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Abstract: Radiation can induce cellular three-dimensional (3D) genome reorganization.
However, the exact functional relevance of spatial rearrangements to gene transcription
remains unknown. First, we screened and profiled the global picture of the 3D genome
structure reorganization in human hepatocellular carcinoma cells MHCC-LM3 that were
irradiated with 4Gy X-ray at a concentration of 100 cGy/min for 4 min using the high-
throughput chromosome conformation capture (Hi-C) technique. They were maped
and analyzed at three levels: compartment, topologically associating domain (TAD)
and TAD boundary, and loop. The regulatory relationships within gene transcription
exerted by the related dynamic spatial structure were confirmed by ribonucleic acid
sequencing (RNA-seq) and further experimentally confirmed by quantitative real-time
polymerase chain reaction in the same treated cell samples. A significant increase in
interchromosomal interactions was observed in the irradiated cells. The extent of the
effect of dynamic compartment switches and disrupted and gained TAD boundaries on
gene transcription was significantly greater than that of small differential chromatin loops.
Genes in human leukocyte antigen (HLA) and C-C motif chemokine ligand (CCL) gene
clusters associated with TAD boundary alterations were considerably upregulated, and
this effect was maintained 24 h post-radiation. We characterized the radiation-induced
landscape map of the 3D genome in cells and elucidated the mechanism by which 3D
genome reorganization spatially regulates gene transcription. This study provides a basis
for further research directed toward understanding the role of structural alterations in
gene expression.

Keywords: Carcinoma cells; X-ray; Three-dimensional genomes; Rearrangement;
Gene transcription regulation

1. Introduction

Up to 50% of cancer patients are treated with radiotherapy, which is an indispensable
technique to fight against cancerst!. Radiation can elimilate cancer cells based on
(i) cytotoxicity from direct deoxyribonucleic acid (DNA) damage and (ii) reprogramming
of the tumour immunity microenvironment into an immunostimulatory one, which is
closely related to gene expression profiles®?. Gene expression can be regulated genetically
or epigenetically through single nucleotide variants, indels, DNA hydroxymethylation, N°-
methyladenosine, and micro-ribonucleic acid (miRNA)B-l. Expression units are assembled
by spatial clustering of local genes and distant regulatory elements, which provide extra
gene regulation through the combinatorial association of genes and sets of regulatory
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elements!”. Since the DNA helix hierarchically organizes
into higher-order structures, the spatial arrangement of the
genome dramatically affects multiple DNA functions!®.
Understanding the role of radiation-induced cellular genome
reorganization in gene expression regulation requires more
than just knowledge of the linear genome.

Our understanding of the role of dynamic 3D structures is
substantially expanding as a result of the rapidly developing
chromosome conformation capture techniques?. High-
throughput chromosome conformation capture (Hi-C)
has revealed that a genome is folded into a gene-dense
transcriptionally active compartment A and transcriptionally
inactive compartment BY!. Topologically associated domains
(TADs), as functional units, regulate gene expression
and DNA replication!"™'l. DNA loops within TADs
facilitate interactions between remote enhancers and local
promoters!'?. The dynamics of higher-order 3D genome
may contribute to gene expression regulation.

Radiation can exert significant effects on 3D genomes
that interplay among local chromatin structures, TAD
strength, and DNA damage repairl'*. Several A/B switches
have been observed in 5Gy X-ray irradiated fibroblasts
and lymphoblasts!*l. The observed phenomenon of
increased TAD boundary strength might be caused by
the recruitment of structural proteins, such as CCCTC-
binding factor (CTCF) and cohesin, to chromatin, which
increases the strength of TAD boundary and decreases the
contact frequency across TAD boundaries!'’]. Eventually,
it reduces the frequency of deleterious translocation
events and maintains genome integrity, thus promoting
cell survival following irradiation!’*-'!. Larger structures
are more stable, whereas dedicated structures are more
variable following irradiation!'”. The role of radiation-
induced dynamics of the 3D genome in regulating gene
expression remains unknown thus far.

In this study, we demonstrated that after exposure to
radiation, dynamic TAD boundaries-related non-genetic
structural regulation occurs in liver cancer cells, elevating
the expression of major histocompatibility complex
(MHC) molecules and C-C motif chemokine ligand (CCL)
chemokines, which may be closely related to antigen
presentation and cytotoxic cell recruitment to irradiated
sites of cancers, suggesting a promising intervention in the
radiotherapeutic process. More research and evidence are
needed to translate these finding into cancer treatment in
the near future.

2. Materials and methods

2.1. Cell culture

Human hepatocellular carcinoma cell line MHCC-LM3
was obtained from Shanghai Institute of Biochemistry
and Cell Biology. Proliferating MHCC-LM3 cells were
cultured in Dulbecco’s Modified Eagle’s Medium (Gibco,
USA), supplemented with 10% fetal bovine serum (Gibco)
at 37°C in an atmosphere of 5% carbon dioxide (CO,).

2.2. Radiation treatment

4.00E + 06 LM3 cells in a 10-cm dish (Wuxi NEST, China)
were irradiated with X-rays ata dose of4 Gy using the Varian
23EX Linac Biological Irradiator (Varian, USA). X-rays
were emitted at a concentration of 100 cGy/min for 4 min.
The cells were, then, cultured under the aforementioned
conditions for 30 min. At 30 min after irradiation, the cells
were collected and fixed for downstream applications.

2.3. In situ high-throughput chromosome
conformation capture library preparation

In the preparation of the Hi-C library, in situ Hi-C
experiments were conducted at appropriate time points
according to the protocol described by Lieberman-Aiden
et al.”! and Belton et al.!'*l. Briefly, 2.00E + 07 cells were
crosslinked with 1% formaldehyde at 25°C for 15 min,
quenched with 125 mM glycine for 5 min, and washed
with ice-cold phosphate-buffered saline (PBS) containing
protease inhibitors. The cells were pelleted (1,000 x g,
5 min at 4°C), and the pellets were then suspended in a
cell lysis buffer for permeabilization and homogenized by
douncing. DNA was digested overnight at 37°C by adding
400 units DpnlI (NEB) to produce sticky ends on both sides
of the crosslink. Biotin-labeled bases were introduced to
facilitate subsequent DNA purification and capture. DNA
was repaired, and cyclization of DNA fragments containing
interactions was performed. Biotin-labeled deoxycytidine
triphosphates (dCTPs) with unligated ends were removed,
and the purified DNA was sheared into 300 bp — 700 bp
fragments. Streptavidin magnetic beads were used to capture
DNA fragments harboring interactions, and the library was,
then, sequenced (Biomarker Technologies, Beijing, China).

2.4. High-throughput chromosome
conformation capture data processing

Raw sequence reads in FASTQ format were processed using
in-house Perl scripts®. Reads containing adapter sequences,
poly-N, and low-quality reads were removed from the raw
data. Meanwhile, the Q20, Q30, and guanine-cytosine
contents of the clean data were calculated. The two-terminal
sequencing data were then aligned with the reference genome
or the assembled genome to obtain the neat and only reads
using Burrows-Wheeler Aligner!". The reads obtained were
analyzed using HiC-Pro v2.10.0%% to identify valid and
invalid interaction pairs, and the corresponding standardized
interaction matrix was obtained. Subsequently, the Pearson
correlation coefficient between each biological repeat was
calculated. More details are available in the supplemental
materials and methods.

2.5. Real-time polymerase chain reaction (RT-
PCR)

Total RNA was isolated from non-irradiated and irradiated
LM3 cells from the radiation treatment assay using TRIzol®
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Reagent (Invitrogen) according to the manufacturer’s
instructions. Real-time (RT)-PCR was performed using
an SYBR Green PCR Kit that was purchased from
Takara Biotechnology (Takara, Dalian, China) in Roche
Light Cycler® 480. The primers are listed in Table S1,
and glyceraldehyde 3-phosphate dehydrogenase gene
(GAPDH) was used as the houskeeping gene for analysis.
Ct= Ct(target gene)-Ct(housekeeping gene)

Ct= Ct(treatment group)-Ct(control group)

Relative mRNA level=2"

2.6. Statistical analysis

All data in the quantitative (q) RT-PCR experiments
were presented as mean + standard deviation from three
independent experiments. Student’s z-test was performed
to compare the differences between non-irradiated (BLK
group) and irradiated cells (IR group). Comparisons
between paired data were performed using the Wilcoxon
matched-pairs signed-rank test. The difference between
the proportion of differential loop-related differentially
expressed genes (DEGs) in all DEGs and that of loop-
related genes in the whole genome background was
determined by Chi-square test (Fisher’s exact test). Analysis
of correlation was determined by Pearson correlation test.
For all statistical analyses, P < 0.05 was determined to be
significant. Graphs were plotted using GraphPad Prism 9.

3. Results

3.1. Irradiated cells exhibit some alterations in
the genome structure

Proliferating human hepatocellular carcinoma cells
MHCC-LM3 were irradiated with X-ray at a dose of 4 Gy
and analyzed after 30 min (Figure 1A). Hi-C libraries
of non-irradiated cells (BLK group) and irradiated cells
(IR group) were constructed and sequenced (Table S2).
Interactions were visualized in chromosome heatmaps of
BLK and IR cells (Figure 1B). The log ratio of contact
frequency showed only minor intrachromosomal interaction
changes, but an increase in interchromosomal contact
in IR cells (Figure 1B). Consistently, the probability of
interchromosomal contact among pairs of chromosomes
showed that small and gene-rich chromosomes (chr 16, 17,
19,20,21,and 22) interacted with each other more frequently
than larger chromosomes (Figure 1C). Similarly, we found
a significant negative correlation between trans-contact
probability and relative chromosome length (Pearson’s
r = —0.5466 and P = 0.0070) (Figure 1D). Collectively,
these results indicated that the whole-genome differences
between BLK and IR cells were relatively small.

3.2. Characterization of genome reorganization
at different scales in response to irradiation

The high-resolution contact map was examined after
observing the interaction alterations in genome-wide

contact heatmaps. Individual chromosome contact
map showed subtle changes between IR and BLK cells
(Figure 2A). However, only a few compartment identity
switches (~2%) in IR cells were observed in the whole
genome (Figure 2B). Intriguingly, the genes that had
switched from B to active A compartments were enriched
in gene ontology (GO) terms of radiation-related functional
categories, such as double-strand break repair (GO:
0000724, P = 0.0014, enrichment factor = 4.09) and DNA
damage checkpoint (GO: 0000077, P=0.0081, enrichment
factor = 4.88) (Table S3).

TADs are formed at a sub-megabase scale as functional
units for regulating gene expression and DNA replication.
The two basic features of TADs include self-association of
regions within TADs and insulation between neighboring
TADs!. Although the number of lost TAD boundaries was
greater than that of gained boundaries in each chromosome
(Figure 2C), there was no significant increase in the
number of TADs, and the irradiated cells had a larger
TAD size (0.65 Mb in BLK cells versus 0.67 Mb in IR
cells, P < 0.0001) (Figure 2D). Only 245 BLK-specific
TAD boundaries (4.49%) and 122 radiation-specific TAD
boundaries (2.25%) were identified (Figure 2E). RNA-
seq data revealed that the proportions of downregulated
and upregulated genes out of the genes associated with
gained or disrupted TAD boundaries shared almost the
same percentage, that is, 36.68% in disrupted BLK-
specific boundaries and 37.57% in gained radiation-
specific boundaries of downregulated genes as compared
to 39.32% in the whole genome; 29.04% and 27.32%
of upregulated genes in BLK and IR cells, respectively,
as compared to 26.83% in the background genes
(Figure 2F). These DEGs were also enriched in several
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways, including antigen processing and presentation
(KO04612, P = 0.0014, enrichment factor = 3.06) and
chemokine signalling pathway (KO04062, P = 0.08,
enrichment factor = 1.53) (Table S4).

Following that, we identified differential chromatin
loops to investigate the promoter interactions that
contribute to gene transcription (Figure 3A). A total of
119 out of 18,444 loops and 113 out of 17,668 loops were
identified as lost and gained loops with high confidence
in BLK and IR cells, respectively (Figure 3B). More
than half of these loops were identified as enhancer-
promoter loops, including one enhancer-promoter loop,
two enhancer-promoter loop, and three and over three
(three™) enhancer-promoter loop (12,180 or 65.78% in
BLK cells and 11,800 or 66.4% in IR cells) (Figure 3C).
Among all DEGs, the proportion of DEGs anchored by
differential loops was higher than that of all DEGs related
to dynamic loops in the whole genome (Chi-squared test,
P <0.05) (Figure 3D), indicating that radiation-induced
differential loops have a more significant regulatory
effect on gene expression than those without exposure
to radiation.
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Figure 1. Cancer cells exhibit subtle changes in genome structure after irradiation. (A) Schematic diagram of datasets generated and
analyzed in this study. Human cancer cells with or without exposure to 4Gy X-ray were used to generate in situ high-throughput
chromosome conformation capture datasets and their corresponding ribonucleic acid sequencing (RNA-seq) data. (B) Log,(IR/BLK)
contact map in 0.5 Mb bins. (C) Observed/expected number of contacts between any pairs of 23 chromosomes. Red indicates enrichment,
while blue indicates depletion. (D) Observed/expected interactions plotted against the relative chromosome length. The line represents

the linear trend for obtained values.

3.3. The extent of transcriptional regulation
by radiation-induced dynamic genome
reorganization differs among altered spatial
structures

To explore the extent of the regulatory effect of different
radiation-induced dynamic genome structures on
transcription, the same batch of cells in Hi-C experiment
was subjected to RNA-seq (Table S2). We examined
and compared the transcription levels in altered spatial
structures and found that genes were upregulated by 8.59%
or downregulated by 9.17% in altered compartments,
upregulated by 9.99% or downregulated by 10.63%
in altered TAD boundaries, and upregulated by 5.49%
or downregulated by 3.49% in dynamic DNA loops
(Figure 4A). Interestingly, the same level of regulation
was observed for dynamic compartments with an “A to B”
or “B to A” switch for gained or lost loops (upregulated
or downregulated by ~9% or ~5% in compartments and
DNA loops, respectively) (Figure 4B). Intriguingly,

the percentage of transcriptionally regulated genes in
disrupted TAD boundaries (upregulated by 12.79%, or
downregulated by 15.53%) was significantly higher than
that of those in newly formed boundaries (upregulated by
7.68%, or downregulated by 7.76%) (Figure 4B). Together,
these results suggest that TAD boundary disruption may
exert more transcriptional control on gene activity.

3.4. Radiation-induced alteration of TAD
boundaries promotes the transcription of
radiation-related gene clusters

Extensive chromosomal reorganization often disrupts
boundaries, thus inducing the merging of neighbouring
TADsP. Therefore, genes that were previously widely
spaced can enter each other’s contact search space and
form a new regulatory circuit (Figure 5A)%3). Experimental
deletion of TAD boundaries has indicated that the merging
of TADs induces regulatory rewiring and alters gene
transcription?2?+2¢, Within the region of disrupted TAD
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Figure 2. Characterization of genome reorganization at compartments and topologically associated domains (TADs) after irradiation.
(A) Genome-wide map of compartment identity switches. The chromosome regions and compartment identity switches, including
static compartments (AA or BB) or dynamic compartments (AB or BA) in each chromosome, are shown. (B) Pie charts showing the
proportion of static and dynamic compartments in BLK and IR cells. “A” and “B” denote open and closed compartments, respectively;
“AA” represents compartments that are open in both cell line, while “BB” represents compartments that are closed in both cell lines;
“AB” denotes compartments that are open in BLK cells but closed in IR cells, while “BA” denotes compartments that are closed in BLK
cells but open in IR cells. (C) Relative chromosome length (bottom). TAD density, and mean TAD length in each chromosome (middle).
Numbers of TAD boundaries lost or gained in each chromosome (top); positive and negative values represent the numbers of TAD
boundaries gained and lost, respectively. (D) Violin plot indicating the number and average size (in Mb) of TADs identified in both BLK
and IR cells. (E) Venn diagram showing that over half of all TAD boundaries between BLK and IR cells were conserved. (F) Proportion
of downregulated and upregulated genes (%) located in specific lost or gained TAD boundaries.

boundaries, we found that both the HLA gene cluster on
chr6 (p21.32) and the CCL-associated gene cluster on chrl7
(q12) (Figure 5B—-E) were closely related to the irradiation
response?’?*] (Table S4). RNA-seq data showed significant
transcriptional changes in these associated genes 30 min after
irradiation, except for HLA-DMA. The expression levels of
HLA-DMA, HLA-DMB, HLA-DRA, and HLA-DPBI genes
were found to be significantly higher than those of genes
located in the original boundaries (Figure 5C). Moreover,
we observed an increase in the expression levels of CCLI,

CCL13, and CCL3L1 (Figure 5E). In contrast, no apparent
increase in the expressions of HLA-DMA and CCL13 was
observed 30 min after irradiation (Figures 5C and SE). In
addition, the increase in gene expression induced by disrupted
TAD boundaries was maintained 24 h after irradiation
(Figures 5C and 5E). In short, the disruption of TAD
boundaries (or the merging of TADs) may exert a substantial
level of regulatory control on gene transcription in response
to radiation.
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Figure 3. Genes related to chromatin loops were enriched differentially expressed genes (DEGs). (A) Genome-wide map of differential
chromatin loops. The loop anchored sites, the connection of the two loci, and the interaction strength (the height of the parabola)
are shown. (B) Venn diagram showing that the majority (~89%) of the chromatin loops between BLK and IR cells were conserved.
(C) Pie charts showing the proportion of both promoter loops (top: no promoter loop, one-promoter loop, two-promoter loop, and
three*-promoter loop) and enhancer-promotor loops (bottom: no enhancer loop, one enhancer-promotor loop, two enhancer-promotor
loop, and three" enhancer-promotor loop). (D) Histogram showing that genes related to BLK- or IR-specific chromatin loop genes were
significantly enriched in DEGs in the RNA sequencing data after irradiation compared with those in the genome background.

4. Discussion

Dynamic 3D genome plays a role in various cellular
biological processes, including cancer initiation and
development. The role of radiation-induced dynamic
spatial genome reorganization in transcription regulation
remains unknown thus far. By understanding the role of 3D
genome in the observable radiotherapeutic effect, radiation
application would be more controllable and efficient. Here,
we characterized the changes in the 3D genome of a type of
cancer cell following exposure to radiation. First, a small
effect of irradiation was observed on A/B compartment
switching, and genes switching from B to A compartments
were enriched in GO terms of radiation-related functional

categories (Tables S3 and S5). Second, irradiated cells had
a larger TAD size and an increased number of disrupted
TAD boundaries. Third, we found increased proportions
of DEGs anchored by differential chromatin loops on
irradiation. In addition, genes in the HLA cluster on chr6
(p21.32) and CCL cluster on chr17 (q12) within the region
of disrupted TAD boundary in IR cells were subjected
to more regulation from 3D genome dynamics. These
findings suggest that the TAD state may regulate gene
expression the most in response to irradiation. Our findings
provide novel insights into the roles of radiation-induced
reorganization in the spatial control of gene transcription.
Cells are frequently exposed to different stresses,
including thermal, osmotic, and hypoxic signals, as well

42
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Figure 4. Regulatory potential of radiation-induced alteration of compartment, topologically associating domain (TAD) boundaries,
and chromatin loops in transcription. Quantitation of gene expression changes, grouped by radiation-induced alteration of compartment,
TADs, and chromatin loops, in (A) all different genes or (B) those of BLK-specific or IR-specific structures. Student’s t-test, *P < 0.05,

**P<0.01, ***P <0.001, ****P <0.0001.

as other internal signals from differentiation, development,
or replicative senescence!®%. The global chromatin
architecture seems to be preserved on exposure to radiation.
In contrast, a variety of contact changes have been
observed in lymphoblastoid cells 30 min after exposure
to 5 Gy X-ray!®!. The discrepancy in findings may be
explained by the difference in radiation dose and specific
cell types. Structurally, only a few dynamic genome
compartments were identified; this is consistent with the
observations of compartment identity switches (< 1%) in
BJ-5ta and GM 12878 cells that were subjected to 5 Gy
X-ray irradiation!"), Interestingly, we found significantly
larger TADs in IR cells but no difference in the number
of TADs. A considerable number of disrupted boundaries
was found in IR cells, which was approximately twice that
of newly gained boundaries. Moreover, TAD identification
based on different algorithms, data input, and data depth,
especially resolution, leads to a variability in number, size
distribution, and nesting!'"!.

At the functional level, the gene expression levels in
both clusters were significantly upregulated and maintained
for 24 h. At the structural level, no switches of compartment
identity in HLA genes, CCLI, and CCL13 were observed;
however, CCL3LI underwent a switch from B to A.
Sanders et al. have reported that radiation will not affect the
interaction strength within compartments due to the variation
that exists in globally weak compartment strengths among
expererimental replicates!’®). Chromatin loops anchored
in promoters or enhancers are basic spatial structures that
regulate gene expression. Furthermore, we identified
several vital promoter interactions following exposure to
radiation. These interactions were found to be associated
with dynamic gene expression as the library resolution
did not cover a single gene due to the limitations of the
currently available techniques. Further studies on promoter
interactions, primarily promoter-enhancer interactions, at a
higher resolution might provide more accurate and precise
information about the spatial regulatory mechanisms of
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Figure 5. Radiation-induced alteration of topologically associating domain (TAD) boundaries increases radiation-related gene cluster
activity. (A) Hypothetical locus with two neighboring TADs (blue and yellow shading), two genes (1 and 2), and one enhancer (E). The
disruption of TAD boundaries following exposure to radiation can result in the merging of TADs. Gene 1 is no longer insulated, and
thus activated by enhancer E in the previously insulting neighboring TAD. (B) and (D) Contact heatmaps of radiation-related /L4 gene
cluster, (B) including HLA-DMA, HLA-DMB, HLA-DRA, and HLA-DPBI, which are located on chr 6: 33075790-32445046, and CCL
gene cluster, and (D) including CCLI, CCLI13, and CCL3L1, which are located on chrl17: 34356480-36196758. The plotted locus is
from 2 Mb upstream to 2 Mb downstream region. RNA sequencing data and RefSeq gene tracks are shown below the Hi-C heatmaps.
(C) and (E) Expression of genes located in the two gene clusters mentioned in (B) and (D). Student’s t-test, *P < 0.05, **P < 0.001, and

**xP <0.0001.

gene transcription. Together, our findings showed that the
expression of gene clusters is mainly regulated by the TAD
state, partly through compartment identity switching or the
formation of new enhancer-promoter chromatin loops.

The effect of radiotherapeutic outcome primarily occurs
through direct DNA damage or an indirect cytotoxic effect
with the aid of the immune system. Radiation promotes the
release of tumor neoantigens and enhance their detectability
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through the upregulation of MHC molecule expression
or by priming the immunosuppressive tumour immunity
microenvironment, leading to increased intratumoral
infiltration of cytotoxic CD8" T-cells through chemokine
recruitment. We identified that radiation-related genes in
two critical clusters on chr6 and chrl7 might be regulated
by dynamic spatial structures, especially disrupted TAD
boundaries, which are closely related to MHC molecule
and CD8" T-cell recruitment. Our findings shed light on
the mechanism through which radiation may contribute
to the priming of the tumour immunity microenvironment
through spatial genome reorganization.

5. Conclusion

In this study, we identified numerous dynamic chromatin
interactions in response to irradiation at various spatial levels.
Our findings demonstrated that dynamic spatial genome
reorganization at specific levels is likely to be involved in
transcription regulation. This study lays the groundwork for
further research on radiation-induced transcription regulation,
which will, further, contribute to the understanding of the role
of radiation-induced genome alterations. Further research on
these 3D structures and higher resolution assays may help us
delve deeper into the dynamics of chromatin architecture and
the interactions induced by radiation.
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