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ABSTRACT

Peripheral heterochromatin positioning depends on nuclear envelope associated proteins and repres-
sive histone modifications. Here we show that overexpression (OE) of Lamin B1 (LmnB1) leads to the
redistribution of peripheral heterochromatin into heterochromatic foci within the nucleoplasm. These
changes represent a perturbation of heterochromatin binding at the nuclear periphery (NP) through a
mechanism independent from altering other heterochromatin anchors or histone post-translational
modifications. We further show that LmnB1 OE alters gene expression. These changes do not correlate
with different levels of H3K9me3, but a significant number of the misregulated genes were likely
mislocalized away from the NP upon LmnB1 OE. We also observed an enrichment of developmental
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processes amongst the upregulated genes. ~74% of these genes were normally repressed in our cell
type, suggesting that LmnB1 OE promotes gene de-repression. This demonstrates a broader conse-
quence of LmnB1 OE on cell fate, and highlights the importance of maintaining proper levels of LmnB1.

Introduction

Chromatin is highly organized within the nucleus,
with heterochromatin at the nuclear periphery (NP)
and euchromatin in the nucleoplasm [1]. Altered het-
erochromatin distribution has been observed in spe-
cific cell types, age, and disease, raising the question of
what mediates proper heterochromatin organization
within the nucleus [2-6].

The nuclear envelope (NE) associated proteins,
including lamins and inner nuclear membrane pro-
teins, are important for proper heterochromatin
tethering at the NP. These proteins serve as anchors
that bind heterochromatin either directly or indirectly
through adaptor proteins, such as Heterochromatin
Protein 1 (HP1), and depletion of these proteins gen-
erally perturbs peripheral heterochromatin localiza-
tion  [7-15].  Recently, cell-type  specific
heterochromatin anchors that function in tethering
cell-type specific genes at the periphery have also
been discovered [16-18]. This suggests that modulat-
ing the NE associated proteome can impact chromatin
organization, and this may have a broader significance
in the context of cell fate.

Histone post-translational modifications (PTMs)
are also crucial in heterochromatin organization. A

classic marker of peripheral heterochromatin is the di-
and tri-methylation of Histone H3 on Lysine 9
(H3K9me2/3), and its deposition by several lysine
methyltransferases is required for heterochromatin
positioning at the NP [19-21]. Depletion of these
heterochromatin marks correlates with the loss of
peripheral heterochromatin, representing another
key factor in proper chromatin organization within
the nucleus [22-24].

Further, transcription and chromatin compaction
are involved in heterochromatin positioning at the
NP. For example, artificially induced transcription or
chromatin decondensation of peripherally associated
genes relocalizes them into the nuclear interior
[25,26]. Conversely, reduced transcription can
increase gene contact with the NP [25]. Collectively,
these examples describe important mediators of het-
erochromatin organization that must be tightly regu-
lated to establish conventional chromatin patterning
within the nucleus.

Here, we present an interesting phenomenon
in which overexpression (OE) of the NE asso-
ciated protein Lamin B1 (LmnB1) alters chroma-
tin  organization such  that  peripheral
heterochromatin is lost and heterochromatic
DNA foci form within the nucleoplasm. Similar
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changes in chromatin organization upon LmnBI
OE have been previously reported but were
shown to be a consequence of reduced Lap2
expression or senescence induction [27,28].
LmnBl OE has also been shown to induce
senescence in a separate study, however it was
demonstrated that LmnB1 OE-induced senes-
cence is incompatible with hTERT expres-
sion [29].

In our study utilizing RPE1 cells immortalized
with hTERT, we observed that these heterochro-
matin foci can form independently from senes-
cence. Additionally, LmnB1 OE does not seem to
reduce the expression of other NE associated pro-
teins or histone methylation marks important in
peripheral heterochromatin tethering. This sug-
gests a unique mechanism involved in these
changes in chromatin organization. Given that
LmnB1 is highly expressed in specific types of
cancer (e.g. hepatocellular carcinoma, lung adeno-
carcinoma, clear-cell renal cell carcinoma) and
certain neurological diseases (e.g. adult-onset
autosomal dominant leukodystrophy, ataxia telan-
giectasia) [27,30-35], we explored the conse-
quences of LmnBl OE-induced chromatin
reorganization on gene expression. We identified
>100 misregulated genes and observed that many
genes become de-repressed upon LmnB1 OE.

Materials and methods
Cell culture and stable cell lines

RPELI cells were cultured in DMEM/F12 with 10%
fetal bovine serum, 1% penicillin-streptomycin,
and 0.01 mg/mL hygromycin B. IMR90 cells were
cultured in DMEM with 10% fetal bovine serum,
1% penicillin-streptomycin, 1% NEAA, and 1%
glutaMAX.

The pLVXTP plasmid backbone used for stable
cell-line production was derived from the pLVX-
UbC-rtTA-Ngn2:2A:EGFP plasmid, a gift from
Fred Gage (Addgene plasmid # 127288; http://
n2t.net/addgene:127288; RRID:Addgene_127288)
[36]. The Ngn2:2A:EGFP insert was removed
using Notl and EcoR1 restriction enzymes, and
In-Fusion cloning was used to insert mCherry, or
mCherry tagged LmnB1 (NM_005573), LmnB1-
ACaaX (NM_005573 with a four amino acid

deletion (Cys, Ala, Ile, and Met) prior to the stop
codon), or Lap2f (NM_001032283). Stable cell
lines were produced according to the Addgene
lentivirus production protocol using 293T cells
(https://www.addgene.org/protocols/lentivirus-pro
duction/). RPE1 and IMR90 cells were infected
and selected with puromycin for 10 days. Clonal
lines in RPE1 cells were established by isolating
single cells in 96 well plates. Two clonal lines for
each overexpression construct were utilized for
downstream analyses. About 0.05 ug/mL of dox-
ycycline was used to induce OE of each construct.

Antibodies

Lamin Bl (sc -56,144; IF 1:250) and Lap2 (sc
-28,541; IF 1:500; WB 1:1000) antibodies were
purchased from Santa Cruz Biotechnology;
Lamin A (L1293; IF 1:1000; WB 1:1000) antibody
was purchased from Sigma-Aldrich; LBR (12398-
1-AP; IF 1:100; WB 1:1000) antibody was pur-
chased from Thermo Fisher Scientific; HPla
(#2616; IF 1:200; WB 1:1000), H3K27me3 (#9733;
IF 1:1600), and B-actin (#3700; WB 1:1000) anti-
bodies were purchased from Cell Signaling
Technology; H3K9me3 (ab8898; IF 1:500; WB
1:1000; Cut&Run 1:100) antibody was purchased
from Abcam; H3K9me2 (#39041; IF 1:500; WB
1:2000) antibody was purchased from Active
Motif; GAPDH (MAB5718; WB 1:5000) antibody
was purchased from R&D Systems.

Immunofluorescence microscopy

Cells were grown on coverslips and fixed with 4%
PFA in 1x PBS for 5 minutes at room temperature.
Coverslips were blocked with an IF buffer (10 mg/
mL BSA, 0.1% Triton-X-100, 0.02% SDS, diluted
in 1x PBS) for 20 minutes prior to incubation with
primary and secondary antibodies diluted in the IF
buffer. Coverslips were briefly incubated with
Hoechst (1 pg/mL, Molecular Probes) and
mounted with Vectashield (Vector Labs). The ima-
ging was performed on a Leica SP8 confocal
microscope with a 63x1.4NA oil immersion
objective. Fiji was used to quantify the fluores-
cence intensity of LmnB1 and generate plot pro-
files representing the colocalization of DNA with
markers of SAHF. LmnB1 fluorescence intensity
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values were normalized to the average fluorescence
intensity observed in the mCherry stable cell lines.
Line scans were typically generated through the
minor axis of individual nuclei. However, in cells
overexpressing LmnB1, axes were chosen based on
the localization of the induced DNA foci. For
RPEI clonal cell lines, two clonal lines for each
OE construct were analyzed, with two biological
replicates (n =4), unless otherwise specified in the
tigure legend. For IMR90 cell lines, three biological
replicates were performed (n = 3).

Electron microscopy

Cultured cells were prepared by electron micro-
scopy as previously reported [37]. Briefly, the cells
were cultured to approximately 70% confluence in
10 cm dishes. The medium was gently poured out
and ~ 1mL of 2.5% glutaraldehyde in 100 mM
cacodylate buffer with 3mM CaCl, (cacodylate
buffer) prewarmed to 37°C was gently added and
swirled. Approximately 5mL of ice-cold fixative
was gently added to the dish, and cells were fixed
on ice for 30 min. Cells were washed with ice-cold
cacodylate buffer three times before staining for
45 minutes with 1.5% osmium tetroxide reduced
with 1.5% potassium ferrocyanide in cacodylate
buffer at room temperature in the dark. Dishes
were rinsed with ice-cold water three times before
cells were released from the dishes using cell scra-
pers and pelleted in Eppendorf tubes for further
processing.

Cell pellets were stained with 1% uranyl acetate
overnight at 4°C and washed with ice-cold water
three times. Cells were serially dehydrated by
changes in ice-cold solutions of increasing ethanol
concentrations, followed by two incubations for
45 minutes in anhydrous ethanol at room tem-
perature. The cells were then infiltrated with
Epon 812 (Electron Microscopy Sciences) and
embedded in their Eppendorf tubes. Ultrathin sec-
tions (60 nm) were collected for each cell line
using diamond knives (Diatome) on an ultrami-
crotome (Leica UC7), and imaging was performed
on a Carl Zeiss Libra 120kV PLUS energy filtered
transmission electron microscope.

Heterochromatin height at the NP was quanti-
fied using Fiji. Measurements were taken perpen-
dicular to the nuclear membrane, and the
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maximum height was recorded every 100 nm. A
total of 11um of NE was assessed, and only
regions where the double membrane could be
clearly visualized were included.

CellEvent senescence green detection kit

The RPEL1 cells were cultured with doxycycline for
9 days, or treated with doxorubicin (500 nM) for
48 hours, followed by PBS washout and culturing
for 9 days before collection. Cells were seeded into
ibidi 8 well chambers one day prior to senescence
detection using the CellEvent senescence green
detection kit (Thermo Fisher Scientific). Samples
were prepared according to the manufacturer's
protocol. More than 50 cells were visualized in
each cell line, with one clonal line overexpressing
mCherry and two clonal lines overexpressing
LmnB1. Two biological replicates were analyzed
for each cell line.

Click-It EdAU imaging kit

Cells were grown on coverslips and arrested in the
1/S phase using 3 uM of aphidicolin for 24 hours,
followed by incubation with doxycycline and 10
uM of EdU for an additional 24 hours post-aphi-
dicolin treatment. Coverslips were prepared
according to the Click-iT EdU fluorescence detec-
tion protocol (Thermo Fisher Scientific) and
imaged on a Leica SP8 confocal microscope with
a 63 x 1.4ANA oil immersion objective. More than
50 cells were visualized in two clonal cell lines for
each OE construct, with two biological replicates
for each cell line.

Western blotting

Cells were lysed in RIPA buffer (50 mM Tris-HCl,
150mM NaCl, 1% Triton-X, 0.5% Sodium
Deoxycholate, and 0.1% SDS), and protein con-
centrations were normalized using the BCA pro-
tein assay (Thermo Fisher Scientific). Membranes
were blocked using 5% nonfat milk in 1x TBST for
15 min prior to incubation, with primary and sec-
ondary antibodies diluted in a blocking buffer.
Secondary antibodies were conjugated to HRP for
detection. Two clonal cell lines for each OE
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construct were analyzed, with two biological
replicates.

mRNA-sequencing

The RPE1 cells were treated with doxycycline for
24hours and RNA was isolated using Trizol
(Ambion) and purified with the RNeasy kit
(Qiagen). RNA was shipped to Novogene for
mRNA library preparation and run on the
lumina NovaSeq system (paired end 150).
Samples include two clonal cell lines for each OE
construct, with three biological replicates for each
cell line (n=6). After quality check (fastQC;
https://www.bioinformatics.babraham.ac.uk/pro
jects/fastqc/), trimming (TrimGalore used for
removal of adapter and low-quality bases; https://
www.bioinformatics.babraham.ac.uk/projects/
trim_galore/), removal of genome contaminants
(BBSplit; http://sourceforge.net/projects/bbmap/)
and ribosomal RNA (SortMeRNA [38], fastq
reads were aligned to the human reference
sequence GRCh38 (hg38) and annotated with the
corresponding gencode GTF file (gencode v38 pri-
mary assembly annotation) using the genome
aligner STAR [39]. Duplicate reads were marked
with Picard Toolkit (https://broadinstitute.github.
io/picard/) and read counts per gene were quanti-
fied using Salmon [40]. Per gene read counts were
normalized using DESeq2, this normalization
method finds the ratio of each count to the geo-
metric mean of all counts for that gene across all
samples. The median of these ratios (size factor)
per sample is used for its scaling. After filtering
out low-expression genes (less than 10 counts total
across all samples), differential expression was
assessed using DESeq2 negative binomial general-
ized linear models [41], with differentially
expressed genes defined as those with an adjusted
p-value <0.05 and a log2 fold change >1 or <-1.
De-repressed genes were defined as those with less
than 100 normalized mRNA counts in the RPEI
mCherry stable cell lines but upregulated upon
LmnB1 OE. Gene ontology biological processes
enrichment analysis was used for downregulated,
upregulated, and de-repressed genes
(Bioconductor package clusterProfiler [42]. For
the downregulated and upregulated genes, the
top 10 unique biological processes are reported,

with adjusted p-values <0.01. For the ‘de-repressed
genes’, a subset of the top 30 unique biological
processes are reported in the figure, with adjusted
p-values <0.05. All of the biological processes with
adjusted p-values for these ‘de-repressed genes’ are
reported in Supplemental Table S2.

Cut&run-sequencing

The RPE1 cells were treated with doxycycline for
24 hours and 500,000 cells were harvested for each
sample. Samples include two clonal cell lines for
each OE construct, with two technical replicates.
The H3K9me3 antibody (ab8898) was diluted
1:100 in antibody-binding buffer. Cut&Run was
performed according to the EpiCypher CUTANA
protocol, with the following exceptions. CUTANA
H3K4 MetStat Spike-in Control dNucs were not
added during antibody binding (Section IV). E.
coli Spike-in DNA was diluted 1:10 prior to addi-
tion after chromatin digestion (Section VI).

Purified Cut&Run DNA was prepared for sequen-
cing using the NEBNext Ultra IT Library Kit Prep for
[lumina, according to the manufacturer's protocol.
About 15 pL of Cut&Run DNA was used for the
mCherry samples, and 8 uL of Cut&Run DNA was
used for the LmnB1 samples. Adapters were diluted
1:15 prior to adapter ligation. About 4 uL of i7 and i5
primers combined were used for PCR amplification.
Libraries were sequenced on the Illumina NextSeq
platform (paired end 75).

After quality check (fastQGC; https://www.bioinfor
matics.babraham.ac.uk/projects/fastqc/) reads were
trimmed (TrimGalore; https://www.bioinformatics.
babraham.ac.uk/projects/trim_galore/) and aligned
to the human genome, hg38, with BWA [43].
Duplicate reads were marked with Picard Toolkit
(https://broadinstitute.github.io/picard/) and filtered
out if meeting any of the following criteria (applied
to forward and reverse pair-end reads): reads map-
ping to ENCODE’s blacklist, marked as duplicates,
not uniquely aligned, or with pairs in the wrong
orientation or distance/chromosome [44,45]. For
visualization, bigwig tracks were created using deep-
tools (bamCoverage) [46]. Peaks were called using
epic2 (bin size 1000, gaps allowed 3 [47]; with input
control). DiffBind [48] was used to investigate the
differential deposition of H3K9me3 in cells overex-
pressing mCherry versus LmnB1; no regions of
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differential H3K9me3 were observed with an
adjusted p-value <0.05. Peaks were annotated using
HOMER [49] and the Bioconductor package
ChIPseeker  [50]. FeatureCounts (Rsubread
Bioconductor package [51]; was used to count
reads from H3K9me3 Cut&Run at genes and pro-
moter regions. The read counts were normalized
using DESeq2’s scaling method as described in the
mRNA sequencing section above. Genes were called
within H3K9me3 peaks if H3K9me3 marked the
transcription start site (TSS), the promoter (<3kb
from the TSS), or the gene body.

DamiID-sequencing analysis

Previously published LmnB1 DamID datasets in
RPEL1 cells were obtained from the 4D Nucleome
Data  Repository  [52]4DNFIMZGJCYC and
4DNFIRDCJXYU). Peaks were filtered for only
those present in all replicates using bedtools [53]
and annotated with ChIPseeker [50]. Genes bound
by LmnBl were called if they overlapped with
LmnB1-DamlID peaks in both replicates and if the
LmnB1-DamID peaks overlapped with the TSS or
the promoter (<3kb from the TSS). A hypergeo-
metric test was used to determine the significance
of the overlap between differentially expressed genes
with H3K9me3 peaks, LmnB1 peaks, or both peaks
(Bioconductor package GeneOverlap) [53].

Statistical analysis

Normality and Mann Whitney tests (two-sided) were
performed using GraphPad Prism. Hypergeometric
test (two-sided) was performed in RStudio. All p-values
were adjusted for multiple comparisons when needed.

Data availability

RNA-sequencing and Cut&Run-sequencing data
are available on GEO: GSE212110.

Results and discussion

Lamin B1 overexpression alters heterochromatin
organization

A growing list of human disorders, including can-
cer, has been linked to misexpression of LmnBI
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[27,30,32,33,35]. To specifically study the func-
tional consequences of LmnB1 OE, we established
two cell lines, RPE1 and IMR90, containing stably
integrated doxycycline-inducible OE of mCherry
tagged LmnBl. Immunofluorescence imaging
revealed that doxycycline induction increases
LmnB1 expression ~twofold, which is within the
range of what has been previously reported in
specific types of cancers with high levels of
LmnB1 [32,35,54]. Furthermore, we observed that
LmnB1 OE coincides with changes in chromatin
organization, such that punctate DNA foci form
within the nucleus (Supplemental Figure SI1A,
S1B). This was evident in >80% of the cells over-
expressing LmnB1 and was not observed upon OE
of LmnB1-ACaaX, which is a four amino acid
deletion mutant of LmnB1 that prevents its post-
translational processing and insertion into the NE.
Additionally, these changes were not observed
upon OE of Lap2p, an inner nuclear membrane
protein that interacts with LmnBI1. Importantly,
this phenotype was observed in both RPEI and
IMR90 cells, despite RPE1 cells being near-diploid
and immortalized with hTERT. This demonstrates
that LmnB1 must be properly processed and over-
expressed at the NE to elicit these changes in
chromatin organization.

We next characterized the DNA foci formed
upon OE of LmnBl1. Using immunofluorescence
imaging, we observed that the DNA foci is colo-
calized with H3K9me3 (Figure la). Furthermore,
this colocalization was detected in every cell that
exhibited these changes in chromatin organization
induced by LmnB1 OE (70/70 nuclei). We also
noticed a concurrent reduction of H3K9me3 signal
at the NP, which was restored within 24 hours of
doxycycline removal (Supplemental Figure S2).
Additionally, we confirmed that LmnB1 expres-
sion was reduced at this 24-hour timepoint
(Supplemental Figure S2). This suggests that
LmnB1 OE may preclude the localization of het-
erochromatin at the NP, leading to the aberrant
formation of heterochromatic foci within the
nucleoplasm.

To confirm the changes in peripheral hetero-
chromatin we detected by immunofluorescence
imaging, we processed these cells for transmission
electron microscopy (TEM), where heterochroma-
tin can be clearly visualized as electron-dense
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signals beneath the NE (Figure 1b, arrowheads).
Complementary to what we observed with immu-
nofluorescence (Figure 1la), TEM imaging dis-
played a strong reduction or loss of peripheral

a LmnB1-
mCherry LmnB1 ACaaX
Hoech§t
H3K9me3
b

Scale bar: 1‘ um

heterochromatin upon LmnBl1 OE (Figure 1b).
Further, measurements of heterochromatin height
at the NP were significantly decreased in cells
overexpressing LmnB1. Taken together, our data
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Figure 1. Lamin B1 overexpression alters heterochromatin localization at the nuclear envelope. (a) Representative confocal images of
RPET stable cell lines treated with doxycycline for 24 hours and labeled with H3K9me3. Single z slices through the center of the
nucleus are shown. Plot profiles on the right illustrate the overlap of fluorescence signal between DNA (Hoechst) and H3K9me3 over
the white dotted lines in the mCherry and LmnB1 stable cell line images. 70/70 nuclei exhibited colocalization between H3K9me3
and the DNA foci in cells overexpressing LmnB1. (b) Representative transmission electron microscopy images of RPE1 stable cell lines
treated with doxycycline for 24 hours. Arrowheads indicate heterochromatin lining the nuclear envelope. Dotted lines represent
example measurements taken. The maximum height of heterochromatin perpendicular to the inner nuclear membrane was
measured every 100 nm, over a total length of 11 um, and is plotted on the right. Error bars indicate the mean =+ standard deviation.
Mann Whitney test for statistical significance: **** p < 0.0001. C = cytoplasm; N = nucleus.



demonstrate that OE of LmnB1 at the NE prevents
proper heterochromatin organization within the
nucleus.

Lamin B1 overexpression does not induce a
senescence phenotype

Since LmnB1 OE is not associated with senescence
in cells that express hTERT [29], we wanted to
directly test whether the observed changes in chro-
matin organization were forming independently
from senescence. To address this, we first analyzed
potential similarities between the DNA foci we
observed in our system and senescence associated
heterochromatin foci (SAHF), which have been
shown to form in senescent cells [5,55,56].
Previously, we presented colocalization between
the DNA foci and H3K9me3, which is one marker
of SAHF (Figure 1a). Therefore, we tested the
other markers of SAHF, including HPla,
H3K9me2, and H3K27me3. We observed coloca-
lization between the DNA foci and HPla in ~86%
(42/49) of the nuclei, but no colocalization with
H3K9me2 (Figure 2a, 2b Figure S2A, S2B).
Additionally, we did not observe any major loca-
lization changes in H3K27me3, which has been
shown to form a ring around the H3K9me3 core
in SAHF [55] (Figure 2c).

We also monitored senescence induction at 9
days post LmnB1 OE using the CellEvent senes-
cence green detection kit. In parallel, we treated
RPE1 cells with doxorubicin to show positive
induction of senescence in our system. In agree-
ment with previous findings, we did not observe
any senescent cells upon LmnBl OE
(Supplemental Figure S3) [29]. Taken together,
this suggests that the DNA foci induced upon
LmnBl1 OE in our system are independent of
senescence and are unique from SAHF.

Lamin B1 overexpression affects the tethering of
peripheral heterochromatin

To understand how LmnB1 OE alters peripheral
heterochromatin localization, we first asked
whether these changes represent a defect in the
targeting or tethering of heterochromatin at the
NP. Since heterochromatin must be repositioned
to the NP after every cell division, we assessed
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whether LmnB1 OE can still elicit the same
changes in heterochromatin organization with-
out mitosis. To test this, we first arrested cells in
G1/S phase with aphidicolin, followed by doxy-
cycline induction of LmnB1 OE. Using immu-
nofluorescence imaging, we observed the
formation of DNA foci colocalizing with
H3K9me3 in more than 55% of arrested cells
overexpressing LmnB1 (Figure 3). The lack of
fluorescence signal from the thymidine analog
EdU confirms that these cells did not undergo
DNA synthesis while LmnB1 was being over-
expressed. This demonstrates the independence
of our observed phenotype from chromatin re-
organization associated with mitosis and sug-
gests that LmnBl OE might compromise the
tethering of heterochromatin at the NP in intact
nuclei.

Since heterochromatin tethering is known to be
mediated by NE-associated proteins, we assessed
whether these proteins may be perturbed by
LmnB1 OE. We monitored the localization and
expression of classic NE-associated heterochroma-
tin anchors, including Lamin A, Lap2, and Lamin
B Receptor (LBR). However, we did not observe
any changes in the localization or expression of
these proteins (Supplemental Figure S4). Although
a previous study reported a reduction in Lap2
expression and localization in an oligodendrocytic
cell line (N20.1) upon LmnB1 OE, the authors also
reported no changes in nuclear membrane com-
ponents in a neuronal cell line (C17.2) and an
astrocytic cell line (SVG pl2) when LmnBl is
overexpressed [28]. This demonstrates that
LmnB1 OE can affect components of the nuclear
membrane in a cell type-specific manner. Further,
this suggests that the changes in chromatin orga-
nization we observed in our system are not a
consequence of altering the expression of these
NE associated proteins.

Next, we tested whether changes in histone
PTMs or their binding proteins may be implicated
in the loss of peripheral heterochromatin upon
LmnBl OE. We assessed the global levels of
H3K9me2 and H3K9me3, which are important
PTMs for peripheral heterochromatin tethering,
but did not observe significant changes by western
blot (Figure 4a). Additionally, we monitored the
levels of the H3K9me3 binding protein HP1a, but
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Figure 2. Lamin B1 overexpression induced DNA foci colocalize with HP1q, but not H3K9me2 or H3K27me3. Representative confocal
images of RPET stable cell lines treated with doxycycline for 24 hours and labeled with (a) HP1a, (b) H3K9me2, and (c) H3K27me3.
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did not see any loss that might affect the binding
of heterochromatin at the periphery (Figure 4a).

Further, we used Cut&Run-sequencing with a
H3K9me3-specific antibody to analyze any differ-
ences in the deposition of this PTM across the gen-
ome. However, we found that the H3K9me3
genomic-binding profiles were highly similar
between cells overexpressing mCherry and LmnB1
(Figure 4b). Collectively, these results demonstrate
that LmnB1 OE alters the tethering of heterochro-
matin at the NP through a mechanism independent
from reducing the levels of NE-associated hetero-
chromatin anchors or histone PTMs.

Lamin B1 overexpression alters gene expression

We next wanted to assess whether the dramatic
changes in chromatin organization driven by
LmnB1 OE have consequences on gene expression.
Using mRNA-sequencing, we identified 118
downregulated and 161 upregulated genes upon
LmnB1 OE (Figure 5a; log2 fold change <-1 or
>1). The misregulation of these genes did not
correlate with altered levels of H3K9me3, suggest-
ing that changes in gene localization may be influ-
encing gene expression (Supplemental Figure
S5A). To test this hypothesis, we evaluated
whether the misregulated genes were likely periph-
erally localized prior to LmnBl OE. We used
proximity to H3K9me3 peaks identified using
Cut&Run in our RPE1 stable cell lines, or LmnB1
domains identified using previously published
LmnB1 DamlID datasets in RPE1 cells, to suggest
peripheral positioning [52]. This analysis indicated
that a significant number of the downregulated
and upregulated genes are near H3K9me3 peaks
or LmnB1 domains (Figure 5b). Pairing this with
the changes in H3K9me3 localization we observed
by immunofluorescence (Figure la), we propose
that the downregulated genes may become seques-
tered within the H3K9me3 DNA foci and
repressed, while the upregulated genes may be
more accessible to transcription within the nucleo-
plasm or aberrantly transcribed at the NP, leading
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to their translocation into the nucleoplasm. As for
the misregulated genes that are not near H3K9me3
peaks or LmnBl1 domains, we hypothesize that
these may be affected by altered chromatin con-
tacts that might be induced by the changes in
chromatin organization. It is also possible that
misregulation of these genes may be secondary
consequences arising from gene misregulation
within LmnB1 domains or H3K9me3 regions of
the genome.

Next, we examined what types of genes are
being misregulated upon LmnB1 OE. Using gene
ontology biological process enrichment analysis,
we observed a number of developmental path-
ways among the upregulated genes, but no sig-
nificant enrichment within the downregulated
genes (Supplemental Figure S5B). This type of
enrichment suggests that LmnBl OE and the
changes in chromatin organization may lead to
the upregulation of genes that are normally
repressed in this cell type, while the downregu-
lated genes may represent secondary effects of
these changes in chromatin organization.

To address whether the upregulated genes
encompass those that are normally repressed, we
first categorized ‘de-repressed genes’ as those with
less than 100 mRNA counts in our control
mCherry cell lines but showing upregulation
upon LmnB1 OE. Using these parameters, we
identified 179 de-repressed genes, 119 of which
showed over twofold upregulation (Figure 5a;
Supplemental Table S1). Thus, approximately
74% of the upregulated genes were previously
silent or considerably repressed in our control
cells. Again, these genes did not have altered levels
of H3K9me3, but a significant number of genes
were near H3K9me3 peaks or LmnB1 domains
(Figure 5B; Supplemental Figure S5A). Gene
ontology biological process enrichment analysis
also showed a similar enrichment for various
developmental pathways that should not be
expressed in this cell type (Figure 5C;
Supplemental Table S2). Collectively, this supports
our hypothesis that LmnB1 OE is associated with

Single z slices through the center of the nucleus are shown. Plot profiles on the right illustrate the overlap of fluorescence signal
between DNA (Hoechst) and HP1a, H3K9me2, or H3K27me3 over the white dotted lines in the mCherry and LmnB1 stable cell line
images. In cells overexpressing LmnB1, the induced DNA foci colocalized with HP1a in 42/49 nuclei but did not colocalize with either

H3K9me2 or H3K27me3 in > 50 nuclei.
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Figure 3. Lamin B1 overexpression induced changes in chromatin organization do not depend on mitosis. RPE1 stable cell lines were
arrested with aphidicolin, followed by incubation with doxycycline and EdU, as depicted in the schematic at the top. Representative
confocal images of H3K9me3 localization and EdU incorporation are displayed for two clonal cell lines per OE construct. Single z
slices through the center of the nucleus are shown. Plot profiles at the bottom illustrate the overlap of fluorescence signal between
DNA (Hoechst) and H3K9me3 over the white dotted lines in the mCherry and LmnB1 stable cell line images. The fraction represents
the number of cells with intranuclear DNA foci over the total number of cells analyzed. Further, amongst the cells overexpressing
LmnB1 with intranuclear DNA foci (40 nuclei and 72 nuclei), all exhibited colocalization with H3K9me3.
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H3K9me3. (a) RPE1 stable cell lines were treated with doxycycline for 24 hours and prepared for western blot analysis of H3K9me2,
H3K9me3, and HP1a levels. Blots include two clonal cell lines for each OE construct. (b) Representative genome tracks of H3K9me3
deposition identified by Cut&Run sequencing. A 25 Mb region (57.1-82.1 Mb) on human chromosome 16 (hg38) is shown.

gene de-repression, and further suggests a broader
consequence of LmnB1 OE on cell fate.
Altogether, our study highlights the signifi-
cance of maintaining proper levels of LmnB1 for
both chromatin organization and gene expression
regulation. However, much remains to be
explored regarding the mechanisms through
which varying levels of LmnB1 affect these pro-
cesses. Since LmnB1 OE alters peripheral hetero-
chromatin localization without perturbing the
expression of known heterochromatin adaptors,
tethers, and histone PTMs important for hetero-
chromatin anchoring at the NP, we speculate that
LmnB1 OE may lead to the aberrant enrichment
of LmnB1 interacting proteins at the NE that
disrupt heterochromatin binding [57]. These

might include histone methyltransferases or acet-
yltransferases that deposit active histone marks,
leading to transcription or chromatin decompac-
tion within these peripheral heterochromatic
regions and their mislocalization away from
the NP.

As for the changes in gene expression, we pre-
dict that these are impacted, at least in part, by
altered chromatin organization in cells overexpres-
sing LmnBl. Aberrant chromatin organization
may lead to changes in gene localization, chroma-
tin accessibility, and chromatin contacts, all of
which may alter transcriptional output. It will be
important to assess these changes using DNA
fluorescence in situ hybridization, the assay for
transposase-accessible chromatin with sequencing
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Figure 5. Lamin B1 overexpression alters gene expression. (a) mRNA counts (normalized) for the downregulated, upregulated, and de-repressed
genes in RPET stable cell lines treated with doxycycline for 24 hours. Mean+95% confidence interval is plotted. Mann Whitney test for statistical
significance: **** p < 0,0001. (b) Pie charts representing the number of downregulated, upregulated, and de-repressed genes that are near LmnB1
domains, H3K9me3 peaks, both LmnB1 domains and H3K9me3 peaks, or neither. Hypergeometric test for statistical significance of overlap
between differentially expressed genes with LmnB1 peaks or H3K9me3 peaks: *** p < 0.001, **** p < 0.0001. (c) Gene ontology biological
processes enrichment analysis for the genes de-repressed upon LmnB1 OE, with fold change for individual genes shown.



(ATAC-seq), and Hi-C, to better understand the
correlation between altered chromatin organiza-
tion and gene expression.

It will also be important to monitor the gain
or loss of other histone PTMs, as alluded to
earlier, since this has the potential to impact
gene expression. Aberrant deposition of histone
PTMs may be caused by LmnB1 OE itself, or
LmnB1 OE-induced changes in chromatin orga-
nization. It will be interesting to further investi-
gate global changes in active histone PTMs,
since we observed a much clearer induction of
genes upon LmnB1 OE. However, assessing the
potential loss of heterochromatin markers, such
as H4K20me, will also be important to include
in this analysis. Cut&Run-sequencing can then
be used to look at the deposition of specific
histone PTMs across the genome to determine
if they play a role in LmnBl OE mediated
changes in gene expression.

Collectively, our findings open new avenues for
future research directions that will deepen our
understanding of how LmnB1 OE alters chromatin
organization and gene expression. These discov-
eries may also have broader applications in the
context of diseases with elevated levels of LmnB1,
such as a subset of cancers and neurological dis-
eases [27,30-35]. LmnB1 OE has recently been
shown to perturb telomere stability and the
response to DNA damage, and our study describes
additional misregulated processes that may also
impact cellular homeostasis [58,59]. Therefore,
LmnB1 expression must be properly regulated
and understanding the consequences of LmnBl
OE represents an interesting field for further
investigation.
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