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Abstract

Chromatin organization in the mammalian cell nucleus plays a vital role in the regulation of gene expression. The lamina-
associated domain at the inner nuclear membrane has been shown to harbor heterochromatin, while the nuclear interior has
been shown to contain most of the euchromatin. Here, we show that a sub-set of actively transcribing genes, marked by
RNA Pol II pSer2, are associated with Lamin B1 at the inner nuclear envelope in mouse embryonic stem cells (mESCs)
and the number of genes proportionally increases upon in vitro differentiation of mESC to olfactory precursor cells. These
nuclear periphery-associated actively transcribing genes primarily represent housekeeping genes, and their gene bodies
are significantly enriched with guanine and cytosine compared to genes actively transcribed at the nuclear interior. We
found the promoters of these gene’s to also be significantly enriched with guanine and to be predominantly regulated by
zinc finger protein transcription factors. We provide evidence supporting the emerging notion that the Lamin B1 region
is not solely transcriptionally silent.

Keywords Inverted chromatin organization - Nuclear architecture - Active transcription at the nuclear periphery -
Guanine-rich promoters - Zfp transcription factors

Introduction

Euchromatin and heterochromatin of mammalian nuclei
are compartmentalized into independently distinguishable
nuclear regions [1-4]. Early microscopic observations have
shown that the heterochromatic histone signatures mark
denser chromatin structures at the nuclear periphery (NP)
and at internal dense chromatin domains, and the bulk of
diffuse chromatin at the nuclear interior (NI) is marked by
euchromatic histone signatures that are present on transcrip-
tionally active genes [3, 4]. Furthermore, chromatin capture
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techniques (e.g., Hi-C and 5 C) also provide evidence that
chromatin in the nucleus is compartmentalized into two
Hi-C-defined nuclear compartments, the transcriptionally
active gene containing nuclear compartment A and the tran-
scriptionally silent gene containing nuclear compartment
B [5]. The nuclear lamina is primarily comprised of Lamin
A/C and Lamin B, mainly Lamin B1 (LB1) [6, 7], as well
as inner NE proteins such as Lap2a, Emerin and Manl [8].
The chromatin at the NP has been shown to interact with the
nuclear lamina [9] and therefore, the nuclear lamina plays
a vital role in chromatin organization and the regulation of
gene expression in the cell nucleus.

Further, the Dam-ID technique, used to label chromatin
interacting with LB1 (lamina-associated domains or LADs),
has also shown that the B compartment is predominantly
associated with LADs at the NP [10]. However, the nuclear
pore regions lacking the lamina meshwork have been shown
to “gate” transcriptionally active genes [11, 12] and thus,
the NE does not represent a completely heterochromatic
region [13—15]. Further, by performing structure-resolv-
ing image analysis for LB1, it has been shown that inac-
tive (H3K27me3) and poised (H3K27ac) enhancers, both
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marked by H3K79me?2, therefore having the potential to
gain activation, are present at the LB1 low-abundant Hi-C
defined A compartment at the NP [16].

It has been shown that when cells differentiate, the tran-
scriptional identity and the composition of genes at the LB1
regions change [17, 18]. Further, the arrangement of euchro-
matin and heterochromatin in a nucleus can also change
during cell specification; some genes move away from the
LBI region to be activated, and some move into the LB1
region to be activated [12, 19]. For example, most of the
euchromatin in olfactory cells, the rod cells, and Lamin B
receptor-null thymocytes is present at the NP [20-22]. How-
ever, the association of those transcriptionally active genes
within the different sub-compartments (e.g., LB1, nuclear
pores, LB1 adjacent) of the inner NE has generally not been
investigated in detail.

To date, the presence of heterochromatic genes at the
nuclear periphery was identified based on data generated
from histone signatures, Hi-C, and Dam_ID methods [23—
26]. To our knowledge, approaches specifically using tran-
scriptional profiling of the LB1-associated genes based on
RNA polymerase I (RNA Pol II) activity have not yet been
investigated in detail genome-wide. Although transcrip-
tional profiling by histone signatures provides the overall
status of a gene’s transcription (e.g., active or silent), the
different state’s of a gene’s transcription (pre-initiation,
promoter-proximal pausing, elongation, termination) is not
informative from such data.

However, occupancy by RNA Pol II and its phosphor-
ylated derivatives at the different regions of a gene can
provide more insight into its transcriptional status. Tran-
scription can be explained as a step-by-step process: RNA
Pol II recruitment, initiation, elongation, and termination.
Although the phosphorylation of Ser5 at the C-terminal
domain of the RNA Pol II large subunit defines the tran-
scription initiation of a gene, a gene in such a state can rep-
resent transcription elongation (in ‘canonical’ transcription)
or promoter-proximal pausing [27, 28]. However, phos-
phorylation at Ser2 (pSer2) at the C-terminus of RNA Pol
II is consistent with transcriptional elongation and thus can
be used as a molecular signature of actively transcribing
genes. To our knowledge, the presence of RNA Pol 11 pSer2
association, and therefore actively transcribing genes, at the
LBI1 region, has not been investigated in depth. Although
the bulk data from RNA Pol II pSer2-associated chromatin
profiling using chromatin immunoprecipitation (ChIP) is
available [29-31], those data are non-informative for dis-
tinguishing actively transcribed genes residing in different
nuclear compartments.

Since the LB1 region at the NP has been shown to harbor
a large amount of DNA [2] we focused on investigating the
possibility of actively transcribing genes being localized
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with LB1 at the NP using immunofluorescence (IF)
microscopy and sequential ChIP-seq (using LB1 and RNA
Pol Il pSer2 specificantibodies) assays. Inmouse embryonic
stem cells (mESCs) and in vitro mESC-derived neural
progenitor cells (NPCs - single clone derived), we found
that a subset of actively transcribing genes was associated
with LB1 at the NP. Further, we demonstrated that upon
mESC differentiation toward NPCs, the number of actively
transcribing genes at the LB1 region was increased in our
clonally derived “NPCs”. Using transcriptomic signatures
and immunofluorescence labeling for Ascll (Globose basal
cell signature), we showed that the in vitro-derived “NPCs”
we used in our study were in fact olfactory progenitor cells
(OPCs). Mature olfactory cells have a reverse nuclear
organization whereby euchromatin is partially present at
the NP and heterochromatin at the NI [22]. Therefore, the
in vitro-derived “NPCs” are primed OPCs that are setting
up the chromatin organization of mature olfactory cells.
Moreover, we found that actively transcribing genes at
the LB1 region are significantly enriched with guanine
and cytosine and contain relatively lengthier gene bodies
than those that are transcribed at the NI. Although we did
not find these genes relevant to the cell identity of OPCs,
they primarily represent housekeeping genes. Further, the
promoters associated with these genes are also enriched
with guanine and are known to be predominately regulated
by zinc-finger transcription factor family proteins. In
summary, we present evidence that actively transcribing
genes exist at the LBl compartment and they exhibit
distinct molecular characteristics from genes transcribed
at the NI.

Materials and methods

Mouse ESC (mESC) culture and in vitro neural
progenitor cell (NPC) derivation

Polymorphic F1I mESCs were cultured in vitro as
previously described [32]. To derive NPCs from mESCs,
male F1 mESCs were seeded on 0.1% gelatin-coated
at 1 x 103 cells per well in 6-well plates with 2.5 ml 2i
medium. After one day of seeding, cells were washed
three times with 1x PBS and 2 ml of cell differentiation
medium (10% FBS (Millipore, Cat. ES-009-B, 1X
L-Glutamine (Thermo Fisher, Cat. 25030081, 1X Non-
Essential AA, (Millipore, Cat. TMS-001-C), 0.15 mM
2-Mercaptoethanol (Millipore, Cat. ES-007-E), 100 U/
ml Penicillin-Streptomycin (Gibco, Cat. 15140-112) in
Knockout DMEM (Gibco, Cat. 10829-018) added to each
well and incubated at 37 °C, 5% CO2 for 24 h. Cells were
then washed three times with 1xPBS and cultured with
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2.5 ml cell differentiation medium supplemented with 2.5
png/ul murine EGF (PeproTech Inc, Cat. 315-09) and 2.5
ug/ul murine Fgf2 (PeproTech Inc, Cat. 450 — 33). After
48 h, cells were dissociated by TrypLE Express Enzyme
(Thermo Fisher, Cat. 12605028) and seeded at 1 x 10°
cells per well in 0.1% gelatin-coated 6-well plates in cell
differentiation medium supplemented with EGF and Fgf2
for subsequent long-term NPC cultures. From the NPC
cultures, we established a three single clone-derived NPC
lines to be further used in our study.

Immunofluorescence assay

Cells were cultured on ibidi u-Slide 8-well glass bottom
chambers (ibidi GmbH, Cat. 80827). Cells were washed
once with 1x PBS and fixed in 4% PFA for 15 min while
gently rocking, and the PFA was removed and the cells
rinsed with 1xPBS three times, 10 min for each wash. Cell
permeabilization was performed using 0.3% PBSTx (Tri-
ton X-100 in 1xPBS) for 15 min at room temperature (RT)
while gently rocking on a rocking platform. Cell permeabi-
lization buffer was removed, and the cells were washed with
0.1% PBSTx three times (10 min for each wash). 200 pul of
blocking buffer (3% BSA, 10% NDS, 0.1% PBSTx) was
added per well and incubated for 1 h at RT. 200 pl of block-
ing buffer containing primary antibodies was added to each
well and incubated on a shaker. Primary antibodies were
rinsed off, and the cells were then washed with 0.1% PBSTx
four times (10 min for each wash). The secondary antibody
diluted in 200 pl of the secondary antibody buffer (5% NDS
in 0.1% PBSTx) was added to each well and incubated at
RT on a slow rocker. After the incubation period, secondary
antibodies were rinsed off, and then the cells were washed
with 0.1% PBSTx three times and finally washed once with
1X PBS. DAPI diluted at 1:10,000 in 1xPBS was (200 pl)
added to each well, incubated for another 5 min, and then
washed three times with 1X PBS. 100 pl of ibidi mounting
medium (ibidi GmbH, Cat. 50001) was added to each well,
and the chamber slides were kept wrapped in aluminum foil
at 4 °C until imaged. Primary antibodies used: Lamin Bl
(1:1,000) (Abcam, Cat. ab16048), RNA Pol I pSer2 (1:500)
(ActiveMotif, Cat. 61084), Pax6 (1:500 — BioLegend, Cat.
901301), Nestin (1: 500 — Abcam, ab6142), /ANp63 (1:500
- BioLegend, Cat. 699501), Ascll (1:500 - NOVUS Bio-
logicals, Cat. NBP3-17687). Secondary antibodies used:
Goat anti-rat (Thermo Fisher, Cat. A-11006), Donkey anti-
mouse (Thermo Fisher, Cat. A-31570), Donkey anti-rabbit
(Thermo Fisher, Cat. A-31573). Secondary antibodies were
used at 1:1,000 dilution. Lamin_B1 and RNA Pol II pSer2
primary antibodies were incubated with cells for 45 min,
and then the secondary antibodies were also incubated
with cells for 45 min at RT on a slow rocker. All the other

primary antibodies were incubated overnight at 4 °C, and
then the cells were incubated with secondary antibodies for
1.5 h at RT on a slow rocker.

Imaging

Cells were imaged using the Spinning Disk Laser Scan-
ning Confocal Microscope (UltravVIEW Vox, Perki-
nElmer) with CSU-X1 scan head with 50 um pinholes
(Yokogawa) integrated in an inverted imaging platform
and a Nikon (Nikon Japan, Plan Apo VC, 100x/1.40 oil,
0/0.17 DIC N2) lens. The platform incorporates diode-
pumped solid-state (DPSS) lasers (Vortran VersalLase™)
with an ORCA-Fusion BT scientific CMOS camera
(C15440-20UP, Hamamatsu, Japan). The camera was set
to 16-bit high-quality mode with no binning. The plat-
form is integrated with Volocity image acquisition soft-
ware (version 7.0.0, Quorum Technologies). For the RNA
Pol 1l pSer2 and LB1 IF experiment, sequential imaging
was conducted under the DAPI channel (405 nm laser)
at 50% laser power, 300ms exposure time, GFP channel
(488 nm laser) at 55% laser power, 400ms exposure time,
Cy5 channel (635 nm laser) at 51% laser power, 400ms
exposure time. Two X-Y plane images 3 pm apart were
taken for each cell. Nascent RNA-FISH samples were
imaged using the same settings as above for the GFP and
CyS5 channels. The Z-slice of 0.3 um Z-spacing was used
by moving the ASI automated XYPZ stage (MS-2000,
Applied Scientific Instrument) upwards, capturing mul-
tiple channels in each Z plane and collectively capturing
images from each entire cell. For the histone marks and
LB1 IF experiment, sequential imaging was conducted
under the DAPI channel (405 nm laser) at 17.3% laser
power, 300ms exposure time, the AF488 channel (488
nm laser) at 51.1% laser power, 800ms exposure time,
and the AF568 channel (561 nm laser) at 51.1% laser
power, 800ms exposure time. Each 3D image stack was
acquired with 0.3 um spacing between Z-slices, collected
in channel-first order, followed by the Z-plane using the
AST automated XYPZ stage (MS-2000, Applied Scientific
Instruments).

Image analysis

Image analysis was performed using Imagel2 (Version:
2.24.0/1.54f) software. Prior to colocalization analysis,
channels were split, and the background was subtracted
using the Rolling ball radius method (setting at 50.0 pix-
els) and setting parameters for the Sliding paraboloid. The
background corrected images were then used for colocal-
ization analysis using the Coloc 2 plugin. Colocalization
coefficiencies were calculated using Manders’ Correlation
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and Spearman’s Rank Correlation algorithms without set-
ting ROI or mask for the objects. The average values of the
thresholds from each analysis and standard error of means
(SEM) were calculated and presented in the bar graphs.

Immunoblotting

Immunoblotting was performed as in our previous
manuscript [33] with different antibodies. Briefly, Tris-
glycine SDS-polyacrylamide gels (5% Stacking gels
— 30% acrylamide mix, 1.0 M Tris (pH6.8), 10% SDS,
10% ammonium persulfate, 0.1% TEMED in dH,0O and
12% resolving gels — 30% acrylamide mix, 1.5 M Tris
(pHS8.8), 10% SDS, 10% ammonium persulfate, 0.1%
TEMED in dH,0) were cast 1.00 mm thick and 8 x 10
cm gels were used for protein electrophoresis. Proteins
were transferred from the gel in the ice-cold 1x transfer
buffer onto Immobilon®-P Transfer membranes (Merck
Millipore, Cat. IPVHO00005). Transfer membranes were
air-dried to dehydrate and stored until use. Membranes
were rehydrated in 0.1% PBST (0.1% Tween20 in
1xPBS), changing the buffer several times until the
membrane became wet before probing with antibodies.
Rehydrated membranes were blocked in 5% blocking
buffer containing skim milk (Sigma, Cat. 1153630500)
in 0.1% PBST for 1 h at room temperature and then
incubated with primary antibodies diluted in blocking
buffer with 5% milk overnight at 4 °C. Membranes were
then washed in 0.1% PBST four times, changing the
buffer every 10 min, and then incubated with secondary
antibodies conjugated with horseradish peroxidase diluted
in secondary antibody buffer (3% milk in 0.1% PBSTX)
for 2 h at RT on a shaker. After the incubation, membranes
were washed four times (10 min each) with 0.1% PBST
buffer and, lastly, once with 1x PBS. The ECL (Thermo
Fisher, Cat. No. P132209) was added onto the membrane
to cover the whole membrane and it was exposed to
X-ray film (Amersham Hyperfilm™ ECL, GE Healthcare
Limited, Cat. 28906836). Primary antibody used: Lamin_
B1(1:1,000) (Abcam, Cat. ab16048), Secondary antibody:
Donkey anti-Rabbit IgG, (H + L) Secondary Antibody,
HRP (Thermo Fisher, Cat. 31458).

Sequential chromatin immunoprecipitation

Cells were expanded in 10 cm dishes up to ~80% conflu-
ency, and 1x107 cells were used per IP. To be compatible
with a sequential ChIP assay, we used a native (non-cross-
linking) approach. Single cells obtained after dissociation
were resuspended in 3,000 pl RIPA buffer (0.1% SDS, 10
mM EDTA, 50 mM Tris-HCI (pH 7.5), 1 mM PMEFS, Pro-
tease inhibitor (Roche, Cat. 39802300)) and sonicated in 15
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ml tubes containing~25 pl of sonication beads (diameter> 1
mm) using Bioruptor® pico (Diagenode, Cat. B01060010)
for 15 cycles with 30 s ON and 30 s OFF for each cycle in
ice-cold water. Sonicated samples were kept in ice until the
sonication beads were settled to the bottom of the 15 ml tube,
and then the supernatants were transferred into separate vials.
Pre-washed (Once with 500 pl of 0.02X Tween20 in 1xPBS)
100 pl Dynabeads Protein G (Invitrogen, Cat. 10004D) was
used per sample. Before incubating with antibodies, Protein
G beads were blocked with 0.5% (w/v) BSA for 1 h at RT and
washed with 1 ml of 1X PBS three times. Beads were then
resuspended in 500 pl of 0.02X Tween20 in 1xPBS and incu-
bated with 8 pug of Lamin B1 (Abcam, Cat. ab16048) and 8
ng of IgG (Millipore, Cat.12-370) per sample for one hour on
arotator at 4 °C. Supernatant from each tube was removed by
pipetting out while the tubes were on a magnetic rack. Then,
the beads were washed once with 1 ml washing buffer (0.02X
Tween20 in 1xPBS), and 1,000 pl from the sonicated samples
were added to each tube containing Protein G beads incubated
with Lamin_B1 antibody. Samples were incubated on a rota-
tor at 4 °C overnight. After incubation, the supernatant was
pipetted out while the tubes were on the magnetic rack, and
then the beads were washed three times (5 min for each wash)
on the rotator at 4 °C with 1 ml cold Re-ChIP buffer (2 mM
EDTA, 500 mM NaCl, 0.1% SDS, 1% NP40). Beads were
then rinsed once with 1x TE buffer, and the chromatin-Lamin
B1 complexes were eluted from beads using 150 pl (per sam-
ple) Re-ChlIP elution buffer (1x TE, 2% SDS, 10 mM DTT,
protease inhibitor) by incubating the samples at 37 °C for 30
min on a rotor set at 800 rpm. Finally, chromatin-Lamin B1
complexes were eluted and diluted by adding 850 pl of ChIP
dilution buffer (1.1% TritonX-100, 1.2 mM EDTA, 16.7 mM
Tris-HCI (pH 8.0), 167 mM NacCl, proteinase inhibitor) to use
in Pol II pSer2 pull down.

Pre-blocked and washed (same as in the first step), 150
pl of Dynabeads Protein G beads were used for each sample
in the second immunoprecipitation step. RNA Pol II pSer2
[34] and IgM (Invitrogen, Cat. 11E10-14-4752-82) isotype
controls (2 pg from each) diluted in 150 pl of Re-ChIP buf-
fer were incubated with Dynabeads Protein G for 2 h at 4
°C on a rotator. The supernatants were pipetted out while
the tubes remained on a magnetic rack and mixed with
Lamin B1 ChIP’ed samples (850 pl for each reaction sam-
ple). Samples were incubated at 4 °C overnight and then
processed for chromatin isolation. Each sample was washed
first (in 1 ml) with cold low-salt wash buffer (0.1% SDS,
1% Tritronx-100, 2 mM EDTA, 20 mM Tris-HCI (pH 8.0),
150 mM NaCl) and in cold High-Salt Buffer (0.1% SDS,
1% Tritron X-100, 2 mM EDTA, 20 mM Tris-HCI (pH 8.0),
500 mM NaCl) and in cold Li-Cl Buffer (0.25 M LiCl, 1%
NP40, 1% DOC, 1 mM EDTA, 10 mM Tris-HCI (pH 8.0)
and lastly with cold TE buffer (10 mM Tris-HCI (pH8.0), 2
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mM EDTA). Washes were carried out 3X for 10 min each
on a rotator set at 800 rpm. DNAs were isolated using a
Genomic DNA Clean & Concentrator™ —25 Kit (Zymo
Research, Cat. D4064).

DNA sequencing

Paired-end libraries were prepared using Illumina TruSeq
ChIP library preparation kit (Illumina, Cat. IP-202—-1012)
and sequenced (PE-150, mid output) using NextSeq500
sequencer at the Next Generation Sequencing Core Facility
at Cold Spring Harbor Laboratory.

ChiIP-seq analysis

The MEA pipeline [35] installed in the CSHL supercomput-
ing cluster was used for ChIP-seq analysis, as explained in
our previous study [32]. In silico diploid C57BL/6J/CAST/
EiJ genome was reconstructed using the SHAPEIT2 pipe-
line by combining the mml0 reference genome (mgp.
v5.merged.snps_all. dbSNP142.vcf.gz) and genetic variants
(mgp.v5.merged.indels.dbSNP142.normed.vcf.gz). We then
aligned sequencing read files (.fastq) to the constructed in
silico genome using Bowtie2 aligner (version 2.3.4.3). Gen-
erated ‘.bam’ files were then used in the ChIP-seq pipeline
embedded in the SeqMonk Mapped Sequence Analysis tool
from the Babraham Institute, UK. Peaks were called using
the contig caller embedded in the SeqMonk software package
with flowing parameters: readcount=/>10, fragment length =
500 bp, using input as the control. ChIP peaks were visual-
ized using Integrative Genomic Viewer (IGV) [36].

Nick translated probe preparation and nascent RNA-
Fish

Nascent RNA-FISH assay was performed as previously
described [33]. Briefly, genomic DNA from mESCs was
used as a template to PCR amplify the DNA probes used
in nick translated probe preparation. Primers used for PCR
amplification and used as a template:

Zthx3: F-TTTCGCACTCAAATGACCAA, R-CTCAA
AAAGGTGGGCAGAAG, Fgfr2: F-TCCCTAACCCGTT
TCTGTTG, R-CAGCATACATGGTGGGTCAG, Cntnap2:
F-AACTAGGCAGGTCTGGAGCA, R-GCCAGTGGTAC
TCCAAAAGC, Lsamp: F-GGACCCAGGCATAAATGCT
A, R-CACCAAAGGCAAGACCTTCT, KIf3: F- ACAAG
CTTTCAGTGCACAGG, R-GAAGGTCTCTGGCAAGG
ACT, Rab33b: F-GGGCCTCTCATAGCACTAGG, R-CA
ATCCCCACTGTAAAGCGG, Et14: F-TCCTCCATTACC
CCAGTGTC, R-GGTATGTTTCTGGGCTTCCA, Macfl:
F-ACCGACACCAGCTTTTCACT, R-CCCAATGTATGG
AGCAGGAT.

One microgram of DNA probe from PCR was used in
each reaction. The reaction mixture comprised DNA frag-
ments, 3.8 pL of labeled dUTP (0.2 mM), 2.5 pL of dTTP
(0.1 mM), 10 pL of ANTP mix (0.1 mM), 5.0 pL of 10x Nick
translation buffer, with nuclease-free ddH20 added to a final
volume of 45 pL. After vortexing and brief centrifugation,
5.0 puL of Nick translation enzyme was added. The mixtures
were incubated at 15 °C for 10 h, heat-inactivated at 70 °C for
10 min, and cooled to 4 °C before transferring to RNase-free
tubes. Following the addition of 1 pL of 0.5 M EDTA, 1 uL
of linear acrylamide, 5 uL of 3 M NaOAc (pH 5.2), and 125
pL of cold 100% ethanol, samples were incubated at —80 °C
for 2 h. After centrifugation at 20,000 rcf for 60 min at 4 °C,
the pellet was washed with 1 mL of 75% ethanol, followed
by centrifugation and drying at 37 °C for 15 min. Finally,
50 uL of DEPC-treated water was added, and samples were
vortexed at 200 rpm for 1 h while stored at —20 °C.

Cells were plated in a Poly-L-Lysine coated glass bottom
24-well plate (MatTek, P24GTOP-1.5-F). mESCs and
OPCs were used at approximately 80% confluency. DEPC-
treated 1x PBS was employed throughout. Freshly prepared
4% paraformaldehyde (PFA) in DEPC-treated PBS was
added to each well for a 15-minute fixation. After washing
with 1x PBS, cells were treated with warmed 200 mM VRC
and subsequently washed three times. A 0.5% Triton X-100
buffer was added for 10 min on ice, followed by additional
washes with PBS and saturation in 400 pL of 2x SSC for
2 h at 37 °C. Probes were prepared by mixing 100 ng of
probe with 2 pL of competitor yeast tRNA, drying, and
then dissolving in 10 pL of deionized formamide. Probes
were denatured, and a hybridization buffer was created. The
probe mixture was added to the cells, which were sealed
and incubated for 16 h at 37 °C. Post-incubation, cells were
washed with pre-warmed solutions in a series of washes,
followed by incubation with DAPI for 5 min.

Lamin_B1 immunolabeling: 200 pl of blocking buffer
(3% BSA, 10% NDS, 0.1% PBSTx) was added per well
and incubated for 1 h at RT. Lamin_BI1 primary antibody
(Abcam, Cat. ab16048) diluted (1:500) in 200 ul of
blocking buffer was added to each well and incubated
on a shaker for 48 h at 4 °C. Primary antibodies were
rinsed off, and the cells were then washed with 0.1%
PBSTx four times (10 min for each wash). The secondary
antibody (Thermo Fisher, Cat. 31573) diluted (1:2,000)
in 200 pl of the secondary antibody buffer (5% NDS in
0.1% PBSTx) was added to each well and incubated at RT
on a slow rocker for 1.5 h. After the incubation period,
secondary antibodies were rinsed off, and then the cells
were washed with 0.1% PBSTx three times and washed
once with 1X PBS. Finally, 100 pL of ibidi mounting
medium was added to each well, and plates were stored
at 4 °C until imaging.
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Gene ontology, gene enrichment, and gene
classification analysis

Gene ontology analyses were performed using ShinyGO
(v0.77), a graphical enrichment tool [37] at [owa University.
GO biological process of gene sets was assessed by Fold
Enrichment, setting the FDR cutoff to 0.05 and pathway
sizes to a minimum 2 and a maximum of 2,000. The first 20
pathways are shown in the figures. The size of a data point
(dot) represents the number of genes, and the color of a data
point represents the -logl0(FDR). Promoter enrichment in
the ChIP data was assessed using ShinyGO (v0.77), con-
sidering upstream 300 bp as the promoter region. Statistical
analyses were performed using Chi-squared tests compar-
ing the characteristics of the gene sets with the remainder
of the genes in the mouse genome. Data are presented as
P value and FDR for each promoter. Gene class classifica-
tion was performed using g: Profiler (version €102 eg49
pl5_7a9b4d6) [38] and ShinyGO 0.77 webtools. Statistical
analyses were performed using Chi-squared tests integrated
in ShinyGO 0.77 webtool. Gene enrichment was performed
using Enricher web-portal [39, 40]. We used the ENCODE
histone modification 2015 database embedded in the
Enricher web portal to assess the histone association for the
input gene sets. The disease associations of the input gene
sets were assessed using Clinvar data in the Enricher web
portal.

Protein chip assay

Protein pull-down by RNA Pol II pSer2 was confirmed
using the Agilent Protein 230 kit (Agilent, Cat. 5067 —1517)
according to the manufacturer’s protocol, and protein elec-
troporation was performed using the 2100 Bioanalyzer. We
used 8 pl elute per sample.

Results

The level of RNA pol Il pSer2 increases at the LB1
region in ESC-derived NPCs

To investigate whether actively transcribing genes are asso-
ciated with the LB1 region, we first performed an immuno-
fluorescence assay in mESCs and single clone derived (in
vitro) NPCs using an RNA Pol II pSer2 antibody, a molecular
marker of actively transcribed genes, and a LB1 antibody. We
observed that, although the majority of the RNA Pol II pSer2
immunofluorescent signals were at the NI, a smaller fraction
of RNA Pol II pSer2 signals overlapped with LB1 signals at
the NP (Figs. 1A and 3X boxed areas, L and R, are enlarged
3X in the image panels), suggesting the possibility of actively
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Fig.1 Presence of LB1 associated RNA Pol II pSer2 increases at the }
NP in mESCs-derivedNPCs A Representative confocal microscopy

images showing LB1, RNA Pol II pSer2 and DAPI staining in mESCs
(upper panel) and NPCs (lower panel) (Scale bar — 5 pm). Images show
LBI1 localization along the nuclear periphery and RNA Pol II pSer2 spo-
radic distribution in the cells, mainly in the nuclear interior (NI) and some
are overlapped with and adjacent to LB1. Single channels (RNA Pol 11
pSer2 and LB1) fluorescent images showing the localization of each
protein. White arrows showing some of the RNA Pol II pSer2 (green)
signals at the NP of ESCs and NPCs. Visually, more green fluorescent
signals are present at the NPCs NP than in ESCs NP. The left (L) and
right (R) boxed images in each panel are enlarged 2.5X. Arrowheads in
the last two images in both rows show the LB1 and RNA Pol II pSer2
overlaps. B Bar-graph showing the Manders’ colocalization coefficient
of LB fluorescent signals overlapping with RNA Pol II pSer2 fluores-
cent signals calculated using ESC and NPC images. Colocalization of
LB1 878 and RNA Pol II pSer2 fluorescent signals are significantly dif-
ferent (p<0.0001) between ESCs and NPCs. C Bar-graph showing the
Manders’ colocalization coefficient of RNA Pol II pSer2 fluorescent sig-
nals overlapping with LB1 fluorescent signals calculated using ESC and
NPC images. Colocalization of RNA Pol II pSer2 and LB1 fluorescent
signals are significantly different (p<0.0001) between EScs and NPCs.
(ESC: n=110, NPC: n=129, A.U. — Arbitrary Units). D Bar-graph show-
ing the LB1 and Pol II pSer2 colocalization analysis results using pearson
colocalisation coefficient. Colocalization of RNA Pol II pSer2 and LB1
fluorescent signals are significantly different (p<0.0001) between ESCs
and NPCs. (ESC: n=110, NPC: n=129, A.U. — Arbitrary Units). E Gray
channel images showing Pol II pSer2 and DAPI (chromatin) localization
in ESCs and NPCs. The arrows in the yellow squares show chromatin
areas lacking RNA Pol II pSer2 in the NP. Arrows in red squares show
chromatin areas with RNA Pol II pSer2. (Scale bar — 5 um). F Repre-
sentative microscopic images showing the Lamin B1, H3K4me3 (top
panel), H3K9me2 (middle panel) and H3K9me3 (lower panel) label-
ing in mESCs and NPCs (Scale bar — 5 um). Images were quantified for
Lamin B1 and each histone mark to assess their colocalization. The bar
graph corresponding to each raw image shows the colocalization of both
signals. Manders’ colocalization coefficient method was used for analysis

transcribing genes at the LB1 region. When we quantitated
the overlap of the RNA Pol II pSer2 and LB1 fluorescent sig-
nals using Manders’ Colocalization Coefficient (Fig. 1B, C)
and Pearson’s Colocalization Coefficient (Fig. 1D), we found
that a significant fraction of RNA Pol II pSer2 is colocalized
with LB1 at the NP (Fig. 1B - ESC: Manders’ Colocalization
coefficient 0.5 (SEM +/—0.07), NPC: Manders’ Colocaliza-
tion coefficient 0.8 (SEM +/—0.02), Fig. 1C - ESC: Manders’
Colocalization coefficient 0.2 (SEM +/-0.07), NPC: Man-
ders’ Colocalization coefficient 0.4 (SEM +/-0.01), Fig. 1D
- ESC: Pearson’s Colocalization coefficient 0.36 (SEM+/-
0.05), NPC: Pearson’s Colocalization coefficient 0.64 (SEM
+/- 0.01). Interestingly, in both analyses we observed that the
RNA Pol II pSer2 signals at the LB1 region was higher in
NPCs than ESCs, indicating higher gene transcription at the
NP in NPCs. In addition, in our immunofluorescent images
(Fig. 1E), we also observed that large-dense chromatin ter-
ritories (presumably LADs) were present at the NP (arrows
in yellow boxes) which were lacking the RNA Pol II pSer2
signal, which was mostly present at less dense chromatin ter-
ritories (arrows in red boxes).
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H3K4me3 is known to mark transcriptionally active genes
[41] and H3K9me3 marks the transcriptionally repressed
genes [42]. Specifically, H3K9me?2 is known to mark the
transcriptionally inactive genes at the nuclear periphery [43].
Therefore, to further validate our above results, we used
these three histone marks to assess their colocalization with
LB1 by immunofluorescence and image analysis (Fig. 1F).
Assessing the colocalization of LB1 and each histone mark
using Manders’ Colocalization coefficient, we found that
H3K4me3 signals were associated with LB1 and significantly
increased upon ESC differentiation to NPCs (p = 0.001) sug-
gesting an increase in transcriptionally active genes at the
nuclear periphery in NPCs (bar graphs at the end of the top
image panel). In contrast, compared to ESCs, H3K9me2 and
H3K9me3 signals associated with LB1 at the nuclear periph-
ery in NPCs was significantly decreased (P = 0.001 and P
= 0.04, respectively), confirming the decrease in transcrip-
tionally active genes at the LB1 compartment of NPCs (bar
graphs at the end of the middle and lower image panels).

Sequential ChIP-seq analysis revealed that a sub-set
of actively transcribed genes are present at the LB1
nuclear region

RNA Pol II pSer2 marks actively transcribing gene bodies
[44]. Therefore, based on our immunofluorescence observa-
tion, we sought to investigate the RNA Pol II pSer2-associated
genes at the LB1 compartment in a high-throughput manner.
To do so, we utilized a sequential ChIP assay, first to isolate
all the genes associated with the LB1 compartment and then
to specifically pull down the genes that interact with RNA
Pol II pSer2; therefore, actively transcribing genes in the LB1
compartment (Fig. 2A). In the first step of the sequential ChIP
assay, we pulled down ~ 83% of the total LB1 protein in the
input lysate using LB1 antibody (Fig. 2B, C) from mESCs.
We then used the pulled-down LB1-chromatin fraction as the
input to pull down the genes bound by RNA Pol II pSer2.
Next, to identify the genes that were enriched in the RNA Pol
IT pSer2 pull-down chromatin, we constructed DNA librar-
ies using the Illumina ChIP-seq kit and sequenced the DNA
using the Illumina HiSeq sequencing platform. We used 150
paired-end sequencing to increase the alignment accuracy and
minimize the probability of aligning into multiple genomic
loci when aligning to the reference genome.

In our ChIP-seq analysis, we found that a total of 21,301
genes were expressed (RNA Pol II pSer2 bound) in mESCs,
and from that, 2.7% (462) of genes were actively transcribing
at the LBI1 region (Fig. 2D). We found that 17,780 genes are
common to both the LB1 compartment and the NI in mESCs.
We speculate that this may be due to incomplete LB1 pull-
down in the first step of the sequential ChIP assay (Fig. 2C)
or each of the two alleles of a gene being expressed in one of

@ Springer

Fig. 2 Sequential ChIP assay revealed genes that are actively tran- }
scribed at the LB1 nuclear regionA Schematic presentation of sequen-
tial ChIP workflow. In the first step of the pull-down assay, LB1 bound
and unbound fractions were separated and used as the input material for
the second step using RNA Pol II pSer2 antibody. DNA was extracted
from the chromatin fraction pull-down by pSer2 (red rectangles in the
diagram) and the pSer2 unbound (green rectangles in the diagram) chro-
matin. (LB1: Lamin_B1 compartment, NI: nuclear interior). B Protein
content in different fractions in the first step (pull-down by LB1) of the
sequential chip assay in ESCs. Only the LB1 bound (red star) and LB1
unbound (blue star) protein-chromatin fractions were used for the sec-
ond step of the pull-down assay. The protein contents in the LB1 pull-
down fractions are very low compared to the LB1 unbound and IgG
control fractions. C Immunoblot showing the specificity of the LB1 pull-
down in the first step of the sequential ChIP assay. LB1 unbound fraction
shows that LB1 protein was not completely pulled down and remains in
the LB1 unbound fraction. The cleaved LB1 protein fraction is higher
in the LB1 unbound fraction compared to the LB1 and IgG-bound frac-
tions. The bar graph shows the percentages of the quantitated LB1 signal
intensities of the bands in bound and unbound fractions. Total intensi-
ties were calculated by summing the signal intensities of the LB1 band
and the cleaved LBI1 band in each lane. D Venn diagram showing the
actively transcribing genes in LB1 compartment and NI compartment
of mESCs assessed by ChIP-seq analysis. 18,242 and 20,839 actively
transcribing genes were detected in LB1 and NI compartments, respec-
tively, and 17,780 genes are common to both gene categories. 462 genes
are exclusively expressed in the LB1 compartment, while 3,059 genes
are exclusively expressed at the NI. E Venn diagram demonstrating the
monoallelically (188) and biallelically (274) expressed genes in the LB1
compartment in mESCs. F Venn diagram showing the intersection of
DeMA (deterministic monoallelic genes) genes at the Sunl territories at
the inner nuclear membrane and the LB1 region. The results show that
a very low percentage of genes are common to both compartments. G
Nascent RNA-FISH images showing genes are actively transcribed at
the LB1 region in ESCs. Four genes were selected from the sequential
ChIP-seq data based on higher read counts. Fgfi2 and Lsamp genes are
known to be expressed monoallelically in ESCs [32] and bi-allelically
expressed KIf3 and Et14 genes; both alleles are in the same x-y image
plane. Images in the lower panels are the 2.5X magnified boxed area in
each image of the top image panels. (Scale bar — 5 mm). White arrow-
heads show the nascent RNA-FISH signals. Transcripts are labeled in
red and LBI1 is labeled in green (overlap is yellow). Nuclei are labeled
with DAPI. H ChIP-seq peak tracks for Pou5fI, Nanog, Sox2, Myc
and KIf4 genes illustrated in integrative Genomic Viewer. Data sum-
marized in each peak as the mean of all the pixels overlapped into a
single genomic location. Magenta-colored tracks show the transcribing
genes/alleles in the LB1 compartment, and the blue-colored tracks show
the genes/alleles transcribed at the NI. The PouS5fI gene is mainly tran-
scribed in the NI, and Nanog is transcribed either in the LB1 compart-
ment or the NI compartment. Scales for both tracks were set to auto scale

the two nuclear regions, LB1 or NI. Alternatively, some genes
may not have preferential compartmentalization (LB1 or NI)
in the nucleus when transcriptionally active. However, we can-
not provide a definite explanation for those genes common to
the LB1 and the NI regions since our data is from bulk RNA-
seq analysis. Therefore, we did not include genes common to
both the LB1 and NI compartments for the downstream analy-
sis to avoid misinterpretation of our ChIP-seq data. To assess
the genes that are exclusively expressed in the LB1 region, we
intersected the active (LB1 and RNA Pol II pSer2 associated)
and inactive (LB1 associated but pSer2 negative) gene sets
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at the LB1 region, and the active (NI and RNA Pol II pSer2
associated) and inactive (NI associated but RNA Pol II pSer2
negative) gene sets at the NI from mESCs. We found that both
alleles of 274 genes were expressed at the LB1 region, while
for an additional 188 genes, only a single allele was expressed
at the LB1 region in mESCs (Fig. 2E).

We have previously shown that many monoallelic genes
are preferentially expressed at Sunl-enriched territories at the
NP [33]. Therefore, we asked whether the monoallelic genes
expressed at the Sunl territories and the LB1 compartment-
associated monoallelic genes in mESCs were common. We
found that only ~ 5% of the transcriptionally active genes
from the LB1 region and the Sunl territories overlapped
(Fig. 2F), suggesting that the LB1 region and Sunl territo-
ries may differentially scaffold the monoallelic genes at the
NP. However, given that we could only pull down ~ 83% of
the LB1 protein at the first step of the sequential ChIP assay
in mESCs, some of the active monoallelic genes associated
with LB1 may not have been captured. Further, to validate
the presence of actively transcribing genes at the LB1 region,
we performed nascent RNA-FISH for four highly expressed
(high read counts) gene candidates. Confirming our finding
from the sequential ChIP-seq assay, we observed the tested
genes are actively transcribed at the LB1 region (Fig. 2G),
and the monoallelic expression of the Fgfi-2 and Lsamp genes
agrees with our previously published data [32].

Genes may be organized in different nuclear regions
depending upon the state of the cell [19, 45]. Therefore, we
asked whether any known genes involved in pluripotency
(PouSfl, Nanog, Sox2, Kif4, and Myc) were actively tran-
scribed at the LB1 compartment in mESCs. However, we
observed that only the PouSfI gene’s alleles are predomi-
nantly expressed in the NI, but the rest of the genes’ alleles
could be either at the NP or NI (Fig. 2H). Further, to under-
stand whether the genes localized at the LBI1 region play a
significant role in mESC specific functions, we searched for
the gene ontologies associated with the actively transcribed
genes at the LB1 compartment. However, we did not observe
any significant gene ontology enrichment specific to stem
cells. Instead, these genes consisted of housekeeping genes.

Actively transcribed genes proportionally increase
their occupancy at LB1 in NPCs primed toward the
OPClineage

It has been previously shown by RNA-seq analysis that
when mESCs differentiate into NPCs in vitro, the total
number of expressed genes declines by ~ 50% [46]. There-
fore, to test whether we could utilize our sequential ChIP
assay to recapitulate the reported gene expression changes
in NPCs, we pulled down the RNA Pol II pSer2-associated
chromatin and assessed the total number of RNA Pol II

@ Springer

Fig.3 Actively transcribed genes proportionally increase their occu- }
pancy at LB1 in mESC-derived OPCsA The protein chip shows the
relative protein fractions pulled down by LB1 in the first step of the
sequential ChIP assay using NPCs. Only the LB1 bound (red star) and
LB1 unbound (blue star) protein-chromatin fractions were used for the
second step of the pull-down. B The representative immunoblot is show-
ing the LB1 pull-down efficiency in NPCs. Compared to the unbound
fractions of IgG and LB1, the signals relevant to cleaved LB1 are lower
in IgG and LB1 fractions, similar to the observation made in mESCs. The
histogram shows the percentages of signal intensities of IgG and LB1
pull-down bands. Percentages were calculated over the total LB1 (in each
IgG and LBI fraction), and the totals of uncleaved and cleaved signals
were summed to have the total LB1 signals. In NPCs, ~62% of the total
LBI protein is pulled down. C Protein contents in different fractions in
the second step of the sequential ChIP assay in NPCs. D The bar chart
shows the total number of actively transcribing genes (Blue-colored) and
the actively transcribing genes at the LB1 compartment and NI in mESCs
and NPCs assessed by ChIP-seq assay. The total number of actively
transcribing genes declines by ~28% in NPCs compared to ESCs.
The actively transcribed genes at the LB1 compartment in NPCs have
increased by ~20% from the total actively transcribed genes in ESCs. E
Venn diagram showing the intersects between actively transcribed genes
at the LB1 compartment and NI in NPCs. The number of genes expressed
from both compartments is less than in ESCs. F Venn diagram shows the
intersects of actively transcribed genes compartmentalized in ESCs and
NPCs. Genes that are uniquely expressed at the LB1 (red rectangle) and
NI (blue rectangle) are indicated in the diagram. G Nascent RNA-FISH
images showing validation that genes are actively transcribed at the LB1
region in NPCs. Four genes were selected from the sequential ChiP-seq
data based on higher read counts. Images in the lower panels are the 2.5X
magnified dotted-lined area in each image of the top image panel. (Scale
bar — 5 mm). White arrows show the nascent RNA-FISH signals. The
four genes are bi-allelically expressed, and both alleles are in the same
x-y image plane. H KEGG analysis for the actively transcribing newly
established genes at the LB1 region in NPCs. Genes are only enriched for
olfactory transduction and proteaosome pathways. The size of the dots
indicates the number of genes in each category, and the colour of each
dot indicates the -Log10 of FDR. I Gene Ontology analysis of the genes
exclusively actively transcribed at NI in NPCs. The gene set is exclu-
sively enriched in the stimuli-sensing gene ontology. The size of the dots
indicates the number of genes in each GO category, and the color of each
dot indicates the -Log10 of FDR. J IF images showing Nestin and Pax6
expression in the mESC-derived NPCs. The NPCs are positive for both
Nestin and Pax6. Scale bar: 20 um. K IF images showing the expression
of /ANp63 and Ascllin NPCs. The NPCs are only positive for Ascll;
therefore, they are Globose basal (olfactory progenitor in early develop-
ing embryo’s olfactory epithelium) cells. (Scale bar - 20 um)

pSer2-associated genes in mESCs versus NPCs (Fig. 3A-
C). Using our assay, we observed that compared to mESCs,
the total number of genes expressed in NPCs had declined
by nearly 28% (Fig. 3D — Blue columns), showing the same
gene expression trend as previously reported [46]. Further,
it has been shown that when cells differentiate, chromatin
organization in the nucleus changes [47-51]. Moreover, a
study using the LB1 Dam-ID method has shown that the
number of heterochromatic genes increases at LADs in
differentiated cells vs. undifferentiated naive cells [52].
However, in our immunofluorescence assay, we observed
that the percentage of the RNA Pol II pSer2 signals at the
LB1 region was increased in NPCs compared to mESCs
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(Fig. 1B-D). When we assessed our ChIP-seq data for gene
enrichment in the LB1 region, aligned with the immunofiu-
orescence observation, we found that the number of actively
transcribing genes at the LB1 region was also increased by
~ 20 fold in NPCs (Fig. 3D- orange color columns, E). Fur-
ther, using the nascent RNA-FISH assay for four genes, we
also validated that these genes were actively transcribed at
the LB1 region (Fig. 3G).

When mESCs differentiate into NPCs, we observed
8,000 genes (423 genes in mESCs) established their tran-
scription at the LBl region. Therefore, to investigate
whether the increased gene activity at the LB1 compartment
in NPCs is linked to the specific onset of lineage commit-
ment of these cells, we assessed the gene ontologies of the
newly established actively transcribing genes at the LB1
region (13 genes) and the genes uniquely expressed (851
genes) in NPCs (Fig. 3F). For the newly established actively
transcribing genes at the LB1 region in NPCs (13 genes),
we did not observe any neural-related or cell lineage-spe-
cific gene enrichments; instead, we found that those genes
exhibit “housekeeping” molecular functions. However,
for the total newly established actively transcribing genes
in NPCs (851 genes), we found that KEGG pathways are
only enriched for olfactory transduction (fold enrichment:
1.9, gene enrichment FDR: 7.2E-03) and proteasome (fold
enrichment: 6.5, gene enrichment FDR: 3.4E-02) pathways
(Fig. 3H). In addition, testing the genes actively transcribing
only at NI regions (666 genes), we found that those genes
were enriched in the sensory perception and stimulus detec-
tion pathways (Fig. 31).

Although it is generally accepted in most mammalian
cells that LB1 regions predominantly harbor heterochroma-
tin, chromatin organization in the nuclei of olfactory neu-
rons has been shown to have an inverse heterochromatin and
euchromatin organization [22]. Therefore, based on the gene
ontologies of the newly established actively transcribing
genes in clones derived from NPC cultures, we speculated
that some cells in NPC cultures might represent primed pre-
cursor olfactory neuron cells of which euchromatin and het-
erochromatin arrangements were predetermined. Although
Pax6 and Nestin are known neural progenitor markers, it
has also been shown that Nestin is expressed in radial glia-
like progenitors that differentiate to zonally restricted olfac-
tory and vomeronasal neurons [53] and that Pax6 is critical
in neuronal incorporation into the adult olfactory bulb [54].
Interestingly, the cells in our NPC cultures are positive for
both markers (Fig. 3J). Therefore, we assessed the OPC-
specific signature in our NPC cultures using the olfactory
progenitor cell markers Ascll (Globose basal cells-GBCs)
and /AANp63 (Horizontal basal cells-HBCs). GBCs origi-
nate in early development, and the HBCs appear in the
olfactory epithelium at a later developmental stage [55].

@ Springer

Fig.4 Actively transcribed genes at the LB1 compartment exhibit }
unique molecular characteristicsA The bar plots summarize the
classification of the actively transcribed genes in the LBI region in
ESCs and OPCs. Statistical analysis was performed using the Chi-
squared test integrated in ShinyGO 0.77 software. B Illustration of
RNA Pol II pSer2 pull-down gene distribution through the genome.
Compared to ESCs, there is an accumulation of actively transcribing
genes at the LB1 compartment in OPCs. Also, in OPCs, more genes
accumulate around the gene loci, which were already established at
the LB1 region in ESCs (e.g., Chr2 and Chrl9 — blue rectangles). C
Density plot showing molecular characteristics of the genes actively
transcribing at LB1. Guanin and cytosine is significantly enriched at
actively transcribing genes at the LB1 region and the transcript length
and genome span significantly differ from the rest of the genes in the
genome compared to the rest of the genes in the genome in both ESCs
and OPCs. D Histogram shows the number of isoforms per gene in
LB1-associated versus Nl-associated genes. The data indicate that the
LB1-associated genes exclusively have either one or two known iso-
forms, while actively transcribing genes at the NI could have more
than two isoforms. E Gene Ontologies of the transcription factors
known to bind to the promoters of the actively transcribing genes at the
LBI1 region. GO terms exhibit that those TFs are associated with RNA
Pol II. The size of the dots shows the number of genes, and the color
of the dots shows the -Log10 of the FDR of each GO term. F In silico
analysis of histone signature association with the actively transcribing
genes at the LB1 compartment. The dots in the UMAP plot indicate the
known histone signatures associated with the assessed genes. “Blue”
dots indicate the known histone signature of active gene bodies, as
well as active enhancers (H3K27ac, H2BK20ac, HeK79me2), active
promoters (H4K8ac, H2AK5ac, H3K9ac), and TSS of the transcribing
genes (H3K4me3, H3K4me?2). G Bar plot showing the gene set asso-
ciation in Clinvar data. The X-axis represents the -log10 of the p value,
and the actual p values are indicated in each column. The red color
shows the enriched terms for the input gene set from mESCs and OPCs

In our immunofluorescence assay for Ascll and /\Np63,
we observed that the OPCs are predominantly positive for
Ascll but with varying levels of labeling in a few OPCs,
confirming that our in vitro-derived NPCs mimic the cellu-
lar identity of olfactory progenitors of the embryonic plac-
ode [56] (Fig. 3K).

Actively transcribing genes at the LB1 region exhibit
unique molecular characteristics

RNA Pol II is known to transcribe protein-coding and non-
coding RNA genes [57]. Therefore, to investigate whether
there are preferentially transcribing gene classes at the LB1
region, we next assessed the enrichment of gene classes
among the LB1 associated actively transcribing genes
(mESCs — 423 genes and NPCs — 8000 genes). We found
that the input gene sets represent genes from various gene
classes, and the enrichment of some classes was seemingly
increased when mESCs differentiated into OPCs (Fig. 4A).
Furthermore, those LBl-associated actively transcribing
genes were spread across the genome (Fig. 4B) and we
found that more genes were accumulated around those “pre-
set loci” in mESCs when differentiated to OPCs (Fig. 4B —
e.g., dotted blue rectangles on Chr2 and Chrl9).
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Furthermore, to understand the molecular features of
the actively transcribing genes at the LB1 region, we next
investigated the molecular characteristics of those genes,
focusing on the coding sequence length, transcript length,
genome span, 5’ UTR length, 3° UTR length, and guanine
and cytosine (GC) content (Fig. 4C). Compared to all other
genes in the genome (tested by Chi-square and Student’s
t-tests), we found that the genome span, transcript length
and the GC content of the actively transcribing genes
(mESCs: 462 and OPCs: 8000) at the LB1 region in mESCs
and OPCs were significantly higher (ESC: p=6.8E-09 and
OPCs: p=1.1E-07) compared to the rest of the genes in
the genome. Moreover, we found that actively transcribing
genes at the LB1 region transcribe a single or two isoforms,
while the actively transcribing genes at the NI were gener-
ally found to transcribe more than two isoforms (Fig. 4D).

It has also been shown that the nuclear envelope could
contain resting transcription factors (TFs) [58], and TFs inter-
acting with Nups at the nuclear pore complex could play a
role in gene localization, transcription repression, transcrip-
tion poising, and transcription activation (reviewed in [59]).
Therefore, taking this as a lead, we assessed the molecular
features of the promoters of LB1-associated genes and the
known TFs bound to those promoters. We found that the genes
exclusively transcribed at the LB1 region were enriched with
G-rich promoters (Table 1). Further, promoter motifs in the
rest of the mouse genome similar to the motif associated with
our gene sets are known to be regulated mainly by zinc fin-
ger TF family proteins (Table 1), and these TFs are known
to regulate RNA Pol II-dependent gene transcription of both
protein-coding and non-coding genes (Fig. 4E).

Because the actively transcribing genes at the NP found
in this study were associated with LB1, we investigated the
known histone signatures enriched for those genes using the
ENCODE database embedded in Enricher - a data analysis
web tool [60-62]. We found that the genes we tested exhibit
associations with known histone signatures (H3K36me3,
H2BK15ac, H3K79me2, H3K79me3, H4K8ac, H3K4me3),
which mark actively transcribing gene bodies (Fig. 4F).

Discussion

Although LADs are known to predominantly harbor hetero-
chromatin, growing evidence suggests that LADs are not
completely heterochromatic territories but do harbor active
genes [15, 19, 63, 64]. In support of this idea, Leemans and
colleagues [65] have shown that repressed promoters in
LADs can become activated, however the mechanism is not
yet known. In the present study, immunofluorescence data
in mESCs and OPCs strongly suggests that actively tran-
scribed genes (marked by RNA Pol II pSer2) are present at
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the NP associated with LB1. To validate this initial observa-
tion we utilized a sequential ChIP-seq assay to investigate
the enriched active genes associated with the LB1 region
and we further validated several gene candidates from the
ChIP-seq assay by combining nascent RNA-FISH and LB1
immunofluorescence in mESCs and OPCs. Using three dis-
tinct experimental approaches, we demonstrated that LB1
harbors actively transcribing genes in mESCs and OPCs. In
line with our finding of transcriptionally active genes at the
LBI compartment, the increase in transcriptionally active
genes at the OPCs’ LB1 compartment is likely due to the
fact that mature olfactory cells are programmed to establish
a heterochromatic NI compartment. The establishment of
active housekeeping genes at the Lamin B1 compartment
is likely a specialized chromatin organization specific to
olfactory cell lineage differentiation. It has been shown that
upon cell differentiation into more specialized cells, more
genes tend to be repositioned at the inner NE and gain het-
erochromatic status [52]. However, in line with the fact that
euchromatin and heterochromatin organization is inverted
in olfactory cell nuclei [21], our findings support the emerg-
ing idea that the LB1 compartment is not solely heterochro-
matic but can also accommodate transcriptionally active
genes based on the cellular context. Not only in olfactory
receptor cells, but also in other cell types, such as B-cells
[66] and rod cells [21], chromatin organization similar to
olfactory cells has also been reported. Therefore, because
different cell types can have different chromatin architec-
tures, the organization of transcriptionally active and silent
genes needs to be assessed within the context of a specific
cell type being studied and at the individual gene level.

The RNA Pol II pSer2 bound, therefore actively transcrib-
ing, genes we found at the LB1 region contain unique molecu-
lar characteristics, for example, high GC enrichment, higher
genomic span, and long transcript length. Genes that tran-
scribe longer transcripts have been shown to gain fewer SNPs
through evolution than shorter genes [67—71]. Therefore, since
the LB 1-associated genes we identified in our study are house-
keeping genes that share similar molecular functions across all
cell types, it is reasonable to argue that these genes may be less
prone to change during gene evolution. Although longer genes
are associated with embryonic development [72] and neuronal
development [73], we found no cell type specificity relating to
the LB1-associated actively transcribing genes.

Furthermore, the relative GC enrichment of a gene is
positively correlated with the transition of double-stranded
DNA from its B form to Z form, increasing the bendability
and reducing the thermostability of the DNA [74]. In addi-
tion, increased GC content is consistent with an open chro-
matin structure supporting stable and continuous transcription,
which would be beneficial for housekeeping genes. Further-
more, open chromatin provides the advantage of minimizing
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Table 1. Enriched motifs in promoters and the promoter interacting TFs of the genes actively transcribing at the Lamin B1 region

ESC

Enriched motif in promoter

GGGGGCGGGGC
GGGGGGGGGCC
GGGCGGGGC
GGGGGCGG
GTGGGGGGG
CCGGA
GGGGGCGG
GTGGGGGCGGGAG
ACGT
GGGGCCCAAGGGGG
ACCGGAAGT

CGT
GCCCGAGGC
GCCGAGGCCT
AGGGGGCGTGGC
CCGGAAGT
GGGCGGGAG
AGGG
ACCGGAAGT
TGCCCTGAGGGCA
ACCGGAAGT

GGGGGGGGGTGGTTTGGGG

GTGGGCGTGGC
CCGGAA
ACCGGAAGT
CCGGAAG
GGGTGGGGC
ACCGGAAGT
CCGGAAGT
GCCTCAGG

GGGGGCGG
GGGGGCGG

CG
GGGGGCGGGGC
GGGTGGGGC
GTGGGCGTGG
GCCTCAGGC
GCCGAGGCCT
GCCCGAGGC
CG
GTGGGCGTGGC
GGGGTGGGGGAGGGG
GGGCGGGGC
TCGCCTCAGG
GGGCGTGGTC
GGGTGGGGC
GGGGGGGGGCC
GGGGGC
GGGGGCGG
AGGGGGCGTGGC
GGGG
CCCGCATACAACGAA
GGGGGTGG
GCCTGAGG
GGGCG
GCGTGGG
GGCC

TGCGGG

TF
Sp2
Patz1
KIf5
Sp4
Zfp740
Spdef
Sp1
E2f3
Gmeb2
Plag1
Fev
Gmeb1
Tcfap2c
Zfa
KIf14
Gmb5454
E2f1
Sp110
Erf
Tcfap2a
Gabpa
Rreb1
Sp6
Etv1
Elk3
Etv5
Kif4
Gabpa
Etv4
Tcfap2a

Kdm2b
Cxxc1
Sp4
Sp1
Sp140
Sp2
Klf4
Sp8
Tcfap2a
Zfa
Tcfap2c
Sp100
Sp6
Zfp281
KIf5
Tcfap2b
KIf12
Kif4
Patz1
Zbtb7b
Sp4
Kif14
Zfp202
Cenpb
Zfp281
Tcfap2e
KIf8
Egr1
Zfx
Zbtb1

TF family
C2H2 zZF
C2H2 zZF
C2H2 ZF
C2H2 ZF
C2H2 ZF
Ets
C2H2 ZF
E2F
SAND
C2H2 ZF
Ets
SAND
AP-2
C2H2 ZF
C2H2 ZF
Ets
E2F
SAND
Ets
AP-2
Ets
C2H2 ZF
C2H2 ZF
Ets
Ets
Ets
C2H2 ZF
Ets
Ets
AP-2

CxxC
CxxC
C2H2 ZF
C2H2 ZF
SAND
C2H2 ZF
C2H2 ZF
C2H2 ZF
AP-2
C2H2 ZF
AP-2
SAND
C2H2 ZF
C2H2 ZF
C2H2 ZF
AP-2
C2H2 ZF
C2H2 ZF
C2H2 ZF
C2H2 ZF
C2H2 ZF
C2H2 ZF
C2H2 ZF
CENPB
C2H2 ZF
AP-2
C2H2 ZF
C2H2 ZF
C2H2 ZF
C2H2 ZF

P val.
0.000129405
0.000402613
0.000547476
0.000713203
0.000922835
0.001083387
0.001140982
0.001253826

0.0013472
0.001385367
0.001429891
0.001453932
0.001491979
0.001910782

0.00194802
0.002020653

0.00214096

0.00214448
0.002321405
0.002695547
0.002818636
0.003157249
0.003186472
0.003237146
0.003383229
0.003501946
0.003641314
0.003849792
0.003957302
0.004285212

6.24222391554241e-08
4.53901548502778e-06
5.106751446049e-06
5.67228629200223e-06
6.59642052003306e-06
7.73810103882333e-06
7.78677916168924e-06
8.04597706793864e-06
9.50580352876429e-06
9.61032415069951e-06
1.29915901225797e-05
1.54793226420091e-05
1.90821373484695e-05
2.0989846843511e-05
2.29503627344751e-05
2.32857255679786e-05
2.42623561903521e-05
2.5453324006941e-05
2.69294602761594e-05
2.94800240859816e-05
3.13340983022492e-05
3.70669360673093e-05
3.97009524081282e-05
4.68008697274147e-05
4.76797018044151e-05
5.50249134423364e-05
6.2635392084065e-05
6.43458276381459e-05
6.44217421903459e-05
6.53425933108132e-05

FDR Score Note
0.095716 24
0.095716 17
0.095716 17
0.095716 12
0.095716 11
0.095716 5
0.095716 15
0.095716 15
0.095716 6
0.095716 16
0.095716 11
0.095716 6
0.095716 8
0.099361 12
0.099361 15
0.099361 9
0.099361 12
0.099361 2
0.101897 11

0.11194 12

0.11194 8
0.112332 16
0.112332 13
0.112332 7
0.112332 11
0.112332 8
0.112476 13
0.113807 8
0.113807 8
0.114622 7

5.20601474556237e-65
0.000802 6
0.000802 18
0.000802 23
0.000802 5
0.000802 31
0.000802 20
0.000802 21
0.000802 19
0.000802 21
0.000985 13
0.001076 5
0.001179 22
0.001179 32 * Query Gene
0.001179 22
0.001179 13
0.001179 24
0.001179 20
0.001182 22
0.001229 11
0.001244 20
0.001405 23

0.00144 6 * Query Gene
0.001591 16
0.001591 15 * Query Gene
0.001765 12
0.001817 10
0.001817 11
0.001817 10 * Query Gene
0.001817 11

@ Springer



51 Page 16 of 18

G. |. Balasooriya et al.

the energy cost to the cell by reducing frequent histone modifi-
cations, which require energy usage. Therefore, the evolution-
ary advantage of high GC content in these genes may be used
as a mechanism that could result in continuous open chromatin
with minimal involvement of histone modification changes, a
hypothesis worth examining in detail in future studies.

By compiling the LB1-associated genes with ENCODE
histone data, we observed that histone signatures known to
mark actively transcribing gene bodies are associated with
genes we pulled down with RNA Pol II pSer2 from the LB1
region. Along with H3K27ac and H2BK20ac, we observed
that H3K79me2, an intergenic enhancer signature, is also
associated with the LB1 region-associated genes (Fig.
4F). H3K79me?2 is known to facilitate chromatin accessi-
bility for transcription factors [75], thus further validating
the transcriptional activity of the LB1 region-associated
genes we found. However, as H3K79me2 marks intergenic
enhancers, in future studies, it is worth investigating those
enhancers’ regulatory impact on genes via long-range chro-
matin interaction by combining sequential ChIP with a Hi-C
assay to gain insight into why those enhancer elements are
harbored at predominantly heterochromatic LB1 region.

Interestingly, we found that the G-rich promoters of the
genes that are known to associate with and are regulated by
zinc finger TFs are enriched in the genes at the LB1 compart-
ment. G-rich DNA motifs are likely to form G-quadruplexes
in different physiological conditions, and the promoters con-
taining G-quadruplexes were shown to interact with zinc finger
family TFs [76]. It is possible that the promoters associated
with LB1 regions may contain G-quadruplexes and thus recruit
zinc finger TFs to regulate gene expression [77] and this would
also be an interesting mechanism to explore in future studies.

Genes localized to the nuclear periphery are known to
misregulate their expression in laminopathy diseases [78].
In addition, using mouse models, it has been shown that
misregulation of LBI in the nuclear periphery of stria-
tal medium-sized spiny and CAl hippocampal neurons
is linked to Huntington-mediated neurodegeneration and
therefore, the LB1-associated actively transcribing genes
may bear a pathological relevance in neurons [79]. In our
study, by compiling the LB1-associated transcriptionally
active genes in OPCs with Clinvar data, we found that
several candidates (e.g., Fkrp, Dcx) from our gene sets are
associated with known neuronal disease-related dystrophies
in humans (Fig. 4), suggesting that LB1-associated genes
may have clinical relevance in some laminopathy diseases.

In summary, we raised awareness to the presence of het-
erogeneous NPCs in retinoic acid-stimulated in vitro mESCs-
derived NPC cultures, which may guide future investigations
using in vitro-derived NPCs as a model system. We also pres-
ent evidence that the LB1 compartment of mESCs and OPCs
contains a significant number of actively transcribing genes
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that exhibit unique molecular features. Thus, it will be impor-
tant to assess whether a similar situation occurs in other dif-
ferentiated cell types with a more conventional organization
of euchromatin and heterochromatin. Further, we showed that
the transcriptionally active gene bodies at the LB1 region are
enriched for G and C, and the promoters of those genes are
G-rich and are known to interact mainly with zinc finger fam-
ily TFs’. Our data support a model whereby the complexity
and activity of genes associated with the LB1 compartment is
cell-type specific and can change upon differentiation.
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