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ARTICLE

Epigenetic regulation of plastin 3 expression
by the macrosatellite DXZ4
and the transcriptional regulator CHD4

Eike A. Strathmann,!23 Irmgard Holker,.23 Nikolai Tschernoster,!4
Seyyedmohsen Hosseinibarkooie,!.23.7 Julien Come,> Cecile Martinat,> Janine Altmiiller,+8
and Brunhilde Wirth!,2.3,6,*

Summary

Dysregulated Plastin 3 (PLS3) levels associate with a wide range of skeletal and neuromuscular disorders and the most common types of
solid and hematopoietic cancer. Most importantly, PLS3 overexpression protects against spinal muscular atrophy. Despite its crucial role
in F-actin dynamics in healthy cells and its involvement in many diseases, the mechanisms that regulate PLS3 expression are unknown.
Interestingly, PLS3 is an X-linked gene and all asymptomatic SMN1-deleted individuals in SMA-discordant families who exhibit PLS3
upregulation are female, suggesting that PLS3 may escape X chromosome inactivation. To elucidate mechanisms contributing to
PLS3 regulation, we performed a multi-omics analysis in two SMA-discordant families using lymphoblastoid cell lines and iPSC-derived
spinal motor neurons originated from fibroblasts. We show that PLS3 tissue-specifically escapes X-inactivation. PLS3 is located ~500 kb
proximal to the DXZ4 macrosatellite, which is essential for X chromosome inactivation. By applying molecular combing in a total of 25
lymphoblastoid cell lines (asymptomatic individuals, individuals with SMA, control subjects) with variable PLS3 expression, we found a
significant correlation between the copy number of DXZ4 monomers and PLS3 levels.

Additionally, we identified chromodomain helicase DNA binding protein 4 (CHD4) as an epigenetic transcriptional regulator of PLS3
and validated co-regulation of the two genes by siRNA-mediated knock-down and overexpression of CHD4. We show that CHD4 binds
the PLS3 promoter by performing chromatin immunoprecipitation and that CHD4/NuRD activates the transcription of PLS3 by dual-
luciferase promoter assays.

Thus, we provide evidence for a multilevel epigenetic regulation of PLS3 that may help to understand the protective or disease-associated

PLS3 dysregulation.
Introduction

Plastin 3 (PLS3 [MIM: 300131])isa Ca”-dependent F-actin
binding and bundling protein, associated with pathologies
of the musculoskeletal system, nephrological disorders,
malignancies of the solid and hematopoietic system, and
numerous neuromuscular disorders." Knockout or genetic
variants of PLS3 are causative for osteoporosis (MIM:
300910), while overexpression is associated with osteoar-
thritis."* Furthermore, PLS3 abundance is positively asso-
ciated with the severity of congenital anomalies of the kid-
ney and urinary tract (CAKUT).® Increased PLS3 levels are a
hallmark of the most common solid tissue malignancies
and are found in circulating tumor cells of individuals
with colorectal cancer and breast cancer.~ In Sézary syn-
drome (mycosis fungoides [MIM: 254400]), an aggressive
form of cutaneous T cell lymphomas, circulating CD4*
T cells show increased expression of PLS3 compared to
normal CD4" T cells.'”'! Finally, PLS3 is associated with
a wide range of neuromuscular disorders, such as spinal

muscular atrophy (SMA [MIM: 253400]), amyotrophic
lateral sclerosis (ALS), and CHP1-associated ataxia (spastic
ataxia 9, autosomal recessive [MIM: 618438]), where it
acts as genetic protective modifier.'*'*

SMA is a devastating motor neuron disorder, caused by
homozygous loss of survival of motor neuron 1 (SMNI
[MIM: 600354])."> SMN is an essential housekeeping pro-
tein and its complete loss is embryonically lethal. All indi-
viduals with SMA carry 1 to 6 copies of the survival of mo-
tor neuron 2 (SMN2 [MIM: 601627]) gene, which differs
from SMN1 in five nucleotides. Due to a splicing defect,
SMN2 produces mainly nonfunctional SMN transcripts
lacking exon 7. Of the remaining mRNA, only about
10% are correctly spliced.'®' By this, the SMN2 copy
number inversely correlates with the severity of SMA.'®

Rarely, SMA-discordant families include fully asymp-
tomatic individuals that share the causative SMN1 deletion
and the same SMN2 copy number as their affected siblings.
Overexpression of PLS3 protects from intermediate and
mild forms of SMA and rescues axonal growth defects
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and motor neuron function in humans and various animal
models.'#?*?! The mechanisms that regulate the expres-
sion of this genetic modifier are largely unknown. In
healthy individuals, expression of PLS3 was thought to
be limited to solid tissues.””>* However, in about 5% of
the general population, we have found increased PLS3
levels in blood.'” More importantly, we have found up to
40-fold upregulation of PLS3 in blood and Epstein Barr vi-
rus-transformed lymphoblastoid (EBV) cell lines derived
from white blood cells in asymptomatic individuals
compared to their affected siblings in seven SMA-discor-
dant families.'>?* In fibroblasts (FBs) from the same sib-
lings, no differences in PLS3 expression have been found.
Instead, iPSC-derived spinal motor neurons (MNs) differ-
entiated from these FBs show a differential PLS3 expression
pattern similar to lymphoblastoid cells.>* All fully asymp-
tomatic individuals in SMA-discordant families with PLS3
upregulation are female, indicating a sex-specific mecha-
nism of upregulation, such as escape from X chromosome
inactivation (XCI). PLS3 is indeed X-linked and a known
facultative escape gene.””*®

PLS3 is located on Xg23 in close proximity to the unique
macrosatellite DXZ4.?°°" This macrosatellite is essential
for XClI, as its deletion leads to a de-condensation of the in-
activated X chromosome (X;) in mice.>! In humans, the
copy number of DXZ4 was estimated to range between
50 and 100 tandem repeats of a 3 kb repeat monomer.*?
In the recently published telomere-to-telomere assembly
of the human X chromosome, the copy number of DXZ4
consists of 55 repeats.”* In females on the X;, DXZ4 is hy-
pomethylated and binds the architectural protein CCCTC-
binding factor (CTCF [MIM: 604167]), both features of
active chromatin.*” In hemizygous males and on the active
X chromosome (X,) of females, DXZ4 has heterochromatic
epigenetic features.’>** Given the extreme differences in
the copy number of DXZ4 and the hypomethylated
DXZ4 locus on the X;, we hypothesize that the macrosatel-
lite influences the escape from XCI of genes in its nuclear
neighborhood, such as PLS3. Here, we performed a
comprehensive multi-omics analysis to uncover the multi-
level regulatory mechanism of PLS3 expression in various
tissues in both sexes. We validated that PLS3 is able to
escape XCI in iPSC-derived spinal MNs from asymptom-
atic females. Furthermore, we measured the copy number
of DXZ4 in 25 EBV cell lines using molecular combing
and found a significant linear correlation with the expres-
sion levels of PLS3 in females.

Independent of the X-inactivation status of a gene or the
general grade of chromatin activity, a transcription factor or
transcriptional regulator must be available in the target
tissue in order to achieve gene expression. The transcription
factors that drive the expression of PLS3 are unknown.
By analysis of transcriptome data of male EBV cells express-
ing PLS3, we identified chromodomain helicase DNA
binding protein 4 (CHD4 [MIM: 603277]), localized on
chromosomal region 12p13.31 as an epigenetic transcrip-
tional regulator of PLS3. CHD4 is one of multiple motor pro-

teins of the nucleosome remodeling deacetylase (NuRD)
complex.*> CHD4/NuRD binds DNA and histones and per-
forms nucleosome sliding and positioning.*® We validated
CHD4/NuRD as transcriptional regulator of PLS3 by appli-
cation of siRNA-mediated knock-down of CHD4, overex-
pression of CHD4 from a plasmid, chromatin immunopre-
cipitation, and dual-luciferase promoter assays. Thereby, we
were able to show that CHD4 interacts with the PLS3 pro-
moter and positively regulates the expression of the genetic
modifier in EBV and HEK293T cells. Thus, we provide evi-
dence for a multilevel epigenetic regulation of PLS3 that
may help to understand the protective or disease-associated
PLS3 dysregulation. Our findings may help to understand
and to predict dysregulation of PLS3 in pathologic condi-
tions, such as cancer, SMA, and osteoarthritis.

Material and methods

Individuals’ material

Individual-derived skin FBs have been established from three
SMA3-affected and three asymptomatic siblings belonging to
two unrelated SMA-discordant families.'*** iPSCs from family 1
and 2 were previously generated and reported.”* EBV cells were
generated from blood samples, including six asymptomatic fe-
males, 32 SMA-affected individuals with high or low expression
levels of PLS3 of both sexes, and six healthy control subjects as pre-
viously reported'? (Table S1). Informed written consent was ob-
tained from individuals with SMA, caregivers, and family members
according to the Declaration of Helsinki, and the study was
approved by the ethics committee of the University Hospital of
Cologne under the approval numbers 04-138 and 13-022.

Cell lines and maintenance

HEK293T cells and FBs were maintained in DMEM (ThermoFisher Sci-
entific) with 10% FBS (Sigma), 1% penicillin and streptomycin
(ThermoFisher Scientific), and 6.25 pg/mL Amphotericin B
(ThermoFisher Scientific). EBV cells were maintained with RPMI
1640 medium with 20% FBS, 1% penicillin and streptomycin
(ThermoFisher Scientific), and 6.25 pg/mL Amphotericin B
(ThermoFisher Scientific). The cells were cultured at 37°C and 5% CO..

Motor neuron differentiation from iPSCs
The transcriptomes of spinal MNs of two siblings from family 1
were sequenced in triplicates. In family 2, two iPSC clones were
sequenced in triplicates. The iPSCs were grown on Matrigel-coated
cell culture plates in mTeSR1 medium (STEMCELL Technologies).
The medium was changed on a daily basis. The cells were split by
treatment with Alfazyme (PAA) at a confluence of about 70%-
75%. The medium was supplemented with 10 uM ROCK inhibitor
Y-27632 (Tocris Bioscience) after plating to single-cell survival.
iPSCs were differentiated into spinal MNs in 384-well plates as pre-
viously described.*” Briefly, hiPSC were dissociated enzymatically us-
ing Stem Pro Accutase (ThermoFisher) for 5 min and plated in 25 cm?
flask (Dutscher) or spinner flask (Corning) at a density of 0.2 x 10°
cell/mL in a total volume of (respectively) 10 mL and 70 mL. Cells
were incubated in suspension in a neural induction medium con-
taining of DMEM/F12 and Neurobasal medium supplemented
with B27 (Life Technologies), N2 Supplement (Life Technologies),
Pen-Strep 0.1%, B-mercaptoethanol 0.1% (Life Technologies),
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ascorbic acid (0.5 uM, Sigma-Aldrich), Chir99021 (3 uM, Stemgent),
SB431542 (20 uM, Tocris), LDN 193189 (0.2 uM, Stemgent), and
Y-27632 (10 uM, Stemcell). After two days, caudalization of the neu-
ral progenitors was obtained by addition of retinoic acid (RA 0.1 uM)
and smoothened agonist (SAG, 0.5 uM). After one week in suspen-
sion, brain-derived neurotrophic factor (BDNF, 10 ng/mL), glial-
derived neurotrophic factor (GDNF, 10 ng/mL), and N-[N-(3,5-
Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT,
10 nM) were added in the medium without SB431542 and
LDN193189. Between day 10 and 14, MN progenitors were con-
verted into MNs. At this step (day 10), embryoid bodies were dissoci-
ated into single cells with Trypsin-EDTA and plated either in 384-well
plates (Corning) or cell culture dish coated with poly-ornithin
(20 pg/mlL, Sigma-Aldrich) and 5 g/mL laminin (Invitrogen) into
the same medium with Y-27632. MNs were obtained after 14 days
of differentiation and the differentiation efficiency was assessed by
immunolabeling for Isletl (ISL1, from Neuromics Ref GT15051)
and Hb9 (from DHSB ref. 81.5C10).

Extraction of RNA

RNA for sequencing and RT-qPCR experiments was extracted
from densely populated EBV, FB, or spinal MN cultures using
the RNeasy Blood & Tissue Kit (Qiagen) or the Monarch Total
RNA Miniprep Kit according to the instruction manuals. DNA
was digested using DNasel and the RNA was solved in 50 pL
nuclease-free H,O.

Transcriptome analysis

Approximately 1,200 ng RNA (20 ng/uL in 60 pL) was sent for RNA
sequencing to deCODE genetics, Iceland. For each sibling of fam-
ily 1, RNA-seq of iPSC-derived spinal MNs was performed in three
replicates. For family 2, two independent iPSC clones with each
three replicates were generated. In addition to that, RNA
sequencing was performed on RNA from 40 EBV cell lines from
six asymptomatic females, 32 SMA-affected individuals with
various expression of PLS3 of both sexes, and six healthy control
subjects, including all siblings from families 1 and 2. Finally,
RNA from six FB cell lines was sent to RNA sequencing including
all siblings from families 1 and 2. The library preparation was
done using the TruSeq RNA library Prep Kit (Illumina). RNA was
sent for whole-exome sequencing to deCODE genetics, Iceland.
The sequencing was performed on a HiSeq2500 (Illumina) ma-
chine. For each sample, about 128,000,000 paired reads were
generated. The transcriptome data were aligned to the human
reference genome assembly GRCh37/hg19 using HISAT2.*® In
each sample we annotated about 35,400 transcripts. Variants
were called using BCFTOOLS.***° X chromosome bi-allelic SNVs
were identified from vcf-files of spinal MNs using the following fil-
ter criteria: read depth > 100, Phred-scaled quality score > 30, and
SNV ratio between 0.1 and 0.9.

Differential expression (Kallisto)

The differential expression analysis was performed using
KALLISTO and DESeq2.*"** Sample identity was validated using
NGSCheckMate.** A principal component analysis (built-in func-
tion of DESeq2) was performed to validate that samples with the
same phenotype (e.g., asymptomatic) or biological replicates clus-
ter together separately. The list of differentially expressed genes
was filtered for p values < 0.001, a base mean of >500, and an ab-
solute log, fold-change of >0.5.

RT-qPCR

Approximately 800 ng RNA from EBV cells or HEK293T cells was
reverse transcribed into cDNA using the QuantiTect Reverse Tran-
scription Kit (QIAGEN) in accordance with the instruction
manual. Real-time qPCR was performed using the SybrGreen Mas-
ter Mix (Applied Biosciences) in accordance with the manufac-
turer’s instruction manual with 20 ng cDNA per reaction. All ex-
periments were performed using a StepOnePlus Real-Time PCR
system (Applied Biosciences). HPRT was used as housekeeping
gene (Table S2). An internal reference sample was included to all
96-well plates to compare the expression levels of all measured
samples. All experiments were conducted in triplicates. The
expression levels were analyzed using the AACt-method.**

CHD4 siRNA knock-down

siRNA-mediated knock-down of CHD4 was conducted in three
male and three female EBV cell lines. 750,000 EBV cells were
seeded into 24-well plates and transfected with 1 uM CHD4 siRNA
(ThermoFisher Scientific, siRNA ID 121307) or a mock siRNA
(AllStars negative Control siRNA, Qiagen, Cat. No./ID 1027281).
Lipofectamine 3000 (ThermoFisher Scientific) was used as trans-
fection reagent according to the instruction manual and the trans-
fection was carried out in six replicates. On the next day, we har-
vested the cells, extracted RNA, performed reverse transcription,
and measured the expression of PLS3 and CHD4 by RT-qPCR.
HPRT was used as housekeeping gene.

CHD4 overexpression assay

CHD4 was overexpressed in HEK293T cells using a CHD4 express-
ing plasmid. In the first experiment, 125,000 HEK293T cells were
transfected with 25 ng, 50 ng, 75 ng, or 100 ng of a CHD4 expres-
sion vector under a CMV promoter (pLV[Exp]-CMV>hCHD4 [Gen-
Bank: NM_001273.5], VectorBuilder). In a second experiment,
450,000 HEK293T cells were transfected with 250 ng, 500 ng,
1,000 ng, or 1,500 ng of the CHD4 expression vector, respectively.
Lipofectamine 3000 (ThermoFisher Scientific) was used as transfec-
tion reagent according to the instruction manual and the transfec-
tion was carried out in three to four replicates. At the next day, the
cells were harvested and RNA was extracted and reverse transcribed
to perform RT-qPCR. The expression of CHD4 and PLS3 was
measured. HPRT was used as housekeeping gene.

Dual-luciferase promoter assay

A fragment of 1,101 bp of the PLS3 promoter (GRCh37/hg19
ChrX: 114,794,485-114,795,585) including the transcription start
site was cloned into a luciferase vector (pRP[Exp]-PLS3(1.0 kb)>
Luc2, VectorBuilder). The coding sequence of CHD4 (GenBank:
NM_001273.5) was cloned into a vector under a CMV promoter
(pLV[Exp]-CMV>hCHD4, VectorBuilder). Next, 125,000 HEK293T
cells were seeded into 24-well plates in 500 pL medium. On the
next day, the cells were co-transfected with 20 ng of the Firefly-lucif-
erase vector under the PLS3 promoter, 10 ng of the Renilla-luciferase
vector (pRL-TK, Promega) as internal reference and several concen-
trations (Ong, 6.25ng, 12 ng, 25 ng) of the CHD4 overexpression vec-
torusing 0.75 pL Lipofectamine 3000 in accordance with the instruc-
tion manual. In addition to that, cells were co-transfected with S0 ng
of a Firefly-luciferase vector under a CMV promoter (pRP[Exp]-
CMV>Luc2, Promega) and 10 ng of the Renilla-luciferase vector
(pRL-TK, Promega) as positive control. A negative control was co-
transfected with 10 ng of a Firefly-luciferase vector without promoter
(pGL-4.10>Luc2, Promega) and 10 ng of the Renilla-luciferase vector
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(pRL-TK, Promega). After 24 h, cells were harvested and lysed for
30 min with 1xlysis buffer and the luciferase activity was measured
using the Dual-Luciferase Reporter Assay System (Promega) on a
GloMax 96 luminometer. Three independent experiments with
each four technical replicates per treatment group were performed.

DNA extraction for whole-genome sequencing/read
depth analysis of DXZ4

Genomic DNA (gDNA) was extracted from FBs using the DNeasy
Blood & Tissue Kit (Qiagen) in accordance with manufacturer’s
instructions. Approximately 1,200 ng DNA (20 ng/uL in 60 pL)
was sent for DNA sequencing to deCODE genetics, Iceland. The li-
brary preparation was done using the TruSeq DNA library Prep Kit
(Illumina). Paired-end sequencing by synthesis (SBS) using 2x150
cycles of incorporation and imaging was performed on Illmina Hi-
SegX sequencers. The whole-genome datasets were aligned to the
human reference genome assembly GRCh37/hg19 and the read
depth for each position of the chromosomes 22 and X was
counted by Samtools.** The average read depth for chromosome
22 and the DXZ4 locus was calculated. The read depth of the var-
iable region (ChrX: 114,959,000-115,006,000) of DXZ4 was
normalized by the read depth of chromosome 22.

Molecular combing

This method uses multi-color DNA fiber probes to mark macrosa-
tellite repeat regions on linear stretched genomic DNA mole-
cules.*® Custom-made fiber probes were designed by Genomic
Vision. Each individual repeat monomer was covered by two
differently labeled (red and green) 1.1 kb fiberprobes separated
by a 0.4 kb gap. Additionally, a BAC (RP11-761E20, 179 kb)
covered the region distally of DXZ4 as telomeric probe visualized
as a blue signal. A centromeric red probe was covered by the fos-
mid G2487005D12 and is located 35 kb from the DXZ4 sequence.
To perform molecular combing, high-molecular-weight genomic
DNA was extracted from 750,000 EBV cells using the Fiber Prep
DNA Extraction Kit (Genomic Vision). The DNA was embedded
in agarose plugs and treated with proteinase K overnight at
50°C, melted at 68°C, and digested with B-agarose at 42°C over-
night. The DNA was gently mixed with 1.2 uL. Combing buffer.
Vinyl-silane coated coverslips were slowly plunged into the DNA
solution at constant speed of 300 pm/s using the FiberComb
Molecular Combing system (Genomic Vision). The coverslips
were dried at 65°C for 2 h. To hybridize the combed DNA with
the fiber probes, the coverslips were de-hydrated by washing
with increasing concentrations of 70%, 90%, and 90% ethanol
for 1 min, respectively. After that, the coverslips were air-dried at
room temperature for 10 min protected from light. Fiber probes
were mixed 1:1 with de-ionized formamide and incubated at
37°C for 30 min. Next, 20 pL of the fiber probe/formamide mix
were transferred to a microscope slide and the combed coverslip
was placed upside-down on the microscope slide avoiding air bub-
bles. The combed DNA and the fiber probes were co-denaturized
for 5 min at 90°C in a humidified chamber and incubated 16 to
20 h at 37°C. Finally, the coverslip was removed from the slide
and washed three times with pre-warmed hybridization buffer at
60°C. Next, the coverslip was placed upside-down on a microscope
slide with 20 uL detection solution and incubated at 37°C in a hu-
midified chamber. The coverslip was removed and washed three
times with detection washing buffer for 3 min each time. Then,
the coverslip was washed with PBS for 3 min and de-hydrated by
washing with increasing concentrations of 70%, 90%, and 90%

ethanol for 1 min, respectively. The air-dried cover slips were
scanned using the FiberVision automated scanner (Genomic
Vision). The images were analyzed using the FiberStudio software.
The lengths of the DXZ4 locus and the upstream and downstream
regions were marked manually and the copy number was calcu-
lated as the length of the DNA in kilobases divided by three, as
the DXZ4 repeat monomer is 3 kb in size. Only signals that con-
tained both upstream and downstream regions were counted as
complete signals and further analyzed.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed using the
iDeal ChIP-qPCR kit (Diagenode) in accordance with the instruc-
tion manual. In short, for one immunoprecipitation, 2.5 x 10°
EBV or HEK293T cells were fixed in PBS by adding 1/10 fixation
buffer for 13 min at room temperature. Glycine was added in a
proportion of 1/10 to stop the fixation for 5 min on a shaker.
The cells were centrifuged at 500 x g for 10 min at 4°C. Next,
the cell pellet was washed twice with ice-cold PBS. After centrifu-
gation, 1 mL per million cells ice-cold lysis buffer (il1b) was added
and the samples were incubated for 20 min at 4°C on a rotator. Af-
ter centrifugation at 500 X gat 4°C, the supernatant was discarded.
The cells were re-suspended in 1 mL per million cells ice-cold lysis
buffer il2, incubated for 10 min at 4°C, and centrifuged at 500 X g.
Protease inhibitor cocktail was added to the shearing buffer iS1b in
a 1:200 ratio and finally mixed with 0.1% SDS on ice. The cell pel-
lets were mixed with 150 pL shearing buffer per 1.8 million cells.
The DNA was sheared for three to six cycles using a Bioruptor
Pico Sonification (Diagenode) device. To check the fragment
size, an aliquot of the sheared DNA was reverse crosslinked (incu-
bation for 4 h at 65°C), purified with a MicroChIP Diapure Col-
umn, and analyzed on a 1.5% agarose gel. An aliquot of 1%
(2.5 pL) of the sheared DNA was kept aside as input. For one immu-
noprecipitation, 30 uL of Protein A magnetic beads were washed
three times with 1 mL ChIP buffer iC1b according to the manual.
A ChIP reaction mix was prepared containing for one reaction 6 pL
BSA, 1.8 uL 200x protease inhibitor cocktail, 20 uL 5x iC1b buffer,
and 5 pg of the required ChIP-grade Antibody (anti-CHD4 [rabbit],
Abcam ab72418, anti-CTCF [rabbit], Diagenode, C15410210, anti-
IgG [rabbit], Diagenode, C15410206). 70 uL of the ChIP reaction
mix was added to each sample and incubated at 4°C for 4 to 5 h.
The sheared DNA (250 pL) was added to the prepared beads and
incubated on a rotator overnight at 4°C. The next day, the samples
were centrifuged shortly and placed into a magnetic rack for 1 min
to allow the beads to be captured by the magnetic field, then the
supernatant was removed and the beads were washed with buffer
iW1. The samples were incubated for 5 min on a rotator at 4°C.
The washing steps were repeated as described for the wash buffers
iW2 to iW4. DIB buffer was completed by adding 1 pL proteinase K
to 100 pL. The IP samples were re-suspended in 100 uL of DIB
buffer, while 97.5 pL were added to the input samples. The IP
and input samples were incubated at 55°C for 15 min and at
100°C for another 15 min. Then the tubes were briefly spun
down and placed in the magnetic rack for 1 min. The supernatant,
which contained the DNA, was purified using a MicroChIP
DiaPure column. RT-qPCR was performed with input and immu-
noprecipitated DNA using primers directed to the promoters of
PLS3 and TCEAL4 as well as MB and H19 as controls (Table S2).
The recovery was calculated as:

% recovery = 2(Ct input=6.64=Ct sample) 4 1009 (Equation 1)
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(A) Pedigrees of two SMA-discordant fam-
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rying homozygous SMNI deletions and
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(B) Volcano plot of 80 differentially ex-
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genes comparing asymptomatic and
symptomatic individuals, including 61
X-linked genes (Figure 1B and
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Statistics

All statistical analyses were performed using R (v.4.1.2 (2021-11-
01)) and RStudio (v.2021.09.2 Build 382). All plots were gener-
ated using the ggplot2 package. Wilcoxon rank sum tests were
performed to analyze differences in expression levels. Multiple
comparisons were conducted by ANOVA, followed by post-
hoc Dunnett’s tests. Linear correlation was calculated as Spear-
man’s rank correlation coefficient p. A p value of less than
0.05 was considered as significant (*p < 0.05; **p < 0.01;
***p < 0.001).

Results

PLS3 escapes from XCl in iPSC-derived spinal motor
neurons

To validate previously described PLS3 and SMN expression
patterns, we performed differential expression analysis in
transcriptomes of FBs and iPSC-derived spinal MNs, which
derived from the same FBs.*” The transcriptomes belong to

S L O N> O L
R I R SR RS

Expression of PLS3 in motor neurons

NS
S

5 Table S3). Both cell types show low
¢

indifferent expression of SMN in all six
siblings (Figures 1C-1F). PLS3 was
strongly expressed in FBs of both
asymptomatic and affected individuals
without differences between the phe-
notypes (Figures 1G and 1H). However,
we validated differential expression of PLS3 in MNs and
found a 1.12 log,-fold upregulation in asymptomatic fe-
male compared to their affected male siblings, confirming
our previous results (Figures 1I and 1J).'*%*

As PLS3 is a known facultative escape gene, the doubling
in the expression in female siblings raised the question of
whether the gene indeed escaped XCI in the spinal
MNs.”>® To investigate this, we further analyzed the spi-
nal MN transcriptomes. The sequenced populations of
iPSCs derived from single cell clones. As previously re-
ported for other iPSCs, all cells derived from a single clone
maintain the same XI-status as the original derived cell.*®
We tested whether this is indeed the case and measured
the average read depth of XIST in the spinal MN transcrip-
tomes. The asymptomatic sibling of family 1 showed an
average read depth of XIST of about 27, while the two fe-
male siblings of family 2 showed average read depths of
about 10 (MN3.1) and 8 (MN4.1). In the male sample, no
XIST expression has been found (Figures S1A-S1G). Our
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Figure 2. Bi-allelic expression of PLS3

PLS3DXZ4 PAR 2 (A) Escape genes (including PLS3) were
L D

identified in transcriptomes of iPSC-derived
spinal MNs by filtering exonic bi-allelic
SNVs with an SNV ratio of 0.1-0.9. The
escape genes were distributed along the X
chromosome.

(B) Location and SNV ratio of escape genes
that were significantly differentially ex-
pressed, including PLS3.

(C) Two exonic PLS3 SNVs were identified in
transcriptome data of spinal MNs of both
families. The female siblings were heterozy-

gous (C/T) for both SNVs, while the male
siblings carry the major (T) allele. The
DXZ4 copy numbers measured by molecu-
lar combing are given for each sibling.

(D) The read depth of DXZ4 in 32 whole-
genome datasets was measured and normal-
ized. The PLS3 locus shows a constant read
depth, while the DXZ4 locus shows a highly
variable region.

(E) The average normalized read depth of

6 b o
NN

VN

O Asymptomatic
. SMA-affected

DXZ4 compared to expression levels of
PLS3 measured by RT-qPCR. A linear rela-
tionship was determined by Spearman’s cor-
relation coefficient test.

escape genes that contain an exonic bi-
allelic SNV, this number seemed plau-
sible. Not all bi-allelically expressed
genes are necessarily differentially ex-
pressed, as the expression of the genes
may be regulated by other mechanisms.
Therefore, we compared our list of bi-al-
lelically expressed genes with our list of
significant  differentially = expressed
genes and found 35 differentially ex-

Sample sex
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(Figure 2B, Table S4).
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findings indicate that the XCI in both families stayed
intact, but the female sibling of family 1 showed stronger
XIST levels than the two sisters from family 2.

Next, we identified potential escape genes, by calling
X-linked heterozygous bi-allelic SNVs from the MN tran-
scriptomes. We filtered for an SNV ratio between 0.1 and
0.9, which is a commonly used cut-off for the definition of
escape genes.”®?%*9~5! Next, we discarded genes that belong
to the pseudoautosomal regions (PAR1 ChrX: 1-2,699,520,
PAR2 ChrX: 154,931,044-160,000,000, GRCh37/hg19)
and after that, we identified 147 bi-allelic SNVs referring to
107 bi-allelically expressed X-linked genes including PLS3
in both families (Figures 2A and S2, Table S4). Since the X
chromosome contains approximately 900 coding genes,
we found that about 10% of X-linked genes escaped the
XCI. Taking into account that we were only able to detect

Average read depth of DXZ4 locus

In male samples, bi-allelic SNVs
belonging to 15 genes were found
outside of the PARs (Figures S2A-S2C,
Table S5). The majority of them are
either pseudogenes or multicopy genes and were therefore
discarded. In the female samples, the SNVs were distrib-
uted along the chromosome (Figures S2D-S2F).

We identified two exonic bi-allelic SNVs in the exons
11 and 12 of PLS3. Interestingly, both SNVs were found
in all three asymptomatic siblings of both families. Both
SNVs were validated by Sanger sequencing (Figure S3A).
All female siblings in both families are indeed heterozygous
(C/T) for both SNVs, while the male individuals show the
major allele (T) (Figures S3A and S3B). The average SNV ra-
tio of PLS3 in the MNs of the female siblings was about 0.4—
0.6, indicating that both alleles were transcribed in equal
proportions (Figures 2A, 2B, and S3C). Both SNVs were pre-
viously listed in the gnomAD database as 15871774 (ChrX:
114,880,423-C-T [GRCh37/hg19]; GenBank: NM_005032.
7, ¢.1294T>C; GenBank: NP_005023.2, p.Leu432=) and
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1s2108099 (ChrX: 114,879,399-C-T [GRCh37/hg19]; Gen-
Bank: NM_005032.7, ¢.1242T>C; GenBank: NP_005023.2,
p.Pro414=). The total allele frequencies of the minor al-
leles of both SNVs is about 0.06, while the allele frequency
in the European population is about 0.03. Interestingly,
the allele frequency was about 10 times higher in the
African populations; 0.26 for rs871774 and 0.32 for
152108099, respectively.

Hereby, we were able to show that PLS3 is differentially
expressed in spinal MNs, but not in FBs of asymptomatic
individuals compared to their SMA-affected siblings of
two SMA-discordant families. The differential expression
of PLS3 can be explained by its escape from XCI in
spinal MNs as both alleles were transcribed in similar
proportions.

DXZ4 copy number correlates with the expression of
PLS3

Escape from XCI is an epigenetic form of transcriptional
regulation. Genes that escape XCI show hypermethylation
within the gene bodies, while promoter regions are hypo-
methylated.”>> Generally, escape genes are enriched
with histone marks that resemble those of active chro-
matin. PLS3 is located directly adjacent to DXZ4, a macro-
satellite with a highly variable copy number, which is
essential for XCI.*'** The genetic locus of DXZ4 on the
X; is characterized by euchromatin, while the X, consists
of heterochromatin.** We hypothesized that the unusual
chromatin state of the DXZ4 locus on the X; has an influ-
ence on the expression and escape of neighboring genes,
such as PLS3. To investigate this, we analyzed whole-
genome sequencing (WGS) datasets from 22 asymptom-
atic or SMA-affected individuals as well as 10 unrelated
control subjects with various PLS3 expression levels of
both sexes (Table S1). For each WGS dataset, we calculated
the average read depth of PLS3 (ChrX: 114,827,819-
114,885,179, GRCh37/hg19) and DXZ4 (ChrX: 114,959,
000-115,006,000). The PLS3 locus showed a constant
read depth (Figure 2D). The locus of DXZ4 showed strong
variations in the read-depth in each sample, reflecting the
shotgun approach of next-generation sequencing
(Figure 2D). We calculated the average read-depth of the
DXZ4 locus for each WGS dataset and normalized this
number with the average read depth of chromosome 22,
as this is the smallest human autosome. We found strong
differences in the normalized average DXZ4 read-depth be-
tween the samples, which indicates strong differences in
the DXZ4 copy numbers in the study population. Next,
we compared the average read depth of DXZ4 with PLS3
levels previously measured by RT-qPCR and found a signif-
icant linear correlation indicating that the copy number of
DXZ4 indeed influences the expression levels of PLS3 (p =
0.00S, p = 0.51) (Figure 2E).

A limitation of our bioinformatics approach was the
inability to discriminate between the two DXZ4 alleles
in females, which could be of different size. To measure
the exact DXZ4 copy number allele-specifically, we per-

formed a method called molecular combing in 25 EBV
cell lines.®” EBV cells from 6 asymptomatic females, 11
SMA-affected females, as well as 8 SMA-affected males
were cultured (Table S1). The phenotype classification
of the EBV cells (asymptomatic, SMA-affected) is based
on the phenotype of the individuals from which the ma-
terial derived. Note that most high PLS3-expressing SMA
women show much milder SMA phenotype than ex-
pected from only the SMN2 copies, but they were still
classified as SMA since they showed some SMA symp-
tomes.'> We extracted high-molecular-weight genomic
DNA from each sample. The DNA was linearized on vi-
nyl-silane-coated coverslips and hybridized with
custom-made fiber probes. Each DXZ4 repeat monomer
of 3 kb was covered by two differently labeled fiber
probes of 1.1 kb length, allowing the determination of
the exact number of DXZ4 copies for each allele. The re-
gions up- and downstream of DXZ4 were covered by two
additional fiber probes, allowing the selection of only
intact DNA stretches covering the entire DXZ4 region
(Figure 3A). Only complete signals, which consisted of
all three regions, were further analyzed. We detected
DXZ4 copy numbers between 27 and 110 repeats
(Figures 3B and S4). Interestingly, of the 17 female sam-
ples there was only one sample (SMA £9) with two DXZ4
alleles of similar size. All other samples showed two
clearly distinguishable DXZ4 alleles. Our findings under-
line the high variability of DXZ4 copy numbers in the
human population. In parallel to that, RNA was ex-
tracted from each EBV cell line, and relative normalized
expression levels of PLS3 were measured by RT-qPCR
(Figure 3C). Each cell line that showed only 10% or
less PLS3 expression levels compared to the sample
with the strongest PLS3 levels was defined as PLS3 low
expresser. Finally, we compared the measured DXZ4
copy numbers measured by molecular combing with
the PLS3 levels measured by RT-qPCR. First, we compared
the copy numbers of the larger DXZ4 allele between PLS3
high- and low-expressing females and found a significant
difference (p = 0.008) with an average copy number of
90.5 in high expressers compared to only 53.1 in low ex-
pressers (Figure 4A). Furthermore, we found a significant
linear correlation between the DXZ4 copy number
(larger allele) and the PLS3 levels (p = 0.01, p = 0.6)
(Figure 4B). The smaller DXZ4 allele in female cells did
not differ between the two groups; in average, high ex-
pressers had 67 and low expressers 51.5 repeats and no
correlation (Figures 4C and 4D). In males, there was no
difference in the average DXZ4 copy number between
high (79.7) and low (70) expressers (Figure 4E) and no
correlation between the expression of PLS3 and the
copy number of DXZ4 (p = 0.89, p = 0.05) (Figure 4F).

To compare our results obtained by molecular combing
with the previous bioinformatics approach, we calculated
the average DXZ4 copy number in female cells and found
a significant difference between the two groups (p =
0.02), showing an average of 71.8 DXZ4 copy numbers
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Figure 3. The copy number of DXZ4 determined by molecular combing

(A) The fiber probes used for molecular combing consist of one red and one green 1.1 kb fiber probe covering each DXZ4 repeat from each
site and two fiber probes covering the up- and downstream regions.

(B) DXZ4 copy numbers measured by molecular combing. The larger allele in females is shown in the upper half of the figure and the
smaller allele in the lower half of the figure. The SMN2 copy number is given for each sample.

(C) PLS3 expression levels of 17 female and 8 male EBV cell lines measured by RT-qPCR. Samples are ordered by phenotype as female
asymptomatic individuals (AS f), SMA-affected females (SMA f), and SMA-affected males (SMA m). Samples that express 10% or less
compared to the strongest expresser were defined as PLS3 low expressers for further analysis.

in high expressers and only 59.3 in low expressers
(Figure 4G). There was a significant difference between
the average DXZ4 copy number of each sample and the
PLS3 levels (p = 0.02, p = 0.58) (Figure 4H).

Overall, we found a significant correlation of the DXZ4
copy number and the expression of PLS3 in females, but
not in males. Females with an increased PLS3 expression
harbor at least one DXZ4 allele with increased copy num-
ber (>70 repeats), while the absolute copy number differ-

ence between the two alleles differs significantly between
high expressers and low expressers.

Segregation analysis

Next, we performed a segregation analysis in the families 1
and 2 to verify whether there is a linkage disequilibrium
between the minor allele of PLS3 SNVs (1s871774 and
1s2108099), which we have identified in the transcriptome
data, and the larger DXZ4 allele. Since both siblings in
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Figure 4. Linear relationship between the copy number of DXZ4

and PLS3 expression in EBV cells

(A) The copy number of the larger DXZ4 allele was compared be-
tween females with low (n = 6) and high (n = 11) PLS3 expression.
(B) A significant linear correlation between the DXZ4 copy num-
ber and the PLS3 levels was found.

(C and D) Comparison of the DXZ4 copy number (smaller allele)
between females with low (n =6) and high (n =11) PLS3 expression
showed no significant differences (C) and no linear correlation (D).
(E and F) Male EBV cells showed no difference in the DXZ4 copy
number between PLS3 high- and low-expressers (E) and no linear
correlation was found (F).

(G) The average DXZ4 copy number in females differed signifi-
cantly between PLS3 high- and low-expressers.

(F) There was a linear correlation between the average DXZ4 copy
number and the expression of PLS3. Data are represented as
mean = SD. The difference in the expression were analyzed by
Wilcoxon rank-sum test (*p < 0.05; **p < 0.01; ***p < 0.001).
Linear relationships are determined by Spearman’s correlation co-
efficient test (*p < 0.05; **p < 0.01; ***p < 0.001).

family 1, the affected male and the asymptomatic sister, in-
herited the large DXZ4 allele with 91 repeats from the
mother together with the major (T) allele of both SNV,
the minor allele (C) of both SNVs together with the smaller

DXZ4 allele with 49 repeats had to have been inherited
from the father (Figure 2C). In family 2, both affected
male siblings inherited different smaller DXZ4 alleles of
60 and 45 repeats, respectively, and the major (T) allele
of both SNVs from their mother. Consequently, the two
asymptomatic sisters inherited the large DXZ4 allele with
110 repeats together with the minor (C) allele of both
PLS3 SNVs from the father (Figures 1A and 2C). Since the
asymptomatic sister in family 1, in addition to all other
asymptomatic females of our cohort, failed to show the mi-
nor (C) allele of the PLS3 SNVs but carried a large DXZ4
allele, a linkage disequilibrium between the minor PLS3 al-
leles and a large DXZ4 allele can be excluded. Also, the
direct use of the PLS3 SNVs as marker for high PLS3 expres-
sion can be excluded.

CHD4/NuRD is a transcriptional regulator of PLS3
Independent of the X-inactivation status of an X-linked
gene or the general activity of the chromatin, a gene can
be expressed only if a consecutive transcription factor or
transcriptional regulator is available. To identify transcrip-
tion factors that contribute to the regulation of PLS3, we
performed differential expression analysis of EBV tran-
scriptomes. To reduce biological variability caused by the
DXZ4 copy number and escape of PLS3 from XCI, we first
included only male samples in the analysis (Figure 5A). We
compared the four cell lines with the strongest expression
of PLS3 against 11 cell lines with lower or without PLS3
expression and identified 19 differentially expressed genes,
including PLS3 (logz-fold change > 2; p value < 0.01) and
the transcription factor zinc finger homeobox 4 (ZFHX4
[MIM: 606940]) (Table S6). ZFHX4 is a 397 kDa transcrip-
tion factor associated with several malignancies.®® This
protein interacts with CHD4, a core member of the
NuRD complex, an important epigenetic transcriptional
regulator. In the glioblastoma tumor-initiating cell state,
ZFHX4 and CHD4/NuRD co-regulate the expression of
various genes and ChIP-seq revealed a direct binding of
CHDA4 to the promoter of PLS3.°"

We decided to further investigate whether ZFHX4
and CHD4/NuRD regulate the expression of PLS3 in EBV
cells and measured the expression of both ZFXH4
and CHD4 as well as PLS3 in seven EBV cell lines by RT-
gPCR (Figure 5B). We found a significant linear correla-
tion between CHD4 and PLS3 (p = 0.009, p = 0.68)
(Figure 5C) but not between ZFHX4 and PLS3
(Figure 5D). ZFHX4 showed only low expression levels
in EBV cells. For these reasons, we decided to concentrate
solely on CHD4 as candidate and performed various ex-
periments to validate CHD4/NuRD as transcriptional
regulator of PLS3.

Next, we performed siRNA-mediated knock-down of
CHD4 in three male and three female EBV cell lines (AS
f1, AS 2, AS £5, SMA m2, SMA m6, SMA m11), which
were transfected with either a siRNA against CHD4 or a
mock control. The expression levels of CHD4 and PLS3
were measured by RT-qPCR. In addition to that, we
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Figure 5. Identification of CHD4 as tran-
- scriptional regulator of PLS3
(A) Differential expression analysis of 15
male EBV cell lines with different expres-
sion of PLS3 identified ZFHX4 as putative
transcription factor of PLS3.
M (B) RT-qPCR of the genes PLS3, ZFHX4, and
CHD+4 in seven EBV cell lines.
(C) Significant linear correlation between
CHD4 and PLS3 expression.
(D) ZFHX4 levels compared to the expres-
sion of PLS3 show no significant linear cor-
relation. Linear relationships are deter-
mined by  Spearman’s  correlation

coefficient test (*p < 0.05; **p < 0.01;
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with 1,000 ng (p = 0.004) as well as
1,500 ng of the vector (p = 0.0009)
(Figure 6F). Furthermore, we found sig-
nificant differences in the expression
of PLS3 between the lowest concentra-
tion and the cells that were treated
with 1,000 ng (p = 0.005) as well as
1,500 ng of the vector (p = 0.0003)
(Figure 6G). A comparison of the

1 2
Expression of PLS3

measured the expression of TCEAL4, a facultative escape
gene, which was differentially expressed in the spinal
MN's (Table S3) and is a known target of CHD4/NuRD.®
CHD4 levels were reduced by approximately 50% in all
treated cells (p < 0.01), while the PLS3 and TCEAL4 levels
were reduced by 40% (p < 0.01) (Figure 6A). We found a
significant linear correlation between the expression levels
of CHD4 and PLS3 (p = 5.905e—08, p = 0.978) (Figure 6B).
By this, we were able to show that the downregulation of
CHD4 has a direct impact on the expression of PLS3.
Next, we studied the influence of CHD4 overexpression
on PLS3 levels in HEK293T cells. We transfected 125,000
HEK293T cells with increasing concentrations of a CHD4
expressing plasmid DNA (25, 50, 75, and 100 ng), which
was verified by RT-qPCR (Figure 6C). We found a signifi-
cant increase of PLS3 levels after application of 75 ng
(p = 0.03) and 100 ng (p = 0.03) of the overexpression
vector (Figure 6D). Overall, we found a significant linear
correlation between the CHD4 and PLS3 expression levels
in HEK293T cells (p = 0.001, p = 0.65) (Figure 6E). Howev-
er, we found a large variability in the expression of PLS3 at
these low concentrations of the overexpression vector.
Therefore, we repeated the experiment with higher
CHD4 plasmid concentrations and transfected 450,000
HEK293T cells with 250 ng, 500 ng, 1,000 ng, and
1,500 ng DNA. We found significant differences in the
expression of CHD4 between the lowest vector concentra-

1 2
Expression of PLS3

CHD4 and the PLS3 expression re-
vealed a strong significant linear corre-
lation (p = 0.001, p = 0.8) (Figure 6H).
Our data clearly show that the expres-
sion levels of CHD4 correlate with PLS3 levels in EBV and
HEK293T cells.

CHD4 is able to bind DNA outside of the NuRD complex

CHD4/NuRD either activates or represses transcription, de-
pending on the cellular context.®> However, there is some
disagreement in the literature whether CHD4 has DNA-
binding capacity outside of the NuRD complex.®* To inves-
tigate this, we performed ChIP-qPCR in three EBV cell lines
(SMA £5, AS £2, SMA £2) and in HEK293T cells. The sheared
DNA was hybridized with ChIP-grade antibodies. A CTCF
antibody was used as a positive control for the chromatin
immunoprecipitation and the precipitated DNA was
amplified by RT-PCR using primers targeting imprinted
maternally expressed noncoding transcript (H19 [MIM:
103280]) DNA (positive control), and myoglobin (MB
[MIM:160000]) as a negative control (Figures 7A-7D).
The CHD4-immunoprecipitated DNA was amplified using
primers targeting the promoters of PLS3 and TCEAL4 as
well as MB. The CHD4 antibody preferentially bound to
both PLS3 and TCEAL4, but not to the MB control
(Figures 7A-7D). Furthermore, we hybridized DNA with
an antibody against immunoglobulin heavy constant
gamma 1 (IgG, IGHG1 [MIM: 147100]) to control for spec-
ificity of the immunoprecipitation. The IgG antibody
bound the PLS3 and TCEAL4 promoter regions to a low de-
gree, validating the specificity of the CHD4 antibody. Our
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Figure 6. Validation of CHD4 as transcrip-
tional regulator of PLS3

(A) siRNA-mediated knock-down of CHD4
in EBV cells against a mock control. The dif-
ferences in the expression were compared
by Wilcoxon rank sum tests. Data are repre-
sented as mean + SD.

(B) Comparison of the CHD4 and PLS3
expression levels after siRNA-mediated
knock-down of CHD4. A linear relationship
was determined by Spearman’s correlation
coefficient test.

(C and D) RT-qPCR of 125,000 HEK293T
cells treated with different amounts of a
CHD4 overexpression vector.
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E
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(E) Comparison of the CHD4 and PLS3
expression levels in cells transfected with
different amounts of a CHD4 expression
vector. Linear relationships are determined
by Spearman’s correlation coefficient test.
(F and G) RT-qPCR of 450,000 HEK293T
cells treated with different amounts of a
CHD4 expression vector.

(H) Comparison of the CHD4 and PLS3
expression levels in cells transfected with
different amounts of a CHD4 expression
vector.

(C, D, F, and G) The variances were analyzed
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by an ANOVA followed by a post-hoc Dun-
nett’s test for comparing several treatments
with one control. Data are represented as
mean * SD (*p < 0.05; *p < 0.01;
***p < 0.001).

(E and H) Linear relationships are determined
by Spearman’s correlation coefficient test.
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gene would be achieved only by alter-
native promoters. However, other
groups hypothesized that CHD4/
NuRD positively regulates expression

dataset supports the hypothesis that CHD4 is indeed able
to bind DNA specifically outside of the NuRD complex,
while the promoters of both PLS3 and TCEAL4 are targets
of CHDA4.

CHD4/NuRD is an activator of PLS3

We were able to show that the expression of CHD4 influ-
ences the expression of PLS3 in EBV and HEK293T
cells and showed that CHD4 binds the promoter of PLS3.
However, in the literature it is under debate by which
mechanisms CHD4/NuRD regulates gene expression, as
the complex is most prominently known as transcriptional
repressor.° One mechanism that was suggested by
several groups is promoter occupancy.®® By this mecha-
nism, CHD4/NuRD blocks the promoter region so that
interaction with other genetic elements is excluded, lead-
ing to a repression of the target gene. Activation of a

05 06 07 08 09 1

of several target genes by direct interac-
tion with specific transcription factors.
Hereby, we analyzed whether the inter-
action of CHD4 with the promoter of
PLS3 positively regulates the expres-
sion to exclude the possibility that the regulation is due
to promoter occupancy. We performed dual-luciferase-pro-
moter assays in 125,000 HEK293T cells. The cells in all
sample groups were co-transfected with 0.25 ng of a Re-
nilla-luciferase reporter construct as internal reference.
All treatment groups were co-transfected with 20 ng of a
Firefly-luciferase vector under a PLS3 promoter (1,022 bp)
and sequential concentrations (0 ng, 6.25 ng, 12.5 ng,
and 25 ng) of the CHD4 overexpression vector under a
CMYV promoter, which has been previously established in
the overexpression assays. The positive control was co-
transfected with 50 ng of a Firefly-luciferase vector under
a CMV promoter. One negative control was co-transfected
with 10 ng of a Firefly-luciferase vector without a promoter
sequence (empty control). A second negative control was
transfected only with 0.25 ng of the Renilla-luciferase vec-
tor as internal reference. We compared the endogenous

Norm. expr. of PLS3
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Figure 7. CHD4 interacts with the pro-
moter of PLS3 and activates transcription

(A-D) Chromatin immunoprecipitation of
CHD4 in three EBV cell lines and
HEK293T cells. The CHD4 antibody prefer-
entially bound to both PLS3 and TCEAL4
but not to MB (negative control). The
mean * SD for three independent replicates
is given. The variances were analyzed by an
ANOVA followed by a post-hoc Dunnett’s
test for comparing several treatments
with one control. Data are represented
as mean = SD (*p < 0.05; **p < 0.01;

h ***p < 0.001).

(E) Activity of the PLS3 promoter in a dual-
luciferase-promoter assay. HEK293T cells
were co-transfected with a Firefly-luciferase
vector under a PLS3 promoter and various
concentrations of a CHD4 overexpression
vector. The mean + SD for three indepen-
dent replicates is given. The variances were
analyzed by an ANOVA followed by a post-
hoc Dunnett’s test for comparing several
treatments with one control (*p < 0.05;

P < 0.001
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**p < 0.01; ***p < 0.001). (D) A direct com-
parison of the relative promoter activity of
PLS3 with the amount of CHD4 overexpres-
sion vector. Linear relationships are deter-
mined by Spearman’s correlation coefficient
test.

combing on stretched DNA fibers, we
determined the copy number of the
macrosatellite DXZ4, which is essential
for X chromosome inactivation and
localized 500 kb apart from PLS3. We
show that females with increased
expression of PLS3, including SMNI-
deleted asymptomatic females, carry at

»> 2 o\«\ 0 6.25

CHD4 expression (0 ng CHD4 overexpression vector) to
the three treatment groups. The relative promoter activity
was significantly increased by about 50% after transfection
with 25 ng of the CHD4 overexpression vector (Figure 7E).
Generally, we obtained an increase of the relative PLS3 pro-
moter activity with rising concentrations of CHD4 and
found a significant linear correlation (p = 0.001, p =
0.89) (Figure 7F).

In conclusion, our data indicate that CHD4 is directly in-
teracting with the PLS3 promoter. This interaction posi-
tively regulates the expression of PLS3.

Discussion

Overall, we show here that PLS3 is able to escape X chromo-
some inactivation in spinal MNs. Using molecular

pLV-CMV>CHD4 [ng/well]

123 2> least one large DXZ4 allele (>70 re-

peats), while low PLS3 expressers carry
two small DXZ4 alleles. The expression
of PLS3 correlates with the DXZ4
copy number in females, but not in
males. In addition to that, we identified
CHD4/NuRD as an epigenetic transcriptional regulator of
PLS3. The motor protein CHD4 directly interacts with the
PLS3 promotor to regulate gene expression.

PLS3 escapes from XCI

Approximately 15% of X-linked genes escape XCI and are
bi-allelically expressed. Another 15% of genes variably
escape in a tissue-specific manner. One of those facultative
escape genes is PLS3.”°*® Indeed, we show here that PLS3
escapes XCI in spinal MNs. The expression levels of PLS3 in
MNs are approximately doubled in asymptomatic females
in comparison to affected male siblings, which could be ex-
plained by the escape of PLS3 from XCI and is underlined
by the average PLS3 SNV ratio of 0.4-0.6 (Figure S3C),
showing that both alleles are transcribed at similar propor-
tions. It is not entirely clear why PLS3 shows strong
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expression levels in FBs, without differential expression be-
tween asymptomatic and SMA-affected individuals. One
explanation might be that PLS3 escapes XCI in FBs, but
that this escape is masked by the strong expression levels
and limited by the availability of a specific transcription
factor that interacts with CHD4/NuRD. In that case, the
transcription of PLS3 mRNA reached its maximum capac-
ity and, therefore, a difference in the expression of the
gene would not be measurable. On the other hand, it is
known that the NuRD complex also interacts with other
CHD isoforms, such as CHD3.°% This interaction is tissue
specific and it could be that there is a stronger interaction
between CHD3/NuRD and the PLS3 promoter. Another
possibility would be that CHD3/NuRD interacts with other
specific transcription factors that do not interact with the
escaped PLS3 promoter. It is also likely that the chromo-
somal compartmentalization in FBs differs from MNs and
no escape from XCI takes place.

In recent years it became clear that our genome is parti-
tioned into megabase-scaled highly self-interacting regions
called topologically associating domains (TADs).°® TADs
are separated from each other by TAD boundaries, which
suppress interactions between different TADs and are high-
ly conserved among species, cell types, and tissues.®®®’
However, the X; differs from the X, and is partitioned
into two massive megadomains (0-115 Mb and 115-
155.3 Mb) of high self-interaction. DXZ4 and PLS3 are
located at Xq23, near the boundary between these two
megadomains (ChrX: 114,867,433-1 14,919,088).°® We
found a significant correlation between the copy number
of the macrosatellite and the expression of PLS3 in EBV
cells in females (Figures 4A-4D). Of note, in 95% of indi-
viduals, PLS3 is not expressed at all or at an extremely
low level in the hematopoietic system. Even in those 5%
of individuals who express PLS3 in blood, this is very low
in comparison to the PLS3 expression in fibroblasts or
iPSC-derived spinal MNs.'>?* DXZ4 consists of hypome-
thylated open chromatin marks on the X;.**** This chro-
mosomal conformation could explain the correlation be-
tween the DXZ4 copy number and the expression levels
of PLS3, as the sheer size of the macrosatellite would influ-
ence the localization of the genomic locus in the nucleus.
Thereby, the copy number of the macrosatellite may influ-
ence the expression of neighboring genes, such as PLS3.
Furthermore, it is known that open chromatin locates on
the surface of the Barr body, while heterochromatin locates
to the center of the X;.2° If this would indeed be the case, it
would mean that the escape of PLS3 is favored, if the X;
harbors a DXZ4 allele with a high copy number. This
mechanism would also explain why there is no correlation
between the expression of PLS3 and the DXZ4 copy num-
ber in males, as males are hemizygous and harbor only one
(active) X chromosome.

We found increased expression of PLS3 in EBV cells,
which had at least one DXZ4 allele of increased copy num-
ber. Furthermore, there was a significant difference in the
absolute copy number between high and low expressers.

Low expressers harbor usually two DXZ4 alleles with
similar copy numbers or smaller than about 70 repeats in
our datasets. Recently, a bioinformatics tool, DeepLoop,
was published, which is able to enhance chromatin inter-
action mapping by applying bias correction and deep-
learning-based signal enhancement. This tool was used
to analyze a dataset from GM12878 cells. The paternal X
chromosome is inactivated in this dataset. Their data sup-
port that the DXZ4 locus on the X; escaped XCI. They
conclude that the escape regions near DXZ4 are mechanis-
tically coupled to the formation of the megadomains.®’
This finding supports our hypothesis that the escape of
PLS3 and other neighboring genes is indeed associated
with the macrosatellite DXZ4.

CHD4/NuRD as epigenetic regulator of PLS3

The fact that we identified rare cases of PLS3 overexpression
in EBV cell lines of males was enigmatic and pointed toward
additional layers of PLS3 regulation. We identified CHD4 as
epigenetic transcriptional regulator of PLS3 and found co-
regulation of the two genes in EBV and HEK293T cells (Fig-
ures 6 and 7). Our data indicate that, in contrast to the
DXZ4 copy number, the regulation of PLS3 by CHD4/
NuRD is not sex-specific. ZFHX4, a coregulator of CHD4
and the CHD4/NuRD complex, was identified as transcrip-
tional regulator of PLS3 by the analysis of only male EBV
transcriptomes (Table S6). This was done to exclude the in-
fluence of bi-allelic expression by escape of PLS3 from XCIL
However, subsequently, we investigated the ZFHX4 and
CHD4 expression in relation to PLS3 by RT-PCR analysis in
EBV cells of both sexes. In addition, we knocked-down
CHD4 in three males and three females to verify the regula-
tory effect of CHD4. In both sexes, the decrease in the
expression of CHD4 led to a decrease in the expression of
PLS3. Overall, we found a significant linear correlation. It
is of course likely that the escape from XCI in females in-
creases the amount of PLS3 mRNA in addition to CHD4/
NuRD. However, the regulation of PLS3 expression by
CHD4/NuRD is not per se sex specific as the knock-down
worked in both sexes in a similar proportion (Figure 6B).
One important aspect is that male SMA-affected siblings of
asymptomatic females also show half-dose PLS3 expression
in iPSC-derived MNs and even very low in EBV cells, indi-
cating that other transcription and/or epigenetic factors in-
fluence cell type, specifically PLS3 expression.

CHD4 most likely acts as part of the NuRD com-
plex.*>”%73 The core proteins of NuRD contain several sub-
units including the metastasis-associated proteins MTA1/2/
3 (MTAI [MIM: 603526], MTA2 [MIM: 603497], and MTA3
[MIM: 609050]), the methyl-CpG binding domain proteins
MBD2/3 (MBD2 [MIM: 603547] and MBD3 [MIM: 603573]),
the histone deacetylases HDAC1/2 (HDAC1I [MIM: 601241]
and HDAC2 [MIM: 605164]), the retinoblastoma binding
proteins RBBP4/7 (RBBP4 [MIM: 602923] and RBBP7
[MIM: 300825]), the GATA zinc finger domain containing
proteins GATA2a/2b (GATA2 [MIM: 137295]) as well as
the motor subunits CHD3/4/5 (CHD3 [MIM: 602120] and
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CHDS5 [MIM: 610771]). MBD2/3 has the capacity to selec-
tively recognize methylated DNA.”* Indeed, in a ChIP-seq
dataset in human breast cancer cell lines, MBD3 overlapped
with the promoter of PLS3, indicating that CHD4/NuRD
and MBD3 act together to activate or repress genes.””
CHD3 and CHD4 are responsible for the ATPase activity
of the NuRD complex and harbor conserved PHD fingers,
chromodomains, and a DNA-binding domain.”® The
CHD4/NuRD complex was originally described as transcrip-
tional silencer.”*”””® However, multiple studies have
shown that CHD4/NuRD either activates or represses tran-
scription depending on the cellular context.®*’? It is not
clear how CHD4/NuRD regulates transcription and it is
sometimes stated that CHD4 misses DNA binding capac-
ity.” However, several ChIP-seq and ChIP-qPCR studies
have shown that the protein has DNA-binding capacity in-
dependent of other components of the NuRD complex or
transcription factors.*” A ChIP-seq in therapy-resistant tu-
mor-initiating glioblastoma cells revealed a direct binding
of CHD4 to the PLS3 promoter.' These results are in line
with our ChIP-RT-qPCR experiments, in which we showed
that the protein is able to directly bind to the promoter re-
gion of PLS3 (Figures 7A-7D). Furthermore, a more recent
study indicates that mutations in CHD4 may disrupt DNA
binding activity of the protein underlining the ability to
directly interact with DNA in vivo.*' Our dual-luciferase-
promoter assays showed that CHD4 is sufficient to activate
transcription of a reporter gene (Figures 7E and 7F). One
mechanistic explanation would be that a change in the
CHD4 level changes the stoichiometry between CHD4/
NuRD and endogenous CHD3/NuRD. It is known that the
subunit composition of NuRD is tissue specific, while the
isoforms containing either CHD3 or CHD4 have a distinct
nuclear localization and a distinct set of target genes.®*””
Most likely, CHD4/NuRD activates transcription of target
genes by recruitment-specific transcription factors.*” Pro-
moter hypomethylation and overexpression of PLS3 are
hallmarks of several cancers.' In Sézary syndrome, circu-
lating CD4" T cells show increased expression of PLS3,
TWIST1 (MIM: 601622), and GATA6 (MIM: 601656)
compared to normal CD4" T cells.'”'" The promoter re-
gions of all three genes have been found to be hypomethy-
lated in Sézary syndrome CD4 ™ T cells, indicating an epige-
netic mechanism of gene regulation.®® Interestingly,
TWIST1 and GATAG6 are known to be regulated by CHD4/
NuRD.**%

One limitation of our study is that we do not know
which specific transcription factors interact with CHD4/
NuRD. In addition to that, we do not understand
which mechanisms regulated the expression of CHD4 in
the tested cell types. One challenge is that multiple mech-
anisms of PLS3 regulation work simultaneously. To reduce
the number of parameters and to examine the influence of
CHD4 without the effect of changes of the X-inactivation
status, we performed knock-down experiments in EBV
cells of both sexes. We assumed that the X-inactivation sta-
tus would not change between CHD4 and mock siRNA-

transfected cells. The X-inactivation status would only
influence the PLS3 expression in females, as males are
hemizygous for PLS3 and DXZ4. siRNA-mediated knock-
down of CHD4 in EBV cells confirmed our finding that
CHD4 is an epigenetic regulator of PLS3.

The transcriptional regulation of PLS3 seems to be high-
ly complex. Various epigenetic mechanisms, such as
escape from XCI, the copy number of DXZ4, and the epige-
netic regulator CHD4/NuRD, seem to influence the PLS3
expression independently of each other or in combina-
tion. Over the last decade, the importance of PLS3 as ge-
netic modifier was not only shown in neuromuscular dis-
orders, it was also suggested as important biomarker in
several malignancies, as well as osteoarthritis and in CA-
KUT.>®**%” To unravel the complex regulation of PLS3
may facilitate our understanding of disease pathologies
in this wide range of disorders. Especially in the cancer
field, where PLS3 is involved in epithelial-mesenchymal
transition, the gene regulation may be crucial to develop
novel treatment strategies.
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