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Antibody-trapping presents a widespread pitfall for
microscopy and genomics in the nucleus
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Abstract

Chromatin has a complex 3D structure and diverse binding proteins that coordinate the genome’s most essential functions. Many microscopy
and genomics technologies that map chromatin proteins and modifications rely on the diffusion of antibodies (Abs) to target epitopes within
whole nuclei. Here, we reveal a critical flaw in such methods that arises when Abs become trapped at the edge of nuclear structures and
fail to reach internally positioned epitopes. This “Ab-trapping” results in artifactual peripheral signal that fundamentally distorts the apparent
positions of chromatin features across the genome and nucleus. Using computational modeling and experimental validation, we demonstrate
that Ab-trapping is caused by a combination of three compounding factors—high epitope abundance, high Ab affinity, and low Ab diffusion rates.
Ab-trapping can thus systematically misrepresent the localization of many prevalent chromatin features like histone modifications, transcription
factors, nucleolar proteins, and protein tags. We also show that this artifact manifests in multiple technologies, including immunofluorescence
microscopy, more recent CUT&Tag-seq, and likely any method relying on Ab diffusion. Finally, we outline readily implementable strategies to
identify and mitigate Ab-trapping. Combined, our work presents a previously unrecognized yet prevalent artifact in Ab-based chromatin mapping
methods and the means to resolve it.
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Introduction

Chromatin has an elaborate composition and 3D structure
that regulates many key genomic processes, including tran-
scription, DNA replication, ribosome biogenesis, and DNA re-
pair [1-3]. For example, the distribution of transcription fac-
tors and post-translational histone modifications throughout
the genome defines the active or repressed epigenetic states of
genes [4, 5]. Similarly, loci with distinct epigenetic states, DNA
replication timing, and DNA repair events all display distinct
spatial positions in the nucleus that are essential for proper
function. The nuclear lamina and nucleoli physically associate
with heterochromatin and are linked to transcriptional repres-
sion, late DNA replication, and homology-directed DNA re-
pair [1, 6, 7]. Conversely, the euchromatic nuclear interior sup-
ports active transcription near nuclear speckles, early DNA
replication, and non-homologous end joining-directed DNA
repair [8, 9]. Due to these relationships, accurate mapping of
protein distribution along chromatin and in the nucleus is key
for understanding how the genome functions or is disrupted
in disease [10, 11]. By extension, experimental artifacts that
mischaracterize these distributions are therefore major imped-
iments to research into genome biology in health and disease.

Numerous technologies have been developed to map chro-
matin’s epigenetic state and spatial organization, includ-
ing many that rely on Abs diffusing to target epitopes
within nuclei, cells, or tissues [12, 13]. Conjugated Abs are
widely used to map the localization and abundance of pro-
teins in fixed cells by immunofluorescence microscopy and,
more recently, spatial proteomics methods [14-17]. Simi-
larly, sequencing-based methods also employ Abs in whole
nuclei for genome-wide chromatin feature mapping, includ-
ing CUT&RUN/ChIC, CUT&Tag, pA-DamID, and MAbID
[18-22]. These proven technologies have collectively become
essential tools for uncovering the key principles of genome
regulation enumerated above. What’s more, these methods un-
derlie emerging technologies to map epitopes in single-cells
[20,22-24] and tissues [25], and so are set to impact research
for the foreseeable future.

Though essential, Ab-based methods are subject to well-
known artifacts that must be avoided. This includes Ab cross-
reactivity to undesirable targets, epitope masking, or fixation-
induced changes in protein distribution [26-28]. However,
there are also differences in reported Ab staining patterns that
cannot be explained by these known artifacts, posing signif-
icant challenges to our understanding of chromatin biology.
For instance, Abs targeting histone H3 dimethylated on ly-
sine 9 (H3K9me2) report conflicting signals in microscopy
and genomics that either are exclusively found at the nu-
clear periphery [29-34] or also extend into the nuclear in-
terior [35-40]. These conflicting results have fuelled debate
about the degree to which H3K9me2 contributes to transcrip-
tional repression [41, 42] or defines 3D chromatin structure
[29, 31]. Similarly, Ab stainings for the nucleolar proteins fib-
rillarin and nucleophosmin produce microscopy signals that
are either restricted to the surface of nucleoli or are also dis-
persed throughout its interior [43, 44]. Crucially, these dis-
crepancies could be explained by certain Abs failing to pen-
etrate into the interior of nuclear structures when applied to
fixed or unfixed cells [44]. If so, this would indicate that a crit-
ical assumption behind many Ab-based chromatin mapping
technologies—that Abs can physically reach all target epitopes
in nuclei—could be fundamentally flawed.

Here, we systematically assess the ability of Abs to pen-
etrate nuclei and sub-nuclear bodies, revealing a previously
uncharacterized artifact, “Ab-trapping.” In Ab-trapping, Abs
become trapped at the borders of structures with an abundant
epitope. As a result, trapped Abs fail to diffuse inward, caus-
ing them to both miss internal epitopes and produce ectopic
signals that mischaracterize protein distributions. Crucially,
we demonstrate that this artifact broadly impacts many key
chromatin targets—including widely used protein tags (e.g.
GFP and HA), histone marks of heterochromatin (H3K9me2),
and euchromatin (e.g. H4K8ac and H3K18ac), nucleolar pro-
teins (e.g. B23 and Ki67), and transcription factors (PRRX1).
Moreover, we show that Ab-trapping affects common assays,
including immunofluorescence microscopy and CUT&Tag-
seq, underscoring its widespread impact. Using computational
simulations and experimental validation, we identify key pa-
rameters driving Ab-trapping and readily implementable pro-
tocol adjustments to mitigate it. Our work thus characterizes
a crucial vulnerability in Ab-based assays that must be consid-
ered to accurately map epigenetic marks and chromatin pro-
teins in the nucleus.

Materials and methods

Cell culture

Mouse TT2 embryonic stem cells (ESCs) and immortalized
embryonic fibroblasts (iMEFs) were obtained from Yoichi
Shinkai [45]. TT2 ESCs were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf
serum (FCS), 1x nonessential amino acids, sodium pyruvate,
2-mercaptoethanol, 1x penicillin/streptomycin, and 1000
U/ml leukemia inhibitory factor (LIF, Nacalai Tesque). iMEFs,
3KO (Setdb1, Suv39h1/2 triple knockout), and SKO (Setdb1,
Suv39h1/2, G9a, Glp quintuple knockout) iMEFs were main-
tained in the same medium as TT2 ESCs but without LIE.

The mouse myoblast cell line Pmi28 was grown in F-
10 Nutrient Mixture (Ham) supplemented with 20% FCS
and 1% penicillin/streptomycin. Naive J1 mESCs, mouse em-
bryonic fibroblasts (MEFs), and H2A-HeLa cells were ob-
tained from the Leonhardt laboratory. Wildtype HeLa cells
for CUT&Tag-seq were obtained from Kalscheuer lab. Wild-
type and H2B-eGFP-expressing HeLa cells were also obtained
from Peter Cook lab [46]. Both MEFs and HeLa cells were
cultured in DMEM supplemented with 10% FCS and 1%
penicillin/streptomycin. J1 mESCs were cultured in serum-free
media consisting of 50% N2B27, 50% DMEM/F12, 2i, 1000
U/ml recombinant LIF, 0.3% bovine serum albumin (BSA), 2
mM L-glutamine, and 100 U/ml penicillin. All cultures were
maintained at 37°C and 5% CO; and regularly checked for
mycoplasma contamination.

The COS-7 cells were cultured and transiently transfected
with a plasmid encoding HA-tagged PRRX1 (S104G variant)
under the control of a CMV promoter as described before
[47).

Animal husbandry

B6.Cg-Tg(Nrl-EGFP)1Asw/] (NRL-GFP) mice [48] were red-
erived by in vitro fertilization using cryopreserved sperm into
C57BL.6/] females. The line was maintained on a C57BL.6/]
background and used to isolate retinal rod cells. Other mouse
samples were collected from the C57Bl.6/] strain sourced from
Inotiv. All mice were housed in a centrally controlled en-



vironment with a 12-h light and 12-h dark cycle, tempera-
ture of 20°C-22.2°C, and humidity of 30%-50%. All mice
had access to food and water ad libitum. Bedding, food,
and water were routinely changed. All experiments involv-
ing animals were carried out following institutional guidelines
as approved by LaGeSo Berlin and following the Directive
2010/63/EU of the European Parliament on the protection of
animals used for scientific purposes.

Tissue sampling

Fixation of tissues and preparation of cryosections was done
as previously described [49]. Briefly, tissues were fixed with
4% formaldehyde in phosphate buffered saline (PBS) for
20-24 h, washed with PBS, incubated in sucrose with in-
creasing concentrations (10%, 20%, and 30%), and trans-
ferred into embedding molds (Peel-A-Way Disposable Embed-
ding Molds, Polysciences Inc., USA) filled with Jung freezing
medium (Leica Microsystems). Tissue cryoblocks were frozen
by immersing the molds into a —80°C ethanol bath and stored
at —80°C. Cryosections of 16-20 um thickness were cut us-
ing a Leica Cryostat (Leica Microsystems), collected on Su-
perFrost microscopic slides (SuperFrost Ultra Plus, Roth, Ger-
many), immediately frozen, and stored at —80°C before use.

A retinal cell suspension for physical bisectioning was gen-
erated from four retinas of C57Bl.6/] adult mice. Retinas were
dissociated using Papain Dissociation System (Worthington,
#130-094-802) as described previously [50]. Briefly, four reti-
nas from two mice were dissociated in papain solution for
60 min at 37°C while shaking at 700 rpm. Afterward, retinas
were triturated with a 1-ml micropipette and transferred to
a new tube containing a mix of EBSS, DNAse, and albumin-
ovomucoid inhibitor. Cell suspensions were triturated again
with a glass Pasteur pipette up to 10 times until tissue frag-
ments were no longer visible. Finally, 250 ul of EBSS/albumin-
ovomucoid inhibitor was added, and the single cell suspen-
sion was cleared of cell clumps by filtration (pluriStrainer
Mini 70 um). 1:1 ratio of 10% BSA/PBS was added to the
final single cell suspension to form a cushion for centrifuga-
tion at 400 x g at 4°C for 10 min. Cells were then fixed in
4% paraformaldehyde in PBS (PFA) for 10 min at RT, after
which the fixation was stopped with 130 mM glycine. Ten
percent BSA was added in a 1:1 ratio and cells were pelleted
by centrifugation (10 min, 400 x g, 4°C). Finally, cells were
incubated in 30% sucrose/PBS solution at 4°C, scooped from
tubes, and embedded in freezing medium as described for the
tissues.

CUT&Tag
Sample preparation
Samples were prepared for CUT&Tag assay as described pre-
viously with several modifications [20, 51]. HeLa cells were
collected using TrypLE (Gibco, 12604021) and following cen-
trifugation (5 min, 300 x g, RT), resuspended in CUT& Tag
wash buffer [20 mM HEPES, pH 7.5 (Jena Bioscience,
BU10675), 150 mM NaCl (Invitrogen, AM9760G), 0.5 mM
spermidine (Sigma, S0266), 10 mM sodium butyrate (Sigma
Aldrich, B5887), 1 mM PMSF (Thermo Fisher Scientific,
36978), Protease Inhibitor Cocktail (Roche, 04693132001)],
and quantified using EVE automatic cell counter (NanoEn-
tek).

For sampling rod cells, retinas from 2 month old NRL-
GFP mice were dissociated using the Papain Dissociation Sys-
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tem (Worthington, #130-094-802) as described above. Four
retinas from two mice were used for one biological replicate.
Fluorescence-Activated Cell Sorting (FACS) of single cells was
performed on the BD FACS Aria II or Aria III Cell Sorter Sys-
tem with sample and plate cooling at 4°C. Forward-side scat-
ter gating and GFP signal were used to sort rod perykaria into
15-ml falcons pre-coated with BSA and containing 5 ml of
wash buffer for ~1 h. After sorting, rod cells were counted
using a haemocytometer.

Tagmentation

CUT&Tag was performed as described previously with mi-
nor modifications [20, 51, 52]. Briefly, 11 ul Concanavalin
A beads (BioMag, 86057) were equilibrated twice with 100
ul and then concentrated in 11 ul of binding buffer [20 mM
HEPES, pH 7.5, 10 mM KCI (Invitrogen, AM9640G), 1mM
CaCl, (Merck, 102382), TmM MnCI2 (Thermo Fisher Sci-
entific, J63150.AD)]. One-hundred thousand cells were then
bound to the beads by incubating for 10 min at RT with rota-
tion. Beads were subsequently separated on a magnet and re-
suspended in 100 ul CUT&Tag Ab buffer [Wash buffer with
0.05% Digitonin (Milipore, 30410) and 2 mM ethylenedi-
aminetetraacetic acid (EDTA; Invitrogen, 15575-038)]. Sub-
sequently, 1 ul of primary Ab (Supplementary Table S1) or
IgG control (Cell Signaling, 68860 for mouse; Cell Signal-
ing, 2729 for rabbit; and Cell Signaling, 5415S for 48 h rod
samples) was added and incubated on a rotator O/N (15 h)
or 48 h at 4°C. After magnetic separation, beads were resus-
pended in 100 pl of Dig-wash buffer containing 1 ul of match-
ing secondary Ab (Abcam, ab46540 for mouse; Antibodies-
online, ABIN101961 for rabbit) and incubated for 1 h at 4°C
with rotation. Following three washes with CUT&Tag Dig-
wash buffer (wash buffer with 0.05% Digitonin), beads were
resuspended in 100 pl CUT&Tag Dig-300 buffer (20 mM
HEPES-KOH, pH 7.5, 300 mM NacCl, 0.5 mM spermidine,
0.01% digitonin, 10 mM sodium butyrate, 1 mM PMSF) with
a 1:250 dilution of homemade 3xFLAG-pA-Tn5 preloaded
with Mosaic-end adapters. After incubation at 4°C for 1 h
with rotation, beads were washed four times with Dig-300
buffer and resuspended in 50 pl Tagmentation buffer [Dig-
300 buffer 10 Mm MgCl, (Invitrogen, AM9530G)]. Home-
made spike-in-AmpR was added to the tagmentation buffer
at a concentration of 33.6 fM [52]. Tagmentation was per-
formed for 1 h at 37°C and subsequently stopped by adding
2.25 ul EDTA, 2.75 ul of 10% sodium dodecyl sulfate (SDS;
Invitrogen, 15553-035), and 0.5 ul Proteinase K (Invitrogen,
25530049). DNA fragments were solubilized for 16 h at 55°C
followed by 30 min at 70°C to inactivate residual Proteinase
K. DNA fragments were finally purified and eluted with 25 ul
of elution buffer (Zymo, D5205).

Library preparation and sequencing

NGS libraries were generated by polymerase chain reaction
(PCR) amplifying the CUT&Tag DNA fragments with bar-
coded i5 and i7 primers [53] as described previously [51].
Following PCR, 1x volume of Ampure XP beads (Beckman
Coulter) were mixed with the NGS libraries and incubated at
RT for 10 min. After magnetic separation, beads were washed
three times on the magnet with 80% ethanol, and the libraries
were eluted with Tris=HCI, pH 8.0 (Roth, 9090.3). The qual-
ity of the purified NGS libraries was assessed with the D5000
tapestation (Agilent Technologies). The final libraries were se-
quenced on the Illumina NovaSeq X Plus platform with PE100


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag615#supplementary-data

4 Chudzik et al.

read length, yielding between 5 and 16 million fragments per
sample.

NGS data processing

CUT&Tag sequencing was processed as previously de-
scribed with several modifications [52, 54]. Briefly, sequencing
adapters were trimmed using Trim Galore (v0.6.4) with the
options —paired —nextera (https://github.com/FelixKrueger/
TrimGalore). The trimmed reads were then aligned to the
mouse genome (mm10) for rod cells or human genome (hg38)
for HeLa cells using Bowtie2 (v2.3.5.1) [55] with —local —
very-sensitive-local -no-mixed —no-discordant —phred33 -1 10
-X 2000. Aligned reads were filtered for mapped, paired-end
reads (MAPQ > 20) using samtools (v1.10) with view -f 2
-q 20 and then subsequently sorted. ENCODE-blacklisted re-
gions [56] were removed by bedtools (v2.29.2) [57] with inter-
sect -v. For visualization, normalized coverage tracks (bigWig)
were generated with deepTools2 (v3.4.1) [58] using a bin size
of 10 bp, read extension (-¢), and CPM normalization, ignor-
ing chrX and chrY. For merged tracks FASTQ files were con-
catenated from biological replicates. To visualize enrichment
relative to the IgG control, log2 ratio tracks were generated
using deepTools bigwigCompare (v3.4.1) [58]. Analogous 20-
kb binned subtraction bedGraphs were then used for domain
calling as previously described [59] with minor changes in
parameters. Specifically, matrices were binarized with signal
above a signal threshold considered positive and below as
negative. Adjacent segments separated by gaps <200 kb were
merged and, subsequently, regions <100 kb were removed.
To evaluate biological replicate consistency, consensus
and unique domains were defined using bedtools intersect
and subtract with -a parameter (v2.29.2) [57]. The con-
sensus regions were used for all subsequent downstream
analyses. To characterize signal distribution across distinct
chromatin environments, the genome was segmented into
four categories based on the presence or absence of ground-
truth signals (LMNB1+/ab1220+, LMNB1+/ab1220—,
LMNB1—/ab1220+, and LMNB1—/ab1220—) using bed-
tools intersect and subtract with -a parameter (v2.29.2) [57].
For distance analysis, Ab-defined domains were partitioned
into 20 kb bins, and the linear distance to the nearest LMNB1
or ab1220 domain boundary was calculated using bedtools
closest (v2.29.2) [57]. Importantly, the three anti-H3K9me2
antibodies (Abs) target the same epitope and therefore do
not constitute statistically independent measurements, formal
tests would yield inflated significance and were not applied.
Differences between Abs are instead presented quantitatively,
with effect sizes apparent from the plotted distributions.
Signal enrichment profiles across size-normalized LADs
or ab1220 domains were generated using deepTools3 com-
puteMatrix scale-regions and plotProfile (v3.5.1). Regions
were scaled to 1 Mb with 1 Mb flanking sequences and a bin
size of 10 kb. Finally, the correlation between standard (15 h)
and extended (48 h) primary Ab incubation periods was as-
sessed using deepTools3 multiBigwigSummary and plotCor-
relation (with —skipZeros, —loglp, and —removeOutliers pa-
rameters) (v3.5.1). Pearson correlation coefficients were cal-
culated for 2 kb bins using log-transformed raw bigwig files
after excluding blacklisted regions.
Processed tracks and domain
able for visualization at
s/Chudzik/AbTrapping (for

calling are avail-
https://genome-euro.ucsc.edu/
isolated rod cells) and

https://genome-euro.ucsc.edu/s/Chudzik/AbTrapping_hg
(for HeLa cells).

Immunostaining
Cultured and isolated cells

The primary and secondary Abs used in this study are pre-
sented in Supplementary Tables S1 and S2, respectively. Cells
growing on coverslips were rinsed with PBS pre-warmed to
37°C and fixed with freshly made 4% formaldehyde, pH 7.0,
for 10 min at RT. Cells were washed with PBS + 0.01%
Tween20, 3x for 10 min at RT and permeabilized with 0.5%
Triton X-100 in PBS for 10 min at RT. After washing with
PBS for 10 min, coverslips were stored in PBS at + 4°C until
use for up to 1 week. Primary and secondary Abs were di-
luted in blocking solution consisting of 4% BSA in PBS +
0.01% Tween20. Incubation with Abs was performed in dark
chambers by placing coverslips up-side-down on drops of Ab
solution loaded on Parafilm. If not otherwise indicated, in-
cubations with primary and secondary Abs were for 1 h at
RT (23°C-25°C). For DNA counterstain, DAPI or Hoechst
33342 was added to secondary Ab to final concentration of 2
or 1 pg/ml. Washings between and after Ab incubations were
performed with PBS + 0.01% Tween20 pre-warmed to 37°C,
3x for 10 min each at 37°C. Coverslips were mounted on
microscopic slides with antifade medium Vectorshield (Vec-
torLabs), excess antifade was removed with soft tissue and
coverslip edges were sealed with colorless nailpolish. For epi-
tope reduction, gentle protein digestion with trypsin at 37°C
for 10 min was applied with a concentration of 6.25 pg/ml
(for H3K9me2) or 12.5 pg/ml (for B23).

The HA-PRRX1 fusion protein was detected with rabbit-
anti-HA primary antibodies (Cell Signaling, #3724) diluted
1:100 as described before [47].

Immunofluorescence analogous to the CUT& Tag

One-hundred thousand single cells resuspended in 1 ml
CUT&Tag wash buffer were attached to poly-lysine coated
coverslips for 60 min at 4°C. Subsequently, non-attached cells
were removed by two 5 min incubations at 4°C with the wash
buffer. Incubation with Abs was performed in dark chambers
by placing coverslips up-side-down on drops of Abs loaded
on Parafilm. Primary Abs were used in the same quantities,
buffers, and incubation times as described for CUT & Tag (see
above). Donkey-anti-Rabbit Alexa555 (Invitrogen, A31572)
and donkey anti-Mouse Alexa647 (Invitrogen, A-31571) were
used as secondary Abs at 1:500 dilution. DAPI was added to
the secondary Ab to a final concentration of 2 pg/ml. After
both primary and secondary Ab incubations, coverslips were
washed with a CUT&Tag Dig-Wash buffer at 4°C for 2x 10
min each. After final wash, cells were postfixed with 4% PFA,
PBS + 0.01% Tween20, 2x for 10 min at RT, and mounted
on microscopic slides, as described above for standard im-
munofluorescence.

Immunostaining of cryosections

Before staining, cryosections were dried out for 20 min at RT
to fix sections on microscopic slides. For immunostaining of
histone modifications, antigen retrieval was performed, which
included re-hydration of sections in Na-citrate buffer for 5
min followed by heating up to 80°C in the same buffer for
15-30 min in a water bath. Sections were additionally per-
meabilized in PBS/0.5% Triton X-100 for 1 h. Primary and
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secondary Abs were diluted in blocking solution consisting of
PBS, 2% BSA, 0.1% saponin, and 0.1% Triton X-100. Incu-
bation with Abs was performed in dark wet containers under
home-made glass chambers for 10-12 h at RT [60]. For nu-
clear counterstain, DAPI was added to secondary Ab to a fi-
nal concentration of 2 pg/ml. Washings between and after Abs
were performed with pre-warmed to 37°C PBS/0.01% Triton
X-100, 3x for 30 min each at 37°C. Sections were mounted
under coverslips with antifade and sealed as described above
for cultured cells.

Microscopy and image analysis
Confocal microscopy

Image stacks and single mid sections were acquired with either
Leica or Nikon confocal microscopes. The TCS SPS (Leica)
confocal microscope was equipped with a Plan Apo 63/1.4
NA oil immersion objective and the Leica Application Suite
Advanced Fluorescence Software (Leica). Z step size was ad-
justed to an axial chromatic shift and typically was either 200
nm or 300 nm. XY pixel size varied from 20 to 50 nm. Axial
chromatic shift correction as well as building single gray-scale
stacks, RGB-stacks, montages, and maximum intensity pro-
jections were performed using the Image] plugin StackGroom
[61] available upon request. The Nikon confocal microscope
A1 was equipped with Plan Apo lambda 100/1.45 NA oil
immersion objective lens and the NIS-elements AR version
5.21.00 software (Nikon).

Time-lapse microscopy of immunostaining

MEFs grown on a 24-well glass-bottom plates (AGC Techno
Glass) were fixed, permeabilized, and blocked with PBS con-
taining 4% BSA and 0.01% Tween 20. Plates were then set on
an inverted fluorescence microscope (Nikon, Ti-E) equipped
with a 100x Plan Apo VC (NA 1.4) oil-immersion objec-
tive lens (Nikon), a spinning disc confocal unit (Yokogawa,
CSU-W1), a laser unit (Chroma Technologies Japan, LDI-7
Laser Diode Illuminator), and an EM-CCD (iXon+; Andor;
gain multiplier 300) operated by NIS-elements software ver.
5.11.03 (Nikon). Immediately after Ab mixture was added to
a well, time-lapse recording at RT was started using 405-,470-
,and 555-nm laser lines with a 405/470/555/640NIR dichroic
mirror, and 520/60, 600/50, and 690/50 emission filters. For
double staining using CMA317 and AM39239, 100 ul of a
mixture containing CMA317 (20 pg/ml), AM39239 (1:100
dilution), Alexa Fluor 488-conjugated goat anti-mouse Fcy
(Jackson ImmunoResearch; RRID, AB_2 338458, 20 ug/ml),
Cy3-conjugated goat anti-rabbit IgG (H+L) (Jackson Im-
munoResearch, RRID, AB_2337919; 20 ug/ml), and Hoechst
33342 (Nacalai Tesque; 04929-82, 4 pug/ml) was preincubated
at room temperature for 2 h before adding to a well filled with
100 pl of PBS containing 4% BSA and 0.01% Tween 20. Flu-
orescence images were acquired every 5 min for 16.5 h.

For the comparison of mouse monoclonal Abs, CMA317
(IgG1 subclass) and ab1220 (IgG2a subclass) were distin-
guished using subclass-specific secondary Abs. A mixture
containing both primary Abs (each 4 pg/ml) was preincu-
bated with Cy3-conjugated anti-IgG1 (Jackson ImmunoRe-
search; goat anti-mouse IgG1, Fcy subclass 1 specific; RRID,
AB_2338461; 4 pg/ml) and Alexa Fluor 488-conjugated
anti-IgG2a (Jackson ImmunoResearch; prepared by conjugat-
ing goat anti-mouse IgG1, Fcy subclass 2a specific; RRID,
AB_2338462; 4 pug/ml) for 30 min at room temperature prior
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to addition to the cells. Time-lapse imaging was performed ev-
ery 5 min for 4 h. To quantify penetration speed, fluorescence
intensity profiles were measured along a linear axis across the
nucleus. Signal intensities were normalized to a range of 0
(minimum) to 1 (maximum) to allow for an ease of compari-
son of the penetration rates between the two mouse Abs.

To compare the penetration of regular Abs and nanobodies,
HeLa cells expressing H2B-eGFP were incubated with a mix-
ture of Alexa Fluor 568-labeled anti-GFP nanobody (Chro-
motech; GFP-Booster Alexa Fluor 568; 4 pg/ml) and rabbit
anti-GFP Ab (Thermo Fisher Scientific; A-11122; 20 pg/ml)
detected with CyS-labeled goat anti-rabbit IgG (Jackson Im-
munoResearch; RRID, AB_2337919; 40 pg/ml). Time-lapse
imaging was initiated immediately upon Ab addition and was
performed every 5 min for 12 h. Staining progression was
monitored relative to the local H2B-EGFP expression levels
to assess the impact of target density on probe diffusion and
Ab-trapping.

FRAP

Fluorescence recovery after photobleaching (FRAP) was per-
formed on HelLa cells expressing H2B-eGFP using a Nikon
A1R confocal microscope with a 100x Plan Apo A objective
lens (NA 1.45) at room temperature, after overnight incuba-
tion with Alexa Fluor 568-labeled anti-GFP nanobody, rabbit
anti-GFP IgG, and Cy5-labeled secondary Ab. After collect-
ing three images (256 x 256 pixels; zoom x5; no averaging)
using a low laser transmission (0.1% for 488-, 561-, and 640
nm) using a Nikon LU-N4 laser unit, a circular nuclear re-
gion was photobleached using 80% 561-nm and 30% 640-nm
laser lines to target the Alexa Fluor 568 and CyS5 fluorophores,
respectively. Images were further collected using the original
settings for 30 min with 30-s intervals. Experiments were per-
formed in the continued presence of the Abs in the surround-
ing medium. The relative intensities in a bleached area were
measured using Image J, as described previously [46]. H2B-
eGFP fluorescence was simultaneously recorded to monitor
the distribution of the Ab target. Changes in Forster reso-
nance energy transfer (FRET) between the EGFP donor and
the Alexa Fluor 568 acceptor within the bleached area were
observed before and after the bleaching.

Image quantification

Images were processed using a custom Fiji macro to auto-
mate nuclear detection and spatial signal intensity analysis
on the mid optical section. For experiments summarized in
Figs 1a and b, 6b, and Supplementary Fig. S9a, to achieve
better nuclear segmentation, two or three channels were sum-
marized. Background subtraction, thresholding, and particle
analysis were applied to detect nuclei and create regions of
interest (ROIs). For each detected nucleus, concentric ring-
shaped ROIs were generated by iteratively shrinking the initial
ROI by 250 nm. Mean signal intensities were measured for all
ring-shaped ROIs and visualized using Seaborn. The resulting
plots display the mean intensity values for all measured sam-
ples per staining, normalized to the brightest signal in each
channel. The y-axes represent the normalized mean signal in-
tensity, error bars indicate the standard deviation across sam-
ples.

For experiments summarized in Fig. 7 and Supplementary
Fig. S12 image stacks with several images (confocal sections)
of nuclei per condition were pre-processed with a Gaussian
filter prior to analysis. Nuclear intensity profiles were quanti-
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fied in an automated procedure using a custom macro in FIJI
(Image] 1.54p). For each image stack, nuclei were segmented
using the “Li” auto-thresholding algorithm, and intensity pro-
files were extracted along the major axis of an ellipse fitted
to the segmented mask. The profiles were cropped to exclude
background regions (intensities below 10% of the intensity
range) and normalized from O (min) to 1 (max). Within each
condition, all profiles were interpolated to a uniform length, a
mean profile was calculated, smoothed using a moving aver-
age filter (window size = 3), and plotted to visualize relative
distribution changes. The number of analyzed nuclei typically
varied between 20 and 50 per staining.

For quantification of HelLa cell nuclear areas
(Supplementary Fig. S9b), mid sections of HeLa nuclei
in S-phase were used after DAPI staining. Area measurements
were performed in Image] using binary masks of mid sections.

ELISA

The relative affinities of two mouse monoclonal Abs,
CMA317 and ab1220, were measured using enzyme-linked
immunosorbent assay (ELISA). Briefly, a 96-well plate was
coated with 1 pg/ml synthetic H3K9me2 peptide [62]
overnight and washed and blocked with PBS containing 0.1%
Tween 20 and 1% BSA (PBST-BSA) for 1 h. After 3x wash-
ing with PBS containing 0.1% Tween 20, wells were incu-
bated with a serial dilution series of Abs (one-third dilution
series from 0.1 pg/ml) in duplicate in PBST-BSA for 1 h,
cells were subsequently washed 3x in PBST, and incubated
with peroxidase-conjugated AffiniPure™ goat anti-mouse IgG
(1:10 000; Jackson ImmunoResearch; RRID, AB_10015289)
for 1 h. After 3x washing with PBST, colorimetric assay was
performed using 0.26 mg/ml O-phenylenediamine-2HCI (Fu-
jifilm Wako Chemicals; 158-01671) in 0.1 M citrate buffer
(pH 5.0) containing 0.01% hydrogen peroxidate (Fujifilm
Wako Chemicals; 084-07441) by measuring absorbance at
450 nm using a plate reader (Thermo Fisher Scientific; Var-
ioskan LUX).

To compare the binding affinity of AM39239 to CMA317,
the concentration of the bound fraction to H3K9me2 was first
estimated. This is because unpurified rabbit polyclonal Abs
(AM39239) contain bulk IgG that do not bind to the tar-
get H3K9me2, unlike mouse monoclonal Abs. Briefly, Dyn-
abeads™ MyOne™ Streptavidin T1 (Thermo Fisher Scien-
tific; DB65601, 100 ul) were incubated with 1 pg of bi-
otinylated histone H3K9 (Active Motif; 81043) or histone
H3K9me2 peptide (Active Motif; 81046) for 1 h at room
temperature. The beads were washed with PBST and mixed
with rabbit polyclonal Ab AM39239 (12.5 ul beads per 1
ul Ab) for 2 h at room temperature. The supernatant was
collected and the beads were washed three times with PBST
and eluted using 1x SDS sample buffer without DTT [50 mM
Tris—=HCI (pH 6.8),2% SDS, 10% glycerol, 0.01% bromophe-
nol blue]. Input and supernatant samples (0.05 pl equivalent)
and 10x concentrated bead eluate were separated on a 7.5%
polyacrylamide gel (SuperSep™ Ace, 17 well pre-cast; Fujifilm
Wako Chemicals; 191-14931) and stained with Bullet CBB
Stain One (Nacalai Tesque; 21964-95). Relative band intensi-
ties were measured using Image] (https://imagej.net/ij/). The
absence of H3K9me2-biding fraction from the supernatant
was confirmed by immunofluorescence. IgG concentration in
AM39239 was ~5 mg/ml and the H3K9me2-bound fraction
was ~4% of total IgG (i.e. ~0.2 mg/ml). The binding affin-

ity of AM39239 to CMA317 was then compared under the
saturated secondary Ab conditions by ELISA using a protocol
modified in the following ways. The H3K9me2 peptide coat-
ing concentration was reduced to 0.3 pg/ml, and the Tween-
20 concentration in the PBST-BSA was adjusted to 0.05%.
The primary Ab incubation utilized a one-third serial dilu-
tion starting at 100 ng/ml for AM39239 and 10 pg/ml for
CMA317. To detect these Abs, peroxidase-conjugated anti-
rabbit IgG (for AM39239) (Jackson ImmunoResearch; RRID,
AB_2307391) or anti-mouse IgG (for CMA317) (Jackson Im-
munoResearch; RRID: AB_10015289) was used at a dilution
of 1:250 or 1:500, respectively. All other reagents and de-
tection steps remained identical to the procedure described
above.

Peptide arrays

The specificity of H3K9me2 Abs was assessed using the
MODified™ Histone Peptide Array (Active Motif; 13005), ac-
cording to the manufacturer’s instructions. After blocking the
array slides with Blocking Buffer AM2 (Active Motif; 13006),
they were incubated with 80 ng/ml AM39239 or 250 ng/ml
CMA317 in 3 ml Blocking Buffer AM2 for 20 h. The slides
were then washed three times with TBS containing 0.1%
Tween-20 (TBST) (5 min each), incubated with 1:5000-diluted
peroxidase-conjugated anti-rabbit IgG (Jackson ImmunoRe-
search; RRID, AB_2307391) or anti-mouse IgG (Jackson
ImmunoResearch; RRID, AB_10015289) in 3 ml Blocking
Buffer AM2 for 1 h, and washed again three times with
TBST (5 min each). Chemiluminescence detection was per-
formed using Western Lightning™ Plus-ECL (PerkinElmer;
NEL104001EA).

Computational modeling of antibody staining

We modeled Ab staining as a reaction-diffusion system of Abs
(A) and antigens (B) inside the nucleus, which can be described
by the following partial differential equations, where ca (7, t),
cp(r, t), and cap(r, t) are the spatiotemporal concentration
fields of Ab, antigen, and Ab—antigen complex, respectively.

SCA 2
Fr DaV=cp — koncace + Roficas.
BCB
— = —koncacs + kogicas,
ot
dcap
7 = koncacB — koffCAB~

D, is the diffusion constant of Abs. The diffusion coeffi-
cients of the antigen (Dg) and the Ab-antigen (Dap) complex
were set to be zero, as the antigen considered is on histones
that are bound to cross-linked chromatin. k., and k¢ are rate
constants for the Ab binding and unbinding. For initial condi-
tions, antigen was uniformly distributed in a sphere of radius
Ro = § um at concentration c’g; Abs were distributed outside
of this sphere in a concentric shell of Ry = 75 um at concen-
tration c”4. To mitigate the effect of stiffness for numerically
solving the coupled equations, we smoothed the initial con-
centrations ca (7, t = 0), cg(r, = 0) by a hyperbolic tangent
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function and scaling factor e was set to be 0.2:
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We discretized the problem in spherical coordinates, as-
suming spherical symmetry of the nucleus, which reduces the
three-dimensional system to a one-dimensional problem, us-
ing a spatial grid spacing of 0.01 um. To address the chal-
lenges of solving stiff equations when Ky (i.e. kog/kon) is small,
we utilized the Julia DifferentialEquations package, using the
Rodas5P solver. This solver is a fifth-order A-stable Rosen-
brock method, specifically designed for stiff problems, and is
complemented by a stiff-aware fourth-order interpolant for
improved accuracy and stability [63, 64].

(=}

(=]

Results

Anti-H3K9me2 Abs produce conflicting staining
patterns in standard immunofluorescence

We sought to clarify whether H3K9me2 is found exclusively at
the nuclear periphery [29-34] or also operates in the nuclear
interior [35-40]. We therefore systematically mapped the dis-
tribution of H3K9me2 using immunofluorescence microscopy
and three different anti-H3K9me2 Abs. These included two
commercial Abs, Active Motif AM39239 and Abcam ab1220,
and the CMA317 Ab generated in H. Kimura’s laboratory
[65].

We first co-stained mouse myoblasts and human HeLa cells
with rabbit AM39239 mixed with either mouse CMA317 or
mouse ab1220. Both mouse Abs produced staining that was
consistently distributed throughout nucleoplasm, including at
the nuclear periphery, the periphery of nucleoli, and other
loci (Fig. 1a). However, AM39239 was strikingly confined to
the nuclear periphery with only a residual gradient of stain-
ing toward the nuclear interior. Quantifying the radial sig-
nal distribution confirmed these contradictory staining results,
validating that the signal of AM39239 is more peripherally
enriched than the signal from the other two anti-H3K9me2
Abs (Fig. 1b). These distinct staining patterns of the three
anti-H3K9me2 Abs also proved highly consistent. AM39239
staining was persistently more restricted to the periphery than
CMA317 or ab1220, both when each Ab was used separately
(Supplementary Fig. S1a) and when applied across multiple
cultured cell-types (Supplementary Fig. S1b). Moreover, we
find similar differences at different stages of the cell cycle.
While CMA317 or ab1220 stained through condensed mitotic
chromosomes during anaphase, AM39239’s signal was almost
entirely restricted to their periphery (Fig. 1c). The peripheral
enrichment of AM39239 was also consistently observed be-
tween several tested Ab lots (Supplementary Fig. S1c).

These contradictory Ab behaviors are also mirrored in iso-
lated rod cell photoreceptors, a unique cell-type with a rad-
ically inverted nuclear organization where heterochromatin
occupies the nuclear interior (Fig. 1d) [6, 66]. Here, CMA317
and ab1220 stained the layer of heterochromatin surround-
ing the central chromocenter in the nuclear interior. In con-
trast, AM39239 specifically marked the peripheral euchro-
matin layer, where no H3K9me2 staining is expected ((Fig.
le). Critically, these contradictory results match conflicting
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H3K9me2 stainings previously reported for these same Abs
in rods, with CMA317 and ab1220 Abs marking the nuclear
interior [38] and AM39239 the nuclear periphery [31].

Thus, different Abs reproducibly report highly distinct dis-
tributions of H3K9me2 in multiple contexts from conven-
tional and inverted nuclei to mitotic chromosomes.

Peripherally restricted H3K9me2 staining is a
technical artifact

We next sought to determine which staining pattern of the
three anti-H3K9me2 Abs is artifactual and what causes them
to behave differently. We noted three aspects of AM39239’
staining that were inconsistent with previous observations.
First, the restriction of AM39239’ staining to a narrow rim of
peripheral chromatin in conventional nuclei was unexpected
given the reported enrichment of H3K9me2 at nucleolar-
associated domains in the nuclear interior [67]. Second, the
observation of H3K9me2 enrichment in the euchromatic pe-
riphery of inverted rod nuclei contradicted its established role
in transcriptional repression [42]. Third, nearly exclusive pe-
ripheral H3K9me?2 staining in anaphase chromosomes seemed
unlikely considering that euchromatin and heterochromatin
are not spatially segregated in mitotic chromosomes [68].
Combined, we reasoned that AM39239’s tendency toward
peripheral accumulation is an artifact, while CMA317 and
ab1220 Ab staining report H3K9me2’s true distribution.

We first hypothesized that AM39239 displays unspecific
binding to off-target epitopes, thereby causing incorrect stain-
ing. To test this, we examined Ab specificity using modi-
fied histone peptide arrays. These confirmed that AM39239
and CMA317 bind H3K9me2, though the binding of both
Abs was sensitive to neighboring H3S10ph and H3T11ph
(Supplementary Fig. S2). However, while CMA317 showed
no off-target binding, AM39239 displayed cross-reactivity
with some non-H3K9me2 peptides that contain H3K9me3 or
H3K27me2 (Supplementary Fig. S2).

We therefore tested the localization of off-target AM39239
binding by immunofluorescence staining of MEFs that lack
the five H3K9 methyltransferases (SKO-MEFs) [45]. Both
mouse Abs CMA317 and ab1220 displayed no signal in
5KO-MEFs, demonstrating that they are highly specific to
H3K9me2. In contrast, rabbit AM39239 exhibited a resid-
ual non-specific signal throughout entire nuclear chromatin
(Supplementary Fig. S3a). As H3K9me3 is also depleted
in these cells, this background likely corresponds to the
H3K27me2 cross-reactivity detected on the peptide array.
Crucially, however, AM39239’s signal enrichment at the nu-
clear rim was eliminated in the SKO cells, indicating that the
peripheral signal is dependent on the H3K9me2 epitope. Sup-
porting this, prolonged BSA blocking, a standard method to
minimize non-specific protein interactions [69], did not alter
the peripheral enrichment of AM39239 (Supplementary Fig.
S3b). The distinct staining patterns of the three anti-H3K9me2
Abs are thus not due to differences in epitope specificity.

We instead postulated that artifactual AM39239 stain-
ing arises from the differing abilities of anti-H3K9me2 Abs
to penetrate the nucleus. To examine this, we attempted to
physically “break” the nuclear surface to improve the ac-
cessibility of Abs to chromatin. We generated a suspension
of briefly fixed retinal cells, embedded them in a cryoblock,
and prepared 14-um thick cryosections for staining with
AM39239. Cell nuclei lying entirely within the sections main-
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Figure 1. Anti-H3K9me2 Abs display contradicting immunofluorescence staining patterns. (a) Immunofluorescence staining with pairs of distinct
anti-H3K9me2 Abs in cultured mouse (myoblasts) and human (Hela) cell nuclei. (b) Quantification of immunofluorescence staining displayed in panel (a).
Graphs show distribution of Ab signal intensities in concentric shells of AM39239 (red curves) and ab1220 or CMA317 (green curves). Nuclear
segmentation into shells is depicted on the left with red contour lines. For details of nuclear segmentation and intensity normalization see the
“Materials and methods” section. n, number of analyzed nuclei. (¢) Immunofluorescence staining with pairs of anti-H3K9me2 Abs in interphase and
mitotic cells in cultured MEFs. (d) Schematics of chromatin organization in conventional and inverted nuclei. (e) Immunostaining with single
anti-H3K9me2 Abs in isolated rod perikarya. All images are confocal optical sections. Scale bars: panels (a)—(c), 5 um and panel (e), 2 pm.



tained their integrity and exhibited characteristic AM39239
nuclear rim staining. In contrast, nuclei that were physically
bisected by the sectioning, as visible by disruptions in the
DAPI channel, showed staining of internal chromatin that
was now exposed (Supplementary Fig. S3c). This indicates
that the AM39239 Ab can successfully stain heterochromatin
throughout the nucleus, but only when it has direct access to
the nuclear interior. This finding raised the question of what
could prevent AM39239 from accessing epitopes inside the
nucleoplasm.

We thus last investigated whether the peripheral staining
by AM39239 is linked to differences in its binding affinity
to H3K9me2, compared to ab1220 and CMA317. Compar-
ing the two mouse Abs by ELISA revealed that ab1220 ex-
hibits ~27-fold lower affinity than CMA317 (Supplementary
Fig. S4a). Subsequently, to compare the rabbit AM39239 with
mouse CMA317, we utilized a modified ELISA with satu-
rated secondary Abs to normalize detection across species.
This revealed that AM39239 displays a ~34-fold higher bind-
ing affinity to H3K9me2 than CMA317 (Supplementary Fig.
S4b—e). Based on the previously determined binding coeffi-
cient of CMA317 (K4 =1.5 x 1078 M) [65], we estimated that
K4 of ab1220 is ~4 x 107 M and AM39239 is ~4.4 x 1010
M. Thus, AM39239, which displays the strongest peripheral
accumulation, also has the highest binding affinity of the three
anti-H3K9me2 Abs.

Collectively, this suggests that the persistent peripheral
staining with AM39239 is due to insufficient Ab pene-
tration into the nucleus, which could be related to its
~34- to 918-fold higher binding affinity to the H3K9me2
epitope.

Computer simulations identify parameters affecting
Ab penetration

We sought to decipher how Ab affinity is connected to arti-
factual peripheral staining by building a minimal computa-
tional model of Ab binding dynamics in a simulated nucleus.
We modeled staining of the nucleus over time as a reaction-
diffusion process, similar to models used to optimize tissue-
scale staining [70, 71]. Specifically, we approximated the nu-
cleus as a 10 um diameter sphere with an antigen (Ag) uni-
formly distributed throughout its volume. We assumed that
an Ab moves according to a specific diffusion coefficient (D).
We also assumed Ab—Ag interactions are governed by their as-
sociation (k,,) and dissociation (k) rates (Fig. 2a). The base-
line values for these parameters were adapted from published
datasets. These included (i) the known affinity of the CMA317
Ab, (ii) the estimated H3K9me2 epitope concentration per sin-
gle mammalian nucleus, and (iii) the diffusion coefficient for
IgG molecules in aqueous solution (Supplementary Fig. S5a
and see the “Materials and methods” section) [65, 72-74]. In
these conditions, our simulations show Abs progressively pen-
etrate the nucleus over time to ultimately produce a uniform
distribution of signal within 30 min (Supplementary Fig. S5b
and c).

We then varied one parameter at a time to determine how
they individually affect Ab penetration after 30 min. Increas-
ing Ab ko, by 100-fold from the baseline or decreasing Ab
ko by 100-fold abolished internal penetration (Fig. 2b and
c). This indicates that proper Ab penetration is blocked when
epitope binding affinity is high, matching our observations for
the higher affinity of AM39239. Similarly, Ab penetrance into
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the nuclear interior could also be inhibited by increasing the
Ag concentration (Cy) by 50-fold or decreasing the diffusion
coefficient (Da) by 50-fold (Fig. 2d and e). Failed Ab penetra-
tion also arises when smaller changes are made to several vari-
ables simultaneously. Internal staining was also prevented by
simultaneously reducing Ab dissociation (k.g) 10-fold while
increasing Ab binding (k,,) 10-fold and Ag concentration (Cy))
2-fold (Fig. 2f). Thus, a peripheral staining artifact can arise
by individually or synergistically modulating parameters that
impact Ab penetration.

We finally investigated parameters that could later be ex-
perimentally adjusted to potentially resolve failed Ab pene-
tration, namely Ab concentration and incubation time. In-
creasing Ab concentration by 100-fold produced a uniform
staining pattern under simulation conditions that previously
produced peripheral staining (Fig. 2g), while decreasing Ab
concentration exacerbated it (Supplementary Fig. S5d and e).
Likewise, extending the simulated incubation time from 30
min to 72 h similarly reversed peripheral staining (Fig. 2h). Ar-
tifactual peripheral staining is thus predicted to be mitigated,
in some cases, by increasing Ab concentration or incubation
time. However, we note that modifications, like extended 72 h
incubation times, cannot restore Ab penetration if the various
parameters that cause it are too extreme (Fig. 2i).

Taken together, our simulations argue that Ab performance
in a closed volume is strongly influenced by multiple param-
eters, including epitope abundance, ko, and kg that define
Ab affinity, and diffusion rate. Combinations of low affinity,
low epitope concentration, and high diffusion consistently im-
prove nuclear interior staining. In contrast, combinations of
high affinity, high epitope concentration, and a low diffusion
constant result in peripherally restricted staining of simulated
nuclei. However, this failed penetration can be reversed by in-
creasing Ab concentration and incubation time. We termed
this phenomenon Ab-trapping and next sought to experimen-
tally test these computational predictions.

High epitope abundance contributes to Ab-trapping

We began by testing whether high epitope concentration
blocks Ab penetration. We did so by decreasing the abun-
dance of H3K9me2 in three ways prior to detection with
AM39239. First, we applied immunofluorescence to 3KO-
MEFs, which lack three of the five H3K9 methyltransferases—
Suv39H1, Suv39H2, and SetDBl—resulting in a 30% re-
duction of H3K9me2 levels [45]. As predicted, in the 3KO
cells, the peripheral staining with AM39239 was substantially
but not completely abrogated, and staining became more in-
tense and uniformly distributed throughout the nucleoplasm
(Fig. 3a). Second, we applied a gentle trypsin digestion, which
should remove histone tails like those marked with H3K9me?2.
This limited digestion similarly promoted a more uniform la-
beling of chromatin in the nuclear interior (Fig. 3b). Finally,
we performed immunofluorescence staining in tissue sections.
Here, prolonged sample crosslinking and antigen retrieval by
heating (see the “Materials and methods” section) are ex-
pected to greatly reduce epitope abundance relative to stan-
dard immunofluorescence with the short crosslinking used
for cultured cells. Accordingly, performing antigen retrieval
prior to immunostaining with AM39239 restores nucleoplas-
mic signal in cryosections of embryonic limb (Fig. 3¢) and
adult retinas (Fig. 3d and Supplementary Fig. S6). Together,
this supports that high epitope abundance is a major con-
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a Minimal Biophysical Model

K. Py

)} < R A %{:Q
Roe e 2N

/D

(

Ab (A) Ag(B) Complex (AB)

b Antibody association rate (k)

k,,x 1 k,,x 10 k,,X 50 k,,x 100

C Antibody dissociation rate (k) <

k,,/ 10 k! 50 k,,/ 100

d Epitope concentration (C;)

C,x1 C,x10 C, x50

C,x 100
€ Diffusion constant (D,)

D,/10 D,/ 50

D, /100

logC,,
-6

Simulating antibody penetration over time

—
nc t,=0) nC(t=30min AN » I D,
PV
Cyt,=0) —» EC(t—SOmm » e
o] : ~ {\- & -
[ ] Cuti0 [O]cutaomn [ A
Incubation Time (t)
Reference Perturbation Parameters
k,,x 10
K,/ 10
Varlatlon C,x2
of multiple
parameters
k,,x 10
Increasing KCrALO
Ab [C]
C,=0.05x
—) k,,x 100
Longer
incubation
t=30 min t=72h
—> D,/ 4000
Longer
incubation

t=72h

t =30 min

Figure 2. Computational modeling recapitulates peripherally restricted Ab staining. (a) Minimal biophysical model. Left: Ab (A) and Ag (B) bind and
unbind reversibly with rate ko and kys. Right: at time 0, Abs are primarily located outside the nucleus, and they diffuse into the nucleus with a diffusion
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prolonged incubation time t = 72 h. (i) A 4000-fold decrease in the diffusion constant results in strong trapping at time t = 30 min with the gradient

remaining pronounced even at time t = 72 h.

tributor to Ab-trapping, at least for the anti-H3K9me2 Ab
AM39239.

High Ab affinity contributes to Ab-trapping

We further tested the prediction that Ab-trapping is linked
to AM39239’ high affinity for H3K9me2, which is 34- and
918-fold greater than that of CMA317 and ab1220, respec-
tively (Supplementary Fig. S4). To do so, we examined the
penetration dynamics of these two Abs by following progres-
sive Ab staining in fixed cells over time using time-lapse mi-

croscopy. The Abs were preincubated with fluorescently la-
beled secondary Abs and mixed with Hoechst 33342, be-

fore incubating with fixed permeabilized cells. Strikingly, pe-
ripheral nuclear signal was initially observed for both Abs
and even for Hoechst staining. Full nuclear staining with
CMAZ317 was then achieved after several hours, whereas
staining with AM39239 was not completed even after 12 h
(Supplementary Fig. S7 and Supplementary Video S1). We ob-
served a similar trend when comparing CMA317 with the
lower-affinity ab1220 using subclass-specific secondary Abs
(Supplementary Fig. S8a). We found that ab1220 stained the
nuclear interior more rapidly than CMA317 (Supplementary
Fig. S8b and Supplementary Video S2). However, ab1220
and CMA317 eventually fully penetrated the nucleus af-
ter 12 h, displaying highly overlapping staining patterns
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Figure 3. High epitope abundance contributes to Ab-trapping of AM39239. (a) Immunofluorescence staining with AM39239 in WT and 3KO MEFs. Ab
signal in the nuclear interior is substantially increased in 3KO cells, although the gradient from the periphery toward the center is still present. (b)
Immunofluorescence staining with AM39239 in Hela nuclei without (top) and with (bottom) nonspecific reduction of proteins by trypsin digestion that
notably enhances internal staining. (e, d) Immunofluorescence staining with AM39239 in single cells (top layers) and in tissue cryosections (bottom
layers). In cultured MEFs [panel (c), top] and isolated rod photoreceptors [panel (d), top], the nuclear staining is peripheral. In sections of embryonic limb
[panel (c), bottom], in addition to the peripheral rim, the Ab stains the nuclear interior including the nucleolar periphery. In sections of retina [panel (d),
bottom], the Ab stains the internal heterochromatin layer. All images are single optical sections. Scale bars: 5 um.

(Supplementary Fig. S8c). Collectively, these results confirm
that higher affinity promotes Ab-trapping by impeding the dif-
fusion of Abs from the periphery to the interior.

Ab-trapping impacts genomic assays
We next set out to determine how Ab-trapping affects ge-
nomics assays that rely on Ab diffusion in nuclei, focus-
ing on CUT&Tag [20]. CUT&Tag differs substantially from
standard immunofluorescence, as Abs are applied to unfixed
or only lightly fixed nuclei in distinct permeabilization and
Ab incubation buffers. We therefore first tested whether the
three anti-H3K9me2 Abs behave similarly under these al-
ternative conditions. To do so, we performed immunostain-
ing under CUT&Tag conditions in isolated rod photore-
ceptors, where H3K9me2 is confined to the nuclear inte-
rior. As under standard immunofluorescence, ab1220 cor-
rectly labeled internal heterochromatin, while AM39239 re-
mained restricted to the nuclear periphery, consistent with
Ab-trapping (Supplementary Fig. S9a). Strikingly, CMA317
now also produced an exclusively artifactual peripheral sig-
nal (Supplementary Fig. S9a), despite not being subjected to
Ab-trapping under standard immunofluorescence conditions
(Fig. Te).

To investigate the basis for this variability, we compared nu-
clear morphology in unfixed and fixed cells incubated in PBS

or CUT&Tag buffers. Nuclei exposed to CUT&Tag buffers
were markedly smaller than those in PBS, especially without
fixation, indicating reduced nuclear volume (Supplementary
Fig. S9b). This compaction would be expected to increase the
local concentration of H3K9me2 epitopes, which our compu-
tational modeling and experimental perturbations identify as
a key driver of Ab-trapping (Fig. 2d). Together, these findings
suggest that CUT& Tag conditions are particularly permissive
for Ab-trapping. More broadly, they highlight that suscepti-
bility to Ab-trapping can vary substantially for the same Ab
depending on the experimental conditions in which it is ap-
plied.

We further examined how Ab-trapping by CMA317 and
AM39239 manifests at the molecular level in CUT& Tag-seq.
We performed CUT&Tag in mouse rod photoreceptors using
the three anti-H3K9me2 Abs together with an anti-LMNB1
Ab to map peripheral LADs. In all cases, domains called for
each Ab were highly concordant between two biological repli-
cates (Supplementary Fig. S9¢). As expected of inverted rod
nuclei, 96% of ab1220 domains were located outside of LADs
(ab1220+, LMNB1—), consistent with H3K9me2 near exclu-
sively occupying the nuclear interior (Fig. 4a). In contrast, the
trapped Abs CMA317 and AM39239 captured only a sub-
set of this internally positioned H3K9me2, overlapping with
only a fraction of ab1220+ LMNB1— regions. Thus, Ab-
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Figure 4. Ab-trapping mischaracterizes H3K9me2 genomic profiles in a cell-type-specific manner. (a) Quantification of the genomic distribution of
Ab-defined domains across region classes categorized by the presence or absence of LMNB1 or ab1220 signal. Dashed outlines above the AM39239
and CMA317 bars indicate the ab1220 reference level, highlighting the fraction of missing signal relative to the ground truth. (b) CUT&Tag tracks in rod
cells for the indicated Abs. Tracks represent the average of two biological replicates (log2 signal after IgG control subtraction) with ref-seq genes shown
below. Domain calling for each sample is indicated below the corresponding track. (¢) Metaplots showing the distribution of signal for the indicated Abs
in rod cells across size-normalized LADs (left) or ab1220 domains (right). One megabase of flanking regions are shown in both directions. Arrowheads
mark enrichment of AM39239 and CMA317 signal at domain boundaries. (d, e) Schematic illustrating the impact of Ab-trapping on signal distribution in
inverted rod cell nuclei (d) and conventionally organized Hela cells (e). (f, g) Matching quantification and genome browser tracks of CUT&Tag-seq as in

panels (a) and (b), but in Hela cells.

trapping prevents efficient recovery of internal H3K9me2 sig-
nal in CUT&Tag, matching our microscopy results.
However, CUT&Tag also revealed a second and less intu-
itive consequence of Ab-trapping. Both trapped Abs also pro-
duced unexpected ectopic gains of signal in regions where
H3K9me2 is normally absent, including at those in the
nuclear interior (ab1220—, LMNB1—) and nuclear periph-
ery (ab1220—, LMNB1+) (Fig. 4a). Inspection of genome
browser tracks suggested that this ectopic enrichment arises at
the boundaries between H3K9me2-positive heterochromatin
domains and euchromatic LADs (Fig. 4b). We therefore plot-
ted Ab signals across LADs and ab1220-defined H3K9me2
domains. CMA317 and AM39239 signals peaked just beyond
LAD borders and at the edges of H3K9me2 domains (Fig. 4¢).
These patterns are consistent with Abs becoming trapped at
the first abundant epitopes they encounter, thereby generat-
ing ectopic CUT&Tag signal to inappropriately extend into
neighbouring loci (Fig. 4d). In the case of H3K9me2 in rods,

this position lies where internal heterochromatin meets pe-
ripheral euchromatin.

To test this, we finally examined whether both the loss and
gain of signal Ab-trapping artifacts also appear in conven-
tionally organized nuclei by repeating H3K9me2 and LADs
CUT&Tag-seq in HeLa cells (Fig. 4e). As expected for these
cells, 67% of H3K9me2 domains overlapped with LADs
(ab1220+, LMNB1+), while 33% were found in the nu-
clear interior (ab1220+, LMNB1—) (Fig. 4f and g). However,
consistent with Ab-trapping, CMA317 recovered less inter-
nal H3K9me2 (ab1220+4, LMNB1—) and displayed ectopic
signal in LADs with weak or absent H3K9me2 (ab1220—,
LMNB1+ and ab1220—, LMNB1-). AM39239 displayed a
similar tendency but to a lesser extent. Thus, in both inverted
and conventional nuclei, Ab-trapping reduces internal signal
while producing ectopic signal where the first abundant epi-
topes are encountered, which depends on the cell’s nuclear or-
ganization.
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Figure 5. Multiple Abs and target epitopes exhibit the trapping effect. (a) Immunostaining of Hela cell nuclei with variable expression of H2A-GFP with
anti-GFP Ab. Peripheral Ab-trapping is observed in highly expressing H2A-GFP cells but not in cells with lower expression (arrow). (b) Immunostaining of
COS-7 cell nuclei expressing HA-tagged transcription factor PRRX1. Note the false nuclear peripheral staining in highly expressing cell and nucleoplasm
staining in cell with lower expression (arrow). Immunostaining of Hel.a cells with anti-B23 (¢, d) and anti-Ki67 (e) Abs. Note that the false B23
immunostaining [panel (d), top] can be avoided by using a different Ab (sc-56622) [panel (c)] or mild protein digestion [panel (d), bottom]. (f)
Immunostaining with anti-H3K18ac or anti-H4K8ac Abs in Hela cells without (top) and with increased histone acetylation via Trichostatin A treatment
(bottom). Homogeneous staining with H3K18ac and H4K8ac Abs throughout the internal euchromatin becomes peripheral after the increase in epitope
abundance. Note that in contrast to AM39239 (Fig. 1) or anti-GFP (Fig. 5a) Ab-trapping at the extreme nuclear periphery, euchromatin Ab-trapping
(empty arrowheads) occurs more internally than the peripheral rim of heterochromatin (solid arrowheads). All images are single optical sections. Scale

bars: panels (a) and (b) 10 um, and panels (c) and (d) 5 pum.

In summary, this demonstrates that Ab-trapping mischar-
acterizes the genomic distributions of chromatin features in
CUT&Tag-seq, both through loss and ectopic gain in signal.

Ab-trapping affects multiple Abs, epitopes, and
structures
Our modeling suggests that Ab-trapping can in principle affect
any Ab or cellular structure with epitopes that are confined to
a limited volume. We thus examined several alternative sce-
narios where artifactual peripheral staining could emerge in a
manner dependent on Ab affinity and/or epitope abundance.
We initially applied standard immunofluorescence to a
HeLa cell line that heterogeneously expresses H2A-GFP at
variable levels across the cell population. Strikingly, the anti-
GFP Ab A-11122 artifactually stained the nuclear periphery

in cells with high H2A-GFP expression. By contrast, lower ex-
pressing cells with a reduced GFP epitope abundance were
unaffected (Fig. 5a). In parallel, HeLa cells were co-stained
with an anti-GFP nanobody that binds GFP with a sin-
gle monomeric variable domain and is thus 10-fold smaller
than rabbit IgGs [75]. The nanobody stained GFP through-
out the entire nucleoplasm independently of GFP expression
level (Supplementary Fig. S10a and b). Time-lapse imaging
confirmed that the IgG stains nuclear interior significantly
slower than the nanobody, whether applied separately or in
combination (Supplementary Fig. S10c). However, FRAP re-
vealed minimal fluorescence recovery for both probes, indicat-
ing no substantial difference in their dissociation (k.g) rates
(Supplementary Fig. S10d), suggesting that the nanobody by-
passes Ab-trapping due to its greater diffusion coefficient
(Da). Thus, even anti-GFP Abs are subject to Ab-trapping un-
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Figure 6. Increasing incubation time with and between Abs mitigates Ab-trapping. (a) Immunostaining with three anti-H3K9me2 Abs with standard (left)
and extended (right) incubation times. AM39239 stains the nuclear periphery closest to the coverslip/slide only in the extended incubation (solid white
arrowheads in XZ sections). Note AM39239 staining at the nucleolar periphery (empty white arrowheads) and nuclear channels formed by the
invaginated nuclear envelope (empty gold arrowheads) in extended incubations. (b) Immunostaining with AM39239 (left) and quantification of radial
signal distributions (right) in three conditions: (i) 1 h primary Ab incubation followed by 30 min wash, (i) 1 h primary Ab followed by 72 h wash, and (iii) 72
h primary Ab incubation followed by 30 min wash. All images are single optical sections. Scale bars: 5 um.

der the synergistic effects of high epitope abundance, high Ab
affinity, and slow diffusion.

We further examined other tagged proteins for Ab-
trapping. Staining the HA-tagged transcription factor PRRX1
results in a nucleoplasm-wide signal when its expression is
low but only in false peripheral staining when its expression
is high (Fig. 5b). Likewise, a previous study demonstrated that
anti-GFP or anti-FLAG Abs display Ab-trapping at the nucle-
olar surface when fibrillarin-GFP and EGFP-FLAG-B23 are
overexpressed in HeLa cells [43, 44]. Matching this, we found
that the abundant endogenous B23 protein also displays Ab-
trapping depending on the Ab used. Specifically, the sc-56622
Ab stains nucleoli uniformly, whereas the alternative Sigma
B0556 Ab stains only the nucleolar periphery causing a typ-
ical Ab-trapping effect that is abrogated after mild digestion
(Fig. 5¢ and d). Similarly, staining of another abundant intra-
nucleolar protein Ki67 with Abcam ab15580 was also re-
stricted to the nucleolar periphery (Fig. Se). Thus, Ab-trapping
can affect multiple tagged and endogenous proteins in distinct
cellular structures.

We last tested for potential Ab-trapping in other abun-
dant histone modifications that instead define euchro-
matin. Under normal conditions, Abs against H4K8ac or
H3K18ac displayed enriched signals in the nuclear interior

in HeLa cells. However, elevating the concentration of acety-
lated histones in HeLa cells following treatment with the
HDAC inhibitor Trichostatin A increased labeling to an Ab-
trapping-like sub-peripheral rim at the border of euchromatin
(Fig. 5f).

Ab-trapping can therefore affect Abs targeting a wide range
of epitopes, including both endogenous and ectopically ex-
pressed proteins within the nucleus and nucleolus.

Factors that mitigate Ab-trapping
Our computational modeling (Fig. 2h) and time-lapse imag-
ing (Supplementary Figs S7 and S8) suggested that increas-
ing the time available for Ab diffusion could mitigate Ab-
trapping. We therefore tested the impacts of prolonged Ab
incubation and washing times. In immunofluorescence, both
longer primary Ab incubation (48 or 72 h) and extended
washing (72 h) improved AM 39239 penetration, though some
partial peripheral trapping remained (Fig. 6). However, in
CUT&Tag-seq, extending AM39239 or CMA317 incubation
times to 15 or 48 h did not alleviate the artifact, again reveal-
ing the sensitivity of Ab-trapping to experimental conditions
(Supplementary Fig. S11).

We also tested the other computational prediction that in-
creasing Ab concentration can overcome trapping by satu-
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Figure 7. Increasing primary Ab concentration can mitigate trapping for some Abs. Immunostaining of H2A-GFP in highly expressing cells (a), H3K9me2
with AM39239 (b, top), and nucleophosmin (B23) (b, bottom) in nuclei of Hela cells at indicated dilutions. Representative single optical sections (left)
and corresponding line profile quantifications (right) are shown. The 1:100 000 condition is omitted from quantification graphs due to the low
signal-to-noise ratio. Schematic of the line profile analysis over the nuclear geometrical center is depicted above the graphs. All images are single optical

sections. Scale bars: 5 um.

rating peripheral epitopes. This intervention proved context-
dependent. Increasing anti-GFP Ab concentration progres-
sively reduced peripheral trapping in H2A-GFP HeLa cells,
ultimately recapitulating underlying GFP signal at the high-
est concentration (Fig. 7a). In contrast, high concentrations
of AM39239 or anti-B23 failed to eliminate peripheral trap-
ping, presumably due to the high abundance of endogenous
epitopes relative to Abs present (Fig. 7b). Varying secondary
Ab concentration also had no effect, indicating that the pri-
mary Ab remains the limiting factor (Supplementary Fig. $12).

Thus, prolonged Ab incubation, extended washing, or in-
creased Ab concentration can mitigate Ab-trapping in some
cases. However, the success of these interventions depends on

the specific Ab, target epitope abundance, and experimental
context.

Discussion

The biomedical sciences struggle with a “reproducibility cri-
sis,” which has been in part attributed to the unreliable per-
formance of Ab-based assays [76—78]. As a result, major ef-
forts have been undertaken in the last decade to systemati-
cally identify and mitigate these issues. Here, we character-
ize an undescribed immunolabeling artifact, Ab-trapping, that
profoundly mischaracterizes how chromatin features are dis-
tributed in the genome and nuclei. Importantly, we show that
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this artifact is not caused by a lack of Ab-specificity or other
previously reported problems in Ab-based assays. Instead, Ab-
trapping is driven by failed Ab diffusion caused by the inter-
play between (i) a high Ab affinity and (ii) a high concentration
of an epitope that is confined to a limited volume.

We show that Ab-trapping represents a significant flaw in
likely any assay relying on Ab penetration into whole nuclei,
including immunofluorescence microscopy and CUT&Tag-
seq. Given its widespread impact, it is essential to broadly
raise awareness of this artifact across research disciplines.
Indeed, microscopists, who have long applied Ab to whole
nuclei, have anecdotally recognized peripheral staining pat-
terns as artifacts in some instances [43, 44] (personal com-
munications of Evgenya Popova, Sergei Grigoryev, Robert
Schneider, and others). However, this is not always the
case [31, 34, 79]. In contrast, the genomics community
has only relatively recently adopted technologies relying on
Ab penetration into whole unfixed cells or isolated nuclei
(e.g. CUT&RUN/ChIC, CUT&Tag, pA-DamlID, and MAbID)
[18-22]. Genomics users are thus potentially less prepared to
identify Ab-trapping, which is crucial considering these tech-
nologies underlie most state-of-the-art single-cell and spatial
epigenome mapping methods [20, 22-25]. Ultimately, recog-
nizing and addressing Ab-trapping will significantly enhance
the accuracy and reproducibility of experiments across mi-
croscopy and genomics alike.

In demonstrating Ab-trapping, our study helps to resolve
existing conflicts in the published literature. In the absence
of Ab-trapping, we show that H3K9me2 marks heterochro-
matin regardless of whether it is positioned at the nuclear
periphery or not. In cells with conventional genome organi-
zation, H3K9me2 is enriched at the periphery but also la-
bels a significant fraction of chromatin in the nuclear inte-
rior, as was reported previously [35-40]. Conversely, in rod
cells with inverted nuclear organization, H3K9me2 relocates
to the nuclear interior together with the heterochromatin it is
physically associated with. Combined, this demonstrates that
H3K9me2 is primarily a mark of repressive heterochromatin
rather than spatial position in the nucleus as some studies
have concluded [29, 31]. This example of a prominent his-
tone modification highlights how Ab-trapping can lead to in-
correct conclusions concerning genome biology. Moreover, we
demonstrate that Ab-trapping can affect diverse chromatin
targets from transcription factors and histone modifications
to nucleolar proteins and protein tags. Thus, Ab-trapping has
significant potential to misinform the study of broad areas of
chromatin biology and so cannot be ignored.

While Ab-trapping has been recognized by the microscopy
community in some cases, a model of artifactual peripheral
staining at the cellular scale has been lacking until now. With
this model, we demonstrate that Ab-trapping emerges from a
small set of physical properties, such as binding kinetics, dif-
fusion rates, and epitope density, without necessitating more
complex biological explanations. By isolating these variables,
the model establishes a mechanistic rationale for the artifact
and provides a clear set of testable parameters that we were
able to validate experimentally. It also paves the way to future
more elaborative models that expand on the simplifying as-
sumptions made here. First, cell nuclei are not perfectly spher-
ical, so artifacts arising from the staining process could be in-
fluenced by a target geometry. Second, we do not model fluid
advection or non-specific binding events, both of which could
affect staining dynamics. Third, considerable uncertainty re-

mains regarding reference parameters, including Ab affinity
and diffusion coefficients. Finally, we did not model bivalent
or cooperative binding. Incorporating such details may enable
computational screening to avoid Ab-trapping and other arti-
facts across a broad range of staining scenarios.

It is important to emphasize that susceptibility to Ab-
trapping is not an intrinsic property of an Ab, but rather a
context-dependent phenomenon influenced by specific exper-
imental parameters. Our results demonstrate that while some
Abs, such as ab1220, perform consistently across applications,
others, such as CMA317 and AM39239, are highly sensitive
to the specific experimental environment. Thus, our findings
argue against relying on prior benchmarks, e.g. Ab specificity
and standard immunofluorescence that are universal “sanity
checks.” Instead, they highlight the necessity of validating Ab
performance under the exact biochemical and physical condi-
tions of the intended assay.

We would finally like to alert the scientific community that
multiple commercially available Abs against nuclear proteins
display apparent Ab-trapping evident even from representable
images on the manufacturer’s websites. These are exemplified
by Abs from Thermo Fisher Scientific for H1 and H4 acetyla-
tion, active motif for histone H3, and Abcam for H3K27ac
(Supplementary Table S3). Importantly, this does not mean
that these Abs lack specificity. Rather, their high affinity and/or
elevated abundance of their target epitopes likely predisposes
them to Ab-trapping. Consequently, such Abs can still produce
reliable results if appropriate measures are employed to miti-
gate Ab-trapping. To assist researchers in recognizing and mit-
igating Ab-trapping, we recommend the following straightfor-
ward best practices:

(1) Validation of genomics assays by microscopy. For any
bulk or single cell genomic method relying on Ab dif-
fusion (e.g. CUT&Tag), perform a parallel immunoflu-
orescence control, and apply recommendations listed
below to determine whether this signal is a result of
Ab-trapping.

(2) Peripheral staining caution. Immunostaining restricted
to the periphery of the nucleus, nucleolus, or other
structures with a confined volume should be inter-
preted with caution. If possible, use a different Ab (or
tagged protein expression) to confirm the peripheral
localization.

(3) Expression level variability. When immunodetecting
ectopically expressed proteins via protein tags, ensure
that a sufficient number of cells covering a wide range
of expression levels are analyzed. If a peripheral signal
is observed in only a fraction of highly expressing cells,
it is likely the result of Ab-trapping caused by high epi-
tope abundance.

(4) Optimization of staining conditions. When using an
untested primary Ab, test various parameters, such as
different staining and washing times (from 1 to 72
h). Likewise, various fixation and incubation condi-
tions might influence Ab-trapping, e.g. differential per-
formance of CMA317 in unfixed cells and CUT& Tag
buffer versus fixed cells and PBS buffer.

(5) Confirmation by using cryosections. Whenever pos-
sible, validate staining patterns observed in isolated
or cultured cells by using tissue cryosections where
longer crosslinking and antigen retrieval reduces epi-
tope abundance.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag615#supplementary-data

(6) When a trapping Ab is the only one available. To miti-
gate the Ab-trapping effect, we recommend increasing
times for primary Ab incubation or washing between
primary and secondary Abs. Alternatively, for an Ag
reduction, a mild digestion with a protease can greatly
improve staining results.

Acknowledgements
We thank Corinna Schwichtenberg (MPIMG Animal house)

for mouse line maintenance; former and current Schulz
lab members (Alexandra Martitz, Till Schwimmle, Tlona
Dunkel, and Rutger Gjaltema) for kindly sharing an opti-
mized CUT&Tag protocol; Marius Ader (TU Dresden) for
kindly sharing NRL-GFP mouse strain; Bulut-Karslioglu lab
for kindly sharing pA-TnS; Kalscheuer lab for kindly shar-
ing wildtype Hela cells; the MPIMG Transgenic unit for
IVFE; MPIMG FACS facilities for sorting; and MDC/BIH Ge-
nomics Platform for sequencing. We are grateful to Evgenya
Popova (Penn State Neuroscience Institute) and Sergei Grig-
oryev (Penn State College of Medicine) for fruitful discus-
sions. COS-7 cell preparations with fusion protein PRRX1-
HA were kindly donated by Rebecca S. Tooze (University of
Oxford). We thank Iliya Nadelson for great help in quantifi-
cation of signal distribution in experiments with different AB
concentrations. X.Y. and G.F. thank members of the Fuden-
berg group for feedback on simulations. Finally, we thank Pe-
ter Becker, Silke Lochs, Philipp Kurbel, and Robin van der
Weide for their critical reading of the manuscript. The graph-
ical abstract was created in BioRender. Chudzik, K. (2026)
https://BioRender.com/l0jpbsu

Author contributions: 1.S., M.LLR., H.K., and K.C. con-
ceived and designed the study. K.C. performed CUT&Tag
experiments, including immunostaining of isolated cells, and
data processing. X.Y. and G.F. developed computational mod-
els. W.T. performed Ab affinity measurements. S.U. performed
immunostainings and image quantification. Y.S., W.T., and
H.K. performed immunostaining and image acquisition in
TT2 mESCs and 3KO/5KO MEFs, as well as time-lapse mi-
croscopy and biochemical characterization of Abs. L.S. per-
formed image acquisition of COS-7 cells. 1.S. performed im-
munostaining and image acquisition in both cultured cells
and tissue sections. L.S., M.LLR., H.K., and K.C. wrote the
manuscript with input from all authors.

Supplementary data
Supplementary data is available at NAR online.

Conflict of interest

None declared.

Funding

K.C. was supported by the Deutsche Forschungsgemeinschaft
(DFG) International Research Training Group (IRTG2403).
Y.S. was supported by the Japan Science and Technol-
ogy Agency (JST) CREST (JPMJCR20S6). X.Y. and G.E
were supported by the National Institute of General Med-
ical Sciences of the National Institutes of Health (NIGMS)
(R35GM143116). M.LR. was supported by the Euro-
pean Molecular Biology Organization (EMBO) (ALTF1554-

Antibody-trapping 17

2016), Wellcome Trust (206475/Z/17/Z), Human Fron-
tier Science Program (HFSP) (RGP020/2025), and DFG
(Grants # 556274722, FOR 2841, # 400728090, and SPP
2502 # 563470554). H.K. was supported by the Japan
Society for the Promotion of Science (JSPS) KAKENHI
(JP21HO04764 and JP24H02325), the Japan Agency for Med-
ical Research and Development (AMED) Basis for Support-
ing Innovative Drug Discovery and Life Science Research
(BINDS; JP25ama121020), and the JST Adopting Sustain-
able Partnerships for Innovative Research Ecosystem (AS-
PIRE) (24jf026008h0001). S.U. and L.S. were supported by
the DFG grants (SP2202/SO1054/2, Grant # 422388934 and
SFB1064, grant # 213249687). Funding to pay the Open Ac-
cess publication charges for this article was provided by core
funding.

Data availability

All data reported in this paper are available upon request.
Sequencing data generated in this study are available at the
NCBI Gene Expression Omnibus, GEO: GSE293376. Pro-
cessed CUT& Tag tracks are also available at https://genome-
euro.ucsc.edu/s/Chudzik/AbTrapping (for isolated rod cells)
and https://genome-euro.ucsc.edu/s/Chudzik/AbTrapping_hg
(HeLa cells) for visual exploration in UCSC.

Code for computational modeling has been deposited
at https://github.com/Fudenberg-Research-Group/Ab-
trapping and Zenodo at https:/doi.org/10.5281/zenodo.
20072870.

References

1. Bersaglieri C, Santoro R. Genome organization in and around the
nucleolus. Cells 2019;8:579. https://doi.org/10.3390/cells8060579

2. Mansisidor AR, Risca VI. Chromatin accessibility: methods,
mechanisms, and biological insights. Nucleus 2022;13:238-78.
https://doi.org/10.1080/19491034.2022.2143106

3. Schaeffer M, Nollmann M. Contributions of 3D chromatin
structure to cell-type-specific gene regulation. Curr Opin Genet
Dev 2023;79:102032. https://doi.org/10.1016/j.gde.2023.102032

4. Millan-Zambrano G, Burton A, Bannister AJ et al. Histone
post-translational modifications—cause and consequence of
genome function. Nat Rev Genet 2022;23:563-80.
https://doi.org/10.1038/s41576-022-00468-7

5. Kim S, Wysocka J. Deciphering the multi-scale, quantitative
cis-regulatory code. Mol Cell 2023;83:373-92.
https://doi.org/10.1016/j.molcel.2022.12.032

6. Solovei I, Thanisch K, Feodorova Y. How to rule the nucleus:
divide et impera. Curr Opin Cell Biol 2016;40:47-59.
https://doi.org/10.1016/j.ceb.2016.02.014

7. Wong X, Melendez-Perez AJ, Reddy KL. The nuclear lamina. Cold
Spring Harb Perspect Biol 2022;14:a040113.
https://doi.org/10.1101/cshperspect.a040113

8. Belmont AS. Nuclear compartments: an incomplete primer to
nuclear compartments, bodies, and genome organization relative
to nuclear architecture. Cold Spring Harb Perspect Biol
2022;14:a041268. https://doi.org/10.1101/cshperspect.a041268

9. Downs JA, Gasser SM. Chromatin remodeling and spatial
concerns in DNA double-strand break repair. Curr Opin Cell Biol
2024;90:102405. https://doi.org/10.1016/j.ceb.2024.102405

10. Janssen SM, Lorincz MC. Interplay between chromatin marks in
development and disease. Nat Rev Genet 2022;23:137-53.
https://doi.org/10.1038/s41576-021-00416-x
11. Weischenfeldt J, Ibrahim DM. When 3D genome changes cause

disease: the impact of structural variations in congenital disease


https://BioRender.com/l0jpbsu
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag615#supplementary-data
https://genome-euro.ucsc.edu/s/Chudzik/AbTrapping
https://genome-euro.ucsc.edu/s/Chudzik/AbTrapping_hg
https://github.com/Fudenberg-Research-Group/Ab-trapping
https://doi.org/10.5281/zenodo.20072870
https://doi.org/10.3390/cells8060579
https://doi.org/10.1080/19491034.2022.2143106
https://doi.org/10.1016/j.gde.2023.102032
https://doi.org/10.1038/s41576-022-00468-7
https://doi.org/10.1016/j.molcel.2022.12.032
https://doi.org/10.1016/j.ceb.2016.02.014
https://doi.org/10.1101/cshperspect.a040113
https://doi.org/10.1101/cshperspect.a041268
https://doi.org/10.1016/j.ceb.2024.102405
https://doi.org/10.1038/s41576-021-00416-x

18

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Chudzik et al.

and cancer. Curr Opin Genet Dev 2023;80:102048.
https://doi.org/10.1016/j.gde.2023.102048

Moreno-Gonzalez M, Sierra I, Kind J. A hitchhiker’s guide to
single-cell epigenomics: methods and applications for cancer
research. Int | Cancer 2026;158:291-04.
https://doi.org/10.1002/ijc.35307

Ahmad K, Henikoff S. Profiling regulatory elements in vivo by
genome-wide methods. Curr Opin Struct Biol 2025;92:103064.
https://doi.org/10.1016/j.sbi.2025.103064

Pifia R, Santos-Diaz Al Orta-Salazar E et al. Ten approaches that
improve immunostaining: a review of the latest advances for the
optimization of immunofluorescence. Int | Mol Sci 2022;23:1426.
https://doi.org/10.3390/ijms23031426

Giesen C, Wang HAO, Schapiro D et al. Highly multiplexed
imaging of tumor tissues with subcellular resolution by mass
cytometry. Nat Methods 2014;11:417-22.
https://doi.org/10.1038/nmeth.2869

Merritt CR, Ong GT, Church SE er al. Multiplex digital spatial
profiling of proteins and RNA in fixed tissue. Nat Biotechnol
2020;38:586-99. https://doi.org/10.1038/s41587-020-0472-9
Black S, Phillips D, Hickey JW e al. CODEX multiplexed tissue
imaging with DNA-conjugated antibodies. Nat Protoc
2021;16:3802-35. https://doi.org/10.1038/s41596-021-00556-8
Skene PJ, Henikoff S. An efficient targeted nuclease strategy for
high-resolution mapping of DNA binding sites. eLife
2017;6:€21856. https://doi.org/10.7554/eLife.21856

Schmid M, Durussel T, Laemmli UK. ChIC and ChEC: genomic
mapping of chromatin proteins. Mol Cell 2004;16:147-57.
https://doi.org/10.1016/j.molcel.2004.09.007

Kaya-Okur HS, Wu SJ, Codomo CA et al. CUT&Tag for efficient
epigenomic profiling of small samples and single cells. Naz
Commun 2019;10:1930.
https://doi.org/10.1038/s41467-019-09982-5

van Schaik T, Vos M, Peric-Hupkes D et al. Cell cycle dynamics of
lamina-associated DNA. EMBO Rep 2020;21:e50636.
https://doi.org/10.15252/embr.202050636

Lochs SJA, van der Weide RH, de Luca KL et al. Combinatorial
single-cell profiling of major chromatin types with MAbID. Nat
Methods 2024;21:72-82.
https://doi.org/10.1038/s41592-023-02090-9

Zeller P, Blotenburg M, Bhardwaj V et al. T-ChIC: multi-omic
detection of histone modifications and full-length transcriptomes
in the same single cell. bioRxiv,
https://doi.org/10.1101/2024.05.09.593364, 23 August 2025,
preprint; not peer reviewed.

Hainer SJ, Boskovi¢ A, McCannell KN er al. Profiling of
pluripotency factors in single cells and early embryos. Cell
2019;177:1319-1329. https://doi.org/10.1016/j.cell.2019.03.014
Deng Y, Bartosovic M, Kukanja P et al. Spatial-CUT& Tag:
spatially resolved chromatin modification profiling at the cellular
level. Science 2022;375:681-6.
https://doi.org/10.1126/science.abg7216

Schmiedeberg L, Skene P, Deaton A et al. A temporal threshold for
formaldehyde crosslinking and fixation. PLoS One 2009;4:¢4636.
https://doi.org/10.1371/journal.pone.0004636

Schnell U, Dijk F, Sjollema KA et al. Inmunolabeling artifacts and
the need for live-cell imaging. Nat Methods 2012;9:152-8.
https://doi.org/10.1038/nmeth.1855

Magnitov MD, Maresca M, Saiz NA et al. ZNF143 is a
transcriptional regulator of nuclear-encoded mitochondrial genes
that acts independently of looping and CTCF. Mol Cell
2025;85:24-41. https://doi.org/10.1016/j.molcel.2024.11.031
Smith CL, Poleshko A, Epstein JA. The nuclear periphery is a
scaffold for tissue-specific enhancers. Nucleic Acids Res
2021;49:6181-95. https://doi.org/10.1093/nar/gkab392

Shah PP, Lv W, Rhoades JH et al. Pathogenic LMNA variants
disrupt cardiac lamina-chromatin interactions and de-repress
alternative fate genes. Cell Stem Cell 2021;28:938-954.
https://doi.org/10.1016/j.stem.2020.12.016

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

4S.

46.

47.

48.

Smith CL, Lan Y, Jain R et al. Global chromatin relabeling
accompanies spatial inversion of chromatin in rod photoreceptors.
Sci Adv 2021;7:eabj3035. https://doi.org/10.1126/sciadv.abj3035
See K, Lan Y, Rhoades ] er al. Lineage-specific reorganization of
nuclear peripheral heterochromatin and H3K9me2 domains.
Development 2019;146:dev174078.
https://doi.org/10.1242/dev.174078

Poleshko A, Shah PP, Gupta M et al. Genome-nuclear lamina
interactions regulate cardiac stem cell lineage restriction. Cell
2017;171:573-87. https://doi.org/10.1016/j.cell.2017.09.018
Poleshko A, Smith CL, Nguyen SC et al. H3K9me2 orchestrates
inheritance of spatial positioning of peripheral heterochromatin
through mitosis. eLife 2019;8:¢49278.
https://doi.org/10.7554/eLife.49278

Goto N, Suke K, Yonezawa N et al. ISWI chromatin remodeling
complexes recruit NSD2 and H3K36me2 in pericentromeric
heterochromatin. | Cell Biol 2024;223:¢202310084.
https://doi.org/10.1083/jcb.202310084

Tanaka M, Harada H, Kimura H. The role of H3K9me3 in oral
squamous cell carcinoma. Biochem Biophys Res Commun
2023;640:56-63. https://doi.org/10.1016/j.bbrc.2022.11.102
Shimi T, Pfleghaar K, Kojima S et al. The A- and B-type nuclear
lamin networks: microdomains involved in chromatin
organization and transcription. Genes Dev 2008;22:3409-21.
https://doi.org/10.1101/gad.1735208

Eberhart A, Feodorova Y, Song C et al. Epigenetics of eu- and
heterochromatin in inverted and conventional nuclei from mouse
retina. Chromosome Res 2013;21:535-54.
https://doi.org/10.1007/s10577-013-9375-7

Towbin BD, Gonzélez-Aguilera C, Sack R et al. Step-wise
methylation of histone H3K9 positions heterochromatin at the
nuclear periphery. Cell 2012;150:934-47.
https://doi.org/10.1016/j.cell.2012.06.051

Kind J, Pagie L, Ortabozkoyun H et al. Single-cell dynamics of
genome-nuclear lamina interactions. Cell 2013;153:178-92.
https://doi.org/10.1016/j.cell.2013.02.028

Benevento M, van de Molengraft M, van Westen R ez al. The role
of chromatin repressive marks in cognition and disease: a focus on
the repressive complex GLP/G9a. Neurobiol Learn Mem
2015;124:88-96. https://doi.org/10.1016/j.nlm.2015.06.013
Padeken J, Methot SP, Gasser SM. Establishment of
H3K9-methylated heterochromatin and its functions in tissue
differentiation and maintenance. Nat Rev Mol Cell Biol
2022;23:623-40. https://doi.org/10.1038/s41580-022-00483-w
Sheval EV, Polzikov MA, Olson MQOJ et al. A higher concentration
of an antigen within the nucleolus may prevent its proper
recognition by specific antibodies. Eur | Histochem EJH
2005;49:117-23.

Svistunova DM, Musinova YR, Polyakov VY et al. A simple
method for the immunocytochemical detection of proteins inside
nuclear structures that are inaccessible to specific antibodies. |
Histochem Cytochem 2012;60:152-8.
https://doi.org/10.1369/0022155411429704

Fukuda K, Shimi T, Shimura C et al. Epigenetic plasticity
safeguards heterochromatin configuration in mammals. Nucleic
Acids Res 2023;51:6190-207.
https://doi.org/10.1093/nar/gkad387

Kimura H, Cook PR. Kinetics of core histones in living human
cells: little exchange of H3 and H4 and some rapid exchange of
H2B. ] Cell Biol 2001;153:1341-54.
https://doi.org/10.1083/jcb.153.7.1341

Tooze RS, Miller KA, Swagemakers SMA et al. Pathogenic variants
in the paired-related homeobox 1 gene (PRRX1) cause
craniosynostosis with incomplete penetrance. Genet Med
2023;25:100883. https://doi.org/10.1016/j.gim.2023.100883
Akimoto M, Cheng H, Zhu D et al. Targeting of GFP to newborn
rods by Nrl promoter and temporal expression profiling of
flow-sorted photoreceptors. Proc Natl Acad Sci USA
2006;103:3890-35. https://doi.org/10.1073/pnas.0508214103


https://doi.org/10.1016/j.gde.2023.102048
https://doi.org/10.1002/ijc.35307
https://doi.org/10.1016/j.sbi.2025.103064
https://doi.org/10.3390/ijms23031426
https://doi.org/10.1038/nmeth.2869
https://doi.org/10.1038/s41587-020-0472-9
https://doi.org/10.1038/s41596-021-00556-8
https://doi.org/10.7554/eLife.21856
https://doi.org/10.1016/j.molcel.2004.09.007
https://doi.org/10.1038/s41467-019-09982-5
https://doi.org/10.15252/embr.202050636
https://doi.org/10.1038/s41592-023-02090-9
https://doi.org/10.1101/2024.05.09.593364
https://doi.org/10.1016/j.cell.2019.03.014
https://doi.org/10.1126/science.abg7216
https://doi.org/10.1371/journal.pone.0004636
https://doi.org/10.1038/nmeth.1855
https://doi.org/10.1016/j.molcel.2024.11.031
https://doi.org/10.1093/nar/gkab392
https://doi.org/10.1016/j.stem.2020.12.016
https://doi.org/10.1126/sciadv.abj3035
https://doi.org/10.1242/dev.174078
https://doi.org/10.1016/j.cell.2017.09.018
https://doi.org/10.7554/eLife.49278
https://doi.org/10.1083/jcb.202310084
https://doi.org/10.1016/j.bbrc.2022.11.102
https://doi.org/10.1101/gad.1735208
https://doi.org/10.1007/s10577-013-9375-7
https://doi.org/10.1016/j.cell.2012.06.051
https://doi.org/10.1016/j.cell.2013.02.028
https://doi.org/10.1016/j.nlm.2015.06.013
https://doi.org/10.1038/s41580-022-00483-w
https://doi.org/10.1369/0022155411429704
https://doi.org/10.1093/nar/gkad387
https://doi.org/10.1083/jcb.153.7.1341
https://doi.org/10.1016/j.gim.2023.100883
https://doi.org/10.1073/pnas.0508214103

49.

50.

51,

52.

53.

54.

5S.

56.

57.

58.

59.

60.

61.

62.

63.

Solovei I Fluorescence in situ hybridization (FISH) on tissue
cryosections. In Bridger JM, Volpi EV (eds), Fluorescence in situ
Hybridization (FISH): Protocols and Applications. Totowa,
NJ:Humana Press, 2010, 71-82.
https://doi.org/10.1007/978-1-60761-789-1_5

Feodorova Y, Koch M, Bultman S ez al. Quick and reliable method
for retina dissociation and separation of rod photoreceptor
perikarya from adult mice. MethodsX 2015;2:39-46.
https://doi.org/10.1016/j.mex.2015.01.002

Gjaltema RAF, Schwiammle T, Kautz P et al. Distal and proximal
cis-regulatory elements sense X chromosome dosage and
developmental state at the Xist locus. Mol Cell 2022;82:190-208.
https://doi.org/10.1016/j.molcel.2021.11.023

Li Y, Nakka K, Olender T et al. Chromatin and transcription
factor profiling in rare stem cell populations using CUT& Tag.
STAR Protoc 2021;2:100751.
https://doi.org/10.1016/j.xpro.2021.100751

Buenrostro JD, Wu B, Litzenburger UM et al. Single-cell chromatin
accessibility reveals principles of regulatory variation. Nature
2015;523:486-90. https://doi.org/10.1038/nature14590
Schwiammle T, Noviello G, Kanata E et al. Reporter CRISPR
screens decipher cis- and trans-regulatory principles at the Xist
locus. Nat Struct Mol Biol 2025;32;2465-75.
https://doi.org/10.1038/s41594-025-01686-3.

Langmead B, Salzberg SL. Fast gapped-read alignment with
Bowtie 2. Nat Methods 2012;9:357-9.
https://doi.org/10.1038/nmeth.1923

Amemiya HM, Kundaje A, Boyle AP. The ENCODE Blacklist:
identification of problematic regions of the genome.

Sci Rep 2019;9:9354.
https://doi.org/10.1038/s41598-019-45839-z

Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for
comparing genomic features. Bioinformatics 2010;26:841-2.
https://doi.org/10.1093/bioinformatics/btq033

Ramirez F, Ryan DP, Griining B et al. deepTools2: a next
generation web server for deep-sequencing data analysis.

Nucleic Acids Res 2016;44:W160-5.
https://doi.org/10.1093/nar/gkw257

Kefalopoulou S, Rullens PMJ, De Luca KL ef al. Retrospective and
multifactorial single-cell profiling reveals sequential chromatin
reorganization during X inactivation. Nat Cell Biol
2025;27:1186-98. https://doi.org/10.1038/s41556-025-01687-w
Eberhart A, Kimura H, Leonhardt H et al. Reliable detection of
epigenetic histone marks and nuclear proteins in tissue
cryosections. Chromosome Res 2012;20:849-58.
https://doi.org/10.1007/s10577-012-9318-8

Walter ], Joffe B, Bolzer A et al. Towards many colors in FISH on
3D-preserved interphase nuclei. Cytogenet Genome Res
2006;114:367-78. https://doi.org/10.1159/000094227

Kimura H, Hayashi-Takanaka Y, Goto Y et al. The organization
of histone H3 modifications as revealed by a panel of specific
monoclonal antibodies. Cell Struct Funct 2008;33:61-73.
https://doi.org/10.1247/cs£.07035

Rackauckas C, Nie Q. DifferentialEquations.jl—a performant and
feature-rich ecosystem for solving differential equations in Julia. |
Open Res Software 2017;5:15. https://doi.org/10.5334/jors. 151

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Antibody-trapping 19

Strickland E, Pan D, Godfrey C et al. Self-extinguishing relay
waves enable homeostatic control of human neutrophil swarming.
Dev Cell 2024;59:2659-71.
https://doi.org/10.1016/j.devcel.2024.06.003

Hayashi-Takanaka Y, Yamagata K, Wakayama T et al. Tracking
epigenetic histone modifications in single cells using Fab-based live
endogenous modification labeling. Nucleic Acids Res
2011;39:6475-88. https://doi.org/10.1093/nar/gkr343

Solovei I, Kreysing M, Lanctot C et al. Nuclear architecture of rod
photoreceptor cells adapts to vision in mammalian evolution. Cell
2009;137:356-68. https://doi.org/10.1016/j.cell.2009.01.052
Bersaglieri C, Kresoja-Rakic J, Gupta S et al. Genome-wide maps
of nucleolus interactions reveal distinct layers of repressive
chromatin domains. Nat Commun 2022;13:1483.
https://doi.org/10.1038/s41467-022-29146-2

Gibcus JH, Samejima K, Goloborodko A et al. A pathway for
mitotic chromosome formation. Science 2018;359:eaa06135.
https://doi.org/10.1126/science.aa06135

Harlow E, Lane DP Antibodies: A laboratory manual. Cold Spring
Harbor: Cold Spring Harbor laboratory press, 1988.

Susaki EA, Shimizu C, Kuno A et al. Versatile whole-organ/body
staining and imaging based on electrolyte-gel properties of
biological tissues. Nat Commun 2020;11:1982.
https://doi.org/10.1038/s41467-020-15906-5

Lai HM, Tang Y, Lau ZYH et al. Antibody stabilization for
thermally accelerated deep immunostaining. Nat Methods
2022;19:1137-46. https://doi.org/10.1038/s41592-022-01569-1
Pokri¢ B, Pucar Z. The two-cross immunodiffusion technique:
diffusion coefficients and precipitating titers of IgG in human
serum and rabbit serum antibodies. Anal Biochem
1979;93:103-14.
https://doi.org/10.1016/S0003-2697(79)80123-2

Varghese LT, Sinha RK, Irudayaraj J. Study of binding and
denaturation dynamics of IgG and anti-IgG using dual color
fluorescence correlation spectroscopy. Anal Chim Acta
2008;625:103-9. https://doi.org/10.1016/j.aca.2008.07.021
Montavon T, Shukeir N, Erikson G et al. Complete loss of H3K9
methylation dissolves mouse heterochromatin organization. Nat
Commun 2021;12:4359.
https://doi.org/10.1038/s41467-021-24532-8

Zhou Y, Goenaga A-L, Harms BD ez al. Impact of intrinsic affinity
on functional binding and biological activity of EGFR antibodies.
Mol Cancer Ther 2012;11:1467-76.
https://doi.org/10.1158/1535-7163.MCT-11-1038

Baker M. Reproducibility crisis: blame it on the antibodies. Nature
2015;521:274-6. https://doi.org/10.1038/521274a

Baker M. When antibodies mislead: the quest for validation.
Nature 2020;585:313-4.
https://doi.org/10.1038/d41586-020-02549-1

Kwon D. The antibodies don’t work! The race to rid labs of
molecules that ruin experiments. Nature 2024;635:26-8.
https://doi.org/10.1038/d41586-024-03590-0

Wong KG, Cheng Y-CF, Wu VH et al. Growth factor-induced
activation of MSK2 leads to phosphorylation of H3K9me2510
and corresponding changes in gene expression. Sci Adv
2024;10:eadm9518. https://doi.org/10.1126/sciadv.adm9518

Received: June 13,2025. Revised: May 1, 2026. Accepted: May 5, 2026
© The Author(s) 2026. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https:/creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1007/978-1-60761-789-1_5
https://doi.org/10.1016/j.mex.2015.01.002
https://doi.org/10.1016/j.molcel.2021.11.023
https://doi.org/10.1016/j.xpro.2021.100751
https://doi.org/10.1038/nature14590
https://doi.org/10.1101/2024.10.08.617282
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/s41598-019-45839-z
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/nar/gkw257
https://doi.org/10.1038/s41556-025-01687-w
https://doi.org/10.1007/s10577-012-9318-8
https://doi.org/10.1159/000094227
https://doi.org/10.1247/csf.07035
https://doi.org/10.5334/jors.151
https://doi.org/10.1016/j.devcel.2024.06.003
https://doi.org/10.1093/nar/gkr343
https://doi.org/10.1016/j.cell.2009.01.052
https://doi.org/10.1038/s41467-022-29146-2
https://doi.org/10.1126/science.aao6135
https://doi.org/10.1038/s41467-020-15906-5
https://doi.org/10.1038/s41592-022-01569-1
https://doi.org/10.1016/S0003-2697(79)80123-2
https://doi.org/10.1016/j.aca.2008.07.021
https://doi.org/10.1038/s41467-021-24532-8
https://doi.org/10.1158/1535-7163.MCT-11-1038
https://doi.org/10.1038/521274a
https://doi.org/10.1038/d41586-020-02549-1
https://doi.org/10.1038/d41586-024-03590-0
https://doi.org/10.1126/sciadv.adm9518
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	Supplementary data
	Conflict of interest
	Funding
	Data availability
	References

