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Lamin B1 regulates RNA splicing factor expression by modulating the spatial
positioning and chromatin interactions of the ETS7 gene locus
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ABSTRACT

Lamin B1, a crucial component of the nuclear lamina, plays a pivotal role in chromatin organization
and transcriptional regulation in eukaryotic cells. While recent studies have highlighted the
connection between Lamin B1 and RNA splicing regulation, the precise molecular mechanisms
remain elusive. In this study, we demonstrate that Lamin B1 depletion leads to a global
reduction in splicing factor expression, as evidenced by analysis of multiple RNA-seq datasets.
Motif analysis suggests that members of the ETS transcription factor family likely bind to the
promoter regions of these splicing factors. Further analysis using transcription factor databases
and ChIP-seq data identified ETS1 as a key regulator of splicing factor expression. Hi-C
sequencing revealed that the loss of Lamin B1 disrupts inter-LAD chromatin interactions near
the ETS1 gene locus, resulting in its downregulation. These findings suggest that Lamin B1
indirectly regulates RNA splicing by sustaining proper ETS1 expression, uncovering a novel link
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between nuclear architecture, gene regulation, and RNA splicing.

Introduction

In eukaryotic cells, Lamin proteins form a mesh-like struc-
ture known as the nuclear lamina beneath the inner
nuclear membrane, essential for maintaining nuclear integ-
rity (Dechat et al. 2008; Kim et al. 2024). Among these, B-type
Lamins, particularly Lamin B1, play a central role in tethering
specific regions of chromatin, called lamina-associated
domains (LADs), to the nuclear periphery (Goldman et al.
2002; Yang et al.2011). Lamin B1 establishes a transcription-
ally repressive environment, as genes located within these
regions are typically inactive (Chang et al. 2022). Moreover,
the expression level of Lamin B1 affects chromatin compac-
tion, which in turn modulates its accessibility to transcrip-
tional machinery (Kaneshiro et al. 2023). For instance,
depletion of Lamin B1 has been shown to enhance chroma-
tin mobility and decompaction, leading to abnormal gene
regulation by altering interactions between chromatin
and regulatory proteins (Pujadas Liwag et al. 2024). These
dysregulated genes can impact various biological pro-
cesses, either directly or indirectly.

Previous studies have demonstrated that the loss of
Lamin B1 induces aberrant alternative splicing in numer-
ous genes, likely due to changes in chromatin compaction

and spatial organization (Tang et al. 2008; Schor et al. 2012;
Camps et al. 2014). Conversely, overexpression of Lamin B1
also disrupts standard RNA splicing patterns in several
genes, potentially contributing to the development of
autosomal dominant leukodystrophy (ADLD) (Bartoletti-
Stella et al. 2015). One study found that the sequestration
of splicing factors near the nuclear lamina can impair their
splicing activity, highlighting the importance of spatial
proximity between Lamin B1 and splicing factors in the
regulation of RNA splicing (Vester et al. 2022). These
findings suggest a strong link between Lamin B1 and
RNA splicing regulation, though the exact molecular
mechanisms remain unclear.

Alternative splicing is a key mechanism in gene
expression that enables a single gene to generate mul-
tiple protein isoforms by selectively including or exclud-
ing exons, thus increasing protein diversity without
additional genes (Liu et al. 2022). Since this process is
governed by various splicing factors, dysregulation of
these factors can lead to altered splicing patterns, poten-
tially contributing to disease (Zhang and Manley 2013; Li
et al. 2021; Lee et al. 2024). Splicing factors often exhibit
coordinated expression patterns, and this synchronized
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regulation is essential for maintaining proper RNA spli-
cing during dynamic cellular processes (Dominguez
et al. 2016; Mehlferber et al. 2023; Podszywalow-Bart-
nicka and Neugebauer 2023). For instance, it has been
shown that splicing factor genes display periodic
expression during cell cycle progression, a pattern
closely linked to periodic splicing events (Dominguez
et al. 2016). Moreover, the simultaneous upregulation
or downregulation of splicing factors is frequently
observed during cancer progression (Koedoot et al.
2019), indicating that their expression may be co-regu-
lated as part of broader transcriptional programs.

The ETS family of transcription factors plays a critical
role in various biological processes, including cell differ-
entiation, proliferation, growth, and apoptosis (Oikawa
and Yamada 2003; Yang et al. 2024). Most members of
the ETS family function as transcriptional activators,
binding to GGAA/T motifs in the promoters of target
genes such as p53, Bcl2, and JunB (Wasylyk et al. 1993;
Sementchenko and Watson 2000; Sharrocks 2001). The
ETS family comprises 28 members, including ELF1, ERG,
ETV6, ELK3, ELK4, FLI1, and ETS1, each with distinct
roles under different conditions (Maroulakou and Bowe
2000; Yang et al. 2024). Recent research has shown that
ERG and FLI1 influence RNA splicing through cooperative
interaction with the splicing regulator RBFOX2 (Saulnier
et al. 2021). Furthermore, ETV6 has been found to regu-
late the expression of splicing factors via the ERK and
AKT pathways (Latorre et al. 2019), highlighting the
potential impact of ETS family members on RNA splicing.

In this study, we discovered that the loss of Lamin B1 led
to a global misregulation of genes involved in RNA splicing
across various cell types. To identify potential upstream reg-
ulators of splicing factors, we performed a de novo motif
analysis using promoter sequences of splicing factor
genes, identifying the ETS transcription factor family as a
candidate. Among the ETS family members, Lamin B1
depletion resulted in the downregulation of ELF1, ETS1,
ELK3, and ELK4. Further analysis confirmed that only ETS1
directly regulates splicing factor genes. Hi-C sequencing
revealed that Lamin B1 depletion disrupted inter-LAD chro-
matin interactions surrounding the ETS1 gene locus,
leading to reduced ETS1 expression. Our findings suggest
that the loss of Lamin B1 alters inter-LAD interactions,
which in turn impacts ETS1 expression, thereby regulating
splicing factor genes at an upstream level.

Materials and methods
Cell cultures

All cell culture reagents used in this study were obtained
from Welgene (Seoul, Republic of Korea). MRC5 cells,

human normal lung cells, were purchased from the
Korean Cell Line Bank (Seoul, Republic of Korea). MRC5
cells were maintained in DMEM supplemented with
10% fetal bovine serum (FBS), 1% penicillin/streptomy-
cin at 37 °Cin an incubator with 5% CO, at a humidified
atmosphere.

Generation of knockout (KO) stable cell lines

The sgRNA sequence targeting LMNB1 was designed using
the sgRNA prediction tool (http://crispr.mit.edu). 20 bp
guide sequences are indicated in Supplemental Figure
1. Each oligonucleotide was phosphorylated and annealed
using T4 polynucleotide kinase (NEB, MA, USA). The
annealed oligos were then ligated into a BsmBI-digested
lentiCRISPRv2 vector purchased from Addgene. Cells trans-
fected with the CRISPR vector were selected with 1 ug/ml
of puromycin for 4-7 days, followed by a recovery period
of approximately 5 days. The sequence of the single
clone was confirmed through DNA sequencing.

Total RNA isolation

Total RNA was extracted using the TRIzol solution
(15596018, Invitrogen, CA, USA) following the manufac-
turer’s instructions. The contaminated genomic DNA
was cleared by mixing 20 units of RNase-free DNase |
(New England Biolabs) and 4 units of RNase inhibitor
(New England Biolabs) with DEPC-treated water from
10 ug of total RNA. The reaction mixture was incubated
at 37°C for 1 hour followed by 10 minutes at 50°C. All
RNA extracts showed an OD260:0D280 ratio between
1.8 and 2.0, confirming clear RNA extraction. The purity
was assessed by Agilent 2100 Bioanalyzer using the
RNA 6000 Nano Chip (Agilent Technologies, Santa
Clara, CA). And RNA quantitation was performed using
Thermo scientific Multiskan GO microplate reader with
pDrop™ Plate (Waltham, MA).

RNA sequencing and bioinformatical analysis

According to the manufacturer’s instructions, the TruSeq
mRNA Library Prep Kit (Illumina, Inc., USA) generated the
RNA-seq library. To be brief, 100 ng of total cells were
extracted, and then reverse transcription was carried
out using an oligo-dT primer that had an Illumina-com-
patible sequence at its 5’ end. After degradation of the
RNA template, a random primer with an lllumina-compa-
tible linker sequence at its 5’ end started the second
strand synthesis. The AMPure magnetic beads (A63881,
Beckman Coulter, CA, USA) were used to remove all reac-
tion components from the double-stranded library
during purification. The library was amplified to
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include all of the adapter sequences required for cluster
generation. The finished library is purified from PCR
components. High-throughput sequencing was carried
out as paired-end 101 sequencing reads using NextSeq
500 (Illumina, Inc., USA).

In addition to our MRC5 RNA-seq data, we also analyzed
the following publicly available RNA-seq datasets: LMNB1
knockout (LMNB1”") MDA-MB-231 (GSE124409) (Chang
et al. 2022), Lmnbl KD MLE12 (GSE94680) (Jia et al.
2019), ETST KD DU145 (GSE59020) (Plotnik et al. 2014),
ETS1 KD SCC25 (GSE109886) (Gluck et al. 2019). All datasets
are compared with the control or wild-type (WT) group.

STAR (v.2.7.1a) was used to align mRNA-Seq reads.
Indices were generated from either the genome assembly
seguence or representative transcript sequences for align-
ment to the genome and transcriptome. The alignment
file was used to assemble transcripts, estimate their abun-
dances, and detect gene expression differences using
RSEM (v.1.3.3). Differentially expressed transcripts were
identified using EdgeR (v.3.36.0) within R version 4.1.0
(R development Core Team, 2011) using the R package.

cDNA synthesis and reverse transcription
quantitative PCR (RT-qPCR)

Oligo-dT (6110A, Takara) was used as the primer for the
initial step of cDNA synthesis. 500 ng RNA was mixed
with 1 pl of oligo dT, and distilled water, then preheated
at 65°C for 5 minutes to denature the RNA secondary
structures. Before adding 10 mM DTT, 4 pl of 5X Prime-
Script buffer, and 200 units of PrimeScript reverse tran-
scriptase  (#RR036A, PrimeScript™ RT Master Mix,
Takara) to make a total volume of 20 pl, the mixture
was quickly cooled down to 4°C. The reverse transcription
was carried out by incubating the mixture at 25°C for 5
minutes, followed by 60 minutes at 42°C, and the reaction
was terminated by heating at 70°C for 15 minutes. And
then, the stock of cDNA was kept at —20°C. Following
the manufacturer’s instructions, real-time quantitative
PCR was performed using the CFX96 Real-Time PCR
Detection System (Bio-Rad) and iQ SYBR Green PCR
Supermix (#1708880, Bio-Rad). Melting curve analysis
confirmed the specificity of the amplified products. The
B-actin gene was used as a reference for normalization,
and relative mRNA expression levels were calculated
using the 272" method. The primer sequences are pre-
sented in Supplementary Table 1.

Bioinformatical analysis of ATAC, ChIP, and Hi-C
sequencing

We utilized and reanalyzed the publicly available ATAC-
seq results in WT and LMNB1” MDA-MB-231 cells
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(GSE124409) (Chang et al. 2022). Moreover, we analyzed
the following publicly available ChiP-seq datasets:
Lamin A ChIP-seq in WT and LMNB1”" MDA-MB-231
(GSE124409) (Chang et al. 2022), ETS1, ELF1, and ELK4
ChIP-seq in WT DU145 (GSE59021) (Plotnik et al. 2014),
ETS1 ChIP-seq in WT PANC1 (GSE59021) (Plotnik et al.
2014). To generate Lamin A ChIP-seq data, the read
counts were normalized based on the input read number.

For the processing of ATAC-seq data and Lamin A/C
and ETS1 ChiIP-seq data, all reads in FASTQ format
were aligned to the GRCh38.p13.103 human genome
using Bowtie2 (ver 2.4.4) and redundant reads
removed. After confirming the consistency between
each replicate, we generated the bigwig track for visual-
ization with IGV (ver.2.15.2).

For TAD analysis, insulation scores were calculated for
each 40 Kb bin, and TAD boundaries were determined at
the valleys of the insulation profiles. Boundaries with an
FDR exceeding 1 x 107° and TADs smaller than 200 Kb
were excluded for further analysis.

Immunoblot

The cells were lysed in a solution including 0.1% sodium
dodecyl sulfate (SDS), 1% Nonidet P-40, 1 mM PMSF, 1X
PIC,1% Triton X-100, 150 mM NaCl and 50 mM Tris-HCl
(pH 7.5). After homogenizing on ice, the cell suspensions
were centrifuged at 15,000 g for 10 minutes at 4 °C. The
protein samples were electrophoresed on a 10% SDS-
PAGE and transferred to a nitrocellulose membrane
(Amersham; Cytiva, US). The membrane was blocked
using 5% skim milk in TBST buffer (137 mM NadCl, 20
mM Tris-HCl, pH 7.6, and 0.1% Tween-20) and incubated
overnight at 4°C with a diluted primary antibody against
Lamin B1 (1:1000, ab16048, Abcam) and -actin (1:2000,
sc-47778, Santa Cruz). After three 10-minute washes
with TBST, membranes were treated with a 1:5000
dilution of horseradish peroxidase-conjugated anti-
mouse or anti-rabbit antibodies for 1 hour. Following
additional TBST washes, the blots were developed
using the Western blotting luminol reagent (sc-2048,
Santa Cruz) per the manufacturer’s instructions.

Immunocytochemistry

After growing on sterile glass coverslips in 6-well plates
for 24 hours, LMNB17 cell line was washed with PBS and
fixed for 30 mins with 1% paraformaldehyde (PFA). The
cells were permeabilized with 0.5% Triton X-100 in PBS
for 30 minutes and incubated for 1 hr in a blocking sol-
ution consisting of 1% BSA in PBS containing 0.1% Triton
X-100. The primary antibody against ETST (1:100,
14069S, Cell Signaling Technology) was incubated
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overnight at 4 °C and subsequently washed with 0.1%
Triton X-100 in PBS. The secondary antibody was
applied and incubated for 1 hour at room temperature
(RT) in the dark. Nuclei were counterstained with 3 ug/
ml 4',6-diamidino-2-phenylindole (DAPI) for 3 minutes
at RT in the dark. Fluorescence signals were detected
with a confocal microscope (Nikon Ti2-E) and analyzed
with the ‘NIS-elements BR program’ (v.5.21.00, Nikon,
Japan). Fluorescence signals of the nucleus size and
intensity were measured by using ‘The NIS-Elements
BR program (v.5.21.00, Nikon, Japan). The fluorescent
intensity of confocal images was quantified per cell by
using Imaris software 10.2.0 (Oxford Instruments) cell
module.

Bioinformatical analysis using GEPIA2

A total of 212 genes involved in the RNA splicing process
(MSigDB: Reactome mRNA Splicing) were put into
GEPIA2  (http://gepia2.cancer-pku.cn/#index)  (Tang
et al. 2017) as signatures and calculated the correlation
with ETST and LMNBI.

Gene ontology and GSEA analysis

DAVID (http://david.abcc.ncifcrf.gov) (Huang da et al.
2009) allowed significant DEGs and the target genes of
ELF1, ETS1, ELK3, and ELK4 in respective gene sets to
be clustered into functional gene ontologies. Enriched
gene ontology terms were identified using Metascape,
and scatter plots of ontology terms were made using
REVIGO (Supek et al. 2011). GSEA analysis was performed
using (GSEA 4.3.3; http://www.broadinstitute.org/gsea/
index.jsp) with MsigDB v2024.1.Hs human database
and v2024.1.Mm mouse database.

Statistical analysis

GraphPad PRISM statistical software was utilized to
assess the significance of differences between the
results using Student’s t-test. The data are presented
as mean * standard error of the mean (SEM) and were
derived from two or three independent experiments. P
values less than 0.05 were considered statically
significant.

Extraction target genes and promoter sequences

The target genes of ELF1, ETS1, ELK3, and ELK4 were
extracted from CHEA database (https://maayanlab.-
cloud/Harmonizome/dataset/CHEA + Transcription +

Factor+Targets) (Lachmann et al. 2010). The promoter
sequences of splicing factor genes with FPKM >5 in

MRC5 cells (177 genes) were extracted from EPD
(https://epd.expasy.org/epd/) (Perier et al. 1999).

Motif discovery

The promoter sequences of splicing factor genes were
analyzed using the de novo motif finder MEME-ChIP
(http://meme.nbcr.net/meme/tools/meme-chip,  date
last accessed, July 2015) (Ma et al. 2014). Also, the
motif binding probabilities on promoter regions were
obtained via MEME-Suite.

Hi-C-seq data visualization

We used Iterative Correction and Eigenvector decompo-
sition (ICE) normalized Hi-C contact matrices provided
by Chang, Lei et al (GSE124409) (Chang et al. 2022) to
analyze the contact frequency in WT and LMNB1”
MDA-MB-231 cells. ICE-normalized matrices at a 40 Kb
resolution were visualized as heatmaps to represent
the contact frequencies.

To assess interaction changes, we calculated the log,
fold change (FC) for each bin pair, comparing WT and
LMNB1”~ cells. The interaction changes were further
smoothed by averaging the log,FC values across a 5 X
5 grid (25 bins) centered on each bin, followed by plot-
ting the results on heatmaps for visualization. For TAD
analysis, insulation scores were calculated for each 40
Kb bin, and TAD boundaries were determined at the
valleys of the insulation profiles. Boundaries with an
FDR exceeding 1 x 107° and TADs smaller than 200 Kb
were excluded for further analysis.

Results

Depletion of Lamin B1 induces extensive
misregulation of splicing factors

To examine the impact of Lamin B1 depletion, we gener-
ated MRC5 cells lacking Lamin B1 (LMNB17) using the
CRISPR-Cas9 system (Supplementary Figure S1A). The
complete loss of Lamin B1 was confirmed by western
blot and RT-gPCR analysis (Supplementary Figure S1B,
Q). RNA sequencing (RNA-seq) was then conducted to
assess gene expression profiles in both WT and
LMNB1™ cells, identifying 813 significantly differentially
expressed genes (DEGs) (P val < 0.01, absolute log2-fold
change > 0.3) in LMNB1™” cells. Gene ontology (GO) analy-
sis showed that 711 downregulated genes were linked to
biological processes such as mRNA processing, transcrip-
tion, apoptosis, and chromatin remodeling (Figure 1A).
To explore the global role of Lamin B1 across different
cell types and species, we re-analyzed publicly available
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RNA-seq data from LMNBI-depleted MDA-MB-231 and
MLE12 cells (Jia et al. 2019; Chang et al. 2022) (Figure
1B, Supplementary Figure S1D). GO analysis of signifi-
cantly downregulated genes across the three LMNBI-
deficient cell types (MRC5, MDA-MB-231, and MLE12)
identified nine common functional categories consist-
ently downregulated in all cases: RNA splicing, mRNA
transport, chromatin remodeling, positive and negative

ANIMAL CELLS AND SYSTEMS (&) 153

regulation of transcription by RNA polymerase I, posi-
tive and negative regulation of apoptosis, cell cycle
regulation, and protein stabilization (Figure 1C).
Defects in RNA splicing can have widespread effects
on gene expression and protein levels, and recent
studies have highlighted the functional connection
between Lamin B1 depletion and RNA splicing events
in human cells (Bartoletti-Stella et al. 2015; Camps
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Figure 1. Loss of Lamin B1 induces global downregulation of splicing factors. (a) Statistically significant down-regulated DEGs in
LMNB1”~ MRC5 cells are obtained by following filtering criteria: log,FC > 0.3, P value < 0.01. Gene ontologies of biological processes
for down-requlated 725 DEGs are visualized. (b) Significantly down-regulated DEGs in LMNB1”~ MDA-MB-231 cells are obtained
(log,FC > 0.3, P value < 0.001). Functional clustering of 2609 DEGs are visualized. (c) GO terms are observed for the downregulated
genein LMNB1”~ MRC5, LMNB1”~ MDA-MB-231, and Lmnb1 KD MLE12 cells respectively, and nine terms are overlapped in three Lamin
B1 depleted cells. (d) Gene set enrichment analysis (GSEA) plots for the gene set of ‘Reactome mRNA splicing’ in LMNB1”~ MRC5 (top)
and LMNB1”~ MDA-MB-231 (bottom). (e) Averaged RNA count profiles for the splicing factors are compared between WT and LMNB1”
MRC5 (left) and MDA-MB-231 cells (right). Subtracted RNA counts (LMNB1”~ - WT) are shown for the gene body region of splicing
factors. (f) Representatives of splicing factors downregulated in LMNB1”~ MRC5 (left) and MDA-MB-231 cells (right). RNA counts for
each gene is plotted on the relative gene body region and FPKM values are indicated. (g) Profile and heatmap view of normalized
Lamin A ChiP-seq signal intensity on gene body regions of splicing factors detected in WT (left) and LMNB1”" (right) MDA-MB-231 cells.
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etal. 2015). Therefore, we focused our subsequent analy-
sis on the role of Lamin B1 in RNA splicing in humans.
Gene set enrichment analysis (GSEA), which evaluates
cumulative changes in genes associated with specific
biological pathways, confirmed that Lamin B1 deficiency
significantly reduced the expression of genes involved in
mRNA splicing, with 79.2% of such genes being downre-
gulated in LMNB1”~ MRC5 cells (Figure 1D, top, Sup-
plementary Figure S1E). Similarly, in MDA-MB-231 cells,
the loss of Lamin B1 led to a predominant downregula-
tion of genes involved in RNA splicing (57.7%), while
42.3% showed a slight increase in expression (Figure
1D, bottom, Supplementary Figure S1F).

Consistently, the average RNA-seq read counts for
mRNA splicing factors were lower in LMNB1™ cells than
WT cells (Figure 1E). For example, the read counts and
FPKM values for splicing factors, such as the SRSFI1
gene (Figure 1F), were significantly downregulated in
LMNB1” cells, indicating that the loss of Lamin B1
results in a global reduction of splicing factor expression.
The downregulation of splicing factors in LMNB1”" cells
was validated by RT-gPCR, showing remarkable consist-
ency with RNA-seq results (Supplementary Figure S2A, B).

These findings were further corroborated by analyzing
the relationship between Lamin B1 and splicing factor
expression using the GEPIA database (http://gepia2.
cancer-pku.cn/#index). We input 212 mRNA splicing-
related genes into GEPIA as a signature to assess their cor-
relation with LMNBT expression (Supplementary Figure
S3). The results showed a significant positive correlation
between the expression of splicing factors and LMNB1
across various tissues, reinforcing the connection between
Lamin B1 and the regulation of splicing factor expression.

Lamin B1 is believed to create a repressive environ-
ment for transcription regulation at the nuclear lamina,
and changes in the proximity between chromatin and
the lamina can influence the expression of specific
genes (Peric-Hupkes et al. 2010; Robson et al. 2016;
Lim et al. 2024). To investigate whether the loss of
Lamin B1 altered the spatial positioning of splicing
factor gene loci near the nuclear lamina, we compared
Lamin A ChIP-Seq signals between WT and LMNB1™”
MDA-MB-231 cells (Figure 1G). However, the spatial posi-
tioning of splicing factor genes did not show reduced
interactions with the nuclear lamina, suggesting that
an unknown mechanism underlies the selective downre-
gulation of splicing factors in LMNB1™" cells.

Promoters of splicing factors are firmly bound by
the ETS transcription factor family

Since Lamin B1 depletion selectively reduced the
expression of splicing factors without affecting their

association with the nuclear lamina, we hypothesized
that the loss of Lamin B1 might alter the expression of
an upstream transcription factor (TF) that regulates spli-
cing factors. Through de novo motif analysis using
MEME-ChIP, we identified an enriched DNA sequence
in the promoter regions of splicing factors (Figure 2A,
B; Supplementary Figure S3). This sequence closely
matched the binding motifs of ZBTB7A, ZNF93, and 17
proteins from the ETS transcription factor family, the
primary group with the most significant E-value (Figure
2B). Secondary ranked groups included binding motifs
for YY1, YY2, and ZFP42, also in the promoter regions
of splicing factors (Supplementary Figure S4B).
However, YY2 and ZFP42 were not expressed in WT
MRC5 cells (FPKM =0) (Supplementary Figure S4C). In
the case of YY1, its expression was not significantly
decreased in LMNB1”~ MRC5 cells, which was further vali-
dated by RT-gPCR (Supplementary Figure S4D),
suggesting that the factors in the secondary group do
not have a regulatory role in normal cells.

Next, we established two criteria to identify potential
regulators of splicing factors: (1) expression levels above
a specified threshold in WT cells (FPKM > 10) and (2)
reduced expression in LMNB1™" cells (log,-fold change
< —0.3). Among the 19 transcription factors (TFs) ident-
ified by MEME-ChIP, only four (ELF1, ELK3, ELK4, and
ETS1) met both criteria in LMNB1”" MRC5 and MDA-
MB-231 cells (Figure 2C, Supplementary Figure S4E).
The binding motifs for these four TFs corresponded to
the DNA sequences identified in the MEME analysis
(Figure 2D), and their predicted binding occupancy
was enriched in the promoter regions of splicing
factors (Figure 2E). Finally, we identified potential
target genes for each TF among the splicing factors
(Figure 2F). The splicing factors that are potentially regu-
lated by ELF1, ELK3, ELK4, or ETS1 were consistently
downregulated in LMNB1™”" cells, suggesting that one
or more of these TFs may function as regulators of spli-
cing factors.

ETS1 target genes are highly involved in splicing
processes

To compare the potential regulatory roles of the four tran-
scription factors (TFs) on splicing factor genes, we next
analyzed the functional clusters of the target genes for
each TF. Utilizing the CHEA transcription factor targets
database (Lachmann et al. 2010; Keenan et al. 2019), we
identified target genes for each TF (ELF1: 1119 genes;
ETS1: 1586 genes; ELK3: 1683 genes; and ELK4: 350
genes). Notably, GO analysis indicated that only the
target genes of ETST were significantly associated with
RNA processing (Figure 3A-D). Among the most enriched
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MEME Suit 5.5.3 (MEME) MEME Suit 5.5.3 (TOMTOM) (FDR < 0.01) ——
Top 50 genes (P value) .
Name Pvalue Sites Py DlSCOVered
PRPF18 1.48E-06 CCCAGCTTCC GCCGGAAGCGG CTCCTGTCAG
SYF2 2.49E-06 CTATCTTGTT GCCGGAAGT! GAAGAGAGAA
CHERP 2.49E-06 GCGGAAGCCG GCCGGAAGTGE CGCGAGGGAG
LSM5 2.49E-06 CCATGGCTAC GCCGGAAGT! CCTGCCTTCA "
LSM4 249E-06 CAGCGGCGGC GGCGGAASTGG CCGGCGAGCC 5 1
CRNKL1 5.21E-06  GGATCTCGGA ACCGGAAGC AACTTGCAGG
UBL5 521E-06 AACGCTAGGA ACCGGAAGCGG AAGTTAAAGT A
ALYREF 5.21E-06 CTCACGCGGC GCCGGAAGTGA CGTGCCGGCG
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FAM50A 3.59E-05 CGACAGCGAC AGCGGCAGC CAGCGGCGGT
MAGOH 3.59E-05 TGCGGCGGCG CGCGGAASTGA CGTCAGGTCC
cwcezs 3.59E-05 ATGACGCCCT CCCGGAAGTGA CCTCTAGAGC
SNRPB 4.61E-05 G ACCGGAAGTAG GTTTCTACCC c
PRPF40A  4.61E-05 TGGTATGTGT AGCEGCASTGG CCGCCGGCGG MRC5 (LMNB7'/') MDA-MB-231 (LMNBT/')
EFTUD2 461E-05 CTCGGCGTGG GGCGGAAGCAC GATCTCCGGC
CASC3 461E-05 GCGGACCGGC GGCGGCAGCGC GCTTCGCAAG 10 i 104 :
SF3A2 5.03E-05 TCTCATTTGC CCCGGAAGTGC TTTCTTTGCC it '
GTF2F1 5.03E-05 GGAAAAGGTA ACCGGAAGA CGCTCAAGCT 4 :
NKAP 5.75E-05 GTCGTCACCG ACAGGAAGCGA TGT : :
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Figure 2. De novo discovery of putative master regulator for splicing factors. (a) MEME ChIP identifies overlapped DNA motif
sequences for the promoter region of 177 slicing factors and the sequence of top 50 genes are indicated. (b) TOMTOM discovers
common motif based on ‘JASPAR2022 CORE vertebrates’ database. Binding motifs of nineteen TFs are identified. (c) The expression
of nineteen discovered TFs in WT cells and their expression changes in LMNB1”~ MRC5 (left) and MDA-MB-231 cells (right) are shown.
Genes showing FPKM > 10 in WT and reduced expression LMNBT” cells (log,FC < —0.3) are shown in blue dots and 4 genes (ELFT,
ETS1, ELK3, and ELK4) satisfying criteria in both MRC5 and MDA-MB-231 cells are represented in large blue dots. (d) Binding motifs
of ELF1, ETS1, ELK3, and ELK4 are compared with DNA sequence discovered by TOMTOM. (e) Motif binding probability of each TF
(ELF1, ETS1, ELK3, and ELK4) is provided by Centrimo and represented on the promoter regions of splicing factors. (f) Putative
target splicing factors are predicted for ELF1, ETS1, ELK3, and ELK4 based on the sequence similarity. Expression changes (log,FC
of FPKM compared to WT) of putative target genes are represented for LMNB1”" MRC5 (blue) and MDA-MB-231 (red) cells, respectively.
Box represents interquartile range (IQR) and whiskers were plotted with the Tukey method.
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GO terms, four of the top ten clusters for ETS1 target
genes were related to RNA splicing or processing (Figure
3A-D, right). The significant downregulation of ETS1
expression in LMNB1” cells was confirmed through
immunocytochemistry  (Supplementary Figure S5A).

A ELF1 target genes (CHEA)
-Log,,(P value)

Furthermore, the expression of LMNB1 is positively corre-
lated with that of ETS7 across various human tissues. (Sup-
plementary Figure S5B).

To determine whether ETS1 binds to the promoter
regions of splicing factors across different human cell
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Figure 3. Among ETS family, ETS1 target genes are highly involved in splicing processes. (a-d) Target genes of ELF1 (a), ETS1 (b), ELK3
(), and ELK4 (d) are obtained from ‘CHEA Transcription Factor Targets’ database and gene ontologies of biological processes for each
gene set are visualized by REVIGO. (e) Profile and heatmap view of ETS1, ELF1, and ELK4 ChIP-seq and input signal intensity on £1 Kb
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types, we re-analyzed publicly available ChIP-seq data
for ETS1 in two human cell lines (DU145 and PANC1).
In DU145 cells, ETST was strongly enriched at nearly all
promoter regions of splicing factors (Figure 3E). In con-
trast, when examining the binding capacity of ELF1
and ELK4, another potential regulator, the ChIP-seq
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signals for these transcription factors, were nearly
absent in the promoter regions of splicing factors in
the input samples. Similarly, ETS1 was also found to
occupy the promoter regions of splicing factors in
PANC1 cells. The specificity of ETS1 binding to splicing
factor promoters was further validated by comparing
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Figure 4. Lamin B1 depletion alters inter-LAD interaction adjacent to ETST gene locus followed by diminished expression. (a and b)
Tracks of Lamin A ChIP-seq (10 bp and 5 Kb bin), ATAC-seq, and RNA-seq in WT and LMNB1”- MDA-MB-231 cells. Signal intensity peaks
in a 160 Kb (a) and 10 Mb region (b) centered around the ETST gene locus are represented. (c and d) Iterative correction and eigen-
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sentative region (Chr11 120-135 Mb) are shown in WT (c) and LMNB1”" (d) MDA-MB-231 cells. () Smoothed (5 bin) heatmaps showing
the log,FC of interactions between WT and LMNB1”~ MDA-MB-231 cells in a same representative region (Chr11 120-135 Mb). Black
line indicates area with increased inter-LAD interactions in the loss of Lamin B1. (f) Tracks of Lamin A ChIP-seq (5 Kb bin), Lamina
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the ChlIP-seq signals of ETS1 on the promoter regions of
212 randomly selected genes (Supplementary Figure
S6A, B). The binding occupancy of ETS1 on these
random gene promoters was significantly lower than
that on splicing factor promoters in both DU145 and
PANCT cells.

Finally, we examined the expression relationship
between ETS1 and splicing factors using GEPIA and pub-
licly available datasets. The signature scores of splicing
factors exhibited a significant positive correlation with
ETS1 expression, supporting the role of ETS1 in regulat-
ing these factors (Supplementary Figure S6C). Addition-
ally, GSEA analysis following ETS1 knockdown (KD) in
SCC25 and DU145 cells showed that the depletion of
ETS1 resulted in a substantial misregulation of splicing
factors (Figure 3G). The expression of these genes was
significantly reduced after the loss of ETS1 in both
human cell lines (Figure 3H), demonstrating that ETS1
functions as a regulator of a subset of genes involved
in RNA splicing processes in human cells.

Lamin B1 depletion alters inter-LAD interaction
adjacent to ETS1 gene locus followed by
diminished expression

Given that the nuclear lamina creates a repressive
environment for transcription processes, we hypoth-
esized that the downregulation of ETS7 was due to
increased interaction between the ETST gene locus and
the lamina. To confirm any changes in the spatial posi-
tioning of the ETST gene relative to the nuclear lamina,
we compared Lamin A ChIP-seq signals between WT
and LMNB1” MDA-MB-231 cells. At both high- and
low-resolution scales, the level of lamina association at
the ETST gene locus was not increased, following the
loss of Lamin B1 (Figure 4A, B). Interestingly, chromatin
accessibility and RNA expression of genes adjacent to
the ETST locus were significantly decreased in LMNB1™"
cells (Figure 4B), suggesting that Lamin B1 depletion
altered the transcriptional activity of the larger chroma-
tin domain encompassing the ETST gene locus.

Studies have shown that alterations in inter- or intra-
chromosomal interactions can influence the transcrip-
tional activity of a chromatin domain (Zheng et al.
2018). For example, when a chromatin domain increases
its interaction with active genomic regions, the
expression of genes within that domain can rise,
whereas interactions with repressive regions can lead
to decreased expression. Thus, we hypothesized that
the abnormal downregulation of ETST following Lamin
B1 depletion occurred either due to increased inter-
action with a repressive domain or decreased interaction
with an active domain. Upon applying the Hi-C contact

map analysis to WT and LMNB1”~ MDA-MB-231 cells,
we found that Lamin B1 depletion did not affect the
checkerboard patterns of interaction heatmaps in chro-
matin regions surrounding the ETST gene locus (Figure
4C, D), consistent with previous reports (Zheng et al.
2018; Chang et al. 2022).

However, differential interaction matrices comparing
WT and LMNBI1” cells (log,(LMNB1”/WT)) revealed
that the loss of Lamin B1 led to a significant increase
in intra-chromosomal interactions around the ETST
gene locus (Figure 4E). We further integrated the
locations of lamina-associated domains (LADs) identified
from Lamin A ChIP-seq data to distinguish transcription-
ally repressive chromatin regions (Figure 4F). Notably,
ETST is situated between adjacent LAD regions, and
the inter-LAD interaction around ETS7 was enhanced fol-
lowing Lamin B1 depletion. This change in interaction
appears to create a repressive environment, sub-
sequently reducing the expression of genes located in
this region (Supplementary Figure S7A, B).

Discussion

Recent studies constantly emphasize the critical role of
intra- and inter-chromatin interactions in regulating
gene expression by facilitating contacts between regu-
latory elements, such as enhancers and promoters
(Galupa et al. 2022; Balasubramanian et al. 2024). Disrup-
tion of TAD-TAD interactions has been shown to cause
the dysregulation of multiple genes and increase the
risk of complex diseases (Zheng et al. 2018; McArthur
and Capra 2021; Galupa et al. 2022). Moreover, the
depletion of Lamin proteins has been linked to altera-
tions in intra- or inter-chromatin interactions at the
levels of chromosomes (Pujadas Liwag et al. 2024), com-
partments (Chang et al. 2022), and TADs (Zheng et al.
2018). These findings strongly highlight the correlation
between changes in chromatin interactions and gene
expression regulation.

The role of Lamin B1 in chromatin organization is
largely facilitated by its ability to tether chromatin
directly or indirectly to the nuclear periphery (Schrei-
ner et al. 2015). Recent studies have demonstrated
that the loss of B-type Lamins influences chromatin
compaction and mobility, resulting in genome-wide
changes in gene expression (Chang et al. 2022;
Pujadas Liwag et al. 2024). Some of the genes dysregu-
lated by Lamin B1 depletion are involved in critical cel-
lular functions, such as cell cycle progression, cell
proliferation, and cellular senescence (Shimi et al.
2011; Klymenko et al. 2018; Lv et al. 2024). Given that
Lamin B1 regulates overall genome organization
rather than targeting specific gene sets, its absence



can affect not only genes with distinct functions but
also upstream regulatory genes.

Our data indicate that Lamin B1 depletion led to the
downregulation of ETS1, a potential upstream regulator
of RNA splicing factors in human cells (Figure 3). ETS1
demonstrated a strong binding affinity for the promoter
regions of splicing factors, and its expression was posi-
tively correlated with the expression of these factors.
Notably, splicing factor expression was globally
reduced in LMNB1”~ human cells due to the downregu-
lation of ETS1, without any changes in their association
with the lamina (Figure 1G). These findings underscore
that Lamin B1 can impact various biological processes
by either directly regulating the expression of functional
genes or indirectly influencing upstream regulators such
as ETS1.

The ETST gene locus is located between two strong
lamina-associated regions, and its relative escape
from the nuclear lamina allows for its active expression
in wild-type MDA-MB-231 cells (Figure 4E, F). This
spatial organization of the ETST locus is preserved in
other human cell types, including H1 (hESC), HFFc6,
and K562 cells (data not shown). A previous study indi-
cated that weak lamina-associated regions are more
susceptible to the absence of Lamins, resulting in
altered 3D chromatin interactions and changes in the
expression of neighboring genes (Zheng et al. 2018).
In line with this, our findings demonstrate that Lamin
B1 depletion increased chromatin interactions
between the ETST locus and adjacent LADs, leading to
the downregulation of ETS1. Given that ETST expression
was downregulated in both LMNB1”~ MRC5 and MDA-
MB-231 cells (Figure 2C), these results suggest that
ETST expression is highly sensitive to Lamin B1 levels
across various human cell types. However, a few
genes adjacent to ETS1 did not show significant down-
regulation despite the increased interaction with LAD
regions (Supplementary Figure S7A, B). This variation
in expression changes may be attributed to their
location in distinct Topologically Associating Domains
(TADs), the basic units of chromatin folding. For
example, although the SNX79 gene is located near
ETS1, the two genes showed opposite expression
changes upon Lamin B1 depletion, likely due to their
separation into distinct TADs. Further studies examin-
ing chromatin properties with various epigenetic
markers are needed to determine whether alterations
in 3D chromatin organization in the loss of Lamin B1
contribute to the transcriptional regulation of genes
near the ETST locus, particularly through changes in
spatial proximity to repressive LAD regions.

Lamin B1 expression decreases with age, particu-
larly during cellular senescence (Garvalov et al. 2019).

ANIMAL CELLS AND SYSTEMS 159

This decline contributes to nuclear lamina disorganiz-
ation and alters chromatin interactions, leading to
changes in the expression of multiple genes, including
ETS1. In accordance with the reduction of Lamin B1, a
recent study found that ETS1 expression was also
diminished in aged individuals (long-lived individuals)
compared to controls (Xiao et al. 2022). Given that
ETS1 is crucial for cell survival by regulating key cell-
cycle drivers such as cyclin E and CDK2 (Dittmer
2003; Wei et al. 2009; Singh et al. 2011), these
findings collectively suggest a relationship between
the reduction of Lamin B1, subsequent downregula-
tion of ETS1, and age-related cellular dysfunctions. Fur-
thermore, spliccosome dysfunction and aberrant
splicing events are more prevalent during aging
(Bhadra et al. 2020), which may also result from
decreased Lamin B1 levels.

RNA splicing is a vital process in gene expression that
generates mature mRNA, and defects in splicing can lead
to mRNA degradation via nonsense-mediated decay
(NMD) and the production of dysfunctional proteins or
abnormal protein isoforms (Maquat 2004; Baralle and
Giudice 2017). The concentration balance of splicing
factors is crucial for properly utilizing splicing sites, and
imbalances are commonly observed in human tumors
(Hanamura et al. 1998; Liu et al. 2013; Urbanski et al.
2018). In line with our findings, RNA-seq analysis of
LMNB1”~ MDA-MB-231 and ETS7 KD SCC25 cells ident-
ified 3,228 and 2,446 genes with differentially spliced
transcripts, respectively. Notably, this gene set includes
LMNA, another major member of the Lamin subfamily,
which produces Lamin A and Lamin C isoforms
through alternative splicing (Dechat et al. 2008). In
LMNB1”~ MDA-MB-231 cells, the expression level of
Lamin A increased (log,FC=0.27), while Lamin C was
significantly downregulated (log,FC=-0.66) (Sup-
plementary Figure S7C). These results suggest that
Lamin B1 also plays an indirect role in regulating spli-
cing, helping to maintain the expression balance
between Lamin isoforms.

In conclusion, our data highlight the role of Lamin B1
in both chromatin organization and the regulation of
gene expression. Lamin B1 influences the spatial posi-
tioning and chromatin interactions of the ETS1 gene
locus, ensuring its consistent expression for properly
regulating splicing factors. Given that the expression of
multiple splicing factors is tightly regulated periodically
during cell cycle progression (Dominguez et al. 2016), it
is more efficient to co-regulate their expression through
a single cue. ETS1 may play a significant role in this
process; however, the interactions between ETS1 and
other regulators of splicing factors require further inves-
tigation in future studies.
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