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Abstract
The molecular subtypes of pancreatic cancer (PC), either classical/progenitor-like or 
basal/squamous-like, are currently a major topic of research because of their direct as-
sociation with clinical outcomes. Some transcription factors (TFs) have been reported 
to be associated with these subtypes. However, the mechanisms by which these mo-
lecular signatures of PCs are established remain unknown. Epigenetic regulatory pro-
cesses, supported by dynamic changes in the chromatin structure, are essential for 
transcriptional profiles. Previously, we reported the importance of open chromatin 
profiles in the biological features and transcriptional status of PCs. Here, we aimed 
to analyze the relationships between three-dimensional (3D) genome structures and 
the molecular subtypes of human PCs using Hi-C analysis. We observed a correlation 
of the specific elements of 3D genome modules, including compartments, topologi-
cally associating domains, and enhancer-promoter loops, with the expression of re-
lated genes. We focused on HNF1B, a TF that is implicated in the progenitor subtype. 
Forced expression of HNF1B in squamous-type PC organoids induced the upregula-
tion and downregulation of genes associated with progenitor and squamous subtypes, 
respectively. Long-range genomic interactions induced by HNF1B were accompanied 
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1  |  INTRODUC TION

Research based on large patient datasets has suggested that pan-
creatic cancer (PC) can be divided into two transcriptional subtypes: 
classical/progenitor-like (PG) and basal/squamous-like (SQ).1–4 These 
subtypes are directly linked to patient outcomes and are thus the 
subject of PC research.5–7 The subtypes express specific transcrip-
tional factors (TFs), such as GATA6, FOXA2, HNF1B, and HNF4A, 
in the PG type and TP63 and SIX4 in the SQ type.3–9 However, the 
mechanisms by which these TFs dynamically regulate their respec-
tive molecular signatures remain unclear.

The two pathological types of PC, pancreatic ductal adenocar-
cinoma (PDAC) and invasive intraductal papillary mucinous neo-
plasm (IPMNinv), are derived from different precursors: pancreatic 
intraepithelial neoplasm (PanIN)10 and IPMN.11 IPMNinv often tends 
to be the PG subtype.3 We previously analyzed chromatin profiles 
by assay for transposase-accessible chromatin with high-throughput 
sequencing (ATAC-seq) in PCs, especially IPMN lineages, and clar-
ified close relationships of chromatin accessibility and biological 
features.12 The importance of three-dimensional (3D) genome struc-
tures in cell type determination and disease characterization has 
recently been discovered.13–18 Therefore, we attempted to address 
how 3D genome structures play a role in PCs using Hi-C analysis. 3D 
genome structures are organized in a hierarchy of various module 
layers, including compartments, topologically associating domains 
(TADs), and DNA loops. Briefly, the genome is spatially segregated 
into two compartments, A and B, which encompass transcriptionally 
active and inactive regions, respectively.19 TADs are self-interacting 
domains that are genome segments of approximately 1 Mb in size 
and are insulated by the CCCTC-binding factor (CTCF).20 Chromatin 
interaction within TADs often forms a DNA loop structure, thereby 
linking promoters to regulatory elements, such as enhancers, to es-
tablish a transcription complex (enhancer-promoter [E-P] loop).21,22 
Growing evidence indicates that compartments and TADs are formed 
via distinct mechanisms.23 The role of the CTCF and cohesin com-
plex in TAD and loop formation has been well studied,24,25 whereas 
compartments have been proposed to be established according to 
local chromatin states.26 Recently, TF-induced phase-separating 
condensate, a nonmembranous organelle concentrating proteins 
and nucleic acids to assemble transcription machinery driven by 
polar and charged amino acids of the intrinsically disordered region 

(IDR) of TFs, has emerged as a mechanism to establish compartment 
profiles; it has become a topic for elucidating the biology of cancer 
phenotypes or drug sensitivities.27–31

Here, we propose the possible involvement of 3D genome struc-
tures in the transcriptional subtypes of PC. Our data using Hi-C 
analysis demonstrated that the “switch” of subtype gene signature 
induced by HNF1B, a characteristic PG-type TF, was followed by the 
alteration of 3D genome structures. The IDR of the HNF1B protein 
was required for the expression of subtype-specific genes, suggesting 
a possible involvement of the alteration of genomic compartments. 
This study suggests that TF-induced 3D chromatin remodeling offers 
a new field for understanding the molecular features of PC.

2  |  MATERIAL S AND METHODS

2.1  |  Organoid cultures

The organoids were cultured with Matrigel (Corning) coating, sup-
plied with complete media every 4 days, and incubated at 5% CO2 
in 20% O2. The complete medium was prepared as previously de-
scribed.12 Briefly, advanced Dulbecco's modified Eagle's Medium/
F12 (Thermo Fisher Scientific) (40%), with 10 mM HEPES (Thermo 
Fisher Scientific), 1 × GlutaMAX (Thermo Fisher Scientific), Wnt3a 
conditioned medium (ATCC® CRL2647™) (50%), and R-spondin1 
conditioned medium (10%)32 was supplemented with 100 μg/mL pri-
mocin (InvivoGen), 1 × B27 (Thermo Fisher Scientific), 10 nM gastrin I 
(Sigma), 1 mM N-acetylcysteine (Wako), 10 mM Nicotinamide (Sigma), 
50 ng/ml human recombinant EGF (Thermo Fisher Scientific), 100 ng/
ml human recombinant FGF10 (Peprotech), 100 ng/ml human recom-
binant noggin (Peprotech), and 500 nM A83-01 (Tocris). A total of 
10 μM Y-27632 (Fujifilm Wako) was supplemented when passaging.

2.2  |  Hi-C

One million cells from organoids were cross-linked with 2% formal-
dehyde for 10 minutes at room temperature and were quenched 
using stop solution. The library was prepared using the Arima Hi-C 
kit (Arima Genomics) according to the manufacturer's instructions 
and sequenced by NovaSeq6000 (Illumina) with paired-end 150 bp 

the University of Tokyo
by compartment modulation and H3K27ac redistribution. We also found that these 
HNF1B-induced changes in subtype-related gene expression required an intrinsically 
disordered region, suggesting a possible involvement of phase separation in compart-
ment modulation. Thus, mapping of 3D structural changes induced by TFs, such as 
HNF1B, may become a useful resource for further understanding the molecular fea-
tures of PCs.
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reads. Reads were processed with the Juicer pipeline,33 and KR nor-
malization was used unless otherwise noted.

Global contact matrix correlation between each sample was cal-
culated by HiCRep.34 Stratum-adjusted correlation coefficient (SCC) 
was calculated in each of chromosomes 1-22 and X at a resolution of 
1 Mb, and median SCC value was used to generalize the correlation 
between the samples. For compartment analysis, we used Calder al-
gorithm at 50 kb resolution to enable continuous scoring for each 
subcompartment.35 We also presented the eigenvector value with 
gene-enriched regions being annotated as compartment A (pos-
itive eigenvector value). TADs were called using normalized 50 kb 
resolution contact matrices through Hi-C explorer with default pa-
rameters.36 To define common and specific TAD borders, borders 
were expanded one bin (50 kb) on each side and were determined 
as common borders if they overlapped between samples. We calcu-
lated TAD domain score as reported previously.17 First, we extracted 
“intra-TAD contacts” by taking the sum of the KR-normalized inter-
action within the TAD. Only common TADs among the comparisons 
(3634 TADs between IPMNinv2 and PDAC1; 3903 TADs among 
HNF1B overexpression [OE] experiments) were used. Next, each 
TAD's “intra-TAD contact” was further divided by the sum of each 
TAD's “intra+inter-TAD contact,” yielding the TAD domain score 
of that TAD. To calculate log2 fold change, we first converted do-
main score, which ranges from 0 to 1, to three-digit integer using 
“ROUND” function. These integers were used as input for edgeR37 
(comparison between IPMNinv2 and PDAC1) or DESeq238 (compar-
ison in HNF1BOE experiments).

Loops were called using HiCCUPS,33 and those located on chromo-
somes 1-22 and X were considered. Significant differential loops were 
further called by HiCCUPSDiff.33 We used pgltools to identify over-
lap and specificity of the loops.39 Loops were further filtered to only 
those whose anchors matched enhancers and promoters. Enhancers 
are defined as merged set of H3K27ac chromatin immunoprecipita-
tion sequencing (ChIP-seq) peaks in IPMNinv2 and PDAC1 (72,242 
peaks) (E-GEAD-417). Promoters are defined as transcription start site 
(TSS) ± 1 kb. E-P loop interactions were calculated by extracting KR-
normalized contacts. We also used HiC-DC+ (5 kb resolution) for dif-
ferential loop interaction comparison in HNF1BOE experiments.40 As 
multiple loops could be called per gene, we took into account the ones 
that exhibited changes most likely to have contributed to their gene 
expression difference for heatmap presentation. Virtual 4C plot was 
created from Juicebox.41 We first chose a viewpoint region, namely, 
bins containing TSS of GATA6 (chr18: 19,750-19,755 kb) and then ex-
tracted the KR-normalized Hi-C matrix at 5 kb resolution. FitHiC was 
performed at 5 kb resolution with cutoff set to false discovery rate 
(FDR) < 0.05.42 To integrate gene expression, each gene was allocated 
to genome modules based on its TSS location. Hi-C sequences could be 
affected by copy number variations (CNVs). Indeed, the compartment 
scores and E-P interactions were positively biased and domain scores 
were negatively biased to CNVs. Therefore, we adjusted RNA values 
based on the CNV status when comparing IPMNinv2 and PDAC1.

To investigate which of the 3D genome modules particularly as-
sociated with subtype gene expression, we assigned each gene to 

each 3D module that had the strongest difference (log2 fold change) 
between the cell types. Heatmap was presented as to clarify positive 
and negative values, and 3D modules that were not annotated in the 
indicated gene were colored gray.

To analyze the long-range contacts between HNF1B targeting sites, 
we used PE-SCAn43 to determine if the combination of the two regions 
that are > 5 Mb apart are in closer contact than expected. The results 
are shown as submatrices of the log2(observed/expected) at 10 kb res-
olution between pairs of HNF1B peaks within the range of 250 kb up- 
and downstream. The top 2500 HNF1B ChIP-seq signal peaks were 
used as a reference for HNF1B-targeting sites. Saddle plots and com-
partment strength were calculated using Genome Organisation Visual 
Analytics (GENOVA) software at 50 kb resolution.44

2.3  |  Mutagenesis of HNF1B IDR

Open reading frame of HNF1B was cloned into pLVSIN-EF1α Hyg 
Vector (Takara). HNF1B-dIDR (IDR deleted) mutant was cloned 
by inverse PCR using the KOD -Plus- Mutagenesis Kit (Toyobo). 
AKAP95 (amino acid 101-210) was cloned from cDNA of 293 T cells 
and was inserted into HNF1B-dIDR plasmid using Gibson Assembly 
Master Mix (NEB). PCR primers are listed in Table S1. All the coding 
regions were sequence verified.

2.4  |  Overexpression experiments

Lentivirus was produced using psPAX2 (Addgene, #12260) and 
pMD2.G (Addgene, #12259), followed by virus concentration using 
Amicon Ultra 100 k (Millipore). Lentivirus transfection to organoids 
was performed using the spin inoculation method. Briefly, organoids 
dissociated into single cells were plated onto a 48-well plate with 
120 μl complete medium, 15 μl of concentrated virus, and 8 μg/ml po-
lybrene. The plate was centrifuged at 600 g for 60 minutes at 32°C, 
followed by 6 hours culture at 37°C, washed, and then seeded with 
Matrigel embedding. Transfected cells were selected with 100 μg/
ml hygromycin. Downstream sequencing experiments (RNA-seq, 
ChIP-seq, and Hi-C) were performed together with the empty vec-
tor control whose culture period and passage times are managed to 
be the same. Number of colonies that formed ductal-like structures 
shown in Figure S4C were counted per each well 3 days after seed-
ing 2 × 105 cells into a six-well plate.

2.5  |  Western blot analysis

Western blot analysis was performed as previously described.12 Whole-
cell lysates of organoids were prepared by lysing with RIPA buffer. The 
lysates were further sonicated for 5 minutes and centrifuged, and the 
supernatants were collected. These lysates were separated by SDS-
PAGE, followed by immunoblotting using primary antibodies listed in 
Table S2. All images were taken using LuminoGraph (Atto).
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2.6  |  Immunofluorescence

A total of 5 × 104 cells were seeded onto a four-well chamber slide 
(Thermo Fisher Scientific) and cultured for 2 days. Cells were then 
fixed with 2% PFA/PBS for 10 minutes at RT, permeabilized with 
0.25% TritonX-100/PBS for 15 minutes at RT, blocked with 5% goat 
serum/PBS for 1 hour at RT, and then incubated with HNF1B anti-
body (Sigma, HPA002083) diluted in 5% serum/PBS and incubated 
overnight at 4°C. Slides were then incubated with fluorescence-
conjugated secondary antibody (Table S2). Nuclei were labeled using 
Hoechst. Images were taken using DMi8 (Leica).

2.7  |  RNA-seq

RNA was extracted from organoids using the RNeasy Micro Kit (Qiagen). 
Libraries were prepared using the TruSeq Stranded mRNA Kit (Illumina) 
and were sequenced using NovaSeq6000 (Illumina) with paired-end 
150 bp reads. Fastq files were preprocessed using fastp45 and reads 
were mapped onto hg19 by HISAT2.46 Mapped reads were counted 
using featureCounts.47 Reads were normalized to transcripts per million 
(TPM). Expression fold changes were calculated using DESeq2. GSEA 
was performed with “GENEset” permutation, and all other parameters 
were set to default.48 Expressed protein-coding genes were used.

2.8  |  Real-time quantitative PCR

cDNA was synthesized using ImPromII Reverse Transcriptase 
(Promega). Quantitative PCR was performed on the StepOnePlus 
real-time PCR system (Applied Biosystems) using the FastStart 
Universal SYBR Green Master (Roche). Gene expression levels were 
evaluated using the ΔCt method and normalized to that of ACTB. The 
primer sequences are shown in Table S1.

2.9  |  ATAC-seq analysis

We analyzed our previous IPMNinv2 and PDAC1 organoid ATAC se-
quence data deposited in E-GEAD-416.12 Log2CPM (count per mil-
lion) scores from merged peak sets (194,222) were used. To define 
promoter accessibility scores shown in Figure 2B, we averaged the 
ATAC scores of peaks within promoter regions (TSS ± 5 kb). For TF 
footprint analyses in Figure 2C, ATAC peaks were classified based 
on their compartments (higher Calder score in IPMNinv2 or PDAC1). 
Classified peaks and bam files were used as input for Hmm-based 
IdeNtification of Transcription factor footprints (HINT) analysis.49

2.10  |  ChIP-seq

Chromatin immunoprecipitation experiments were performed as 
described previously.12 Briefly, cells were cross-linked using 1% 

formaldehyde for 10 minutes and quenched using 125 mM glycine. 
Cross-linked cells were lysed and washed. Nuclear pellets were sus-
pended in sonication buffer and sheared with a sonicator (Bioruptor 
UCD-250, Cosmo Bio) for 15 cycles at high output (30 seconds soni-
cation followed by 30 seconds rest). Cleared lysates were aliquoted 
and stored at −80°C. Upon use, these lysates were diluted with ChIP 
dilution buffer and incubated with magnetic beads (Dynabeads M-
280 sheep anti-rabbit IgG, Life Technologies) bound with antibodies 
listed in Table S2 overnight at 4°C. DNA-bound beads were washed 
once with low salt buffer, once with high salt buffer, and five times 
with LiCl buffer. Input and ChIPed DNA were eluted in elution 
buffer, followed by de–cross-linking overnight at 65°C. After RNase 
treatment and proteinase K digestion, DNA was extracted using the 
MinElute PCR purification kit (Qiagen). Sequencing libraries were 
prepared using the SMARTer ThruPLEX Tag-seq 6S Kit (Takara) 
and were sequenced using NextSeq500 (Illumina) with single-end 
75 bp reads. Fastq files were mapped onto the hg19 using bowtie.50 
Duplicates were removed using Picard MarkDuplicates.

To focus on the HNF1B induced modification in HNF1B and 
H3K27ac ChIP-seq, signals over previous HNF1B ChIP-seq peaks 
(GSE64560)9 were visualized using deepTools as shown in Figures 2E 
and 3E.51 Likewise, in Figure 3F, HNF1B and H3K27ac reads at HNF1B 
peaks were extracted using featureCounts. These counts were nor-
malized by edgeR giving log2 fold change of HNF1B and H3K27ac 
signals in HNF1B-overexpressed cells over empty control. For CTCF 
ChIP-seq, peaks against input control were called using MACS2 with 
a parameter -q 0.01. Reads for each peak were extracted using featu-
reCounts. Input counts were extracted from CTCF ChIP counts with 
negative values being set to zero. These counts were normalized by 
edgeR giving log2CPM. Fold enrichment signal against input was cal-
culated using bdgcmp command in MACS252 to create a bedgraph 
file followed by conversion into a bigwig file using bedGraphToBig-
wig command. The bigwig file was further adjusted using the scaling 
factor obtained from edgeR TMM normalization.

2.11  |  Statistical analysis

The differences between experimental groups were evaluated 
using the two-sided Student's t test, Fisher's exact test, or one-way 
ANOVA and were considered significant at p < 0.05. Graphs and fig-
ures were prepared using either R package or Graph Pad Prism 9. 
Data are presented as Tukey's boxplot or mean ± SEM.

3  |  RESULTS

3.1  |  Hi-C analysis of patient-derived organoids 
revealed the importance of 3D genome structure in PCs

We previously revealed that PDAC and IPMNinv, which are PCs that 
emerged from different precursors, PanIN and IPMN, respectively, 
had different open-chromatin profiles with characteristic biological 
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features using patient-derived organoids.12 In this study, we at-
tempted to address the importance of 3D genome structures in PCs 
using these organoids (Figure  1A). Our Hi-C data from organoids, 
including PDAC, IPMN, and IPMNinv, were compared with publicly 
available Hi-C datasets from normal pancreas,53 human pancreatic 
nestin-expressing cells (HPNE), and PDAC cell lines (Panc-1 and 
Capan-1) (Figure 1B).54 Given the possible biases of Hi-C data due to 
differences in preparation protocols or sequencing depth, we used 
the HiCRep algorithm, which is relatively robust to these biases.34 
We found that 3D genome profiles from Hi-C data successfully re-
flected the pathological differences among normal, IPMN-related 
lineages, and PDACs (Figure  1B). Moreover, the HPNE cell line, 
which mimics acinar-to-ductal metaplasia,55 a presumable trans-
differentiation step to PanIN, was classified similarly to the other 
PDAC cells. Next, we investigated the relationships between gene 
expression profiles and 3D genome modules, including compart-
ment, TAD, and E-P loop. The depth of our Hi-C data (> 2.4 billion 
reads) was sufficient for annotating each module.21 To exclude the 
possible effects of CNVs, RNA values were adjusted based on CNV 
status from previously performed exome sequencing.12 When ana-
lyzing compartments, the importance of continuous quantification 
rather than canonical dichotomous classification of A and B com-
partments has been proposed recently.15,56 Therefore, we used 
the Calder algorithm to infer subcompartments and quantify their 
activities (Figure 1C).35 As expected, the Calder score dictated the 
differences in gene expression between PDAC1 and IPMNinv2 cells 
(Figure  1D). Representatively, the activity of compartments was 
linked to the expression of CYP2C family genes located in the vicin-
ity (Figure 1E). To assess the role of TAD, we used the domain score, 
which is defined by the ratio of intra-TAD interactions to all cis inter-
actions and correlates well with the expression of intra-TAD genes 
(Figure 1F).17,57 Higher domain scores indicated higher gene expres-
sion between PDAC1 and IPMNinv2, as shown by the SLC1A1 locus 
(Figure 1G,H). Regarding the role of the loop, we called significant 
loops and extracted those whose anchors matched enhancers and 
promoters (E-P loops) using the HiCCUPS algorithm (Figure 1I).33 E-P 
loops were positively related to gene expression, as shown by the 
GATA6 locus, a master PG subtype gene (Figure 1J,K; Figure S1).5,7 
Collectively, the Hi-C data indicated that various 3D genome mod-
ules play roles in the distinct gene expression of the respective PCs.

3.2  |  Orchestration of multi-layer 3D genome 
structures underlies PG-subtype molecular signature

Among the two major transcriptional subtypes in PC, IPMNinv is 
often classified as the PG subtype, but not as the SQ subtype.3,12 
Consistently, 334 genes among the previously curated 500 PG-
related genes8 were more highly enriched in our IPMNinv organoid 
(IPMNinv2) than those in the SQ-subtype PDAC organoid (PDAC1) 
(Figure 2A). Therefore, we investigated how the 3D genome mod-
ules contribute to the molecular profiles of IPMNinv2 confined to 
the PG subtype. We compared the status of the 3D modules in 334 

gene loci between IPMNinv2 and PDAC1 (Figure 2B). We also calcu-
lated promoter accessibility (ATAC signals within ± 5 kb of the TSS) 
for the local chromatin profile and CNV for reference. The compart-
ments reflected the most remarkable score changes in 158 PG-
specific genes (CYP2C18, CFTR, and FGFR4) (47.3%) among the 3D 
modules (Figure 2B). The Calder score of the compartments showed 
the highest correlation with the expression of 334 PG-specific genes 
(Figure  S2A). In addition, compartment activity was significantly 
related to a higher domain score, E-P interaction, and promoter 
accessibility (Figure S2B), which corroborates the notion that com-
partments concentrate functionally related molecules and govern 
gene regulation.58 The increase in E-P loop interaction underpinned 
28 key PG-specific genes (8.4%), including GATA6, BMP4,59 and 
SHH60 in IPMNinv2 (Figure 2B), which is consistent with the previous 
finding that cell type-specific genes are connected to enhancer ele-
ments and fine-tuned by E-P loops.61 The promoter accessibility had 
a positive relation to 49 PG-specific genes (14.7%), including HNF4A 
and PDX1, which supports the previous findings that those pro-
moters are being inactivated by methylation in the SQ subtype.3 In 
contrast, the contribution of CNVs was very limited (correlation co-
efficient (r) = 0.03) (Figure S2A). Having demonstrated the potency 
of these compartments in the expression of PG-specific genes, we 
focused on the factors that regulate their activity. Recently, the in-
volvement of TF-induced phase separation has been proposed as a 
driving force for establishing compartments.27–31 At first, we aimed 
to identify the TFs that may have a role in the active compartments 
of PG-specific genes in IPMNinv2. In a previous report, we identi-
fied HNF1B as one of the highly enriched TFs in IPMNinv, but not 
in PDAC, using TF footprint analysis in ATAC-seq.12 We further in-
vestigated whether this HNF1B enrichment is related to the activity 
of compartments. We subdivided the genome of IPMNinv2 based 
on compartment activity compared with PDAC1: either more active 
in IPMNinv2 or less active in IPMNinv2. The enrichment of HNF1B 
was found in compartments that were more active in IPMNinv2 
(Figure 2C). Moreover, traditional compartment analysis classifying 
the genome into active A or inactive B compartments also showed 
a greater enrichment of HNF1B binding sites in compartment A of 
IPMNinv2 (Figure  S2C). Hence, we speculated that HNF1B might 
play a role in the more active PG-specific compartments observed 
in IPMNinv2.

3.3  |  HNF1B contributes to the expression of 
PG-subtype genes and modulates the underlying 3D 
genomic structure

To test this hypothesis, we overexpressed HNF1B (HNF1BOE) in 
PDAC1 cells (Figure  2D). ChIP-seq validated the enrichment of 
HNF1B bindings in its known target elements (Figure 2E). HNF1BOE 
recapitulated the expression of 334 IPMNinv2-enriched PG genes 
(Figure 2F). In addition, 313 HNF1BOE-induced PG-specific genes 
were more enriched in IPMNinv2 than those in PDAC1 (Figure S2D). 
We then performed Hi-C to unveil the HNF1B-induced 3D genome 
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modulation. As the replicates showed good reproducibility, we 
combined them for all subsequent analyses (Figure  S2E). Among 
the 3D modules, the increased activity of the compartment 

reflected the expression of 144 PG-specific genes, such as the 
CYP2C family genes, after HNF1B OE (Figure S2F). Moreover, the 
Calder score changes of the 334 PG genes in HNF1BOE PDAC1 
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cells correlated well with the score differences between IPMNinv2 
and PDAC1 (r  =  0.28, P  =  1.6 × 10−7), suggesting that the differ-
ent compartment profiles between IPMNinv2 and PDAC1 could be 
partially directed by HNF1B (Figure 2G). Increased E-P interactions 
underpinned 34 PG-specific genes, including GATA6 and BMP4, 
which were differentially expressed in IPMNinv2 and PDAC1 
(Figure  S2F). These results highlight the importance of HNF1B-
induced chromatin structures in the differential expression pro-
files of IPMNinv2 and PDAC1.

3.4  |  HNF1BOE facilitated long-range genomic 
interactions and compartment activation

Transcriptional factors often establish long-range genomic inter-
actions via condensation to regulate cell-specific gene expres-
sion.17,43,62 Thus, we examined the distribution of HNF1B within 
the nucleus by immunofluorescence analysis. Immunofluorescence 
images of HNF1B showed several concentrated nuclear foci distrib-
uted away from the Hoechst signal, which delineates tightly packed 
heterochromatin (Figure  3A),63 suggesting that HNF1B assembled 
in the open-chromatin–rich active compartment. To further visual-
ize the relationship between the active compartment and long-range 
genomic crosstalk after HNF1BOE, we analyzed the genome-wide 
interactions among HNF1B binding sites using paired-end spatial 
chromatin (PE-SCAn) analysis.43 The long-range genomic interac-
tions among HNF1B binding sites were increased in the activated 
compartments (defined as the increased Calder score by HNF1BOE), 
but not in the inactivated compartments (defined as the decreased 
Calder score by HNF1BOE) (Figure 3B; Figure S3A), suggesting the 
possibility that HNF1B condensation synchronized with compart-
ment activation. Moreover, we found newly established interactions 
of HNF1B binding sites between compartments activated from the 
Calder-low (Calder score: 0-0.5) and Calder-high (Calder score: 0.5-
1) compartments (Figure  3C,D). Compartment strength analysis, 
which computes the interactions between the active A and inactive 

B compartments, showed that HNF1BOE induced intercompartment 
interactions (Figure S3B). These results indicated that HNF1BOE fa-
cilitates long-range genomic interactions accompanied by compart-
ment activation (Figure 3D).

3.5  |  HNF1BOE-induced compartment modulation 
is associated with H3K27ac redistribution and altered 
expression of subtype-related genes

Next, we investigated how HNF1BOE-induced compartment modu-
lation is supported by other chromatin profiles and the extent to 
which it is related to gene expression. Generally, the activity of TFs 
cooperates with H3K27ac status or transcriptional coactivators, 
such as histone-acetyltransferases.64 H3K27ac dynamics have re-
cently been found to modulate the interaction frequency between 
regulatory regions.56 Therefore, we examined the H3K27ac profiles 
induced by HNF1BOE. Although global H3K27ac levels were not 
influenced by HNF1BOE (Figure 2D), H3K27ac signals and HNF1B 
binding were preferentially increased in the activated compart-
ments compared with those in the inactivated compartments 
genome-wide (Figure 3E), which was consistent with the enriched 
distribution of HNF1B targets within the activated compartments 
(Figure  3B; Figure  S3C). In addition, when we focused on the PG 
gene–related compartments, HNF1B signals, H3K27ac modifica-
tion, and RNA levels were significantly increased in the activated 
compartments (Figure S3D). More importantly, these values were 
significantly correlated in the activated compartments (r  =  0.30, 
0.34, and 0.39, respectively) but not in the inactivated compart-
ments (Figure 3F; Figure S3E). Representatively, the CYP2C family 
gene locus showed compartment activation in relation to the in-
crease in HNF1B and H3K27ac signals of their regulatory elements 
with their corresponding gene expression (Figure 3G,H). These re-
sults suggest a possible cooperation between compartment activa-
tion and H3K27ac modification of the HNF1B-directed expression 
of PG-related genes.

F I G U R E  1  3D genome architecture associates with gene expression in pancreatic cancer organoids. A, Scheme of patient-derived 
organoids used for Hi-C experiments. B, Principal component analysis (PCA) of organoids combined with reported pancreas Hi-C dataset 
uncovering the overall trend in pancreas neoplasms. C-E, Scheme of analyzing compartments using Calder compartment score (C), relation of 
compartment activity to RNA expression (D), and example of differential compartment as seen in CYP2C family gene locus (E). Tracks of Hi-C 
eigenvector value (100 kb resolution), RNA, and H3K27ac are also shown. Compartment of interest is highlighted. F-H, Scheme of analyzing 
topologically associating domains (TADs) using domain score (F), relation of TAD activity to RNA expression (G), and example of differential 
TADs as seen in SLC1A1 locus with RNA and CCCTC-binding factor (CTCF) tracks (H). The black bars denote TAD of interest. Domain scores 
and a Z-score are also shown. Expression of genes whose promoters are encompassed within this TAD are highlighted. Contacts are shown 
at a 10 kb resolution. I-K, Scheme of analyzing enhancer-promoter (E-P) loops called by HiCCUPS (I), relation of E-P loop significance to RNA 
expression (J), and example of differential E-P loops as seen in GATA6 locus with tracks of virtual 4C (5 kb resolution), RNA, H3K27ac, and 
CTCF (K). The enhancers and promoter are highlighted in green and red, respectively. The loops called only in IPMNinv2 are shown. Z-scores 
from log2 fold change of Calder score and domain score were used to classify them (Z < −1.96, −−; −1.96 < Z < −0.5, −; −0.5 < Z < 0.5, mid; 
0.5 < Z < 1.96, +; 1.96 < Z, ++). E-P loops were classified according to their significance (loops called by HICCUPSDiff, −− or ++; loops called 
by HICCUPS, − and +; loops called in both samples, common). For box plots, center lines represent medians; box limits represent 25% and 
75% quantiles; whiskers represent the smallest or largest observation within 1.5× of the interquartile range. P values were determined using 
one-way ANOVA. Genes are denoted by boxes with their transcription start site (TSS) sides colored densely
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3.6  |  HNF1B-mediated 3D modules accompanied 
with reciprocal changes in subtype-related 
gene expression

While we focused on the role of HNF1B in PG-subtype gene regula-
tion, we also observed the downregulation of some SQ genes (254 
out of 500 genes), leading to subtype switching after HNF1BOE 

(Figure S3F,G). In addition, the altered status of the 3D modules was 
synchronized with the suppression of these SQ genes (Figure  3I). 
Compartments and TADs reflected 93 (36.6%) and 88 (34.6%) SQ 
genes, respectively, including COL6A, LOX, and KRT family genes, and 
epithelial mesenchymal transition markers (SNAI2, TGFBI, ALDH1A3, 
and SIX4) (Figure 3I). Twenty-seven (10.6%) SQ genes, including TGFB2, 
were underpinned by E-P loops (Figure 3I). To clarify the landscape of 

F I G U R E  2  Orchestration of multilayer 3D genome structures underlies progenitor (PG)-subtype molecular signature. A, Gene set 
enrichment analysis (GSEA) result of 500 PG genes between IPMNinv2 (PG) and PDAC1 (squamous [SQ]). 334 genes out of them were 
highly expressed in IPMNinv2. B, Heatmap of log2 fold change scores of each 3D genome module related to 334 PG genes between 
IPMNinv2 and PDAC1. Each gene was assigned to the highest scoring modules among compartments, TADs, and enhancer-promoter (E-P) 
loops. Promoter activities and copy number variations (CNVs) are shown for reference and used for assignment when gene expression could 
not be explained by any of the 3D genome modules. C, ATAC-seq footprint analysis showing the enrichment profile of TFs in IPMNinv2, 
classified by compartments that have higher Calder score in IPMNinv2 (top, more active in IPMNinv2) or in PDAC1 (bottom, less active in 
IPMNinv2). Note that among known PG transcriptional factors (TFs) that are highlighted, enrichment of HNF1B was evident in the more 
active compartments in IPMNinv2, but not in the less active compartments in IPMNinv2. Significant TFs are colored either red (Z > 1.96) or 
blue (Z < −1.96). D, Western blot showing induction of HNF1B in PDAC1 with least effect on global H3K27ac amount. E, HNF1B chromatin 
immunoprecipitation sequencing (ChIP-seq) profile over HNF1B peaks showing its effective enrichment in HNF1BOE. F, GSEA result showing 
effective induction of 334 PG genes in HNF1BOE. G, Scatter plot of log2 fold change compartment scores between HNF1BOE/empty and 
IPMNinv2/PDAC1. Compartments related to representative genes are shown
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compartment modulation in the reciprocal changes in subtype-related 
gene expression, we visualized the Calder score changes of both up-
regulated PG and downregulated SQ genes after HNF1BOE (Figure 3J). 
The analysis showed that PG genes in Calder-low compartments, such 
as CYP2C family genes, were significantly activated, and SQ genes in 
Calder-high compartments, such as SNAI2, ALDH1A3, and TGFBI, were 
significantly inactivated after HNF1BOE in PDAC1 (Figure 3J). These 
data imply critical cooperation between HNF1B-driven 3D structural 
modification and reciprocal regulation of subtype-specific genes.

3.7  |  HNF1BOE-induced reciprocal changes in 
subtype-related genes required the IDR of HNF1B

Recently, the IDR was reported to drive transcriptional phase-
separated condensates because of their low amino acid sequence 
complexity, typically enriched in polar and charged amino acids, 
including glycine, serine, glutamine, asparagine, phenylalanine, 
and tyrosine.27,65–67 When we searched for the IDR of HNF1B 
by its amino acid arrangements (Figure  4A), HNF1B embraced a 
structureless disordered region of 321-466 amino acids, which 
was enriched with serine, establishing an IDR (Figure  S4A). This 
region matches with the previously known transactivation do-
main, which synergistically acts with histone acetyltransferases.68 
Mutations in this HNF1B IDR are related to various diseases.64,68 
Therefore, we induced mutant HNF1B, whose IDR was either de-
leted (HNF1B-dIDR) or substituted by an IDR from another peptide 
AKAP95 (HNF1B-AKAP95), whose amino acid position 101-210 
is well studied to form transcriptional phase-separated conden-
sates (Figure  4A,B; Figure  S4A).30,69 While wild-type HNF1B 
upregulated PG genes and downregulated SQ genes that were 
supported by compartments and E-P loops (Figures  2B and 3H), 
these effects were diminished by HNF1B-dIDR or recapitulated 
by HNF1B-AKAP95, suggesting the functional importance of IDRs 
(Figure 4C). These trends were also observed in another SQ-type 
PC cell line, BxPC-3 (Figure S4B). Additionally, HNF1B and HNF1B-
AKAP95 induction in this cell line induced morphological changes 
to form duct-like colonies, which were canceled in HNF1B-dIDR 
(Figure S4C). Collectively, these data suggest the possible involve-
ment of IDR-driven mechanisms in HNF1BOE-induced transcrip-
tional alterations.

4  |  DISCUSSION

The molecular subtype of PC is currently a major topic of research 
because of its direct association with patient outcomes. PG subtypes 
are associated with a better prognosis, whereas SQ subtypes tend to 
be associated with more aggressive, metastatic, and chemotherapy-
resistant phenotypes. Many reports have aimed to unveil the mech-
anism behind these differences by focusing on certain TFs, such as 
GATA6, HNF4A, and TP63.6–8 However, the mechanism by which 

these molecular signatures of PCs are established remains unclear. 
In particular, while the importance of 3D genome structures in cell 
type–specific gene expression has become significant, attempts to 
uncover subtype-specific gene expression from a 3D genome per-
spective have been lacking in PC. Here, inspired by the fact that 
IPMN-derived cancers are preferentially classified as PG subtypes 
and that we have previously revealed the indispensability of HNF1B 
in IPMN lineages, together with its importance in chromatin profiles, 
we speculated that HNF1B may contribute to maintaining PG sub-
types in PCs through 3D chromatin structures.

Although Hi-C has been applied to some PC cell lines,54 there 
have been no reports examining the genomic structure of PC in pa-
tient samples. Here, we visualized how the 3D genomic structure 
changed following HNF1B induction using PC-derived organoids. 
However, the number of Hi-C–analyzed samples was limited. Future 
studies using larger sample sizes are warranted to test our findings 
and generalize the association between genome structure and tran-
scriptional subtypes.

We observed different genomic structures in different modes of 
pancreatic tumorigenesis, including IPMN and PDAC. It may also be 
interesting to study these tumors from a 3D genomic perspective 
to unveil their nature. Furthermore, HNF1B is associated with many 
other diseases, including diabetes mellitus.68 We hope that our map-
ping of HNF1B-induced 3D genome remodeling will be useful for 
studying these diseases.

Although we focused on HNF1B, a number of epigenetic mole-
cules, including other TFs, mediators, cofactors, noncoding RNAs, 
or histone modifiers, should coordinately play important roles in 
genomic structures.58 It may be helpful to evaluate the physical 
interaction or colocalization of HNF1B with other molecules, for 
example, histone acetyltransferases such as p300, to further clar-
ify the mechanism of HNF1B-associated H3K27ac redistribution 
or compartment activation. In addition, we did not assess the in-
volvement of HNF1A, a paralog of HNF1B that binds to the same 
consensus sequence on DNA.68 Therefore, it remains to be elu-
cidated whether HNF1A plays any role in the phenotype switch 
of PCs.

Our data imply the possible involvement of TF-induced phase 
separation in transcriptional remodeling, which is now attracting 
attention as a therapeutic target70 for its potential to concentrate 
cancer drugs29 or to be selectively targeted.71 Our experiments 
showed the importance of IDRs in regulating subtype-specific 
genes. However, because the HNF1B-dIDR mutant lacks most of 
the transactivation domain, the data may not fully distinguish the 
impact of this IDR deletion from canonical activities, such as re-
cruitment of cofactors, including histone acetyltransferases. We 
admit that additional insights, such as the kinetics of a liquid drop-
let (which could be measured by dose-dependent condensation or 
photo-bleach interrogation) or direct visualization of droplet-driven 
genome modulation (eg, 3D-FISH, live-cell time-lapse imaging) are 
required to fully provide definitive proof of phase separation as a 
next step.
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Our perspective on TF-induced 3D chromatin remodeling may 
open a new era in PC research. We propose that TFs may act as di-
rectional rudders to change the higher-order structure of chromatin 
and determine PC subtype.
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F I G U R E  4  HNF1BOE-induced reciprocal changes in subtype-related genes required intrinsically disordered region (IDR) of HNF1B. 
A, (Top) Protein structures of HNF1B and their mutants with functional annotation designated by amino acid positions. Ab, antibody 
recognition site. (Bottom) Plotting of intrinsic disorder in HNF1B. Predictor of Natural Disordered Regions (PONDR) scores are shown on the 
y axis, and amino acid positions are shown on the x axis. The black bar represents the predicted IDR. B, Western blot showing expression of 
HNF1B and its mutants presenting their expected size. C, mRNA expression (qPCR) of representative progenitor (PG) and squamous (SQ) 
genes after induction of HNF1B and its mutants (n = 3, biological replicates). Expressions were internally normalized by ACTB and empty 
control. Data are shown as the mean ± SEM. P values were determined by two-sided unpaired t test
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F I G U R E  3  HNF1BOE-induced long-range genomic interaction is associated with compartment modulation, H3K27ac redistribution, and 
altered expression of subtype-related genes. A, Immunofluorescent image in HNF1BOE cells. HNF1B signals are concentrated at nuclear 
foci preferentially distributed away from Hoechst signal. Scale bar, 10 μm. B, C, Metaplots of interactions among HNF1B binding sites. 
This visualization depicts interactions of pairs of HNF1B binding sites that are >5 Mb apart at 10 kb resolution. The interaction intensity 
(log2(observed/expected)) is shown on the z axis and by the color scale. Area is centered on the HNF1B binding sites with 250 kb upstream 
and downstream loci. B, Interactions among HNF1B binding sites within compartments that are activated after HNF1BOE (N = 1490). 
C, Interactions between HNF1B binding sites that were activated from Calder-low compartments (N = 486) and those within Calder 
high compartments (N = 1853). Scores at the HNF1B binding center (denoted as peak) are also shown. BS, binding site. D, Scheme of 
compartment modulation in HNF1BOE representing that HNF1B binding site condensation (denoted as red area) is seen within activated 
compartments and between activated Calder-low and -high compartments; this suggests that compartment activation is accompanied 
by HNF1B-induced long-range genomic interactions. E, HNF1B and H3K27ac chromatin immunoprecipitation sequencing (ChIP-seq) 
profile over HNF1B peaks. Signals are shown as (HNF1BOE - Empty) within subclassified compartments (activated, inactivated, or overall 
compartments). F, Log2 fold change of HNF1B, H3K27ac, Calder score, and RNA expression within PG gene–related compartments after 
HNF1BOE. Average of all HNF1B signals, H3K27ac signals, and gene expressions encompassed by each compartment are shown. Z-scores 
of log2 fold change Calder score were used to classify compartments (Z < −0.3, inactivated; 0.3 < Z, activated). G, Representative locus 
of HNF1B-induced compartment activation (CYP2C family gene locus). Calder score and Hi-C eigenvector value are shown to represent 
compartment activity together with HNF1B (GSE64560) and H3K27ac tracks. H, Signals of HNF1B and H3K27ac ChIP-seq at regulatory 
elements of respective CYP2C family genes highlighted in (G), and their RNA expression. I, Heatmap of log2 fold change scores of each 3D 
genome module related to downregulated squamous (SQ) genes (254) in HNF1BOE. J, Transition of compartment scores of upregulated 
progenitor (PG) and downregulated SQ genes in HNF1BOE. Genes are sorted based on their Calder scores in empty samples (x axis). Calder 
score transitions are denoted in the y axis and colored yellow (activation) or blue (inactivation). P values were determined by two-sided 
paired t test. Median score changes are also shown
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