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SUPPLEMENTAL TEXT 

TAD maps and length 

TAD maps for 37 different cell types were obtained from the 3D genome browser (Table S1). All 

cell types were available in hg19 format, except the liver data, which we downloaded in hg38 

and used the UCSC liftOver tool to convert to hg19 [1,2].The median TAD length across all cell 

types is 1.15 Mb (IQR: 0.71 - 1.82 Mb) and the median number of TADs per cell type is 1844 

(IQR: 1625 - 2277). We observed an inverse relationship between TAD length and number of 

TADs in a cell type: cells with longer TADs have fewer TADs (Fig. S17). Primary tissues have 

longer TADs, whereas naïve cell types like stem cells and de-differentiated leukemia cell-lines 

have shorter TADs (Fig. S17). This is consistent with previous examination of neuronal 

development which found that, during differentiation, TAD number decreases with a 

corresponding increase in size [3].  

Similarity between TAD maps 

Our finding of TAD map similarity among functionally similar cell types contrasts with previous 

work by Sauerwald et al. (2018) that found that most similar TAD map pairs have no biological 

connection; however, they investigate a different set of cells (predominantly cancer cell lines) 

[4]. Comparisons with highly mutated cancer cell lines that may not reflect natural boundary 

patterns. Both our results and the Sauerwald et al. 2018 comparisons could be influenced by 

batch effects because the Hi-C data considered were generated by different groups. However, 

an important follow-up by Sauerwald et al. (2020) finds that lab specific differences have little 

impact on TAD map similarity comparisons and that cell type is the greater driver of biological 

variation in TAD structures [5].  

Our similarity quantifications agree with some previous estimates. We find that the 

median pairwise Jaccard similarity for all 37 x 37 cell type comparisons is 0.18 (IQR: 0.15 - 

0.23), 0.32 (IQR: 0.26 - 0.37), 0.41 (IQR: 0.35 - 0.47) at 40 kb, 100 kb, and 200 kb resolution, 

respectively. Our pairwise Jaccard similarity between 200 kb boundaries (0.41) aligns with 

previous analyses that examined cell type TAD map similarity among larger windows have 

reported similarity coefficients between 0.4 - 0.5 [4,5]. At a finer resolution, Rao et al. (2014) 

reported Jaccard indices from 0.21 - 0.30 for comparisons of GM12878 to each of IMR90, 

HMEC, HUVEC, K562, KBM7 and NHEK [4,6]. The Jaccard similarity for our comparisons of 

these cell types is 0.24 - 0.37 (40 kb resolution).  

Overall, this variability in TAD similarity across different cell types highlights the 

sensitivity of stability comparisons to the definition of TAD boundaries used. For example, the 

median pairwise Jaccard similarity between 40 kb boundaries across 21 tissues defined by 

Schmitt et al. (2016) is 0.106 (IQR: 0.086 - 0.123). However, they collapsed boundaries to 200 

kb “boundary regions” to conclude that TAD boundaries are highly stable (stating that over 35% 

of TAD boundaries are present in 21 of 21 tissues) [7]. These previous studies often 

investigated more homogenous groups of cell types which could lead to higher estimates of 

stability. Ultimately, we stress than when interpreting claims of similarity between TAD maps of 

different cell types, the method of defining TADs (versus loop domains or boundary “regions”), 

the genomic resolution, and the breadth of cell types considered should be considered for 

context.  
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Figure S1. Meta-analysis of heritability patterns across cell types yields similar results to averaging. For 

TADs across 37 cell types, heritability is enriched near regions flanking TADs when meta-analyzed across 41 

common complex phenotypes. When combining data across traits, the heritability enrichment results are consistent 

using random-effects meta-analysis model (here) versus averaging (r2 = 0.85, P = 7x10-9, Fig. 2A). The error band 

signifies a 99% confidence interval. 
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Figure S2. Overlap between region flanking TADs and neighboring TADs. In Fig. 2 and 4A-C we analyzed TADs 

plus 50% of their total length on each side and subdivided this region into 20 equal-sized partitions. Bins 1-5 and 16-

   “bookend” the TAD, while the center bins 6-15 are inside the TAD. Because TADs are often adjacent, we quantify 

how often the ±50% region flanking the TAD (bins 1-5,16-20) overlaps a neighboring TAD. Per partition across the 

TAD landscape (x-axis) we calculate the proportion of bases that overlap (A) any part of a neighboring TAD and (B) 

the middle 20% of a neighboring TAD. A higher proportion of the partitions further from the edge of the TAD overlap a 

neighboring TAD, as expected. At the bin farthest from the TAD (bins 1 and 20), 80-90% extend into a neighboring 

TAD. However, less than 20% extend into the center of a neighboring TAD.   
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Figure S3. TAD boundaries are enriched for heritability. When defining TAD boundaries as the 100 kb region 

flanking TADs, boundaries are generally enriched for heritability across 41 common complex traits (blue box, 1.07x, P 

= 0.001). These are the same data shown in Fig. 3C; however, the boundaries are not stratified by their stability 

across cell types. When we split the traits into the clusters defined in Fig. 4, Boundary-enriched traits are further 

enriched for trait heritability (purple box, 1.16x, P = 1x10-7) while Boundary-depleted traits show no significant 

enrichment (green box, 0.97x, P = 0.06). These are the same data shown in Fig. 4D and 4F, respectively, without 

stratification by stability across cell types. These findings are consistent with the heritability patterns across the TAD 

landscapes shown in Fig. 2A, 4B-C, but with fixed-window 100 kb boundary definitions. 
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Figure S4. TAD boundaries are more conserved than windows inside TADs. We quantified evolutionary 

sequence conservation in terms of (A) the proportion of base pairs in a region overlapping a conserved element 

identified by PhastCons and (B) by the element-wise average PhastCons conservation score across the region. 

Using these two measures we compared base pair level conservation in 100 kb TAD boundaries (blue) and matched 

100 kb windows shuffled inside TADs (n = 111, gray). When considering the entire 100 kb window, TAD boundaries 

have more overlap with PhastCons elements and a higher average PhastCons element score than windows in TADs 

(left bars). When considering the 100 kb windows with CTCF ChIP-seq peaks removed, TAD boundaries still have 

more overlap and higher score than windows in TADs (middle bars). When considering the 100 kb windows with all 

exons removed, TAD boundaries have less overlap with PhastCons elements, but the remaining PhastCons 

elements still have a higher conservation score (right bars).   
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Figure S5. Trait heritability conditioned on 86 annotations. In contrast to heritability enrichment, the standardized 

effect size (τ*c ) quantifies effects that are unique to the focal annotation compared to a set of other 86 annotations 

(e.g. regulatory annotations, evolutionary conservation, coding regions, LD, minor allele frequency). When meta-

analyzed across all traits, the standardized effect sizes for partitions across the 3D genome are non-significant 

compared to the unconditioned enrichment analyses (Fig. 2). This indicates that enrichment for these known 

annotations (e.g., CTCF binding sites and genes) across partitions explains much of the observed heritability 

enrichment for regions flanking TADs. Each line represents the standardized effect size meta-analyzed across all 

traits for that cell type (n = 37). The error bands signify 99% confidence intervals. 
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Figure S6. Histograms of boundary stability based on alternate definitions of TAD boundaries. Histograms of 

TAD boundaries by the number of cell types they are observed in (their “stability”) colored by quartiles   n addition to 

the 100 kb bookend boundary definitions (Fig. 3B), our supplemental analysis investigates (A) 40 kb centered 

boundaries and (B) 200 kb bookend boundaries (Methods). Using the 40 kb definition, 33.9% of boundaries are 

unique to a single context and 2.0% of boundaries are observed in 25+ of 37 cell types. Using the 200 kb definition, 

14.0% of boundaries are unique to a single context and 18.3% of boundaries are observed in 25+ of 37 cell types.  
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Figure S7. Biologically similar cell types cluster by TAD map similarity. Clustering for 37 cell types using the 
pairwise Jaccard similarity metric with colors labelling cellular groups for (A) 40 kb boundaries, (B) 100 kb 
boundaries, and (C) 200 kb boundaries.  
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Figure S8. Relationship between heritability enrichment and boundary stability is robust to different 

boundary definitions. Over all traits, there is a positive relationship between boundary stability and heritability 

enrichment using 40 kb boundaries (A, P = 0.61), 100 kb boundaries (Fig. 3C, P = 0.006), and 200 kb boundaries (D, 

P = 2x10-5). For traits in the boundary-enriched cluster (Fig. 4B), there is a stronger positive relationship between 

boundary stability and heritability in 40 kb boundaries (B, P = 0.06), 100 kb boundaries (Fig. 4D, P = 2x10-6), and 200 

kb boundaries (E, P = 3x10-14). For traits in the boundary-depleted cluster (Fig. 4C), there is a weak negative 

relationship between boundary stability and heritability using 40 kb boundaries (C, P = 0.09), 100 kb boundaries (Fig. 

4F, P = 0.09), and 200 kb boundaries (F, P = 0.01). Error bars/bands signify 95% confidence intervals.   
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Figure S9. The enrichment of stable TAD boundaries for genes is robust to gene set and boundary 

definitions. The relationship between increased TAD boundary stability and gene overlap using 40 kb boundaries 

(A,D,G), 100 kb boundaries (B,E,H), and 200 kb boundaries (C,F,I). We also demonstrate this trend using three types 

of genes: all RefSeq genes (A-C), protein-coding genes (D-F), and housekeeping genes (G-I). Panel H is shown in 

the main text (Fig. 3F). TAD boundary stability quartiles are defined by the empirical distributions shown in Fig. S6A 

(40 kb), Fig. 3B (100 kb), and Fig. S6B (200 kb). Boundaries in the first quartile are unique to a single cell type, while 

boundaries in higher quartiles are stable across multiple cell types. Error bars/bands signify 95% confidence intervals. 
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Figure S10. The enrichment of stable TAD boundaries for sequence-level conservation is robust to boundary 

definitions. The relationship between increased TAD boundary stability and sequence-level conservation quantified 

(via PhastCons element overlap) considering 40 kb boundaries (A & D), 100 kb boundaries (B & E), and 200 kb 

boundaries (C & F). We also demonstrate this trend holds with two different measures of evolutionary conservation: 

number of bases overlapping PhastCons elements (A-C) and average PhastCons element score per boundary (D-F). 

Panel B is shown in the main text (Fig. 3D). TAD boundary stability quartiles are defined by the empirical distributions 

shown in Fig. S6A (40 kb), Fig. 3B (100 kb), and Fig. S6B (200 kb). Boundaries in the first quartile are unique to a 

single cell type, while boundaries in higher quartiles are stable across multiple cell types. Error bars/bands signify 

95% confidence intervals. 
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Figure S11. The enrichment of stable TAD boundaries for CTCF binding is robust to boundary definitions. 

The relationship between increased TAD boundary stability and CTCF binding considering 40 kb boundaries (A & D), 

100 kb boundaries (B & E), and 200 kb boundaries (C & F). We also demonstrate this trend holds with two different 

quantifications of CTCF overlap: count of CTCF ChIP-seq peaks per boundary (A-C) and number of CTCF ChIP-seq 

peak bases overlapping each boundary (D-F). Panel B is shown in the main text (Fig. 3E). TAD boundary stability 

quartiles are defined by the empirical distributions shown in Fig. S6A (40 kb), Fig. 3B (100 kb), and Fig. S6B (200 kb). 

Boundaries in the first quartile are unique to a single cell type, while boundaries in higher quartiles are stable across 

multiple cell types. Error bars/bands signify 95% confidence intervals.  

   

   

        3

        5

    6     

        5 

         

    6    

  3  

TAD boundary stability quartile

   

  5

5  

5 5

6  

6 5

 
T
 
 
 p
e
a
k
s
 p
e
r 
 
 
 
 k
b
 b
o
u
n
d
a
ry

  3  

TAD boundary stability quartile

 

 

 

  

  

  

 3

 
T
 
 
 p
e
a
k
s
 p
e
r 
 
 
 
 k
b
 b
o
u
n
d
a
ry

  3  

TAD boundary stability quartile

   

   

   

   

  6

   

 
T
 
 
 p
e
a
k
s
 p
e
r 
 
 
 k
b
 b
o
u
n
d
a
ry

  3  

TAD boundary stability quartile

    

  5 

 5  

  5 

3   

3 5 

35  

3 5 

 
T
 
 
 p
e
a
k
s
 b
a
s
e
s
 p
e
r 
 
 
 
 k
b
 b
o
u
n
d
a
ry

  3  

TAD boundary stability quartile

35  

    

 5  

5   

55  

6   

65  

    

 
T
 
 
 p
e
a
k
s
 b
a
s
e
s
 p
e
r 
 
 
 
 k
b
 b
o
u
n
d
a
ry

  3  

TAD boundary stability quartile

   

    

    

    

 3  

    

 5  

 6  

    

 
T
 
 
 p
e
a
k
s
 b
a
s
e
s
 p
e
r 
 
 
 k
b
 b
o
u
n
d
a
ry



 

 

Figure S12. Heritability enrichment and conservation at TAD boundaries stable across cell types replicates 

using a germ-layer-informed measure of stability. Of the 37 cell types considered, some are more closely related 

than others, therefore we grouped 34 of them by germ layer (endoderm [N=12], mesoderm [N=13], ectoderm [N=9]; 

Table S1). We then quantified stability based on whether the boundary was found in one, two, or all three germ 

layers. (A) The proportion of 100 kb boundaries that fall into each stability measurement. For example, if a boundary 

was found in muscle, spleen, and mesenchymal stem cells, but no other tissues, it is a “mesoderm-only” boundary 

and in the “ ” category for germ layer stability. If a boundary was found in muscle, cortex, and lung, it is a boundary 

found across all three germ layers and in the “3” category for germ layer stability  These examples were assigned the 

same level of stability in the raw cell type count measure because they are both present in 3/37 cell types (Fig. 3, 4D, 

and 4F). Increased stability using this germ layer informed measure is correlated with increased: (B) complex trait 

heritability enrichment (P = 0.002), (E) conserved bases (overlap with PhastCons elements, P = 2x10-14), (F) CTCF 

binding (overlap with ChIP-seq peaks, P = 3x10-97), and (G) housekeeping genes (P = 3x10-58). When we split the 

traits into the clusters defined in Fig. 4, (C) the positive correlation between boundary stability and trait heritability is 

even stronger for the subset of traits in the boundary-enriched cluster (P = 2x10-5), while (D) the boundary-depleted 

traits show no significant trend between boundary stability and trait heritability (P = 0.49). Respectively, these 

replicate the results in Figs. 3C-F, 4D, and 4F with the germ-layer stability measurement. All error bars/bands signify 

95% confidence intervals. 
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Figure S13. Removing boundaries near genomic gaps or blacklist regions increases the correlations between 

stability and functional attributes. In Figs. 3C-F we note that there is a positive trend between TAD boundary 

stability quartile and functional annotation; however, we find that the fourth quartile “drops-off” and has equal or 

slightly lower enrichment compared to the third quartile. We hypothesize that this trend is, in part, due to technical 

factors. For example, TADs must be called at the starts and ends of chromosomes, centromeres, and assembly gaps 

in all tissues. This may create highly stable TAD boundaries independent of their functional significance. To test this, 

we apply a conservative filter and remove all boundaries within 5 MB of a genomic gap or blacklist region. Across 

TAD boundary stability quartiles, we replicate the correlation between increased cell type stability and increased (A) 

complex trait heritability enrichment (P = 0.03), (B) conserved bases (overlap with PhastCons elements, P = 0.0002), 

(C) CTCF binding (overlap with ChIP-seq peaks, P = 1x10-37), and (D) housekeeping genes (P = 1x10-18). The 

enrichment “drop-off” is reduced or absent in the relationship with heritability,  T F, and genes suggesting that 

technical bias partially contributes to a drop-off of enrichment in the fourth quartile. All error bars/bands signify 95% 

confidence intervals.  
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Figure S14. Traits in the boundary-depleted cluster and boundary-enriched cluster do not differ in GWAS 

parameters. (A) Number of GWAS SNPs (P = 0.78, t-test with equal variances), (B) Number of individuals in the 

GWAS (P = 0.92), or (C) SNP-based heritability (P = 0.88). Error bars signify 95% confidence intervals. 
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Figure S15. Patterns of heritability enrichment across the 3D genome in human embryonic stem cells (ESC) 

are robust to the TAD calling algorithm used. (A) Heritability enrichment landscape over TADs in ESCs called by 

eight different algorithms for traits in the boundary-enriched cluster. Similar to the results shown in Fig. 4B (which use 

TADs from the Dixon pipeline), regions flanking TADs are enriched for heritability compared to TADs. (B) Heritability 

enrichment landscape over TADs in ESCs for traits in the boundary-depleted cluster. Similar to the results shown in 

Fig. 4C (which use TADs from the Dixon pipeline), TADs are centrally enriched for heritability. Error bands signify 

95% confidence intervals. 
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Figure S16. Among boundary-depleted traits, stable boundaries associate with stronger heritability 

enrichment in TAD centers. For the boundary-depleted cluster traits, TADs flanked by the most stable boundaries 

(measured by taking the average stability of its two boundaries and binning into quintiles) have increased heritability 

in the TAD center. This analysis was performed in a random subset of 7 cell types (aorta, H1_ESC, leftVentricle, 

Liver, psoasMuscle, SKNDZ, T470). Error bands signify 95% confidence intervals.  

   

   

  6

 5 %5 %

h
 
 e
n
ri
c
h
m
e
n
t

   

   

 

 

3

 

5

      

      

Average TAD
boundary stability

quintile

   
 enomic position



 

 
 
 

Figure S17. Average TAD length in a cell type negatively correlates with number of TADs. Across 37 cell types, 

there is an inverse relationship between TAD length and number of TADs. Organ/tissue cell types generally have the 

longest (and fewest) TADs. Leukemia and stem cells have the shortest (and most) TADs. Error bands signify the 

IQR.  
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Supplemental Table 2. Genome-wide association study (GWAS) traits used for heritability 
analyses 
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