [8]), epigenetics also contribute significantly to cancer ini-

tiation and progression [9]. Specifically, the differences in epigenetic

modification levels can also partially account for tumor heterogeneity,

which may ultimately result in the differential persistence and

response of tumor cells to drug treatment [10–13]. The exact connec-

tion between epigenetic modifications and drug response/resistance,

however, remains elusive since epigenetic variations are innate to cul-

tured cells and it is thus difficult to dissect their contributions due to

intrinsic heterogeneity. To address this, we need to sort cells based

on their variable epigenetic background, track sorted cell populationAgnes Mendonca and Oscar Sanchez are contributed equally to this work.
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via continuous culturing, and subsequently establish the connection

between epigenetic modification levels and cell functionality.

Fluorescence assisted cell sorting (FACS) can be applied readily to

address the first of these challenges. Antibodies specific to DNA

methylation [14, 15] and histone post-translational modifications

(PTMs) [16] have been applied to fixed cells and enabled the quantifi-

cation of epigenetic modifications in cancer cells. For instance, flow

cytometry protocols for fixation and antibody staining of H3K27me3

and H3K9me3 were developed by Watson et al. [16] and were used

to assay these modification levels in clinical samples from leukemia

patients. These studies confirmed that epigenetic heterogeneity is a

common observation in tumor samples, but are limited to applications

in fixed cells. Specifically, fixation (for all modifications) and denatur-

ation step (specific for 5mC) can alter cellular morphology. When

identifying repressive modifications present in condensed chromatin,

epitope masking (loss of binding sites due to lack of accessibility) can

be a very significant concern [17]. Most importantly, antibody-based

sorting approaches, are limited to fixed cells and thus precludes

dynamic tracking of the sorted cell population. To the best of our

knowledge, there are no live-cell compatible epigenetic sorting tools.

The limitations of using antibodies to track epigenetic modifica-

tions over time, extends to other platforms such as microscopy, as

well. Recently, a few tools have been developed to overcome these

limitations, such as live cell compatible Fab based probes [18, 19],

fluorescent-protein fusions [20–22], (Förster resonance energy trans-

fer) FRET-based [23] and (bimolecular fluorescence complementation)

BiFC-based [24] approaches. Specifically, fluorescent labeled antigen

binding fragments (Fab) have been used to track H3K9me3 and

H3K27ac in live mouse embryo imaging [18]. The method can be

extended to study other histone PTM levels but requires the develop-

ment and characterization of highly specific monoclonal antibody frag-

ments. The binding duration and affinity of the Fab probes can also

affect the readout of the dynamic change in modification levels. Simi-

larly, genetically encoded antibody based “mintbodies” have been

generated to track H4K20me1 [25] in mammalian and yeast cells.

Engineered epigenetic “reader” domains have been emerging as a

promising candidate for probing epigenome changes in situ due to

their high selectivity. For instance, the methyl binding domain (MBD)

from MBD1 has been used to monitor changes in DNA methylation

(5mC) in mouse embryonic stem cells [26, 27]. These probes have also

been used in combinations to trace nucleosomes with distinctive com-

binations of epigenetic modifications [20]. Furthermore, epigenetic

reader domains have been coupled with advanced fluorescent tech-

niques, such as FRET and BiFC for improved signal-to-noise ratio. For

example, FRET based sensors have been developed using the chro-

modomain from the heterochromatin protein 1 (HP1) and Polycomb

(Pc) for detecting H3K9me3 [28] and H3K27me3 [29], respectively.

Bromodomain has also been used to detect histone acetylation such

as H4K5/8/12 ac [30, 31]. FRET interactions occur between donor

and acceptor moieties which are connected by an epigenetic reader

domain and its targeted histone sequence. The FRET-sensor can be

used to quantify the modification level of the “reporter” histone but

does not directly inform the modification level of endogenous

histones. BiFC probes have also been developed recently to monitor

sequence-specific changes in living cells and can be used to modular

cellular response to epigenetic drugs and editing tools [24]. The pro-

bes in this work offer better signal-to-noise ratio compared to other

sensors, but have not been optimized individually for binding affinity

offering potential room for improvement.

Previous work from our group and others have shown that utiliza-

tion of tandem repeats, for example adjacent repeats of the same epi-

genetic “reader” domain, can enhance the target recognition by

improving its selectivity and affinity [21, 22, 27, 32, 33]. Built upon

this, we have refined engineered probes in this work by generating

tandem repeats of native “reader” domains that recognize specific

epigenetic modifications, namely 5mC and H3K9me3 because of their

significant roles in cancer progression and disease development. BiFC

was adopted to enhance the signal-to-noise ratio. We demonstrated

the use of these probes to sort cells based on their 5mC or H3K9me3

levels. Lastly, the contribution of epigenetic heterogeneity to drug

resistance and tumor formation was assessed using a breast cancer

cell line (MCF7). In this work, we demonstrated the proof-of-concept

application using immortalized human cell lines. We anticipate the

technology to be adaptable for primary patient cells after establishing

optimal delivery strategies via either viral packaging, liposome assisted

transfection or electroporation.

2 | MATERIALS AND METHODS

2.1 | Design and validation of epigenetic probes

H3K9me3 is typically recognized with high selectivity by the chro-

modomain of HP1 [34] and CDY family of proteins [35]. The affinity

of chromodomain of human CDY1 (KD � 0.5 ± 0.1 μM) [35, 36] was

found to be higher than those of human HP1α (KD 13 ± 3 μM) [37]

and HP1β (KD 3 ± 1 μM) [37]. 5mC detection via methyl binding

domains (MBDs) of MBD1 was well-documented in literature

[38–40]. We thus chose the chromodomain of human CDY1 and

methyl-binding domain of MBD1 as the H3K9me3 and 5mC “reader”
domains, respectively, for this study. We adopted a tandem repeat

strategy similar as described in literature [21, 22, 27, 32, 33] to

improve the performance of our engineered probes. Epigenetic probes

consisting of both monomeric (one repeat unit of the “reader”
domain, and referred to as “monomeric” probe later on) and dimeric

(two adjacent repeat units of the “reader” domains linked by a flexible

linker, and referred to as “dimeric” probe later on) fused to a fluores-

cent protein (e.g., mEGFP) were constructed and compared. The opti-

mized in situ probes were subcloned into a PRK5 plasmid, while for

in vitro validation assays a bacterial expression vector was con-

structed using a pET21b vector.

Optimal BiFC epigenetic probes, hereafter referred to as split-

probes, compatible with sorting applications were designed as illus-

trated in Figure 1A with a detection mechanism outlined in Figure 1B.

The amino acid sequences of the “reader” domains are shown in

Table S1 (Supporting Information). Negative controls were
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constructed like the full-length or BiFC probes but without the

engineered “reader” domain.

2.2 | Mammalian cell culture, transient
transfection, and drug treatments

Human embryonic kidney (HEK) 293T cells were selected as the

proof-of-concept platform for the engineered probes due to their

ease in maintenance and transfection [41]; while MCF7 luminal breast

tumor cell lines were selected as the application platform for the

engineered probes since they are known to develop drug-resistance

after prolonged treatments [42, 43]. HEK293T and MCF7 cells

(ATCC) were cultured and maintained in DMEM (Dulbecco's modifica-

tion of Eagle's Medium) supplemented with 10% (v/v) fetal bovine

serum (Atlanta Biologicals) and 1% (v/v) of Penicillin–Streptomycin

solution (Gibco, Grand Island, NY) in an atmosphere of 5% CO2 at

37�C. Cells were grown in 100 mm tissue culture treated plates

(Corning, Corning, NY) and passaged every 2–4 days after reaching a

confluency of �80% following standard cell culture protocols [44].

For microscopy-based analysis, cells were seeded onto ibidi 8 well μ

slides (ibidi USA, Fitchburg, WI).

Lipofectamine 3000 (Life Technologies, Carlsbad, CA) was used

as the transfection reagent to transiently transfect cells with plasmids

encoding the probe, following manufacturer's protocols. Transfected

cells were detached from the surface using TrypLE (�24 h post-trans-

fection) and resuspended in PBS, pH 7.4 with 1% BSA prior to FACS

sorting. For culturing cells on Matrigel (Catalog#356230, Lot#

6095004, Corning, Bedford, MA), 12 well plates were coated with

50 μl of Matrigel and cells were seeded on to the solid gel.

Epigenetic drugs were used to perturb cellular epigenetic modifi-

cation levels. Specifically, BIX-01294 (Sigma, St. Loius, MO) a histone

methyltransferase (G9a HMTase) inhibitor was used to lower the

H3K9me3 levels. The drug concentrations chosen for BIX-01294

treatment were 3 and 5 μM, respectively, in order to minimize toxicity

effects on cells [45]. A DNMT1 inhibitor, RG108 was used at a con-

centration ranging from 10 to 100 μM to lower the DNA CpG methyl-

ation level [46, 47]. Epigenetic drugs were directly spiked into cell

culture media. Similarly, doxorubicin exposure was performed at vary-

ing concentrations from 0 to 22 μM to assess the cytotoxic effects of

this drug on MCF7 cells. All cells were exposed to drugs for a mini-

mum of 48 h prior to analysis.

2.3 | Fluorescence assisted cell sorting (FACS)

All flow cytometry data were collected using a BD FACS Aria (Becton

Dickson, San Jose, CA) with a 488 nm laser line and a 530/30 nm

FITC filter. Un-transfected HEK293T cells were used to determine

the proper gating used in the analysis (see Figure S1 (Supporting Infor-

mation)). All cytometry data was analyzed using FCS Express software

(De Novo software, Glendale, CA).

Cell sorting was performed using a BD FACS Aria III Cell sorter

(Becton Dickson, San Jose, CA). The sorter is equipped with tempera-

ture control and a biosafety cabinet to ensure sterility of the cell sam-

ples pre- and post- sorting. Similar gating strategy as described above

was used. Raw data were deposited on Flow Repository and are

accessible via the ID: FR-FCM-Z4MF.

2.4 | Immuno-staining

Transfected cells can be fixed and then immune-stained with commer-

cial antibodies using an established protocol with some modifications

F IGURE 1 (A) A schematic illustration
of probe design. Each probe pair contains
two probes with an engineered reader
domain flanked by a nuclear localization
signal (NLS) and a split fluorescence
protein (mEGFP N- or C- terminus),
respectively. A flexible G4S liner was
used to connect each functional domain.
(B) Illustration of the detection

mechanism utilized by our BiFC probe
pair. In a genomic locus enriched in the
modification of interest, that is, DNA
methylation (right) or H3K9me3 (left), the
two probes within a probe pair are
expected to bind in a close vicinity,
dimerize and fluoresce based on
bimolecular fluorescence
complementation (BiFC) [Color figure can
be viewed at wileyonlinelibrary.com]

MENDONCA ET AL. 341

http://wileyonlinelibrary.com


[48]. Specifically, cells transfected with either the H3K9me3 or the

5mC probes were fixed and permeabilized using cold methanol for

10 min [49]. Cells were then blocked with 1% BSA in PBS for 1 h

followed by incubation with primary antibody for 1 h at room temper-

ature. For 5mC antibody staining, additional denaturating and neutral-

ization steps were introduced by incubating fixed cells with 4 N HCl

for 30 min followed by a neutralization step with 100 mM Tris–HCl

(pH 8.5) and three times PBS washes. This step is essential, since com-

mercial 5-mC antibodies only bind to single-stranded DNA [50]. After

incubation with primary antibodies, cells were then washed with PBS

three times and incubated for 1 h at RT with the secondary antibody.

Cells were then washed with PBS three times and stored at 4�C

before imaging. Commercial antibodies anti-H3K9me3 (ab8898,

Abcam, MA) + Goat-anti-rabbit, Alexa Fluor 568 (ab175471, Abcam,

MA), and anti-5Mc (#61480, Active motif, CA) + Donkey-anti-mouse

Alexa Fluor 647 (a31571, Invitrogen, CA) were used in the validation

for H3K9me3 and 5mC, respectively.

2.5 | Microscopy imaging

Cell imaging was performed on a Nikon Eclipse Ti-C1 microscope

equipped with a 60� oil immersion objective lens, 488 and 647 nm

laser lines, and automated stage. Z-stack images of cells were col-

lected and compiled using Nikon EZ-C1 software.

2.6 | Quantifying cellular epigenetic levels using
ELISA

ELISA assay kits were used to assess the global epigenetic changes in

cell population. Genomic DNA was extracted using a Genomic DNA

Extraction kit (Invitrogen). Histones were extracted following an acid

extraction procedure. The Global DNA methylation kit (cat #55017,

Active Motif, Carlsbad, CA), H3K9me3 ELISA (cat #53109, Active

Motif, Carlsbad, CA) and total histone H3 (cat #53110, Active Motif,

CA) ELISA kits were used to assay the DNA methylation, H3K9me3

and histone H3 levels, respectively.

2.7 | Bio-layer interferometry

To assess the specificity of the dimeric H3K9me3 probe, we used bio-

layer interferometry (BLI, OctetRed 384, ForteBio, Menlo Park, CA).

The non-fluorescence labeled probe was expressed in bacteria and

purified as described in our previous works [21, 22]. Biotinylated

histone peptides (with sequence detailed in Table S2) were loaded

on streptavidin-activated capture biosensors (ForteBio, Menlo

Park, CA). A binding buffer (25 mM Tris–HCl, 25 mM, pH 7.2;

NaH2PO4, 25 mM, pH 7.2; NaCl, 25 mM; EDTA, 1 mM; DTT, 1 mM;

BSA, 0.1% W/V; and Tween 20, 0.05%V/V) was used to perform all

binding assays.

2.8 | Cell viability assay

Doxorubicin toxicity over sorted MCF7 cells via H3K9me3 or 5mC

background was evaluated by monitoring different parameters such

as cell proliferation, cell viability and apoptosis. Cell viability was

assessed using a commercial MTT kit (cat#ab211091, Abcam, US)

according to the manufacturer's recommendations.

2.9 | Data analysis and statistics

ImageJ (NIH, MD) plugin JACoP was used to determine the co-

localization of probe-transfected and immuno-stained images. Fluo-

rescence intensity per nuclei (FIPN) were determined via a customized

pipeline written using Cellprofiler (Broad Institute, MA). For all image

analysis, more than 100 cells were analyzed from at least three inde-

pendent replicates. All ELISA experiments were carried out using at

least three biologically independent replicates. FCS Express software

(De Novo software, Glendale, CA) was used to generate the intensity

histograms from FACS. Data collected for this study is available in

MIFlowCyt (Supporting Information).

All statistical analysis and error propagation calculations were per-

formed using GraphPad Prism. Pair-wise comparison was performed

using ANOVA followed by post-hoc Tukey's test, *p = 0.05 is consid-

ered statistically significant unless otherwise stated. OriginPro and

GraphPad Prism were used for creating figures and graphs. Principal

component analysis (PCA) and k-means clustering analysis were per-

formed using RStudio (version 1.0.143). The base R function prcomp

was used to scale and center the variables and run the PCA while k-

means was used to perform k-means clustering analysis.

3 | RESULTS AND DISCUSSION

3.1 | Optimization and validation of epigenetic
recognition motifs in situ

We started by screening different designs of recognition motifs for

maximal similarity to antibody staining using a recognition motif fused

to a fluorescent protein (mEGFP) (see Figure S2A (Supporting Infor-

mation)). The “reader” domains were selected based on chro-

modomain of the human CDY family of proteins [35] and the methyl

binding domain (MBD) of the human MBD1 [21, 51, 52] for probing

H3K9me3 and 5mC, respectively. We first compared the performance

of our monomeric and dimeric epigenetic probes following our

established protocol [21, 22, 53]. The dimeric H3K9me3 and 5mC

probes exhibit increased numbers of puncta after transfected into

HEK293T cells suggesting increased sensitivity as shown in

Figure S2B–C (Supporting Information).

Although the chromodomain of CDY1 has been shown to bind

specifically to H3K9me3 [35], it has not been used previously as an in

situ probe for H3K9me3 warranting further characterization. Cells

342 MENDONCA ET AL.



transfected with monomeric or dimeric H3K9me3 probes were shown

in Figure 2A and Figure S3 (Supporting Information). The transfected

cells exhibit the expected binding patterns with a rim of H3K9me3

enriched at the nuclear periphery and large islands of H3K9me3

corresponding to peri-nucleolar heterochromatin [54]. These cells

were then stained with H3K9me3 antibodies followed by co-

localization analysis using Mander's correlation analysis as shown in

Figure 2B and Figure S3 (Supporting Information). Both monomeric

and dimeric H3K9me3 probes have a good resemblance in the pattern

and distribution of the observed foci compared with immuno-stained

cells. Pixel-by-pixel co-localization analysis revealed that the Mander's

Colocalization Coefficients (MCCs), M1 and M2, for the dimeric

H3K9me3 probes (M1 = 0.96 ± 0.05 and M2 = 0.94 ± 0.08) are sig-

nificantly higher than the ones obtained for the monomeric H3K9me3

probes (M1 = 0.92 ± 0.10 and M2 = 0.91 ± 0.08) with p < 0.01 (see

Figure S3B (Supporting Information)). Dimeric H3K9me3 probes were

thus selected for in vitro characterization via BLI. To do that, the

dimeric probe was subcloned into a pET vector and expressed recom-

binantly following our reported protocol to determine the binding

affinity and selectivity [21, 22]. The affinity measurements were per-

formed using Bio-Layer Interferometry against wild-type H3,

H3K9me2, and H3K9me3 peptides (sequences detailed in Table S2

(Supporting Information)). The recombinant dimeric chromodomains

(see Figure S4A for expression (Supporting Information)) used in con-

structing our H3K9me3 probes were found to be highly specific for

H3K9me3 compared to wild-type H3 or H3K9me2 peptides

(Figure S4B (Supporting Information)). The binding affinity of the

selected H3K9me3 recognition domains to H3K9me3 peptides were

F IGURE 2 (A) Top panel: 2D confocal image slices of live HEK293T cells transfected with the H3K9me3 probe. Bottom panel: Representative
2D confocal image slices of the binding pattern of the H3K9me3 probe with commercial anti-H3K9me3 antibody shows perfect co-localization.
(B) The Mander's correlation coefficients (MCC), M1 and M2 for the H3K9me3 probe and counterstained commercial H3K9me3 antibody are
close to 1 indicating a high degree of positive correlation. M1 = 0.92 ± 0.1 and M2 = 0.94 ± 0.1. The data is obtained from n = 100 cells. (C) Top
panel: 2D confocal image slices of live HEK293T cells expressing the 5mC probes and showing the characteristic pattern of DNA methylation.
Bottom panel: Anti-5mC antibodies and the 5mC probes have similar binding patterns (note that these 2D confocal image slices are not from the

same cell). (D) PCA of the binding pattern of the 5mC probe and commercial 5mC antibodies suggests that they are not statistically different from
one another. (E) BIX01294 was used to lower the H3K9me3 levels and the change was captured by the H3K9me3 probes. Top: Typical 2D
projection of z-stacks of BIX01294 treated cells. ELISA for H3K9me3 was conducted to verify the decrease in H3K9me3 levels. (F) Decrease in
DNA methylation level induced by RG108 was captured by the 5mC probe as quantified by the decrease in FIPN. Top: Typical 2D projection of
z-stacks of RG108 treated cells. An ELISA based approach was used to validate the activity of RG108 in HEK293T cells. Data represents n = 100
cells for microscopy based analysis and n = 4 for ELISA; error bars represent standard deviations. * Indicates a statistically significant difference
between samples at a p < 0.05 and was calculated by a one-way ANOVA analysis followed by Tukey's post-hoc test. Scale bar = 10 μm [Color
figure can be viewed at wileyonlinelibrary.com]
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found to be �0.16 ± 0.02 μM. Compared to other chromodomains

such as chromodomains from Drosophila HP1a (KD = 0.24 ± 0.02 μM

for a dimeric construct [22]), the selected chromodomain is slightly

advantageous by having a higher affinity.

Previous work including our own has demonstrated the feasibility

of using MBD of the human MBD1 protein to probe CpG methylation

in vitro and in situ [26, 27, 51]. The utilization of tandem repeats of

MBD was also demonstrated to improve the binding affinity to 5mC

in literature [27]. We adopted a similar design in this work with the

sequence of “reader” domain detailed in Table S1 (Supporting Infor-

mation). To confirm that a dimeric domain has higher affinity than the

monomeric one, we expressed the monomeric and dimeric MBD pro-

teins recombinantly and carried out DNA-binding assays as shown in

Figure S5 (Supporting Information). At equivalent DNA: protein ratios,

dimeric MBD domains form more DNA-protein complex as slow-

moving bands on native PAGE suggesting higher affinity to methyl-

ated DNA. Typical images of cells transfected with the 5mC probes in

either a monomeric or dimeric form are shown in Figure S2B (right,

Supporting Information). The recognition motif containing dimeric

repeats of “reader” domains exhibit similar patterns to immuno-

stained cells with small bright foci of varying sizes inside nuclei (see

also Figure 2C) consistent with literature observations [27, 55]. We

thus chose the dimeric MBD domain as our engineered reader domain

for 5mC probes and carried out further validation.

We attempted co-staining followed by co-localization strategy to

validate our 5mC probes as before. This strategy, however, did not

work well for 5mC probes potentially due to the cellular distortions

during the DNA denaturation step essential for applying 5mC anti-

bodies that only bind to single-stranded DNA. To compare the pattern

between transfected and immuno-stained cells, we collected a large

number of cell images (n > 100), extracted and quantified pattern fea-

tures using an approach outlined in our previous work [56] and per-

formed a PCA between these two cell populations as shown in

Figure 2D. k-means clustering analysis was carried out to determine

the number of distinctive clusters based on their imaging features and

suggest that cells transfected with our optimized 5mC probes and

immunostained belong to the same cluster. We thus concluded that

cells transfected with our dimeric 5mC probe and immuno-stained are

essentially indistinguishable in between, suggesting a similar pattern

matching.

Collectively, we have determined that recognition motifs com-

posed of dimeric reader domains exhibit high affinity for their specific

epigenetic target, can be transfected into cells, and exhibit almost

identical patterns to cells stained with commercial antibodies, validat-

ing their suitability for probing epigenetic features. We further deter-

mined the accuracy of the selected recognition motifs in quantifying

changes in H3K9me3 and 5mC induced by small-molecule inhibitors

of epigenetic enzymes, namely BIX01294 and RG108 for inhibiting

histone methyltransferase G9a and DNMT1, respectively. The treat-

ment concentrations of [BIX01294] = 3 and 5 μM and [RG108] = 50

and 100 μM were chosen to induce significant changes in the modifi-

cation levels while keeping cell viability and phenotypic features intact

based on existing literature [47, 57]. All cells were treated for a

minimum of 48 h before imaging or harvested for ELISA. Typical

images of cells under different treatment conditions can be found in

Figure 2E–F (top) with more images shown in Figure S6 (Supporting

Information). After BIX treatment, H3K9me3 probes exhibit smaller

puncta features inside cells. RG108 treatment seems to significantly

reduce the number of puncta inside nucleus. The fluorescence inten-

sity per nuclei (FIPN) is typically used to quantify signals generated

from probes [58] and thus determined for cells under different treat-

ments. Percentage changes in FIPN responding to inhibitor concentra-

tions were compared to percentage changes in epigenetic

modifications determined via ELISA as shown in Figure 2E–F (bottom).

FIPN decreases with increasing BIX01294 or RG108 concentrations.

A strong positive correlation was observed between FIPN and ELISA

reading suggesting that our dimeric probes can quantify changes in

epigenetic modifications via FIPN. The observed changes in

H3K9me3 FIPN under varying BIX01294 concentrations are also con-

sistent with changes in H3K9me3 measured via Western blot as

shown in our previous work via a different H3K9me3 probe design

[22]. We thus concluded that our optimized epigenetic recognition

motif can quantify changes in the selected modification with a compa-

rable accuracy to commercial ELISA kit.

3.2 | Analysis and sorting of cells based on their
epigenetic modification level via BiFC pair of
epigenetic probes

Built-upon the optimized epigenetic recognition motif, we con-

structed a BiFC pair of epigenetic probes (see Figure 1A) and demon-

strated their applications in flow cytometry. The applications of

similarly designed BiFC pairs in fluorescent microscopy have been

demonstrated previously in literature [24]. We hence focused on the

FACS application here. Compared to fluorescent fusion probes, BiFC

strategy relies on fluorescence complementation between two frag-

ments as shown in Figure 1B. Since individual N- or C- terminal frag-

ments are non-fluorescent, signal is only obtained when the two

halves are in close proximity and thus offering significantly improved

signal-to-noise ratio as extensively demonstrated in literature [24,

59, 60]. Probes employing the BiFC strategy are henceforth referred

to as H3K9me3 or 5mC split-probes. Typical images of cells trans-

fected with H3K9me3 and 5mC split-probes can be found in

Figure S7 (Supporting Information) showing a similar pattern as

observed in immuno-stained cells.

We then sorted cells transfected with H3K9me3 or 5mC split-

probe and treated with varying epigenetic inhibitors. BIX01294 and

RG108 are found effective in reducing H3K9me3 and 5mC levels,

respectively, and thus used to induce distinctive epigenetic modifica-

tion levels in cells. These cells were then analyzed using FACS to gen-

erate intensity histograms as shown in Figure 3A and B. Median

fluorescent intensity (MFI) was also determined from the histogram

and used to quantify average changes in fluorescence intensity

corresponding to epigenetic changes. Relative changes in MFI are

compared to changes in epigenetic modification level as determined
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via ELISA in Figure 3C and D for cell transfected with H3K9me3 and

5mC split-probes, respectively. To account for the effect of epigenetic

drugs in the expression of fluorescent proteins, a control experiment

was performed using a plasmid containing NLS fused to EGFP.

Changes in intensity histogram and MFI are reported in Figure S8

(Supporting Information). The selected epigenetic inhibitors can

slightly perturb the expression of fluorescent proteins. The relative

changes in expression levels were thus used as a correcting factor for

MFI and reported as corrected MFI in Figure 3C and D.

Upon BIX01294 treatment, the normalized intensity histogram

shows decreased number of cells in Medium and High intensity bin

(Figure 3A), suggesting the loss of highly fluorescent species

corresponding to cells with high H3K9me3 levels consistent with our

findings in Figure 2E. The values of measured and corrected MFI both

decrease with increasing drug concentrations with relative changes in

the values of corrected MFI closely resembling relative changes in

H3K9me3 levels determined via ELISA, suggesting MFI as a viable

measurement to quantify epigenetic changes in live cells.

Treating cells with RG108 gives rise to distinctive intensity histo-

grams as shown in Figure 3B. Noteworthily, the shape of the histo-

gram is quite different from that observed for cells transfected with

H3K9me3 split-probes. Higher RG108 concentrations result in the

diminishing of high fluorescent intensity peaks in the histograms.

Changes in MFI correlates well with changes in 5mC levels as deter-

mined via ELISA (Figure 3D). Combined with results above, our

engineered split-probes can be applied in FACS to capture quantita-

tive changes in epigenetic modification levels.

To account for the observed histogram of probes and potentially

relate that to epigenome heterogeneity within cells, we sorted cells

(transfected but untreated) into distinctive sub-populations based on

fluorescence intensity. Three sub-populations, namely, Low, Medium,

and High were defined based on fluorescence intensities (vertical lines

on the intensity histograms in Figure 3A and B identify the gates for

binning the cells). Sorted cells were analyzed right away to reveal their

epigenetic modification level via ELISA as shown in Figure 3E and F;

and can also be reseeded into a culture dish for continuous monitoring

F IGURE 3 Representative flow
cytometry histograms of HEK293T
cells transfected with (A) H3K9me3
and (B) 5mC probe pairs treated with
varying concentrations of epigenetic
inhibitors. The measured and
corrected MFI determined from such
histograms are summarized in (C) and
(D) for H3K9me3 and 5mC,

respectively. Relative changes in the
corresponding epigenetic
modification were also determined
using ELISA. Relative changes were
compared against the untreated
group (*) or within drug treatment
groups (#) with the same
measurement (MFI or ELISA).
HEK293T cells were then sorted into
subpopulations with different
intensity as indicated by vertical lines
in (A) and (B). The relative epigenetic
levels (normalized to high bin) in each
subpopulation is determined using
ELISA for cells sorted using
(E) H3K9me3 and (F) 5mC BiFC
probes. Data is representative of
n = 3 biologically independent
repeats for the ELISA and FACS
samples, error bars indicate standard
deviation. * Represents p < 0.05 and
** represents p < 0.01 from a one-
way ANOVA followed by Tukey's
post hoc test. Images are 2D confocal
slices of cells [Color figure can be
viewed at wileyonlinelibrary.com]
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as shown in Figure 3E and F (top). These cells are viable after sorting

and can continuously divide. Reseeded cells exhibit the expected fluo-

rescent intensity variations and maintain these characteristics for

�48 h post-sorting. Significant epigenetic changes were observed

among sorted subpopulations (Figure 3E,F). Specifically, the High spe-

cies sorted based on H3K9me3 split-probe exhibited �25% increase

in H3K9me3 levels compared to the Low species, and about a 19%

higher compared to the Medium species. Similar observations were

made in cell populations sorted via the intensity of 5mC split-probes

(Figure 3F). Although the observed fluorescence intensity changes

may have contributions from difference in transfection efficiency of

split-probes (the effects of transfection efficiency were partially

teased out using corrected MFI), the changes in 5mC and H3K9me3

levels are expected to play a significant role as demonstrated in our

ELISA results.

Collectively, we have identified that split-based epigenetic probes

can offer quantitative accuracy in gauging the epigenetic distribution

among cell populations and enable cell sorting based on epigenetic

modification level. Compared to microscopy-based analysis, FACS can

easily analyze thousands of cells in hours and thus more truthfully

reveal the distribution of split-probe intensity among cell population.

Furthermore, the ability to sort cells into different intensity bins with

distinctive epigenetic modification levels enable us to evaluate how

epigenome affect drug resistance and tumor evolution in breast can-

cer cell lines.

3.3 | Distinct epigenetic contributions to tumor
heterogeneity in breast cancer cells

Epigenetic modifications are heavily linked with tumor heterogeneity

in almost all types of cancers and eventually contribute to differences

in drug resistance [61, 62] and tumor evolution [63, 64]. Limited tools

exist for profiling the epigenome or for sorting cells based on their

epigenetic background to further our understanding of tumor hetero-

geneity [9]. We thus applied the probes developed in this work

toward sorting and analyzing cancer cells for their potential drug resis-

tance and ability to form tumors.

A widely known example of drug resistance is the application of

anthracycline drugs, (e.g., doxorubicin) in breast cancer treatments

[65, 66]. Drug resistance to doxorubicin can develop in many patients

of breast cancer, leading to persistence of tumors or cancer relapse.

Several mechanisms are implicated in the development of resistance,

including epigenetic factors such as DNA methylation and histone

modifications. For instance, the doxorubicin resistant version of the

breast cancer cell line MCF7, is characterized by global DNA hyp-

omethylation [42, 67] and the hypomethylation and hypermethylation

at specific gene promoters [43].

We can successfully sort MCF7 cells into different subpopula-

tions with varying epigenetic modification level as demonstrated in

the previous section. These subpopulations are expected to consist of

a uniform genetic background but are heterogeneous in epigenome.

The sorted cell subpopulations were then seeded onto Matrigel to

assess their respective abilities in forming tumor spheroids. Tumor

spheroids were imaged 2 weeks after culture and their size were

measured as shown in Figure 4A,B (see also Figure S9 (Supporting

Information)). Cell subpopulations containing higher levels of

H3K9me3 gave rise to smaller tumor spheroids, indicating slower pro-

liferation activities as shown in Figure 4A. Similar trend was observed

in MCF7 cells sorted by 5mC levels as shown in Figure 4B. The proba-

bility distribution of tumor spheroid size among the three subpopula-

tions, namely Low, Medium, and High, based on the epigenetic

background, resembles each other within each split-probe. It is

noticed that the subpopulation with high H3K9me3 level has a higher

probability density than the Low or Medium subpopulation particu-

larly below 1250. A similar trend is observed for 5mC for spheroids

less than 1000. Collectively, these findings suggest that cells with

higher H3K9me3 or 5mC levels seem to preferentially form smaller

spheroids with narrower size distributions as compared to spheroids

formed using cells with Low or Medium H3K9me3 or 5mC levels.

One potential complication in interpreting our results arises from the

concern that the presence of probes may perturb or compete with

other biological factors in accessing epigenetic markers. Since all pro-

bes were introduced to MCF7 via a transient transfection which are

expected to last <2 days after the completion of sorting, we do not

expect the presence of such probes to significantly impede the nor-

mal biological processes that require access to H3K9me3 or 5mC

marks during the spheroid growth which takes �2 weeks. The

observed changes in spheroid size are thus likely to originate from dif-

ference in epigenetic modification levels in MCF7. The smaller spher-

oid and slow proliferation features observed in MCF7 with higher

level of H3K9me3 and 5mC are consistent with their roles as repres-

sive markers for potentially suppressing proliferation related genes

[68, 69]. Higher DNA methylation level in promoter and CpG island is

a hallmark of cancer [70]. These methylation regions were reported

to be enriched in cell cycle regulating genes, such as p16INK4a [71]

which can potentially result in slow cell growth and subsequently

smaller spheroid size. Prior literature has shown that inhibition of

DNA methylation in MCF7 cells can result in higher proliferation rate

which is consistent with our findings [72]. There is, however, only

scarce information regarding the role of H3K9me3 on the regulation

of breast cancer progression hindering a direct comparison from

this work.

We then tested these subpopulations for their response to doxo-

rubicin. As a benchmark experiment, we determined the IC50 of

doxorubicin for unsorted MCF7 to be �0.9 μM as shown in

Figure S10 (Supporting Information). Sorted cell subpopulations were

then treated to 0.5 and 1 μM of doxorubicin for 48 h to determine

their respective responses under these two selected concentrations.

The viability of sorted cells is measured via an MTT assay with results

summarized in Figure 4C,D. No appreciable differences in cell viability

were noticed at a doxorubicin concentration of 0.5 μM. At the higher

exposure dose, however, the cell viability differs significantly for sub-

populations sorted based on H3K9me3 or 5mC. Specifically, MCF7

cells with higher H3K9me3 levels exhibits reduced cytotoxicity

suggesting reduced sensitivity toward doxorubicin. MCF7 cells with
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higher 5mC level, on the other hand, seems to be more responsive to

doxorubicin treatment. Global DNA hypomethylation was observed in

MCF7 cells resistant to doxorubicin based on previous literature [43,

67] which is consistent with our observations predicting high drug

responsiveness in cells with a high 5mC level. The effects of histone

methylation on cancer drug resistance are less well understood. A

prior study of MCF7 treated with doxorubicin found no significant

changes in H3K9me3 [42]. Other studies have treated different can-

cer cell lines, such as breast (SkBr3) and lung (A549) cells, with doxo-

rubicin and found increase in H3K9me3 levels compared to their

parental line [73] aligning with our observations. Furthermore, several

chemo-drugs were shown to induce reductions in H3K9me3 leading

F IGURE 4 Sorted MCF7 cells based
on different levels of (A) H3K9me3 and
(B) 5mC form tumor spheroids of different
sizes on Matrigel coated surface. Top:
Representative images of tumor spheroids.
Scale bar = 25 μm. Bottom: Histogram of
tumor spheroid size grown from sorted
MCF7 cells based on the epigenetic level
indicated by split-probe intensity. Inset:
Bar plots compared tumor spheroid
seeded using sorted cell subpopulations
with distinctive epigenetic level (*p < 0.05
compared to low via t-test). The
percentage of cytotoxicity of cells
responding to doxorubicin treatment with
varying (C) H3K9me3 and (D) 5mC levels.
The % cytotoxicity was determined via an
MTT assay. Data = mean ± S.E., n = 3
biologically independent repeats.
* Indicates statistically significant
differences from a one-way ANOVA
following by a post-hoc Tukey
test (p = 0.05)

F IGURE 5 (A) Representative images of MCF7 cells transfected with H3K9me3 and 5mC split-probes and treated with 1 μM of doxorubicin.
Images are 2D projections of confocal Z-stacks. (B) Relative changes in 5mC (open) and H3K9me3 (shaded) after treating with1 μM Dox for
different durations. Relative changes in epigenetic modifications are reported as relative intensity changes in split-probes normalized to split-
probe intensity without Dox treatment at the same timepoint. Data = mean ± S.E. *p < 0.05 (one-way ANOVA followed by a post-hoc Tukey
test). n = 6, biological replicates [Color figure can be viewed at wileyonlinelibrary.com]
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to apoptosis [74, 75] providing a plausible foundation for high cyto-

toxicity in cell populations with low H3K9me3 level.

To verify the antagonistic effects observed for H3K9me3 and

5mC, we transfected MCF7 cells with our split-probes and tracked

changes in epigenome by continuous treatment with doxorubicin.

Typical images of cells under treatments are shown in Figure 5A. After

treatment, surviving cells exhibit significantly lower 5mC levels. Inter-

estingly, cellular H3K9me3 levels decrease initially but start to come

back with time suggesting its involvement in a potential adaptation

mechanism. To account for expression level changes from day-to-day,

we also tracked transfected MCF7 cells in absence of doxorubicin as

shown in Figure S11 (Supporting Information). Relative changes in

H3K9me3 and 5mC with time, corrected by day-to-day variations, are

summarized in Figure 5B consistent with our visual observations.

Collectively, our results suggest that an epigenetic mechanism is

involved in the acquisition of drug resistance. Cells with higher

H3K9me3 levels are likely to survive the treatment of doxorubicin

while cells with higher 5mC is more likely to respond and result in cell

death. Live cell treatment experiment also validates our finding that

surviving cells exhibit lower degree of global DNA methylation levels.

Numerous studies have highlighted similar findings [43, 67, 76] in

doxorubicin resistant versions of MCF7, showing global DNA hyp-

omethylation in these cells. The underlying connection between his-

tone methylation and Doxorubicin resistance in breast cancer cells is

still poorly understood. There is some evidence from acute leukemia

cells suggesting that certain histone modifications (including

H3K9me3) are enriched in doxorubicin resistant versions of the leuke-

mia cells [77]. Similar observations were also made in induced

multidrug-tolerant melanoma cells [78]. One antibody based analysis

of histone modification levels of a doxorubicin resistant version of

MCF7 potentially indicates the H3K9me3 levels between the two ver-

sions are not significantly altered [43]. Our data, however, unequivo-

cally suggests that elevated levels of H3K9me3 might be linked to

development of doxorubicin resistance in MCF7 cells.

4 | CONCLUSIONS

In this work, we developed a platform technology to analyze and sort

single cells based on their epigenetic modification levels, specifically

H3K9me3 and 5mC. Cells can be analyzed using FACS to reveal their

intrinsic heterogeneity in epigenetic modifications. The sorting capa-

bility developed by our novel sensors allows us to unequivocally dis-

sect epigenetic contributions to tumor spheroid growth and the

development of drug resistance. Using breast cancer cell line MCF7 as

a model system, our results suggest that MCF7 cells with higher

H3K9me3 levels are more likely to be develop resistance to Doxorubi-

cin, while an opposite trend was observed for 5mC.
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