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TP63 mediates the generation of tumour-
specific chromatin loops that underlie MYC
activation in radiation-induced
tumorigenesis
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Alterations in 3D chromatin conformation may disrupt the interplay between
promoters and distal enhancers. How gene regulatory circuits are reshaped
during ionizing radiation-induced tumorigenesis remains unclear, and little is
known about the mediators that drive these processes. To decipher the
chromatin alterations in radiation-induced lung cancer, we performed ATAC-
seq, RNA-seq and Hi-C analyses of human bronchial epithelial cells and cor-
responding radiation-induced malignantly transformed cell lines. We found
that this malignant transformation is accompanied by chromatin switching
from the inactive B compartment to the active A compartment, an increased
number of TADs and gained ATAC-seq peaks that mediate new distal chro-
matin contacts. We identified tumour protein 63 (TP63) as a mediator of new
chromatin-accessible sites that anchor tumour-specific chromatin contacts in
radiation-induced tumour cells. A TP63-mediated accessible chromatin site
anchors a tumour-specific TAD boundary and multiple tumour-specific chro-
matin loops, which might underlie MYC oncogene activation during malignant
transformation.

Tumour cells undergo considerable rewiring of regulatory networks pathways, and related cues alter gene activity and cellular

during tumorigenesis, which leads to the activation of oncogenes and
the repression of tumour suppressors'™. The new networks include
silent genes that might be antagonistic to the starting cell type and
thus reside in chromatin that is inaccessible to many transcription
factors (TFs) and the transcriptional machinery’. Chromatin is the
essential medium through which transcription factors, signalling

phenotypes’. Alterations in the multilevel chromatin architecture have
been characterized as hallmarks of tumorigenesis®’, and these altera-
tions might occur when cells are exposed to ionizing radiation, which
is a well-recognized cause of lung cancer®. Chromatin alteration, the
direct consequence of the erroneous processing of DNA double-strand
breaks (DSBs) induced by ionizing radiation, results in gene network
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transitions and might lead to tumorigenesis®®. However, the
mechanism through which local chromatin is opened to enable
cooperative events for new genetic networks during tumorigenesis
induced by ionizing radiation remains unclear, and little is known
about the mediators that drive these processes and their functional
impacts on tumorigenesis.

The human genome is organized in three-dimensional (3D) space
in the nucleus and exhibits a multilevel 3D chromatin architecture that
plays an important role in the transcriptional control of genes™. In
recent years, the high-throughput sequencing of chromosome con-
formation capture (Hi-C) approach has been introduced as a method
for identifying higher-order chromatin interactions throughout the
genome”. Interphase chromatin, which rapidly decondenses into
structures that allow regulated access to functional elements and thus
enables genome functions such as transcription, gene silencing, and
DNA replication®, is linearly partitioned into megabase-long regions
spatially segregated into active ‘A’ compartments and inactive ‘B’
compartments. The ‘A’ compartments correspond to gene-rich regions
and are enriched in active chromatin marks, whereas the ‘B’ com-
partments are gene-poor regions that display features of hetero-
chromatin; Switching between the ‘A’ and ‘B’ compartments is related
to alterations in gene transcriptional activity during development and
in various diseases” . Identification of compartments using principal
component analysis (PCA) and high-resolution Hi-C data binned at
10-50 kb suggests that compartments can be as small as a single active
or inactive locus'®. Recently, the mammalian genome has been divided
into at least six subcompartments with various combinations of
repressive and active chromatin modifications'. At the submegabase
scale, consecutive regions are spatially organized into self-interacting
domains called topologically associating domains (TADs), which are
both structural and functional units of the human genome that are
frequently delineated by CTCF-binding insulators that can block the
function of enhancers or the spread of gene silencing>*. Genes are
often coexpressed within each TAD?*%, and concordant increases and
decreases in enhancer activities are characteristics of TADs in senes-
cent cells®. In mammals, an additional level of TAD organization
involves dynamic cohesin-dependent loops between CTCF-binding
sites at convergent orientations”. Recent single-cell Hi-C results and
Oligopaint experiments coupled with superresolution microscopy
have confirmed that TAD structures are present in single cells* 2,
Studies focused on developmental processes have revealed a convin-
cing link between TAD boundary disruption, ectopic enhancer-
promoter interactions and alterations in gene expression levels” >,
At the finest scale, chromatin loops emerge between linearly distant
genomic regions with unusually high spatial contact frequencies”.
Chromatin loops often connect distal regulatory elements such as
enhancers and promoters and facilitate enhancer selection via their
target genes’®*. The formation and maintenance of hierarchical
chromatin structure in the nucleus depend on but are not limited to
loop extrusion and compartmentalization®. Because the spatial fold-
ing of chromatin orchestrates the gene expression network, genome
conformation is an integral part of the chromatin landscape that TFs
must navigate to perform their gene regulatory functions®.

This multilevel 3D chromatin architecture is under rigorous spa-
tial and temporal control during embryonic development and lineage
commitment"?°**¢, and perturbation of this architecture might lead
to aberrant gene regulation and cell dysfunction®. Disruption of the 3D
chromatin architecture has been identified in various diseases, such as
cancers, including prostate cancer®®, childhood acute lymphoblastic
leukaemia (ALL)*, colorectal cancer”, and acinic cell carcinoma*.
TADs are genomic regulatory units with a high degree of internal sta-
bility that can be remodelled by structural genomic variations".
Widespread structural variation events in cancer genomes result in
novel three-dimensional chromatin structural domains through
alteration of the boundaries*’. Deletion or inactivation of a TAD

boundary can lead to inappropriate oncogene expression*’, and the
juxtaposition of active regulatory sequences to known oncogenes can
also contribute to tumorigenesis*. Each cell expresses a specific sub-
set of all genes, and the genome conformation is partly cell-type-
specific and plays an important role in cell fate decisions***. A subset
of fate-changing TFs termed pioneer factors can scan and target DNA
sequences and mediate cooperative events that can open local chro-
matin and allow the binding of other TFs to induce cell-type-specific
gene signatures™**. Therefore, the specific pattern of chromatin con-
formation in radiation-induced tumour cells needs to be identified,
and the underlying mediators need to be determined to further
understand the mechanisms through which ionizing radiation leads to
lung cancer.

For the current study, we employed Hi-C, ATAC-seq and RNA-seq
to decipher the chromatin alterations in radiation-induced lung cancer
and determine the underlying mediators. We developed a high-
resolution map of 3D chromatin structures by using Hi-C in BEP2D
cells, a human bronchial epithelial cell line, and their radiation-induced
tumour cell counterparts to reveal alterations in chromatin structure
at different scales, ranging from megabase-scale A/B compartments to
the finest-scale chromatin loops anchored at specific genes. ATAC-seq
was used to map genome-wide chromatin accessibility, revealing that
chromatin contacts are enhanced and reinforced at tumour-specific
open chromatin sites. By examining the predicted binding sites of 746
TFs, we identified tumour protein 63 (TP63) as a mediator that
underlies the reinforcement of functional chromatin contacts in
radiation-induced tumour cells. Via combined analysis of the putative
TP63 binding sites with publicly available TP63 ChIP-seq datasets of
lung squamous cell carcinoma (LUSC)*, we showed that TP63 binds to
multiple tumour-specific open chromatin sites that collectively anchor
a tumour-specific hub of chromatin loops that underlie MYC oncogene
activation in radiation-induced tumour cells. By comprehensive pro-
filing of the transcriptome and TF-binding events in wild-type BEP2D
cells, BEP2D cells overexpressing TP63 and malignantly transformed
BERP35T1 cells using RNA-seq, ATAC-seq and CUT&Tag targeting
TP63, CTCF, and STAG2, we demonstrated that overexpression of
TP63 in BEP2D cells led to the formation of novel accessible chromatin
sites and CTCF-binding sites and increased cohesin levels at TP63-
binding sites. Micro-C profiling of these cells further demonstrated
that these epigenomic alterations induced by TP63 binding led to
enhanced chromatin contacts and elevated expression levels of cor-
responding anchor genes functionally enriched in biological processes
related to tumorigenesis. We conclude that TP63 might act as a pio-
neer factor mediating chromatin structure remodelling in radiation-
induced lung cancer and activating the MYC oncogene by orchestrat-
ing a tumour-specific gene expression network.

Results

lonizing radiation-induced tumour cells exhibit aberrant gene
expression and pervasive accumulation of accessible
chromatin sites

To elucidate the interplay between chromatin accessibility and chro-
matin structure and their regulatory role in radiation-induced lung
cancer, we established two malignantly transformed cell lines,
BERP35T1 and BERP35T4, which were derived from BEP2D cells (a
previously established human papillomavirus (HPV18)-immortalized
human bronchial epithelial cell line*’) irradiated with 1.5Gy of a-
particles emitted from a *®Pu source as previously described in
detail’.

We subsequently performed RNA-seq and ATAC-seq to obtain
atlases of the transcriptome and epigenome, respectively, of BEP2D,
BERP35T1 and BERP35T4 cells. First, we identified alterations in gene
transcriptional activity between normal and tumour cells with RNA-
seq. Specifically, we identified 414 significantly upregulated and
204 significantly downregulated genes in BERP35T1 cells and
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396 significantly upregulated and 284 significantly downregulated
genes in BERP35T4 cells compared with BEP2D cells (Fig. 1A). Most of
the differentially expressed genes (70.52% of all upregulated genes and
55.41% of all downregulated genes) in BERP35T1 and BERP35T4 cells
were shared (Fig. S1A, B). These results reveal a similarity in the tran-
scriptional alterations between the two radiation-induced tumour
cell lines.

To investigate the biological functions of the differentially
expressed genes in ionizing radiation-induced malignantly trans-
formed cell lines, we performed Gene Ontology (GO) pathway ana-
lysis of the upregulated genes in BERP35T1 and BERP35T4 cells
(Fig. 1B). We noted that the upregulated genes in both cell lines were
enriched in the angiogenesis pathway. Previous studies have shown
that angiogenesis plays a crucial role in tumour growth, invasion, and
metastasis*. This characteristic, although observed in cells cultured
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in vitro, indicates that malignantly transformed cells may have a
potential role in promoting angiogenesis. Cell adhesion is essential
for the development and structural integrity of multicellular tissues
and is a key attribute of tumour cells***°. The maintenance of epi-
thelial cell-cell adhesion is vital for both organ function and tumour
formation®. The epidermal development pathway shares numerous
genes with tumorigenesis®>, and any disruption in the balance
between cellular renewal and differentiation can result in uncon-
trolled growth and tumour initiation®>**. These findings suggest that
ionizing radiation-induced malignantly transformed cell lines might
share similar pathways with cancer cells. Our previous study has
highlighted significant morphological differences between BEP2D
cells and ionizing radiation-induced malignantly transformed cell
lines®. Our findings indicate that the cell adhesion and cell-cell
adhesion properties of malignantly transformed cell lines are
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Fig. 1| Ionizing radiation-induced tumour cells exhibit aberrant gene expres-
sion and pervasive accumulation of accessible chromatin sites. A Volcano plots
showing genes that are up- and downregulated in BERP35T1 and BERP35T4 tumour
cells compared to BEP2D cells. B Heatmap showing significantly enriched GO terms
of up-regulated genes in BERP35T1 and BERP35T4 tumour cells. C Heatmaps

showing the read intensities of 2-kb regions centered on ATAC-seq peaks in normal
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BEP2D cells and tumour cells. All ATAC-seq peaks were categorized into 3 types:
gained in tumour cells, lost in tumour cells, and unchanged (from top to bottom).
All replicates were shown in one heatmap with the same order of all genes. The pie
charts show the proportions of ATAC-seq peaks located at gene promoters of each
type of ATAC-seq peak (orange: ATAC-seq peaks at promoters, ATAC-seq peaks not
at promoters).
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considerably stronger than those of normal cells. This is evidenced
by the notably prolonged digestion time of malignant cells.

To identify the regulatory basis of aberrant gene expression in
tumour cells, we analysed the chromatin accessibility profiles of these
3 cell types with ATAC-seq. We identified 14220 and 5360 gained
ATAC-seq peaks in BERP35T1 and BERP35T4 cells, respectively, com-
pared with BEP2D cells. However, we identified only 832 and 1043
ATAC-seq peaks in BEP2D cells that were lost in BERP35T1 and
BERP35T4 cells, respectively (Fig. 1C). Interestingly, only 2.3% of the
gained ATAC-seq peaks in BERP35T1 cells and 2.9% of the gained ATAC-
seq peaks in BERP35T4 cells were located in promoter regions,
whereas 22.6% and 29.9% of ATAC-seq peaks that were unchanged
between normal cells and tumour cells colocalized with promoters in
BERP35T1 and BERP35T4 cells, respectively (Fig. 1C). Together, these
results indicate an overall increase in the number of accessible chro-
matin sites in the genomes of radiation-induced BEP2D cell-derived
tumour cells and suggest that, compared with genomic sites with
stable accessibility, genomic sites with increased accessibility in these
tumour cells are located primarily in nonpromoter regions.

A/B compartment switching and alterations in intra-TAD struc-
tures are associated with dysregulated gene expression in
ionizing radiation-induced tumour cells

Accessible chromatin sites in nonpromoter regions delineate distal
regulatory elements such as enhancers, and their interplay with the 3D
chromatin architecture is the primary factor underlying their regulatory
function®**%, To identify potential alterations in the chromatin archi-
tecture of radiation-induced tumour cells at different scales, we per-
formed a Hi-C analysis of BEP2D cells and two radiation-induced tumour
cell lines (BERP35T1 and BERP35T4). At the largest scale, interphase
chromatin is spatially segregated into the ‘A’ and ‘B’ compartments, and
we comprehensively analysed the Hi-C data of these cell lines to char-
acterize potential alterations in the A/B compartments in the interphase
chromatin architecture after the radiation-induced malignant transfor-
mation of BEP2D cells. The ‘A’ and ‘B’ compartments were annotated in
consecutive 200-kb bins by principal component analysis (PCA). To
avoid the potential influence of translocations on A/B compartment
annotation, we used the PC1 value generated by PCA to exclude chro-
matin that harboured large-scale translocations and that showed weak
correlations between the PCl value and gene density in downstream
analyses of the ‘A’ and ‘B’ compartments. We adopted a matrix balance
approach to minimize technical bias in the data processing pipeline to
avoid the potential influence on our analysis. Our results revealed that
9.7% of the analysed bins corresponded to B-to-A compartment
switching during the transformation of normal BEP2D cells to BERP35T1
tumour cells, whereas only 2.4% of the analysed bins corresponded to A-
to-B compartment switching (Fig. 2A, left panel). Similar results were
observed with BERP35T4 cells: 7.5% and 2.5% of the bins corresponded
to B-to-A and A-to-B compartment switching, respectively (Fig. 2A, right
panel). And we also identified 665 consistent B-to-A bins in BERP35T1
and BERP35T4 (Fig. 2B). Consistent with previous reports®”, genes
located in genomic regions corresponding to B-to-A compartment
switching tended to be upregulated (P value =9.5x10"% for BERP35T1,
P value=6.3x10"® for BERP35T4), whereas genes in regions corre-
sponding to A-to-B compartment switching tended to be downregulated
(P value =1.2x10™* for BERP35T1, P value = 0.004 for BERP35T4, Fig. 2C).
These results suggest an overall imbalance in compartment switching
biased towards the active ‘A" compartments associated with increased
transcriptional activity in radiation-induced tumour cells.

To explore the biological significance of genes involved in the B-
to-A switching, we performed GO pathway analysis based on these
genes (Fig. S2A). Notably, we noticed that genes located in B-to-A
switching regions are enriched in keratinization-related pathways. It is
reported that keratinization is one of the hallmark histopathology
features of non-small cell lung cancer and keratinization of lung

squamous cell carcinoma is associated with poor clinical outcome®°.
We also observed cellular phenotype changes in BERP35T1 and
BERP35T4 cell lines* which are both lung squamous cell carcinoma cell
lines. This suggested that genes located in B-to-A switching regions are
associated with keratinization.

Although the positions of TADs are generally conserved in dif-
ferent cell types®, numerous studies have also shown that the intra-
TAD structure can be significantly changed in cells with alterations in
enhancer activity and gene expression®*®*. Additionally, alterations in
TAD structures have been identified in various cancers, but their
functional impact remains largely uncharacterized. To investigate
alterations in TADs and their potential regulatory functions during the
radiation-induced malignant transformation of BEP2D cells, we first
identified 3348 TADs in BEP2D cells and 3974 and 3746 TADs in
radiation-induced BERP35T1 and BERP35T4 tumour cells, respectively,
at 20-kb resolution (Fig. S2B). These results are consistent with pre-
vious studies that identified more TADs in tumour cells than in normal
cells by Hi-C analysis'®®. Despite the increased number of TADs in
tumour cells, the genomic positions of most TAD boundaries were
conserved between BEP2D cells and both radiation-induced tumour
cell lines (Fig. S2C). To investigate whether conserved TADs undergo
structural and functional alterations during radiation-induced tumor-
igenesis, we compared the TAD boundaries in BEP2D, BERP35T1 and
BERP35T4 cells and identified conserved TAD boundaries that were
not shifted by more than 1 bin in either BERP35T1 or BERP35T4 tumour
cells compared with BEP2D cells. A TAD was identified as a conserved
TAD among all three cell types when both TAD boundaries were con-
served. We identified 1874 TADs that were conserved among all three
cell types (Supplementary Data 1). We previously showed that the
spatial density of open chromatin (SDOC) is a key regulatory property
associated with the TAD level®. In brief, SDOC quantitatively measures
the level of spatial aggregation of active regulatory elements and
reflects the regulatory properties of TADs. A higher level of SDOC
indicates a more active regulatory state within the TAD, whereas a
lower level of SDOC indicates a repressive regulatory state. To inves-
tigate the impact of TAD alterations on gene expression levels within
these TADs, we calculated the SDOC level for the conserved TADs.
Indeed, we identified 296 TADs with increased SDOC and 316 TADs
with decreased SDOC in BERP35T1 tumour cells compared with BEP2D
cells and identified 276 TADs with increased SDOC and 258 TADs with
decreased SDOC in BERP35T4 tumour cells compared with BEP2D cells
(Supplementary Data 2). In addition, genes located within TADs with
increased SDOC tended to be upregulated (Fig. 2D), whereas the
transcriptional activity of genes located within TADs with decreased
SDOC tended to be repressed, during the radiation-induced malignant
transformation of BEP2D cells (Fig. 2D). We also found that TADs with
increased SDOC were more enriched in regions undergoing B-to-A
compartment switching in radiation-induced tumour cells (Fig. 2E),
and both were associated with increased gene transcriptional activity.
The SDOC alteration in conserved TADs indicates functional changes
in the chromatin state and structure of TADs and might underlie the
dysregulation of gene transcription within these TADs in radiation-
induced tumour cells. We demonstrated that genomic regions with
compartment switching are associated with alterations in chromatin
accessibility and transcriptional activity (Fig. 2F, S2D).

Together, these results indicate that the chromatin architecture is
altered at both the compartment level and the TAD level and that the
changes at both scales are associated with alterations in gene expres-
sion in radiation-induced tumour cells.

Dynamic changes in chromatin contact anchor gene expression
in SDOC-increased TADs

The significant association between alterations in SDOC and gene
expression inspired us to further investigate the characteristics and
potential regulatory impact of chromatin alterations in TADs with
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altered SDOC levels during radiation-induced malignant transforma-
tion. We first assessed the level of alterations in contact frequencies
within the 3 groups of TADs classified according to the types of SDOC
alterations during tumorigenesis.

We found that alterations in contact frequency are significantly
greater in TADs with increased levels of SDOC than in TADs with stable
or decreased levels of SDOC. This observation is consistent when

(ST

comparing both BERP35T1 cells with BEP2D cells and BERP35T4 cells
with BEP2D cells (Fig. 3A). As an increased SDOC value indicates a
greater spatial chromatin contact frequency, these results indicate that
increased contact frequencies in a subset of TADs may play a key role
in establishing regulatory circuits within these TADs, shaping a more
active regulatory state during radiation-induced malignant transfor-
mation of BEP2D cells.
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Fig. 2 | A/B compartments switching and alterations in intra-TAD structures
are associated with dysregulated gene expression in the ionizing radiation-
induced tumour cells. A Pie charts showing the proportions of each type of locus
(stable compartment A, A-to-B switching, B-to-A switching and stable compart-
ment B) comparing BEP2D with BERP35T1 and BERP35T4 respectively. B Overlap of
the compartments from B-to-A in BERP35T1 and BERP35T4. C Violin plots showing
the log2 fold changes in the expression of genes located within each type of locus
(A-to-B compartment switching, unchanged compartment, and B-to-

A compartment switching). P-values from a two-sided t-test between groups are
shown. Box limits represent 25" percentile, median and 75" percentile. Whiskers
represent 5" and 95 percentile. Source data are provided as a Source Data file.

D Boxplots showing the log2 fold changes in the expression of genes located within
each type of TAD (from left to right: decreased SDOC in tumour, unchanged SDOC
in tumour, increased SDOC in tumour). P-values from a two-sided t-test between
groups are shown. Box limits represent 25th percentile, median and 75th percentile.
Whiskers represent 5th and 95th percentile. Source data are provided as a Source
Data file. E Stacked bar plots showing the fractions of the 3 groups of TADs in
regions with an A-to-B compartment switching and regions with a B-to-

A compartment switching. F Examples of A/B compartment switching with chro-
matin accessibility and gene expression tracks, where the shadings correspond to
genomic regions with compartment switching that associates with alterations in
chromatin accessibility and transcriptional activity.
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Fig. 3 | Dynamic changes in different SDOC during the process of radiation-
induced tumor formation. A The contact frequency alterations within SDOC-
decreased, SDOC-stable, and SDOC-increased TADs in BERP35T4 (left) and
BERP35T1 (right) cells. Box limits represent 25th percentile, median and 75th per-
centile. Whiskers represent 5th and 95th percentile. Significance: n.s. not sig-
nificant, *P<0.05, **P < 0.01, **P< 0.001, ***P< 0.0001, two-sided t-test. Source
data are provided as a Source Data file. B Boxplots showing the log2 fold changes in
the expression of genes located at the 3 types of loci (contact-increased, contact-
decreased and other) within the 3 groups of TADs (SDOC increased in tumour cells,
SDOC unchanged in tumour cells and SDOC decreased in tumour cells). Box limits

represent 25th percentile, median and 75th percentile. Whiskers represent 5" and
95t percentile. Significance: n.s. not significant, *P< 0.05, **P < 0.001, two-sided
t-test. Source data are provided as a Source Data file. C Boxplots showing the
log2(FPKM +1) in the expression of oncogenes located at the 3 groups of TADs
(SDOC increased in tumour cells, SDOC unchanged in tumour cells and SDOC
decreased in tumour cells). Box limits represent 25th percentile, median and 75th
percentile. Whiskers represent 5th and 95th percentile. Significance: n.s. not sig-
nificant, *P < 0.05, **P < 0.01, **P < 0.001, two-sided t-test. Source data are provided
as a Source Data file.

We then sought to further investigate whether increased chro-
matin contact frequencies might contribute to aberrant gene activa-
tion in the BERP35T1 and BERP35T4 malignantly transformed cell lines.
To this end, we assigned each gene to a locus pair if the transcription
start site (TSS) of the gene overlapped with either anchor of the locus

pair and defined them as “anchor genes”. All anchor genes were then
categorized into nine groups on the basis of the SDOC alteration of
their corresponding TADs and alterations in the contact frequency of
the locus pair. Finally, alterations in the expression of anchor genes
were compared between groups. Overall, genes located at an anchor of
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enhanced distal contact, which was defined as a locus pair with a dif-
ferential contact frequency > 1, were generally upregulated regardless
of whether the SDOC value of the corresponding TAD was altered, and
genes located at an anchor of weakened distal contact, which was
defined as a locus pair with a differential contact frequency <-1, were
generally downregulated regardless of whether the SDOC level of the
corresponding TAD was altered (Fig. 3B). The statistically non-
significant result for TADs with decreased SDOC in BERP35T4 cells was
likely due to the small sample size. Therefore, alterations in the tran-
scriptional activity of anchor genes might be associated primarily with
alterations in the contact frequencies where they are located, where
alterations in the overall TAD regulatory context may play a less sig-
nificant role.

Then we checked whether the SDOC increase events are con-
sistent between the BERP35T1 and BERP35T4 cell lines (Fig. S3A). We
observed 202 overlapping SDOC increase events between BERP35T1
and BERP35T4. Further GO pathway analysis showed that genes loca-
ted in SDOC increase regions were enriched in desmosome-related
pathways (Fig. S3B). Recent studies using mouse genetic approaches
have uncovered a role for desmosomes in tumour suppression,
demonstrating that desmosome downregulation occurs before that of
adherens junctions to drive tumour development and early invasion®.

On the basis of the above results, we speculated that during
radiation-induced malignant transformation of BEP2D cells, alterations
in TADs as well as intra-TAD chromatin contacts may contribute to the
abnormal expression of oncogenes. Therefore, we next investigated
the contribution of SDOC alterations to oncogene expression. Briefly,
we compiled the oncogene list®””' and combined the gene expression
levels by calculating the mean expression within each TAD to enable
comparison of TAD-level gene expression in different groups of TADs.
Our results revealed that TADs with increased SDOC correspond to
significantly increased expression of oncogenes during tumorigenesis
(two-sided t-test, Fig. 3C), suggesting that SDOC alteration may indeed
contribute to oncogene activation during radiation-mediated malig-
nant transformation of BEP2D cells.

Together, our results suggest that the dynamic changes in SDOC
values during radiation-induced tumorigenesis may be closely related
to the dysregulation of gene expression, which may be accompanied
by specific binding of transcription factors.

TP63 is a mediator of tumour-specific chromatin contact

As a variety of TFs have been shown to contribute to the establishment
of cell-type-specific chromatin contacts that regulate the expression of
cell identity genes®**’>”*, we hypothesize that a key regulatory TF may
drive alterations in SDOC levels within TADs and mediate altered gene
transcription in radiation-mediated malignant transformation. We first
downloaded the JASPAR CORE Position Frequency Matrix (PFM) of
Vertebrates from the JASPAR database, which represents 746 non-
redundant TF binding motifs’*. We scanned all accessible chromatin
regions in each cell line with these PFMs to identify putative TF-binding
sites (TFBSs) using the FIMO package from the MEME suite”. To rule
out potential false-positive “bystander” TFs that are not functionally
significant but “happen” to be located at accessible chromatin sites, we
assessed the gene expression level of each assessed TF using RNA-seq
data to exclude those that presented decreased expression levels in
tumour cells. We then calculated the Pearson correlation coefficients
between the alterations in the number of binding sites for each TF in
each TAD and the changes in SDOC levels in each TAD, as a higher
correlation indicates a stronger association between the alteration in
TF binding and the alteration in the SDOC level. Our results revealed
that the top candidate TFs that had the most significantly increased
expression levels and were positively correlated with SDOC alterations
in both BERP35T1 cells and BERP35T4 cells were IRF6, STAT3, FOSLI,
and TP63 (Fig. 4A), suggesting that these transcription factors are most
likely to be associated with changes in SDOC during the radiation-

mediated malignant transformation of BEP2D cells. Notably, among
these TFs, TP63 was most significantly activated in both BERP35T1 and
BERP35T4 cells, suggesting its potential impact in reshaping the
structural and regulatory states of TADs during malignant transfor-
mation of BEP2D cells.

On the basis of the observation of increased ATAC-seq peaks in
both BERP35T1 and BERP35T4 malignant cells compared with BEP2D
cells, we further hypothesized that certain TFs may be involved in
mediating tumour-specific chromatin contacts via the generation of
novel chromatin sites. We then identified potential TFs responsible for
the generation of novel accessible chromatin sites in radiation-induced
tumour cells by comparing the chromatin accessibility levels in normal
BEP2D cells and tumour cells at all putative binding sites for each TF
and measured the level of increase in chromatin accessibility by cal-
culating the fold change in the mean ATAC-seq read density between
normal cells and tumour cells. We also took the expression level of
each TF into consideration to rule out potential false-positive results.
Overall, multiple TFs presented high increases in chromatin accessi-
bility (>3-fold) in BERP35T1 and relatively weak but consistent
increases in BERP35T4. Among the analysed TFs, TP63 presented the
greatest increase in chromatin accessibility in both BERP35T1 and
BERP35T4 radiation-induced tumour cells compared with BEP2D cells,
and it was also the only TF that presented a more than 3-fold increase
in chromatin accessibility in both tumour cell lines (Fig. 4A). Addi-
tionally, TP63 was only weakly expressed in normal BEP2D cells but
was significantly upregulated in both tumour cell lines. Notably, TP63
presented the highest degree of transcriptional activation among all
the TF genes in both tumour cell lines (Fig. 4B). Although gained ATAC-
seq peaks in tumour cells were enriched in loci that anchor regions of
increased spatial chromatin contact (contact-increased loci), a min-
ority of gained ATAC-seq peaks were located within anchor loci exhi-
biting weakened chromatin contact (contact-decreased loci) in
tumour cells. Interestingly, the TFBSs of TP63 were preferentially
located at gained ATAC-seq peaks within contact-increased loci rather
than at gained ATAC-seq peaks within contact-decreased loci (Fig. 4C),
indicating that TP63 preferentially binds to anchors with increased
spatial chromatin contact in addition to gained ATAC-seq peaks in
tumour cells. We also analysed the binding sites of other TFs with
increased accessibility in tumour cells (SOX15, SOX2, FOS, FOSL1,
JUNB, FOXA2, FOXE1 and BARX2), and most of these sites did not
exhibit preferential localization at gained ATAC-seq peaks within
contact-increased loci compared with those within contact-decreased
loci (Fig. S4A). Therefore, TP63 is a tumour-specific TF that specifically
binds to tumour-specific ATAC-seq peaks that anchor tumour-specific
chromatin contacts in BERP35T1 and BERP35T4 radiation-induced
tumour cells.

Histopathological analysis has indicated that BERP35T1 and
BERP35T4 radiation-induced tumour cells originate from squamous
cell carcinoma”. To further support the role of TP63 as a potential
mediator of tumour-specific chromatin contact, we used a public TP63
ChIP-seq dataset of an LUSC cell line to investigate the preferential
binding of TP63 at loci with increased contact frequencies in tumour
cells. The analysis of a public ChIP-seq dataset for TP63 in LUSC cell
lines® revealed that TP63-occupied ATAC-seq peaks were pre-
ferentially located within loci that exhibited increased contact fre-
quency with multiple other distal loci (Fig. 4D). Because the mean
ATAC-seq read density of SOX2 TFBSs in BERP35T1 tumour cells was
more than 3-fold greater than that in BEP2D cells (Fig. 4B), we analysed
the SOX2 ChIP-seq dataset provided in the abovementioned study®.
Unlike for TP63, we found no preferential localization in contact-
increased loci for SOX2 (Fig. S4B).

Together, these results show that tumour-specific opening of
chromatin regions mediated by TP63 might underlie the formation
and reinforcement of distal chromatin contacts in BERP35T1 and
BERP35T4 tumour cells.
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Fig. 4 | TP63 is a mediator of tumour-specific chromatin contact. A Scatter
diagram of SDOC alteration correlated with TFBS in BERP35T1 and BERP35T4. The
color and size represent log2 STD of gene expression alteration in BERP35T1 (left)
and BERP35T4 (right). B Average chromatin accessibility levels at binding sites of
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dashed lines correspond to 3-fold increases and 3-fold decreases, respectively, in
ATAC-seq read abundances in tumor cells. The names of TFs that were significantly
upregulated and showed an increase in the ATAC-seq read abundance of more than
3-fold in either tumour cell line are indicated. FPKM log2 fold change of each
differentially expressed TF were marked by different sizes and color. C Bar plots
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TP63 anchors multiple tumour-specific chromatin loops that
instruct MYC oncogene activation in radiation-induced

tumour cells

To gain further insight into the functional role of the reinforced
chromatin contact anchored by gained ATAC-seq peaks in radiation-
induced tumour cells, we performed a genome-wide search for dif-
ferentially expressed genes anchored by increased distal chromatin
contact in both the BERP35T1 and BERP35T4 tumour cell lines. We
identified 48 genes, of which 46 were upregulated in both tumour cell
lines, which is consistent with our findings that locus pairs with an
increased contact frequency in tumour cells are associated with
increased transcriptional activities of anchor genes. The 46 upregu-
lated anchor genes, including the known oncogene MYC (Supple-
mentary Data 3), whose expression was 5-fold greater in both
BERP35T1 and BERP35T4 tumour cells than in BEP2D cells (Fig. 5A), are
located at a tumour-specific hub of chromatin interactions anchored
by multiple upstream genomic regions that harbour ATAC-seq peaks
gained in tumour cells (Fig. 5B, C). One of these gained ATAC-seq peaks
is located within a tumour-specific TAD boundary ~340 kb upstream of
the adjacent TAD boundary that contains the MYC promoter. Taken
together, these two adjacent TAD boundaries delineate a tumour-
specific TAD and form a tumour-specific chromatin loop at the apex of
the TAD in both BERP35T1 and BERP35T4 cells. In addition, both
anchor loci of this tumour-specific chromatin loop contain a tumour-
specific ATAC-seq peak that colocalizes with a TP63 ChIP-seq peak in
the LK2 LUSC cell line (Fig. 5C). In this example, the upregulation of the
oncogene MYC was associated with the construction of a tumour-
specific chromatin contact via TP63-occupied tumour-specific open
chromatin sites, and this result is consistent with the findings from our
genome-wide analysis, which suggested that TP63 mediates the for-
mation of open chromatin regions that underlie functional chromatin
contacts in radiation-induced BERP35T1 and BERP35T4 tumour cells.

Validation of TP63-mediated chromatin contacts and tran-
scriptional regulatory roles

To validate the role of TP63 in mediating novel chromatin contacts, we
constructed a TP63-overexpressing BEP2D cell line to investigate the
functional impact of TP63 (Methods). For comprehensive investiga-
tion of the impact of the chromatin architecture, epigenome and
transcriptome of TP63, we performed Micro-C on WT BEP2D
(BEP2DNC) cells, TP63-overexpressing BEP2D (BEP2DOE) cells and
BERP35T1 cells and probed the transcriptome, chromatin accessibility,
TP63 and cohesin binding and chromatin structure by profiling these
cell lines using RNA-seq, ATAC-seq, and CUT&Tag targeting TP63,
STAG2 and CTCF. The RNA-seq data revealed significantly greater
expression of the MYC gene in BEP2DOE cells than in BEP2DNC cells (p
value =2.2x10%; Fig. 6A). The increased expression of MYC by TP63
overexpression in BEP2D cells was further verified using qPCR and
Western blot (WB) analysis (Fig. 6B, S5A). These results revealed a
causal link between TP63 overexpression and increased expression of
the oncogene MYC.

We also found that the profile of gene expression alterations in
TP63-overexpressing BEP2D cells compared with BEP2DNC cells sig-
nificantly correlated with those observed in BERP35T1 cells compared
with BEP2DNC cells (p value <107%, Fig. S5B), indicating that the
overexpression of TP63 resulted in a significant shift in the tran-
scriptome towards that of malignant BERP35T1 cells. Moreover, there
was a significantly greater proportion of overlapping upregulated
genes compared with the rate by chance, and there was a significantly
greater proportion of overlapping downregulated genes compared
with the rate by chance, although to a lesser extent than upregulated
genes (Fisher’s exact test, p==8.9e-23, odds ratio = 10.35; Fig. 6C).
Importantly, GO analysis revealed that the overlapping upregulated
genes were most significantly enriched in biological processes related
to negative regulation of apoptotic processes, positive regulation of

mitotic cell division and positive regulation of cell proliferation, sug-
gesting positive regulatory effects in tumorigenesis (Fig. S5C). Simi-
larly, the most significantly enriched biological process among the
overlapping downregulated genes was the apoptotic process
(Fig. S5D). These results showed that the transcriptional alteration
induced by TP63 overexpression represents a significant part of the
aberrant transcriptome alteration in transformed BERP35T1 cells and is
functionally related to malignant transformation.

To validate the role of TP63 in mediating chromatin reorganiza-
tion and chromatin contact in the malignant transformation of BEP2D
cells, we performed integrative analysis of our CUT&Tag and ATAC-seq
data and assessed the potential impact of TP63 binding on the level of
chromatin accessibility as well as the binding of CTCF and cohesin at
the corresponding TP63 binding sites. We first noted that the number
of TP63 CUT&Tag peaks (hereafter referred to as TP63 peaks) with
increased chromatin accessibility was greater than that with decreased
chromatin accessibility, suggesting an overall increase in the chro-
matin accessibility level at TP63 peaks, but the level of chromatin
accessibility alteration varied at different TP63 peaks. To enable a
detailed and context-dependent assessment of the regulatory impact
of TP63 chromatin binding events, we further classified TP63 peaks
into four categories according to alterations in chromatin accessibility
with/without TP63 binding by comparing TP63-overexpressing BEP2D
cells with WT BEP2D cells. Specifically, we classified the TP63 peaks
into 4 groups: strongly increased (fold change>4), slightly increased
(2<fold change<4), not significantly changed (0.5<fold change<2) and
decreased (fold change<0.5). We observed that the “strongly
increased” group corresponded to the strongest TP63 peaks (fold
change = 39.23), indicating that stronger and more robust TP63
binding results in a greater increase in chromatin accessibility. These
results further support TP63 as a pioneer factor mediating novel
accessible chromatin sites during the malignant transformation of
BEP2D cells. We next explored how the four types of TP63 peaks
affect CTCF and cohesin binding (Fig. 6D, S5E). As expected, the
increase in chromatin accessibility at TP63 peaks is associated with
increased CTCF and cohesin binding. This suggested that TP63 is
involved in the establishment of novel CTCF bindings by creating
accessible chromatin sites. Moreover, these novel CTCF peaks might
be capable of blocking cohesin’, resulting in the enrichment of
cohesin, and favouring the establishment of chromatin contacts on
these sites.

On the basis of the above observations, we further explored the
potential of TP63 binding to mediate chromatin contacts. We first
studied the expression alterations of genes located in loop anchors
(Fig. SSF). The expression of genes located at TP63-bound loop
anchors was significantly greater than that of TP63-bound loop anchor
genes but not loop anchor genes (p = 0.029) or other genes (p = 0.011),
indicating the regulatory potential of TP63-anchored chromatin con-
tacts. Next, we investigated the impact of TP63 on chromatin inter-
actions across the whole genome, which was not limited to loop
anchors. As weaker TP63 peaks only presented moderate alterations in
chromatin accessibility, CTCF binding intensity and cohesin level, we
focused on the most significantly enriched TP63 peaks (n=4000). As
TP63 peaks with a greater degree of increase in chromatin accessibility
are more likely to recruit CTCF and cohesin (Fig. 6D, S5E), we inferred
that these TP63 binding sites are more likely to mediate enhanced
chromatin interactions. Therefore, on the basis of the extent of
increased chromatin accessibility at novel TP63 peaks, we divided
these peaks into two classes: those with a fold change in chromatin
accessibility greater than or equal to 3 were defined as class 1 TP63
peaks, and those with a less prominent increase in chromatin acces-
sibility were defined as class 2 TP63 peaks as internal controls. We then
compared the intensities of chromatin contacts mediated by at least
one class 1 TP63 peak with the intensities of those mediated by class 2
TP63 peaks alone in the BEP2DNC, BEP2DOE and BERP35T1 cell lines
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Fig. 5 | TP63 anchors multiple tumour-specific chromatin loops that instruct
MYC oncogene activation in radiation-induced tumour cells. A Hi-C contact
maps of the MYC locus in BEP2D, BERP35T1 and BERP35T4 cells. Differential con-
tact maps between each type of tumour cells and normal BEP2D cells are shown
below the Hi-C contact maps of the corresponding tumour types. The red arrows
mark the locus where a new TAD boundary in each radiation-induced tumor cells

was established. The green arrows mark the anchors of the tumour-specific hub of
chromatin loops. B Expression level of MYC in BEP2D, BERP35T1 and BERP35T4
cells. C Genome-browser like plot of the MYC locus showing RefSeq genes, ATAC-
seq, TP63, CTCF, Cohesin CUT&Tag tracks of BEP2DNC, BEP2DOE and BERP35T1
cell lines.

(Fig. 6E, S5G). We observed that class 1 TP63 peaks mediated interac-
tions that were significantly stronger in BEP2DOE and BERP35T1 cell
lines (APA score = 191 in BEP2DOE cells; APA score = 1.90 in
BERP35T1 cells) than in BEP2DNC cells (APA score =1.83), whereas class

2 TP63 peaks mediated interactions that showed unchanged inten-
sities (APA score = 2.12, 2.04 and 2.18 in BEP2DNC, BEP2DOE and
BERP35T1 cells, respectively). These results suggest that TP63 binding
sites that mediate increased chromatin accessibility are likely to
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significantly greater increases in expression than did genes located at

mediate enhanced chromatin interactions. This finding is consistent
with the observation that TP63 peaks with increased chromatin
accessibility presented increased CTCF binding.

Next, we explored whether increased interaction intensities led to
the activation of gene expression. We compared the gene expression
fold changes at class 1 TP63 peaks and class 2 TP63 peaks (Fig. 6F, SSH).
As expected, genes located at class 1 TP63 peaks presented

class 2 TP63 peaks.

Compared with those in BEP2DNC cells, we observed novel
chromatin contacts at similar genomic sites in BEP2DOE cells and
BERP35T1 cells upstream of MYC gene (Fig. S6, S7). These novel
chromatin contacts were anchored by chromatin sites with clear TP63
CUT&Tag peaks (Fig. S6). Notably, we observed novel CTCF peaks that
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Fig. 6 | Effects of TP63 overexpression on gene expression, chromatin acces-
sibility and chromatin structure. A MYC expression difference before and after
TP63 overexpression. pValue is calculated using DEseq2. B Western blot of MYC
before and after TP63 overexpression. The experiment was repeated three times
independently with similar results. Uncropped and unprocessed scans of all blots
are provided as a Source Data file. C Venn diagram shows the overlap between
BERP35T1 up-regulated genes and BEP2D OE up-regulated genes. D TP63 CUT&Tag,
ATAC-seq, CTCF CUT&Tag and Cohesin CUT&Tag heatmap before and after TP63

overexpression. According to ATCA-seq signal foldchange, TP63 peaks were divi-
ded into 4 groups, including strongly increase (foldchange>4), slightly increase
(2<foldchange<4), not significant (0.5<foldchange<2) and decrease (fold-
change<0.5). E APA of contact mediated by different group of TP63 peaks. F Gene
expression foldchange mediated by different group of TP63 peaks. Box limits
represent 25th percentile, median and 75th percentile. Whiskers represent 5th and
95th percentile. Points represent outliers beyond whiskers. Significance: **P < 0.01,
two-sided Wilcox-test. Source data are provided as a Source Data file.

colocalized with novel cohesin peaks in a subset of these clear TP63
peaks (n =2, Fig. S6). One of the novel CTCF peaks was located ~340 kb
upstream of the MYC promoter and corresponded to a novel TAD
boundary in both BEP2DOE cells and BERP35T1 cells but not in
BEP2DNC cells. Importantly, we also observed that the corner of this
novel TAD corresponds to a chromatin loop that connects the novel
TAD boundary and the MYC gene promoter. Importantly, this obser-
vation is consistent with the novel TAD boundary shown in our Hi-C
results (Fig. 5), suggesting that this novel TAD boundary is mediated by
TP63 expression during radiation-mediated malignant transformation
of BEP2D cells, resulting in activated MYC expression.

Together, these results validated the role of TP63 in mediating the
opening of chromatin at binding sites, establishing novel CTCF binding
sites, thereby potentially mediating chromatin contacts via elevated
levels of cohesin blockade, favouring chromatin loop extrusion and
resulting in activated gene expression. These epigenome and 3D
genome alterations mediated by overexpressed TP63 contributed to
the aberrant transcriptome and the activation of pathways related to
the malignant transformation of BEP2D cells.

Discussion

Although alterations in the multilevel chromatin architecture have
been characterized as hallmarks of tumorigenesis®’, little is known
about the mediators that drive these processes and their functional
impacts on tumorigenesis. To fill this research gap and reveal the
mechanism of radiation carcinogenesis, we performed Hi-C, ATAC-
seq, and RNA-seq analyses of the o particle-induced carcinogenesis of
human bronchial epithelial cells and then performed a multi-omic
integrative analysis.

First, we showed that the chromatin accessibility landscape
undergoes pervasive alterations before and after tumorigenesis. The
landscape of chromatin accessibility broadly reflects the regulatory
capacity and is a critical determinant of chromatin organization and
function””. Previous work on cutaneous T-cell lymphoma (CTCL)
revealed the accessibility signature of oncogenic dysregulation, with
implications for therapeutic intervention. In our radiation carcino-
genesis model, we found a general tendency towards increased chro-
matin accessibility at both open and closed chromatin sites in
BERP35T1 and BERP35T4 tumour cells. Unlike chromatin sites with
stable accessibility levels, which were enriched in gene promoters, very
few chromatin sites with increased accessibility in tumour cells were
colocalized with promoter regions, which indicated that most remo-
delling events occur at promoter-distal sites.

Second, we also showed that the remodelling of chromatin
accessibility is closely related to finer-scale alterations in the 3D
chromatin structure. Chromatin accessibility is determined by the
linear structure of chromatin at the nucleosomal length scale, and
higher-order nucleosome organization might also impact access to
DNA”’; however, few studies have investigated the relationship
between chromatin accessibility and chromatin structure in tumor-
igenesis. We found that radiation-induced tumorigenesis significantly
increased the frequency of chromatin contacts between genomic sites
with increased accessibility and significantly decreased the frequency
of chromatin contacts between sites with decreased accessibility. The
greatest alteration in the chromatin contact frequency was observed

between two distal sites with simultaneously increased or decreased
chromatin accessibility. An increased contact frequency between dis-
tal loci often corresponded to increased transcriptional activity of
genes located at either of the anchor loci, which indicated a regulatory
role of chromatin structure alterations in radiation-induced
tumorigenesis.

Third, we identified TP63 as a mediator of functional chromatin
contact in BERP35T1 and BERP35T4 tumour cells. We propose that
TP63 functions as a pioneer factor that creates accessible chromatin
sites that recruit other TFs, including known insulators such as CTCF
and YYI*, thereby blocking chromatin loop extrusion and creating
new functional chromatin loops. We showed that TP63 might partici-
pate in the formation of new chromatin interaction hubs that anchor
the MYC oncogene to multiple distal tumour-specific accessible
regions, which might underlie the activation of MYC in BERP35T1 and
BERP35T4 tumour cells. Previous studies have shown that tumour cells
harbour more TADs than do cells of normal origin'®**, Chromatin loop
extrusion has been shown to underlie TAD formation’. In accordance
with previous studies, we detected an overwhelmingly greater number
of gained ATAC-seq peaks than lost peaks in radiation-induced tumour
cells. These tumour-specific open chromatin regions might awaken
insulators that are repressed in normal cells and thus result in the
creation of new chromatin loops and TADs in tumour cells. In support
of this hypothesis, we identified a CTCF binding motif ~340 kb
upstream of the MYC promoter that colocalized with a gained ATAC-
seq peak in both BERP35T1 and BERP35T4 tumour cells; in addition, a
TP63 binding motif was found in this region. As TP63 was activated in
both BERP35T1 and BERP35T4 tumour cells, we concluded that it might
function as a tumour-specific pioneer factor that creates a functional
insulator at this site, which in turn underlies the formation of a new
TAD boundary in tumour cells. Indeed, TP63 has been shown to
establish a squamous subtype-specific enhancer landscape in squa-
mous cell carcinomas (SCCs) and has been shown to regulate MYC
expression®. TP63 has also been shown to be a pioneer factor in
zebrafish*'. To further support these conclusions via bioinformatic
analysis of putative TFBS predictions, we generated a TP63-
overexpressing BEP2D cell line and conducted a series of sequencing
experiments to generate a comprehensive map of WT BEP2D cells,
TP63-overexpressing BEP2D cells and BERP35T1 malignant cells,
including transcriptome, epigenome and 3D genome datasets. We
performed integrative analysis and provided robust results showing
that TP63 binding indeed leads to genome-wide alterations in chro-
matin accessibility, CTCF binding, and chromatin contacts at corre-
sponding sites. Using high-resolution Micro-C data, we also replicated
the observation of Hi-C data on the oncogene MYC locus. Specifically,
we proved that in both TP63-overexpressing BEP2D cells and
BERP35T1 cells, a novel TP63 binding site ~320 kb upstream of the MYC
promoter mediates a new accessible chromatin site and results in the
establishment of a colocalized CTCF binding site. This TP63-mediated
CTCF binding site mediates a novel TAD boundary as well as a newly
formed chromatin loop that anchors the MYC promoter on the other
side, leading to elevated MYC expression. Thus, our study further
extends our understanding of the regulatory function of chromatin
architecture alterations and the underlying role of TP63 in radiation-
induced lung tumorigenesis.
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Radiation has been reported to have a limited effect on 3D chro-
matin organization, with the main effect being the strengthening of
TAD boundaries in repair-proficient cells®. They also reported that
repair-deficient cells undergo little change, indicating the presence of
a mechanism that protects 3D genome structure integrity during the
process of DNA damage repair. In contrast to previous work, our study
demonstrated alterations in multiple chromatin structural levels,
including compartments, TADs and intra-TAD chromatin contacts, in
radiation-induced malignantly transformed BEP2D cells (BERP35T1
and BERP35T4 cells) compared with normal BEP2D cells. The potential
reasons for the differences in the observations could be multifactorial.
First, the difference in cell type may play an important role. While a
previous study investigated fibroblasts and lymphoblastoid cells, our
study focused on epithelial cells, which might have different chromatin
states and susceptibilities to radiation-induced alterations that facil-
itate malignant transformation. Second, the focus of the previous
study was mainly on the immediate responses to radiation, while our
work suggests that long-term chromatin remodelling may emerge
beyond the immediate timeframe. Finally, previous analyses of cells
revealed little evidence of malignant transformation upon exposure to
radiation, where alterations in chromatin contact may reflect mainly
the process of DNA damage repair. Our work focused on malignantly
transformed cells, where alterations in chromatin contact have been
shown to facilitate transcriptome alterations related to tumorigenesis.

Our work revealed that the role of TP63 in mediating chromatin
contacts is functionally related to the regulation of oncogene expres-
sion. As TP63 is specifically activated in lung squamous cell carcinoma
(LUSC), our findings may provide new insight into the potential reg-
ulatory mechanisms underlying the development of LUSC. Further-
more, the comprehensive multi-omic dataset provided in our study
could be a valuable resource for studying the regulation and function
of 3D chromatin structure in the process of malignant transformation.

In summary, this study, by integrating genome-wide high-resolu-
tion Hi-C data, chromatin accessibility profiling data and gene
expression data, identified TP63 as a pioneer factor that facilitates
remodelling of the 3D genomic architecture and might activate MYC
expression by mediating tumour-specific chromatin interaction hubs
in a model of radiation-induced lung cancer. These findings increase
our understanding of the radiation-induced malignant transformation
of bronchial epithelial cells, which might aid in the clinical treatment of
and drug development for lung cancer. Our results are based on a cell
model and thus should be validated via replication in animal models
and patients in future studies.

Methods

Cell culture

The cell lines used in this study were described in detail in a previous
paper*’*. Briefly, the malignantly transformed cell lines BERP35T1 and
BERP35T4 were derived from BEP2D cells irradiated with 1.5 Gy of a-
particles emitted from a 2**Pu source and were described in detail in a
previous paper”’. The cells were cultured in serum-free LHC-8 medium
(Gibco, USA) at 37 °C in an atmosphere containing 95% air and 5% CO,,
The culture medium was changed every 3 days. When the cells reached
90% confluency, they were detached with trypsin (Sigma-Aldrich,
USA) for 5 min, and the suspension was separated by centrifugation to
collect the cells. The cells were then subjected to subculturing. For this
study, cells at passages 48-49 were used.

Lentivirus transfection

NP63-overexpressing lentivirus (HBLV-h-TP63-3xflag-ZsGreen-PURO)
and the corresponding control lentivirus (HBLV-ZsGreen-PURO) were
purchased from Hanbio Biotechnology Co. Ltd. (Shanghai). For lenti-
virus transfection, 2 x 10° BEP2D cells were seeded in 12-well plates in
LHC-8 medium overnight and infected with either a lentivirus
expressing the target gene or the control lentivirus. After 16 h, the

medium was replaced with fresh medium. After 48 h, LHC-8 medium
supplemented with 1 pg/ml puromycin was used to select puromycin-
resistant cells. After 2 weeks, the protein expression level of TP63 in
the cells was determined by Western blot analysis.

Western blot

Western blot analysis was performed via a standard technique. An anti-
GAPDH antibody (#5174S, 1:2000, Cell Signaling Technology) was used
as a control for whole-cell lysates. Immunoblotting was performed
with anti-NP63 (#67825S, 1:1000, Cell Signaling Technology), anti-c-
Myc (#18583S, 1:1000, Cell Signaling Technology), anti-SLUG (#9585S,
1:1000, Cell Signaling Technology), anti-CCND2 (#10934-1-AP, 1:1000,
Proteintech), anti-TMEM40 (#sc-393601, 1:1000, Santa Cruz), anti-
ARL4C (#10934-1-AP, 1:1000, Proteintech), 10202-1-AP Anti-rabbit IgG,
and HRP-linked antibodies (#7074, 1:5000, Cell Signaling Technology).

RNA-seq

Total RNA was extracted from 1x10° cells with RNAiso Reagent
(TaKaRa, China) following the manufacturer’s instructions. RNA
degradation and contamination were monitored on 1% agarose gels.
RNA purity was checked using a NanoPhotometer® spectro-
photometer (IMPLEN, USA). The RNA concentration was measured
using a Qubit® RNA Assay Kit with a Qubit® 2.0 fluorometer (Life
Technologies, USA). RNA integrity was assessed using an RNA Nano
6000 Assay Kit in a 2100 Bioanalyzer system (Agilent Technologies,
USA). A total of 1 ug of RNA per sample was used as input material for
RNA sample preparation. The sequencing libraries were generated
using an NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB,
USA) following the manufacturer’s recommendations, and in-house
index codes (Supplementary Data 4) were added to attribute sequen-
ces to each sample. In brief, mRNA was purified from total RNA using
poly-T oligo-attached magnetic beads. Fragmentation was carried out
using divalent cations at an elevated temperature in NEBNext First
Strand Synthesis Reaction Buffer (5x). First-strand cDNA was synthe-
sized using random hexamer primers and M-MuLV Reverse Tran-
scriptase (RNase H-). Second-strand cDNA synthesis was subsequently
performed using DNA Polymerase I and RNase H. The remaining
overhangs were converted to blunt ends via exonuclease/polymerase
activity. After adenylation of the 3’ ends of the DNA fragments, NEB-
Next adaptors with hairpin loop structures were ligated in preparation
for hybridization. To preferentially select cDNA fragments with lengths
of 150 ~ 200 base pairs (bp), the library fragments were purified with
the AMPure XP system (Beckman Coulter, USA). Then, 3 ul of USER
Enzyme (NEB, USA) was incubated with size-selected, adaptor-ligated
cDNA at 37 °C for 15 min followed by 5 min at 95 °C before PCR. Then,
PCR was performed with Phusion High-Fidelity DNA polymerase, uni-
versal PCR primers and the Index (X) Primer. Finally, the PCR products
were purified (AMPure XP system), and the library quality was assessed
with the Agilent 2100 Bioanalyzer system (3 nM). Clustering of the
index-coded samples was performed in a cBot Cluster Generation
System using a TruSeq PE Cluster Kit v3-cBot-HS (lllumina) according
to the manufacturer’s instructions. After cluster generation, the library
preparations were pooled together and sequenced on the Illumina
HiSeq X Ten platform, and 2x150 bp paired-end reads were generated.
Library construction and sequencing were accomplished with the help
of Annoroad Gene Technology (Beijing, China).

ATAC-seq

ATAC-seq was performed as previously described®. Fifty thousand
cells were collected and centrifuged. The cell pellets were resuspended
in lysis buffer (10 mM Tris-HCI (pH 7.4), 10 mM NacCl, 3 mM MgCl,, and
0.5% NP-40) and immediately centrifuged at 500 xg and 4°C for
10 min. The supernatants were removed, and the pellets (nuclear
fraction) were resuspended in a solution from a TruePrep™ DNA
Library Prep Kit V2 for lllumina® (Vazyme, China) for 30 min at 37 °C.
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DNA was purified using VAHTS DNA Clean Beads (Vazyme, China).
Following the manufacturer’s protocol, the libraries were amplified
with a TruePrep™ Index Kit V2 for Illumina® (Vazyme, China). Libraries
were analysed for size distribution with the Agilent 2100 Bioanalyzer
system and quantified by real-time PCR. Finally, the high-quality DNA
libraries were pooled together and sequenced on an lllumina NovaSeq
platform, and 2x150bp paired-end reads were generated. Library
sequencing was accomplished by Berry Genomics Corporation (Beij-
ing, China).

Cleavage under targets and tagmentation (CUT&Tag) assay
CUT&Tag was performed according to the instructions of the Hyper-
active® Universal CUT&Tag Assay Kit for lllumina (TD903, Vazyme).
Briefly, 100,000 sorted cells were mixed with Concanavalin A-coated
magnetic beads and permeabilized with digitonin. The cell-bead
complexes were incubated with the primary antibody at 4 °C over-
night, followed by incubation with the secondary antibody for 1h at
room temperature. After washing, the cells were incubated at room
temperature for one hour with pAG-Tn5. The nuclei were collected and
subjected to a transposition reaction at 37 °C for 1h with a Bio-Rad
T100 Thermal Cycler. Then, the transposed fragments were extracted,
purified and amplified by using the reagents provided by the kit.
Libraries were analysed for size distribution with the Agilent 2100
Bioanalyzer system. Finally, the libraries were pooled together and
sequenced on an lllumina NovaSeq 6000 platform, and 2x150 bp
paired-end reads were generated.

The antibodies used in this study for CUT&Tag were specific for
NP63 (#67825S, 1:50, Cell Signaling Technology), STAG2 (#5882S, 1:50,
Cell Signaling Technology), CTCF (#3418S, 1:50, Cell Signaling Tech-
nology), Goat Anti-Rabbit IgG H&L (#Ab207, 1:100, Vazyme).

Hi-C

Approximately 2x 10 cells were chemically crosslinked by the addition
of a 1/36 volume of fresh 37% formaldehyde solution to the medium
and incubation for 10 min at room temperature with gentle shaking.
Crosslinking was stopped by adding 2.5M glycine at a final con-
centration of 0.2M and incubating for 10 min at room temperature.
After being rinsed twice with PBS, the cells were harvested in a 1.5 ml
tube by scraping and centrifugation and stored at —80 °C until use. The
fixed cells were resuspended in 1 ml of lysis buffer (10 mM Tris-HCI (pH
8.0), 10 mM NaCl, 0.2% Igepal CA-630, and 1/10 vol. of proteinase
inhibitor cocktail (Sigma, USA)) and then incubated on ice for 20 min.
The nuclei were pelleted by centrifugation at 4 °C and 600x g for
5 min, washed with 1 ml of lysis buffer and subjected to another cen-
trifugation step under similar conditions. After washing twice with
restriction enzyme buffer, the nuclei were resuspended in 400 pl of
restriction enzyme buffer and transferred to a safe-lock tube. Next, the
chromatin was solubilized with diluted SDS and incubated at 65 °C for
10 min. After the SDS was quenched with Triton X-100, the chromatin
was digested overnight with a 4-cutter restriction enzyme (400 units of
Mbol) at 37°C on a rocking platform. The subsequent steps were
conducted as previously described”; the methods used were specific
to Hi-C and included labelling of the DNA ends with biotin-14-dCTP and
performing blunt-end ligation of crosslinked fragments. The proximal
chromatin DNA was religated with a T4 DNA ligase (Thermo Fisher,
USA). The nuclear complexes were reverse crosslinked by incubation
with proteinase K at 65°C. DNA was purified via phenol-chloroform
extraction. Biotin-C was removed from nonligated fragment ends
using T4 DNA polymerase. Fragments were sheared to a size of
200-600 bp by sonication with a Bioruptor for 90 seconds and sub-
jected to end repair with a mixture of T4 DNA polymerase, T4 poly-
nucleotide kinase and Klenow DNA polymerase. Biotin-labelled Hi-C
samples were specifically enriched using streptavidin C1 magnetic
beads (Thermo Fisher, USA). Fragment ends were subjected to
A-tailing with Klenow fragments (exo-), and Illumina paired-end

sequencing adaptors (NEBNext Ultra DNA Library Prep Kit for Illu-
mina) were then added to the ligation mixture. Finally, the Hi-C
libraries were amplified via 12-14 cycles of PCR by using universal PCR
primers according to the instructions of Illumina and sequenced on
the Illumina HiSeq platform. Sequence interaction patterns were
obtained on the Illumina HiSeq X Ten platform with 2x150 bp reads.
Library construction and sequencing were accomplished with the help
of Annoroad Gene Technology (Beijing, China).

Micro-C-XL

Micro-C-XL libraries were constructed according to previously
established methods®***. Briefly, 107 cells were cross-linked for
15 min with 1% FA at room temperature (RT) and then quenched with
0.125M glycine for 5min. FA-fixed nuclei were subjected to addi-
tional cross-linking with freshly prepared 3 mM EGS for 40 min at RT.
FA + EGS dual cross-linked cells were quenched with 0.4 M glycine for
10 min and then washed once with PBS supplemented with 0.05%
BSA. Next, the cells were lysed, and the chromatin was fragmented
with the appropriate amount of MNase for 10 min at 37°C. The
digestion was terminated by the addition of 1.5 mM EGTA at 65 °C for
10 min. The 3’ ends of the DNA were dephosphorylated, and the 5
ends were phosphorylated using 20 units of T4 polynucleotide
kinase (NEB, #M0201L) at 37 °C for 15 min. The DNA overhangs were
filled with 40 units of DNA Polymerase I, Large Klenow Fragment
(NEB, #MO0210L) with biotin-dCTP and biotin-dATP (Invitrogen) at
25°C for 45 min. The reaction was terminated by incubation at 65°C
for 20 min with 0.03 M EDTA. Chromatin was collected and ligated
using 50 units of T4 DNA Ligase (NEB, #M0202L) at room tempera-
ture for 3 h. After proximity ligation, the biotin from the unligated
ends was removed using 200 units of exonuclease Il (NEB,
#MO0206S) at 37 °C for 5 min. After the cross-linking was reversed by
reaction with proteinase K at 65°C for 2h, the ligated DNA was
extracted using the DNeasy Blood & Tissue Kit (Qiagen, #69506) in
accordance with the manufacturer’s instructions. Then, 250-400-bp
DNA fragments were selected and purified using 0.7X + 0.3X Ampure
XP beads, which were then subjected to blunt-end repair, poly-
adenylation, and adaptor addition using the VAHTS Universal Plus
DNA Library Prep Kit for MGI (Vazyme, #NDM617). The fragments
were subsequently subjected to streptavidin C1 bead (Invitrogen,
#65001)-mediated pull-down and polymerase chain reaction (PCR)
amplification (95 °C for 3 min; 10-12 cycles of 98 °C for 20 s, 60 °C for
155, and 72 °C for 30's; 72 °C for 5min; and a 4 °C hold). The ampli-
fied products were purified with 0.8X AMPure XP beads. Finally,
Micro-C-XL libraries were quantified and sequenced on the MGl-seq
platform (BGlI, China).

RNA-seq data processing

Sequence alignment to the hgl9 reference genome was performed
using HISAT2 v2.2.1. Reads with MAPQ <30 were filtered out. Gene
expression levels were determined using featureCounts v2.0.1. To
assess the statistical significance of differential expression for each
gene, the P value and corresponding adjusted p value were calculated
using DESeq2 v1.38.3. Differentially expressed genes were identified on
the basis of both log,-fold changes in expression and q values. Speci-
fically, genes with an adjusted p value < 0.05 and a log,-fold change in
expression > 2 were identified as significantly upregulated genes, and
genes with an adjusted p value<0.05 and a log,-fold change in
expression < -2 were identified as significantly downregulated genes.

ATAC-seq data processing

Sequence alignment to the hgl9 reference genome was performed

using Bowtie2®. ATAC-seq peak calling was performed with MACS2

using the parameter “-- nomodel” and default parameters otherwise®.
We compared the ATAC-seq peak calling results for normal BEP2D

cells with those for BERP35T1 and BERP35T4 tumour cells. First, the
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peak calling results (narrowPeak files) of all replicates were merged
using the “merge” command in BEDtools software (v2.29.1). To rigor-
ously identify gained or lost ATAC-seq peaks in tumour cells, we first
excluded peaks that were identified in both the normal and tumour cell
lines. We subsequently calculated the reads per kilobase of transcript
per million reads mapped (RPKM) value of each ATAC-seq peak in
tumour cells and calculated the RPKM value of the corresponding
region in normal BEP2D cells. We then calculated the read intensity
ratio between the tumour cells and normal cells using the following
equation:

R = (RPKM ,; + Pseudovalue)
™ (RPKM,,; + Pseudovalue)

@

where RPKMy; is the RPKM value of the ith peak in the tumour cells,
and RPKMy; is the RPKM value of the corresponding region in the
normal BEP2D cells. We used 1 as the pseudovalue to prevent division
by 0 and to eliminate the effect of extremely low RPKM,; values that
would otherwise increase R; and generate false positives. We retained
only peaks with R; >2 as ATAC-seq peaks obtained from tumour cells.
ATAC-seq peaks lost in tumour cells were identified via a similar
procedure. In brief, ATAC-seq peaks identified in both tumour cells
and normal cells were removed, R; was calculated for each peak, and
only peaks with R; < 0.5 were retained.

Hi-C data processing

Sequence alignment to the hgl9 reference genome was performed
using Bowtie2. The HOMER® package was used to process the aligned
data. First, the “makeTagDirectory” command was used to remove all
PCR duplicates and to create a HOMER tag directory with the para-
meter “-tbp 17, with all other parameters set to default values. The
“AnalyzeHiC” command was used to generate normalized Hi-C contact
matrices using the following parameters: “res 20000 -window
20000”. “-balance” parameter in the HOMER software was used to
perform Hi-C matrix normalization, which normalize the sum of each
bin of the Hi-C contact matrix to the same scale. Default settings were
used for the other parameters. The “runHiCpca.pl” script was used for
PCA and the calculation of the first eigenvector (PC1) for A/B com-
partment assignment. The parameters “res 200000 -window
200000” were used, with default settings used for all other para-
meters. The “findTADsAndLoops.pl” script was used to detect TADs
and loops with the parameters “-res 20000 -window 20000”, with
default settings used for all other parameters.

Micro-C data processing

Sequence alignment to the hgl9 reference genome was performed
using BWA®® software. Pairtools®” was used to process the aligned
data. First, the “pairtools parse” command was used to record valid
ligation events with the following parameters: “--min-mapq 40
--walks-policy Sunique --max-inter-align-gap 30 --nproc-in 8 --nproc-
out 8 --chroms-path hgl9.genome”. Next, the parsed pairs are then
sorted using “pairtools sort”. The “pairtools dedup” command was
subsequently used to detect and remove PCR duplicates. The “pair-
tools split” command was further used to split the final files into two
files:.pairs and bam files. The bam files were sorted and indexed using
SAMtools’™ with the “samtools sort” and “samtools index” com-
mands. Finally, the pairs files were converted to hic files and visua-
lized using Juicer”. Aggregate Peak Analysis (APA) was performed
using Coolpup.py” software with parameters: --ignore_diags 2
--maxdist 3000000. And APA scores were also calculated and
visualized using Coolpup.py with plotpup.py command. To give
more quantitative information about the level of enrichment of
interactions in the center of the pileup, the average value of the few
central pixels of the heatmap was labelled.

CUT&Tag data processing

Sequence alignment to the hgl9 reference genome was performed
using Bowtie2®. SAMtools’® was used to sort the bam files and create
an index. The “bamCoverage” command of deeptools’ was used to
compute the coverage of reads, and bigWig files were output for
visualization and analysis. We used the following parameters: “--bin-
Size 20 --normalizeUsing RPKM --ignoreForNormalization chrX”.
MACS2 was used to call peaks with the following parameters: “-q 0.05 -f
BAM -g hs”.

SDOC calculation

First, conserved TADs among all three datasets were rigorously iden-
tified. To this end, we used TAD datasets generated by HOMER soft-
ware and compared the two boundaries of each TAD in BEP2D cells to
those of the overlapping TADs in both BERP35T1 and BERP35T4 cells. A
TAD was identified as conserved among all 3 datasets if neither of the
TAD boundaries in the BEP2D cell dataset were shifted by more than 1
bin in either tumour cell dataset.

Then, we calculated the SDOC in the conserved TADs using the
“get SDOC.py” python script in the SDOC GitHub repository (https://
github.com/birmjiangs/SDOC). Specifically, three-dimensional coor-
dinates of all loci in individual TADs were calculated using Pastis-
PM2°*, These coordinates represented simulated chromatin structures
within the TAD and were used to construct the convex hull of each
TAD. The raw SDOC was calculated as the ratio of the number of open
chromatin peaks (the total number of ATAC-seq peaks in each TAD
region) to the raw TAD volume. Quantile normalization was performed
on the raw SDOC using the preprocessCore package of R to normalize
the SDOC value of each dataset to a Gaussian distribution.

Calculation of the differential chromatin contact frequency
First, z score normalization was performed on all Hi-C contact matrices
in each dataset. For each data point x in a dataset, the corresponding z
score z was calculated using the following equation:

1K 2)

where u is the mean value of the dataset, and ¢ is the standard
deviation of the dataset. Specifically, all cells in intrachromatin Hi-C
contact matrices that share the same genomic distances, which were
first set to the bin size of the Hi-C contact maps, were z score
normalized. This procedure was subsequently repeated by traversing
each genomic distance up to 2Mb. This z score normalization
procedure eliminated the effects of both sequencing depth and
genomic distance. The differential chromatin contact frequency of a
certain cell was subsequently calculated by subtracting the corre-
sponding z score-normalized contact frequency in the BEP2D cell
dataset from that in each tumour cell dataset.

Generation of differential contact maps between normal and
tumour cells

First, average z score-normalized contact maps centred on each group
of locus pairs in normal and tumour cells were generated for BEP2D,
BERP35T1 and BERP35T4 cells. Then, for each group of locus pairs, the
differential contact map between the BEP2D cell dataset and a tumour
cell dataset was generated by subtracting the average z score-
normalized contact map of the normal BEP2D cell dataset from that
of each tumour cell dataset.

Comparison of chromatin accessibility levels of TFBSs between
normal and tumour cells

Putative TFBSs were predicted using the MEME suite (v5.1.0). TF
binding motif datasets were downloaded from the JASPAR database
(http://jaspar.genereg.net/). The open chromatin regions in BEP2D,
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BERP35T1 and BERP35T4 cells were merged using the “merge” com-
mand in BEDtools software. The output.bed file containing the union
set of open chromatin sites was used for TFBS searching. The “fimo”
command in the MEME suite was used for identification of putative
TFBSs with the parameter “-thresh le-5” and default parameters
otherwise.

The chromatin accessibility level of each TFBS was assigned as the
RPKM-normalized read intensity of the ATAC-seq peak containing the
TFBS. The chromatin accessibility level of each TF was calculated as the
mean of all the chromatin accessibility levels of all the TFBSs in the
dataset.

Statistical analysis and reproducibility

The RNA-seq experiments for the BEP2D, BERP35T1 and BERP35T4 cell
lines were repeated three times. The Hi-C experiments for the BEP2D,
BERP35T1 and BERP35T4 cell lines were repeated three times. The
ATAC-seq experiments for the BEP2D, BERP35T1, and BERP35T4 cell
lines were repeated three times, and two replications were applied to
the BEP2DNC, BEP2DPOE, and BERP35T1 cell lines. The Micro-C
experiments for the BEP2DNC, BEP2DOE and BERP35T1 cell lines
were repeated four times.

A t-test was used to assess the statistical significance of the dif-
ferences in the mean log2 expression fold changes between different
gene groups, as shown in Figs. 2C, D and 3E. Fisher’s exact test was
used to assess the statistical significance of the differences in the
fraction of overlapping epigenomic features between different groups,
as shown in Fig. 4B, C. The levels of significance were calculated using
the SciPy library (version 1.5.2) of Python (version 3.7.0).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequencing data generated in this study have been deposited in
the GEO database (accession number: GSE175857, GSE175858,
GSE175859, GSE175860, GSE272817, GSE272819, GSE272820,
GSE272821 and GSE272822). The source data underlying Figs. 2,3 and 6
are provided as a Source Data file. Uncropped and unprocessed scans
of all blots are provided as a Source Data file. Source data are provided
with this paper.
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