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ABSTRACT

Interactions between epigenetic readers and histone
modifications play a pivotal role in gene expression
regulation and aberrations can enact etiopathogenic
roles in both developmental and acquired disor-
ders like cancer. Typically, epigenetic interactions
are studied by mass spectrometry or chromatin im-
munoprecipitation sequencing. However, in these
methods, spatial information is completely lost. Here,
we devise an expansion microscopy based method,
termed Expansion Microscopy for Epigenetics or Ex-
Epi, to preserve spatial information and improve res-
olution. We calculated relative co-localization ratios
for two epigenetic readers, lens epithelium derived
growth factor (LEDGF) and bromodomain contain-
ing protein 4 (BRD4), with marks for heterochro-
matin (H3K9me3 and H3K27me3) and euchromatin
(H3K36me2, H3K36me3 and H3K9/14ac). ExEpi con-
firmed their preferred epigenetic interactions, show-
ing co-localization for LEDGF with H3K36me3/me2
and for BRD4 with H3K9/14ac. Moreover addition
of JQ1, a known BET-inhibitor, abolished BRD4 in-
teraction with H3K9/14ac with an IC5o of 137 nM,
indicating ExEpi could serve as a platform for epi-
genetic drug discovery. Since ExEpi retains spatial
information, the nuclear localization of marks and
readers was determined, which is one of the main
advantages of ExEpi. The heterochromatin mark,
H3K9me3, is located in the nuclear rim whereas
LEDGF co-localization with H3K36me3 and BRD4 co-

localization with H3K9/14ac occur further inside the
nucleus.
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INTRODUCTION

Epigenetics is defined as the study of heritable changes in
phenotype that are not related to alterations in the DNA
sequence per se. As such, epigenetics refers to different
levels of modifications involving methylation of the DNA
sequence in CpG dinucleotide contexts, post-translational
modifications (methylation, acetylation, etc.) of histones,
as well as non-coding (nc)RNA-mediated chromatin alter-
ations, all leading to a dynamic yet tight regulation of gene
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expression (1). Histone modifications, DNA methylation
and chromatin remodelling define the epigenome, which
serves as a conceptual framework to understand transcrip-
tional regulation in normal development and human dis-
ease (2). Histone proteins can be modified on their core
or both N-terminal and C-terminal tails by acetylation,
methylation, phosphorylation, etc. of amino acids (3). The
formation of such post-translational modifications (PTMs)
on histones is a dynamic process and is carried out by a
set of enzymes referred to as epigenetic writers, readers and
erasers that can add, read or remove specific marks (4).

Epigenetic writer enzymes like histone acetyltransferases
or histone methyltransferases will add acetyl and methyl
groups, respectively, on lysine residues of histones whereas
eraser enzymes such as histone deacetylases and demethy-
lases remove these modifications (5). Histone acetylation of
lysine residues will neutralize the positive charge of the hi-
stone core and as a result make the DNA more accessible
for transcription factors facilitating gene transcription (6).
Histone methylation on the other hand, is associated with
both gene activation and repression depending on the loca-
tion and number of methyl groups present. For example, tri-
methylation of the 27th lysine residue in histone 3 or in short
H3K27 can lead to transcriptional suppression (7), whereas
H3K36 methylation stimulates gene expression and plays a
role in DNA repair and mRNA splicing (8).

Histone modifications function as chromatin recognition
marks for specific proteins called epigenetic readers. These
proteins can form complexes with a diverse selection of
transcription factors and regulate a range of different pro-
cesses inside cells like DNA replication, gene transcription
and chromatin remodeling (9). These processes are pivotal
in development, whereby a totipotent fertilized egg divides
and differentiates in pluri- to uni-potent cell types cooper-
ating in a multi-cellular organism. As a result, mutations
in chromatin remodeling proteins have been linked to neu-
rodevelopmental disorders like the Autism Spectrum Disor-
der (ASD) (4). Also, alterations in the binding sites of epi-
genetic reader proteins were shown to drive tumor develop-
ment in e.g. leukemia (10). Therefore, knowledge about their
function and interaction with specific epigenetic modifica-
tions does not only help to achieve a better understanding
of oncogenesis but also makes it possible to uncover targets
for specific cancer treatment (5).

Usually, epigenetic modifications and their interacting
proteins are investigated by chromatin immunoprecipita-
tion (ChIP) (11). After fixation of all protein DNA com-
plexes and fragmentation of the DNA, an immunoprecip-
itation (IP) step will capture specific proteins bound to
the DNA by making use of antibodies. The IP is followed
by a DNA analysis through sequencing (ChIP-seq) or mi-
croarrays (ChIP-chip) (12). Additionally, the development
of single-cell ChIP-seq (scChIP-seq) allows to uncover spe-
cific histone PTMs and epigenetic reader locations in the
genome of individual cells and avoid averaging of the chro-
matin landscape (13). In a similar fashion, single-cell Cleav-
age Under Target and Tagmentation (scCUT&Tag) was
also recently developed to study histone modifications and
binding of transcription factors in the mouse brain (14).
Next to these ChIP-based assays, mass spectrometry (MS)
is also regularly used to discover PTMs found on histones
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and their association with proteins (15). Recently, the com-
bination of MS with engineered chromatin readers (¢CRs)
enabled a detailed investigation of several protein interac-
tions such as BRD4 with histone PTMs like H3K4me3,
H3K9me3 and H3K27me3 (16).

In spite of these advances, it is still challenging to un-
ravel the relation between these epigenetic readers and mod-
ifications while preserving their spatial organization. Flu-
orescence microscopy could be the answer to this prob-
lem as it allows the study of the chromatin architecture in
situ through fluorescent staining of DNA, histone proteins
and/or histone modifications (17). However, the diffraction
limit (~200-300 nm) of a conventional microscopy system
does not allow for a detailed read-out of the events that oc-
cur at nanoscale. Although super-resolution (SR) fluores-
cence microscopy techniques could help to overcome this
limit, they remain costly and require specific technical ex-
pertise. This can be avoided by making use of expansion
microscopy (ExM). By implementing expandable hydrogels,
ExM expands the sample of interest up to 4 times its orig-
inal size in an isotropic fashion and as such, a lateral reso-
lution between ~70-80 nm is achieved by confocal fluores-
cence microscopes (18-20).

Here, we aimed at using expansion microscopy to map
interactions between histone modifications and specific epi-
genetic readers in more detail. Even though expansion mi-
croscopy does not accomplish single-molecule resolution,
the improvement still enables studies at the single-cell level
without loss of the aforementioned spatial arrangement. As
a test case, we investigated the epigenetic reader lens epithe-
lium derived growth factor (LEDGF) which is a potential
drug target as it plays a role in HIV infection, mixed lin-
eage leukemia and other cancers (21). LEDGF consists of
two isoforms, p75 and p52, obtained by alternative splic-
ing from a single gene (22) and interaction of both isoforms
with methylated H3K36 occurs via the Pro-Trp-Trp-Pro
(PWWP) domain (21). In this research, a co-localization
analysis is used to demonstrate the known interaction of
LEDGF with H3K36me3/2, but also other modifications
such as H3K27me3 and H3K9/14 di-acetylation were in-
vestigated.

Apart from LEDGF, we also studied bromodomain con-
taining protein 4 (BRD4) which is a member of the bro-
modomain and extraterminal (BET) protein family and
a histone acetylation reader that binds acetylated lysine
residues via two bromodomains, BD1 and BD2 (23). BRD4
is involved in the regulation of transcription activation
by interaction with transcription factors after binding to
acetylated promoter or super enhancer regions, which are
strongly enriched for binding of transcriptional coactiva-
tors (23). Inhibition of BRD4 has been shown to suppress
both prostate and breast cancer cells and is therefore an
interesting target to suppress cancer development (24). A
commonly used BET inhibitor is the molecule JQ1, which
mimics the shape of the acetyl-lysine binding pocket in
BRD4 (25). This results in competitive binding, inhibiting
BRD4 from interaction with the chromatin and as such
reduces tumor growth. In line with previous works (26),
BRD4 co-localization with H3K9/14 di-acetylation was
corroborated and the concentration dependent inhibition
of a BET-inhibitor (JQ1) of the interaction of BRD4 with
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H3K9/K 14 di-acetylation was demonstrated. For both epi-
genetic readers, co-localization between the proteins and
epigenetic modifications was analyzed based on pixel over-
lap in expanded samples. This method, referred to as Ex-
pansion Microscopy for Epigenetics or ExEpi, will enable
the study of epigenetic readers while retaining spatial infor-
mation and possibly serve as a platform for epigenetic drug
discovery.

MATERIALS AND METHODS

Details on used reagents and compounds and their suppli-
ers can be found in the supplementary information (Supple-
mentary Table 11).

Cell culture

HeLaP4 cells were obtained through the AIDS Research
and Reference Reagent Program, Division of AIDS, NI-
AID, NIH from Dr. Richard Axel (27) and tested negative
for mycoplasma contamination. Cells were cultured in high
glucose (4.5 g/1), glutamine free, phenol red-free Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10%
(v/v) fetal bovine serum, 50 pg/ml gentamicin, 500 pg/ml
geneticin and 1% glutamax in 5% CO, at 37°C. Once cells
were 70% confluent, they were washed with 1x Dulbecco’s
phosphate buffered saline (DPBS) followed by detachment
with 10x TrypLETM Enzyme and seeded inside T25 flasks
at a concentration of 400 x 10° cells per flask. The same
protocol was applied for HeLaP4 LEDGF/p75 depleted
(LEDGF KD) and back complemented (LEDGF BC) cells
with the addition of 100 wg/ml zeocin for the LEDGF KD
cells and both 5 pg/ml blasticidin and 100 pg/ml zeocin for
the LEDGF BC cells to the growth medium.

Western blotting

For the cell lysates, two million cells were washed in
PBS, pelleted (5°, 1000 rpm) and lysed using RIPA buffer
(ThermoFisher Scientific). The protein concentration was
determined using the PierceTM BCA protein assay kit
(ThermoFisher Scientific) and 20 pg were loaded onto
an 18-well 4-15% Criterion™ TGX™ Precast Midi Pro-
tein Gel (Biorad) in 1x Novex Tris-glycine SDS Running
Buffer (ThermoFisher Scientific). For the nucleosomes, 0.25
g of biotinylated H3K36me2 (tebu bio) or biotinylated
H3K36me3 (tebu bio) were ran in 1x NuPage MES SDS
Running Buffer (ThermoFisher Scientific) to better sepa-
rate the lower molecular weight proteins. The PageRuler™
Prestained Protein Ladder (ThermoFisher Scientific) was
used as size standard. After the separated proteins were
transferred to a nitrocellulose membrane by the TransBlot
Turbo Transfer System (Biorad), the membrane was in-
cubated for 10 min in ponceau S (Sigma), washed in dis-
tilled water and imaged using an ImageQuant 800 (GE
Healthcare). The membrane was blocked in 5% (w/v) milk
for 1 h and incubated overnight with one of the following
primary antibody dilutions: 1/2000 LEDGF /p75 (A300-
848A, Bethyl); 1/2000 LEDGF (611715, BD Bioscience);
1/1000 or 1/2000 H3K36me2 (ab176921, Abcam); 1/1000
or 1/2000 H3K36me3 (ab9050, Abcam). After three washes
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of 5 min in PBS-T (PBS + 0.1% Tritron X), the membrane
was incubated with goat HRP-conjugated secondary anti-
bodies against rabbit or mouse (diluted 1/10 000) for one
hour at room temperature. After washing, the membrane
was analyzed using a Clarity ECL (biorad) and the Image-
Quant 800.

Immunostaining and anchoring

Cells were seeded into 29 mm glass-bottom dishes at a
concentration of 300 x 103 cells per dish and cultured
at 37°C in 5% CO, humidified atmosphere in the correct
growth medium overnight. Next, cells were incubated with
4% paraformaldehyde (PFA) at room temperature for 10
min followed by three washing steps (each lasting 5 min)
with 1x DPBS. After fixation, cells were permeabilized
with 0.2% Triton X-100 and 2% bovine serum albumin
(BSA) diluted in 1x DPBS for 30 min at room temper-
ature and again washed 3x with 1x DPBS for 5 min. A
blocking step before primary antibody incubation was car-
ried out by addition of blocking buffer (10% fetal bovine,
0.2% Tween-20 and 0.2% Triton X-100 in 1x DPBS) for
15 min. Afterwards, the cells were emerged with primary
antibodies (concentrations of different primary antibodies
are given in Supplementary Table 11) in blocking buffer
and incubated overnight at 4°C in dark. Primary antibod-
ies were removed with three washes with 1x DPBS for 5
min followed by a 3-h incubation with secondary antibodies
(Goat Anti-Mouse IgG, Alexa488; Goat Anti-Rabbit 1gG,
Atto647N) at room temperature diluted at 1:500 in block-
ing buffer with 5% goat serum. Finally, cells were washed
twice for 5 min with blocking buffer, supplemented with
1:1000 DAPI (4',6-diamidino-2-phenylindole) and eventu-
ally washed three times with 1x DPBS for 5 min. After
the staining, cells were incubated with 0.1 mg/ml Acryloyl-
X, SE (6-((acryloyl)amino)hexanoic acid, succinimidyl es-
ter) overnight at room temperature and finally washed twice
with 1x DPBS for 15 min before storage at 4°C.

Gelation, digestion and expansion

Gelation stock solution (Ix PBS, 2 M NaCl, 8.625%
(w/w) sodium acrylate, 2.5% (w/w) acrylamide and 0.15%
(w/w) N,N’-methylenebisacrylamide) was made and stored
in aliquots at —20°C. Before use, an aliquot was thawed on
ice and 200 .1 per dish were used to briefly pre-incubate cells
with the solution. Next, the gelation stock solution was en-
riched on ice with 0.2% tetramethylenediamine and 0.2%
ammonium persulfate and, after removing all previous so-
lution from the cells, 200 w1 of the enriched one were added.
The samples were transferred to a container and purged
with nitrogen gas followed by gelation at 37°C for 1.5 h. Af-
ter gelation, the gel was cut in an asymmetrical shape with
a razor blade and incubated overnight at room temperature
in 1 ml of digestion buffer (50 mM Tris, 1 mM EDTA (pH
8), 0.5% Triton X-100, 0.8 M guanidine HCI) with the ad-
dition of proteinase K diluted to 8 U/ml. The day after, the
samples were transferred to a glass-bottom 6-well plate and
expanded in 3 ml of deionized water, refreshing water 4-5
times every hour until the gels no longer expanded.
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Fluorescence imaging

Imaging was performed with a HCPLAPO CS2 63x wa-
ter immersion objective (NA 1.2) on an inverted Leica true
confocal scanner SP8 X system (Wetzlar, Germany). Nu-
clear stainings with DAPI were imaged using a 405 nm
pulsed diode laser. Alexa 488 and Atto 647N were excited at
499 and 647 nm, respectively, by making use of a supercon-
tinuum white light laser (SuperK EXTREME/FIANIUM,
NKT photonics, Birkerad, Denmark), and filtered by a
notch filter (Leica Microsystems). The correct emission sig-
nal was detected by a Leica Hybrid Detector and sepa-
rated by prism dispersion. A 0.5-12.0 ns gating was ap-
plied to minimize reflection when imaging the Atto647N
fluorophore. For all samples, both gain and pinhole size
(1 airy unit (AU)) were kept constant and all images were
obtained taking the Nyquist criterion into account. The
laser power for pre-expansion detection was between 3 and
18 wW (DAPI = 4.5 pnW; Alexa 488 = 3.3 wW and Atto
647N = 18 wW) while post-expansion an increase in power
was needed due to the know fluorophore dilution in expan-
sion (DAPI = 37 pW; Alexa 488 = 19 pW and Atto 647N
= 80 wW). Z-stacks of around 9 - 11 slices were collected
with a distance of 200 nm between each Z-slice.

Image processing and data-analysis

Images were acquired by Leica Application Suite X and pre-
processing (such as a 180° rotation of the LEDGF channel
for the negative control) was performed by ImageJ] (FLJI).
Gel drift was corrected by making use of Huygens Profes-
sional Object Stabilizer (Scientific Volume Imaging). Inten-
sities of LEDGF staining for wild-type, LEDGF/p75 de-
pleted and back complemented HeLaP4 cells were quanti-
fied with a F1JI script (Supplementary Table 12) whereas co-
localization, distance calculations and PCC analysis were
performed by means of a MATLAB code developed in-
house (the source code can be found at https://github.com/
BorisLouis/Colocalization). For non-expanded cells the fol-
lowing user input was used: locROI = 10; chi2 = 15;
FWHM = 2 whereas for expanded cells the user input was:
locROI = 20; chi2 = 70; FWHM = 10. The co-localization
analysis was performed on Z-stacks of expanded cells con-
sisting of 9-11 Z-slices with a Z-step size of 0.2 pm. Co-
localization ratios based on the mean p-value output were
calculated by dividing the number of co-localizing particles
by the number of non-co-localizing particles and multiply-
ing this by 100. Finally, all ratios were plotted in a box-
plot using the PlotsOfData tool available at https://huygens.
science.uva.nl/PlotsOfData/ and statistically significant dif-
ferences were determined via one-way ANOVA.

RESULTS

Concept and validation of expansion microscopy for Epige-
netics (ExEpi)

To investigate the association of chromatin readers with epi-
genetic marks and study co-localization while retaining the
3D organization of the epigenome, we used fluorescence mi-
croscopy. Due to the resolution limit, conventional confo-
cal systems are not able to unravel these interactions at the
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nanoscale. Therefore, we investigated whether the improved
resolution obtained via 4 x expansion microscopy could al-
low us to obtain insight into highly abundant chromatin
readers and quantify them at a single-cell level (Figure 1).
We refer to this method as Expansion Microscopy for Epi-
genetics or ExEpi

To evaluate if expansion microscopy can yield the re-
quired resolution, we used HeLaP4 cell lines described by
Gijsbers et al. (28) with LEDGF/p75 expression ranging
from lower (knockdown) to higher levels (back complemen-
tation) when compared to wild type cells (LEDGF WT).
First, the expression levels were quantified by regular im-
munofluorescence microscopy and an intensity-based anal-
ysis, using an antibody that detects both LEDGF/p75 and
LEDGF/p52 (Supplementary Fig. 1). In the LEDGF /p75
knockdown cell-line (LEDGEF/p75 KD) a ~70% decrease
in the fluorescence signal was measured when compared
to WT cells whereas a ~50% increase in the mean inten-
sity was measured when LEDGF /p75 back complemented
(LEDGF BC) cells were used. The variation in observed in-
tensity in LEDGF BC cells reflects their polyclonal nature
(Supplementary Table 1). These results were in line with a
western blot analysis, showing a strong decrease (~99.6%)
in signal in LEDGF /p75 KD cells. In LEDGF BC cells, a
~40% increase was observed when both LEDGF/p75 and
LEDGF /p52 signals were taken into account (Supplemen-
tary Fig. 2). Next, we used an in-house written MATLAB
routine to count the number of detected LEDGF (p75 and
p52) spots in a single cell. When the same cell is measured
pre- and post-expansion (Figure 2A, B), a clear difference
in the number of spots is evidenced (pre-ExM = 51 spots;
post-ExM = 1620 spots) due to the enhanced resolution af-
ter expansion (Figure 2C, D), enabling a more exact quan-
tification of LEDGF/p75 and p52 (Figure 2E, F). This gain
in resolution was also needed to discriminate the number of
spots. Before expansion, it appeared like both LEDGF /p75
KD and LEDGF BC had a lower number of detected spots
when compared to LEDGF WT (Figure 2G). However, in
expanded cells, a significant drop in the number of counted
spots was observed in LEDGF /p75 KD cells with a P-value
<0.001 between different groups (Supplementary Tables 2
and 3, Supplementary Figure 3). These results indicate that
an improved resolution enables a more precise representa-
tion of the amount of LEDGF present in each nucleus. Nev-
ertheless, discriminating for single proteins with certainty is
still not possible after expansion due to their small size (~5—
10 nm) (29) implying that the number of calculated spots is
a relative value.

Quantification of co-localization using ExEpi

After demonstrating that expansion microscopy can quan-
tify the overall number of protein spots in a single cell better
than regular confocal imaging, we quantified the interac-
tion of an epigenetic reader with a specific histone modifi-
cation through co-localization based image analysis in ex-
panded samples. For this, we acquired microscopy images
in three different wavelength channels. A DAPI staining for
the nucleus, a first immunostaining to detect the epigenetic
reader and a second immunostaining for the specific epige-
netic mark were utilized to assess co-localization (Supple-
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Figure 1. ExEpi: schematic illustration of the concept and typical images obtained pre- and post-expansion. (A) Immunolabeling of the chromatin reader
LEDGTF and the epigenetic modification (H3K36me3) in permeabilized and fixed cells using fluorescently labelled antibodies (A1) is followed by a gelation
(A2) and expansion step (A3z) to improve resolution showing an actual overlap and thus interaction between LEDGF (blue) and H3K36me3 (yellow)
molecules in the top, whereas the two bottom molecules no longer show co-localization in comparison to the sample before expansion. (B) Composite
immunofluorescence image of the LEDGF protein in cyan and the H3K36me3 modification in yellow before gelation and expansion in the nucleus of a
HeLaP4 cell. The right upper corner depicts a zoom of the boxed area. (C) Same cell as in (B) but after the gelation and expansion process with improved
resolution. The presented images (B-C) are single optical sections. Scale bars: 10 pm (B, C). Details on used antibodies and dilutions can be found in SI

Table 11.

mentary Figure 4A). Briefly, the 3D location of epigenetic
reader proteins is determined (Figure 3), using algorithms
for single-molecule detection. However, localization of the
H3K36me3 marker for example is less evident due to its
heterogeneous distribution throughout the nucleus which
results in strong intensity fluctuations, as already seen in
previous STORM images (31). Therefore, co-localization of
the epigenetic marker with the protein of interest is evalu-
ated by comparing the fluorescence intensity of the marker
at the protein location with the distribution of fluorescence
intensity at random locations inside the nucleus (Figure 3B,
C). When the intensity of the marker at a specific protein
location is contrasted with this distribution, an empirical
P-value can be calculated (Figure 3B) for this exact pro-
tein location. A protein is defined as co-localizing when a
low p-value is found (P-value < 0.05) (Supplementary Fig.
4B, C) meaning both the protein and marker will co-exist
in the same Xx, y and z position. To demonstrate more visu-
ally what type of overlap is characterized as co-localization,
additional images are included in the Supplementary Infor-
mation (Supplementary Figure SA, B). Here, four different
reader spots for both LEDGF and BRD4 proteins are high-
lighted with either (i) clear overlap with the corresponding
histone modification, (ii) no overlap whatsoever or read-
ers just on the edge of (iii) co-localization or (iv) no co-
localization. Furthermore, the distance from each protein
spot towards the edge of the nucleus was also calculated and
used for spatial studies. As a first test to validate this type
of quantification, we made use of dual color labelled HIV-1
viral particles in regular confocal microscopy. These express
both Vpr-mCherry (RFP) and Vpr-eGFP and function as
a positive control. When mCherry expression was localized
and the corresponding intensity of eGFP expression at this

position determined, a P-value <0.05 was estimated for 265
out of 287 particles, corresponding to a co-localization of
92% (Supplementary Figure 6). We assign the missing 8%
co-localization to variations in expression of the fluorescent
proteins.

Co-localization of LEDGF with various epigenetic marks an-
alyzed by ExEpi

After validating calculations in ExEpi, we investigated the
distribution of LEDGF (p75 and p52) in relation to the
H3K36me3 modification by using the previously mentioned
LEDGEF/p75 KD, LEDGF WT and LEDGF BC cells (Fig-
ure 4A, Supplementary Table 4). When the number of co-
localizing spots was counted in LEDGF/p75 KD cells (77
=+ 34 spots), a significant decrease (P-value < 0.001) was ob-
served when compared to cells with WT LEDGF expression
(124 + 48 spots) whereas in LEDGF BC cells an increase in
co-localizing spots was detected (157 £ 90 spots; P-value
< 0.05) due to the over-expression of the protein. Next to
testing cells with different expression levels of LEDGF /p75,
co-localization of LEDGF/p75 and p52 was also studied
for a range of different epigenetic modifications. Four dif-
ferent modifications were examined: H3K27me3, a marker
for heterochromatin, and three markers for euchromatin:
H3K9/14ac, H3K36me3 and H3K36me?2 (Figure 4B, Sup-
plementary Table 5). To normalize between different mark-
ers and get an idea about the ratio between bound and
unbound LEDGF proteins, co-localization ratios (R) were
calculated by dividing the number of co-localizing spots
with the number of non-co-localizing spots (total number of
spots minus co-localizing spots). An average co-localization
ratio of 6.13 & 1.12 was observed for H3K27me3, which is
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Figure 2. Imaging of the same HeLaP4 cell before (A, C, E) and after (B, D, E) expansion. Quantification of LEDGF in HeLaP4 cells with WT levels of
LEDGTF (p75 and p52) (LEDGF WT), with reduced p75 levels (LEDGF/p75 KD) and in LEDGF KD back complemented cells (LEDGF BC). (A, B)
DAPI staining for segmentation of the nucleus and identification of cells pre- and post-expansion. Due to improved resolution after expansion, the DAPI
staining appears less homogenous, corresponding with the distribution of the chromatin (30). (C, D) Immunostaining of LEDGF/p75 and p52 proteins
before and after expansion; secondary antibody: GAM Alexa488 (4 pg/ml). (E, F) MATLAB routine output with red circles indicating what is counted
as a spot. (G, H) Box plots showing quantification of counted spots both pre-ExM and post-ExM in HeLaP4 cells with varying LEDGF/p75 expression,
where each grey dot represents one cell. The polyclonal nature of LEDGF BC cells results in a strong variation in expression levels post-ExM (H). The
used primary antibody (2 pg/ml) targets both LEDGF/p75 and LEDGF /p52 proteins. Statistical analysis was performed by a One-way ANOVA: ns)
non-significant; * P-value < 0.05; *** P-value <0.001; number of cells (1) = 40, with two different samples analyzed per condition. The presented images
(A-F) are single optical sections. Scale bars: 10 wm (A—F). Details on used antibodies and dilutions can be found in SI Table 11.

a modification known to repress gene expression since it is
associated with densely packed chromatin hampering the
binding of transcription factors (31). In contrast, modifi-
cations such as acetylation (H3K9/14ac) of histones relax
the chromatin conformation and make it more accessible for
protein binding. As such, an increase in the co-localization
ratio (9.72 £ 1.1 6 R) with LEDGF/p75 and p52 was
observed when compared to silent DNA (H3K27me3).
Within this analysis, the highest co-localization was ob-
served for epigenetic marks known to specifically inter-
act with LEDGF like H3K36me3 (12.92 4+ 2.35 R) and
H3K36me?2 (13.87 £ 2.48 R). These methylated marks are
preferred binding sites of LEDGF (32) in comparison with
the di-acetylation marker (H3K9/14ac). To gain additional
insights in the epigenetic landscape, we also tried to measure

the ratio of epigenetic marks occupied by LEDGF/p75 and
p52. To quantify this, we reversed the analysis and recal-
culated co-localization ratios (Supplementary Figures 7-10
and Supplementary Tables 6-8).

LEDGEF antibody specificity and background investigation of
ExEpi

A western blot was performed on HEK293T WT and
HEK?239T LEDGF/p75 knock out cells to check the per-
formance of the primary antibody for LEDGF detection
(Supplementary Figures 11 and 12) which underlines the
importance of working with specific antibodies when inter-
preting ExEpi results. In addition to the specificity of the
LEDGTF antibodies, the robustness of ExEpi itself was also
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Figure 3. Schematic illustration of the concept of co-localization analysis. (A) Nuclear segmentation is indicated by the dotted white line. Inside the nucleus
of a HeLaP4 cell, both the LEDGF protein (cyan) and H3K36me3 marker (yellow) are shown via immunostaining, with indication of the location of a
specific LEDGF spot circled in cyan. (B) A zoom of this specific LEDGF location is shown and the corresponding H3K36me3 intensity at this exact
location is plotted onto the overall intensity profile of H3K36me3 to calculate a P-value. If such a P-value is found to be lower than 0.05, co-localization
is considered to occur. (C) Random locations (yellow circles) in the marker channel of the same cell as shown in (A) are used to generate a distribution of
intensity values as shown in (B). The presented images (A, C) are single optical sections. Scale bars: 10 wm (A, C). Details on used antibodies and dilutions

can be found in SI Table 11.

examined. To get an idea about the ratio of false positives
ExEpi detects, which is the overlapping signal between pro-
tein and marker when there is no actual interaction, we ro-
tated the images of one channel over different angles to force
a mismatch in overlap between protein and marker and as
such generate a certain number of random co-localization
events to function as a negative control (33). For this par-
ticular analysis, zooms of the cell were analyzed where both
the marker and reader were detected (Supplementary Fig-
ure 13A). The co-localization analysis was run on images of
LEDGF WT cells with H3K 36me3 staining. Here we found
5.16 £ 2.52 R co-localization (Supplementary Fig. 13B) for
a 180° rotation of the LEDGF channel compared to 11.84
4 3.91 R co-localization when there was no rotation (0°),
showing indeed a certain level of random co-localization
that is not attributed to biological interaction. We refer to
this number as background.

Co-localization of BRD4 with various epigenetic marks

We also used ExEpi to study the BRD4 distribution with
respect to two heterochromatin markers, H3K9me3 and
H3K27me3, and two euchromatin markers, H3K /14ac and
H3K36me3 (Figure 5A). Since acquired ratios are not ab-
solute numbers, these values can only be compared within
the BRD4 experiment itself and not with earlier calcu-
lated LEDGTF ratios. Nevertheless, a similar trend can still
be observed, showing lowest co-localization with markers
for silent chromatin: 9.27 + 3.09 R with H3K9me3 and
11.67 £ 3.38 R for H3K27me3 (Supplementary Table 9).
Co-localization with an euchromatin marker like acety-
lated H3K9 and H3K14 showed the highest ratio (14.75
+ 2.96 R), in agreement with the known characteristics of
BRD4 as an acetylation reader (26). On the other hand,
tri-methylated H3K 36, which is another marker for euchro-
matin, also revealed co-localization (13.42 +2.32 R). In ad-
dition, we investigated whether BRD4 condensates could be
distinguished with our ExEpi approach since many stud-

ies on BRD4 phase separation and focus formation have
emerged over time (34). Since our research is not partic-
ularly aimed at detection of BRD4 condensates, prelimi-
nary findings can be found in the supplementary informa-
tion (Supplementary Figures 14-16).

Use of ExEpi in epigenetic drug discovery

Finally, we examined the effect of the known BET inhibitor
JQI on the co-localization of BRD4 with the di-acetylation
marker (H3K9/14ac) (Figure 5B). JQI is known to inter-
act with the acetyl-lysine binding pocket of BRD4 by mim-
icking the shape of acetylated lysine residues(25), hinder-
ing the protein from binding to the chromatin. Since JQ1
is dissolved in DMSO, we first verified whether addition of
DMSO interferes with co-localization. No significant differ-
ences (p-value > 0.05) were observed for the co-localization
with H3K9/14ac in the absence of DMSO (14.75 £ 2.96 R)
compared to 0.3% DMSO (15.88 £+ 2.89 R). A competitive
inhibition was observed when gradually increasing the JQ1
concentration from 0 to 500 nM, reducing co-localization
with H3K9/14ac by a third (0 nM = 15.88 £+ 2.89 R; 500
nM = 10.62 + 2.41 R) (Supplementary Table 10). From
125 nM onwards, there is a significant reduction (P-value
< 0.001) in co-localization with the di-acetylation marker
and an ICsy of 137 nM was calculated based on these data
(Supplementary Figure 17).

Spatial organization of co-localization of LEDGF and BRD4
with their respective histone marks

ExEpi allows to investigate not only the co-localization
of epigenetic readers and histone marks, but also the dis-
tribution of these co-localizing readers within the nuclear
space. Since ExEpi relies on fluorescence imaging, spa-
tial information inside the nucleus is retained in contrast
to ChIP for instance. We calculated the distance from
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Figure 4. Co-localization of LEDGF/p75 and p52 with different epi-
genetic modifications. (A) Number of co-localizing LEDGF spots with
H3K36me3 was measured in HeLaP4 cells (LEDGF WT — LEDGF/p75
KD - LEDF BC). (B) Co-localization ratio of LEDGF with H3K27me3 —
H3K9/14ac-H3K36me3 - H3K36me2 marks. Statistical analysis was per-
formed by a one-way ANOVA: (ns) non-significant; *** P-value < 0.001;
number of cells (n) = 50 with each grey dot representing one cell and two
different samples analyzed per condition. Co-localization analysis was per-
formed on Z-stacks of expanded cells consisting of 911 Z-slices with a
Z-step size of 0.2 pm.

the nuclear rim, determined by DAPI staining, of co-
localizing BRD4 and LEDGF spots and divided that dis-
tance by an average expansion factor of ~3.5 to obtain ac-
tual distances within the nucleus. We focused for each pro-
tein on the histone mark with the highest co-localization
ratio. As such, distances were determined for LEDGEF,
H3K36me3 and LEDGF co-localizing with H3K36me3
(Figure 6A) or BRD4, H3K9/14ac and BRD4 co-localizing
with H3K9/14ac (Figure 6B). In panel A LEDGF proteins
show a broad distribution with a maximal density in the nu-
clear periphery at ~0.9 pm distance from the nuclear rim
while H3K36me3 displays a similar distribution with a max-
imum at ~1.0 wm distance. LEDGF co-localizes preferen-
tially with H3K36me3 at ~ 1.15 wm. In panel B, BRD4
proteins are found with a wide distribution but a maxi-
mum at ~1.1 wm distance while H3K9/14ac is closer to the
nuclear rim at ~0.8 pm distance. BRD4 co-localizes with
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Figure 5. Co-localization of BRD4 with different epigenetic modifica-
tions and inhibition by JQI. (A) Co-localization of BRD4 with H3K9me3,
H3K27me3, H3K36me3 or H3K9/14ac marks. Co-localization was mea-
sured in HeLaP4 cells. (B) Co-localization of BRD4 with H3K9/14ac in
the presence of an increasing JQ1 concentration: 0, 25, 50, 125, 250 and
500 nM. Statistical analysis was performed by a one-way ANOVA: (ns)
non-significant; ** P-value < 0.01; *** P-value < 0.001; number of cells (1)
= 50 with each grey dot representing one cell and two different samples an-
alyzed per condition. Co-localization analysis was performed on Z-stacks
of expanded cells consisting of 9—11 Z-slices with a Z-step size of 0.2 pm.

H3K9/14ac deeper into the nucleus at ~1.25 pm. As a con-
trol, the distance of the heterochromatin mark, H3K9me3,
was also analyzed and this marker is located in the nuclear
rim between ~0.0 and 0.2 pm (Supplementary Figure 18).

DISCUSSION

Here, we present a novel co-localization method to study
interactions of chromatin readers with specific epigenetic
modifications. To retain spatial information in single cells,
co-localization studies are done by combining immunos-
taining with expansion microscopy and referred to as Ex-
Epi. We observed improved detection of chromatin read-
ers by comparing counted LEDGF spots (p75 and p52) be-
fore and after expansion, showing an increase in counted
molecules post-expansion due to de-crowding (35). Because
of this subsequent gain in resolution, we could also high-
light differences in LEDGF /p75 expression levels in cells
depleted for LEDGF/p75 (28) (Figure 2). This difference
was not observed in pre-expansion images, demonstrating
the need for expansion. Although the expansion process
makes a more accurate detection of the protein of inter-
est possible, the defined spots visible after expansion do not
necessarily represent single proteins since the size of the pro-
teins covered with a primary and secondary antibody is ~25
nm (29) and thus, resolution is still limiting after expansion.
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Figure 6. Spatial organization of epigenetic readers and histone marks in HeLaP4 cells. (A) Density plots for the distance (pm) of LEDGF, H3K36me3
and co-localizing spots to the nuclear rim. The median distance is presented as a thin black line inside the density plot: LEDGF = 1.75 pm; H3K36me3 =
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~1.0 pm; LEDGF — H3K36me3 in green ~1.15 wm. (B) Density plots for the distance (.m) of BRD4, H3K9/14ac and co-localizing spots to the nuclear
rim. The median distance is presented as a thin black line inside the density plot: BRD4 = 1.80 um; H3K9/14ac = 1.48 pum; BRD4 - H3K9/14ac = 1.39
pm. The region with the highest density is colored for each plot: BRD4 in yellow ~ 1.1 wm; H3K9/14ac in blue ~ 0.8 wm; BRD4 — H3K9/14ac in green ~
1.25 pm. The red dotted line inside the density plot represents a distance of 1.0 wm. The average radius of a HeLaP4 nucleus is 6.00 £ 0.69 pm. Number
of analyzed spots (17) = 2000 with each grey dot representing one spot (protein, marker or co-localizing protein). The spatial analysis was performed on
Z-stacks of expanded cells consisting of 9—11 Z-slices with a Z-step size of 0.2 pm.

Therefore, counting protein spots does provide relative and
not absolute numbers.

We used ExEpi to investigate the co-localization of
LEDGF (Figure 4) and BRD4 (Figure 5) proteins with a
range of epigenetic markers representing either hetero- or
euchromatin. LEDGF (p75 and 52) interaction increased
when moving from heterochromatin (H3K27me3) towards
open chromatin and a clear preference was observed for
di- and tri-methylated H3K36 over histone acetylation
(H3K9/14ac) which is in line with previous studies (32, 36).
The extent of co-localization with the preferred epigenetic
mark H3K36me3 was dependent on the expression level of
LEDGF/p75 indicative of a binding equilibrium that is not
saturated neither by biology, nor by ExEpi.

To determine background interactions, a LEDGF /p75-
specific knock out cell line was analyzed (SI Figures 11
and 12). Because the used primary antibody targets both
LEDGF/p75 and p52, LEDGF/p52 is still detected in the
knockout cells, confounding the determination of back-
ground co-localization. Therefore, we opted for a more
methodological approach as a negative control. By per-
forming a 180° rotation of all images in one channel,
the detected spots were no longer at their original lo-
cation, hampering correct co-localization. Nevertheless,
a co-localization of 5.6 £ 1.1 R between LEDGF and
H3K36me3 was measured after image rotation, revealing
detection of a certain number of random co-localization
events or false positives.

It should be noted that a conventional co-localization
method such as the Pearson’s correlation coefficient (PCC)
was not applied here. Although this coefficient is useful
when working with non-equal level of signals, it depends
on a linear relation between these signals over the en-
tire data set or image and is therefore challenging to in-
terpret when only looking at the overlap between specific
molecules (33). When a PCC analysis (Supplementary Fig-
ure 19) was performed, a low correlation with an average
PCC of 0.13 + 0.04 was calculated for the known interac-

tion between LEDGF and H3K36me3 and a 180° rotation
of the LEDGF channel in the H3K36me3 showed no cor-
relation (average PCC = 0.02 £ 0.03). When the interac-
tion of LEDGF with another epigenetic mark was inves-
tigated (H3K9/14ac; 0.12 £ 0.03) no significant difference
was found when compared to H3K36me3 (P-value > 0.05).
We attribute these overall low PCC values to the intensity
fluctuations in the marker channel, resulting in not well-
defined molecules, making it challenging to define back-
ground and perform a correct correlation. Hence small dif-
ferences between readers and markers cannot be detected
with the known co-localization methods and alternative cal-
culations as proposed in this paper are required to achieve
high sensitivity.

Next, the co-localization of BRD4 with several histone
modifications was analyzed. Similar to LEDGF results, co-
localization ratios were obtained for two heterochromatin
markers (H3K9me3 and H3K27me3) with the lowest ra-
tio of 9.27 + 3.09 for H3K9me3, which is consistent with
previous mass spectrometry research (16). Within this as-
say, distinct co-localization was observed for H3K9/14ac
(14.75 £ 2.96 R) confirming that BRD4 is a reader with
a strong affinity for acetylated histones (37). Addition of
JQI1, a BET inhibitor that mimics the shape of acetyl-
lysine residues and blocks the bromodomain by binding in
the acetyl-lysine pocket of BRD4 (25), resulted in a clear
concentration-dependent decrease in co-localization with
H3K9/14ac. The analyzed JQ1 concentrations were in line
with earlier research where an ICsy of 33 nM for the first
bromodomain of BRD4 and 77 nM for the second domain
were measured by Alpha-screen titrations (25). Although
a complete inhibition in co-localization was not accom-
plished, we calculated an ICsy of 137 nM. This result was
similar to previous research when JQ1 was used to examine
the function of BET proteins in the viral replication cycle of
the Murine Leukemia Virus (MLV) (38). Based on a MLV-
luciferase assay, an ICsy of 122 nM was determined, proving
specific bromodomain inhibitors like JQ1 block viral repli-
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cation. As such, EXEpi may also find use in epigenetic drug
discovery.

The advantage of ExEpi is the possibility to obtain spatial
information. We acquired information about LEDGF and
BRD4 spots co-localizing with their preferred euchromatin
marker, H3K36me3 and H3K9/14ac, respectively (Figure
6). For each reader, the distance from the co-localizing spot
to the nuclear rim was obtained. Of note the preferential
position of both epigenetic readers when co-localizing with
their histone marker was shifted more towards the center
of the nucleus than the preferred location for protein and
mark, separately. Interestingly, the detected location of the
histon marks corresponds with previous research (Supple-
mentary Fig. 18). The heterochromatin mark, H3K9me3,
localizes nearby the nuclear rim (~0.00-0.20 pwm) which
is in line with literature, although it can also be found
closer the center of the nucleus, in the context of highly
repetitive heterochromatin (39). The di-acetylation marker
(H3K9/14ac) was located more towards the center of the
nucleus (~0.8 pwm) when compared to H3K9me3. Never-
theless, H3K9/14ac is still located closer to the nuclear
rim than the euchromatin marker H3K36me3 (~1.0 wm)
and therefore present in an area between H3K9me3 and
H3K36me3, similar to the location of H3K27me3, as pre-
viously demonstrated in both Drosophila and mammalian
cells (40, 41). When looking into the location of the epige-
netic readers, we find LEDGF in the nuclear periphery at
a distance around ~ 0.9 wm from the nuclear rim whereas
BRD4 can be found at a slightly deeper location at ~1.1
pm. Both are transcriptional co-activators (21, 23) and
transcriptionally active chromatin is conventionally found
deeper inside the nucleus (41), which also may explain the
shift in location when it is bound to acetylated chromatin
(~1.2 pm). Remarkably, when LEDGF co-localizes with
H3K36me3, it can be found at a preferential distance be-
tween ~ 1.10 — 1.20 pm which correlates with earlier re-
search that has shown that the average penetration depth
of HIV-1 pre-integration complexes carrying YFP labeled
HIV-1 integrase is 1.4 + 0.4 pm in HeLaP4 cells (42).
These findings corroborate the tight relation between HIV-
1 pre-integration complexes targeted by LEDGF/p75 to
H3K36me3 and can explain the preferential area in the nu-
cleus where HIV-1 integrates. Integration of HIV-1 in the
nuclear periphery has been demonstrated in different cells
(43-45).

To conclude, EXEpi enables investigation of the epige-
netic landscape within a single cell, making straightforward
analysis of cell to cell variability possible. Here, we mainly
focus on co-localization ratios between different epigenetic
readers and histone modifications. However, because spa-
tial information is retained, in contrast to other methods
like ChIP-Seq and MS, ExEpi was also used to visualize
the exact nuclear location of epigenetic readers and epige-
netic markers. This is useful since the spatial arrangement
of chromatin and histone PTM’s can vary between differ-
ent cell types and as such influence nuclear functions as has
been demonstrated before in rod photoreceptor cells where
for example the location of the H3K9me3 PTM will shift
towards the center of the nucleus to function as a light col-
lecting lens (46). In addition, because ExM can be used to
study tissue sections (18, 47), ExEpi also has the potential
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to enable single-cell studies of heterogeneous tumor tissues
since the preserved spatial arrangement will add another di-
mension to the single-cell analysis and as such unravel how
cells are organized and interact across the tissue landscape.
Although information about the genomic location of epige-
netic readers and histone PTMs in complex tissues can al-
ready be achieved by scChIP-seq (13) or scCUT&Tag (14)
methodologies, direct interactions between a reader and hi-
stone PTM are not shown. Furthermore, we expect that Ex-
Epi could be combined in the future with fluorescent in situ
hybridization (FISH) of RNA and DNA (35, 48), to ob-
tain a complete read-out of a single cell by linking tran-
scriptomics, genomics and epigenetics, since a recent study
showed the use of ExM to quantify histone modifications
at a single-gene level (49). In addition, the results described
in this research are not yet at the molecular level since res-
olution is still limited. Therefore, one cannot be completely
sure that the obtained co-localization ratios reflect actual
interactions or rather a proximity of the molecules of inter-
est. Nevertheless, obtained results highlight the existence of
possible spatial relationships since the data are in line with
already known preferred interactions like the one of BRD4
with histone acetylation (26) and LEDGF with H3K36me3
(21). In the future, implementation of higher expansion fac-
tors through 10-fold expansion (50) or iterative expansion
(51) could be helpful to achieve a ~25 nm resolution and
uncover the complete cellular landscape at the molecular
level.
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