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shuffled centers were used to evaluate the enrichment of insulator proteins at the
boundaries.

For the evaluation of the co-localization of insulator proteins with TAD borders,
we considered any insulator protein peak localized within 2 kb of the domain

boundary as co-localized with that boundary.

Prediction of domain boundaries

We used the function linear_model.LogisticRegression from the Python package
scikit-learn (v0.18) to implement a logistic regression model similar to that described
(19) to predict the domain boundaries using different combinations of epigenetic and
insulator markers. The income variables were Z-transformed signals of different
markers for each fragment from the modENCODE database, with an output value of
0 indicating an intra-domain fragment and a value of 1 indicating a border-related
fragment. Training sets and test sets were separated randomly with equal sizes using
the cross_validation.train_test_split function. The Receiver Operating Characteristic
curves (ROC curves) and Area Under Curve (AUC) values were calculated using the

functions metrics.roc_curve and metrics.auc from scikit-learn.

Determination of the DNA condensation within TADs

We calculated the average contact frequency of all pairs of fragments located
inside each TAD as a measure of DNA condensation. The restriction fragments with
no ligation products were removed from this calculation. To avoid complications
arising from comparing domains of significantly different sizes, we compared only
those domains whose size is between 5 kb to 20 kb, since for this range, there are a

sufficient number of domains of each type.

Calculation of the enrichment of TAD-TAD interactions
For the evaluation of TAD-TAD interactions, an enrichment ratio matrix was first
calculated by dividing the contact number of each pair of fragments by the average

contact number of all pairs of fragments that have the same interaction distance,
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binning the distances using a 200 bp window. An average enrichment ratio was then

calculated for each pair of TADs by averaging all the enrichment ratios of all pairs of

fragments localized in this pair of TADs.

Data analysis of Hi-C data of human GM12878 cells

We downloaded the GM12878 Hi-C data from the GEO database with accession

number GSE63525. We determined the normalized Hi-C heatmap using the KR

normalization factors. We used the Armatus software to annotate TADs in the 1 kb

resolution data using a gamma value of 0.7. We also annotated large TADs at 5 kb

resolution using different gammas (0.6 - 1.0) and the majority (70.9%) of boundaries

of the TADs identified by Rao el at (24) were located within 2 bins of the Armatus

domain boundaries.

Acknowledgements

We thank Dr. Hua Li and Chuansheng Hu for useful discussions. This work was

supported by grants from the National Natural Science Foundation of China (Nos.

11374207, 31370750, 21273148, 31670722, 81627801, and 21303104) and Shanghai

Jiao Tong University.

References

1. Dixon JR, et al. (2015) Chromatin architecture reorganization during stem cell differentiation.
Nature 518(7539):331-336.

2. Li G & Zhu P (2015) Structure and organization of chromatin fiber in the nucleus. FEBS letters
589(20 Pt A):2893-2904.

3. Pombo A & Dillon N (2015) Three-dimensional genome architecture: players and mechanisms.
Nature reviews. Molecular cell biology 16(4):245-257.

4, Pope BD, et al. (2014) Topologically associating domains are stable units of replication-timing
regulation. Nature 515(7527):402-405.

5. Wei Z, et al. (2013) Biological implications and regulatory mechanisms of long-range
chromosomal interactions. The Journal of biological chemistry 288(31):22369-22377.

6. Wu J, et al. (2016) The landscape of accessible chromatin in mammalian preimplantation

embryos. Nature 534(7609):652-657.
14


http://dx.doi.org/10.1101/164467

bioRxiv preprint first posted online Jul. 17, 2017; doi: http://dx.doi.org/10.1101/164467. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

All rights reserved. No reuse allowed without permission.

Dekker J, Rippe K, Dekker M, & Kleckner N (2002) Capturing chromosome conformation.
Science 295(5558):1306-1311.

Dostie J, et al. (2006) Chromosome Conformation Capture Carbon Copy (5C): a massively
parallel solution for mapping interactions between genomic elements. Genome research
16(10):1299-1309.

Lieberman-Aiden E, et al. (2009) Comprehensive mapping of long-range interactions reveals
folding principles of the human genome. Science 326(5950):289-293.

Dixon JR, et al. (2012) Topological domains in mammalian genomes identified by analysis of
chromatin interactions. Nature 485(7398):376-380.

Nora EP, et al. (2012) Spatial partitioning of the regulatory landscape of the X-inactivation
centre. Nature 485(7398):381-385.

Bonev B & Cavalli G (2016) Organization and function of the 3D genome. Nature reviews.
Genetics 17(11):661-678.

Busslinger GA, et al. (2017) Cohesin is positioned in mammalian genomes by transcription,
CTCF and Wapl. Nature 544(7651):503-507.

Zuin J, et al. (2014) Cohesin and CTCF differentially affect chromatin architecture and gene
expression in human cells. Proceedings of the National Academy of Sciences of the United
States of America 111(3):996-1001.

Narendra V, et al. (2015) CTCF establishes discrete functional chromatin domains at the Hox
clusters during differentiation. Science 347(6225):1017-1021.

Seitan VC, et al. (2013) Cohesin-based chromatin interactions enable regulated gene
expression  within  preexisting  architectural compartments. Genome research
23(12):2066-2077.

Sofueva S, et al. (2013) Cohesin-mediated interactions organize chromosomal domain
architecture. The EMBO journal 32(24):3119-3129.

Cubenas-Potts C, et al. (2017) Different enhancer classes in Drosophila bind distinct
architectural proteins and mediate unique chromatin interactions and 3D architecture.
Nucleic acids research 45(4):1714-1730.

Ulianov SV, et al. (2016) Active chromatin and transcription play a key role in chromosome
partitioning into topologically associating domains. Genome research 26(1):70-84.

Pandey UB & Nichols CD (2011) Human disease models in Drosophila melanogaster and the
role of the fly in therapeutic drug discovery. Pharmacological reviews 63(2):411-436.
Naumova N, et al. (2013) Organization of the mitotic chromosome. Science
342(6161):948-953.

Schneider | (1972) Cell lines derived from late embryonic stages of Drosophila melanogaster.
Journal of embryology and experimental morphology 27(2):353-365.

Graham AC, Kiss DL, & Andrulis ED (2009) Core exosome-independent roles for Rrp6 in cell
cycle progression. Molecular biology of the cell 20(8):2242-2253.

Rao SS, et al. (2014) A 3D map of the human genome at kilobase resolution reveals principles
of chromatin looping. Cell 159(7):1665-1680.

Filippova D, Patro R, Duggal G, & Kingsford C (2014) Identification of alternative topological
domains in chromatin. Algorithms for molecular biology : AMB 9:14.

Liang J, et al. (2014) Chromatin immunoprecipitation indirect peaks highlight long-range

interactions of insulator proteins and Pol Il pausing. Molecular cell 53(4):672-681.

15


http://dx.doi.org/10.1101/164467

bioRxiv preprint first posted online Jul. 17, 2017; doi: http://dx.doi.org/10.1101/164467. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

All rights reserved. No reuse allowed without permission.

Schwartz YB, et al. (2012) Nature and function of insulator protein binding sites in the
Drosophila genome. Genome research 22(11):2188-2198.

Negre N, et al. (2010) A comprehensive map of insulator elements for the Drosophila genome.
PLoS genetics 6(1):e1000814.

Phillips-Cremins JE, et al. (2013) Architectural protein subclasses shape 3D organization of
genomes during lineage commitment. Cell 153(6):1281-1295.

Vogelmann J, et al. (2014) Chromatin insulator factors involved in long-range DNA
interactions and their role in the folding of the Drosophila genome. PLoS genetics
10(8):e1004544.

Boettiger AN, et al. (2016) Super-resolution imaging reveals distinct chromatin folding for
different epigenetic states. Nature 529(7586):418-422.

Kharchenko PV, et al. (2011) Comprehensive analysis of the chromatin landscape in
Drosophila melanogaster. Nature 471(7339):480-485.

Hou C, Li L, Qin ZS, & Corces VG (2012) Gene density, transcription, and insulators contribute
to the partition of the Drosophila genome into physical domains. Molecular cell
43(3):471-484.

Sexton T, et al. (2012) Three-dimensional folding and functional organization principles of the
Drosophila genome. Cell 148(3):458-472.

Dixon JR, Gorkin DU, & Ren B (2016) Chromatin Domains: The Unit of Chromosome
Organization. Molecular cell 62(5):668-680.

Bailey SD, et al. (2015) ZNF143 provides sequence specificity to secure chromatin interactions
at gene promoters. Nature communications 2:6186.

Van Bortle K, et al. (2014) Insulator function and topological domain border strength scale
with architectural protein occupancy. Genome biology 15(6):R82.

Gorkin DU, Leung D, & Ren B (2014) The 3D genome in transcriptional regulation and
pluripotency. Cell stem cell 14(6):762-775.

Li H, et al. (2016) Ultra-deep sequencing of ribosome-associated poly-adenylated RNA in early
Drosophila embryos reveals hundreds of conserved translated sORFs. DNA research : an
international journal for rapid publication of reports on genes and genomes 23(6):571-580.
Imakaev M, et al. (2012) Iterative correction of Hi-C data reveals hallmarks of chromosome
organization. Nature methods 9(10):999-1003.

16


http://dx.doi.org/10.1101/164467

bioRxiv preprint first posted online Jul. 17, 2017; doi: http://dx.doi.org/10.1101/164467. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

Figure legends

Figure 1. The Drosophila genome is fully partitioned into contiguous TADs including
within previously annotated “inter-TADs” regions.

(A) Heatmaps from the left arm of chromosome 3. The left panel shows a heatmap of
a 2.8 Mb region of this arm at 20 kb resolution, revealing well-defined super-TADs
(blue bars at the bottom) and inter-super-TADs (red bars at the bottom), consistent
with previous findings (19). However, at the highest resolution permitted by the data,
the heatmap shows that both the super-TADs (right upper panel) and the
inter-super-TADs (right lower panel) are composed of small contiguous TADs. The
blue (red) bars in these panels now refer to TADs (inter-TADs). (B) The size
distribution of the TADs annotated from the fragment-limited resolution map. The
median size of the TADs is 13 kb, much smaller than the size (140 kb) identified from
previous lower resolution data. (C) The number of TADs within the super-TADs (blue
bars) and inter-super-TADs (red bars). The super-TADs are found to consist of a range
of TADs, mostly between 2 to 4, while there are generally between 1 to 4 TADs within

the inter-super-TADs, where previous work concluded that there were no TADs.

Figure 2. The TADs are demarcated by pairs of insulator proteins.

(A) The locations of known Drosophila insulator proteins, together with the TADs
identified in this work, are shown for a 200Kb segment of chr3R. The positions of
Class | insulator proteins (that includes BEAF-32 and CP-190), as obtained from
Flybase, are highly localized to the TAD borders. Also shown are the peak locations of
the individual insulator proteins (BEAF-32, CP-190, and Chromator) characterized in
the modENCODE project that are enriched at the TAD borders. However, only pairs of
BEAF-32/CP190 or BEAF-32/Chromator are found to be exclusively associated with
the TAD borders. (B) Venn diagram showing the genome-wide co-localization of these
insulator proteins and insulator protein pairs at the TAD borders. There is a
significantly greater exclusive association of the insulator protein pairs at TAD borders
than of the individual proteins separately. (C) The enrichment of the insulator protein

pairs at the TAD borders is further validated by the examination of the extent to
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which the locations of the insulator protein pairs are predictive of TAD borders using
logistic regression models. Shown are the receiver operating characteristics curves
(ROC), with the area under the curve (AUC), reflecting the predictive power indicated
in the inset of each panel. Both pairs of insulator proteins are highly predictive of TAD
borders (left panel), while transcriptionally active epigenetic modifications or

transcriptional levels (right panel) are poorly predictive.

Figure 3. Epigenetic modifications only correlate with higher order folding of the
TADs but not the folding of individual TADs.

(A) The TADs could be classified into four major types according to the enrichment of
15 histone modifications and non-histone chromosomal proteins within each TAD
(Supplementary Materials). Shown is an example of the distribution of these types
with active (orange bar below the heatmap), inactive (blue bar), polycomb (green
bar), and undetermined (grey bar) chromatin within the TADs in a 350 kb region of
chr2L. Inset: The extent of DNA condensation within the TADs, as determined from
the sum of contact frequencies between loci within the TAD, is the same, regardless
of the type of chromatin that is enriched within the TAD (A, active; |, inactive; P,
polycomb). (B) Active and inactive TADs exhibit dramatically different tendencies to
interact with neighboring TADs of the same type. The upper heatmap shows the
positions of the TADs, while the lower heatmap shows the significance of the
observed contacts, with those colored red (blue) exhibiting much greater (lower)
interaction strength than expected by chance (materials and methods) in a 530 kb
region of chr2R. (C) The relative interaction strength (as shown in (B)) between pairs
of TADs, indicating that TADs containing active chromatin generally tend to avoid
interacting with each other while those containing inactive or polycomb chromatin

frequently interact with each other.

Figure 4. The human genome is also partitioned into contiguous small TADs within
previously described “inter-TAD” regions at least in part.

Shown are four examples of Hi-C data of GM12878 lymphoblastoid cells determined
18
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by Rao et al. (24). In each panel, the main figure is the heatmap of the indicated
chromosomal position at 5 kb resolution, with the domains annotated by these
authors indicated by the color bars above each figure. Note that there were smaller
TADs within larger TADs identified in this previous work, reflected in the three
different levels in the annotated TADs. The bars colored red reflect the inter-TAD
regions while those colored blue are the TADs. The inset of each panel is an
expanded region of an inter-TAD region showing that they consist of many smaller
TADs, similar to what is observed in D. melanogaster. The TADs annotated using the
Armatus software are shown below the heatmap. Also shown are the locations of
CTCF (orange arrows) and cohesin components (Rad21 and Smc3, green and brown
arrows respectively), as determined previously (24) showing that many of the
borders of the smaller TADs identified here within these regions also co-localize with

CTCF/cohesin.
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