TADBD: TAD boundary detection

1. Datasets
Table S1. Simulated Hi-C datasets involved in the paper.
	Noise level
	Annotation
	URL

	4
	simHiC_countMatrix_4noise_10-19_23h11m57sa
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	4
	simHiC_countMatrix_409060_10-26_18h51m10s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	4
	simHiC_countMatrix_409060_10-26_18h55m22s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	4
	simHiC_countMatrix_409060_10-26_18h59m16s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	4
	simHiC_countMatrix_409060_10-26_19h03m11s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	8
	simHiC_countMatrix_8noise_10-19_23h12m59s


	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	8
	simHiC_countMatrix_818120_10-26_18h51m55s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	8
	simHiC_countMatrix_818120_10-26_18h55m56s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	8
	simHiC_countMatrix_818120_10-26_18h59m56s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	8
	simHiC_countMatrix_818120_10-26_19h03m53s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	12
	simHiC_countMatrix_1227180_10-26_18h34m41s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	12
	simHiC_countMatrix_1227180_10-26_18h52m41s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	12
	simHiC_countMatrix_1227180_10-26_18h56m39s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	12
	simHiC_countMatrix_1227180_10-26_19h00m40s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	12
	simHiC_countMatrix_1227180_10-26_19h04m33s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	16
	simHiC_countMatrix_1636240_10-26_18h35m39s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	16
	simHiC_countMatrix_1636240_10-26_18h53m29s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	16
	simHiC_countMatrix_1636240_10-26_18h57m30s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	16
	simHiC_countMatrix_1636240_10-26_19h01m24s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	16
	simHiC_countMatrix_1636240_10-26_19h05m28s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	20
	simHiC_countMatrix_20noise_10-21_19h30m07s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	20
	simHiC_countMatrix_2045301_10-26_18h54m22s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	20
	simHiC_countMatrix_2045301_10-26_18h58m23s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	20
	simHiC_countMatrix_2045301_10-26_19h02m20s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/

	20
	simHiC_countMatrix_2045301_10-26_19h06m23s
	https://bitbucket.org/mforcato/hictoolscompare/downloads/


a The corresponding true TAD files can also be found by means of the same URL.
Table S2. Experimental Hi-C datasets involved in the paper.
	Cell type
	Chromosome
	Resolution
	Annotation for .hic files
	URL for .hic files

	K562
	Chr1/Chr18
	25K/50K/100K/250K
	GSM1551618_HIC069
	https://bcm.app.box.com/v/aidenlab/

	K562
	Chr1/Chr18
	25K/50K/100K/250K
	GSM1551619_HIC070
	https://bcm.app.box.com/v/aidenlab/

	K562
	Chr1/Chr18
	25K/50K/100K/250K
	GSM1551620_HIC071
	https://bcm.app.box.com/v/aidenlab/

	K562
	Chr1/Chr18
	25K/50K/100K/250K
	GSM1551621_HIC072
	https://bcm.app.box.com/v/aidenlab/

	K562
	Chr1/Chr18
	25K/50K/100K/250K
	GSM1551622_HIC073
	https://bcm.app.box.com/v/aidenlab/

	K562
	Chr1/Chr18
	25K/50K/100K/250K
	GSM1551623_HIC074
	https://bcm.app.box.com/v/aidenlab/

	IMR90
	Chr1/Chr18
	25K/50K/100K/250K
	GSM1551599_HIC050
	https://bcm.app.box.com/v/aidenlab/

	IMR90
	Chr1/Chr18
	25K/50K/100K/250K
	GSM1551601_HIC052
	https://bcm.app.box.com/v/aidenlab/

	IMR90
	Chr1/Chr18
	25K/50K/100K/250K
	GSM1551602_HIC053
	https://bcm.app.box.com/v/aidenlab/

	IMR90
	Chr1/Chr18
	25K/50K/100K/250K
	GSM1551603_HIC054
	https://bcm.app.box.com/v/aidenlab/

	IMR90
	Chr1/Chr18
	25K/50K/100K/250K
	GSM1551604_HIC055
	https://bcm.app.box.com/v/aidenlab/

	IMR90
	Chr1/Chr18
	25K/50K/100K/250K
	GSM1551605_HIC056
	https://bcm.app.box.com/v/aidenlab/


Table S3. CHIP-Seq datasets involved in the paper.
	Factor
	Cell type
	Accession number

	CTCF
	K562
	GSM733719

	CTCF
	IMR90
	GSM935404

	Rad21
	K562
	GSM803447

	Rad21
	IMR90
	GSM935624


2. Methods

Simulating data with different levels of sequencing depth

Based on the five simulated contact matrix replicates with the minimum level of noise (4%) [1], extra simulated Hi-C contact matrices with different levels of sequencing depth are generated with the help an adapted downsampling procedure 
 ADDIN EN.CITE 
[2]
. In general, firstly, each contact matrix replicate is converted into a set of pairwise individual interactions without considering the zero-valued elements, leaving a pairwise interaction vector of length N, where N is the sum of individual elements of the contact matrix. Secondly, a given number of pairwise interactions (1/2*N,1/4*N,1/6*N and 1/8*N) are sampled from this vector by a uniformly sampling procedure. Finally, the chosen interactions are re-binned into a new Hi-C contact matrix with a fixed sequencing depth. Here, a total of 5*4=20 simulated Hi-C contact matrices with four different levels of sequencing depth (1/2*N,1/4*N,1/6*N and 1/8*N) are obtained.
TAD calling methods and parameters used in this study
TADBD: A computational method for TAD boundary detection based on a Haar-based algorithm considering Haar diagonal template, the acceleration via a compact integrogram, multi-scale aggregation at template size, and statistical filtering. It was performed using R package TADBD (v. 0.99.0) from Bioconductor. During the implementation, all the parameters were set by default, that is, multiple template sizes, including 4,5 and 6, were specified, and the binary option bstatfilter was turned on.
HiCDB 
 ADDIN EN.CITE 
[3]
: A computational method for TAD boundary detection based on local relative insulation metric and multi-scale aggregation approach. In addition, the method has an ability to identify the differential TAD boundaries between different contexts. HiCDB was implemented using R package HiCDB (v. 1.0) available at https://github.com/ChenFengling/RHiCDB/. During the implementation, the smallest window size was assigned to 2, 1, 1 and 1 for data at resolutions of 25K, 50K, 100K and 250K, respectively, and all the other parameters were set by default, that is, the cutoff was decided using GSEA-like methods, and the minimum local maximum peak distance was set to 40000/resolution.
IC-Finder [4]: A computational method for detection of hierarchical TADs based on clustering strategy. It treats each column of a Hi-C contact matrix as a cluster, and iteratively merges closest clusters while imposing linear connectivity. The stopping rule for merging clusters relies on the heterogeneity (variance) of the candidate merged cluster. IC-Finder was implemented using a Matlab function IC-Finder.m available at http://membres-timc.imag.fr/Daniel.Jost/DJ-TIMC/Software.html. During the implementation, the statistical resampling was turn on, and all the other parameters were set by default.
EAST [5]: A computational method for TAD boundary detection relying on fast 2D convolution of Haar-like features. In EAST, the segmentation score for each bin of contact matrix is defined, and this score is calculated efficiently with the help of an integrogram based on Haar-like features. Then dynamic programming is used to find the optimal set of contiguous and non-overlapping domains that maximizes the sum of these segmentation scores. EAST was implemented using Python script EAST2.py available at https://github.com/ucrbioinfo/EAST/. During the implementation, all the parameters were set by default, that is, the maximum length of TAD allowed is set to 2*(3200000/resolution)+1, and the normalization factor is assigned to 0.35.
TopDom 
 ADDIN EN.CITE 
[6]
: A computational method for TAD boundary detection relying on a diamond binSignal and statistical filtering. The diamond binSignal for each bin of contact matrix is calculated, and the minima of binSignal values along the diagonal are regarded as the candidate boundaries of TADs. These candidate ones are then filtered by Wilcoxon rank sum test to determine the final boundaries. TopDom was implemented using a R function TopDom.R available at http://zhoulab.usc.edu/TopDom/. During the implementation, the window size was set to 5, and the binary option statFilter was turned on by defaut.
HiCseg 
 ADDIN EN.CITE 
[7]
: A computational method for TAD boundary detection relying on a block-wise segmentation model. In HiCseg, a block-wise segmentation mode for identifying TADs is defined, then a maximum likelihood approach is performed to retrieve TAD boundaries of the diagonal blocks with the help of dynamic programming. HiCseg was implemented using R package HiCseg (v. 1.1) from Comprehensive R Archive Network. During the implementation, the maximum number of boundaries was arbitrarily set to 180 and 300 for simulated and experimental data, respectively, and Gaussian distribution and block-diagonal model were specified.
Biological significance of TAD boundary

A Kolmogorov-Smirnov test was used to quantify the statistically significant enrichment in CTCF and Rad21 of detected TAD boundaries. In general, two vectors are prepared for each contact matrix replicate. One consists of the average number of CTCF/Rad21peaks within 50Kb flanking the detected boundaries. The other is composed of the average number of CTCF/Rad21peaks within 50Kb flanking the background bins, which are uniformly sampled from non-boundary bins and have the same number as the detected boundaries. Then p-value can be calculated via a Kolmogorov-Smirnov test to score the biological enrichment in CTCF and Rad21of detected boundaries.
3. Results
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Figure S1. Comparison of the TADs detected by different methods, including ground-truth, TADBD, HiCDB, IC-Finder, EAST, TopDom and HiCseg, on simulated data. The comparison was made on contact matrix replicate 10-26_18h55m56s at noise level 8. Heat maps were drawn on a log scale, and the called TADs were outlined by solid blue lines.
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Figure S2. Comparison of the TADs detected by different methods, including ground-truth, TADBD, HiCDB, IC-Finder, EAST, TopDom and HiCseg, on simulated data. The comparison was made on contact matrix replicate 10-26_19h04m33s at noise level 12. Heat maps were drawn on a log scale, and the called TADs were outlined by solid blue lines.
[image: image19.png]16M.



[image: image20.png]


[image: image21.png]TADBD



[image: image22.png]HICDB



[image: image23.png]IC-Finder



[image: image24.png]EAST



[image: image25.png]TopDom



[image: image26.png]HiCseg



[image: image27.png]



Figure S3. Comparison of the TADs detected by different methods, including ground-truth, TADBD, HiCDB, IC-Finder, EAST, TopDom and HiCseg, on simulated data. The comparison was made on contact matrix replicate 10-26_18h35m39s at noise level 16. Heat maps were drawn on a log scale, and the called TADs were outlined by solid blue lines.
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Figure S4. Comparison of the TADs detected by different methods, including ground-truth, TADBD, HiCDB, IC-Finder, EAST, TopDom and HiCseg, on simulated data.  The comparison was made on contact matrix replicate 10-21_19h30m07s at noise level 20. Heat maps were drawn on a log scale, and the called TADs were outlined by solid blue lines.
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Figure S5. Comparison of the TADs detected by different methods, including TADBD, HiCDB, IC-Finder, EAST, TopDom and HiCseg, on experimental data.  The comparison was made on ICE-normalized contact matrix replicate GSM1551618_HIC069 of chromosome 1 in cell line K562 at 50K resolution. Heat maps were drawn on a log scale, and the called TADs were outlined by solid blue lines.
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Figure S6. Comparison of the TADs detected by different methods, including TADBD, HiCDB, IC-Finder, EAST, TopDom and HiCseg, on experimental data.  The comparison was made on ICE-normalized contact matrix replicate GSM1551619_HIC070 of chromosome 1 in cell line K562 at 50K resolution. Heat maps were drawn on a log scale, and the called TADs were outlined by solid blue lines.
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Figure S7. Comparison of the TADs detected by different methods, including TADBD, HiCDB, IC-Finder, EAST, TopDom and HiCseg, on experimental data.  The comparison was made on ICE-normalized contact matrix replicate GSM1551620_HIC071 of chromosome 1 in cell line K562 at 50K resolution. Heat maps were drawn on a log scale, and the called TADs were outlined by solid blue lines.
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Figure S8. Comparison of the TADs detected by different methods, including TADBD, HiCDB, IC-Finder, EAST, TopDom and HiCseg, on experimental data.  The comparison was made on ICE-normalized contact matrix replicate GSM1551621_HIC072 of chromosome 1 in cell line K562 at 50K resolution. Heat maps were drawn on a log scale, and the called TADs were outlined by solid blue lines.
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Figure S9. Comparison of the TADs detected by different methods, including TADBD, HiCDB, IC-Finder, EAST, TopDom and HiCseg, on experimental data.  The comparison was made on ICE-normalized contact matrix replicate GSM1551622_HIC073 of chromosome 1 in cell line K562 at 50K resolution. Heat maps were drawn on a log scale, and the called TADs were outlined by solid blue lines.
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Figure S10. Comparison of the TADs detected by different methods, including TADBD, HiCDB, IC-Finder, EAST, TopDom and HiCseg, on experimental data.  The comparison was made on ICE-normalized contact matrix replicate GSM1551623_HIC074 of chromosome 1 in cell line K562 at 50K resolution. Heat maps were drawn on a log scale, and the called TADs were outlined by solid blue lines.
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Figure S11. Comparison of the TADs detected by different methods, including TADBD, HiCDB, IC-Finder, EAST, TopDom and HiCseg, on experimental data.  The comparison was made on ICE-normalized contact matrix replicate GSM1551618_HIC069 of chromosome 1 in cell line K562 at 25K resolution. Heat maps were drawn on a log scale, and the called TADs were outlined by solid blue lines.
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Figure S12. Comparison of the TADs detected by different methods, including TADBD, HiCDB, IC-Finder, EAST, TopDom and HiCseg, on experimental data.  The comparison was made on ICE-normalized contact matrix replicate GSM1551619_HIC070 of chromosome 1 in cell line K562 at 25K resolution. Heat maps were drawn on a log scale, and the called TADs were outlined by solid blue lines.
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Figure S13. Comparison of the TADs detected by different methods, including TADBD, HiCDB, IC-Finder, EAST, TopDom and HiCseg, on experimental data.  The comparison was made on ICE-normalized contact matrix replicate GSM1551620_HIC071 of chromosome 1 in cell line K562 at 25K resolution. Heat maps were drawn on a log scale, and the called TADs were outlined by solid blue lines.
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Figure S14. Comparison of the TADs detected by different methods, including TADBD, HiCDB, IC-Finder, EAST, TopDom and HiCseg, on experimental data.  The comparison was made on ICE-normalized contact matrix replicate GSM1551621_HIC072 of chromosome 1 in cell line K562 at 25K resolution. Heat maps were drawn on a log scale, and the called TADs were outlined by solid blue lines.
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Figure S15. Comparison of the TADs detected by different methods, including TADBD, HiCDB, IC-Finder, EAST, TopDom and HiCseg, on experimental data.  The comparison was made on ICE-normalized contact matrix replicate GSM1551622_HIC073 of chromosome 1 in cell line K562 at 25K resolution. Heat maps were drawn on a log scale, and the called TADs were outlined by solid blue lines.
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Figure S16. Comparison of the TADs detected by different methods, including TADBD, HiCDB, IC-Finder, EAST, TopDom and HiCseg, on experimental data.  The comparison was made on ICE-normalized contact matrix replicate GSM1551623_HIC074 of chromosome 1 in cell line K562 at 25K resolution. Heat maps were drawn on a log scale, and the called TADs were outlined by solid blue lines.
Ⓐ                                      Ⓑ                                                                              Ⓒ                                                                             Ⓓ
[image: image133.png]BasoIH

woqdo]

009 002 O
sy jo JlequinN



[image: image134.png]BasoIH
woqdo]

1sv3
F- - - - ervo
, P - jsaom
F- - - 'csavL
I 9§vecio

syead jo JaquinN



[image: image135.png]BasoIH
woqdo]
1sv3
Jepulg-0|

I <o
- -1l asav.i

"6z §L S50
_%_mi oao__




[image: image136.png][ i 6esoH
(I I —lwoqdoy.
-l i tsva
F- - R - erusol
| I - 'aaoH
F- - Il - 'c=avy
2 89 +v o
syead jo JaquinN



[image: image137.png]fI-  BesoH
_ woqdo]

e 1sv3a
& E 18puls-0|
I oo
-l asavi

¥ 0 02 0
|enjea-4 oao__



[image: image138.png]HIH BosOIH

E woqdoy
- 1sv3
§  epuzol
- I - - eaom
] asavi

0L 80 90
JO0N




Figure S17. Comparison of the TAD boundaries detected by six different methods on experimental data. the comparison was made on the experimental replicates (GSM1551618_HIC069 - GSM1551623_HIC074) of chromosome 1 in cell line K562 at 25K resolution, and the significance of enrichment in architectural signals within 50Kb regions flanking boundaries was quantified using a Kolmogorov-Smirnov test. (A) Histogram of the average number of the detected boundaries across replicates. (B) Box plot of CTCF enrichment at the detected boundaries. (C) Box plot of Rad21 enrichment at the detected boundaries. (D) Box plot of MoC of the detected boundaries between replicates.
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Figure S18. Comparison of the TAD boundaries detected by six different methods on experimental data. the comparison was made on the experimental replicates (GSM1551618_HIC069 - GSM1551623_HIC074) of chromosome 1 in cell line K562 at 100K resolution, and the significance of enrichment in architectural signals within 50Kb regions flanking boundaries was quantified using a Kolmogorov-Smirnov test. (A) Histogram of the average number of the detected boundaries across replicates. (B) Box plot of CTCF enrichment at the detected boundaries. (C) Box plot of Rad21 enrichment at the detected boundaries. (D) Box plot of MoC of the detected boundaries between replicates.
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Figure S19. Comparison of the TAD boundaries detected by six different methods on experimental data. the comparison was made on the experimental replicates (GSM1551599_HIC050 - GSM1551605_HIC056) of chromosome 18 in cell line IMR90 at 25K resolution, and the significance of enrichment in architectural signals within 50Kb regions flanking boundaries was quantified using a Kolmogorov-Smirnov test. (A) Histogram of the average number of the detected boundaries across replicates. (B) Box plot of CTCF enrichment at the detected boundaries. (C) Box plot of Rad21 enrichment at the detected boundaries. (D) Box plot of MoC of the detected boundaries between replicates.
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Figure S20. Comparison of the TAD boundaries detected by six different methods on experimental data. the comparison was made on the experimental replicates (GSM1551599_HIC050 - GSM1551605_HIC056) of chromosome 18 in cell line IMR90 at 50K resolution, and the significance of enrichment in architectural signals within 50Kb regions flanking boundaries was quantified using a Kolmogorov-Smirnov test. (A) Histogram of the average number of the detected boundaries across replicates. (B) Box plot of CTCF enrichment at the detected boundaries. (C) Box plot of Rad21 enrichment at the detected boundaries. (D) Box plot of MoC of the detected boundaries between replicates.
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Figure S21. Comparison of the TAD boundaries detected by six different methods on experimental data. the comparison was made on the experimental replicates (GSM1551599_HIC050 - GSM1551605_HIC056) of chromosome 18 in cell line IMR90 at 100K resolution, and the significance of enrichment in architectural signals within 50Kb regions flanking boundaries was quantified using a Kolmogorov-Smirnov test. (A) Histogram of the average number of the detected boundaries across replicates. (B) Box plot of CTCF enrichment at the detected boundaries. (C) Box plot of Rad21 enrichment at the detected boundaries. (D) Box plot of MoC of the detected boundaries between replicates.
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Figure S22. Robustness of TADBD to parameters of five different sets of template sizes in a pairwise manner. The investigation was made on the experimental replicates (GSM1551599_HIC050 - GSM1551605_HIC056) of chromosome 18 in cell line IMR90 at 50K resolution, and the concordance of detected boundaries for each parameter pairwise was quantified using MoC.
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Figure S23. Comparison of robustness to changes in resolution between six different methods. The comparison was made on the experimental replicates (GSM1551599_HIC050 - GSM1551605_HIC056) of chromosome 18 in cell line IMR90. The concordance of detected TAD boundaries between experimental replicates at four different resolutions (25K, 50K, 100K and 250K) was compared using MoC, and the concordance of boundaries between different resolutions in a pairwise manner was scored in the same way. 
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