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Cumulative transcription factor binding and 
p300-mediated histone acetylation drive 
enhancer activation frequency
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In eukaryotes, transcription factors (TFs) must continuously compete 

with nucleosomes to access their binding sites, leading to cell-to-cell 

variability in chromatin accessibility at regulatory regions. Although 

critical to understand enhancer function in transcription, the mechanisms 

that define how frequently an enhancer is active in a cell population 

remain unclear. Here we used single-molecule footprinting to quantify the 

frequency at which chromatin is accessible at enhancers in response to TF 

perturbations and changes in their chromatin environment. We find that, 

individually, most TFs open chromatin in a small fraction of cells, and that 

cumulative TF binding controls enhancer activation frequency. Moreover, 

testing the functionality of hundreds of enhancers when inserted at an 

ectopic genomic location indicates that p300 activity is required for their 

full activation. Our data support a model in which enhancer activation 

frequency depends on the cumulative function of multiple TFs and is 

modulated by p300 activity.

Gene expression is regulated by the binding of transcription factors 

(TFs) at cis-regulatory elements (CREs), such as enhancers and promot-

ers. Activation of a CRE is a multistep process that is influenced by both 

cis-encoded mechanisms, such as TF binding, and trans-acting mecha-

nisms, including post-translational modification (PTM) of histone tails. 

TFs need to open chromatin before they can stimulate transcription 

through the recruitment of cofactors and the general transcription 

machinery1. Activation of most CREs requires the collective function 

of multiple TFs2–5.

Several mechanistic models have been proposed to explain how 

TFs combine their function to open chromatin. One model postulates 

that a specific class of TFs is specialized in opening chromatin (named 

‘pioneer’), while other TFs depend on their prior binding to exert func-

tions such as transcription stimulation3,6. Sequential binding and func-

tional dependency across TFs have been observed in the activation 

of lineage-specifying CREs3,6,7. Additionally, only a subset of TFs bind 

nucleosome-wrapped DNA, while most engage only free DNA8–11. An 

alternative, complementary model proposes that most TFs exert only 
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CA, whereas full enhancer accessibility requires their cumulative bind-

ing. When assayed at an ectopic locus, most enhancers only partially 

recapitulate their native CA, indicating a role for chromatin context. 

Consistent with this, p300 inhibition reduces CA frequency at enhanc-

ers genome wide, supporting a role for p300 activity in this process. 

Finally, changes in CA frequency directly impact enhancer activity 

through altered RNA polymerase II (Pol II) recruitment.

Results
Frequent nucleosome occupancy at active enhancers
In contrast to bulk assays, SMF captures the cell-to-cell heterogene-

ity of CA across individual DNA molecules (Fig. 1a,b). To quantify CA 

frequency at CREs, we developed an unsupervised molecular classifier 

named FootprintCharter32. The method partitions DNA molecules 

based on their CA patterns, distinguishing TFs and nucleosomes based 

on the footprint width (Fig. 1c and Extended Data Fig. 1a).

We mapped all motif instances in the genome33 and identified 

bound motifs using reference datasets for the binding of 18 TFs active 

in mESCs (Supplementary Table 1; Methods). We systematically quanti-

fied the width and the frequency of CA around binding motifs of TFs 

using a previously generated bait-capture SMF dataset that profiles 

>60% CREs active in mESCs (Fig. 1c and Extended Data Fig. 1b–d)18. In 

SMF data, TF footprints are not observed for all TFs and depend on the 

presence of cytosines in proximity to their binding sites18,24. To treat all 

TFs equally, we only considered nucleosome footprints and classified 

molecules with TF footprints as accessible (Methods). We used an 

existing chromatin-based genome segmentation to annotate transcrip-

tion factor binding sites (TFBSs) by CRE type (enhancer, promoter or 

CTCF;34 Supplementary Methods and Extended Data Fig. 2a,b).

We compared the frequency of CA around TF motifs at vari-

ous CRE types (Fig. 1d). TF motifs contained within promoters or 

CTCF-bound loci showed pervasive CA across cells, with frequencies 

exceeding 70% over median stretches of ~180 bp (Fig. 1d). In contrast, 

TF motifs within enhancers were typically accessible in only half the 

molecules (48% median—blue; Fig. 1d) and over shorter stretches 

(150 bp median). Unbound TF motifs showed high levels of CA, with 

a median frequency of 35% molecules (Fig. 1d), over short stretches of 

accessibility of ~100 bp (Fig. 1d), consistent with nucleosome-linker 

length19. Thus, for subsequent analyses we distinguished short 

stretches of accessibility that may correspond to nucleosome-linker 

length, from larger accessibility stretches presumably created by the 

binding of TFs. This width-based stratification confirmed the het-

erogeneity at active enhancers (Fig. 1e) and highlighted the contrast 

with promoters or CTCF-bound regions (Fig. 1f,g). For enhancers, 

low levels of chromatin opening activity when binding individually, 

and that the cumulative function of multiple TFs is required to open 

chromatin at sufficient levels to activate transcription2,3,12–14.

Chromatin accessibility (CA) is only stable for minutes and requires 

continuous maintenance through the recruitment of ATP-dependent 

remodelers15–17. This constant competition between TFs and nucle-

osomes leads to heterogeneity in CRE accessibility, where CREs are 

only open in a fraction of the cells at any given time18,19. This cell-to-cell 

variability in enhancer accessibility will, for instance, condition how 

often an enhancer can stimulate the transcription of its target gene. 

Yet, the frequency at which enhancers or promoters are active in cells, 

as well as the molecular mechanisms involved in the regulation of their 

CA levels, is largely unknown. What is the contribution of individual TFs 

to enhancer accessibility frequency? How do multiple TFs combine 

their function at enhancers?

Each TF binding event occurs in a specific context defined by 

partner TFs and specific combinations of histone PTMs. The presence 

of PTMs is associated with activation or repression of transcriptional 

activity. For example, H3K27ac is commonly used as a marker of active 

CREs20, but its effect on CRE activity remains unclear21. The diversity 

of chromatin contexts encountered by TFs further complicates the 

quantification of their contribution to enhancer activation. Isolating 

the effect of TF binding on chromatin opening from the influence of 

chromatin context requires studying TF function under controlled 

conditions, ideally at regions where histone marks are minimal.

Measuring the frequency of CA at enhancers requires simul-

taneously quantifying the fraction of nucleosome-free and 

nucleosome-occupied DNA within a cell population. Bulk CA assays 

(that is, ATAC–seq) enrich for nucleosome-free DNA22, losing the infor-

mation about the fraction of DNA molecules occupied by nucleosomes. 

Single-molecule footprinting (SMF) and other methylation-based 

footprinting assays address this issue as they profile DNA molecules 

regardless of their CA state23. These assays are performed on nuclei 

where chromatin-remodeling activities are reduced because cofac-

tors, such as ATP, are lost upon permeabilization, thus generating a 

snapshot of CA24. The resulting data can be interpreted at the level of 

individual DNA molecules18,23,25, revealing the frequency at which a CRE 

is accessible, occupied by nucleosomes19,26–28 or TFs18,25,29–31.

Here we used SMF to quantify CA at enhancers and promoters in 

mouse embryonic stem cells (mESCs) and dissect the contributions 

of TF binding and chromatin context. We show that CA is highly vari-

able across active CREs, with promoters accessible in most cells and 

enhancers only in a minority. Perturbation of TF motifs and rapid TF 

degradation reveal that individual TFs make partial contributions to 

Fig. 1 | Quantification of CA frequency at CREs. a, Mammalian CREs are 

characterized by different levels of accessibility. Bulk assays, such as DNase-seq 

and ATAC–seq, are very useful to classify and rank open regulatory elements. 

However, their output is a relative enrichment of the accessibility signal and is 

limited in estimating CREs’ underlying frequency of accessibility across a cell 

population. b, SMF uses exogenous methyltransferases to footprint protein–

DNA contacts. Profiling DNA methylation by bisulfite sequencing captures 

and quantifies the intercellular heterogeneity in CA at CREs with single DNA 

molecule resolution. c, FootprintCharter uses unsupervised partitioning to 

locate and quantify footprints for TFs and nucleosomes in SMF data. Here we 

use FootprintCharter to quantify the frequency of CA at TF motifs as well as the 

width of accessible stretches, averaged across molecules. d, Different CREs have 

different CA frequencies and width. Scatterplot showing the distributions of 

total CA frequency (y axis) and average accessibility width across molecules  

(x axis) for bound motifs at CTCF-containing loci, promoters and enhancers, and 

unbound motifs at intergenic regions. Dots represent median values, while error 

bars span IQRs, that is, first to third quartiles. e–g, Different CREs have different 

frequencies associated with linker DNA, accessibility and inaccessibility. Bar 

plots showing the distribution of molecular-state frequencies (large accessible 

stretches in green, linker-length accessible DNA in red and inaccessible in 

blue) for active enhancers (e), promoters (f) and CTCF-containing loci (g) as 

a function of DNase enrichment. The quantification of the accessible fraction 

includes molecules displaying TF footprints. CREs were binned based on the 

DNase enrichment and the median frequency was calculated for each state and 

each bin. h, Example of active enhancer harboring an OCT4 and a SOX2 motif. 

At the SOX2 motif, CA is detected in 60% of the cell population that is split into 

15% molecules with a width compatible with linker DNA (< 100 bp) and 45% large 

accessibility stretches (>100 bp). Top, genomic tracks for DNase-seq, ChIP-nexus 

for OCT4 and SOX2, and MNase-seq around the TF motifs. Middle, the average 

SMF signal (1 − meth %), as well as the TF-motif annotation. Bottom, the stacks 

of single molecules sorted by decreasing widths of CA stretches as quantified by 

FootprintCharter by molecular state (accessible in green, accessible linker DNA 

in red and inaccessible in blue). The FootprintCharter stack is further annotated 

with the average width of accessibility across molecules (top arrow-headed 

segment) and frequencies of accessibility at active molecules (green bar) and 

linker DNA (red bar). i, Example of intergenic locus harboring an inactive and 

unbound OCT4 motif accessible in 33% of the cell population in almost exclusive 

association with linker DNA (29%). Same representation as h. j, Example of active 

promoter harboring a composite OCT4::SOX2 motif accessible in 76% of the 

cell population in exclusive association with large accessibility stretches. Same 

representation as h. IQRs, interquartile ranges; meth, methylation.



Nature Genetics | Volume 58 | August 2026 | 1976–1987 1978

Article https://doi.org/10.1038/s41588-026-02703-x

typically <50% of cells had accessible chromatin and a substantial 

portion arose from linker-length accessibility (14% median; Fig. 1e and 

Extended Data Fig. 1d). Linker-length accessibility was also detect-

able at promoters and CTCF-bound sites, albeit at lower frequencies 

(Fig. 1f,g and Extended Data Fig. 1d).

The heterogeneity in CA width at enhancers was further evident 

when looking at an individual enhancer bound by SOX2 and OCT4 

(Fig. 1h). Here 45% of cells showed accessible motifs associated with 

continuous stretches of 267 bp. The motifs on the remaining molecules 

were either covered by nucleosomes (40%) or accessible through 

linker-length stretches (15%). Intermediate levels of CA were also 

detectable at well-characterized enhancers such as enhancers from the 

SOX2 locus-control region (Extended Data Fig. 2b,c). Short stretches 

of accessibility could also be observed at an example of an OCT4 motif 
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where no binding was detected by ChIP–seq (Fig. 1i), further suggest-

ing that these correspond to the linker across nucleosomes. This is in 

contrast with the promoter of the Plch1 gene, where 76% of molecules 

showed accessibility stretches of >100 bp (Fig. 1j). Together, this sug-

gests that most enhancers have CA in <50% of cells of a population at 

any given time.

CA frequency correlates with the number of bound TFs
We then asked whether binding of specific TFs could explain the dif-

ferences in the CA frequencies observed between different CREs. We 

compared the distribution of CA frequency at the binding sites of vari-

ous TFs active in mESCs. Only five of the tested TFs were associated 

with a high CA frequency across their binding sites (Fig. 2a). These 

include not only TFs that are known to bind individually in the genome 

(CTCF, REST and BANP), but also the general transcriptional activators 

NFY and NRF1. In contrast, the binding of most TFs was associated 

with CA in a minority of the molecules (22–54%; Fig. 2a). These include 

well-characterized regulators of pluripotency, such as OCT4 and SOX2, 

that are critical for CA in mESCs35,36. We asked whether TF-motif strength 

influences CA frequency. We observed a scaling relationship for TFs 

associated with high CA frequency, such as CTCF and REST. However, 

this relationship did not hold for most other TFs, suggesting that motif 

strength alone is insufficient to explain CA frequency at target CREs 

(Extended Data Fig. 3a).
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Fig. 2 | CA frequencies correlate with the number of TFs bound at the CRE.  

a, CA frequencies associated with binding of specific TFs. Box plot representing 

the distribution of CA frequency at motifs that are unbound (white) or bound 

by specific TFs (gray), as defined using ChIP–seq data. TFs with <30 quantified 

motifs are excluded, resulting in a total of 151,932 motifs reported. Boxes 

indicate medians and span the first to third IQR. The whiskers extend  

from the hinge to the largest value no further than ±1.5× IQR from the hinge.  

b, Frequency and width of CA scale with the number of TF binding motifs at the 

CRE. Scatterplot showing the distributions of accessibility frequency (y axis) 

and average width (x axis) at active molecules as a function of the number of 

active motifs at CREs (color scale). Dots represent median values, error bars 

span IQRs, that is, first to third quartiles. TF cluster sizes with <100 data points 

are excluded, resulting in a total of 151,834 motifs reported. c, Composite 

profile of SMF signal as a function of the number of active motifs at CREs. This 

representation shows the SMF signal (1-methylation %) for individual cytosines 

averaged and smoothed across heterologous CREs. d,e, Same representation 

as b but focusing on the bound motifs of KLF4 (d) and NRF1 (e). f–h, Single-

locus example of enhancers with one (f), three (g) or seven (h) TF-bound motifs 

showing increasing frequencies of CA. Same representation as Fig. 1h.
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Because individual TFs associate with partial CA, we asked whether 

loci bound by multiple TFs would display higher CA frequency. We 

stratified the CA frequency by the number of ChIP-validated TF binding 

sites at the CRE. We observed that the frequency and the width of CA 

increased with the number of TF motifs (Fig. 2b,c). This effect is also 

observed when focusing on individual TFs, such as KLF4 (Fig. 2d). TFs 

that are associated with a higher frequency of CA such as NRF1 also 

showed cumulative effects, but reached saturation at a lower number of 

binding sites (Fig. 2e and Extended Data Fig. 3b). This gradual increase 

in frequency and width of CA could also be observed when inspecting 

examples of enhancers with increasing binding motifs (Fig. 2f–h). Taken 

together, these suggest that individual TF motifs, including those of 

pioneer TFs, drive only partial chromatin opening, whereas cumulative 

TF binding may explain CA frequency at CREs.

Contribution of TFs to CA is partial and cumulative
To test this hypothesis, we measured the consequence of the perturba-

tion of TF binding on the CA frequency at CREs. If CA is the result of the 

cumulative binding of multiple TFs, we would expect a partial reduction 

in CA frequency upon deletion of individual motifs, and that this effect 

would increase if multiple motifs are removed.

We leveraged the natural genetic variation across different mouse 

species and studied the impact of single-nucleotide variations (SNVs) 

that reduce TF-motif affinity on the frequency of CA. We performed 

SMF in two F1 lines derived from crosses between Mus musculus domes-

ticus and either Mus musculus castaneus (Bl6xCAST) or Mus spretus 

(Bl6xSPRET; Fig. 3a). These lines have a median of three to five SNVs per 

CRE, respectively (Extended Data Fig. 4a). CA is measured in the same 

nuclear environment for both alleles, thus controlling for possible 

trans effects that may occur when comparing species.

We reproducibly quantified the CA frequencies on each allele 

(Extended Data Fig. 4b–h). We focused on SNVs that led to strong 

reductions in predicted motif affinity (Methods). To increase statisti-

cal power, we jointly analyzed the SNVs occurring between the Bl6 

and the CAST or SPRET genotypes. We benchmarked our approach 

by measuring allele-specific occupancy changes at CTCF sites, 

where single motifs drive CA9. We observed strong allelic changes 

in CA frequency at loci where SNVs strongly reduce the CTCF motif 

affinity (Extended Data Fig. 4i), while CA is unaltered at intact motifs 

(Extended Data Fig. 4j,k).

We then excluded CTCF and focused on the remaining 4,535 motifs 

with differential affinities across alleles, leading to >100 individual 

perturbations for most of the 18 tested TFs (Extended Data Fig. 4l). We 

ranked TF motifs by their CA frequency on the reference allele and com-

pared it to the alternative allele. We observed that most motif disrup-

tions led to a moderate reduction in CA (<10% median), while complete 

loss of CA was rare (Fig. 3b and Extended Data Fig. 4m). Including the 

CTCF-bound enhancers in this analysis did not change the general trend 

observed and the conclusion of this analysis (Extended Data Fig. 4n). 

Moreover, we confirmed the loss of TF occupancy at SNV-containing 

motifs by ChIP–seq for CTCF, KLF4 and SOX2 (Extended Data Fig. 5a,b). 

We then stratified CREs by the number of TFs and quantified how dis-

ruption of individual TF motifs affected the width and frequency of CA 

(Fig. 3c). Regardless of the number of TFs binding the CRE, we observed 

a consistent drop in CA frequency. Upon loss of a single motif, CREs with 

n motifs showed distributions of CA frequencies for the alternative 

allele that approached the distributions of CREs with n − 1 motifs on 

the reference allele. For instance, CREs with three motifs had a CA fre-

quency of 50% on the reference allele, and 39% on the alternative allele 

when one TF motif was disrupted by an SNV (Fig. 3c). This frequency 

was close to that of CREs bound by two TFs on the reference allele 

(35%). These moderate shifts in the frequency of accessible molecules 

were also observed at individual loci, as illustrated by a KLF4-bound 

enhancer that showed an 11% reduction in CA upon motif disruption 

(Fig. 3d). These observations suggest that loss of individual motifs leads 

to partial reductions in CA, with each motif contributing cumulatively 

and rarely more than 10% of the total CA.

To confirm these observations, we quantified the changes in CA 

frequency at SOX2-bound enhancers using a degron system (Fig. 3e and 

Extended Data Fig. 5c,d). After 2-h treatment, >90% of SOX2 is degraded 

and most of the CA changes at SOX2 binding sites detected in a 24-h 

time-course experiment already occurred (Extended Data Fig. 5c–g). 

Changes in CA frequency upon SOX2 degradation were in agreement 

with those observed across alleles in F1s (Extended Data Fig. 5h). 

Despite the almost complete removal of SOX2, we observed only a 

partial reduction in the frequency of CA, where enhancer occupancy by 

nucleosomes rarely increased by more than 10% molecules (Fig. 3f and 

Extended Data Fig. 5i). These effects are most visible for loci with inter-

mediate CA, while highly accessible regions are less affected (Fig. 3f). 

This may be explained by the existence of redundant mechanisms medi-

ating CA at these highly accessible loci. We observed similar amplitudes 

across various motif strength, indicating that, within this range, motifs 

of all strengths contribute similarly to CA (Extended Data Fig. 5j). We 

then asked whether multiple binding sites for the same TF would lead 

to cumulative effects. Indeed, enhancers containing multiple SOX2 

binding sites showed a greater loss of CA (Fig. 3g). Partial CA loss can 

be observed at an individual enhancer bound with two SOX2 motifs 

that lose 20% CA upon SOX2 depletion (Fig. 3h). Together, these data 

support a model in which CA frequency at most enhancers is not gov-

erned by individual TFs but by the combined activity of multiple TFs.

Measuring CA of hundreds of enhancers in parallel at an 
ectopic context
Each TF binding event occurs in a unique genomic environment char-

acterized by specific partner TFs, as well as defined levels of chroma-

tin modifications. Understanding how the chromatin environment 

impacts TF binding and CA requires a system to study TF function in a 

defined chromatin context. To that end, we developed a Multiplexed 

Chromatin-Integrated Reporter Assay (MCHIRA) to measure the abil-

ity of hundreds of CREs to establish CA at a defined ectopic genomic 

locus (Fig. 4a). Libraries containing hundreds of CREs were synthe-

sized and cloned into a receiving plasmid flanked by inverted lox sites, 

which enable its genomic insertion through recombinase-mediated 

cassette exchange (RMCE). The library was inserted at a landing 

pad located in a neutral chromatin environment that is devoid of 

both activating and repressive chromatin modifications in mESCs 

(Extended Data Fig. 6a,b)9,37–40. Successful insertion events were 

enriched by negative selection, avoiding the potential influence of 

the active transcription of a positive selection marker on the CA of 

the tested constructs. CA of the inserted fragments was profiled by 

targeted SMF, unambiguously distinguishing the ectopic site from its 

endogenous counterpart. This led to reproducible measures of CA for 

hundreds of individual fragments of our library (Extended Data Fig. 6c). 

For each experiment, we profiled CA at four endogenous loci to detect 

potential batch effects in SMF (Extended Data Fig. 6d).

The library was designed to target enhancers and promoters 

bound by a variety of TFs in diverse chromatin contexts, consisting 

of 250 bp fragments spanning the entire stretch of CA at the CREs. 

We obtained sufficient coverage for 831 CREs (see Methods and 

Supplementary Table 2 for library composition). As a positive control, 

we included CTCF-bound loci that are able to autonomously open chro-

matin9. We indeed detected high CA at ectopic loci containing CTCF 

motifs (Fig. 4b,c), demonstrating the ability of MCHIRA to accurately 

quantify CA frequency in parallel for multiple sequences inserted at 

the same ectopic locus.

Regulatory genetic information only partially determines the 
CA frequency
We then systematically compared the CA frequency of ectopic CREs 

with that of their genetically identical endogenous counterparts 
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initiate chromatin opening. In this sequential model, recruitment of a 

broader set of TFs may be facilitated by destabilized nucleosomes46,47. 

These subnucleosomal particles are in principle detectable by SMF. 

However, their unambiguous distinction from canonical nucleosomes 

requires long-read data46,47.

TF residence times in living cells have been measured to be on 

the order of seconds using single-particle tracking48,49 and sometimes 

last up to a minute for KLF1 (ref. 31). ATP-dependent remodeling com-

plexes need to be constantly recruited to maintain chromatin open, as 

nucleosomes re-occupy DNA within minutes upon their inhibition15,16. 
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Methods
Ethics statement
No experiments involving human participants, human specimens, 

human-derived biological materials or nonpublic human data were 

performed in this study. Publicly available datasets were accessed and 

analyzed in accordance with the usage terms of the original repositories 

and are cited in the relevant sections.

The F1 hybrid cells Bl6xCast analyzed in this study were gener-

ated under animal protocols approved by the institutional animal 

welfare officer (Tierschutzbeauftragter; approval DKFZ-366). Animal 

work was carried out in accordance with applicable governmental and 

institutional animal welfare guidelines. Mice were housed at the DKFZ 

animal facility under controlled environmental conditions with ad 

libitum access to standard chow, water and environmental enrichment.

Cell lines
A total of 159 WT mESCs57 and 159 DNA methyltransferase triple- 

knockout (DNMT TKO)58 were used to generate the reference SMF 

datasets18. Bl6xSpretus F1 hybrid cells were obtained from ref. 59. F1 

hybrid cells Bl6xCast were derived at the DKFZ mouse facility (Odom 

lab). TC-1 mESCs carrying the RMCE landing pad were derived from 

the 129S6/SvEvTac genetic background and were originally obtained 

from A. Dean at the National Institutes of Health. All three cell lines were 

targeted for CRISPR-KO of the three DNMTs to generate Bl6xCast DNMT 

TKO and Bl6xSpret DNMT TKO and TC-1 TKO. SOX2-degron mESC line 

was previously derived60. See Supplementary Table 3 for a list of the 

experiments performed in this study and the corresponding cell line.

Cell culture
mESCs were cultured on 0.2% gelatin-coated plates in ES medium 

(Dulbecco’s Modified Eagle Medium, supplemented with 15% FBS, 

20 µg ml−1 leukemia inhibitory factor, 50 µM 2-mercaptoethanol, 

2 mM L-glutamine and 1× nonessential amino acids) at 37 °C and 

5% CO2. Medium was changed daily and cells were split every sec-

ond day. p300 inhibition was performed by adding 3 µM A-485 

(Selleck Chemicals, S8740) to the ES medium for 24 h. For condi-

tional degradation, cells were treated for 2 h with 500 nM of dTAG 

(Sigma-Aldrich, SML2601-5MG).

Generation of DNMT KO lines
Dnmt1/Dnmt3a/Dnmt3b TKO cells were generated in the TC-1 and 

F1 hybrid (Bl6xCast and Bl6xSpretus) cell lines using gRNAs that 

were previously described58. The three gRNAs targeting each DNMT 

gene were cloned in pX459 (Addgene, 48139) and transfected into 

the TC-1 and F1 hybrid (Bl6xCast and Bl6xSpretus) cell lines (DNMT1 

forward, 5′-GCAGGAGGGACACAGTCATT-3′; DNMT1 reverse,  

5′-AGGACTGCAACGTGCTTCTT-3′; DNMT3A forward, 5′-TTGGCACCTC 

CCAGGGTTC-3′; DNMT3A reverse, 5′-TCGGACAGTGAGTGGTGAGG-3′; 

DNMT3B forward, 5′-CCCCCAGAGTCCAGTTCTTA-3′; and DNMT3B 

reverse, 5′-GGAAGGACCGGGCCTGAG-3′). After puromycin selection, 

the pool was checked by PCR-restriction fragment length polymor-

phism and HpyCH4V digest for DNMT3a/DNMT3b double knockout. 

Subsequently, 96 colonies were picked and screened by PCR-restriction 

fragment length polymorphism and HpyCH4V individually. DNA 

triple-mutant clones were further confirmed by amplicon sequenc-

ing (primer sets DNMT targets). For the TKO clone used in this study, 

complete loss of DNA methylation was confirmed by DNA digestion 

with the DNA methylation-sensitive restriction enzyme HpaII.

SMF
SMF was performed as previously described18,24. In short, cultured cells 

were collected using trypsin and washed twice with 1× PBS. Cells were 

counted and 250,000 cells were used per reaction. Cell pellets were 

resuspended in ice-cold lysis buffer, incubated on ice for 10 min and 

spun at 1,000g at 4 °C for 5 min. Nuclei were resuspended in 1× M.GpC 

buffer (NEB, M0227L). For the GpC methyltransferase treatment, 

freshly made GpC methyltransferase mix (1× M.GpC buffer, 300 mM 

sucrose, 64 µM SAM (NEB, B9003S)) and M.CviPI (NEB, M0227L) were 

added and incubated at 37 °C for 7.5 min. Prewarmed stop solution and 

proteinase K were added and incubated overnight at 55 °C. The next 

day, DNA was extracted using phenol-chloroform and treated with 

RNase A at 37 °C for 30 min. For whole-genome bisulfite sequencing 

library with targeted enrichment, DNA was fragmented into 300 bp 

fragments through sonication using Covaris model S2. For library 

preparation and targeted enrichment of CREs, the SureSelect XT Mouse 

Methyl-Seq Kit enrichment system for Illumina Multiplexed Sequenc-

ing Library protocol (Agilent Technologies, version E0, April 2018) was 

used as described in ref. 24. Bisulfite conversion was performed using 

the ZYMO EZ DNA Methylation-Gold Kit (Zymo, D5005) according to 

the manufacturer’s protocol. The bisulfite-converted library was PCR 

amplified and indexed using the SureSelect XT Mouse Methyl-Seq Kit 

(Agilent Technologies, G9651A). Prepared libraries were run on an 

Illumina sequencing platform using a NextSeq High 150 bp paired-end 

mode. For targeted SMF at the ectopic site, the extracted DNA was 

bisulfite converted using the Qiagen Epitect bisulfite kit as described 

in ref. 24. Bisulfite-converted DNA was amplified using KAPA HiFi Ura-

cil+ (Roche; (95 °C, 4 min) × 1; (98 °C, 20 s; 60 °C, 15 s; 72 °C, 20 s) × 35; 

(75 °C, 5 min) × 1; 4 °C, hold) and purified using AMPure XP beads (0.75×, 

Beckman Coulter). The sequencing library was prepared using NEBNext 

DNA Ultra II library preparation kit and sequenced with a MiSeq 250 bp 

paired-end run, as described in ref. 24.

Library design and cloning
To construct the DNA libraries, we selected 6,000 candidate CREs 

bound by TFs of interest, including pluripotency and ubiquitous TFs. 

Binding of these TFs to the selected CREs was confirmed using pub-

lished ChIP–seq data (see Supplementary Table 1 for TFs of interest 

and ChIP–seq datasets and see Supplementary Table 2 for library com-

position). Additionally, the chosen CREs were required to contain a 

sufficient density of CpG and GpC dinucleotides to ensure adequate 

SMF resolution, while avoiding an over-representation of CpG islands. 

Of the 6,000 CREs, we inserted 2,199, and with sufficient coverage for 

FootprintCharter analysis, we retrieved 831. For enhancer-to-gene 

attribution, we assigned each enhancer to the nearest gene.

To construct the mutant DNA libraries, we started by generating a 

mutant version for each TFBS present in the wild-type (WT) CRE, whose 

binding was confirmed by ChIP–seq (Methods, ‘TFBS annotation’). 

We generated a corresponding mutant version designed to disrupt 

TF binding while preserving overall sequence properties. Most TFBSs 

were mutated by shuffling their internal sequence while maintaining 

local nucleotide composition, including existing CG/GC blocks, to 

ensure accurate SMF measurements.

Some motifs, such as those bound by KLF4, are extremely GC 

rich, making simple shuffling insufficient to abolish TF binding. In 

these cases, we replaced the TFBS with a fully randomized sequence 

of matching length that retained a CG/GC block. Among the rand-

omized candidates, we selected the version with the lowest predicted 

affinity for the cognate TF, as estimated using position weight matrix 

(PWM)-based motif scoring.

Once a mutant TFBS had been generated for each position, we 

assembled all single and combinatorial mutant CRE variants by sys-

tematically substituting WT TFBSs with their corresponding mutants 

in every possible configuration. Each mutated CRE was then scanned 

for motif occurrences and compared to the WT sequence. We applied 

the following two quality-control criteria: (1) the targeted TFBS had to 

be fully abolished in the mutant sequence and (2) the mutant sequence 

could not acquire new high-affinity sites for a curated set of TFs (that is, 

CTCF, NRF1, REST, YY1, NFYA, OCT4, SOX2, KLF4). Each sequence was 

flanked at the 5′ and 3′ ends by unique bisulfite-resistant barcodes to 

enable the exclusion of PCR-derived chimeras.
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To construct the DNA library used in the p300 inhibition exper-

iment, we leveraged our ChIP–seq dataset generated under p300 

inhibition to select 100 CREs that were sensitive and 100 that were 

not sensitive to the inhibition, for which endogenous SMF data were 

already available. We obtained 127 CREs with sufficient coverage for 

FootprintCharter analysis from the original library, and an additional 

160 from the newly constructed ad hoc library; however, in the final 

analysis, we retained 234 CREs that overlap with the endogenous 

H3K27ac ChIP data.

The selected 250 bp DNA fragments (240 bp for mutant sequences, 

due to design constraints) were synthesized as individual ssDNA oligo 

pools by Twist Bioscience. The oligo pool was PCR amplified following 

the manufacturer’s instructions. The library was cloned using in-fusion 

seamless cloning (Takara Bio) into a receiving plasmid containing 

asymmetric tandem lox sites, for targeted insertion into the genome 

through RMCE, and priming regions for targeted SMF.

Library insertion
We used previously described TC-1 ES cells that have a landing pad 

for targeted insertion using RMCE37. We used targeted locus ampli-

fication coupled with next-generation sequencing (Cergentis) to 

genotype the precise location of the landing pad. We mapped the 

landing pad on mouse chromosome (chr)2: 130,098,005–130,098,011 

(Extended Data Fig. 6a,b) within a gene-poor region with no active 

transcription, no active chromatin marks and no repressive chroma-

tin marks. For targeted insertion of the DNA libraries into the mouse 

genome, RMCE was used, as previously described38. Briefly, TC-1 

DNMT TKO ES cells were selected under hygromycin (250 µg ml−1; 

Roche) for 14 days. Afterward, 50 million cells were nucleofected 

(Amaxa 4D-Nucleofector Core Unit, Lonza) with 300 µg DNA libraries 

containing plasmid and 180 µg pIC-CRE plasmid. After 2 days, cells 

were selected with 3 µM ganciclovir (Selleck Chemicals, S1878) for 

10 days. For the mutant DNA libraries and for the DNA library used 

in the p300 inhibition experiment, 24 million cells were nucleo-

fected with 75 µg DNA libraries containing plasmid and 45 µg pIC- 

CRE plasmid.

Definition of SMF methylation calling windows
A total of 3,287,189 genomic tiles were designed to cover the genomic 

regions enriched during the SMF bait-capture step. Each genomic tile 

spanned 80 bp and overlapped the successive tile by 40 bp. Iterating 

over large numbers of methylation calling windows, even when done 

in parallel, results in prohibitive computation times. Therefore, we 

designed large methylation-calling windows that encompass multiple 

genomic tiles. To this end, the function ‘Create_MethylationCalling-

Windows’ from the ‘SingleMoleculeFootprinting’ package was used 

with parameters ‘fix.window.size’ set to TRUE and ‘max.window.size’ 

set to 50.

Single-molecule methylation call
Single-molecule methylation calls were performed for cytosines cov-

ered by 20 reads or more using the function ‘CallContextMethylation’ 

from the development version of the ‘SingleMoleculeFootprinting’ 

Bioconductor package. Cytosines disrupted by SNVs in F1 SMF data 

were discarded for both alleles using the function ‘MaskSNPs’.

Detection and quantification of footprints
We used FootprintCharter to quantify footprints32. For each genomic 

tile, the molecules covering the locus were extracted. Their binary 

methylation values were smoothed by computing a sliding average 

at every position with a window of 40 bp wide. A matrix of Euclidean 

distances across molecules was computed using the ‘parDist’ function 

of the ‘parallelDist’ R package. Unsupervised clustering was performed 

on the distance matrix using the k-medoids algorithm implemented 

in the ‘pam’ function of the ‘cluster’ R package. Up to 12 partitions 

were computed per locus, each populated by at least five molecules. 

Clustering was performed by pooling reads from paired samples (that 

is, Bl6 and Cast alleles, Bl6 and Spret alleles, untreated and 2-h SOX2 

dTAG treated samples). This approach allowed direct quantification 

of the frequency changes of molecular states.

The bulk methylation signal for each partition was calculated and 

used to detect footprints as stretches of cytosines found unmethylated 

in at least 50% of molecules. Stretches between 12 bp and 75 bp in length 

were identified as TF footprints, while stretches longer than 120 bp 

were identified as nucleosome footprints. Footprints identified in <5 

molecules were discarded. Footprints without at least one methylated 

cytosine on each side were discarded.

For ectopic amplicon SMF, single-molecule clustering was per-

formed using a modified FootprintCharter pipeline in which the origi-

nal requirement for fully continuous cytosine coverage was reduced 

in stringency—reads were retained provided their fraction of missing 

cytosines did not exceed a soft threshold (5%) and remained below 

a hard cutoff (30%). This adjustment preserves amplicon-specific 

variability while maintaining footprinting accuracy; all downstream 

smoothing, k-medoids clustering and footprint detection followed 

the original algorithm.

Calculation of CA frequency and average width
For each TF motif, we calculated the percentage of molecules with 

continuous accessible stretches (that is, the absence of footprints). 

We differentiated accessible stretches longer than 100 bp to define 

active molecules. Widths of accessible stretches were averaged across 

molecules covering the same locus. For the analysis of the RMCE experi-

ment and for comparing ectopic and endogenous conditions, CA for 

each CRE was calculated as the average CA measured at the motifs 

present within that CRE.

TFBS annotation
TFBSs were annotated by scanning the reference mouse genome with 

PWMs for vertebrate TFs obtained from the JASPAR database61, queried 

through the JASPAR 2016 Bioconductor package33. PWM scanning was 

performed using the TFBSTools Bioconductor package62. Sequence 

matches with a score ≥10 were retained for validation. Publicly available 

ChIP–seq datasets were used to filter for bound motifs for the follow-

ing 15 TFs: BANP, CTCF, E2F1, ESRRB, FOXD3, MAFK, MYC, NFYA, NRF1, 

OTX2, REST, STAT3, YY1, ZIC3 and ZFX. TFBS predictions for OCT4, 

SOX2 and KLF4 were obtained from ref. 63. For compatibility with the 

rest of the TFs, the relevant JASPAR PWMs were used to rescore the 

motif hits and validate them using the relevant ChIP-nexus datasets 

reported in ref. 63. When PWM scanning resulted in overlapping motif 

annotations, only the motif with the highest PWM match score was 

retained for further analyses.

Number of TF motifs at CREs
The number of TF motifs at CREs was defined using the ‘Arrange_TFBSs_

clusters’ function from the ‘SingleMoleculeFootprinting’ Bioconductor 

package. A list of bound and measured motifs was passed to the TFBSs 

argument. The arguments ‘max_cluster_width’ and ‘max_cluster_size’ 

were set to 300 and 10, respectively.

TFBS loss of function annotation
For each TFBS, the relative change in PWM match score across alleles 

was computed as (A–R)/R. TFBSs were considered loss of function at 

the alternative allele if their relative change was lower than −0.5. Gain 

of function motifs (relative change > 1.5) were discarded due to the 

lack of ChIP–seq/ChIP-nexus data for validation. All the remaining TF 

motifs were considered unperturbed across alleles. In some instances, 

the Bl6xCast and Bl6xSpret F1s presented the very same genetic varia-

tion. To avoid such redundancies, we retained only the TFBS from the 

F1 cross with the highest SMF coverage.
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SMF: single-locus plots
SMF bulk plots were generated using the function ‘PlotAvgSMF’ from 

the ‘SingleMoleculeFootprinting’ package. FootprintCharter heatmaps 

were generated using custom functions. Molecules were sorted for 

plotting using the partitioning results from FootprintCharter.

Data visualization and schematic illustrations
Scatterplots, box plots, violin plots, density plots, volcano plots and 

genomic tracks displayed throughout the manuscript were generated 

using the R package ggplot2. Heatmaps were generated using the ‘Com-

plexHeatmap’ package64. Schematic illustrations displayed throughout 

the manuscript were generated using BioRender.

Statistics, data analysis and high-performance computing
Testing for statistically significant differences in the distributions of 

CA frequency values, or deltas in PRO-seq log2 fold changes, was car-

ried out using the R implementation of the Wilcoxon signed-rank test.

Correlation coefficients were computed using the R function ‘cor’ 

with argument ‘method’ set to ‘pearson’.

All the scripting and data analysis for this project were performed 

using R (v4.2.2)65 and RStudio Pro 2023.12.0 + 369.pro3 (ref. 66). The 

preprocessing pipeline for SMF data was scripted using Nextflow 

(v22.10.6)67. All high-performance computing was performed using 

the SLURM workload manager68 either through direct bash scripting 

or through the R package ‘rslurm’69.

Reporting summary
Further information on research design is available in the Nature 

Portfolio Reporting Summary linked to this article.

Data availability
Generated sequencing data reported in this paper have been depos-

ited on ArrayExpress—F1 SMF, E-MTAB-14460; SOX2 dTAG SMF, 

E-MTAB-15014; F1 PRO-seq, E-MTAB-14459; F1 ChIP–seq, E-MTAB-16466; 

SMF upon p300i, E-MTAB-17191; H3K27ac ChIP–seq upon p300i, 

E-MTAB-14916; MCHIRA, E-MTAB-16658, E-MTAB-16659, E-MTAB-16657. 

Source data are provided with this paper.

Code availability
FootprintCharter is distributed with the Bioconductor package ‘Sin-

gleMoleculeFootprinting’ at https://bioconductor.org/packages/

SingleMoleculeFootprinting/.

The code used to produce the figures in this manuscript is available at 

https://github.com/Krebslabrep/TF-chromatin.git and

https://doi.org/10.5281/zenodo.20649044 (ref. 70).
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Extended Data Fig. 1 | Quality controls for FootprintCharter quantifications. 

a, FootprintCharter performs unsupervised molecular partitioning using the 

k-medoids algorithm. The single-molecule footprinting (SMF) bulk signal is 

computed separately for each partition and used to detect transcription factors 

(TFs) and nucleosome footprints by frequency and width. Such footprint 

detection is performed agnostic of TF motif annotations. Such TF annotations 

are used to aggregate biologically equivalent partitions to compute the 

frequency and average width of chromatin accessibility at TF motifs. Schematic 

in a created in BioRender; Kleinendorst, R. https://BioRender.com/bg7pnip 

(2026). b, Scatterplot showing the replicate reproducibility of the chromatin 

accessibility frequency metric as calculated by FootprintCharter. The color 

scale indicates the number of neighboring dots, indicating the degree of 

overplotting. Pearson’s correlation coefficient is annotated. c, Scatterplot 

showing the replicate reproducibility of the chromatin accessibility width metric 

as calculated by FootprintCharter. The color scale indicates the number of 

neighboring dots, indicating the degree of overplotting. Pearson’s correlation 

coefficient is annotated. d, Density plot showing the distribution of frequencies 

of linker-length DNA accessibility across active regulatory elements.
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Extended Data Fig. 2 | Chromatin features across cis-regulatory element 

categories. a, Tornado plots showing the enrichment for DNase, H3K27ac, 

H3K4me1, H3K4me3 and CTCF binding at the cis-regulatory element (CRE) types 

we annotated with ChromHMM. b, Genomic tracks for the Sox2 gene and locus 

control region (LCR) reporting. The gray rectangles below the H3K4me3 track 

represent enhancers annotated using ChromHMM. The gray rectangles below 

the annotated enhancers represent the regions captured through SMF. The 

two SMF single loci reported below show example of those capture regions and 

exemplify our measurement of chromatin accessibility frequency at enhancers 

part of the SOX2 locus control region. c, Chromatin accessibility frequency 

distribution for all annotated enhancers at the SOX2 locus control region, as 

compared to the rest of the enhancers we annotate across the mouse genome.
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Extended Data Fig. 3 | Data quality controls for TF contribution to chromatin 

accessibility. a, Smoothed conditional means displaying the chromatin 

accessibility frequency at transcription factor motifs, as a function of their 

increasing motif score. For most transcription factors, chromatin accessibility 

does not scale with their motif affinity. b, Heatmap showing the median values 

of chromatin accessibility frequencies at active molecules associated with an 

increasing number of motifs (columns) for various TFs (rows). Cells annotated 

with stars indicate higher frequencies as compared to CREs with one motif less 

for the same TF (Wilcoxon test, p < 0.05).





Nature Genetics

Article https://doi.org/10.1038/s41588-026-02703-x

Extended Data Fig. 4 | Quality controls for SMF datasets produced for mESC 

F1 lines. a, Box plots showing the distributions of number of single nucleotide 

variations (SNVs) per CRE in the Bl6xCast (brown) and Bl6xSpret (gray) F1s. 

b,c, Distribution of cytosine coverage across alleles for the Bl6xCast (b) and 

Bl6xSpret (c) F1s. The Pearson correlation coefficient R is annotated.  

d–f, Distributions of methylation rates (%) for GpCs and CpGs across biological 

replicates for the Bl6 (d), Castaneus (e) and Spretus (f) alleles. The Pearson 

correlation coefficient R is annotated. g,h, Distributions of methylation rate 

deltas across biological replicates for the Bl6xCast (g) and Bl6xSpret (h) F1s. 

The Pearson correlation coefficient R is annotated. i, Example CTCF motif with 

allele-specific affinity between the Bl6 and Castaneus alleles associated with 

60% reduction in chromatin accessibility frequency. j, Example CTCF motif with 

no difference in affinity between the Bl6 and Castaneus alleles and no change in 

chromatin accessibility frequency. k, Box plot of chromatin accessibility (CA) 

frequencies between alleles (alt–ref) at unchanged and allele-specific CTCF 

motifs across the mouse genome. The Wilcoxon test p-value is annotated. l, Bar 

plot showing the number of TF motifs with allele-specific affinities across F1s. m, 

Scatterplot of chromatin accessibility (CA) frequencies between alleles (alt–ref), 

ranked by accessibility frequencies on the reference allele. n, Scatterplot of 

chromatin accessibility (CA) frequencies in the reference allele (black) and the 

alternative allele (red) at loci where an SNV disrupts a TF motif. The shaded area 

indicates the background accessibility observed in closed chromatin. Similar to 

Fig. 3b, but including CTCF motifs.
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Extended Data Fig. 5 | ChIP–seq validation for F1 lines SMF and quality  

controls for SMF datasets produced for SOX2 dTAG lines. a, Scatterplot 

showing the ChIP–seq read counts at the reference (x-axis) and alternative 

(y-axis) allele for the Bl6xSpretus F1 line for CTCF, KLF4 and SOX2. The motifs 

with conserved sequences between the species are plotted in gray, the ones 

with allele-specific sequence are plotted in black. The motifs with allele-specific 

sequence and loss of TF binding as measured by ChIP–seq are plotted in red.  

b, Box plots showing the reduction in chromatin accessibility frequency across 

alleles (reference in black, alternative in pink) as measured by SMF for CTCF, 

KLF4 and SOX2, categorized as in a. The shaded area indicates the background 

accessibility observed in closed chromatin. c,d, Western blot reporting the 

loss in SOX2 protein abundance upon 2 h dTAG treatment (c), quantified in d. 

e, Scatterplot of chromatin accessibility frequencies as measured by ATAC–seq 

for untreated cells (gray) and the cells treated for 2 h (red) or 24 h (brown) with 

dTAG against SOX2 at SOX2-bound loci. f, Scatterplot reporting the chromatin 

accessibility log2 fold change after 2 h (x-axis) or 24 h (y-axis) of dTAG treatment, 

as measured by ATAC–seq. g, Single-locus centered around a SOX2 motif 

exemplifying that the reduction in chromatin accessibility obtained after a 24 h 

SOX2 dTAG treatment is reached already with a 2 h treatment. h, Scatterplot 

comparing the chromatin accessibility (CA) frequencies in the dTAG experiment 

(2 h dTAG—untreated) and in the F1 mouse embryonic stem cells (mESCs) 

(alt–ref). i, Scatterplot of chromatin accessibility (CA) frequencies between 

alleles (2 h dTAG—untreated) at accessible molecules, ranked by accessibility 

frequencies in the untreated condition. j, Box plot showing that reduction in 

chromatin accessibility frequency as measured by SMF at SOX2-bound loci, as a 

function of SOX2 motif strength.
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Extended Data Fig. 6 | Data quality control and characterization of cis-

regulatory elements accessibility at the neutral ectopic locus. a, Targeted 

locus amplification (TLA) signal across the mouse genome. The chromosomes 

and their positions are shown. The landing pad is inserted on chr2: 130,098,005–

130,098,011. b, Genome browser tracks displaying levels of H3K27me3, H3K4me3 

and H3K27ac and chromatin accessibility at the landing pad at the neutral ectopic 

locus (chr2: 130,075,508–130,120,508, 45 kb window of observation). c, Pearson 

correlation heatmap of the methylation rates of cytosines in different contexts 

(that is, CpG and GpC) across biological replicates (for a total of 322 CREs and 

5,943 cytosines). Methylation rates were measured by SMF at the genomic 

regions inserted at the ectopic site in untreated steady-state conditions (UT); 

only cytosines with at least 20× coverage were retained. The dendrogram (left) 

shows hierarchical clustering of methylation signal, using complete-linkage 

method. The sample order reflects their similarity in methylation signal, with 

branch lengths indicating the relative distance between clusters. The Pearson 

correlation coefficient R is annotated. d, Pearson correlation heatmap of the 

methylation rates of cytosines in different contexts (that is, CpG and GpC) 

across biological replicates in untreated (UT), DMSO or p300 inhibition (p300i) 

conditions. Methylation rates were measured by SMF at the 4 endogenous 

control loci in the DNMT TKO (reference mESCs) and in the RMCE TC-1 DNMT 

TKO cells. Same representation as c. e, Stacked bar plot showing the number of 

DNA fragments that are less or equally accessible at the ectopic locus compared 

to their endogenous counterpart. Categories were defined as follows: ‘closed’ 

for CREs with chromatin accessibility ≤ 16, ‘less accessible’ for CREs showing 

a decrease in chromatin accessibility ≤ −10, ‘more accessible’ for CREs with an 

increase ≥ 10, and ‘equally accessible’ for CREs with changes between −10 and 

10. f, Violin plots showing the frequency of chromatin accessibility at enhancers 

(left) and promoters (right) when measured at the endogenous loci (black) and 

at the ectopic locus (blue). Asterisks indicate the significance of the two-sided 

paired Wilcoxon signed-rank test with Benjamini–Hochberg correction for 

multiple comparisons (NS: adjusted p > 0.05; *: adjusted p ≤ 0.05; **: adjusted 

p ≤ 0.01; ***: adjusted p ≤ 0.001; ****: adjusted p ≤ 0.0001; the exact adjusted 

p-values from left to right are 3.00 × 10−14, 1.44 × 10−12). Horizontal lines in the 

violins indicate the median and the first and third quartiles. g, Violin plots 

showing the frequency of chromatin accessibility at CREs when measured at 

the endogenous loci (black) and at the ectopic locus (blue) as a function of the 

presence of specific TF motifs within the DNA fragments, as defined by ChIP–

seq and motif annotation (Methods: TFBS annotation). Asterisks indicate the 

significance of the two-sided paired Wilcoxon signed-rank test with Benjamini–

Hochberg correction for multiple comparisons (NS: adjusted p > 0.05; *: adjusted 

p ≤ 0.05; **: adjusted p ≤ 0.01; ***: adjusted p ≤ 0.001; ****: adjusted p ≤ 0.0001). 

The exact adjusted p-values and number of paired observations are: CTCF, 

n = 206, adjusted p = 0.935; NFYA, n = 27, adjusted p = 8.90 × 10−5; NRF1, n = 76, 

adjusted p = 8.90 × 10−5; YY1, n = 36, adjusted p = 1.19 × 10−3; KLF4, n = 370, 

adjusted p = 8.96 × 10−12; SOX2, n = 98, adjusted p = 2.17 × 10−5; OCT4, n = 152, 

adjusted p = 2.86 × 10−5; MYC, n = 111, adjusted p = 4.72 × 10−4; ESRRB, n = 38, 

adjusted p = 0.943; STAT3, n = 36, adjusted p = 1.39 × 10−3; SMAD3, n = 34, adjusted 

p = 1.24 × 10−2; FOXD3, n = 33, adjusted p = 2.29 × 10−4; ZFX, n = 77, adjusted 

p = 2.29 × 10−4; OTX2, n = 35, adjusted p = 2.31 × 10−3; BACH1::MAFK, n = 45, 

adjusted p = 2.88 × 10−2; ZIC3, n = 56, adjusted p = 2.31 × 10−3. Horizontal lines in 

the violins indicate the median and the first and third quartiles. h, Single-locus 

example of the Mitd1 enhancer containing 5 KLF4 TFBSs that was chosen for 

individual and combinatorial mutant design. Average SMF signal (1-methylation 

%) of the fragment (black rectangle) at the endogenous (black dots and line) and 

ectopic locus (blue dots and line). i,j, Mutation of a CTCF binding site resulted in 

a complete loss of chromatin accessibility and nucleosome occupancy. Average 

SMF signal (1 − methylation %) of the wild-type (blue dots and line) and mutated 

CTCF-containing fragment (light blue dots and line) at the ectopic locus (i).  

Box plot showing the quantification of chromatin accessibility frequency per 

CRE as measured by FootprintCharter (j).
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Extended Data Fig. 7 | Effect of p300 inhibition on H3K27ac and chromatin 

accessibility. a, H3K27ac ChIP signal, normalized per ChIP input and spike-in 

ranked from high to low. The H3K27ac signal is calculated in 2 kb windows 

covering transcription factor binding sites (TFBSs) in the genomic regions 

enriched during the SMF bait capture step (Methods: TFBS annotation). Shown is 

the log10 of the H3K27ac coverage. Classes were defined based on the enrichment 

pattern, as: low (<100), mid (between 100 and 500) and high (>500). b, H3K4me3 

ChIP signal, normalized per ChIP input and spike-in ranked from high to low. The 

H3K4me3 signal is calculated in 2 kb windows covering TFBSs in the genomic 

regions enriched during the SMF bait capture step (see Methods for TFBS 

annotation). Shown is the log10 of the H3K4me3 coverage. Classes were  

defined based on the enrichment pattern, as: low (<50), mid (between  

50 and 300) and high (>300). c, Violin plots showing the frequency of chromatin 

accessibility at CREs when measured at the endogenous (black) and ectopic 

(blue) loci as a function of H3K4me3 ChIP–seq enrichment as measured at the 

endogenous loci. Asterisks indicate the significance of the two-sided Wilcoxon 

rank-sum test with Benjamini–Hochberg correction for multiple comparisons 

(n=597; NS: adjusted p > 0.05; **: adjusted p ≤ 0.01; ****: adjusted p ≤ 0.0001). 

For ectopic CREs, from left to right, the exact adjusted p-values are 0.009 and 

3.2 × 10−5. For endogenous CREs, from left to right, the exact adjusted p-values 

are 4.58 × 10−11 and 3.86 × 10−5. Horizontal lines in the violins indicate the median 

and the first and third quartiles. d, Pearson correlation heatmap of H3K27ac 

ChIP–seq signal across biological replicates in DMSO or p300i treatment, 

normalized per input and spike-in (Supplementary Methods: ChIP-seq upon 

p300 inhibition pre-processing and analysis). H3K27ac signal is calculated in 2 kb 

windows covering the genomic regions enriched during the SMF bait capture 

step. The dendrogram (left) shows hierarchical clustering of H3K27ac signal, 

using complete-linkage method. The sample order reflects their similarity in 

H3K27ac signal binding, with branch lengths indicating the relative distance 

between clusters. The Pearson correlation coefficient R is annotated. e, Volcano 

plot showing the H3K27ac log2 fold change (log2FC, x-axis) and −log10 adjusted 

p-value (y-axis) probing the changes of H3K27ac enrichment upon p300 

inhibition at endogenous loci. The log2 fold change of H3K27ac was calculated 

using the DESeq2 package, providing H3K27ac counts in DMSO or p300i 

treatment replicates, after normalizing per input and spike-in (Supplementary 

Methods: ChIP-seq upon p300 inhibition pre-processing and analysis). f, Pearson 

correlation heatmap of the methylation rates of cytosines in different contexts 

(that is, CpG and GpC) across biological replicates in DMSO or p300i treatment. 

Methylation rates were measured by SMF at the genomic regions enriched during 

the SMF bait capture step, in DNMT TKO mESCs (ref). Same representation as d. 

g, Scatterplot showing the distribution of chromatin accessibility (p300i-DMSO, 

y-axis) frequencies measured at endogenous loci as a function of the H3K27ac 

log2 fold change (log2FC, x-axis) upon p300 inhibition at the same loci. h, Loss of 

chromatin accessibility scales with the loss of H3K27ac at endogenous loci. Violin 

box plots showing the difference in the frequency of chromatin accessibility (CA 

p300i–CA DMSO) at endogenous loci as a function of H3K27ac log2 fold changes. 

Asterisks indicate the significance of two-sided Wilcoxon rank-sum tests 

comparing each H3K27ac log2FC class to the <−3 class, with Benjamini–Hochberg 

correction for multiple comparisons (n = 73,529; NS: adjusted p > 0.05;  

****: adjusted p ≤ 0.0001). From left to right, the exact adjusted p-values for the 

three comparisons are 1.48 × 10−5, 4.43 × 10−25 and 4.40 × 10−61. Horizontal lines 

in the violins indicate the median and the first and third quartiles. i, Pearson 

correlation heatmap of the methylation rates of cytosines in different contexts 

(that is, CpG and GpC) across biological replicates in DMSO or p300i treatment. 
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection FootprintCharter is distributed with the devel version of Bioconductor package SingleMoleculeFootprinting at 10.18129/
B9.bioc.SingleMoleculeFootprinting.

Data analysis The code used to produce the figures in this manuscript is available at https://github.com/Krebslabrep/TF-chromatin.git. 
All the scripting and data analysis for this project was performed using R-4.2.2 (R Core Team, 2021) and RStudio Pro 2023.12.0+369.pro3 
(RStudio Team, 2020). A pre-processing pipeline for SMF data was scripted using Nextflow-22.10.6 (Di Tommaso et al., 2017). All high-
performance computing was performed using the SLURM workload manager (Yoo et al., 2003) either through direct bash scripting or through 
the R package rslurm (Read et al., 2021). 
 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Generated sequencing data reported in this paper has been deposited on ArrayExpress. 

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid 
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in 
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.  
Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has 
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary.  Please state if this 
information has not been collected.  
Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why 
they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables 
(for example, race or ethnicity should not be used as a proxy for socioeconomic status).  
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the 
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or 
administrative data, social media data, etc.) 
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic 
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study 
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and 
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Not applicable

Data exclusions Not applicable

Replication Not applicable

Randomization Not applicable

Blinding Not applicable

Reporting for specific materials, systems and methods
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used anti-HA Biolegend, #901501; anti-H3 Cell signaling, #4499T; anti-H3K27Ac ab4729, Abcam; anti-KLF4 R&D System, #AF3158; anti-

CTCF Merck Millipore, #07-729; anti-SOX2, R&D Systems, #AF2018 

Validation anti-HA: Use of gel electrophoresis to separate proteins by size, followed by detection with an antibody. Western blot of Clone 16B12 
available here https://www.biolegend.com/en-us/products/purified-anti-ha-11-epitope-tag-antibody-11374. 636 product citations.  
anti-H3: Use of gel electrophoresis to separate proteins by size, followed by detection with an antibody. Western blot available here 
https://www.cellsignal.com/products/primary-antibodies/histone-h3-d1h2-xp-rabbit-mab/4499. 1862 product citations. anti-
H3K27Ac: “ChIP was performed with human thyroid cancer cell lysate and 1 µg/µg of ab4729. Lysates were incubated with the 
primary antibody for 16 hours at 4°C. positive control promoter: GAPDH promoter; positive control enhancer: enhancer region of a 
published target (10.1093/nar/gkx802); negative control: published negative region (10.1093/nar/gkx802).” Relative figure here: 
https://www.abcam.com/en-us/products/primary-antibodies/histone-h3-acetyl-k27-antibody-chip-grade-ab4729#overlay=images. 
anti-KLF4: Mouse KLF4 detection by ChIP is supported indirectly by published SIM2 co-occupancy and co-immunoprecipitation data 
showing SIM2 association with key pluripotency factors, including KLF4, in mouse embryonic stem cells. Relative figure here: https://
www.rndsystems.com/products/mouse-klf4-antibody_af3158?
gclsrc=aw.ds&gad_source=1&gad_campaignid=20161432922&gclid=Cj0KCQjwof_QBhCgARIsADaMzOf6msto7f0Z1ZtT7zJXvpfX6qhnU
gvDUx1xPGuYOFLffKb6G86BAtAaArjGEALw_wcB. anti-CTCF: “WB: HeLa nuclear extract was resolved by electrophoresis, transferred 
to nitrocellulose and probed with anti-CTCF (1:2000 dilution). Arrow indicates CTCF (~120kDa).” Relative figure here: https://
www.merckmillipore.com/DE/de/product/Anti-CTCF-Antibody,MM_NF-07-729?ReferrerURL=https%3A%2F%2Fwww.google.com%
2F. anti-SOX2: SOX2-regulated gene detection by ChIP was internally validated in BG01V human embryonic stem cells using R&D 
Systems SOX2 antibody AF2018. The assay immunoprecipitated SOX2/DNA complexes and confirmed enrichment at the NANOG 
promoter by standard PCR versus a control antibody. Relative figure here: https://www.rndsystems.com/products/human-mouse-
rat-sox2-antibody_af2018?
gclsrc=aw.ds&gad_source=1&gad_campaignid=22313265578&gclid=Cj0KCQjwof_QBhCgARIsADaMzOei9M9RqY-
mqTRRPxNXqSmebCPJUUklkXswjV3d8C-p8cbIB31figwaAq1vEALw_wcB. 

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) F1 hybrid cells Bl6xCast were derived at the DKFZ mouse facility (Odom lab). Bl6xSpretus F1 hybrid cells (Hochepied et al., 
2004). TC-1 mESCs (background 129S6/SvEvTac, originally obtained from A. Dean at the National Institutes of Health). Sox2 
degron mESCs (Liu et al., 2021). 159 DNMT TKO mESCs (Domcke et al., 2015). In the Krebs lab, Bl6xCast, Bl6xSpret and TC-1  
cell lines were targeted for CRISPR-KO of the three DNA methyl transferases to generate Bl6xCast DNMT TKO and Bl6xSpret 
DNMT TKO and TC-1 TKO.

Authentication For the cell lines targeted in this study for CRISPR-KO of the three DNA methyl transferases, the complete loss of DNA 
methylation was confirmed by DNA digestion with the DNA methylation-sensitive restriction enzyme HpaII. For the TC-1 cell 
line, targeted locus amplification coupled with next generation sequencing (Cergentis) was used to genotype the precise 
location of the landing pad. 

Mycoplasma contamination Not applicable

Commonly misidentified lines
(See ICLAC register)

Name any commonly misidentified cell lines used in the study and provide a rationale for their use.

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the 
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable, 
export.
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Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where 
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are 
provided.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance 
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species and age where possible. Describe how animals were 
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released, 
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex. 
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall 
numbers in this Reporting Summary. Please state if this information has not been collected.  Report sex-based analyses where 
performed, justify reasons for lack of sex-based analysis.

Field-collected samples For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature, 
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance 
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern
Policy information about dual use research of concern

Hazards
Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented 
in the manuscript, pose a threat to:

No Yes

Public health

National security

Crops and/or livestock

Ecosystems

Any other significant area
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Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern
Policy information about dual use research of concern

Hazards
Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented 
in the manuscript, pose a threat to:

No Yes

Public health

National security

Crops and/or livestock

Ecosystems

Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:

No Yes
Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents

Enhance the virulence of a pathogen or render a nonpathogen virulent

Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.

Plants

ChIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-14916 
https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-16466

Files in database submission ChIP_H3K27Ac_A485_R2, input_H3K27Ac_DMSO_R1, ChIP_H3K27Ac_DMSO_R2, input_H3K27Ac_A485_R1, 
input_H3K27Ac_DMSO_R2, ChIP_H3K27Ac_DMSO_R1, input_H3K27Ac_p300i_R2, ChIP_H3K27Ac_p300i_R1. 
F1mESC_ChIP_CTCF_R1, F1mESC_ChIP_CTCF_R2, F1mESC_ChIP_Input_R1, F1mESC_ChIP_Input_R2, F1mESC_ChIP_KLF4_R1, 
F1mESC_ChIP_KLF4_R2, F1mESC_ChIP_SOX2_R1, F1mESC_ChIP_SOX2_R2

Genome browser session 
(e.g. UCSC)

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 
enable peer review.  Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Two biological replicates were performed for both DMSO and p300 inhibition (p300i) treatment (with A-485, small molecule). 
Agreement between the DMSO replicates is R=0.98,  agreement between the p300i replicates is R=0.95. 
Two biological replicates were performed for each of the F1mESC datasets

Sequencing depth Sequencing libraries were prepared using the NEBNext Ultra II DNA Library Preparation Kit (New England Biolabs) and sequenced on 
Aviti Cloudbreak Low 2x150 (250 M clusters/run). Alignment was performed using read1. Total number of reads: DMSO_R1=4.2e+07, 
DMSO_R2=8.86e+07, P300i_R1=3.13e+07, p300i_R2=5.92e+07, CTCF_r1 = 1.48e+08, CTCF_r2=9.89e+07, input_r1=1.27e+08, 
input_r2=9.16e+07, Klf4_r1=1.12+e08, Klf4_r2=1.12+e08, Sox2_r1=1.21+e+08, Sox2_r2=5.99+e07. Uniquely mapped reads: 
DMSO_R1=1.01e+06, DMSO_R2=1.08e+06, P300i_R1=1.02e+06, p300i_R2=1.11e+06, CTCF_r1=1.01+e=06, CTCF_r2=1.03e+06, 
input_r1=1.01e+06, input_r2=1.01e+06, Klf4_r1=1e+06, Klf4_r2=1.02e+06, Sox2_r1=1.01e+06, Sox2_r2=1.02e+06. Total number of 
reads input: DMSO_R1=9.63e+07, DMSO_R2=6.07e+07, P300i_R1=7.82e+07, p300i_R2=7.89e+07. Uniquely mapped reads input: 
DMSO_R1=total=1.07e+06, DMSO_R2=1.01e+06, P300i_R1=1.06e+06, p300i_R2=1.02e+06. 

Antibodies anti-H3K27Ac Abcam, ab4729. anti-CTCF - 07-729, Merck Millipore. anti-KLF4 - AF3158, R&D Systems. anti-SOX2 - AF2018, R&D 
Systems

Peak calling parameters Not applicable. See "Software" below.
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6

n
atu

re p
o

rtfo
lio

  |  rep
o

rtin
g

 su
m

m
ary

A
p

ril 2
0

2
3

Data quality Data quality control was performed at the fastq level and at the aligned file level using QuasR's QCReport function. Also the 
correlation between replicates was assessed.

Software The log2 fold change of H3K27Ac and statistical testing were computed using the DESeq2 Bioconductor package (Love et al., 2014), 
providing H3K27Ac counts (calculated using the qCount function of the QuasR package, in 2kb windows covering the genomic regions 
enriched during the SMF bait capture step) in DMSO or p300i treatment replicates, after applying the normalization factors. The p-
values were adjusted using the Benjamini-Hochberg method. Code availability: https://github.com/Krebslabrep/TF-chromatin.git.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a 
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the 
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell 
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial 
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used 
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across 
subjects).

Acquisition
Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size, 
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction, 
segmentation, smoothing kernel size, etc.).
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to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across 
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Acquisition
Imaging type(s) Specify: functional, structural, diffusion, perfusion.
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Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size, 
slice thickness, orientation and TE/TR/flip angle.
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Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for 
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g. 
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and 
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and 
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether 
ANOVA or factorial designs were used.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference

(See Eklund et al. 2016)

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation, 
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph, 
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency, 
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation 
metrics.
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