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 11 

Abstract  12 

One fundamental yet open question is how eukaryotic chromosomes fold into segregated territories, 13 
a process essential for gene transcription and cell fate. Through analyzing Hi-C and chromatin-14 
tracing DNA-FISH data, we identify long-range chromo skeleton loop structures that span over 15 
100 Mb, extending beyond the reach of loop extrusion models. Spatial density analyses point to 16 
assembly formation independent of major nuclear structures. A subset of genomic loci serves as 17 
nucleation centers, driving loop clustering. These complexes are highly stable, as shown by live-18 
cell imaging with sequence-specific fluorescent labeling, and biophysical model analyses reveal a 19 
multivalent binding mechanism. Our findings suggest a redundant, distributed cluster mechanism 20 
that ensures robustness across cell types and against mutations, guiding both chromosome 21 
compaction and the formation of smaller-scale chromosomal structures. 22 

 23 

MAIN TEXT 24 

 25 

A central problem in structural biology and biological physics is how macromolecules fold into 26 
three-dimensional structures. An emerging “local-to-global” mechanism highlights the role of 27 
local cooperativity among peptide monomers in guiding the formation of a native protein structure 28 
from an expansive conformational space (1). In contrast to typical polypeptides with 300 – 400 29 
amino acids, human chromosomes are composed of 48 long-chain polymers, ranging from ~40 to 30 
250 Mb, with a total linear length extending up to two meters. Given that the 3D structures play a 31 
central role in regulating cell identity and gene expressions (2),  an intriguing question is how these 32 
linear DNA molecules compact into segregated chromatin territories within a cell nucleus, 33 
typically only about 10 µm in diameter. 34 

Chromatin, unlike a polypeptide, is often considered to lack a stable, ordered three-dimensional 35 
structure due to its significantly greater length. When modeled as a linear polymer chain without 36 
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structural supports such as protein bridges or long non-coding RNA networks, theoretical analyses 37 
predict that the average contact frequency (f) between two chromosomal fragments depends on 38 
their genomic separation (l) and follows a power-law decay, f ∝	la. Both Hi-C and DNA FISH 39 
measurements confirmed this relationship, with an exponent a ~ –1 within the 1 – 5 Mb range (Fig. 40 
1A, Fig. S1A-C). This result aligns with polymer models describing chromatin as a crumpled 41 
polymer (3-5) or emphasizing the excluded volume effect (6).  42 

However, at genomic distances ~100 – 200 kb, deviations from the power-law behavior (Fig. 1A, 43 
Fig. S1A-C) suggest the presence of stable chromatin loops, potentially formed through a loop-44 
extrusion mechanism (7). Beyond 5 Mb, Hi-C data reveal further deviations, where the f-l curves 45 
level off (Fig. 1A blue line, Fig S1A&B). This phenomenon has been attributed to polymer models 46 
incorporating random-sized loop formation between chromatin segments (8). Additional factors, 47 
such as A/B compartment segregation and nuclear structure tethering, also contribute to deviations 48 
from the crumpled polymer model at large genomic distances (4, 9).  49 

Therefore, previous studies suggest that chromosomes form functionally important local structures 50 
such as topologically associated domains (TADs), typically spanning ~ 1 Mb. In contrast, locus 51 
pairs separated by more than 10 Mb generally lack stable structures with specific interactions. In 52 
large genomes like the human genome, such long-range proximities are considered rare, though 53 
scattered instances of locus pairs interacting across distances exceeding 20 Mb have been reported 54 
(4, 9, 10). In this study, we investigate the presence and conservation of spatial proximity between 55 
two well-separated loci on the same human chromosome across various cell lines and explore the 56 
underlying physical mechanisms that may explain such stable contacts.  57 

 58 

Hi-C data reveals the prevalence of long-range genomic locus colocalization beyond 50 Mb  59 

We analyzed Hi-C data for chromosome 2 (chr2) and 14 (chr14) in MCF10A cells. While most 60 
genomic pairs followed the expected Hi-C f-l curve, certain pairs (e.g., red box in Fig. 1A & Fig. 61 
S1A) showed significant deviations, with contact frequencies comparable to the median value of 62 
1-Mb pairs despite their much larger genomic separation. Similar high-interaction locus pairs were 63 
also observed in chr2 and chr14 of IMR90 (Fig. S1B). Extending this analysis to 13 additional 64 
human cell lines revealed that such deviations are prevalent among genomic locus pairs separated 65 
by even more than 50 Mb (Fig. S2), suggesting their stable three-dimensional proximity in at least 66 
a subpopulation of chromatin. Notably, these long-range interactions extend beyond typical 67 
intrachromosomal contacts such as enhancer-promoter interactions, super-enhancer, and TAD (11, 68 
12). Given the entropic cost of maintaining substantial colocalization probability over such long 69 
genomic distances, we sought to explore their underlying mechanisms and potential functional 70 
significances. 71 

While the above statistical analyses identified long-range locus pairs with spatial proximity, 72 
detecting them quantitatively from noisy Hi-C data remains challenging, as strong signals from 73 
short-ranged locus pairs often overshadow weaker signals from long-range ones. To address this, 74 
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we developed a computational pipeline, Chromosome Long-range colocalization identifier 75 
through Outlier Detection (CLOD) (Fig. 1B, details in Methods). The pipeline operates on the 76 
premise that colocalized locus pairs increase the contact frequency of their neighboring loci along 77 
the genome. To enhance the signal-to-noise ratio, CLOD employs a sliding-window averaging 78 
approach, allowing for the distinction of colocalization signals from background noise. It then 79 
compares locus pairs with similar genomic distances and identifies outliers exhibiting abnormally 80 
high contact frequencies. Specifically, outliers are defined as locus pairs whose signals exceed two 81 
times the interquartile range above the third quantile of all pairs with similar genomic distances 82 
(!"#$%&'()

()'(*
> 2). 83 

To assess CLOD’s performance in detecting experimentally verified colocalized locus pairs, we 84 
first analyzed an MCF7 Hi-C dataset (13). CLOD successfully identified a 150 kb loop (Fig. S1D), 85 
previously validated as a promoter-enhancer interaction of PRIP1 using a 3C assay (14). We then 86 
applied CLOD to a Hi-C dataset from the HCT116 cell line (15) and detected a colocalized 87 
genomic pair separated by 27 Mb (Fig. 1C). This locus pair was independently confirmed by 88 
fluorescence in situ hybridization (FISH) (10). Collectively, these results demonstrate that the 89 
CLOD pipeline can effectively detect colocalized locus pairs across both short and long genomic 90 
distances.  91 

We then applied CLOD to Hi-C datasets from a panel of four normal differentiated human cell 92 
lines, five cancer cell lines, and four embryonic cell lines (Table S1). Across these datasets, we 93 
identified multiple colocalized locus pairs separated by 50 Mb or further in chr2 and chr14 (Fig. 94 
1D&E and Fig. S3). Notably, some of these long-range pairs were consistently detected across 95 
multiple cell lines of different types (Fig 1F&G).  96 

Specifically, CLOD identified a colocalized genomic pair on chr14 separated by approximately 80 97 
Mb (Fig. 1H). To determine whether this long-range colocalization was transient or persistent, we 98 
labeled the loci with two-color CRISPR-dCas9 guided fluorescent proteins in HEK293 cells (Fig. 99 
1I, Methods, Table S2). Live-cell imaging confirmed the sustained proximity and coordinated 100 
movement of green and red puncta, with their co-fluctuations persisting throughout the observed 101 
2-10 hours in some cases (Fig. 1J &K, and movie S1-S2).   102 

MERFISH chromatin tracing data reveals prevalence and conservation of colocalized loci > 103 
100 Mb in human chr2. 104 

While bulk Hi-C provides an ensemble-averaged view of chromosome conformations, it lacks the 105 
resolution to capture individual chromosome structures. It cannot distinguish whether colocalized 106 
pairs originate from the same or different homologous chromosomes, nor can it determine whether 107 
observed contact frequencies reflect widespread interactions or rare sub-populations. To cross-108 
validate the prevalence of long-range pair colocalization and assess their distribution at the single 109 
chromatin level, we analyzed previously published IMR90 chromatin tracing data obtained using 110 
DNA MERFISH (16).  111 
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As a technical control, we first re-analyzed the 3D distances (d1) of MERFISH-labeled neighboring 112 
genomic loci across chr21 with a genomic separation 𝑙* = 50	𝑘𝑏 . The median distance for 113 
chr21:32.45 - 33.35 Mb (Fig. S4A) was found to be 256 nm, consistent with the previous report 114 
(16). The overall distance distribution of neighboring genomic loci across chr21 followed a log-115 
normal distribution, with a median distance of 325 nm (Fig. S4B, left).  116 

Next, we calculated the spatial distances of all neighboring genomic locus pairs across 2991 copies 117 
of chr2 that were fluorescently traced with 𝑙* = 250	𝑘𝑏 (Fig 2A, green line). The distribution also 118 
exhibited a log-normal pattern, with a median distance 462 nm and a first quantile distance dr = 119 
299 nm (Fig. 2B, Fig. S4B, right). For subsequent analyses, we adopted dr as an intrinsic distance 120 
reference, classifying a genomic locus pair as in spatial proximity if their measured spatial distance 121 
𝑑 ≤ 𝑑+ . This criterion aligns with previous studies using super-resolution DNA FISH data at 122 
approximately 30 kb resolution, which employed a cutoff distance of ~ 200 nm to define chromatin 123 
interactions (17), and 500 nm for the chr21 data with 50 kb resolution to identify genomic pairs in 124 
proximity (18). 125 

Most previously studied short-range chromosome interactions, such as enhancer-promoter 126 
interactions, occur within genomic distances of ≤ 200 kb, typically in the 20 – 50 kb range (19, 127 
20). However, few studies have specifically focused on long-range chromatin interactions. Here, 128 
we calculated the spatial distances between pairs of loci with genomic separations of 𝑙, ∈129 
(50, 100] Mb and 𝑙) > 100 Mb, respectively (Fig. 2A, purple and orange lines). Compared to 𝑑*, 130 
the distributions of corresponding 𝑑,	and 𝑑)	shifted toward larger values, with median distances 131 
of 1.86 𝜇𝑚  and 2.08 𝜇𝑚 , respectively (Fig. 2B). Interestingly, even at such large genomic 132 
separations, certain locus pairs exhibited spatial distances < dr (Fig. 2B, arrow). In the following 133 
analyses, we focused on the genomic locus pairs with 𝑙) > 100 Mb and d3 < dr, denoting them as 134 
long-range colocalization (LRC). 135 

Individual chr2 copies show diverse conformations (see examples shown in Fig. 2C, Fig. S4C&D, 136 
Movie S3-S5), consistent with previous studies (17). A negative correlation exists between the 137 
total number of LRCs of an individual chromosome copy and its conformation measured by 138 
convex hull volumes (Fig. 2D), suggesting a potential relationship between LRC and chromosome 139 
conformation. Notably, in these structures LRCs form either scattered small clusters or join into 140 
larger ones, along with varying compactness of the chromatin structures.  141 

LRC counts per chr2 copy range from fewer than 10 to over 10,000, with a peak at ~600 per copy 142 
(Fig. S4E). These LRCs can be classed into two groups: transient contacts, likely due to 143 
fluctuations, and stable structures. We hypothesized that transient LRCs appear infrequently, 144 
whereas stable ones recur in subpopulations of chr2 copies. To test this, we analyzed the 145 
occurrence frequency of 155,009 unique LRCs across 2,991 chr2 copies (Fig. 2E). We identified 146 
7,366 LRCs with occurrence frequencies beyond the 95% population interval, defined them as 147 
stable LRCs (sLRCs) (Fig. 2E & F). Each sLRC appeared in at least 23 chr2 copies (~0.8% of the 148 
dataset), with some found in over 10% of samples. That is, sLRC exhibited a significantly higher 149 
probability of occurring within 299 nm compared to other LRC (Fig. 2G).  150 
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We then compared sLRC detected via DNA FISH with CLOD-identified colocalized pairs (> 100 151 
Mb separation) from Hi-C. Most Hi-C outliers were also classified as sLRCs (Fig. 2H). Notably, 152 
Hi-C and DNA FISH detect proximity differently: Hi-C captures direct contact, whereas DNA 153 
FISH assesses spatial distances, using a 299 nm threshold here. Technical limitations also 154 
contribute discrepancies ¾ Hi-C may miss repetitive or low-accessibility regions, whereas its 155 
much larger sample size (~1 million cells vs. ~3,000 chr2 copies in DNA FISH) could detect rare 156 
configurations potentially overlooked by DNA FISH. Despite these differences, the strong 157 
agreement between Hi-C and DNA FISH reveals that LRCs are prevalent in chromatin structure, 158 
with a subset forming stable structural features.  159 

A subset of genomic sites serves as nucleation centers (NCs) for clustering sLRCs. 160 

Our structural analyses revealed that sLRC-associated genomic loci form intertwined networks 161 
with sLRCs acting as links (Fig. 2C, Fig. S4C&D, Movie S6-S9). Linkage maps from both Hi-C 162 
and DNA FISH data show that certain genomic loci colocalize with multiple distant loci (Fig. 163 
2F&G). These loci likely function as NCs, linking multiple sLRCs within the network (Fig. 3A). 164 
The genomic locations of NCs, including regions such as ~28 – 40 Mb and the ends of chr2, are 165 
evident in sLRC distribution plots (Fig. 3B & C). Notably, locus 242 Mb (NC 242 Mb) exhibited 166 
significantly more sLRCs and was analyzed separately.  167 

Statistical analyses (Fig. 3B, right) showed that 26% of sLRC-associated loci formed only one pair 168 
of sLRC, while 50% established fewer than five. However, a subset of loci participated in over 169 
150 sLRCs (Fig. 2B, right). Even within individual chr2 copies, some loci paired with up to ~ 90 170 
others to form sLRCs (Fig. 3D). A striking example is NC 242 Mb, which paired with loci across 171 
the chromosome (Fig. 3E). At the population level, 89.8% of the 2,991 observed chromosomes 172 
had at least one sLRC partner at NC 242 Mb. Other NCs also showed frequent long-range 173 
interactions, such as NC 34.25 Mb, found in 38% of chr2 copies (Fig. 3F). Table S3 lists all loci 174 
associated with at least two sLRCs in chr2 copies.   175 

Modeling sLRCs as networks (Fig. 3G) revealed that NCs coordinated sLRCs into distinct clusters 176 
of varying sizes, with chr2 copies containing 1 – 48 clusters (Fig. 3H). While most clusters (59.2%) 177 
contained only 2 – 5 loci, 5.4% had over 100 loci as nodes (Fig. 3I). Notably, large clusters 178 
frequently contained NC 242 Mb and its associated sLRCs. Detailed analyses revealed distinct 179 
structural motifs (Fig. 3J): some NCs formed isolated single-NC clusters, while others coalesced 180 
into multi-NC hubs via direct colocalization or shared pairing loci, forming clusters with 100 – 181 
780 nodes.  182 

These findings suggest that NCs link multiple genomic regions, assembling hub-like domains that 183 
may regulate chromosome conformation and territory segregation. 184 

Neighboring LRCs cooperate to form stable complexes through multivalent binding 185 

DNA FISH data revealed the widespread presence of stable LRC (𝑝 ≥ 0.8%) in chr2 copies, with 186 
some occurring in 5 – 10% of all copies (Fig. 2E). However, consider an isolated sLRC pair that 187 
stochastically transits between bound and unbound states, with association (a) and dissociation (g) 188 
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rate constants (Fig. 4A left). After dissociation, the loci diffuse apart due to thermal fluctuations, 189 
making re-encounters highly unlikely (a << 1). Achieving 𝑝 = -

-./
≥ 0.8% would require an 190 

exceptionally low g, implying the need for strong and specific interactions, or alternative 191 
mechanisms stabilizing spatial proximity.   192 

A potential clue lies in Fig. 2F, which shows sLRC clustering along the genome. Statistical 193 
analysis confirmed that most sLRC-associated loci have their nearest neighboring genomic loci 194 
within 500 kb (Fig. S5A). We hypothesized that neighboring sLRCs stabilize each other via a 195 
multivalent binding mechanism ¾ where an unbound sLRC pair remains spatially close due to 196 
adjacent bound sLRCs. This leads to an increased effective association rate constant 𝛼 + 𝛿, where 197 
𝛿 represents the contribution from neighboring sLRCs, consequently the sLRC cluster becomes 198 
an effective two-conformation system with no or at least one bound sLRC, respectively (Fig. 4A 199 
middle & right). 200 

To test this model, we first defined the genomic proximity between two pairs of sLRCs. Given 201 
pairs a (loci a1, a2) and b (loci at b1, b2), we defined their genomic proximity distance as 𝑙%0 =202 
max	(min(|𝑎* − 𝑏*|, |𝑎* − 𝑏,|) ,min(|𝑎, − 𝑏*|, |𝑎, − 𝑏,|))  (Fig 4B, Fig. S5Ba). The	 sLRC	203 
proximity distribution exhibited three peaks with 28% of pairs within 12 Mb (Fig. 4B). To detect 204 
multivalent sLRCs, we used a more stringent threshold, grouping sLRCs into metaLRCs, where 205 
each sLRC had at least one other sLRC with 250 kb at both ends (Fig 4C). This process grouped 206 
72% sLRCs into 736 metaLRCs, each containing 2 to 40+ sLRCs (Fig. S5C).  207 

The multivalent binding model predicts that within a metaLRC, binding of one sLRC enhances 208 
the binding of others, leading to positively correlated binding states (Fig 4A, middle). Fig. 4E and 209 
Fig. S5D&E depicted three representative metaLRCs. Correlation analyses over MERFISH data 210 
confirmed this expectation for three representative metaLRCs (Fig 4E, Fig. S5D&E, middle).  211 

To quantify the cooperative effect, we constructed a minimal model treating all sLRCs within a 212 
metaLRC equally (Supplemental Text). Assumes a constant increase in 𝛼 by 𝛿 due to neighboring 213 
bound sLRCs (Fig. 4A, middle), we obtained gave -

/
= 1!

21"
, where N is the number of sLRCs in 214 

the metaLRC, p0 and p1, the frequency of observing zero or one bound sLRC, respectively. The 215 
effective 𝛿 was determined by fitting the distribution of bound sLRCs, pi vs. i for i > 1, which 216 
significantly exceeded predictions from a non-cooperative model (𝛿 = 0) (Fig. 4F).  217 

Analysis of individual chr2 copies (Fig. 4G, bound vs. free forms, Movies S10-13) further 218 
supported the model. When one or more sLRCs were bound, the two genomic regions within the 219 
metaLRC were held closer (Fig. 4H), though additional bound sLRCs (> 1) did not significantly 220 
alter spatial distance. The observed non-monotonic pi v.s. i curves for certain metaLRCs (e.g., 221 
33.75-35.5 Mb & 146-146.25 Mb; 119.25-123.75 Mb & 242 Mb) suggested even stronger 222 
cooperativity than the minimal model predicted (see Supplemental Text) (Fig. S5D&E). 223 

For all metaLRCs of chr2 with N > 2, 𝛼/𝛾 values from FISH data were < 0.007 (Fig. 4I), indicating 224 
that associating two distant loci is entropically unfavorable. However, the corresponding (𝛼 +225 
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𝛿)/𝛾 values were up to 10 - 100´ higher, making the probability of observing a bound metaLRC 226 
over 1 – 10% (Fig. S5F).  227 

In conclusion, pairs of distant loci can remain stably proximate within a chromosome via neighbor-228 
assisted multivalent binding, significantly enhancing structural stability and long-range genomic 229 
interactions.  230 

Structural analyses reveal multiple candidate mechanisms for sLRC formation. 231 

Colocalization of distant cis-loci had been intermittently observed, with three general mechanisms 232 
proposed to explain LRC formation (Fig. 5A, I-III). (I) A/B compartment, or loose/compact region, 233 
segregation may bring distant B compartment loci in transient proximity. (II) Transcriptionally 234 
active loci, chromatin around which are typically loose and accessible, may colocalize via 235 
attaching to shared nuclear structures like speckles, or nucleoli. (III) The nuclear membrane may 236 
recruit multiple loci into spatial proximity. An alternative mechanism (IV) suggests stable sLRC 237 
formation independent of major nuclear structures or compartment segregation. While the first 238 
three have been proposed previously (21), sLRC assemblies formed through Mechanism IV were 239 
considered rare.   240 

Examination of A/B compartment identities among sLRC-forming loci revealed no clear pattern 241 
or correlation between the two loci of each sLRC pair (Fig. S6A-C), while the majority of sLRCs 242 
have two loose ends (Fig. S6B, bottom), which is consistent with the observation from a previous 243 
study (18). Note that the A/B compartment was calculated from bulk level data. That is, an 244 
ensemble of chromosomes may be composed with subpopulations with and without the presence 245 
of a sLRC under study, thus conclusions from such bulk-averaged data are not definite. Bulk 246 
averaging also prevented us from concluding whether sLRCs or the loci linked to sLRCs have 247 
specific epigenetic patterns (Fig. S6 D-E).  248 

Using MERFISH data, we quantified local geometric structures within 299 nm of a locus by 249 
defining regional density of short-ranged (< 10 Mb) neighbors (RD-SN) and regional density 250 
heterogeneity (RDH), which measures the uniformity of local spatial distributions (Fig. 5B). Note 251 
that an A compartment has higher probability to has a loose neighborhood than a B compartment 252 
has (Fig. S6F). Then one expects that Mechanism I and III lead to high RD-SN for both loci 253 
associated with a sLRC, Mechanism II leads to low-low RD-SN, while the pattern for Mechanism 254 
IV is undetermined. Furthermore, a locus next to a nuclear structure (Mechanism II and III) due to 255 
the excluded volume of the latter. Therefore, a combined signature of mixed low/high RD-SN and 256 
low RDH only comes from Mechanism IV. Analyses of the sLRCs revealed broad distributions of 257 
these two quantities, implying possible contribution from diverse mechanisms on sLRC formation 258 
(Fig. 5C&D), as also reflected from examining representative structures (Fig. 5E).  259 

Among the 50 most frequent sLRCs, most exhibited low-low RD-SN patterns, consistent with 260 
previous studies (18), followed by high-low patterns, while high-high patterns were rare (Fig. 5F). 261 
Notably, 41 out of the top 50 involved locus 242 Mb, consistent with its role as the leading NC. 262 
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Analyses of the sLRCs associated with the top 20 NCs revealed similar RD-SN patterns (Fig. 5G). 263 
These observations exclude Mechanism I as the dominant mechanism for sLRC formation.  264 

Locus 242 Mb exhibited a more compact neighborhood than typical A compartment loci, with 265 
disproportionately high numbers of neighbors spanning >10 Mb (Fig. 5I&H). Sequence analysis 266 
identified unique repetitive elements at 242 Mb-242.01 Mb (Table S4), supporting Mechanism IV. 267 
These findings suggest an additional, previously underappreciated mechanism contributing to 268 
stable sLRC formation. 269 

Together, all the epigenetic, positional, and spatial distribution results suggest an additional, 270 
previously underappreciated mechanism contributing to stable sLRC formation. 271 

 272 

DISCUSSION 273 

Our analyses of Hi-C and DNA FISH chromosome tracing data reveal widespread colocalization 274 
of genomic loci separated by distances far exceeding a typical TAD. Statistically, the probability 275 
of multiple genomic loci with 𝑙 ≥ 	100 Mb being in physical proximity without stable structural 276 
mechanisms would be negligible. While the exact molecular mechanism remains unclear, some 277 
sLRCs may form through anchoring to nuclear structures such as nucleoli, speckles, or the nuclear 278 
envelope. However, the presence of many sLRCs and NCs away from these structures suggests 279 
additional nuclear structure-independent mechanisms, such as molecular assembly or condensates. 280 
Notably, in contrast to assumptions in random loop models (8), some large-sized loops appear 281 
sequence-specific, implying potential roles of non-coding DNA elements. For instance, the 242 282 
Mb locus, enriched in repetitive sequences, may serve as a selective binding site for partnering 283 
loci, either directly or through bridging molecular factors.  284 

Beyond their varied formation mechanism, these sLRC structures likely play diverse functional 285 
roles, including transcriptional regulation and broader chromosome 3D organization. Proper DNA 286 
folding into spatially segregated territories with minimal entanglement and knot formation is 287 
essential for eukaryotic genome organization and gene regulation. This process must be robust 288 
across all the cell types, including those with abnormal karyotypes, and must function despite cell 289 
type-specific euchromatin/heterochromatin partitioning, folding stochasticity, and mutations. 290 
From an engineering perspective, achieving this through a single centralized mechanism requiring 291 
precise tuning would be challenging. Instead, our findings suggest a redundant, distributed 292 
component mechanism that facilitates chromosome folding into compact structures (Fig. 5J). The 293 
genome harbors an extensive repertoire of NCs and partnering loci separated by long genomic 294 
distances, from which only a subset is available for a given cell type. At the individual chromosome 295 
level, subsets of these loci stochastically form sLRCs and larger structures, contributing to the 296 
observed heterogeneity of chromosome structures (22). The structures provide a “divide-and-297 
conquer” mechanism to facilitate forming chromosome structures at smaller length scales, e.g., by 298 
forming segregated globally compact chromosome configurations and close-end boundary 299 
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conditions for simultaneous crumpled folding at multiple regions (Fig S4D) (5), and enhanced 300 
contact frequencies for forming loops at smaller scales.  301 

It is important to note that our study employed stringent criteria to identify representative examples 302 
rather than exhaustively cataloging all stable long-range colocalizations. While we focused on loci 303 
separated by >100 Mb, similar structures likely exist at shorter genomic distances, particularly in 304 
smaller chromosomes such as chr21 (~48 Mb).  305 

A key unsolved question is how sLRC loci locate and associate with each other. One plausible 306 
mechanism is that, during post-mitotic DNA decondensation, some genomically distant loci may 307 
be in spatial proximity and associate stochastically, leading to subsequent formation of additional 308 
sLRCs and stabilization of the assembled structures.   309 

In summary, our analyses of chromosome tracing and Hi-C data uncover prevalent, conserved 310 
large-sized loops and their clustering into stable structures. These findings raise important 311 
questions regarding the molecular mechanisms, temporal dynamics, and functional significances 312 
of these structures on chromosome configurations, gene transcriptional activity, and cell type 313 
regulation.   314 

Abbreviations and glossary: 315 

LRC: Long-range colocalization for genomic locus pairs > 100 Mb and within 299 nm in spatial 316 
distance. 317 

sLRC: Stable long-range colocalization for LRC pairs with occurrence frequency > 4% in the 318 
IMR90 chr2 MERFISH dataset. 319 

metaLRC: a group of sLRCs, in which for each sLRC there was at least one other sLRC with 250 320 
kb for both ends. 321 

NC: Nucleation center referring to locus having multiple sLRC partner loci.  322 

RD-SN: Regional density of short-ranged neighbors (< 10 Mb) within a 299 nm range of a tagged 323 
locus.  324 

RDH: Reginal density heterogeneity. 325 
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 362 

 363 
Fig. 1. Hi-C data reveals prevalent existence of colocalized pairs of long-range genomic loci. 364 
(A) Scatter plot (left) and boxplot (right) showing the decay trend (blue line) of contact frequency 365 
with increasing genomic distance. Red boxed points represent locus pairs > 50 Mb apart with 366 
contact frequency exceeding the third quartile of those observed for ~1 Mb pairs.  (B) Schematic 367 
of the CLOD pipeline.  (C) Experimental validation of colocalized pairs predicted by CLOD using 368 
Hi-C data from HCT116 cells at 50 kb resolution. (D-E) Representative linkage maps of 369 
colocalized locus pairs > 50 Mb on chr2 and chr14 in two different cell lines.  (F-G) Linkage maps 370 
of colocalized pairs > 50 Mb apart, shared across at least two of the following cell types: four 371 
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embryonic cell lines (brown), four normal differentiated cell lines (green), and four cancer cell 372 
lines (blue). (H) CLOD-based identification of colocalized pairs on chr14 from Hi-C data of 373 
IMR90 and HEK293T cells at 50 kb resolution. (I) CRISPR-dCas9 two-color labeling sites on 374 
chr14. (J) Live-cell imaging snapshots of a HEK293T cell labeled with RFP and GFP. Scale bar: 375 
1 µm.  (K) Time-resolved trajectories of distances between blue-red puncta pairs.  376 
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 377 
Fig. 2. MERFISH chromatin tracing reveals widespread long-range colocalization (LRC). 378 
(A) Schematic illustrating genomic pairs and their genomic versus spatial distances. (B) Density 379 
curves of spatial distance distributions for loci pairs with genomic separations of 250 kb, 50-100 380 
Mb, and >100 Mb. The dashed line represents the first quantile of neighboring locus pairs.  (C) 381 
LRC linkage maps and 3D structures of 3 representative chromosomes. (D) Scatter plot showing 382 
the relationship between chromosome compaction, quantified by the convex hull volume, and the 383 
number of LRCs. (E) Histogram (top) and boxplot (bottom) showing the distribution of chr2 copy 384 
counts (n = 2991) containing LRCs. LRCs present in >23 copies (red dash line) are classified as 385 
stable LRCs (sLRCs). (F) Identification of chr2 sLRCs from DNA FISH data. (G) Spatial distance 386 
distributions of locus pairs with genomic separation >100 Mb. Purple lines (n = 6443): sLRCs; 387 
blue lines (n = 6443):  randomly selected non-sLRCs. The red dashed line represents the first 388 
quantile of spatial distances between neighbor loci on chr2 (299 nm).  (H) Comparison of 389 
colocalized chr2 locus pairs (>100 Mb apart) identified in IMR90 cells using DNA FISH (blue 390 
lines) and Hi-C (pink lines) data. Overlapping links are highlighted in purple. 391 
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 392 
Fig. 3. Nucleation centers (NC) coordinate clustering of sLRCs. (A)  Left: Schematic 393 
illustration of a nucleation center (NC) (orange) forming spatial proximity with multiple partner 394 
LRC loci (purple). Right: Ring plot depicting the same interaction network. (B)  Left: Line plot 395 
showing the number of sLRCs originating from a given locus, based on 2,991 chr2 copies. Right 396 
Histogram illustrating the distribution of loci (x-axis) connecting to a given number of sLRC (y-397 
axis). (C)  sLRC linkage map with corresponding numbers of potential sLRCs (green bars outside 398 
the ring) originating from specific loci in the chr2 copies. (D) Scatter plot comparing the total 399 
number of potential sLRC from targeted loci across the analyzed chr2 population to the maximum 400 
number of sLRCs from a single targeted locus in an individual chr2 copy. Top and right panels: 401 
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Corresponding distributions. (E-F) Linkage maps and 3D structures highlighting two 402 
representative NCs (NC 242 Mb and NC 34.25 Mb) on chr2, along with their associated sLRCs. 403 
(G) 3D structural representations and network maps showing connections among NC loci in two 404 
representative chr2 copies. (H) Histogram displaying the number of locus clusters ¾ defined as 405 
sets of loci connected to at least one other locus ¾ per individual chr2 copy. (I) Histogram 406 
depicting the number of loci per locus-cluster, as identified in H. (J) Diagrams illustrating single 407 
NC elements and various types of connections between NCs. 408 

 409 
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 410 
Fig. 4. DNA FISH data analysis reveals that multivalent binding stabilizes sLRC clusters. (A) 411 
Left: Schematic illustration of monovalent binding vs. multivalent binding models. 𝛼: association 412 
rate constant of a single pair in the absence of other bound sLRCs; 𝛾: dissociation rate constant of 413 
a single pair; 𝛿: association rate enhancement due to neighboring bound sLRCs. Right: A multi-414 
valent site is coarse-grained into a two-state system ¾ either free or bound (with one or more 415 
bound sLRCs) two-state system. (B) Frequency distribution of the genomic separation between 416 
two LRCs. (C) sLRC and metaLRC linkage map. The outer circle represents chr2, and each line 417 
denotes a sLRC. Gray lines: isolated sLRC; colored lines (except gray): sLRCs belonging to a 418 
metaLRC. (D) A representative metaLRC. (E) Heatmap showing correlation between sLRCs 419 
within the metaLRC from D. (F) Comparison of the probabilities of observing various numbers of 420 
bound sLRCs within the metaLRC (purple bar) vs. predictions based on an independent sLRC 421 
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binding model (orange bar), and a multivalent binding model (blue dashed line). p0 is not shown. 422 
(G) Representative 3D structures of chr2, highlighting the metaLRC from D. Top: Structures with 423 
at least one bound sLRC within the metaLRC. Bottom: Structures with no bound sLRC within the 424 
metaLRC. (H) Violin plot showing the relationship between 3D distances (between centers of 425 
minimal-sized bounding spheres of the two genomic regions forming the metaLRC from D) and 426 
the number of bound sLRCs per individual chr2 copy. (I) Multivalent binding model parameters 427 
for metaLRCs, obtained through fitting DNA FISH data. 428 
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 429 
Fig. 5 Possible mechanisms of sLRC formation and functional roles on chromosome folding. 430 
(A) Schematic of four possible mechanisms for sLRC formation. I & II: A/B compartment 431 
segregation leads to compressed encounters of genomically distant loci in the B and A 432 
compartments, respectively. III: Colocalization of transcriptionally inactive, genomically distant 433 
loci interacting with common nuclear membrane structures. IV:  Specific interactions between 434 
genomically distant loci form an assembly without the involvement of large nuclear structures. (B) 435 
Definition of regional density of short-ranged neighbors (RD-SN) and regional density 436 
heterogeneity (RDH) to characterize structural properties of sLRCs formed via mechanisms in (A). 437 
(C-D) Scatter plots of RD-SN and RDH around both ends of individual sLRCs in each chr2 copy. 438 
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Each dot represents one sLRC in a single chr2 copy. (E) 3D structures of six representative chr2 439 
copies highlighted in (C-D). (F) Bar plot of the occurrence numbers (grouped into three RD-SN 440 
patterns) for the top 50 most populated sLRCs in the 2,991 chr2 copies. Colors match those in (C). 441 
(G) Bar plot of the numbers of NCs with the highest number of associated sLRCs in the 2,991 chr2 442 
copies. Colors match those in (C). (H) Radar plots showing the spatial distribution of loci within 443 
299 nm of a tagged locus, sampled over all loci (left) and a specific locus at 242 Mb (right). (I) 444 
Occurrence frequency vs. the number of sLRCs within 299 nm, analyzed across all loci and 445 
selected loci. (J) Schematic illustration of the proposed excessively redundant distributed 446 
component mechanism for chromosome folding.  447 
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Supplementary Text 448 
Derivation of the minimal multivalent binding model 449 

Consider a metaLRC that contains N pairs of sLRCs.  Given the observed abnormally high contact 450 
frequency of a sLRC pair as compared to non-sLRC pairs separated with similar genomic distance, 451 
it is likely that the two loci are held together through some direct interactions or mediated by other 452 
molecular components. Thus, we can assume that an sLRC pair i exists in one of the two possible 453 
configurations, 𝜎" = 1 if the pair are bound (with spatial distance dr < = 299 nm), and 0 otherwise. 454 
We assume this metaLRC is genomically distant from other metaLRCs and sLRCs, so for a good 455 
approximation there is no need to explicitly consider the influence of the latter on the association-456 
dissociation dynamics of sLRCs in this tagged metaLRC. 457 

Suppose that without influence from other sLRCs within the tagged metaLRC, an sLRC psair has 458 
a bare association rate 𝛼	and a dissociation rate g. Then at kinetic equilibrium the probability in 459 
the bound state is -

-./
, and from the FISH data we expect that 𝛼 ≪ 𝛾. Here for simplicity we 460 

assume that each sLRC pair has the same association-dissociation kinetic parameters. Let’s focus 461 
on one pair i. When there is one or more other bound sLRC pairs within the metaLRC, after 462 
dissociation the two loci of pair i are constrained by the nearby bound sLRCs and cannot diffuse 463 
far away from each other before rebind. Note that the genomic distance between these two loci of 464 
a sLRC ≥ 100 Mb, and by definition the genomic distance between two sLRCs i and j within a 465 
metaLRC lij << 100 Mb. Consequently, at the presence of other bound sLRC pair(s), the two loci 466 
of a dissociated sLRC have an increased probability to confront each other and rebind, so the 467 
effective association constant changes to 𝛼 + 𝛿, and we expect that 𝛿 ≫ 𝛼. For simplicity, given 468 
lij << 100 Mb let us assume that each sLRC pair has the same effect on any other one, and the 469 
effect is not additive but 𝛿 remains the same value at the presence of one or more bound sLRC 470 
pairs. Given the genomic distance between two loci belonging to two different sLRCs, we further 471 
assume that there is no direct interaction between two sLRC pairs to simplify the analyses. That 472 
is, we assume that the dissociation constant of a sLRC pair, g, is not affected by the presence of 473 
other bound sLRC pairs.  474 

With the above model, one can write down a set of master equation for finding that the metaLRC 475 
exists with 0, 1,…, N pairs of bound sLRCs, 476 
31"
34
= −𝑁𝑎𝑝5 + 𝛾𝑝*, 477 

𝑑𝑝*
𝑑𝑡 = −Y(𝑁 − 1)(𝑎 + 𝛿) + 𝛾Z𝑝* + 2𝛾𝑝, + 𝑁𝑎𝑝5,	479 

31#
34
= −Y(𝑁 − 2)(𝑎 + 𝛿) + 2𝛾Z𝑝, + 3𝛾𝑝) + (𝑁 − 1)(𝑎+𝛿)𝑝*, 478 

… 480 
31$%!
34

= −Y(𝑎 + 𝛿) + (𝑁 − 1)𝛾Z𝑝2'* + 𝑁𝛾𝑝2 + 2(𝑎+𝛿)𝑝2', ,	481 
 482 
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31$
34

= −𝑁𝛾𝑝2 + (𝑎+𝛿)𝑝2'*. 483 

Then at steady state, 484 

𝑝* =
2%
/
𝑝5, 485 

𝑝, =
(2'*)(%.8)

,/
𝑝*, 486 

𝑝) =	
(2',)(%.8)

)/
𝑝,, 487 

… 488 

𝑝2 =
%.8
2/

𝑝2'*. 489 

Define the probability of observing presence of one or more pairs as 490 

𝑝 = 1 − 𝑝5 = ∑ 𝑝""9*,…,2 . 491 

One has, 492 

𝑝 = ^
𝑁! (𝑎 + 𝛿)2'*

𝑁! 𝛾2'* +⋯+
(𝑁 − 1)𝑁(𝑎 + 𝛿)

2𝛾 + 𝑁a
𝑎
𝛾 𝑝5493 

= ^
𝑁! (𝑎 + 𝛿)2

𝑁! 𝛾2 +⋯+
(𝑁 − 1)𝑁(𝑎 + 𝛿),

2𝛾, + 𝑁
(𝑎 + 𝛿)
𝛾 a

𝑎
𝑎 + 𝛿 𝑝5 494 

 495 

= (b1 +
𝑎 + 𝛿
𝛾 c

2

− 1)	
𝑎

𝑎 + 𝛿 𝑝5 =
(d1 + 𝑎 + 𝛿𝛾 e

2
− 1)	 𝑎

𝑎 + 𝛿

(d1 + 𝑎 + 𝛿𝛾 e
2
− 1)	 𝑎

𝑎 + 𝛿 + 1
. 496 

In the limit 𝛼 ≪ 𝛿 ≪ 𝛾, the above expression can be further simplified as, 497 

𝑝 ≈
2(*.($%!)#

()*
+ )	(+

2(*.($%!)#
()*
+ )	(+.*

≈
2(*.($%!)#

*
+)	

(
+

2(*.($%!)#
*
+)	

(
+.*

. 498 

Several mechanisms can further increase the cooperativity beyond what described by a constant 𝛿 499 
value in the above model. Presence of additional bound sLRC pair may further constrain the 500 
diffusion of the two loci of a dissociated sLRC, leading to further increase of the value of 𝛿. That 501 
is, the value of 𝛿 may increase with the number of bound sLRC pairs. The bound sLRC pairs may 502 
physically contact and stabilize each other with an increased 𝛾 value. Indeed, we observed non-503 
monotonic histograms of pi for some metaLRCs (Fig. S5D&E). With a thermodynamic 504 
equilibrium model, one can introduce some binding free energies to describe the cooperativity as 505 
in allosteric effect and a previous cooperative enhancer binding model(23). For simplicity in this 506 
work we restricted the analyses to the minimal model discussed above. 507 
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Note that all the loci belonging to a metaLRC can be clustered as two clumped genomic regions 508 
that are genomically distant (i.e., ~ 100 Mb or further). Subsequent analyses further coarse-grained 509 
the binding state of a metaLRC as 𝑠 = 1 if (∑ 𝜎"2

"9* ) ≥ 1and 0 otherwise.  510 
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Fig. S1. Decay trends of contact frequency in additional cell lines and CLOD pipeline. (A) 511 
Scatter plot (left) and boxplot (right) showing the relationship between contact frequency and 512 
genomic distance for chr14 in MCF10A cells (blue line). Red-boxed points represent locus pairs 513 
separated by > 50 Mb, exhibiting contact frequencies higher than the third quarter of pairs of those 514 
separated by ~1 Mb.  (B) Same as panel A, but for chr2 and chr14 of IMR90 cells. (C) Zoomed-515 
in view of the contact frequency vs. genomic distance trend, derived from Fig. 1A and panel A. 516 
(D) Experimental validation of colocalized pairs identified by CLOD, using MCF7 cell Hi-C data 517 
at 10 kb resolution. 518 
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Fig. S2. Prevalent of abnormally high contact frequencies in additional Hi-C datasets. Box 519 
plots of 11 additional Hi-C datasets show the widespread presence of genomic locus pairs 520 
separated by > 50 Mb in chr2 and chr14, exhibiting abnormally high contact frequencies.  521 
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 522 

 523 

Fig. S3. Chromosome linkage maps of CLOD-identified long-range colocalization loci. 524 
Chromosome linkage maps depicting CLOD-identified genomic locus pairs (>50 Mb apart) in 525 
chr2 and chr14 that exhibit abnormally high contact frequencies across 11 additional cell lines. 526 
  527 
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 528 
Fig. S4 Statistic analysis and representative examples of individual chr2 from MERFISH 529 
chromatin tracing data. (A) Histogram and density curve illustrating the 3D distance distribution 530 
of adjacent labeled loci in chr21:32.45-33.35 Mb, with the red dashed line indicating the median 531 
distance. (B) Histogram and density curves showing 3D distance distributions of adjacent labeled 532 
loci in chr2 (left) and chr21 (right), with red dashed lines representing the median distance between 533 
adjacent bins for each chromatin. (C-D) Linkage maps of LRCs and 3D structures of representative 534 
chr2 copies, where black lines denote LRCs and gray lines indicate neighbor links. (E) Histogram 535 
depicting the distribution of LRC counts per individual chr2 copy. 536 
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 538 
Fig. S5. Additional results for multivalence binding model analyses. (A) Histogram depicting 539 
the distribution of genomic distances between two adjacent loci involved in sLRC. (B) Sketch 540 
plots illustrating three typical types of genomic relationships between sLRC a and sLRC b. (C) 541 
Density distribution of the number of sLRC pairs per metaLRC. (D-E) Linkage maps (left) of two 542 
representative metaLRCs, their heatmaps of correlation between sLRCs (middle), and probability 543 
comparisons (right) of observing various numbers of bound sLRCs within the metaLRC in panel 544 
E. The comparison includes experimentally observed frequencies (purple bars), predicted 545 
independent sLRC binding (orange bar), and the multivalent binding model (blue dashed line). p0 546 
is not shown. (F) Occurrence frequency of individual sLRCs (in gray) and metaLRCs (in orange) 547 
among the 2,991 copies of chr2.  548 
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 551 
Fig. S6. Characteristics of loci associated with sLRCs. (A) A/B compartment classification of 552 
locus pairs involved in sLRCs. (B) Top: Comparison of A/B compartment score distributions 553 
between all loci and those involved in sLRCs. Bottom: Schematic illustration showing the A/B 554 
compartment characteristics of three different types of sLRCs from panel A. (C) Genomic 555 
distribution of the A/B compartments along chr2. (D) Top: Epigenetic characteristics of locus pairs 556 
forming sLRCs. Bottom: Comparison of epigenetic scorer distributions between all loci and those 557 
involved in sLRCs.   (E) Genomic distribution of epigenetic characteristics along chr2. (F) RD-558 
SN distributions of sLRC loci within A or B compartments, represented in blue and orange, 559 
respectively. Mean values for loci in A and B compartments are indicated by dashed lines. 560 
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Table S1 HiC datasets used in CLOD analyses. 562 

Cell type Dataset source References 
ESC GSE52457 (24)  
ME GSE52457 (24) 
MSC GSE52457 (24) 
NPC GSE52457 (24) 
RWRE1 GSE118629 (25) 
C42B GSE118629 (25) 
HPNE GSE149103 (26) 
MCF7 GSE66733 (13) 
MCF10A GSE66733 (13) 
22Rv1 GSE118629 (25) 
Capan-1 GSE149103 (26)  
PANC-1 GSE149103 (26) 
IMR90 GSE63525 (27) 
HEK293T GSE44267 (28) 
HCT116 GSE104333 (15) 

 563 
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 30 

Table S2: Summary of tested sgRNA 564 

FL Sequence Spread location # on 
target 

# on other 
sites 

GFP AGCAACAACCTAGCATCTC AGG 105,229,722 – 105,240,862 107 0 

RFP TGGAGGCCTGTGGAGGCCTG TGG + 
AGGTCTGCGGGAGCCTGTGG AGG 

22,554,200 – 22,554,453 + 

22,554,223 – 22,554,476 

5 + 

5 

0 

    565 
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