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Recent studies have shown that the three-dimensional (3D) structure of chromatin is associated with
cancer progression. However, the roles of the 3D genome structure and its dynamics in cancer remains
largely unknown. In this study, we investigated hierarchical topologically associating domain (TAD)
structures in cancers and defined a ‘‘TAD hierarchical score (TH score)” for genes, which allowed us to
assess the TAD nesting level of all genes in a simplified way. We demonstrated that the TAD nesting levels
of genes in a tumor differ from those in normal tissue. Furthermore, the hierarchical TAD level dynamics
were related to transcriptional changes in cancer, and some of the genes in which the hierarchical level
was altered were significantly related to the prognosis of cancer patients. Overall, the results of this study
suggest that the folding dynamics of TADs are closely related to transcriptional abnormalities in cancers,
emphasizing that the function of hierarchical chromatin organization goes beyond simple chromatin
packaging efficiency.

� 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In cancer progression, alterations in nuclear morphology are
common [1,2]. In addition, nuclear features are helpful to deter-
mine the molecular subtype of tumors and are important for the
diagnosis and treatment of cancer patients. Recent studies also
have shown that the three-dimensional (3D) structure of chro-
matin is associated with cancer progression [3–10]. Moreover, can-
cer progression may be driven by locally abnormal promoter-
enhancer interactions [11]. However, the relationship between
the 3D genome and tumorigenesis and its mechanism still need
to be explored.

In the nucleus, chromatin exists as a hierarchical folding struc-
ture [2,12–14]. With the development of high-throughput chromo-
some conformation capture (Hi-C), topologically associating
domains (TADs) have been identified at the megabase level [12].
These domains are characterized by strong intra domain interac-
tion and weak inter domain interactions. The interactions within
TADs promote the 3D spatial proximity between remote genomic
sites in the linear genome sequence. TADs are generally regarded
as the structural and functional units of the genome, which define
the regulatory pattern [15,16].

The disruption of TADs and the abnormal fusion of the TAD
boundary can cause a variety of developmental disorders and dis-
eases [14,17–19]. Many reports also indicate that the destruction
of TAD boundaries in cancer cells can cause abnormal activation
of oncogenes [3,8,20,21]. There are two known mechanisms of
TAD destruction. First, a mutation or epigenetic inactivation can
occur in a single TAD boundary, which affects gene regulation in
both sides of the TAD. Second, genome rearrangement can lead
to the disruption and fusion of TADS without affecting their bound-
aries, resulting in new regulatory domains and the abnormal acti-
vation of oncogenes [20]. Such as, in HEK-293T cells, the deletion of
a TAD boundary has been demonstrated to cause the transcrip-
tional activation of TAL1 [8]. An IGF2 locus tandem duplications
intersecting with a TAD boundary also has been shown to cause
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oncogene activation in colorectal cancer [22]. However, in view of
the overall conservation of TAD boundaries [4,15,23], only a few
target genes related to tumorigenesis based on a survey of TAD
boundary disruptions has been reported.

Recent studies have shown that TADs forming into a hierarchi-
cal structure inside. These hierarchical domains have been defined
as ‘metaTADs’ [13] or ‘sub-TADs’ [24–27]. Even in a single cell,
Zhuang’s lab observed TADs and a sub-TAD-like structure by mul-
tiplexed super-resolution fluorescence in situ hybridization imag-
ing [28]. Quentin et al. also have observed that TADs are
subdivided into discrete nanodomains by using super-resolution
microscopy [28,29]. Many researchers have demonstrated that
the hierarchical structures in TAD are correlated with genetic,
epigenomic, and expression features [13,25,26,30]. However, the
involvement of these hierarchies in biological functions and how
these structures are altered in disease remains poorly understood.
Because the genome topology and nuclear organization in human
tumors are reported to be highly dysregulated, we were interested
to determine whether the hierarchical TADs in cancer are also dis-
rupted as well as whether they are associated with aberrant gene
expression.

Here, we investigated hierarchical TAD structures in cancers.
First, we used OnTAD [25], an optimized method introduced by
Lin et al., to identify hierarchical TADs and to calculate the hierar-
chical levels of TAD boundaries. Our detailed analyses showed that
although the locations of the boundaries identified by OnTAD were
largely conserved across all of the tested tissues and cell lines, con-
sistent with the previous findings [4,15,23], the topological bound-
ary levels can surprisingly distinguish between primary colorectal
tumor tissues, normal colon tissues, colorectal cancer cell lines and
normal cell lines. In order to study the effect of TAD hierarchy on
gene expression, we developed a method to score the TAD nesting
level of each protein coding gene, denoted as the TAD hierarchical
score (TH score). Using this scoring method, we determined
whether there is a close relationship between the TAD hierarchical
folding dynamics and transcriptional abnormalities in cancers.
2. Materials and methods

2.1. Hi-C data sets

Hi-C data of 13 primary colorectal tumors, 9 normal colons, 4
colorectal cancer cell lines, a normal colon cell line and a primary
fibroblast line were obtained from Johnstone et al., binned at 40 kb
[4]. Hi-C data of the cell lines K562, GM12878, IMR90, HMEC,
HUVEC, KBM7 and NHEK were obtained from Rao et al. [12]. Hi-
C data of the cell lines SK-N-MC, CAKI2, PANC1, NCIH460, T47D,
G401, RPMI7951, LNCaP and SKMEL5 were obtained from the Dek-
ker lab of the Encyclopedia of DNA Elements (ENCODE) project
[31]. Hi-C data of the cell lines RWPE1, 22RV1 and C42B were
obtained from Farnham lab of ENCODE. Hi-C data of the cell lines
RPMI8226 and U266 were obtained from Pengze et al. [32] (details
in Supplementary Tables 1, 2, and 3).
2.2. Identification of hierarchical TADs and calculation of the TAD
boundary level

We obtained hierarchical TADs using OnTAD software [25] from
Hi-C matrix data. In brief, OnTAD first uses an adaptive local min-
imum search algorithm to identify candidate TAD boundaries.
Then, OnTAD assembles TADs from the candidate boundaries using
a recursive algorithm. Because the structure of <3 bins is too small
to form a domain, we set the minimum size of TAD to 3 bins for
40 kb matrix Hi-C data. Because TADs are known to be smaller than
a few megabytes, the maximum size of TAD was set to 50 bins. We
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used 0.1 as the value of ‘‘penalty” in our analyses to select positive
TADs, as lower penalty score would result in false positive TADs.
These parameters were constants across the analyses for all the
samples, in order to ensure comparability.

The methods for calculating the TAD boundary level in our
study were the same as those reported previously [25]. In detail,
if a boundary was shared by no more than one TAD on each side,
the boundary was classified as level 1; if a boundary was shared
by no more than two TADs on each side, the boundary was classi-
fied as level 2; by analogy, if there were no more than five TADs on
each sides of a boundary, then it could be upgraded to level 5. For
instance, a boundary should be classified as level 4 if it was shared
by three TADs to its left and four TADs to its right.
2.3. TH score and differential gene analysis

We defined a ‘‘TH score” to assess the TAD nesting level of
genes. Specifically, the TH score for genei is defined as
si ¼ 1

Li

Pni
j¼1li;j � hi;j, where Li is the length of genei, li;j; ðj ¼ 1; � � � ;niÞ

is the length of segments obtained by partitioning the gene locus
with the TAD nesting level and hi;j is the TAD nesting level in the
corresponding segment (Fig. 3A). We calculated ‘‘TH score” for
each gene using bedtools software with ‘‘coverage” command on
two given BED files describing gene regions and TAD regions (see
Supplementary data for more details).

We then calculated the differential TH score (D TH
score = THcancer - THnormal) of each gene between normal and tumor
tissues and calculated the statistical significance of the D TH score
using Mann-Whitney U test. Genes with D TH score > 0 and
p < 0.05 was considered significantly upregulated and genes with
D TH score < 0 and p < 0.05 was considered significantly
downregulated.
2.4. Clustering analysis

The clustering analyses were performed and visualized using
the ‘‘scipy.cluster.hierarchy” python library [33]. In practice, the
method parameter was set to ‘‘Ward”, which is suitable for quan-
titative variables and ‘‘optimal_ordering” parameter was set to
‘‘False”.
2.5. RNA sequencing (RNA-seq) data processing

We downloaded the processed RNA-seq data (counts and frag-
ments per kilobase of transcript per million mapped reads; FPKM)
from the Cancer Genome Atlas (TCGA) project at the University of
California at Santa Cruz Genomic Data Commons Hub (https://gdc.
xenahubs.net). Then, we performed differential gene expression
analysis using DESeq2 [34]. Absolute of log2 fold change > 1,
adjusted p-value < 0.05 were used as cutoff for differentially
expressed genes.

The association between genes and colorectal cancer survival
was analyzed using patients’ information from the TCGA database
and the ‘‘survminer” R package, and p < 0.05 (unadjusted p value)
was considered significant.
2.6. Kyoto Encyclopedia of genes and genomes (KEGG) pathway and
gene ontology (GO) enrichment analysis

The Database for Annotation, Visualization and Integrated Dis-
covery (DAVID) v6.8 [35] was used to perform KEGG pathway
and GO enrichment analysis. The terms with a p value < 0.05 were
reported.

https://gdc.xenahubs.net
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3. Results

3.1. The landscape of hierarchical TADs in normal colons, colorectal
tumors, and cell lines

To investigate the hierarchical TAD structures in cancer cells,
we analyzed a published Hi-C data set that included 13 colorectal
tumor tissues, 9 normal colon tissues, 4 colorectal cancer cell lines
(SW480, RKO, HCT116 and LS-174T), 1 normal colon derived cell
line (FHC) and 1 primary fibroblast cell line (Wi38) [4]. First, we
used OnTAD [25] to identify the hierarchical TADs (Fig. 1A). We
found 5644 (SD = 197) TADs per sample, on average, and 4571
(SD = 115) boundaries. We also calculated the hierarchical levels
of the TAD boundaries, which were defined as the maximum num-
ber of TADs that share a boundary on either its left or right side
(Fig. 1B). As shown in Fig. 1C–D, hierarchical structures were com-
mon in all tissue and cell line samples analyzed. The numbers of
TADs and TAD boundaries decreased at each consecutive level.

It has been reported that the locations of TAD boundaries are
highly conserved across different cell types and tissues [4,15,23].
First, we compared pairwise similarities across all of the samples.
The tumor tissues had 85.32% of their TAD boundaries overlapping
with those of the normal colon tissues and 84.08% of their TAD
boundaries overlapping with those of the cell lines, on average.
The locations of the topological boundaries were similar across
the tissues and cell lines, especially for tissue samples (Fig. 1E–
F). Additionally, genome-wide systematic comparison analysis
across samples showed that the hierarchical clustering of samples
according to the pairwise similarity scores could not distinguish
cancer samples and normal samples (Fig. S1A). These results are
consistent with those of previous studies, thus demonstrating the
reliability of our identified results.
3.2. The hierarchical level of the topological boundary alone can
distinguish normal colons, colorectal tumors, and cell lines

Next, we investigated the levels of the TAD boundaries in detail.
The normal and tumor tissues were well-separated by the cluster-
ing with hierarchical TAD boundary levels (Fig. 2A). As shown in
the dendrogram of Fig. 2A, all the colorectal tumor tissues were
clustered into one cluster, and all the normal tissues were clus-
tered into the other cluster. Similar results were observed for all
other cell lines, such as Wi38, HCT116, FHC. It could also be
observed from the heat map that the same type of samples has
high Pearson correlation coefficient (colored in dark red) in gene
scores. These results indicated that the hierarchical levels of the
topological boundaries were tissue- and cell type-specific,
although the locations of the topological boundaries were similar
across the tissues and cell lines (Fig. 1E–F). This analysis performed
better than a similar analysis of the mRNA levels (Fig. 2B, and
Fig. S2A–B), suggesting changes in the folding dynamics of TADs
during tumorigenesis. It is noteworthy that the levels were less
homogeneous in the colorectal tumor tissues (marked by dashed
yellow lines in Fig. 2A) than in the others (marked by solid yellow
lines in Fig. 2A), indicating that the hierarchical levels of topologi-
cal boundary could reflect the inter-heterogeneity of tumor tissues.
TAD boundaries have been reported to be enriched with actively
epigenetic signals and expressed genes. Therefore, we studied the
genes located at the boundary of the TADs. It was found that com-
pare to the low level boundaries (level 1), hub boundaries (level 3
+) were more enriched with essential genes, which were proved
differentially expressed in normal and tumor tissues (Fig. 2C)
[36]. This result may be related to the higher transcription level
of the genes at the hub boundaries (level 3+). The number of sam-
ples sharing one boundary increased along with the boundary
1686
levels, indicated that compared with other boundary levels, a
high-level TAD boundary was more conserved among the 42 inves-
tigated samples (Fig. 2D). This finding suggests that an abnormality
of a high-level TAD boundary indicates a greater likelihood of lead-
ing to a transcriptional regulation-related disorder or disease.

3.3. The TAD nesting level of genes in tumors is different from that in
normal tissues

To study the effect of the TADs hierarchy on gene regulation, we
defined a ‘‘TH score” to assess the TAD nesting level of genes
(Fig. 3A–B). We found that at least 93.5% of the genes in each sam-
ple were located in TAD structures (TH score > 0, Fig. 3C), and the
TH scores of genes in tumor tissues were statistically different
compared to those in normal tissues. In tumor tissues, the number
of genes with a high TH score (2 ~ 3 and 3+) was statistically sig-
nificantly greater than that in normal colon tissues; by contrast,
the number of low-TH-score genes (0 ~ 1) in tumor tissues was sta-
tistically significantly less than that in normal colon tissues
(Fig. 3C). The same pattern could be found in cell lines (Fig. S3).
We speculated that these results may be due to two reasons: 1)
more frequent hierarchical folding of TADs in single cancer cells;
2) aggregation reflection in bulk cells caused by intra-tumor
heterogeneity. Moreover, the hierarchical clustering of genes by
the TH score also showed that the TAD nesting level of genes could
distinguish colorectal tumor and normal tissues (Fig. 3D), with a
better performance than that based on the mRNA-level (Fig. 2B,
and Fig. S2A–B). Moreover, as shown in the dendrograms of
Figs. 2A and 3D, all the cancer cell lines were clustered together
by TH score-based clustering, however, the clustering with hierar-
chical TAD boundary levels were not able to do this, suggesting
that TH score-based clustering performed better than the cluster-
ing with hierarchical TAD boundary levels. Like the hierarchical
levels of the topological boundaries, the TAD nesting levels of
genes were also less homogeneous in the colorectal tumor tissues
(marked by dashed yellow lines in Fig. 3D) than in the others
(marked by solid yellow lines in Fig. 3D), suggesting that the anal-
ysis of hierarchical TADs might be helpful for molecular typing of
colorectal cancer. A rank-sum test analysis showed that compared
to the normal samples, there were 2646 genes with statistically
significantly upregulated TH scores and 1201 genes with downreg-
ulated scores in the tumor samples (Fig. 3E). The fractions of these
genes whose TH scores were statistically upregulated or downreg-
ulated in tumor tissues were increased along with the levels of the
TAD boundaries (Fig. 3F). Remarkably, these genes included 35
(17.5% of 200) epithelial mesenchymal transition (EMT)-
associated genes, which play pivotal roles in colorectal cancer pro-
gression (e.g., FOXC2, MCM7, COL7A1, TGM2, FSTL1, EFEMP2, MXRA5,
SPP1, SPOCK1, TNFRSF12A, FBLN1, CD59 and FGF2, Fig. 3E) [37].

Our analyses suggest that the hierarchical TAD level of genes
can distinguish between colorectal tumors, normal colons, and cell
lines. Hence, the most profound hierarchical folding dynamics of
TADs in tumors might be associated with tumor progression. The
hierarchical levels of TADs reflected the heterogeneity of tumor tis-
sues, making it a prospective tool to screen potential targets for the
diagnosis and treatment of colorectal cancer.

3.4. The hierarchical TAD level of genes is related to abnormal
transcription and prognosis in colorectal cancer

Based on the above analyses, we identified four gene patterns
for the TH score (upregulated, downregulated, stable high (TH
score > 3), and stable low (TH score < 1)) (Fig. 4A). By performing
KEGG enrichment analysis, we found that the genes with different
TH scores in tumor tissues and normal tissues were enriched in
tumor related signaling pathways (Fig. 4B, Table S4). Using the col-
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orectal cancer RNA-seq data in TCGA, we defined active genes as
those with FPKM > 5 in all samples. Then, for the stable-high and
stable-low sets, we computed the fraction of active genes. The
results demonstrated that the active genes were more enriched
in the stable high gene set (Fig. 4C), which is in line with previous
studies [25]. Furthermore, we found that the genes with the most
significantly increased TH scores (D TH score (cancer – normal) > 0
and p < 0.01) were significantly enriched with respect to the genes
having up-regulated mRNA levels (Fig. 4D) and that the genes with
the most significantly decreased TH scores (D TH score (cancer –
normal) < 0 and p < 0.01) were significantly enriched with respect
to the genes having down-regulated mRNA levels (Fig. 4E), sug-
gesting that the abnormal transcription of these genes might be
related to changes in the TAD nesting level.

Based on differential gene analysis, we constructed a pipeline
(Fig. 5A) and screened 141 genes whose TH score and mRNA level
were significantly upregulated (Table S5). Among these, there were
13 genes whose high mRNA expression levels were statistically sig-
nificantly associated with poor prognosis of colorectal cancer. On
the contrary, there were 78 genes (Table S5) whose TH score and
mRNA level were significantly downregulated. Among these, there
were 6 genes whose high mRNA expression levels were statisti-
cally significantly associated with a good prognosis of colorectal
cancer (Fig. 5A). In particular, C5orf46, SPP1, IBSP, EDAR, and
1688
oxysterol-binding protein-like protein 3 (OSBPL3) were statistically
significantly up-regulated in the tumor tissue in terms of the TAD
level and the mRNA level (Fig. 5B and C), and their high expression
levels were statistically significantly associated with a poor prog-
nosis (Fig. 5D and S4A–D). Meanwhile, CA2, PPARGC1B, FOXD2,
CLCA1, and NRAP were significantly down-regulated in the tumor
tissue in terms of the TAD level and the mRNA level (Fig. 5E–F),
and their high expression levels were statistically significantly
associated with a good prognosis (Fig. 5G, S4E–H). The upregula-
tion of OSBPL3 has been reported to be involved in the promotion
of colorectal cancer progression by activating the Ras signaling
pathway [38]. As shown in the Hi-C heat maps in Fig. 5H, the
TAD nesting level of OSBPL3 was significantly higher in the tumor
tissue than in normal colon tissue. In addition, PPARGC1B is known
to play a crucial role in multiple metabolic processes, and the
down-regulation of PPARGC1B by miR-21 has been reported to pro-
mote non-small-cell lung cancer growth. The TAD nesting level of
PPARGC1B was significantly lower in the tumor tissue than in the
normal colon tissue. Hence, we suggest that the hierarchical fold-
ing dynamics of TADs at the gene loci might cause the alternation
of local interactions and be an important reason for the abnormal
transcription of these two genes, which is closely linked to cancer
prognosis.
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Fig. 4. The hierarchical folding of TADs is related to transcriptional changes in colon cancer. (A) Heatmap showing the TH scores of 4 patterns (upregulated, downregulated,
stable high and stable low) genes (viridis color scale) for each tissue sample. The order of samples (columns) is consistent with Ward’s linkage hierarchical clustering (top).
The genes (rows) are ordered by average TH score of normal samples from high to low. (B) Selected KEGG terms enriched in genes sets of these four patterns. (C) Enrichment
of active genes (FPKM > 5 in all samples) in TH score-stable high and stable low patterns. (D) and (E) Enrichment of mRNA-upregulated (downregulated) genes in TH score-
upregulated (downregulated) genes. * indicates P < 0.05 using Fisher’s exact test. ** indicates P < 0.01 using Fisher’s exact test.
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Moreover, in order to learn about the hierarchical folding
dynamics of TADs in pan-cancers, we also investigated the TH
scores in other types of cancer cell lines and normal cell lines.
Encouragingly, the TH score of genes could distinguish cancer
and normal cell lines to a certain extent (Fig. S5A). The genes with
different TH scores in cancer and normal cell lines were enriched in
tumor-related signaling pathways (Fig. S5B and C).

4. Discussion

Overall, this study investigated hierarchical TADs structures in
colorectal cancer and introduced the ‘‘TH score” to assess the
TAD nesting level of specific genes. The TH score performed well
in distinguishing cancer and normal samples and reflected the
heterogeneity of tumor tissues to a great extent. We also found
that the hierarchical TAD level of genes was related to transcrip-
tional changes in colorectal cancer and that some of the genes with
a hierarchical level change were significantly related to the
patient’s prognosis. Based on these facts, we suggest that TAD hier-
archical changes frequently occur in cancers, leading to significant
changes in gene expression that can possibly drive tumor
progression.

It should be noted that the gene TH score performs well in the
clustering of normal and tumor tissue samples and could reflect
the heterogeneity of tumors. Possible reasons for this are as fol-
1690
lows: 1) Although the basic locations of TAD were stable, the hier-
archical folding of TAD was dynamic and could reflect the inter-
heterogeneity of tumor tissues. 2) Unlike focusing only on the
genes located at TAD boundaries, the TH score allowed considera-
tion of all the protein-coding genes. 3) Compared with the tran-
scriptional level, the chromatin structure could reflect differences
in larger regions of the genome, including non-coding region.

The mechanisms of the hierarchical TAD dynamics of tumors in
terms can be discussed of two aspects: 1) The hierarchical struc-
ture maybe reflect the overlaying of different interaction maps of
bulk-cell Hi-C data. The intra-tumor heterogeneity is one of the
features of malignant tumors, i.e., there are many different geno-
types or subtypes of cells in the same tumor, which is caused by
clonal variation and micro environmental influences. Thus, the
components of tumor tissues are more complex than those of nor-
mal colon tissue, which contributed to the more hierarchical TAD
level (Fig. 6A). 2) Hierarchical TAD folding does indeed exist in sin-
gle cells (Fig. 6B). Although the basic locations of the topological
boundaries were stable across normal and tumor tissues, the hier-
archical folding of the TADs was tissue- and cell type-specific.
Therefore, modifications of in TAD-level folding in the process of
tumorigenesis leads to a change of the TAD nesting level of the
gene, which is closely related to gene transcription. This hypothesis
emphasizes that the function of hierarchical chromatin organiza-
tion goes beyond simple chromatin packaging efficiency.
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In view of its excellent performance using the Hi-C data of col-
orectal cancer, the TH score may be a potential diagnostic tool for
identifying cancer and have wider application in addressing other
biological problems. Furthermore, future studies of hierarchical
TAD structures may contribute to the early diagnosis of cancer
and the development of new treatment strategies. The ability of
researchers to predict the broader consequences of disease-
related local genomic abnormalities will also improve, as our
understanding of the mechanism and function of TAD structures
increases. Looking into the future, there are many obstacles to be
solved both in terms of experiments and ethics. However, insights
into the formation and abnormal mechanism of TAD will undoubt-
edly bring new ideas for the treatment of cancer.
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