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Crosslinking intensity modulates the
reliability and sensitivity of chromatin
conformation detection at different
structural levels

Check for updates

Bingxiang Xu 1,2,3,4,8,9 , Xiaomeng Gao3,4,5,8, Xiaoli Li6, Feifei Li 7,9 & Zhihua Zhang 3,4,5,9

Formaldehyde (FA) is a chemical that facilitates crosslinking between DNA and proteins. It is widely
used in various biochemical assays, such as chromosome conformation capture (3C) and Chromatin
Immunoprecipitation (ChIP). While the concentration and temperature of FA treatment are recognized
as crucial factors in crosslinking, their quantitative effects have largely remained unexplored. In this
study, we employed 3C as a model system to systematically assess the impacts of these two factors
on crosslinking. Our findings indicate that the strength of crosslinking significantly influences
chromatin conformation detection at nearly all known structural levels. Specifically, a delicate balance
between sensitivity and reliability is required when detecting higher-level structures, such as
chromosome compartments. Conversely, intense crosslinking is preferred when targeting lower-level
structures, such as topologically associated domains (TADs) or chromatin loops. Based on our data,
we propose a conceptualmolecular thermalmotionmodel to elucidate the roles of these two factors in
restricting FA crosslinking. Our results not only shed light on the previously overlooked confounding
factor in FA crosslinking but also highlight the need for caution in new technology developments that
rely on FA crosslinking.

In mammalian cells, the vast expanse of genomic DNA, which can extend
for meters in length, is meticulously condensed and organized into a
complex three-dimensional (3D) structure to fit within the confines of the
micrometer-sized nucleus. This intricate 3D architecture of the genome
plays a crucial role innumerous fundamental biological processes that occur
within the nucleus1. Consequently, elucidating the precise 3D structure of
the genome is essential for understanding the functional mechanisms it
orchestrates, such as gene regulation2, and for interpreting GWAS risk loci3

The advent of chromosome conformation capture (3C) and its deri-
vatives, such asHi-C, has been aprimarydriving force in revolutionizing the
exploration of genome architecture over recent decades4. This has led to the
revelation of a hierarchical organization of the genome, where

chromosomes predominantly occupymutually exclusive territories, known
as chromosome territories5. Each chromosome can be broadly divided into
active and inactive compartments, which may further consist of distinct
structural units, such as topologically associating domains (TADs)6,7. The
loop extrusion model has been proposed to explain the formation of
chromatin loops and the consequential domain structure, suggesting the
functional independence of these DNA sequence modules8. In addition to
3D genome studies, 3C-based technologies have also found their extensive
applications in diverse fields, including complex genome assembly9,
haplotyping10, and species clustering in metagenomics 11.

In the 3C protocols, DNA-protein crosslinking, typically facilitated
using formaldehyde (FA), constitutes the initial phase, proficiently
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preserving the chromosome conformation at DNA-protein interaction
sites. This foundational step allows subsequent enzymatic digestion and
ligation procedures to accurately delineate the in situ contact patterns. The
intricate chemical processes of crosslinking, digestion, and ligation are well-
documented in existing literatures. For example, the chemical principle of
formaldehyde-induced crosslinking was elucidated as far back as 70 years
ago12. Notably, alterations in formaldehyde concentration and incubation
temperature can result in markedly distinct chemical outcomes13,14. Con-
sequently, the judicious selection of crosslinking conditions and the choice
of digestion enzymes can profoundly influence the results of 3C-based
experiments. Nevertheless, a thorough optimization of 3C experimental
parameters remains largely unexplored. Job Dekker and his team assessed
various crosslinking scenarios, incorporating formaldehyde followed by
EGS and DSG, in conjunction with four different nucleases (MNase, DdeI,
DpnII, and HindIII). Their study indicated that the inclusion of additional
chemical agents during crosslinking could significantly modulate the
interpretations of Hi-C experiments15. Yet, the ideal concentration and
temperature for formaldehyde treatment, which are pivotal parameters for
crosslinking, remain unaddressed.

In the existing body of literature, there is a noted variability in the
temperature at which FA is added and the subsequent crosslinking
process occurs. For example, when cells are handled on a clean bench, FA
is typically introduced at room temperature, approximately 25 °C. In
contrast, for fluorescence-activated cell sorting (FACS)-sorted cells, FA
may be directly applied at a much lower temperature16–18. Furthermore,
the crosslinking temperature can be elevated in scenarios where samples
undergo a heat shock or when FA is administered immediately post-
incubation. The concentration of FA utilized for crosslinking also varies;
recent investigations commonly employ either 1% or 2% FA19–24. This
discrepancy in crosslinking parameters can markedly influence the
resulting chromatin conformation map. For instance, studies utilizing
Drosophila cells have demonstrated that divergent crosslinking meth-
odologies can yield contradictory conclusions regarding chromatin
conformation alterations subsequent to heat shock25,26. Consequently, a
comprehensive evaluation of crosslinking conditions is imperative in 3C-
based research endeavors.

In this investigation, we conducted a comprehensive assessment of the
quantitative influences thatfluctuations in FAconcentration and alterations
in cross-linking temperature exert on chromosome conformation profiles.
Furthermore, we introduced a theoretical model of molecular thermal
motion to elucidate the roles these parameters play inmodulating FA cross-
linking.

Results
In this study, we investigated the impact of two pivotal parameters in
crosslinking-based 3C library generation: crosslinking temperature and
formaldehyde (FA) concentration.We conductedHi-C experiments on two
widely studied human cell lines, K562 and GM12878, to evaluate four
combinations of low (4 °C),medium (25 °C), andhigh (37 °C) temperatures
with 1% and 2% FA concentrations. Additionally, for K562 cells, we tested
the combinations of 4 °C and 37 °C with a 0.5% FA concentration to
illustrate conditions of extremely lowcrosslinking strength (Fig. 1a). In total,
we generated 12 Hi-C libraries for K562 cells and 8 libraries for GM12878
cells. For each crosslinking condition, we obtained two biological replicates
with approximately 1 billion sequenced reads per library (Supplementary
Data 1), aligning with the recommendations for bin sizes ≥ 5 kbp by
HiCRes27 and consistent with sequencing depths in contemporary studies.
All subsequent steps in Hi-C library generation strictly followed the stan-
dard in situ Hi-C protocol28. The resulting sequencing data were analyzed
using the HiC-Pro pipeline29 with default parameter settings (Methods).

Crosslinking conditions may substantially affect the global pre-
ferences of DNA fragmentation and ligation
Weutilizedwell-established attributes of 3C libraries to assess the variability
and flexibility of ligating free DNA ends influenced by crosslinking

conditions29. Our findings suggested that both temperature and FA con-
centration might significantly impact these properties.

Firstly, the restriction enzymatic digestionwas biased towards the open
chromatin regions with the increase of crosslinking temperature and FA
concentration. This was shown by comparing the enzyme cutting fre-
quencies in open regions (ATAC-seqpeaks, SupplementaryTable 1) against
closed ones (H3K27me3 ChIP-seq peaks, Supplementary Table 1). After
normalizing the sequencing depths (see details in Supplementary text), we
observed a clear increasing trend of cutting frequency in open regions and a
more enhanced enrichment compared to those in closed regions. The dif-
ferences, measured by the probability of superiority (PS) of open regions
over closed ones, monotonically increased from 0:46 (p � 1:0, Man
WhitneyU test) to 0:82 (p � 0:0) in K562 cells, and from 0:58 (p � 1:0) to
0:80 (p � 0:0) in GM12878 cells, in response to increased crosslinking
temperature or FA concentration (Fig. 1b and Supplementary Fig. 1a).

Secondly, we observed a monotonic increase in the proportion of “re-
ligation” fragments, i.e., ligations between genomically neighboring ends,
with the increase of crosslinking temperature and FA concentration. This
proportion increased by 15-fold and 6-fold in K562 and GM12878 cells,
respectively, from the smallest to largest conditions (Fig. 1c and Supple-
mentary Fig. 1b).

Thirdly, within a FA fixed complex, fragment ends became increas-
ingly prone to ligate to genomically proximal ends compared to other end
pairs. This was evidenced by the growing enrichment for forward-reverse
(FR) ligations, compared to FF, RR, and RF ligation directions in libraries,
with the increase of crosslinking temperature or FA concentration (Fig. 1d
and Supplementary Fig. 1c, with χ2 statisticsmonotonically increasing from
2:29× 103 in 4 °C / 0.5%FA to 1:03× 107 in 37 °C /2%FA inK562 cells, and
from 6:44× 104 in 4 °C/1% FA to 2:12× 107 in 37 °C/2% FA in GM12878
cells, all with p < 10�10; Pearson’s χ2 tests). This enrichment led to a
monotonic increase in the coefficients of association, measuring the
unevenness of the four ligation directions, from 0:002 to 0:149 inK562 cells
and from 0:010 to 0:212 in GM12878 cells.

At last, ligation with higher temperature or FA concentration
exhibited enrichment for short-range cis (≤ 20 kbp) contacts, while it was
depleted for distal (>20 kbp) cis and trans contacts (Fig. 1e and Sup-
plementary Fig. 1d). This resulted in a decreased slope of contact fre-
quency decay curves (or p(s) curves, Fig. 1f and Supplementary Fig. 1e).
These observations indicated that the global ligation preferences and
library structures differed essentially according to the crosslinking con-
ditions. We also included a BL Hi-C library for K562 cells30, which
adopted a two-step ligation for more efficient capture of structural and
regulatory chromatin interactions, to see if the advancement achieved by
these sophisticated protocols could be mimicked by simply altering
crosslinking conditions (Fig. 1f). The BL Hi-C achieved a contact fre-
quency decay slope between that of 37 °C/1% FA and 37 °C/2% FA, with
the exception of an increased number of contacts at medium distances
(100 ~ 500 kbp) in the BL Hi-C library (Fig. 1f).

Theseobservations indicated that the global cuttingpreference, ligation
preferences, and library structures differed essentially according to the
crosslinking conditions. Assuming the above indicators we examined
roughly represented the crosslinking strength, we can rank the conditions in
terms of crosslinking strength as follows: 4 °C/ 0.5% FA ≤ 37 °C / 0.5% FA
≤ 4 °C/1%FA ≤ 25 °C/1%FA ≤ 37 °C/1%FA ≤ BLHi-C ≤ 37 °C/2%FA.

Contactmapsunder variedcrosslinkingconditionsshouldnotbe
considered equivalent as biological replicates
We subsequently evaluated the similarity of 3C contact profiles, as repre-
sented by the Hi-C contact maps, across the various assessed crosslinking
conditions. A discernible distinction was readily apparent through simple
visual inspection (Fig. 2a and Supplementary Fig. 2a). Employing the
GenomeDISCO scores31 chromosome-wisely to quantify similarity and
theirmeanvalue formeasurementof genome-wide similarity,weobserveda
monotonic decrease in the score between replicates with increasing cross-
linking strength (Fig. 2b and Supplementary Fig. 2b), with the exception of
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the extremely lowly crosslinked condition at 4 °C/0.5% FA. However, these
similarities between replications remained larger than inter-condition
comparisons (all p < 0.05, paired t-tests). This can be visually demonstrated
through a hierarchical clustering plot of the genome-wide similarities
(Fig. 2c), where all replicates were initially aggregated. Furthermore, only a
small fraction of inter-condition comparisons exhibited a sufficiently high
score, i.e., a score≥0.9, specifically, only 2 out of 15 inK562 cells and 1 out of
6 in GM12878 cells. While these instances were consistently observed in
intra-condition comparisons. Interestingly, at the extremely weak cross-
linked condition (4 °C/0.5% FA), the contact matrices of K562 cells were
evenmis-clusteredwithGM12878 (Fig. 2c). Given this failure to capture the
cell type specific chromatin conformation features in this condition, it was
removed from further discussion.

Such differences can hardly be eliminated by data normalization. Even
when clustering the libraries with the genome-wide essential distance, i.e.,
the distance that could not be canceled by any existing normalization
procedure (Methods for the definition), we still observed the initial aggre-
gation between replicates in the clustering in each cell type (Fig. 2d and
Supplementary Fig. 2c). Moreover, akin to GenomeDISCO scores, only 2
and 1 out of 15 and 6 inter-condition comparisons achieved an essential
distance ≤ 1, in K562 and GM12878 cells (Fig. 2d and Supplementary
Fig. 2c), respectively, while all essential distances of intra-condition com-
parisons were ≤ 1.

Next, we aimed to examine how the aforementioned parameters of FA
crosslinking could influence the identification of chromosome topology
architecture across various levels of chromosome structure hierarchy.

Crosslinking strength may determine the balance between
reliability and sensitivity in compartment identification
First, compartment assignment canbe essentially influencedby crosslinking
strength. In the principle component analysis (PCA) visualization of the
PC1 vectors calculated from the autocorrelations of contact maps which
determined the compartment assignments (see details in Methods) in all
single libraries, a discernible trend is evident, wherein the “PC1” vectors
align nearly perfectly according to the crosslinking strengths in both cell
types (Fig. 3a). This alignment illustrated an almost linear effect of cross-
linking strength on compartment separation, leading to merely 8:56% and
5:07% of genome regions changing their compartment assignments under
different crosslinking conditions in K562 and GM12878 cells, respectively.
Despite occupying a relatively small fraction of the genome, compartment
assignments in these regions were found to bemore reasonable under over-
crosslinking conditions. In those regions displaying inconsistencies in
compartment assignments, we observed that an increase in crosslinking
strength could enhance the reliability of compartment identification. In
other words, higher crosslinking strength led to a greater enrichment of
active and repressive epigenomic marks in bins assigned as A or B
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Fig. 1 | The global potential significant impact of crosslinking conditions on
DNA ligation preferences. a The schematic representation of the experimental
design employed in this study. b Boxplots showing normalized enzyme cutting
frequencies of fragments in open (ATAC-seq peaks, 117855 fragments in total) and
closed (H3K27me3 peaks, 116991 fragments in total) regions for libraries cross-
linked with varying temperatures and FA concentrations in K562 cells. A Mann-
Whitney test was conducted for significant detection with ns (p>0:1), *
(0:01<p≤ 0:1), ** (0:001<p≤ 0:01), and *** (p≤ 0:001). c The proportions of
sequencing product types under each crosslinking condition in K562 cells, including

dangling ends, self-circles, religations, and valid pairs, which represent sequencing
reads with no ligation, ligation between two ends of a single fragment, ligation
between adjacent ends in neighboring fragments, and ligation between non-adjacent
fragments, respectively. Biological replicates are displayed side by side, with self-
circles constituting nomore than 0.1% in each library. dThe distributions of the four
ligation directions in each library for K562 cells. e The proportions of short-range,
long-range, and trans interactions among valid interaction pairs in each library for
K562 cells. f The contact frequency decay curves for each crosslinking condition in
K562 cells.
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compartments, respectively. The active marks employed included gene
expression level (thePSofA regions overB regionsmonotonously increased
from 0:41 to 0:61 in K562 cells, and from 0:38 To 0:58 In GM12878 cells,
with the increased crosslink strengths), DNA hypomethylation (DNA
methylation rates, with PS values monotonously decreased from 0:76 to
0:21 in K562 cells, and from 0:56 to 0:46 In GM12878 cells) and chromatin
accessibility (ATAC-seq, with PS valuesmonotonously increased from 0:42
to 0:62 in K562 cells, and from 0:60 To 0:65 In GM12878 cells), while the
repressive marks comprised DNA hypermethylation and H3K27me3
(ChIP-seq, with PS values monotonously decreased from 0:68 to 0:34 in
K562 cells, and from 0:82 To 0:19 In GM12878 cells, Fig. 3b and Supple-
mentary Fig. 3a, Supplementary Table 1 and Supplementary text). Inter-
estingly, under extremely weak crosslinked conditions (37 °C / 0.5% FA in
K562 and 4 °C/1% FA in GM12878), the direction of the enrichment was
even inverted.

Second, in addition to reliability, excessive crosslinkingmay render the
compartment assignment less reproducible and distinct. We observed a

monotonic decrease in both the chromosome-wise correlation coefficients
of the PC1 values (Fig. 3c and Supplementary Fig. 3b), and the fractions of
the genome assigned to the same compartments (Fig. 3d) betweenbiological
replicates, with an increase in crosslinking strength across both cell types.
Furthermore, the scales of the autocorrelation matrices of contact maps,
encompassing both the positive values between identical compartments and
negative values between different compartments, were found to decrease
monotonically with the increase of crosslinking strength (see an example in
Supplementary Fig. 3c, d). The relative strengths between inter- and intra-
compartment contacts, as depicted in the back-diagonal corners of the
saddle plots (Fig. 3e and Supplementary Fig. 3e, see definitions inMethods),
also increased monotonically, resulting in increasing compartment scores
(see definitions in Methods, Supplementary Fig. 3f, g). Collectively, these
data suggest that an increase in crosslinking strength may diminish com-
partment separation.

Thirdly, the compartment assignments were globally kept but locally
refined in the BL Hi-C library. There were 93.43% and 92.80% of the
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Fig. 2 | Contact maps generated under varying crosslinking conditions should
not be considered as biological replicates. a An example of contact maps derived
from different crosslinking conditions in K562 cells. The contact maps for chro-
mosome 6 are shown at a 50 kbp resolution, with contact frequencies rescaled such
that the row sums of intra-chromosome contact frequencies equal one. Frequencies
ranging from 0 to 2:16 × 10�4 are mapped to colors ranging from white to blue.
b The chromosome-wise GenomeDISCO scores between biological replicates of the

intra-chromosome contact maps across all crosslinking conditions in K562 cells,
calculated at a 50 kbp resolution. Chromosomes 1 through 22 and X are presented
from left to right for each condition. cThe clustering ofGenomeDISCO scores across
all libraries inK562 andGM12878 cells, with scores calculated at a 50 kbp resolution.
d The genome-wide essential distances between libraries in K562 cells, with scores
calculated at a 50 kbp resolution.

https://doi.org/10.1038/s42003-024-06904-0 Article

Communications Biology |          (2024) 7:1216 4

www.nature.com/commsbio


genome kept in the same compartments when comparing BL Hi-C with
those in 37 °C/1% and 2% FA. However, BL Hi-C improved the compart-
ment separation, achieving more A-A and B-B interactions while main-
taining A-B interaction frequencies (see Supplementary Fig. 3h). In
addition, BL Hi-C gives more reliable compartment assignments. For
regions with inconsistent assignment, the enrichment of active or repressed
epigenetic signals in A or B compartment wasmore pronounced for BLHi-
C (except for H3K27me3, see Supplementary Fig. 3i).

At last, the difference in compartment detection we observed
cannot be attributed exclusively to the bias in enzyme cleavage pre-
ferences. The preferred enzyme cutting in compartment A yielded
shorter enzymatic fragments, making it difficult to form A-A contacts
in over crosslinked libraries32. This explained the dissolved compart-
ment separation in these libraries. However, in regions with incon-
sistent compartment assignments, the cutting frequencies did not
exhibit a monotonically increasing trend in A compartment (Sup-
plementary Fig. 3j). This implied that enhancement of the reliability of
compartment assignment in over-crosslinking libraries cannot be
explained by the enzyme cutting preferences.

All above results were not due to the differences in library complexities
among the crosslinking conditions. All the aforementioned findings, the
more reliable compartment assignments (Supplementary Fig. 3k), the dis-
solved compartment separations (Supplementary Fig. 3l, m) and the
increased compartment scores (Supplementary Fig. 3n, o) with the
increased crosslinking strength, were all kept when the effective library sizes

weremade the sameby randomdown sampling to equal number of effective
contacts (see method for detail, Supplementary Fig. 3k, o).

Therefore, the appropriate selection of crosslinking level is crucial for
striking a balance between the identification of reliable and distinct chro-
mosome compartments.

Elevating the crosslinking level may improve the convergence of
TAD boundaries detection toward functional insulation sites
To quantitatively assess the impact of crosslinking on the detection of
topological associated domains (TADs7,), we employed the commonly used
insulation score (IS) profiles33 to delineate the TAD structures at a 5 kbp
resolution (see details in Methods).

Initially, the identified TAD structures exhibited rough consistency
across the various crosslinking conditionswe tested (examples in Fig. 4a and
Supplementary Fig. 4a). If we define two TADs as approximately identical
when their genomic regions overlap bymore than 80%of both their lengths,
and correspondingly define the split, merge, and shift events of the TADs
(referring to Methods), we observed a minimal occurrence of shift events
(Fig. 4b and Supplementary Fig. 4b).

The proportions of shiftedTADsdid not significantly differ from those
observedbetweenbiological replicates inmost cross-condition comparisons
(Fig. 4b and Supplementary Fig. 4b). Notably, only two out of the 20
comparisons in K562 cells (between 37 °C/ 0.5% FA and 37 °C/2% FA, and
between 4 °C/1% FA and 37 °C/ 2% FA) and one out of 12 comparisons in
GM12878 cells (between 4 °C/1% FA and 37 °C/2% FA) demonstrated
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significantly larger proportions of shifted TADs compared to the involved
biological replicates (t tests, α ¼ 0:01, after Bonferroni adjustment), and
these differences were only observed between the furthest conditions.

This consistency of TADs was further supported by high global cor-
relation coefficients of IS profiles between crosslinking conditions in both
cell types (all with Spearman correlation coefficient, SCC >0:85, Fig. 4c),
with one exception of comparing twomost distinct conditions inGM12878
cells (with SCC¼ 0:75). In addition, IS profiles around the small portions of
condition-specificTADboundaries, defined as a boundary in one condition
with no boundary in the other located no more than 50 kbp away, also
support the consistency of TADs. IS values around these boundaries were
either globally elevated or with reduced contrasts in pair-wise comparisons,
illustrating the low reliability (Supplementary Fig. 5a, b).

Despite the rough consistency in TADs, boundary positions exhibited
substantial variations between crosslinking conditions, surpassing the var-
iation observed between biological replicates. This variation was quantified
as the minimum genome distance between the two closest boundaries in
each comparison, revealing a clear shift of the distance distributions toward
larger distances in inter-condition comparisons than intra-condition ones
(Fig. 4d and Supplementary Fig. 4c, see details in methods). As expected,
biological replicates were preferentially clustered when only IS values at
boundaries (at any condition) were considered (Supplementary Fig. 4d).

Furthermore, boundaries identified under stronger crosslinking con-
ditions exhibited greater functional supports fromepigenomicdata at afiner
scale compared to weaker crosslinking conditions. Given that the peak
length of TF ChIP-seq and ATAC-seq is typically less than 1 kbp, we
examined the consistency between known functional characteristics and the
boundary identified at such a fine scale. Plots of CTCF, SMC3, RAD21
binding, and chromosomal accessibility profiles in both cell types revealed
that with increased crosslinking strength, more boundaries were occupied
by peaks of these epigenetic marks in their respective bins (Fig. 4e and
Supplementary Fig. 4e, Supplementary Table 1, Supplementary text34,35,).
Moreover, the strength of binding, as well as the accessibilities, demon-
strated a monotonous increase with crosslinking strength (Fig. 4f, Supple-
mentary Fig. 4e, f). All results were retained and not due to the differences
among library complexities (Supplementary Fig. 4g, i).

The enhancement of TAD boundary positioning in over crosslinked
conditions was largely independent of enzyme cutting preferences (Sup-
plementary text).As shown in Supplementary Fig. 4j, the refinedboundaries
in over crosslinked conditions did not exhibit higher cutting frequencies
after normalization.

For BL Hi-C, the number of TADs and boundaries detected were
significantly fewer than other conditions in the data we tested (Supple-
mentary Table 2). Despite this, TADs still exhibited consistency when
compared to other libraries (Supplementary Fig. 4k). It worth mentioned
that the occupancies of functional characteristics in boundaries of BL Hi-C
were only comparable to crosslinking conditions of 4 °Cor 25 °C and1%FA
(Fig. 4e, f). These imply that both the sensitivity and accuracy of BL Hi-C
detected boundaries were compromised compared to over crosslinking.

In summary, although the global TAD structures remained largely
stable across different crosslinking strengths, the refinement of domain
boundaries in stronger crosslinking conditions revealed greater functional
significance.

Excessive crosslinking augmented the reliability of chromatin
loop detection without significantly compromising its sensitivity
The sensitivity of loop detection remained minimally affected by cross-
linking. We identified loops at a 5 kbp resolution using the highly sensitive
caller mustache36 within distances ranging from 30 kbp to 2mbp. Since the
number of detected loops showed a monotonic increase with effective
library sizes (Supplementary Table 2, Fig. 5a and Supplementary Fig. 6a),
and contacts in “condition-specific” loops were still enriched in conditions
where theywere not called (Supplementary Fig. 7a, b), it was evident that the
libraries had not been saturated with sequencing. We utilized the ratio
between the number of loop anchors involved and the number of loops

called as the sensitivity index for loop detection15 instead of direct counting
of the loop numbers. The ratios (averaging 1.6057 inK562, including the BL
Hi-C library, and 1.6781 in GM12878 cells, respectively) remained nearly
identical across all conditions, even after merging the replicated libraries to
roughly double the sequencing depth (Fig. 5a and Supplementary Fig. 6a).
Crosslinking conditions were well-fitted by a single linear model without
intercept in each cell type (both with R2 > 0:99) both before and after
merging biological replicates, without any significant outliers (with p-value
threshold 0:1, detected using standardized residuals). These observations
indicated that crosslinking minimally affected the sensitivity of loop
detection. This consistency of the sensitivity was also maintained in the BL
Hi-C library, though the number of loops detected in BL Hi-C was fewer
than in other conditions (Supplementary Table 3).

Loops detected in highly crosslinked libraries exhibited more func-
tional support. We utilized CTCF/SMC3, together with histone marks
H3K4me3 andH3K27ac for promoters and enhancers, to infer the potential
functionality of the loops. First, the enrichment of functional signals in the
loop anchors gradually increased with crosslinking strength (Fig. 5b and
Supplementary Fig. 6b). Second, more interactions between functional
genomeelements, such as enhancers andpromoters,were foundenriched in
highly crosslinked libraries. An over-enrichment of both enhancer-
promoter interactions (EPI), promoter-promoter interactions (PPI), and
enhancer-enhancer interactions (EEI) were revealed in over crosslinked
libraries in the two cell types (Fig. 5c and Supplementary Fig. 6c, all with
p < 10�50, χ2 tests, see Methods for the details of the enrichment analysis)
after taking the annotation of cell type-specific enhancers from the
Enhancer Atlas database37. This was also observed for CTCF-mediated
loops, i.e., those loops with anchors decorated by CTCF binding peaks with
significant binding motifs (Fig. 5d and Supplementary Fig. 6d, all with
p < 10�50, χ2 tests).

Interestingly, BLHi-Cdemonstrated advantage in thedetectionof only
CTCF-mediated loops, not the enhancer/promoter involved ones, com-
pared to over crosslinking. BL Hi-C yielded a higher enrichment of CTCF
and SMC3 signals in loop anchors and a higher enrichment of CTCF-
mediated loops than other conditions (Fig. 5b, d). The enrichment of
enhancer/promoter signals and enhancer/promoter involved loops were
similar between BL Hi-C and crosslinking under 37 °C/2% FA (Fig.5b, c).

Furthermore, the advantage of over crosslinking indetecting enhancer/
promoter-involved loops was further validated by the increased expression
of geneswhich are involved in enhancer/promoter loops in over crosslinked
libraries. Genes were roughly classified into three groups based on whether
theirTSSswere connectedby loops todistal regulatory elements, i.e. no loop,
trivial loop (TSSs connected to non-enhancer or promoter regions), E / P
loop (TSSs connected to at least one promoter or enhancer region),
respectively. The expression differences between the groups increased with
crosslinking strength, as measured by Kruskal-Wallis tests (Fig. 5e and
Supplementary Fig. 6e). There was also amonotonically increasing trend of
the expression levels of genes with increased crosslinking strengths in the
“trivial loop” (with PCC of 0.84 in both K562 and GM12878 cells between
crosslinking strengths and median expression levels, p ¼ 0:04 and 0:08,
respectively, t tests for the PCC values) and “E / P loop” groups (with PCC
values 0:92 and 0:87, p ¼ 0:03 and 0:06 inK562 andGM12878 cells, Fig. 5e
and Supplementary Fig. 6e), which was not evident in the no-loop group
(with p > 0:1 in both cell types). Expression levels of genes in the “trivial
loop” and “E/P loop” groups detected by BL Hi-C were not significantly
higher than corresponding groups in 37 °C/2% FA (Mann-Whitney U test,
both with p > 0:1, with PS values 0:48 and 0:49, respectively, Fig. 5e).

The improvement in loop detection with excessive crosslinking can
hardly be explained by the enzyme cutting preference. The normalized
cutting frequency in each anchor (see the definition in Supplementary text)
didnot exhibit amonotonically increasing trendwith increased crosslinking
strength (Supplementary Fig. 6f). Enhancement can also hardly be attribute
to common biases such as shorter loop lengths (Supplementary Fig. 6g) and
reduced library complexities in overly crosslinked libraries. The results
remained when loops were re-weighted to make the loop length
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distributions identical (seeMethods for details, Supplementary Fig. 6h, i) or
when librarieswere randomly down sampled to equalize the effective library
sizes (Supplementary Fig. 6j–n) across different crosslinking strengths.

A conceptual model for FA crosslinking and advances for
condition choice
One conceptual model derived from our data proposes the following sce-
nario: FA crosslinking of DNA and proteins induces a restriction of mole-
cular thermal motion. In an ideal extreme case, complete crosslinking of

DNA and proteins results in the fixation of chromatin conformation, ren-
dering the restriction fragments capable of only re-ligation (FR) with no
valuable Hi-C reads obtained. As the crosslinking level decreases, the free-
dom of post-crosslinking molecular thermal motion increases, expanding
the search space for fragment ends. In accordance with the principles of
polymer physics38, where distal monomers in a polymer chain exhibit a
longer Euclidean distance than proximal ones in 3D physical space, frag-
ment ends in proximity become ligatable with decreased crosslinking levels.
With the expanding search space, more distal fragments become accessible,
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Fig. 5 | Excessive crosslinking enhances the reliability of chromatin loop detec-
tion without significantly impacting its sensitivity. aThe relationship between the
number of loops and the number of anchors involved across all crosslinking con-
ditions in K562 cells. Dots without edges represent individual biological replicates,
while those with edges represent their merged data. The dashed line and shadow
region indicate the fitted linearmodel of these two numbers and their corresponding
confidence intervals. b The heatmap of CTCF, SMC3, H3K4me3, and H3K27ac
ChIP-seq signals at loop anchors in each crosslinking condition in K562 cells.
Conditions ranging from 37 °C/0.5% FA to 37 °C/2% FA are displayed from left to
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all anchors are shown at the top of each heatmap. In each heatmap, only the top 50%
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highest average signals are displayed for comparability. c The enrichment of

enhancer (E) and promoter (P) involved loops in each crosslinking condition. Colors
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calculated using a contingency table assuming independence between enhancer/
promoter involvement and crosslinking conditions. d The enrichment of CTCF
involved loops in each crosslinking condition. The number of loops with 0, 1, and 2
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genes involved in the corresponding groups (sample sizes) is marked.
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reflected in the flatter contact frequency decay curves observed in our
weaker crosslinking libraries.

To assess the feasibility of this model, we conducted a simple quanti-
tative simulation (see details in Methods and Fig. 6a) by considering the
crosslinking as a diffusion process of two ends that stochastically float in a
3D spherical space. The occurrence of ligation was modeled by a Bernoulli
distributionwith a ligation probability that exponentially decreasedwith the
increase of the distance between two ends. The positions of the ends were
modeled by two independent Gaussian distributions centering at their
central positions andwith identical standard deviations (SD). The distances
between the central positions (termed as central distance) were driven by a
standard Cauchy distribution (Fig. 6a). The crosslinking strengths were
negatively modeled by the SDs, i.e., a larger SD resulted in a smaller
crosslinking strength. The contact frequency decay curves of ligated ends
(Fig. 6b) were calculated by simulating 1 × 107 independent end pairs at a
time. The coefficient of variance (CV) of these curves was then calculated as
the CV values of contact frequencies at each central distance in 500 rounds
of simulation (Fig. 6c). The CV values, as a function of central distances,
measure the reproducibility of independent libraries (biological replicates)
under each crosslinking strength. As expected, the slope of the contact
frequency decay curve decreased with the increase of crosslinking strength
(Fig. 6b), reflecting our experimental data (Fig. 1e and Supplementary
Fig. 1d). Similarly, the CV values also monotonically increased with the
increase of crosslinking strength inmost parts of the central distance interval
we examined (Fig. 6c), which revealed the defection of reproducibility
between biological replicates observed (Fig. 2b and Supplementary Fig. 2b).

Discussion
Our investigation into the impact of crosslinking temperature and FA
concentration on theHi-C readout has unveiled substantial implications for
the enzyme cutting profile, ligation profile, and accuracy in detecting

different layers of chromosomal conformation. The enzyme cutting pre-
ference might be the primary cause of the dissolved chromatin compart-
ment separation induced by over crosslinking. However, it can hardly
explain the improvement in reliability on feature detection. Our study
cannot exhaustively identify all potential source of bias driven by cross-
linking, more elaborate experimental design with sophisticated technology,
e.g., super-resolution live imaging, at the moment of crosslinking, shall
always be a key way for further investigation. Nevertheless, the results we
reported in this study represent themost comprehensive surveyon this topic
to date.

Our results demonstrate that intensive crosslinking yieldsmore robust,
and possibly more biologically associated compartmental assignments,
TAD boundaries, and chromatin loops. According to our working model
(Fig. 6), this result seemingly indicates that the approximate chromatin
interactions were more functional than distal ones, which was widely
accepted but has recently been challenged39. On the other hand, heavy
crosslinking captures more flexible chromatin interactions, providing a
more heterogeneous representation of chromatin interactions. This
attenuates the reproducibility in highly intense crosslinking conditions.
Based on our conceptual model, the effects of crosslinking strengths on the
results of 3C-based assays can be analogized to taking photos with different
shutter speeds. Increasing crosslinking strength is like using a higher speed,
which not only captures more meaningful decisive moments but also pre-
serves more noise caused by external factors such as camera vibration. It
should bementioned that our workingmodel treated the chromatin fiber as
a homopolymer, and the effects of enzyme cutting preferences were over-
looked. Since the effects of enzyme cutting preferences could be efficiently
canceled by current data normalization algorithms, this approach did not
detract the main findings of this study.

Recent studies have demonstrated that additional crosslinkers such as
DSG and EGSmay enhance loop and compartment detection15. Our results
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complement these findings by highlighting that increased crosslinking
improves accuracy for TAD boundary and loop detection. Nonetheless, the
influence on compartment detection remains nuanced.One explanation for
this inconsistency might be as follows. When elevate crosslinking level by
temperature or FA concertation, as discussed above, the ligation reaction on
restricted chromatin fibers resulted in relative lower distal connections. On
the other hand, when elevating crosslinking levels by adding extra linkers,
the chromatinfibers couldbe capturedby farer distal ones, as the extra linker
may make a larger crosslinking radius compared with FA 40,41.

The bias introduced by crosslinking strengths cannot be canceled by
the current data normalization framework (Fig. 2d and Supplementary
Fig. 2c). Moreover, this bias can hardly be normalized even beyond the
current bilinear framework without introducing new bias. Firstly, the
second-order feature of the data, which is vital for determining the folding
model of the chromatin6,42, was incorrectly altered when normalization.
Secondly, the quantitative effects of crosslinking strength are cell type-
specific. As a result, the crosslinking conditions should always remain
exactly the same among all libraries in whole studies. For experiments
aiming at detection of chromatin features reliably, it is advisable to increase
the crosslinking strength by elevating the temperature and concentration, if
the relatively reduction of effective contacts is acceptable.

In conclusion, our study underscores the critical influence of varying
crosslinking temperatures and FA concentrations in protein-DNA fixation
experiments. As such, careful consideration is warranted when comparing
results from studies utilizing different crosslinking conditions. Additionally,
the development of novel analytical methodologies capable of normalizing
the effects of diverse crosslinking conditions is imperative for comprehen-
sive integrated analyses in this field.

Methods
Cell culture and crosslinking
K562 and GM12878 cells, which were purchased respectively from the
American Type Culture Collection and the Coriell Institute, were main-
tained at 37 °C under 5% CO2 in RPMI-1640 medium (Sigma-Aldrich)
supplemented with 10% FBS, 2mM L-glutamate, and streptomycin/peni-
cillin. Crosslinking temperature stands for the temperature when the FA
were added to the cells. For 37 °C/0.5%, 37 °C/1% or 37 °C/2%, the FA with
final concentration of 0.5%, 1% or 2%were immediately added to cells after
removal from incubator. For 25 °C/1%, the cells were mixed with equal
volumeof 4 °CRPMI-1640mediumtoadjust to25 °C, and then1%FAwere
added. For 4 °C / 0.5% and 4 °C/1%, the cells were washed and resuspended
with PBS at 4 °C, simulating the operation of FACS, and then the FA was
added. The crosslinking process lasts for 10min in room temperature for all
conditions.

In situ Hi-C library preparation
In situ Hi-C was conducted according to the literature28. Briefly, after
crosslinking for 10min, 0.125M glycine was added to quench the reaction.
Then, cells were lysed and digested with theMboI restriction enzyme (NEB,
R0147). Biotin-14-dATP was used to mark the DNA ends, followed by
proximity ligation in intact nuclei. After crosslink reversal, samples were
sheared to a length of ∼300 bp and then treated with the End Repair/dA-
Tailing Module (NEB, E7442L) and Ligation Module (NEB, E7445L), fol-
lowing the manufacturer’s instructions. Then, biotin-labeled fragments
were pulled down using Dynabeads MyOne Streptavidin C1 beads (Invi-
trogen, 65602). Finally, theHi-C library was amplified for about 10 cycles of
PCRwith theQ5mastermix (NEB,M0492L), following themanufacturer’s
instructions. Size selection was performed with AMPure XP beads, quan-
tified and sequenced on an Illumina HiSeq X Ten instrument with
2 × 150 bp reads.

Hi-C data processing
Prior to analysis, all Hi-C libraries were rigorously assessed for quality using
FastQC (https://github.com/s-andrews/FastQC) to verify sequencing stan-
dards. Subsequently, adapters and sequences with inadequate sequencing

qualities ( < 10) were discarded employing fastp43. Additionally, reads of
length ≤ 20 bp were eliminated from further consideration. The retained,
high-quality reads were then processed utilizing the standard HiC-Pro
pipeline29, incorporating the hg19 genome assembly—a selection aimed at
maintaining consistencywithother publicly accessible datasets.Notably, the
selection of the genome assembly would not impact the final conclusions
drawn fromthe study.Readsmapping to chromosomeYorM, or thosewith
a MAPQ score of 0, were systematically excluded. The contact frequency
decay curves were derived from genome distances ranging from 20 kbp to
5mbp, segmented into 500 logarithmically spaced bins. Finally, the contact
data were transformed into the .hic format through the utilization of Juicer
tools 44.

The determination of A/B compartments was carried out on each
observed versus expected (oe) normalized, KR balanced intra-chromosome
contact matrix at a 100 kbp resolution. Before further calculations were
performed, centromeres and other regions that could not be mapped were
systematically masked. Compartment assignments were ascertained by
calculating the first eigenvector (PC1) of the auto-correlation matrix
chromosome-wisely using spectral factorization. Subsequently, these
annotationswere juxtaposedwith the v19gene annotation—themost recent
version for hg19—from GENCODE45, ensuring that regions with a higher
gene density (average number of TSSs per bin) corresponded to positive
PC1 values. In instances where this was not the case, the PC1 values were
invertedbymultiplying themby -1. Bins exhibitingpositivePC1valueswere
designated as “A” compartments, while those displaying negative PC1
values were categorized as “B” compartments. To render the PC1 values
from different chromosomes comparable, they were scaled by multiplying
them with the square root of their respective chromosome lengths. The
principal component analysis (PCA) visualization and clustering of these
PC1 values were applied to the sequence of rescaled, chromosome-specific
PC1 vectors.

Definition of the essential distance measurement of two
contact maps
For an arbitrary chromosome’s contactmapC anda vectorW ¼ wi

� �
with

all wi>0, the current normalization algorithms, both matrix-balancing
based, and probability model based, adopt the form

Ĉ ¼ diag Wð Þ×C × diag Wð Þ

The function diag �ð Þ transform a vector to a diagonal matrix. For two
contact maps C1 and C2 of same chromosome, the distance:

dðC1jjC2Þ ¼ min
W

jjC1 � diagðWÞC2diagðWÞjj
jjC1jj

measured the minimum distance between C1 and any possible normal-
ization of C2. The denominator jjC1jj is used to cancel out the effects of
sequencing depth differences. The distance d was then symmetrized to
define the essential distance for a chromosome:

EðC1jjC2Þ ¼
dðC1jjC2Þ þ dðC2jjC1Þ

2

In this study, we first calculated E for each chromosome by taking the
2-norm and finding the minimum value using stochastic gradient descent.
Subsequently, a genome-wide essential distancewas computed by averaging
the E values across each chromosome.

Hierarchical clustering
All distance matrices utilized in this study for hierarchical clustering,
except for the essential distances which were directly employed, were
either obtained by computing the Euclidean distances between the values
to be clustered or were derived from similarity matrices (here denoted as
S) using the formula 1� S. The clustering processes were all executed in
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a bottom-up manner, wherein the minimum distances between points in
the newly formed clusters were used to represent their distances.

Generating the genome-wide saddle plots and calculating the
AA, AB and BB contact intensities
The saddle plots were initially computed for each chromosome using the
KR-normalized, observed over expected contact maps. Prior to these cal-
culations, centromeres and other unmappable regions were excluded.
Subsequently, the contact frequencies were log-transformed and rearranged
in descending order based on their PC1 values. The chromosomal AA, BB,
and AB contact intensities were determined by averaging the frequencies
located in the top 20% left, bottom right, and bottom left quadrants of the
saddle plots, respectively. Chromosomal compartment scores were then
derived using the formula ðABÞ � ðAAÞþðBBÞ

2 . To generate the genome-wide
saddle plot, each chromosomal saddle plot was scaled to a 1000 × 1000
matrix, followed by calculating the average across all chromosomes. The
global AA, AB, and BB contact intensities were ascertained by taking the
medians of the respective chromosomalAA,AB, and BB contact intensities.

Determination of TADs and their boundaries based on insulation
score profiles
The insulation score profiles were computed following the methodology
outlined in33, utilizing a sliding window size of 250 kbp. To ensure com-
parability across profiles from different chromosomes, each profile was
normalized by dividing it with the respective chromosome’s average values,
followed by a log transformation. The insulation score values were subse-
quently modeled using a three-component Gaussian mixture model to
categorize them into strong boundaries, weak boundaries, and TAD
interiors. Model parameters were estimated using the Expectation-
Maximization (EM) algorithm. The role of each bin was then determined
based on the role with the highest posterior probability. Bins inferred as
boundaries (both strong and weak) that were also local minimum points of
the insulation scores within their 21-bin sized neighborhoods were desig-
nated as candidate boundaries. Adjacent boundaries weremerged to form a
TAD if more than 50% of the bins between them were classified as weak
boundaries or interiors.

The consistency between TADs across different conditions was
determined based on their positions. For a TAD labeled as A1 in condition
A, if there existed a unique TAD labeled as B1 that satisfied the following
criteria:

jA1 \ B1j
jA1j

> 0:8

jA1 \ B1j
jB1j

> 0:8

8>><
>>:

Then A1 and B1 were considered the same. Otherwise, if there was a
series of domains B1;B2; � � � ;Bn in B that satisfied

jA1 \
Sn

i¼1Bi

� �j
jA1j

>0:8

Then A1 was considered as a merged domain in condition B. Fur-
thermore, if therewas a series of domainsA2;A3; � � � ;An in conditionA and
a domain B1 in condition B that satisfied:

jB1 \
Sn

i¼1Ai

� �j
jB1j

> 0:8

ThenA1 was considered as a split event in condition B. TADs that did
not fit into any of the above scenarios were classified as shift events in
condition B. Here, j � j denoted the length of the corresponding genome
region.

Loop aggregated peak analysis
To perform the APA analysis, we first filtered out loops in the given list that
had anchor distances less than or equal to 75 kbp (15 bins) to minimize the
influenceof extremelyhighcontact frequenciesnear thediagonals of contact
maps. For each loop involving bin a and bin b (where a < b), we calculated
local contact frequencies by taking a 21× 21 sub-matrix M½ða� 10Þ :
ðaþ 10Þ; ðb� 10Þ : ðbþ 10Þ� from the log-transformed, observed/expec-
ted normalized, KR-balanced contact matrix M. The average APA profile
was then computed by averaging these local contact frequencies. Next, we
calculated the APA z-scores for each loop using the following formula:

z ¼ M a; b½ � �meanðM½ aþ 6ð Þ : aþ 10ð Þ; b� 10ð Þ : ðb� 6Þ�Þ
stdðM½ aþ 6ð Þ : aþ 10ð Þ; b� 10ð Þ : ðb� 6Þ�

After obtaining the loop-wise z-scores, we calculated a global APA
z-score by averaging all the individual z-scores.

Determination of CTCF involved loops
To identify loops associatedwithCTCF, we first identified significant CTCF
motif hits using FIMO, a tool within the MEME suite46. We utilized a
position weight matrix obtained from the JASPAR database47 and set a
p-value threshold of 1× 10�5. Hits that were not covered by a CTCF ChIP-
seq binding peak were deemed not to be bound by CTCF in the corre-
sponding cell type and were excluded from further analysis.

Loops were then categorized based on the number of anchors (0, 1, or
2) occupied by at least one significant CTCF hit. To assess the relationship
between these classifications and crosslinking conditions, we employed a
contingency table χ2 test. This statistical approach allowed us to verify the
association between CTCF occupancy and loop formation under different
crosslinking conditions.

Enrichment of numbers of and E/P loops and CTCF
mediated loops
Loops involving E / P (Enhancer / Promoter) were identified as those with
anchors occupied by intergenic enhancers, as cataloged in EnhancerAtlas37,
or promoters of genes that are expressed with a TPM (Transcripts Per
Million) greater than 1. These E / P involved loops were further categorized
into P / P, E / P, and E / E classes, depending on whether both anchors were
occupied by promoters, one by a promoter and the other by an enhancer, or
both by enhancers, respectively. As mentioned above, CTCF-mediated
loops were identified based on the occupation of loop anchors by a sig-
nificant CTCFbindingmotif hit. Themotif was sourced from47, and the hits
were scanned using FIMO within the MEME suite46. Loops were classified
according to the number of anchors occupied by such qualified CTCF
binding sites. To analyze the data, the counts of loops across all crosslinking
conditions were organized into a contingency table. In this table, loop sta-
tuses—whether involved in E/P or not, or mediated by CTCF or not—were
listed as rows, while the crosslinking conditions were presented as columns.
The independence between loop status and crosslinking condition was
assessed using Pearson’s χ2 test. Expected frequencies were computed
assuming the independence of rows and columns and then divided by the
observed counts to obtain an observed/expected ratio, which indicates the
directionality of enrichment.

The conceptual model for FA crosslinking
To conceptually elucidate the impact of crosslinking strength on the out-
comes of chromatin conformation capture assays, we employed a simplified
model. This model considered only two enzyme cutting ends and con-
strained their positions to a one-dimensional space. The central position of
the first end was fixed at the origin, while the second end was randomly
positioned at coordinate D following a Cauchy distribution with density
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function:

f Dð Þ ¼ 1

πð1þ D2Þ :

Once D was determined, the actual positions of the two ends after
crosslinking (denoted as x1 and x2) were determined by two independent
Gaussian distributions with equal standard deviations:

x1 � N 0; σ2
� �

x2jD � N D; σ2
� �

(
:

The common standard deviation σ represented the crosslinking
strength, where smaller values of σ indicated higher crosslinking strength.
Whether the two endswere ligated (denoted as δ) was then determined by a
Bernoulli distribution with probability e�jx1�x2j. The contact frequency
decay curve could thus be expressed as the conditional distribution of D
given δ ¼ 1.

To simulate the contact frequency decay curve and assess its stability,
we configured themodel with three σ values: 0:1, 0:5, and 1:0, representing
high, medium, and low crosslinking scenarios, respectively. For each σ
value, we continued simulations until 1× 107 ligations (δ ¼ 1) were
obtained. Contact frequency decay curves were then estimated using
Gaussian kernel density estimation as a function of D. This simulation
procedure was repeated 500 times. The coefficient of variation (CV) values
for the 500 contact frequencies at eachDwere calculated tomeasure stability
(signal-to-noise ratio).

Public data analysis
The public ChIP-seq, ATAC-seq, polyA+ RNA-seq and bisulfite sequen-
cing datasetswere all listed in (SupplementaryTable 1). The data processing
pipelines of them were all listed in the (Supplementary text).

Statistics and reproducibility
The statistical tests utilized and the significance threshold values are deli-
neated in detail within the “Methods” section. For each cell type and
crosslinking condition, two biological replicates were incorporated. These
replicateswere characterized by high reproducibility scores of contactmaps,
as computed by GenomeDISCO.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Hi-C data were deposited into the Genome Sequence Archive database in the
National Genomics Data Center under accession numbers HRA003237 and
HRA006154 and are available at the following URL: https://ngdc.cncb.ac.cn/
gsa-human/browse/HRA003237 and https://ngdc.cncb.ac.cn/gsa-human/
browse/HRA006154. The source data for graphs were deposited into the
gitee repository at https://gitee.com/matrix_evolution/crosslinking-paper.

Code availability
The code used in this study are freely accessible at https://gitee.com/matrix_
evolution/crosslinking-paper.
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