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Dynamic Interplay between Structural Variations and 3D
Genome Organization in Pancreatic Cancer
Yongxing Du, Zongting Gu, Zongze Li, Zan Yuan, Yue Zhao, Xiaohao Zheng, Xiaochen Bo,
Hebing Chen,* and Chengfeng Wang*

Structural variations (SVs) are the greatest source of variations in the genome
and can lead to oncogenesis. However, the identification and interpretation of
SVs in human cancer remain technologically challenging. Here, long-read
sequencing is first employed to depict the signatures of structural variations
in carcinogenesis of human pancreatic ductal epithelium. Then widespread
reprogramming of the 3D chromatin architecture is revealed by an in situ Hi-C
technique. Integrative analyses indicate that the distribution pattern of SVs
among the 3D genome is highly cell-type specific and the bulk remodeling
effects of SVs in the chromatin organization partly depend on intercellular
genomic heterogeneity. Meanwhile, contact domains tend to minimize these
disrupting effects of SVs within local adjacent genomic regions to maintain
overall stability. Notably, complex genomic rearrangements involving two key
driver genes CDKN2A and SMAD4 are identified, and their influence on the
expression of oncogenes MIR31HG, MYO5B, etc., are further elucidated from
both a linear view and 3D perspective. Overall, this work provides a
genome-wide resource and highlights the impact, complexity, and dynamicity
of the interplay between structural variations and high-order chromatin
organization, which expands the current understanding of the pathogenesis
of SVs in human cancer.
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1. Introduction

Pancreatic cancer is one of the most lethal
malignancies worldwide and ≈90% of cases
involve pancreatic ductal adenocarcinoma
(PDAC).[1] Because these tumors are highly
aggressive and metastatic, most patients are
diagnosed at a late stage thus missing the
opportunity to receive radical surgery, and
chemotherapy or radiotherapy has limited
effectiveness.[2] With a gradually increasing
incidence and little improvement in sur-
vival rate, PDAC is projected to be the sec-
ond leading cause of cancer-related death
within a decade.[3] Therefore, it seems that a
significant improvement in pancreatic can-
cer mortality relies on the development
of earlier detection and better treatment,
which requires comprehensive knowledge
of the molecular biology and pathogenesis
of this disease.

Over the past few decades, the rapid
development of next-generation sequenc-
ing (NGS) technology (short-read sequenc-
ing, SRS) has dramatically expanded our
knowledge of genetic alterations, especially

single-nucleotide variations, in PDAC.[4] While some recurrent
gene mutations, such as KRAS, CDKN2A, TP53, and SMAD4,
have been demonstrated to successively initiate and drive PDAC
progression,[5] the spectrum and pathogenesis of larger struc-
tural variations (SVs) in the context of pancreatic ductal epithelial
cell carcinogenesis remain largely undefined due to technologi-
cal limitations. SVs, including insertions, deletions, duplications,
inversions, and translocations at least 50 bp in size, are the struc-
tural and quantitative chromosomal rearrangements that consti-
tute the majority of genetic differences across human genomes.[6]

Accumulating evidence has demonstrated that SVs contribute
to polymorphic variation, pathogenetic conditions, and many
human diseases, such as cancers.[7,8] SVs can amplify oncogenes,
delete tumor suppressor genes or affect noncoding genes in-
volved in cancer susceptibility, thereby facilitating cancer genome
evolution.[9,10] For a long time, SV detection has been performed
through SRS approaches, which have been reported to lack sensi-
tivity, exhibit a very high false-positive rate and misinterpret com-
plex or nested SVs.[11,12] Recently, long-read methods, referred to
as third-generation sequencing (TGS) technologies, have been
developed and shown to produce genome assemblies of unprece-
dented quality.[13–15] The first true representative of TGS is single-
molecule real-time (SMRT) sequencing, developed by Pacific
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Biosciences (PacBio).[16] With average read lengths of 10 kbp or
higher, reads can be more confidently aligned to the repetitive
sequences that often mediate the formation of SVs. In addition,
long reads are more likely to span SV breakpoints with high-
confidence alignments. These advantages highlight the need for
third-generation/long-read sequencing of cancer genomes for
the precise analysis of structural variant signatures to understand
the molecular etiology underlying these diseases.[17,18]

High-throughput sequencing technologies can dramatically
accelerate the discovery and characterization of SVs; however,
the medical interpretation of SVs and the prediction of pheno-
typic consequences remain crucial challenges for geneticists and
cancer biologists.[19] Importantly, the discovery that SVs can be
pathogenic without changing coding sequences indicated that
SVs can not only directly alter gene expression through their ef-
fects on gene dosage,[20] but also have regulatory effects by influ-
encing the position and/or function of cis-regulatory elements,
such as promoters and enhancers, i.e., position effects.[21] Owing
to advances in 3D genome mapping technologies, such as high-
throughput chromosome conformation capture (Hi-C) sequenc-
ing, it is now becoming increasingly evident that position effects
are the result of alterations that are much more complex than
simple changes in the linear genome and can be understood only
by considering the 3D organization of the genome.[10] Recent
findings have indicated that dynamic changes in 3D genome ar-
chitecture are associated with the development of multiple malig-
nancies, including breast cancer,[14,15,22] multiple myeloma,[23] B
cell lymphoma,[24] and T cell acute lymphoblastic leukemia,[25,26]

by coordinating the expression of some key driver genes. Notably,
SVs can disrupt 3D genome organization and thereby exert in-
direct regulatory effects on gene expression.[27] Meanwhile, the
occurrence and formation of genomic rearrangements can be in-
fluenced by the 3D chromatin architecture,[28] highlighting an
action–reaction interplay between SVs and the 3D genome.

In light of these reports, understanding how SVs contribute
to cancer pathogenesis by interplaying with chromatin organiza-
tion remains largely unexplored. Herein, to broadly assess the
global structural variation spectrum and 3D chromatin architec-
ture in pancreatic cancer, we performed SMRT and in situ Hi-
C sequencing in two primary pancreatic ductal carcinoma cell
lines (PANC1 and BxPC3) and an immortalized normal epithelial
cell line (HPDE6C7). We further integrated the resulting datasets
with transcriptomics by RNA-seq to elucidate the influences of
the dynamic interplay between SVs and 3D genome organiza-
tion on gene expression. Moreover, some public datasets includ-
ing enhancer activity, expressional level, and clinical prognosis
were also acquired to validate the above regulatory correlation or
biological significance. Our study provides fundamental new in-
sights into the genetic and molecular basis of PDAC development
and may contribute to the discovery of novel potential targets or
biomarkers for precision therapy.

2. Results

2.1. The Signatures of Structural Variations in Human Pancreatic
Cancer

Figure 1a shows the schematic diagram of the overall research
design. We first comprehensively investigated the dynamic spec-

trums of SVs that occur during the malignant transformation
of normal pancreatic ductal epithelial cells by SMRT sequenc-
ing. The structural variation data, processed by our SMRT-bench
platform, showed good alignment rates with a high percent-
age of usable long-range read pairs (Figure S1 and Table S1,
Supporting Information). By mapping to the reference genome
GRCh37(hg19), a large number of SVs were detected, with to-
tal counts of 20 805, 21 168, and 23 035 SVs in PANC1, BxPC3,
and HPDE6C7, respectively (Figure 1b and Figure S2a and Ta-
ble S2, Supporting Information). The two most common types
of SVs were insertions and deletions, which accounted for ≈50%
and 41% of all SVs, respectively. Notably, the number of complex
SVs in which more than two different types of simple SVs break-
ends overlapped was elevated two- to fourfold in cancer cell lines
compared with normal epithelial cell line, which indicated that
genome instability increased greatly during malignant transfor-
mation. Next, we explored the distribution of SVs in different re-
gions of the genome and found that a majority of them were lo-
cated in intergenic and intronic regions, as reported in previous
studies[10,18,29] (Figure S2b, Supporting Information).

To further identify the specific SVs that might lead to tumorige-
nesis, we compared all the SVs detected in cancer cells with those
detected in normal epithelial cells and found that more than half
of the SVs were specific to BxPC3 or PANC1 (Figure 1c and Ta-
ble S3, Supporting Information). The number of common SVs
shared by the three cell lines was 2874, which accounted for only
13% of all SVs detected, suggesting that SVs were polymorphic
with high cell-type specificity. Additionally, we studied the length
distributions of different specific SV types. Insertions, deletions,
and duplications showed similar characteristics, and most were
within 1 kb in length (Figure 1d), while inversions and complex
SVs were relatively different between the two cancer cell lines
(Figure S2c, Supporting Information). In addition, we analyzed
the standardized counts and proportions of different specific SV
types within each chromosome. Although the normalized num-
ber of total SVs in each chromosome was slightly different, the
proportion of each specific SV type was basically similar (Fig-
ure 1e).

Next, we further investigated the genes that were directly
affected by SVs in their exon regions and obtained 1017, 1061,
and 1683 genes in PANC1, BxPC3, and HPDE6C7, respectively
(Figure 1f, and Table S4, Supporting Information). The specific
genes affected by SVs in cancer cell lines were 177 and 232, of
which 17 and 25 were reported as human cancer genes (HCGs)
in the Catalogue of Somatic Mutations in Cancer (COSMIC, see
URLs)[30,31] (Tables S5 and S6, Supporting Information). Notably,
the specific HCGs shared by both cancer cell lines included
CDKN2A, CDKN2B, and MTAP deletions on chromosome 9 and
RRAS2 insertions on chromosome 11. In addition, DICER1 am-
plification on chromosome 14, AKT2 deletion on chromosome
19, and GNAS insertion on chromosome 20 were indepen-
dently detected in PANC1. TNC deletion on chromosome 9,
RRAS2 insertion on chromosome 11, and SMAD4 deletion on
chromosome 18 were specifically detected in BxPC3. CDKN2A
homozygous deletion was demonstrated in PANC1 and BxPC3
but not HPDE6C7 in Cellosaurus, a knowledge resource for cell
lines (see URLs, Table S7, Supporting Information). To confirm
these findings in our data, the relevant genomes in three cell
lines were visualized by IGV (Integrative Genomics Viewer, see
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Figure 1. The overall landscape of SVs in PANC1, BxPC3, and HPDE6C7. a) Schematic diagram of the overall research design with the study material,
multiomics platform, and significance presented. b) Circos plot showing the high-confidence SVs detected by Sniffles in BxPC3 with 23 chromosomes
inputted. The tracks from the outer to the inner circles are the chromosome coordinates, deletions, insertions, duplications, inversions, and transloca-
tions. c) Venn diagram showing the intersection of structural variations in two cancer cell lines (PANC1 and BxPC3) and one normal pancreatic ductal
epithelial cell line (HPDE6C7) with counts indicated. d) Histograms showing the length distribution of specific SVs. e) Distribution of standardized
total SV burden (deletion: light blue, duplication: pink, insertion: deep blue, inversion: red, translocation: light purple, complex: brown) across chromo-
somes. f) Pipeline of identification of specific cancer-related genes directly affected by SVs in exonic regions in PANC1 and BxPC3. g) IGV image showing
a homozygous deletion on chromosome 9 (covering CDKN2A, CDKN2B, and MTAP) of different lengths in BxPC3 and PANC1.
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URLs). There was an obvious large deletion in BxPC3 with a
length of more than 1.7 Mb involving many genes in addition to
CDKN2A, including CDKN2B, MTAP, and DMRTA1 (Figure 1g).
Similarly, a smaller deletion of ≈0.5 Mb that simultaneously
covered the CDKN2A, CDKN2B, and MTAP genes was found
in PANC1. Interestingly, we found another duplication in the
region adjacent to this deletion in PANC1, which could also
be verified by NGS data from the Yue Feng lab[29] (Figure S2e,
Supporting Information). In addition, a homozygous deletion of
SMAD4 was observed in BxPC3, which was consistent with data
from Cellosaurus (Figure S2d, Supporting Information). These
findings further supported the identity of our cell lines and the
reliability of SV data generated using the SMRT-bench platform
in this study. The above SVs directly affected oncogenes or tumor
suppressors in cancer cells and thus might play a significant role
in the oncogenesis and maintenance of the malignant phenotype.

Together, these state-of-the-art long-read sequencing results
establish signatures of SVs in human pancreatic cancer, which
should provide a valuable resource for the comprehensive inves-
tigation of the pathogenesis of SVs in this deadly malignancy.

2.2. Widespread Remodeling of 3D Chromatin Architecture
Correlates with Gene Expressional Changes in Human PDAC

To further reveal the impact of SVs on 3D chromatin architec-
ture and gene expression, we applied in situ Hi-C sequencing
to comprehensively analyze the spatial conformation of chromo-
somes in the normal HPDE6C7 cell line and two cancer cell lines
(BxPC3 and PANC1). Correlation analysis of the primary reads of
three cell lines from different libraries indicated that Hi-C data
from different libraries were consistent and that the two cancer
cell types were most similar to each other and could be distin-
guished from the normal HPDE6C7 cell line (Figure S3a and
Table S8, Supporting Information). Next, we compared the 3D
genome architecture of cancer cell lines with that of a normal
epithelial cell line on multiple scales.

2.2.1. Compartment Switching in PDAC

We first performed an analysis of compartment A/B transition in
the genome and found that compared with HPDE6C7, the overall
incidence of A/B switching was 24.8% in BxPC3 (A-to-B, 15.3%;
B-to-A, 9.5%) and 24.1% in PANC1 (A-to-B, 16.2%; B-to-A, 7.9%),
respectively. Although the percentage of A/B switching appeared
different on each chromosome, the majority of the genome ex-
hibited a stable A/B identity. Stable A was clearly the most com-
mon while A/B transition was the least part on chromosome 9 in
both cancer cell lines (Figure 2a and Table S8, Supporting Infor-
mation).

Additionally, A/B switching was reported to be associated with
changes in gene density and regulatory activity. Our data showed
that stable A and B-to-A compartments were gene-rich regions
with active transcription, while stable B and A-to-B compart-
ments had the opposite properties (taking chromosome 12 as
an example in Figure 2b). Further analysis in combination with
RNA-seq data revealed that compartment A/B and compartment
switching were significantly associated with gene expression

changes, i.e., the gene expression in stable A and B-to-A com-
partments was significantly higher than that in stable B and A-
to-B compartments (Figure 2c and Figure S4b, Supporting In-
formation). Next, we analyzed the features of differentially ex-
pressed genes (|Log2FC|>1 and q-value<0.05) and found that the
number of differentially expressed genes in the A-to-B compart-
ment was significantly higher than that in the B-to-A compart-
ment in BxPC3/PANC1 cells (1291/1314 vs 767/696, p < 0.05)
(Figure 2c and Figure S4b–d and Table S10, Supporting Informa-
tion). We further aligned with the reported human cancer-related
genes and found that PHLDA1, a gene located in the common
B-to-A compartment of chromosome 12, was significantly up-
regulated in both cancer cell lines (BxPC3:Log2FC 2.33, q-value
< 0.001; PANC1: Log2FC 1.94, q-value < 0.001). Data from the
GEPIA2 (gene expression profiling interactive analysis) server
show that PHLDA1 is significantly upregulated in several ma-
lignancies, including pancreatic cancer, lower-grade glioma, and
melanoma,[32] and it is significantly associated with poor progno-
sis in pancreatic cancer.

Together, these data show that the spatial distribution of chro-
matin compartments A and B are changed in two cancer cell lines
(BxPC3 and PANC1) compared with HPDE6C7, and these tran-
sitions were significantly associated with expression changes in
cancer-related genes.

2.2.2. Contact Domain Alterations in PDAC

The topologically associating domain (TAD) is the functional unit
of chromatin architecture. In previous studies, TADs were mainly
identified by insulation score,[23,33,34] but this method could iden-
tify only large topological units due to technical drawbacks lead-
ing to low resolution.[35] To better characterize the contact do-
mains (CDs) of normal and cancer cell lines, we employed high-
resolution Hi-C, and contact domain boundaries (CDBs) were
detected using the HiCDB method based on local relative in-
sulation metrics and a multiscale aggregation approach on Hi-
C maps.[36] We identified 14 581, 14 318, and 13 494 CDs in the
HPDE6C7, BxPC3, and PANC1 cell lines with average sizes of
211, 227, and 214 kb, respectively (Figure S4e,f and Table S11,
Supporting Information). Notably, most constitutive CDBs were
shared by HPDE6C7, BxPC3, and PANC1 cells (21.59%), fol-
lowed by cell-specific CDBs (18.46%, 19.24%, and 15.12% for
HPDE6C7, BxPC3, and PANC1, respectively). In contrast, few
facultative CDBs were shared between any two cell types (8.55%,
7.61%, and 9.43% for HPDE6C7 vs BxPC3, BxPC3 vs PANC1,
and PANC1 vs HPDE6C7, respectively) (Figure 2d and Table S12,
Supporting Information). These results suggested that CDBs are
conserved in the human genome.

For some cancer types (breast and prostate cancers, mul-
tiple myeloma), it has been reported that acquisition of new
CD boundaries is usually accompanied by a corresponding in-
crease in CD number and decrease in CD size.[22,23,33] How-
ever, our study showed that the disappearance of CD bound-
aries was more typical in pancreatic cancer cells. Notably, changes
in CD number and size could present diametrically opposite
alterations in different chromosome regions. For example, on
the Hi-C map, fewer and longer CDs were observed in chro-
mosome 3 of PANC1 than in the same region of HPDE6C7,
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while a region of chromosome 21 showed the opposite trend
(Figure 2e); the same finding was also observed in BxPC3 (Fig-
ure S4g, Supporting Information). Similar results have been ob-
served in gliomas and acute lymphoblastic leukemias,[25,37] sug-
gesting that the trend of CD alterations in cancer is not abso-
lute and that CDs may present quite diverse changes in differ-
ent cancer types. Cancer heterogeneity and features specific to
immortalized HPDE6C7 cells may be one of the contributing
factors. To further explore the relationship between changes in
different types of CDs and altered gene expression in the corre-
sponding regions, we defined the newly emerging CDs in cancer
cells as cancer-specific CDs and the CDs shared with HPDE6C7
as stable CDs. We found that cancer-specific CD regions were
significantly more associated with upregulated gene expression
compared with stable CDs (Figure 2f and Table S13, Support-
ing Information). Next, we analyzed expressional changes of
genes in 1915 shared cancer-specific CDBs. Interestingly, about
42% of genes level were found significantly different in both
cancer cell lines PANC1(upregulated 337/1629 and downregu-
lated 343/1629) and BxPC3 (upregulated 363/1629 and down-
regulated 313/1629) compared with HPDE6C7, including TP53,
SMAD3, PDGFA, etc. (Table S14, Supporting Information). Fur-
ther gene ontology (GO) analysis of differentially expressed genes
in cancer-specific CDs revealed that altered genes were involved
in several key pathways, including cancer promotion, cell differ-
entiation, cell adhesion, cell motility, and migration (Figure 2g
and Figure S4h, Supporting Information).

2.2.3. Cancer-Specific Loops and Aberrant Enhancer Activations in
PDAC

Chromatin loops were identified using Hi-C Computational Un-
biased Peak Search (HiCCUPS). If the observed/expected ratio of
the two ends of the loops in the cancer cell line was twice as high
as that in the normal control cell line, the loops were defined as
cancer-specific loops. To explore the relationship between differ-
ential gene expression and loops in chromatin, we profiled a to-
tal of 4046 and 1859 cancer-specific loops in BxPC3 and PANC1,

of which with H3K27ac peaks were 3743 and 1357, respectively
(Table S15, Supporting Information). Further analysis of CDs
revealed that cancer-specific CDs were significantly associated
with a high proportion of cancer-specific loops (Figure 2h). More-
over, the proportion of active enhancers marked by H3K27ac
was higher in cancer-specific loops than in common loops and
random nonloop regions in the genome (Figure 2i). And these
cancer-specific loops with H3K27ac activity were significantly as-
sociated with upregulated gene expression (Figure 2j,k). We fur-
ther investigated these abnormally activated genes, which were
associated with neo-enhancer-promoter loops. Totally, we ob-
tained 967 and 238 significantly upregulated genes in BxPC3 and
PANC1, respectively, including TP63, LAMA3, CD58, MET, etc.
(Table S16, Supporting Information). These data suggested that
the upregulation of gene expression in cancer-specific CDs might
be related to the activation of enhancers in cancer-specific loops.
Therefore, compared with normal HPDE6C7, spatial chromatin
CDs are altered in cancer cell lines. Moreover, these changes are
accompanied by upregulation of gene expression and may be re-
lated to the enhanced activity of regulatory elements in cancer-
specific loops.

In conclusion, the 3D chromatin architecture in PDAC cell
lines has undergone widespread remodeling and consequent
dysregulation of gene expression, which may promote tumori-
genesis and progression of PDAC.

2.3. Distributions of Structural Variations among 3D Genome
Architectures

Previous studies have indicated that the occurrence and forma-
tion of SVs are affected by 3D chromosome organization.[28]

Therefore, we next studied the distribution of the three most
common types of SVs at the level of the 3D genome organiza-
tion.

We first explore the relationship between SVs and A/B
compartments. Insertions, deletions, and duplications
were all significantly enriched in the A compartment of
BxPC3/PANC1/HPDE6C7 cells, except for deletions in BxPC3

Figure 2. 3D chromatin architecture remodeling correlates with gene expression changes in human PDAC. a) Compartment A/B switching of whole
chromosomes in PANC1 and BxPC3 compared with HPDE6C7. Assignment of the A compartment (deep red) and B compartment (deep blue) was
performed using eigenvalues > 0 and < 0, respectively. b) Examples of A/B compartment shifts on chromosome 12 in PANC1 and BxPC3 compared with
HPDE6C7. Roadmap epigenome enhancer activity, marked by H3K27ac signal peaks, in PANC1 and BxPC3 is shown as blue and brown in histograms.
Columns show the gene density in the genome. A red frame denotes a common B-to-A in both cancer cell lines covering the PHLDA1 gene. c) Top: Box
plots showing the comparison of gene expression levels in different compartments between BxPC3 and HPDE6C7. The box represents the interquartile
range (IQR), the centerline denotes the median, and the whiskers extend to 1.5 times the IQR (or to the maximum/minimum if < 1.5 × IQR). Bottom:
Volcano plots showing the number of differentially expressed genes (blue) and cancer-related genes (black) among them in the B-to-A shift region.
Genes indicated by the black arrow are examples of significantly upregulated (red on the right) or downregulated (blue on the left) cancer-related genes
(|Log2FC|>1 and adjusted p value < 0.05). Gene expression was compared as Log2FC (BxPC3/HPDE6C7) with the p-value obtained by the Wilcoxon
rank-sum test. d) Venn diagram showing the intersection of CDBs obtained from the interaction matrices at 10 kb resolution in the three cell types with
counts indicated. e) Examples of CD alterations in regions of interest (left chr 3: 0–4 Mb, right chr 21: 20–24 Mb) in PANC1 compared with HPDE6C7.
The vertical bars in the box between heatmaps represent CDBs. Genes involved in the region are indicated. f) Box plots showing gene expression levels in
different types of CDs in BXPC3 and PANC1 compared with HPDE6C7. The box represents the IQR, the centerline denotes the median, and the whiskers
extend to 1.5 times the IQR (or to the maximum/minimum if < 1.5 × IQR). Gene expression was compared as Log2FC (cancer cell line/HPDE6C7)
with the p-value obtained by the Wilcoxon rank-sum test. g) Biological process enrichment of differentially expressed genes located in specific CDs of
PANC1. p-Values were obtained by Fisher’s exact test using EnrichR. h) Histograms representing proportions of specific loops in different types of CDs
in BxPC3 and PANC1 compared with HPDE6C7. p-Values were calculated by chi-square test. i) Histograms represent the proportions of H3K27ac peaks
in different types of loops in the genomes of BxPC3 and PANC1. p-Values were calculated by chi-square tests. j,k) Box plots represent the gene expression
level in specific loops with or without H3K27ac peaks comparing BXPC3 and PANC1 with HPDE6C7. The box represents the IQR, the centerline denotes
the median, and the whiskers extend to 1.5 times the IQR (or to the maximum/minimum if < 1.5 × IQR). Gene expression was compared as Log2FC
(cancer cell line/HPDE6C7) with the p-value obtained by the Wilcoxon rank-sum test.
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(Figure 3a). We next compared the A/B compartments of
HPDE6C7 with those of BxPC3 or PANC1 and found that
insertions, deletions, and duplications were significantly en-
riched among the stable A of BxPC3 and PANC1 (Figure S5a,
Supporting Information). In addition, insertions, deletions,
and duplications were significantly enriched in the A-to-B
compartment in BxPC3, while deletions and duplications were
significantly enriched in the B-to-A compartment in PANC1
(Figure S5a, Supporting Information), which indicated that the
occurrence of SVs may be related to A/B compartment con-
version. The differences in the distribution pattern among cell
lines strongly suggest the cell-type specificity of the correlation
between SVs and A/B compartment transition.

Next, we selected cancer-specific SVs from all SVs to study their
distribution pattern in 3D chromatin architecture. Interestingly,
we found that insertions, deletions, and duplications were signif-
icantly enriched in the A compartment in PANC1, but only du-
plications were enriched in the A compartment in BxPC3 (Fig-
ure 3b). In terms of the dynamic compartment transitions, in-
sertions were significantly enriched in the A-to-B compartment
in BxPC3, while they were only significantly enriched in the sta-
ble A compartment in PANC1; deletions were enriched in the
stable A and A-to-B compartments in BxPC3, while they were
enriched only in the stable A compartment in PANC1; the dis-
tribution of duplications was similar in BxPC3 and PANC1; and
all duplications were enriched in the stable A compartment (Fig-
ure S5b, Supporting Information). The above findings indicated
that the distribution patterns of cancer-specific SVs in A/B com-
partments were quite different between the two cancer cell lines.
Nevertheless, we further analyzed the compositions of different
types of cancer-specific SVs less than 2 Mb in length in A/B com-
partments in BxPC3 and PANC1 and found that insertions, dele-
tions, and duplications accounted for approximately similar pro-
portions in stable A, stable B, A-to-B, and B-to-A compartments
in the two cancer cell lines (Figure 3c and Figure S5c and Tables
S17 and S18, Supporting Information).

Next, we investigated the distributions of SVs in CDs
and their boundaries. For all SVs, insertions and duplica-
tions were significantly enriched in the CD boundaries in
BxPC3/PANC1/HPDE6C7, while deletions were enriched in the
CD boundaries only in BxPC3 (Figure 3a and Figure S5d, Sup-
porting Information). These findings indicated that most SVs
tended to occur near the boundaries of CDs, consistent with pre-
vious studies.[23,38] We further classified CD boundaries by com-
paring HPDE6C7 with BxPC3 and PANC1 and found that in-
sertions and duplications were significantly enriched only in the
gained CD boundary in PANC1 but not in BxPC3 (Figure S5e,
Supporting Information). Similarly, we observed the same phe-
nomenon in cancer-specific SVs (Figure S5f,g, Supporting Infor-
mation), which indicated the significant cell-type specificity of the
degree of SV enrichment in CD boundaries.

Then, all cancer-specific SVs were divided into four categories:
inter-CDB/cross-CDB/inner-CDB/part-overlap according to the
relative position between the breakpoint of SVs and CDB (Fig-
ure 3d). We found that more than 90% of cancer-specific SVs
were located inside the CDs (inter-CDB-SVs), which had little
impact on their organization, while cross-CDB/inner-CDB/part-
overlap SVs, which had a greater probability of influence on
CD folding, accounted for a relatively low proportion (Figure 3e

and Figure S5h, Supporting Information). We further analyzed
the compositions of different types of cancer-specific SVs in the
inter-CDB/cross-CDB/inner-CDB/part-overlap groups. Interest-
ingly, the proportions of different types of cancer-specific SVs in
BxPC3 and PANC1 were roughly similar in the inter-CDB/inner-
CDB/part-overlap groups, while for the cross-CDB group, the per-
centages of different types of SVs differed greatly (Figure 3f and
Figure S5i and Table S19, Supporting Information).

In conclusion, there is a certain correlation between the oc-
currence of SVs and 3D chromosome organization in tumors at
the A/B compartment or CD level. Furthermore, the distribution
pattern of SVs among the 3D genome is highly cell-type specific.

2.4. Interplay of Cancer-Specific SVs and Chromatin Domains in
PDAC Genomes

Previous studies have revealed that SVs can rewire chromatin or-
ganization to alter chromatin topologies and gene regulation in
cis.[10,27,39] To explore the impact of cross-CDB SVs on CD dis-
ruption, we analyzed the correlation between cross-CDB deletion
and CD fusion and found that CD fusion was significantly more
frequent in the cross-CDB deletion regions than in other sites
of the genome (Figure 4a and Table S20, Supporting Informa-
tion). These results indicate that cross-CDB deletion is signifi-
cantly associated with CD fusion, which is consistent with pre-
vious research results.[10,26,40] However, not all cross-CDB dele-
tions could cause CD fusion, and further analysis found that only
deletions with higher frequency in the same cell line were as-
sociated with enhanced interaction of adjacent CDs or CD fu-
sion. Conversely, deletions with lower frequency had no signifi-
cant effect on the interactions of adjacent CDs, and no CD fusion
was identified in these cases (Figure 4b,c and Figure S6a,b, Sup-
porting Information). Here, frequency refers to the percentage
of SVs in the whole detected cell population. Obviously, higher
frequency of deletions means less interaction in the relevant SV
region on Hi-C heatmaps. Similarly, cross-CDB duplications did
not always result in increased CD interactions; a significant in-
crease in CD interactions or formation of neo-CDs was observed
at only a small number of cross-CDB duplications that were ho-
mozygous or of higher copy number (Figure S7a,b, Supporting
Information). These results indicate that the effects of SVs on
the 3D genome architecture are quite complicated and may be
influenced by multiple factors, such as the intercellular genomic
heterogeneity, location, and length of the SVs.[38,41]

We then analyzed the correlation between CD fusion and dif-
ferential gene expression in two cancer cell lines. The results
showed that the proportion of differentially expressed genes in
fused CDs was significantly higher than that in other regions of
the genome (Figure 4d and Tables S21 and S22, Supporting Infor-
mation). More importantly, we further analyzed the interaction
frequency of CDs adjacent to the cross-CDB deletion and found
that the interaction frequencies of fused CDs on either side of
deletion were significantly higher than those of regions outside
the fused CDs (Figure 4e), suggesting that the CD, as an essential
functional unit of 3D chromatin, is able to confine the influences
of SVs on 3D chromatin organization and gene expression to the
adjacent CDs to maintain the structural and functional stability
of the whole genome (Figure 4f).
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Figure 3. Distributions of structural variations among 3D genome architectures. a) Density of SVs (insertions, deletions, and duplications) in A/B
compartments and CDBs. The density of SVs is the number of SVs divided by the length of each chromosome region. Gray bars represent background
sequence and show the density of SVs on the chromosomes. Red bars show the density of SVs on the different chromosome regions, including A/B
compartments, CDs, and CDBs. Enrichment tests were performed via R’s prop. test, which was evaluated by comparing the proportion of SVs falling in
the region of interest and the proportion of the length of the region of interest in the whole genome. ****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05.
b) The density of cancer-specific SVs (insertions, deletions, and duplications) in A/B compartments and TAD boundary. Cancer-specific SVs refer to
those occurring in BxPC3 (or PANC1) but not in HPDE6C7. Enrichment tests were performed via R’s prop. test, which was evaluated by comparing
the proportion of SVs falling in the region of interest and the proportion of the length of the region of interest in the whole genome. ****p ≤ 0.0001,
***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05. c) The proportion of different types of cancer-specific SVs (less than 2 Mb length) in different A/B compartment
regions of BxPC3. d) Schematic diagram of SV categories according to the position relationship between the breakpoint of cancer-specific SVs and the
CD boundary. e) Number and percentage of four different specific SV types in BxPC3 according to (d). f) Number and percentage of different types of
four categories of cancer-specific SVs in BxPC3 according to (d).
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Figure 4. Cancer-specific SVs affect gene regulation via reshaping CDs in PDAC genomes. a) Proportion of CD fusions in cross-CDB deletion fields and
other genome regions in BXPC3 and PANC1. p-Values were calculated by Fisher’s exact test. b,c) Examples of the impact of cross-CDB deletion frequency
on the chromatin folding domain in BXPC3. Triangle heatmaps represent chromatin contact frequency, with the top showing BxPC3, middle showing
HPDE6C7, and bottom showing the subtractive results. Histogram representing roadmap epigenome enhancer activity, marked by H3K27ac, in BxPC3
(red). b) Homozygous cross-CDB deletion is associated with CD fusion. c) No significant enhancement of adjacent CD interactions was observed at
heterozygous cross-CDB deletion. d) Proportion of differentially expressed genes in fused CDs and all genomes of BXPC3 and PANC1. p-Value was
calculated by Fisher’s exact test. e) Box plots representing gene expression levels in fused CDs and outside CDs in BxPC3 and PANC1 cells. The box
represents the IQR, with the centerline denoting the median; the whiskers extend to 1.5 times the IQR (or to the maximum/minimum if < 1.5 × IQR).
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Collectively, these data show that cancer-specific SVs may reg-
ulate gene expression by remodeling CDs in PDAC. Moreover,
the bulk remodeling effect observed in the 3D genome partly de-
pends on intercellular genomic heterogeneity, which further ex-
pands our understanding of the pathogenesis of SVs in PDAC.

2.5. Impacts of CDKN2A Homozygous Deletion on 3D Genome
Organization and Gene Expression

CDKN2A inactivation occurs in ≈90% of PDACs through various
mechanisms, among which homozygous deletion is one of the
most common pathways.[2,42,43] Our above findings confirmed
the homozygous deletion of CDKN2A in both BxPC3 and PANC1
(Figure 1g). Next, we explored the effect of this homozygous dele-
tion on 3D genome organization and gene expression in chromo-
some 9. Given the differences in deletion length between the two
cancer cell lines, we first carried out the analysis in PANC1 and
found that the interaction between adjacent CDs on both sides
of the deletion was significantly enhanced to form a fused CD.
Moreover, the internal interaction was also significantly inten-
sified between adjacent CD regions, which was consistent with
the finding of duplications on both sides of this deletion in the
genomes by TGS and NGS (Figure 5a,b). We further analyzed
the gene expression changes in this region and found that the
expression of CDKN2A, CDKN2B, and MTAP (genes in the dele-
tion region) had almost disappeared, whereas the expression of
MIR31HG and LINC01239 (genes on either flanking region of
the deletion) had been significantly upregulated (Figure S8a and
Table S23, Supporting Information). However, there were no sig-
nificant changes in the expression of IFNA family members,
which may be attributed to the lack of transcriptional activity of
alpha interferon in both cell lines without further stimulation by
viral infection. Interestingly, we also found the MTAP-DMRTA1
gene fusion, which was consistent with the previous NGS re-
sults of PANC1 in the CBioPortal database. Both MIR31HG and
LINC01239 are long noncoding RNAs, and data from TCGA and
GTEx revealed that their expression was significantly higher in
PDAC tissues than in adjacent normal tissues (Figure 5c). Previ-
ous studies have shown that MIR31HG presents a carcinogenic
phenotype in various solid tumors, such as PDAC, squamous cell
carcinoma of the head and neck, and esophageal cancer,[44–46]

while the effects of LINC01239 have rarely been reported. As
MIR31HG is located in the fused CDs, it can be speculated that
the upregulation of MIR31HG in PANC1 might be related to the
CDKN2A, CDKN2B, and partial MTAP deletion in combination
with the amplification of adjacent genome regions on both sides.
Next, we analyzed the correlation between MIR31HG expres-
sion and the deletion of these three genes (CDKN2A, CDKN2B,
and MTAP) in 807 cancer cell lines from the CCLE database. Al-
though MIR31HG expression was not significantly upregulated
in cells with the three-gene deletion and MIR31HG diploidy or
amplification compared with cells in which MIR31HG and all
three genes were diploid, an upward trend of MIR31HG expres-

sion could still be observed in the amplification group (Figure
S8b,c and Table S24, Supporting Information); the lack of sta-
tistical significance may be related to the small sample sizes of
the two groups. Therefore, we further analyzed 8359 pan-cancer
samples from TCGA database and found that MIR31HG expres-
sion under different MIR31HG mutation statuses in cancer tis-
sues with deep deletion of the three genes (CDKN2A, CDKN2B,
and MTAP) was significantly different from that in cancer tissues
in which all MIR31HG and three genes were diploid. Notably,
MIR31HG expression was significantly increased in MIR31HG
diploid and amplified cancer tissues, indicating that the upregu-
lation of MIR31HG expression was significantly correlated with
MIR31HG copy number amplification and CDKN2A-CDKN2B-
MTAP deletion in a pan-cancer sample (Figure 5d and Figure
S8d and Table S25, Supporting Information). In addition, we also
analyzed the impact of MIR31HG expression on the prognosis
of patients with PDAC and found that the survival of patients
with high MIR31HG expression was significantly shortened (Fig-
ure 5e), consistent with the carcinogenic role of MIR31HG in
PDAC.

Similarly, we studied the homozygous deletion related to
CDKN2A in BxPC3. As the length of deletion was larger than that
in PANC1, the expression of the CDKNA2A, CDKN2B, MTAP,
and MIR31HG genes, which were within the range of the dele-
tion, was lost. At the same time, the interaction between adjacent
CDs on both sides of this deletion was significantly enhanced,
forming a CD fusion. However, due to the lack of expressed genes
in the fused CD region, no changes in expression were observed
(Figure S8a,e, Supporting Information).

These findings suggested that CDKN2A homozygous deletion
was associated with upregulation of MIR31HG expression in
PDAC, which may be related to concomitant amplification and
CD fusion in the adjacent genomic regions of CDKN2A homozy-
gous deletion (Figure 5f). In conclusion, our research revealed
the effects of CDKN2A homozygous deletion on 3D genome or-
ganization and gene expression, providing new insight for un-
derstanding CDKN2A inactivation to drive the occurrence and
development of PDAC.

2.6. Identification of Complex Genomic Rearrangements
Involving SMAD4 Deletion and Their Influence on 3D Genome
and Gene Expression

SMAD4, one key driver gene of PDAC, is known to be lost in
≈55% of pancreatic cancers, with homozygous deletion account-
ing for ≈30% of these cases.[47] However, little is known about
the effect of homozygous SMAD4 deletion on 3D genome orga-
nization. The SMAD4 homozygous deletion in BxPC3 was val-
idated by both the TGS technique and the Hi-C method (Fig-
ure 6a and Figure S2d, Supporting Information). According to
our abovementioned findings, cross-CDB deletion enhanced ad-
jacent CD interactions on both sides of the breakpoints (Model
Figure 6b-top). Surprisingly, the interaction between the two

Gene expression was compared as Log2FC (cancer cell line/HPDE6C7) with the p-value obtained by the Wilcoxon rank-sum test. f) Schematic diagram
of the influence of SVs on gene expression in adjacent CDs. Left panel: The SV occurs within the CD, and the impact on gene regulation is generally
restricted to this CD. Right panel: The SV occurs at a CD boundary or where CD structures are more loosely defined, and the effect on gene regulation
spreads to adjacent CDs.
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Figure 5. CDKN2A homozygous deletion is associated with MIR31HG upregulation partly through concomitant adjacent genome amplification and CD
fusion. a) Diagram showing the impacts of CDKN2A homozygous deletion and concomitant amplification on 3D chromatin folding domains in PANC1.
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sides of the cross-CDB deletion involving the SMAD4 gene was
not enhanced but disappeared, and only a single bin on both
sides of the deletion was found to have enhanced interaction at
40 kb resolution (Figure 6a, Model Figure 6b-bottom). To further
explore the ground truth underlying these abnormal changes,
we first checked the interaction heatmap of chromosome 18 of
BxPC3 and found several enhanced distal ectopic interactions.
These unusual long-range regions were mainly related to three
large deletion sites, including the region of SMAD4 deletion (Fig-
ure 6c). Next, we identified the three large deletion sites from
40 kb Hi-C matrices and divided chromosome 18 into scaffolds
(Figure 6c,d). Then, we rearranged the scaffolds to map them
to the new chromosome 18 according to de novo genome as-
semblies based on chromatin interactions.[48] The aberrant long-
range chromosomal interactions all but disappeared after the
rearrangement. These results indicate that homozygous loss of
SMAD4 and multiple deletions on chromosome 18 in BxPC3 lead
to huge, complex chromosomal rearrangements, including inver-
sions and translocations. This is consistent with previous reports
of chromothripsis in the same regions in ≈11% of pancreatic can-
cer cases[4] and maybe the main cause of the paradoxical changes
in local chromatin interactions. Interestingly, the chromothripsis
and reorganization of chromosome 18 in BxPC3 seem to be ho-
mozygous. This may indicate that there exists some special pref-
erence mechanism for chromosome reconnection.

Then, we found that the interaction frequencies of CDs in
the chromosomal 18 rearrangement region did not change sig-
nificantly and that the CDB remained basically unchanged (Fig-
ure 6e,f), which is consistent with the conserved nature of CDs
in the absence of 1D sequence changes. However, two neo-CDs
were identified in the junction region of the rearranged genome
fragments by NeoLoopFinder,[21] which were located in the junc-
tion region of the 48.28M and 75.28M breakpoints, respectively.
One of the neo-CD involved the MAPK4, and the other one in-
volved the DCC and CTDP1 (Figure 6g and Figure S9a, Support-
ing Information). Subsequently, we analyzed the expression of
the MAPK4, DCC, and CTDP1 genes within the neo-CD range
and found that the transcription of all three genes was extremely
low and did not exhibit any significant changes (Table S26, Sup-
porting Information). This may be related to the fact that en-
hancers marked by H3K27ac within the neo-CD region had no
significant alterations in their activities (Figure 6g and Figure
S9a, Supporting Information). The above findings suggest that
CD can reduce the disruption of 3D genomic organization caused

by complex chromosomal rearrangements, maintaining the ba-
sic architecture of the chromatin and stabilizing the expression
of genes within the CDs. This may be an intermediate protective
mechanism by which chromatin can limit the disruption of gene
expression by SVs and could be the result of adaptive selection
under natural stresses during evolution.

Indeed, rather than being restricted to chromosomal rear-
rangement junction regions, extensive ectopic chromosomal
rearrangements may also affect long-range gene regulation
throughout chromosome 18 by altering the spatial location of cis-
regulatory elements. Therefore, we screened the entire set of dif-
ferentially expressed genes across chromosome 18. To identify
differential gene expression related to chromosome rearrange-
ments, we excluded those genes with no significant difference in
expression or low self-expression level (FPKM < 1) in BxPC3 and
PANC1. Finally, a total of 51 candidate rearrangement-related dif-
ferentially expressed genes were identified, of which 39 showed
higher expression in pancreatic cancer than in adjacent normal
tissues and 28 were significantly related to poor prognosis (Fig-
ure S9b and Table S27, Supporting Information). Notably, both
MYO5B and VPS4B within the rearrangement region were up-
regulated in pancreatic cancer and associated with poor progno-
sis (Figure 6h,i, and Figure S9c,d, Supporting Information). Sim-
ilarly, DSC2, DSG2, and LAMA3 were also found to be highly
expressed and significantly associated with poor prognosis in
pancreatic cancer (Figure S9c,d, Supporting Information). It has
been shown that their encoded proteins are involved in epithelial
cell–cell junctions, adhesion, and cell motility and migration and
therefore may play an important role in the carcinogenesis and
progression of pancreatic cancer.[25,49,50]

Collectively, our study identified complex chromosomal rear-
rangements associated with SMAD4 deletion on chromosome
18 and revealed their effects on 3D genome organization and
related gene expression. Moreover, our data further verified the
critical role of CDs in maintaining chromatin structural stabil-
ity. These results provide more clues for understanding the com-
plicated regulatory roles of SVs, 3D chromatin architecture and
gene expression changes in the carcinogenesis and progression
of pancreatic cancer (Figure 6j).

3. Discussion

Recently, with the rapid development and application of
TGS and high-throughput chromatin conformation capture

Triangle heatmaps represent chromatin contact frequency, with the top showing PANC1, middle showing HPDE6C7, and bottom showing the subtractive
results. The histograms below represent the roadmap epigenome enhancer activity, marked by H3K27ac, in PANC1 (blue at top) and read coverage of
next-generation (purple at middle) and third-generation (brown at bottom) sequencing for PANC1 in the same genomic region. The red dashed line
denotes the breakpoints of the homozygous deletion, and the yellow dashed line marks the boundaries of the fused CD. The black dashed line in the
bottom triangle heatmap indicates the enhanced internal and external interaction of the adjacent CD. b) Triangle heatmap showing the fused CDs with
the black dashed line indicated. c) Expression of MIR31HG and Linc01239 in pancreatic cancer and normal control tissues from TCGA and GTEx (n
= 350). The box represents the IQR, the centerline denotes the median and the whiskers extend to 1.5 times the IQR (or to the maximum/minimum
if < 1.5 × IQR). p-Values were obtained by Wilcoxon rank-sum test. ***p ≤ 0.001. d) MIR31HG expression levels under different mutation states of
MIR31HG and three genes (CDKN2A, CDKN2B, and MTAP) in pancancer tissues from TCGA. The box represents the IQR, the centerline denotes the
median and the whiskers extend to 1.5 times the IQR (or to the maximum/minimum if < 1.5 × IQR). p-Values were obtained by Kruskal–Wallis test. e)
Kaplan–Meier survival curves for overall survival according to MIR31HG expression in the TCGA pancreatic cancer dataset with a total of 178 cases (low
group: 43, high group: 135). The p-value was obtained by Cox regression in R (version 3.6.3). f) Schematic diagram showing that CDKN2A homozygous
deletion could promote oncogenesis and the progression of PDAC by upregulating MIR31HG through concomitant amplification (dosage effect) and
CD fusion (position effect). Dosage effects include oncogene MIR31HG amplification and suppressor CDKN2A inactivation. Position effects refer to
potential enhancer hijacking through CD fusion.
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Figure 6. Identification of complex genomic rearrangements associated with SMAD4 deletion in PDAC. a) Triangle heatmap showing the interaction on
both sides of the cross-CDB deletion involving SMAD4 in BxPC3. No interaction was observed on adjacent CDs of this homozygous deletion except for
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techniques (Hi-C), increasing evidence has shown that SVs
and the 3D genome play critical roles in tumorigenesis and
development.[13,16,22,23,33,51] However, the spectrum of SVs and
overall 3D genome architecture, as well as their dynamic inter-
play, during the malignant transformation of normal pancreatic
ductal epithelium remain largely undefined. In this study, we
applied TGS, in situ Hi-C, and RNA-seq technologies in com-
bination with data from multiple public databases to perform
comprehensive analyses on two PDAC cell lines and a normal
immortalized human pancreatic ductal epithelial cell line. This
study revealed the signatures of SVs and multidimensional
alterations in the spatial organization of chromosomes in PDAC
cells and further characterized the complicated interplay of 3D
chromosome organization and SVs and their impacts on gene
expression. These results could expand our understanding of
the complex regulatory network of molecular biology involved in
the carcinogenesis and progression of PDAC.

To systematically study SVs in PDAC, we first employed SMRT
technology to establish the signatures of SVs in cancer cell lines
and identified more than 20 000 SVs. These results fully reflect
the substantial advantages of TGS technologies for SV detection
and identification.[18] Interestingly, up to 23 035 SVs were de-
tected in the immortalized ductal epithelial cell line HPDE6C7,
slightly more than the number detected in the cancer cell lines
PANC1 and BxPC3. This difference might be related to the pro-
cess of immortalization of human pancreatic ductal epithelial
cells derived from normal adult human pancreatic ducts trans-
fected by the E6E7 gene of human papilloma virus.[52,53] In ad-
dition, multiple recent studies using TGS have identified more
than 20 000 SVs in different normal human genomes,[54–56] in-
dicating that SVs are polymorphic in the human genome. Such
polymorphic SVs can generate novel genomic rearrangements
and contribute to the maintenance of genomic diversity.[10] More-
over, most of the polymorphic SVs prevalent in the population
are not pathogenic.[57] To differentiate polymorphic from poten-
tially disease-causing SVs, it is essential to determine whether an
SV occurred de novo or was inherited, as de novo (i.e., disease-
specific) SVs are more frequently associated with the etiology of a

disease.[57] Therefore, identifying pathogenic SVs will be of great
significance and deserve more attention in future studies.

Notably, SVs also have a certain preference in their genomic
distribution. First, at the linear genomic level (1D), we found that
SVs were mainly distributed in intergenic and intronic regions
and less distributed in exonic regions, indicating that most SVs
did not alter coding sequences directly, which in turn maintains
the evolutionary stability of the human genome. Second, at the
3D genome level, SVs tended to be enriched in compartment A
and at the boundaries of CDs, whereas SVs in compartment B
and inside CDs were relatively rare, suggesting that SV occur-
rence and formation may be influenced by 3D genomic organi-
zation, while SVs may exert a pathogenic effect by remodeling the
genome architecture.[10,39] Consequently, in addition to changing
the gene dosage in linear genomic exonic regions,[58] SV primar-
ily produces pathogenic effects by altering the spatial organiza-
tion of chromatin to interfere with the positioning and/or copy
number of regulatory elements, i.e., exerting position effects.[10]

Through these position effects, SV may affect the expression of
genes that are distant from SV breakpoints and participate in car-
cinogenesis and progression. For example, deletions and dupli-
cations can not only alter the dosage of cis-regulatory elements
but also affect their spatial positional distribution, which in turn
may affect gene expression through higher-order chromatin or-
ganization of the locus. Similarly, inversions and translocations
may affect gene expression and the pathogenic potential of SVs
by disrupting the native enhancer regions and CDs or creating
novel ones,[10] in addition to by disrupting coding sequences or
producing fusion transcripts.

Previous studies have shown that SVs on the cross-CDB re-
move the isolation effect of the original CCCTC-binding fac-
tor (CTCF)-related boundary elements, trigger the relocation of
enhancers, and may affect enhancer–promoter communication,
leading to aberrant gene expression.[35,59,60] Deletion and dupli-
cation, as the most common simple SVs, have been shown to
induce the fusion of adjacent CDs and neo-CD formation, re-
spectively, in numerous tumors.[26,38,51,60] Although similar phe-
nomena were observed in our results, the actual situation was

a single bin at 40 kb resolution. b) Schematic diagrams showing the impacts of homozygous cross-CDB deletion on the interaction of adjacent CDs.
Top: The interaction on both sides of the cross-CDB deletion is enhanced in most normal cases. Bottom: The interaction on both sides of the cross-CDB
deletion is reduced in some abnormal situations. c) Observed interaction heatmaps (lower-left triangle, interaction reads mapping to hg19 reference
genome) and reconstructed heatmap (upper-right triangle) of chromosome 18 in the BxPC3 cell line. SMAD4 is involved in the first region marked with
a triangle on the left. The aberrant chromosomal long-range interactions (indicated by black rectangles) all but disappeared after the rearrangement.
Segments with different colors represent genome fragments. Arrows in different colors show simplified rearranged models of relevant segments with the
same color. Briefly, red and green segments were translocated and inverted, and small segments beside them were also translocated after reconstruc-
tion. d) Amplification of regional heatmaps indicated by triangles and rectangles in (c). The dashed box shows the aberrant enhanced interaction on the
junction region of rearranged genome fragments corresponding to new contact domain (neo-CD) in (g). e) Box plots representing the comparison of in-
teraction frequency between CDs in the rearranged region and in the whole genome. Interaction frequency was reported as Log2FC (BxPC3/HPDE6C7).
The box represents the IQR, the centerline denotes the median and the whiskers extend to 1.5 times the IQR (or to the maximum/minimum if < 1.5 ×
IQR). p-Values were obtained by Wilcoxon rank-sum test. f) Comparison of the local relative insulation (LRI) score of the CDB in the rearranged region
(yellow: BxPC3, green: HPDE6C7) and all genomes (red: BxPC3, blue: HPDE6C7). g) Example of neo-CD formation in the junction region of rearranged
yellow and green genome fragments in chromosome 18 of BxPC3 by NeoLoopFinder. The dashed triangle denotes the neo-CD corresponding to ectopic
interactions in (d) with the dashed black arrow indicated. Histograms below represent roadmap epigenome enhancer activity, marked by H3K27ac, in
BxPC3 (yellow). h) Expression of MYO5B in pancreatic cancer and normal control tissues from TCGA and GTEx (n = 350). The box represents the IQR,
the centerline denotes the median and the whiskers extend to 1.5 times the IQR (or to the maximum/minimum if < 1.5 × IQR). p-Values were obtained
by Wilcoxon rank-sum test. ***p ≤ 0.001. i) Kaplan–Meier survival curves for overall survival according to MYO5B expression in the TCGA pancreatic
cancer dataset with a total of 178 cases (low group: 62, high group: 116). p-Values were obtained by Cox regression in R (version 3.6.3). j) Schematic
diagram showing that multiple molecular biological events are involved in the carcinogenesis and progression of pancreatic cancer. These events are
not independent of each other but rather engage in crosstalk and generate a complex regulatory network.
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far more complicated than expected. We observed partial cross-
CDB SVs that did not result in corresponding CD fusions or neo-
CD formation. We speculate that this may be related to SV fre-
quency or copy number variations in different cell lines, as Hi-C
data are derived from the average value of a specific cell popu-
lation. Fused CDs or neo-CDs within the entire cell population
might be masked to varying degrees if the chromosomes of het-
erogenous cancer cells do not undergo deletion or duplication
of CTCF-associated boundary insulators. Accordingly, our under-
standing of the true nature of chromatin domains is probably
obscured by intercellular genomic heterogeneity in population-
averaged data. The recent development of single-cell Hi-C is ex-
citing, as this technology is expected to solve this issue.[61,62] More
importantly, our study revealed that the structural disturbance in
CDs caused by cross-CDB deletions appeared to be confined to
adjacent CDs, indicating that CDs tended to restrict the impact
of SVs to the greatest extent and thereby maintained the stabil-
ity of the overall 3D chromatin architecture. This is consistent
with the evolutionarily conserved features of CDs found in the
study, which might be the result of adaptive selection under natu-
ral evolutionary stress. Therefore, cross-CDB SVs may affect gene
regulation by disrupting the 3D structure of adjacent CDs. How-
ever, the subsequent self-protection mechanism limits the fur-
ther influence of SVs, indicating that the process of pancreatic
carcinogenesis and development involves the dynamic interplay
and complex regulation of multiple mechanisms.

Previous studies have identified the loss of CDKN2A on chro-
mosome 9 and SMAD4 on chromosome 18 as important drivers
of pancreatic carcinogenesis and progression, with homozygous
deletion being a major cause of inactivation of these two key tu-
mor suppressor genes.[63] In this study, we first confirmed the
presence of CDKN2A- and SMAD4-related homozygous dele-
tions in PDAC cells using TGS. Then, through Hi-C sequenc-
ing, we found that the homozygous deletion was accompanied by
ectopic chromosome rearrangement. Furthermore, we revealed
the effects of this complex chromosome rearrangement on 3D
genome organization and gene expression alterations, provid-
ing new biological insights and potential therapeutic possibil-
ities for understanding the carcinogenesis and progression of
PDAC. First, we identified a homozygous CDKN2A-CDKN2B-
MTAP codeletion along with tandem duplications of the flanking
regions on chromosome 9 in the PANC1 cell line. This complex
SV led directly to the loss of the CDKN2A tumor suppressor sig-
naling pathway and significantly upregulated the expression of
the MIR31HG gene in its neighboring region. This could be the
result of cross-CDB deletion-related adjacent CD fusion and en-
hancer hijacking,[60,64,65] as well as of an increase in gene dosage
at the 1D level caused by tandem duplications within CDs. In
practice, deletions and tandem duplications of specific cancer-
related genes are also quite common in other tumors.[63] These
results indicate that SV can not only alter gene dosage at the
1D level but also regulate the expression of cancer-related genes
through 3D position effects, which collectively contribute to pan-
creatic carcinogenesis and progression. Previous studies have
shown that MIR31HG can promote cancer in a variety of solid
tumors.[44–46] Therefore, the development of targeted therapeutic
strategies may have good prospects in clinical applications.

Our study also showed that the deletion of a region on chromo-
some 18 of BxPC3 cells produced an unexpected result on Hi-C,

i.e., the interaction between the regions flanking the lost SMAD4
gene was not enhanced but basically disappeared, which could
not be explained by simple deletion. Further localized scaffold
rearrangements on chromosome 18 confirmed the complex ec-
topic rearrangements of the genome, including the SMAD4 loss
region. Recently, an increasing number of studies have shown
that extensive chromosomal rearrangement caused by complex
SV is a critical mechanism involved in the genetic instability
of PDAC.[4,66,67] These findings challenge the current model of
PDAC tumorigenesis and provide novel insights into the muta-
tional processes that give rise to these aggressive tumors. How-
ever, these studies have focused on the alterations of 1D chro-
mosome structure and their effects on the regulation of gene ex-
pression. Based on this knowledge, we further analyzed the chro-
matin interactions in the rearranged regions of chromosome 18
and found that the interaction frequencies did not change sig-
nificantly within the rearranged regions that did not involve the
CD boundary, suggesting that the presence of an isolated bound-
ary may be crucial for maintaining the stability of CD organiza-
tion. This is because genomic rearrangements that do not involve
boundaries are more likely to alter gene dosage within CDs,[10]

not the ectopic contacts between adjacent CDs. However, en-
hanced interactions and neo-CDs were observed in the junction
loci of the chromosomal rearranged segments, but the expres-
sion of the MAPK4, DCC, and CTDP1 genes within the neo-CD
region did not change dramatically, indicating that neo-CD for-
mation is not always associated with gene expression changes, es-
pecially when cis-regulatory elements remain stable.[21,68] Accord-
ingly, gene regulation in PDAC genomes is sophisticated and in-
fluenced by multiple factors. Disruption of chromatin folding do-
mains caused by chromosome rearrangement may contribute to
gene expression changes, but this is not always the case.[69]

Next, we analyzed the differentially expressed genes associ-
ated with genomic rearrangements across the entirety of chro-
mosome 18 and found that the vast majority of them (39/51)
were upregulated in PDAC and were significantly related to poor
prognosis. DSC2 and DSG2 are typical examples. As an impor-
tant component of the desmosome and the most widely dis-
tributed isoform of desmocollin (DSC), desmocollin 2 (DSC2)
has been demonstrated to be essential for the adhesion of ep-
ithelial cells and serves as a vital regulator in signaling processes
such as epithelial morphogenesis, differentiation, wound heal-
ing, cell apoptosis, migration, and proliferation.[70] In addition,
the desmoglein 2 (DSG2) gene product is a calcium-binding
transmembrane glycoprotein component of desmosomes in ver-
tebrate epithelial cells. A recent study suggested that DSG2 could
promote the carcinogenesis and progression of squamous cell
carcinoma by enhancing exosome synthesis and secretion.[71]

Consequently, these chromosomal rearrangements associated
with differential gene expression may serve as prognostic mark-
ers and potential therapeutic targets for PDAC in the future.
In short, complex genomic rearrangements that occur on the
chromosome may affect cancer-related genes by altering the
3D genome organization and participate in the carcinogenesis
and progression of PDAC. Our results provide a new and high-
dimensional perspective for a more comprehensive understand-
ing of the molecular biological processes involved in pancreatic
carcinogenesis and development. However, why chromosomal
rearrangements occur so frequently in PDAC remains difficult
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to answer; it is speculated that this may be a result of selective
adaptation exerted by extensive desmoplasia.

Notably, an SV manifests as a “junction” between two “break-
points” in the genome. Only when TGS sequencing reads cross
and cover the two breakpoints of the SVs can the SV be identified
by TGS SV calling software. In this study, we failed to identify
another two large deletions related to chromosome rearrange-
ments not involving SMAD4 using this software. However, this
information could be easily obtained by using a Hi-C heatmap,
suggesting that the current TGS algorithms have limitations in
identifying complex SVs associated with chromosome rearrange-
ment. Therefore, the combined application of TGS SV calls, Hi-C
interactive data, and even bionano data and/or genome assem-
bly algorithms are necessary approaches and effective strategies
to accurately interpret complex genomic SVs for PDAC in the
future.[55]

In summary, our research applied multiomics techniques to
establish the signatures of SVs and 3D genome architecture and
characterize the dynamic interplay between them in PDAC. Fur-
thermore, the impact of homozygous deletion of two key driver
genes, CDKN2A and SMAD4, on 3D chromatin folding domains
and the expression of related genes in the carcinogenesis and
progression of PDAC were specifically elucidated. These find-
ings provide a new spatial perspective toward a comprehensive
understanding of the functions and pathogenic mechanisms of
SVs in pancreatic carcinogenesis and development. However, it
must be acknowledged that there are also some limitations in
this study, such as the representativeness of the cell lines and
the limitations of TGS technology. Therefore, the conclusions of
this study still need to be validated with more basic experiments
and in clinical samples. In short, the current research based on
high-dimensional genome provides a genome-wide resource and
might contribute to identifying new molecular markers or poten-
tial targets, which is of great practical significance to raise the
therapeutic challenges of PDAC with an extremely poor progno-
sis.

4. Experimental Section
Cell Lines and Culture: Human pancreatic ductal epithelial cells

(HPDE6-C7) and the human pancreatic cancer cell lines PANC1 and
BxPC3 were obtained from the American Type Culture Collection (ATCC)
(https://www.atcc.org/). All cell lines were cultured under recommended
conditions, and PANC1/BxPC3 was authenticated by high-resolution small
tandem repeat profiling. Transcriptome cluster analysis was performed on
three cell lines in the CCLE+GSE97003 database, which matched well with
the public database.

Identification of Structural Variations: Genomic DNA was extracted
from the cell lines BxPC3, PANC1, and HPDE6C7 using a QIAamp DNA
Mini Kit/DNeasy Plant Mini Kit1 (QIAGEN). The integrity of the DNA was
determined with an Agilent 4200 Bioanalyzer (Agilent Technologies, Palo
Alto, CA). 8 μg of genomic DNA was sheared using g-Tubes (Covaris)
and concentrated with AMPure PB magnetic beads. Each SMRT bell li-
brary was constructed using the Pacific Biosciences SMRTbell Template
Prep Kit 1.0. The constructed library was size-selected by the Sage ELF
BluePippin system for molecules 8–12 and 14–17 kb, followed by primer
annealing and the binding of the SMRT bell templates to polymerases with
the DNA Polymerase Binding Kit. Sequencing was carried out for 30 h on
the Pacific Bioscience Sequel II platform by Annoroad Genomics. NGMLR
(https://github.com/philres/ngmlr) was used to perform the alignment
with default parameters. Sniffles[18] were used to determine the struc-
tural variation by using default parameters and cancer-specific structural

variation was identified by BEDTools.[72] The SV classification algorithm
was comprehensively defined in another study.[73] Cancer genomes were
shaped with both simple SVs and complex SVs. In this work, the com-
plex SVs were defined as local assemblies that were made up of multiple
SV junctions from different genomic locations on the reference genome,
while the simple SV assemblies were defined as assemblies that only con-
tain single junction event.

Hi-C Reads Mapping and Normalization: Clean reads were mapped
to the Homo sapiens genome assembly (hg19) using Bowtie2 (v2.3.4).[74]

An optimized and flexible pipeline filtered out unmapped, multimapped,
or invalid paired-end reads by Hi-C Pro.[75] Only uniquely valid paired-
end reads were retained for analyses. The interaction matrices at var-
ious resolutions (i.e., with the genome partitioned into bins of differ-
ent sizes) were constructed using HiC-Pro software (v2.7.1) with default
settings.[75] Hi-C interaction matrices were constructed with bin sizes of
1 Mb, 100, 40, 20, 10, and 5 kb at the genome-wide level following the
methods of HiC-Pro software (v2.7.1) with default settings.[75] Briefly, an
improved computational efficiency ICE[75] (Iterative Correction) (https:
//github.com/seqyuan/iced) method was utilized to remove potential Hi-
C interaction bias. The genome-wide Hi-C resolution values were calcu-
lated based on the interaction maps according to previously published
definitions.[74]

Identification of A/B Compartments: Briefly, the expected score was cal-
culated within each matrix using loess smoothed averaging over the in-
trachromosomal interactions. Then, the observed/expected ratio of intra-
interaction matrices was obtained. Next, a Pearson’s correlation matrix
was constructed reflecting the chromosomal interactions for each pair of
bins, which was used for principal component analysis. More details can
be found in the Supporting Information.

Identification of CDBs: HiCDB was applied to identify CDBs. The ma-
trix at 10 kb resolution was used as input and HiCDB was run with default
parameters. After the boundaries were found, the local relative insulation
(LRI) score of each boundary was compared between each sample. When
one sample’s boundary region LRI score was twice that of the other sam-
ples, it was considered to be a specific boundary.[36]

Identification of Loops: Genome-wide chromatin loops were identified
using Hi-C Computational Unbiased Peak Search (HiCCUPS) as part of
the Juicer package using 5 kb bins and default parameters.[76] To find loops
specific to one sample, the observed/expected ratio of the two ends of the
loop for each sample was first calculated. Then, a comparison was made. If
one sample’s observed/expected ratio was twice that of the other sample,
then the loop was considered to be specific to that sample.

RNA-seq: Total RNA of three cell lines was extracted by the TRIzol
method, and libraries were constructed according to a standard protocol
(Illumina) and sequenced on the Illumina HiSeq X-ten system. Three bi-
ological replicates were conducted for each library. The resulting filtered
reads were aligned against the hg19 reference genome using HISAT2[77]

with default parameters (v2.1.0), and the expression level of each gene was
normalized by the method developed by Traver Hart,[78] which was based
on the fragments per kilobase per million mapped fragments (FPKM) val-
ues. Genes were divided into three groups: highly expressed genes (above
the mean), intermediately expressed genes (between the median and the
mean), and low expressed genes (below the median). Differentially ex-
pressed genes (DEGs) were identified with the DESeq2[79] package. Genes
with a Benjamini–Hochberg adjusted q-value < 0.05 and an absolute log2-
fold change ≥ 1 were considered differentially expressed.

ChIP-seq and Data Analysis: ChIP-seq reads (NCBI PRJEB27863)[73]

were aligned to the reference genome using bowtie2[74] software, and only
unique and nonduplicated mapped reads were used for the downstream
analysis. The read coverage and depth were calculated by SAMtools.[80] To
examine the reproducibility of the ChIP-seq experiments, deeptools was
used to generate the correlation plot for all samples, including input sam-
ples. Signal track files in BigWig format were generated using deeptools[72]

bamCoverage function and were normalized to 1 million reads for visual-
ization. DeepTools was also used to plot the gene body and flanking re-
gion heatmap graph using the normalized signal intensity. MACS2 was
used to call peaks, followed by peak annotation using bedtools.[72] Differ-
ential analysis between cancer and normal samples was conducted using
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bedtools. Functional analysis, such as GO and KEGG for differential peak-
related genes, was performed with in-house scripts.

Enrichment was assessed using deepTools2 (v3.1.2)[81] with default pa-
rameters.

The Distribution of SVs along the 3D Genome: The dynamic chro-
mosome regions were obtained through the comparison of cancer and
healthy cell lines. By comparing BXPC3 (or PANC1) to the HPDE6C7 cell
line, the chromosome regions could be divided into stable A/B compart-
ments, A-B compartments, and B-A compartments. By comparing BXPC3
(or PANC1) to the HPDE6C7 cell line, the chromosome regions could be
divided into cancer-gained TAD boundaries, cancer-lost TAD boundaries,
and stable TAD boundaries. Cancer-specific SVs referred to those occur-
ring in BXPC3 (or PANC1) but not in HPDE6C7. Cancer-specific SVs and
dynamic chromosome regions were identified by BEDTools. To explore the
distribution of SVs, the density of SVs in different chromosome regions,
including A/B compartments, TADs, and TAD boundaries was compared.
The density of SVs was defined as the number of SVs divided by the length
of each chromosome region. SV enrichment was evaluated by comparing
the proportion of SVs falling in the region of interest to that in the back-
ground, which was performed via the prop.test function in R. The back-
ground density referred to the number of SVs divided by the length of the
whole genome.

GO Analysis: A GO method was applied for functional enrichment
analysis of the biological processes of the identified genes of interest, such
as genes in A/B switch areas, differential loops, or CDs. For each GO term,
a p-value was obtained corresponding to a single, independent test and
then the BH method was used to correct the p values.[82]

Neo-CDs Identification: To identify new CDs in chromosome rear-
rangement areas, NeoLoopFinder was applied to help find newly emerged
CDs in areas that had inversions, translocations, and deletions.[21]

Data Visualization: Integrative Genomics Viewer (IGV) was employed
to interactively explore large comprehensive genomic data and visualize
structural variations as described.[83] Annoroad Browser (https://github.
com/Spartanzhao/Annoroad-OMIC-Viz) was used to produce the track
profiles in joint multiomics visualization of the data. Other codes for
data processing and visualization are available at https://github.com/
Spartanzhao/code_for_Advanced_Science_pancreatic_cell_Line_Hi-C.

Statistical Analysis: The rank sum test and Fisher’s test were applied
to determine the relationship between Hi-C, transcriptome, and SV data.
For gene expressional comparison, data were shown as the interquartile
range (IQR) with the median, and p-values were obtained by Wilcoxon
rank-sum test or Kruskal–Wallis test. Constituent ratios were compared
by chi-square test or Fisher’s exact test. For biological process enrichment
analysis, p values were obtained by Fisher’s exact test using EnrichR. For
Kaplan–Meier survival analysis, the p value was obtained by Cox regression
in R (version 3.6.3). The values were considered significantly different at p
< 0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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