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Abstract

DNA methyltransferase type 1 (DNMT1) is a major enzyme involved in maintaining the methylation pattern after DNA replication.
Mutations in DNMT1 have been associated with autosomal dominant cerebellar ataxia, deafness and narcolepsy (ADCA-DN). We used
fibroblasts, induced pluripotent stem cells (iPSCs) and induced neurons (iNs) generated from patients with ADCA-DN and controls, to
explore the epigenomic and transcriptomic effects of mutations in DNMT1. We show cell type–specific changes in gene expression and
DNA methylation patterns. DNA methylation and gene expression changes were negatively correlated in iPSCs and iNs. In addition, we
identified a group of genes associated with clinical phenotypes of ADCA-DN, including PDGFB and PRDM8 for cerebellar ataxia, psychosis
and dementia and NR2F1 for deafness and optic atrophy. Furthermore, ZFP57, which is required to maintain gene imprinting through
DNA methylation during early development, was hypomethylated in promoters and exhibited upregulated expression in patients with
ADCA-DN in both iPSC and iNs. Our results provide insight into the functions of DNMT1 and the molecular changes associated with
ADCA-DN, with potential implications for genes associated with related phenotypes.

Introduction
DNMT1 maintains DNA methylation patterns during DNA replica-
tion and DNA repair, functions that are essential for maintaining
proper cellular epigenetic inheritance. It is essential for the
proper regulation of gene transcription, genomic imprinting and
survival of various tissues. DNMT1 is particularly important in
neuronal survival, differentiation and migration and, in general,
in the formation of central nervous system connectivity. DNMT1
deficiency in neural precursor cells results in DNA hypomethy-
lation of daughter cells (1). These hypomethylated neurons
come with maturation defects such as increased dendritic
arborization and impaired neuronal excitability (2–4). An early
mouse model study found that transgenic mice lacking DNMT1
exhibit embryonic lethality before midgestation (5). Recent
research using Dnmt1-M1 and Dnmt1-M2 knock-in mouse models
of mutations different from the ones studied here by us (leading
to HSAN1E, see below), but also affecting the RFTS domain of the
DNMT1 protein, revealed that neurodegenerative phenotypes,
including impaired learning and memory, manifested in mutant
heterozygous mice via having reduced DNMT1 proteins while

the homozygous mutants were not viable past the embryonic
stage (6).

During organismal development, the genome undergoes multi-
ple series of demethylation and methylation changes, resulting in
cell type–specific and tissue-specific DNA methylation patterns.
Across most tissues, DNMT1 expression levels diminish greatly
when no cell division is occurring. However, in both embryonic
and adult postmitotic neurons, DNMT1 is highly expressed, fur-
ther underlining the importance of DNMT1 in the nervous sys-
tem (7). For example, a recent study discovered a correlation of
DNMT1-activity and synaptic transmission in human induced
pluripotent stem cell (iPSC)–derived glutamatergic cortical neu-
rons, suggesting the importance of DNMT1 in the epigenetic
regulation of synaptic function in human excitatory neurons (8).

DNA methylation is required in adult neurogenesis, and its
misregulation has been reported to be involved in the pathophys-
iology of neurodegenerative disorders (9) such as autosomal dom-
inant cerebellar ataxia, deafness and narcolepsy (ADCA-DN), the
disorder investigated by this study. ADCA-DN was first reported
in a Swedish pedigree in which five affected individuals were
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described (10). This neurodegenerative disease is characterized by
an adult-onset phenotype, with narcolepsy occurring years before
the manifestation of deafness and cerebellar ataxia. Patients
may also develop optic atrophy, sensorimotor polyneuropathy,
psychosis, dementia and diabetes mellitus. Exome sequencing of
individuals with ADCA-DN identified point mutations in exon 21
of the DNA methyltransferase type 1 (DNMT1) gene, affecting the
regulator domain Replication Foci Targeting sequence (RFTS), as
the causative type of mutation (11).

Interestingly, DNMT1 mutations in a different exon than those
seen in ADCA-DN also lead to a somewhat similar adult-onset
neurological disorder: hereditary sensory and autonomic neu-
ropathy with dementia and hearing loss type 1E (HSAN1E), in
which point mutations in exon 20 have been identified (12).
In blood cells of patients with HSAN1E and ADCA-DN, global
hypomethylation has been reported, while Sun et al. observed
patients with HSAN1E site-specific hypermethylation in periph-
eral blood cells (12–14). Furthermore, in DNMT1 homozygous
knockout human embryonic stem cells (hESCs), global demethy-
lation was reported (15). Using the Dnmt1 knock-in mouse models
of these mutations in patients with HSAN1E, the mechanisms
by which this mutation of the DNMT1 RFTS domain leads to
neurodegenerative disease were explored. It was found that the
functional defect of mutant DNMT1 in these cases may poten-
tially be a mutation-induced RFTS cleavage of DNMT1 (6).

How ADCA-DN mutations in DNMT1 manifest in relevant cell
types, notably neurons, and generate the various clinical pheno-
type of DNMT1 is unknown. To gain insights into this question
and further explore the role of DNMT1 in neurons, we investi-
gated the presence and nature of cell type–specific changes in
DNA methylation and gene expression patterns in ADCA-DN, in
induced neurons (iNs) derived from induced pluripotent stem
cells (iPSCs). To achieve this objective, we obtained fibroblast
cultures from ADCA-DN patients and controls, generated iPSCs
and reprogrammed these iPSCs into iNs.

These three cell types are commonly used in studies on neu-
rodegenerative disorders (16–18). The utilization of the fibroblast
cells in neurological studies takes advantage of their properties of
comprising the chronological and biological aging of the donors
according to their genetic and environmental background, in
addition to the readily availability and robustness of this cell type
(16). Furthermore, use of a non-neuronal cell type may make it
possible to put signals from a neuronal cell type with the same
mutation into sharper relief. Reprogrammed iPSCs represent the
donor’s genotype and genetically encoded molecular and cellular
phenotypes from early development (19,20) while iPSC-derived
early-stage iNs preserve patient-specific genetic architecture (21)
while allowing a first view of neuron-specific effects of the muta-
tions of interest. For all three cell types, genome-wide capture-
based bisulfite sequencing was used to uncover DNA methylation
changes associated with ADCA-DN. In parallel with this, RNA-Seq
analysis was conducted to characterize associated gene expres-
sion changes.

Materials and Methods
Subjects
Written informed consent was obtained from all patients, three
probands and two controls, for the collection of fibroblasts.
Blood samples were obtained from the same probands and three
controls (one from the two controls for the fibroblast collection
above). Phenotypic details for the two Italian probands and
Swedish proband have been described previously (10,11). For

Table 1. Symptoms in the three probands with approximate age
of onset when documented

Phenotypes Italian
proband 1

Italian
proband 2

Swedish
proband

DNMT1 mutation Ala570Val
G > A

Gly605Ala
C > G

Val606Phe
C > A

Age at time of study 57 47 32
Gender M M M
Cerebellar ataxia 46 47 12
Hearing deficit 43 43 4
Narcolepsy/Cataplexy 42 43 36
Psychosis 55 No No
Dementia 43 No No
Optic atrophy 55 47 No

additional details on the phenotype of all probands, see Table 1.
For sample information of controls, see Supplementary Material,
Table S1.

Mutation analysis by Sanger sequencing
Genomic DNA from fibroblasts and iPSCs was extracted with
the Blood & Cell Culture DNA mini kit (Qiagen) according to
the manufacturer’s instructions. Primer pairs were designed to
amplify the mutation region using Taq DNA Polymerase with
ThermoPol Buffer (New England Biolabs). The PCR conditions were
95◦C for 30 s, 30 cycles of 95◦C for 30 s, 55◦C for 55 s, 68◦C for 1 min
and 68◦C for 5 min after the last cycle. PCR results were confirmed
by Sanger sequencing.

iPSC culture
iPSCs were generated with CytoTune sendai reprogramming
vectors (ThermoFisher Scientific) from dermal fibroblast from
three individuals with ADCA-DN and two unaffected controls.
iPSCs were maintained in feeder-free conditions using Matrigel
(Corning)-coated 6-well plates in mTeSR1 media (STEMCELL
Technologies) at 37◦C incubators (5% CO2) and passaged every
3–4 days with EDTA (Lonza).

Plasmid transformation
Plasmid DNA for pTet-O-Ngn2-puro, pTet-O-FUW-EGFP and FUW-
rtTA were gifted from Marius Wernig (22). DNA was transformed
into One Shot TOP10 Chemically Competent E. coli (Thermo
Fisher). Each transformation was spread onto LB agar plates with
100 μg/ml Amplicillin (Teknova) and incubated at 37◦C overnight.
One clone from each sample was collected and allowed to amplify
overnight, shaking at 37◦C in LB/amp (100 μg/ml) media. Plasmids
were purified using the Qiagen Plasmid Maxi Kit (Qiagen). After
plasmid verification, plasmid DNAs were submitted to the Gene
Vector and Virus Core (Stanford) for lentiviral production.

Generation of iNs from human iPSCs
iPSCs were maintained under feeder-free conditions in mTeSR1
media (STEMCELL Technologies). Media was changed every
day. When cell density reached 75–80% confluence, clones
were dissociated with Accutase (ThermoFisher Scientific) and
plated onto Matrigel (Corning) –coated 6-well plates at a 1:3
dilution in mTeSR1 containing 10 μm of Y-27632 dihydrochloride
(ROCK) (Tocris). On day 1, cells were infected with 2 μl of each
lentivirus (RTTA, GFP and Ngn2) in mTeSR1 media containing
10 μm of ROCK. On day 2, mTeSR1 media was replaced with N2
media (DMEM/F12 [ThermoFisher Scientific], N2 [ThermoFisher
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Scientific], penicillin/streptomycin [ThermoFisher Scientific])
containing doxycycline (2 μg/ml). Puromycin selection continued
from day 3 to 6, with N2 media changes every day. On day 7, DNA
and RNA were extracted from all iNs and the treated iNs were
stained for neuronal cell markers MAP2 and TUJ1.

Immunocytochemistry
Cells were fixed with 4% paraformaldehyde for 15 min at room
temperature. After fixation, cells were washed twice with PBS and
incubated in blocking solution (BS) (PBS + 0.02% Triton X-100 + 5%
goat serum) for 1 h at room temperature and then with desired
primary antibodies at 4◦C overnight. Following three washes in
PBS, secondary antibodies were applied in the BS for 1 h at room
temperature and finally washed with PBS. The following primary
antibodies were used: mouse anti-Map2 (1500; Sigma-Aldrich)
and rabbit anti-Tubulin β-3 (1100, BioLegend). Secondary anti-
bodies used were goat anti-mouse Alexa Fluor 555 (1:1000; Invit-
rogen) and goat anti-rabbit Alexa Fluor 555 (11 000, Invitrogen).
Nuclear counterstaining was performed with 4′,6-diamidino-2-
phenylindole (DAPI) from Sigma (11 000).

DNA methylation analysis by genome-wide
target-capture sequencing
Genomic DNA was extracted from fibroblasts, iPSCs and iNs using
the Blood & Cell Culture DNA mini kit (Qiagen) and the Quick-
DNA Miniprep Plus Kit (Zymo Research). Library construction was
performed using the SeqCap Epi Enrichment System (Roche), as
previously described (23). In brief, 1 μg of genomic DNA was soni-
cated (Covaris) to generate fragments 180–220 bp in size. Following
fragmentation, DNA was used to construct library as described in
the KAPA library Preparation Kit Illumina platforms (KAPA biosys-
tems). After library construction, DNA libraries were bisulfite-
converted and purified using the EZ DNA Methylation Lightning
Kit (Zymo Research). Bisulfite converted samples libraries were
amplified using LM-PCR. Amplified bisulfite converted samples
and SeqCap Epi probes were hybridized for 64–72 h at 47◦C.
Captured DNA samples were washed and recovered, followed by
amplification of the capture DNA samples using LM-PCR. Ampli-
fied samples were purified using Agencourt AMPure XP Beads
(Beckman Coulter). Final libraries were checked for quality on a
Bioanalyzer DNA 1000 chip (Agilent).

Bisulfite converted libraries captured by SeqCap Epi CpGiant
Probes kit (the size of target regions is 80.5 Mb with >5.5 mil-
lion CpGs) of all the samples were sequenced at the Functional
Genomic Facility (Stanford University) on Illumina HiSeq 4000
platform by 2 × 150 paired-end sequencing with an average of 70
million reads generated for each sample. The SeqCap Epi CpGiant
system guarantees a high sequencing coverage of CpG islands
and is very effective for interrogating CpGs in CpG islands, CpG
island shores, promoters and known DMRs (24,25). After trimming
the adapters and low-quality ends by Cutadapt, the reads were
mapped to human RefSeq genome (GRCh38.p10) using Bismark
(Version 0.16.3) (26) with an average unique mapping rate of
73.8% of all the samples. Duplicates were removed by the dedupli-
cate_bismark script in Bismark. Only one copy of the overlapping
parts in the middle of paired-end reads was retained after clipping
the read with the lower average quality in the overlap region by
the ‘clipOverlap’ tool in bamUtil (Version 1.0.14). On-target read
rate and coverage were calculated by Qualimap (Version 2.1) (27).
The average on-target read rate of all the samples was 65.3%, and
average on-target coverage was 34.3X.

The DNA methylation ratio for each CpG was extracted by
the bismark_methylation_extractor script in Bismark. For each

sample, only CpGs with at least 10 reads covering them were
included in the downstream analysis (2 796 542 CpGs). Differen-
tially methylated regions (DMRs) were identified between cell
types as well as between patients and controls within each cell
type by metilene (Version 0.2–6) (28) with ≥3 CpGs and a mean
methylation difference between the two compared groups of ≥ 0.2.
DMRs with FDR-corrected P-value <0.05 were considered signifi-
cant. All the DMRs were assigned to genes whose transcription
start sites (TSSs) were closet to them. The related genes were
referred to as ‘genes associated with DMRs’.

To determine bisulfite conversion efficiency of each captured
library by the SeqCap Epi CpGiant Probes kit, unmethylated
genomic DNA of Enterobacteria phage lambda was added and
processed together with the sample DNA in the same tube
throughout the library preparation and sequencing. Each kit
contains probes to capture the lambda genomic region from base
4500 to 6500. The sequencing reads were aligned to the phage
lambda genome (GenBank Accession NC_001416) by Bismark and
the bismark_methylation_extractor script was used to extract
the methylation ratio for CpGs of the lambda genome. The
reads aligned to the captured region of the lambda genome
can be used to calculate the overall conversion efficiency as
follows: conversion rate = 1 − (sum(C_count)/sum(CT_count)).
The average of bisulfite conversion rate of all the samples was
99.3%.

DNA methylation level distribution
All the CpGs with coverage ≥10 (1 433 461 CpGs) in all samples
were used to estimate the distribution of the methylation level
by the ‘density’ function in R for all cell lines. Methylation level
distribution of each cell type was also estimated using all the CpGs
with coverage ≥ 10 in all samples of the cell type (2 461 696 CpGs
for blood samples, 1 660 669 for fibroblasts, 19 157 594 for iPSCs
and 1 859 066 for iNs). DNA methylation levels were compared
between patients with ADCA-DN and controls within each tissue
(fibroblast, iPSCs, iNs and blood) and between any two different
tissues using the Wilcoxon rank-sum test. Significance testing
was done at the P-value <0.05 level.

Strand-specific DNA methylation analysis
Considering the function of DNMT1 in the faithful copying of
methylation patterns from parental to progeny strand at replica-
tion forks (29–31), we examined whether the DNMT1 mutations
lead to strand-specific changes in DNA methylation levels. DMRs
on top and bottom strands were called by metilene separately
using the CpGs with coverage ≥ 10 for the corresponding strand.
DMRs with ≥3 CpGs, a mean methylation difference of ≥0.2 and
FDR < 0.05 were considered significant.

To identify regions with discordant strand-specific methyla-
tions, delta methylation values was calculated for each CpG for
each sample as follows: delta methylation value = methylation
ratio of top strand − methylation ratio of bottom strand. The
Wilcoxon rank-sum test was performed on delta methylation
values for each CpG between patients and controls within each
cell type. Then, the whole genome was tiled into windows of
300 bp with step-size of 100 bp. Fisher’s exact test was conducted
to find windows enriched with CpGs showing significant P-values
(< 0.05) in the Wilcoxon rank-sum test. Windows overlapping with
the target region with a delta methylation value >0.1 or < −0.1
and with FDR < 0.05 were considered significant. Only 2 370 095
CpGs with coverage ≥ 10 on both strands were used in these
analyses.
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To investigate if the number of CpGs with the discordant
methylation level between two strands were enriched in the
patients, we assigned a binary methylation state (methylation
ratio > 0.7 as methylated or < 0.3 as unmethylated) to each CpG
on each strand for each sample. Then, the ratio of CpGs with
discordant methylation states were calculated for each sample
and the Student’s t test showed no difference between patients
and controls. Different cutoffs were also used for the binary
methylation state (>0.8 or >0.9 as methylated, <0.2 or <0.1 as
unmethylated), and no difference was observed between patients
and controls. Consistently, patients were not enriched with the
number of CpGs with a large delta methylation value (±0.1, ±0.2
or ±0.3).

Bisulfite pyrosequencing
For validation of DMRs, primers were designed to amplify
bisulfite-converted DNA using PyroMark Assay Design SW 2.0
(Qiagen). In brief, 1 μg of genomic DNA was bisulfite-converted
and purified using the EZ DNA Methylation Lightning Kit (Zymo
Research). After purification of bisulfite-converted DNA, samples
were amplified using the PyroMark PCR Kit (Qiagen). All samples
were submitted to the Protein and Nucleic Acid Facility (Stanford
University) for pyrosequencing sequencing.

RNA-Seq
Total RNA was extracted from fibroblasts, iPSCs and iNs using
the RNeasy mini kit and RNeasy micro kit (Qiagen). Library con-
struction was performed using the NEBNext Ultra Directional
RNA Library Prep Kit for Illumina (New England Biolabs) following
the manufacturer’s instructions. Briefly, 1 μg of total RNA was
converted to mRNA using polyA purification. The mRNA was
then fragmented and primed for cDNA synthesis. The cDNA was
adenylated and adapters were ligated onto the cDNA. Samples
were amplified using PCR; the amplified library was then puri-
fied using Agencount AMPure XP beads (Beckman Coulter). Final
libraries were checked for quality on a Bioanalyzer DNA High
Sensitivity chip (Agilent). Stand-specific RNA libraries of all the
samples were sequenced on Illumina NextSeq 550 platform using
2 × 150 paired-end sequencing with 52–86 million reads generated
for each sample. Cutadapt was used to trim Illumina TruSeq
adapters and low-quality ends from the raw reads. Bowtie2 (Ver-
sion 2.3.1) (32) was used to align the trimmed reads to the RefSeq
transcriptome (GRCh38.p10), and RSEM (Version 1.2.30) (33) was
used to quantify gene expression in a strand-specific manner by
setting parameter ‘—forward-prob 0’. One sample (F03-3iN) was
removed due to the extremely low mapping rate (7%), while the
mapping rates for other samples ranged from 65% to 86%. DESeq2
(Version 1.12.4) (34) was used to perform differential expression
analysis between cell types as well as between patients and
controls within each cell type. Genes with FDR-adjusted P-value
<0.05 were considered to be significant.

Co-expression network analysis
To identify modules of tissue-specific expressed genes, we per-
formed weighted correlation network analysis (WGCNA, Version
1.46) (35) using all the samples by constructing signed network.
Normalized count data obtained by the ‘varianceStabilizingTrans-
formation’ function in DESeq2 were used.

Pathway enrichment analysis
To identify the biological processes that were significantly
enriched with differentially expressed genes (DEGs; upregulated
and downregulated genes considered separately) or enriched

with genes associated with significant DMRs in each comparison,
DAVID (Version 6.8) (36) was used to conduct pathway enrichment
analysis using all the genes with an adjusted P-value reported
by DESeq2 or all the genes with DMRs assigned as background.
GO biological processes or KEGG pathways with FDR-corrected
P-value <0.01 were considered significant.

qRT-PCR
Total RNA was isolated from iNs using the RNeasy Mini Kit (Qia-
gen). cDNA was prepared from 1 μg of total RNA by reverse tran-
scription using the QuantiTect reverse transcript kit (Qigen). Gene
expression was quantified using real-time quantitative PCR in
combination with gene-specific primers and the Kapa SYBR FAST
qPCR Kit (Kapa Biosystems). The reactions were performed with
QuantStudio 6 Real-Time PCR system (Thermo Fisher Scientific).
All samples were run in duplicates, and the 2-��CT method was
used to calculate relative expression levels normalized to UBC
and HRPT.

Transcription factor binding site enrichment
analysis
We first built an in-house database of TFs and their target genes.
Briefly, TFs with known motifs were collected from existing
databases and previous publications including Homer (37), Jaspar
(38), ENCODE (39) and Jolma et al. (40). Due to the sample
size restriction of iNs in relevant databases, target genes of
these TFs were identified through correlation analysis between
enhancer/promoter openness and gene expression in ENCODE
blood cell lines as a compromise. Enrichment of TF binding motifs
in the promoters and enhancers of the DEGs in iNs was performed
using Homer.

Results
Subject description
Fibroblast cell cultures from three ADCA-DN patients with
previously described ADCA-DN mutations (10,11) were obtained
from Italy and Sweden. Point mutations for these patients
were confirmed by Sanger sequencing of exon 21 of DNMT1.
Sanger sequencing detected the mutation p.Ala554Val (RefSeq
NM_001130823.1: c.1709G > A) in Italian proband 1, p.Gly589Ala
(RefSeq NM_001130823.1 c.1814C > G) in Italian proband 2 and
p.Val590Phe (RefSeq NM_001130823.1 c.1816C > A) in the Swedish
proband (Table 1). As previously described, these three mutations
of DNMT1 are located in the replication foci targeting sequence
motifs (RFTS) domain, which plays an inhibitory role in DNMT1-
mediated DNA methylation (11,41) (Fig. 1A). The RFTS domain is
located within the N-terminal region of the protein, which plays
a role in recruitment and enzymatic activity of DNMT1 (41). The
N-terminal region is composed of the RFTS domain, CXXC zinc
finger domain and a pair of BAH (bromo-adjacent homology)
domains (Fig. 1B). It is notable that residues A554 and V590 are
involved in the formation of a hydrophobic cluster in the RFTS
domain. It is possible that these mutations in this region cause
altered stability and conformation of DNMT1.

Generation of induced glutamatergic neurons
from iPS cells
In order to generate iNs derived from iPSCs, we used lentivi-
ral delivery for vectors expressing rtTA, the Ngn2/puromycin
resistance gene (which allowed us to select for cells expressing
only Ngn2) and EGFP (which allowed us to identify cells that
were transduced by the lentivirus) (Fig. 1C). All of the iNs were
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Figure 1. Protein structure of human DNMT1 (PDB accession number 4WXX, image generated with PyMol2). (A) Cartoon representation of human
DNMT1 with domains RFTS, CXXC, BAH1, BAH2 and MTase. Sites of ADCA-DN mutations are (denoted by arrows) in the RFTS domain. Magnification
structure was tilted in order to show the mutations. (B) Domain architecture of human DNMT1. Locations of the DNMT1 mutations are located in the
RFTS domain. (C) Time-course of differentiation showing the generation of iNs including infection with lentivirus at day 1, dox treatment at day 2 and
finally day 6 during puromycin selection. (D, E) Representative immunostaining images of iNs 7 days after infection stained with MAP2 and DAPI and
TUJ1 and DAPI.

stained positive for neuronal cell markers MAP2 (Fig. 1D) and
TUJ1 (Fig. 1E), indicating that all of the lentivirus treated iPSCs
differentiated into iNs.

DNA methylation spectrum across various
tissues
To examine the effects of DNMT1 mutations on methylation
profiles, we performed genome-wide capture-based bisulfite
sequencing of genomic DNA from blood, fibroblasts, iPSCs and
iNs, in both patients with ADCA-DN and controls. We observed
distinct methylation profiles in different cell types or tissues
(Fig. 2A). The global DNA methylation level increased from
fibroblasts to iPSCs to blood to iNs (Fig. 2A and B). The difference
of DNA methylation levels was significant for all comparisons
between any two different tissues (Wilcoxon rank-sum test, P-
value <0.05; Fig. 2B), while no significant difference was found
between patients with ADCA-DN and controls within each tissue
(P-value >0.05).

Differentially methylated genome regions in
ADCA-DN
To investigate the effects of DNMT1 mutations on DNA methyla-
tion patterns, we first identified differentially methylated regions
(DMRs) between patients with ADCA-DN and controls for each
tissue. DMRs were defined as genomic regions with ≥3 CpGs and
a mean methylation difference ≥ 0.2 between the two compared

groups at FDR-corrected P-value <0.05. Using this threshold,
we detected 140 DMRs in blood (Fig. 3A and B, Supplementary
Material, Dataset S1), 349 in fibroblasts (Fig. 3C and D, Supple-
mentary Material, Dataset S2), 385 in iPSCs (Fig. 3E and F, Sup-
plementary Material, Dataset S3) and 344 in iNs (Fig. 3G and H,
Supplementary Material, Dataset S4). To check accuracy of DMRs,
we performed individual bisulfite pyrosequencing of the DMR
in the promoter of ZFP57 in iNs with a negative control CpG
region and validated the findings (Supplementary Material,
Table S2), which confirmed the reliability of our DNA methylation
data.

We observed more hypermethylated DMRs in patients with
ADCA-DN in blood and fibroblasts (Fig. 3A–D) but more hypomethy-
lated DMRs in ADCA-DN patients in iPSCs and iNs (Fig. 3E–H).
After assigning these DMRs to their closest transcriptional start
site (TSS), we performed pathway enrichment analysis of the asso-
ciated genes. Interestingly, the hypermethylated genes in patients
in blood (Supplementary Material, Fig. S1A) and fibroblasts
(Supplementary Material, Fig. S1C) were enriched in transcription
related pathways, while it was the hypomethylated genes in
iPSCs (Supplementary Material, Fig. S1D) and iNs (Supplementary
Material, Fig. S1E) that were enriched in these pathways. Almost
no enrichment of GO biological process pathways was seen within
hypomethylated genes in blood and fibroblasts (Supplementary
Material, Fig. S1B) as well as within hypermethylated genes in
iPSCs and iNs. The hypomethylated genes were also enriched

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
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Figure 2. Methylation levels of CpGs across tissues (Fb: fibroblast; iPSC: induced pluripotent stem cell; iN: induced neuron; Blood: blood). (A) Density plot
for methylation levels of CpGs for each sample across tissues. Patients with ADCA- DN and controls are denoted by solid and dashed lines, respectively.
(B) Distribution of methylation level difference between patients with ADCA-DN and controls within each tissue and between any two different tissues.
Diamonds and blocks in each box represent the mean and median values respectively. Comparisons on methylation levels between patients with ADCA-
DN and controls within each tissue and between any two different tissues were conducted using the Wilcoxon rank-sum test. The red asterisks (∗) on
the boxplots denote P-value <0.05 in the corresponding comparisons.

in pathways including nervous system development, synapse
assembly and chemical synaptic transmission in both iPSCs
(Supplementary Material, Fig. S1D) and iNs (Supplementary
Material, Fig. S1E).

To find genes assigned with DMRs associated with ADCA-
DN, we carried out an extensive literature research. This led
us to 11 genes, based on the analysis at the iN stage in our
study, that are known to be associated with various phenotypes
of ADCA-DN (Fig. 4A): KCNC3 (42), KCNN3 (43), and CNTN4

(44) for cerebellar ataxia; MYH14 (45), NF2 (46), GATA2 (47),
and FGF3 (48) for deafness; KCNN3 (49), CHL1 (50) and GRM7
(51) for psychosis; SORCS1 (52) and TRIB2 (53) for narcolepsy.
Four of these genes—KCNC3, MYH14, NF2 and SORCS1—were
also nominally differentially expressed between patients and
controls (see below). KCNC3, MYH14 and SORCS1 were hypomethy-
lated and with upregulated expression in patients, while NF2
was hypermethylated and with downregulated expression in
patients.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
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Figure 3. DMRs between patients with ADCA-DN and controls for each tissue. Distribution of DMRs in blood, fibroblasts, iPSCs and iNs are shown in
(A), (C), (E) and (G), respectively. The scaled methylation levels of CpGs in the DMRs of blood, fibroblasts, iPSCs and iNs are shown in (B), (D), (F) and
(H), respectively. In (A), (C), (E) and (G), x axis is the methylation difference between patients and controls with >0 meaning hypermethylation and < 0
meaning hypomethylation in patients, while the y axis is the number of DMRs at a specific interval of methylation level difference. The total number
of DMRs is shown separately for hypermethylation and hypomethylation. In (B), (D), (F) and (H), the dashed black line separates hypermethylated and
hypomethylated CpGs in patients. DMR calling cutoff: methylation difference >= 0.2, q value <0.05, number of CpG ≥ 3.
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Figure 4. (A) Genes associated with differentially methylated regions (DMRs) and differentially expressed genes associated with phenotypes of ADCA-DN.
The clinical phenotypes of ADCA-DN are classified into six categories. Shown is the genes associated with DMRs (underlined italic) and the differentially
expressed genes (italic) between patients and controls in iNs, which have been associated with the corresponding phenotypes of ADCA-DN. (B) Overlap
of genes associated with DMRs across tissues. DMRs called between patients with ADCA-DN and control within each tissue were assigned to their closest
transcriptional start site (TSS), and the related genes were referred to as ‘genes associated with DMRs’. Shown is the number of the overlapping genes
associated with DMRs across tissues.

Shared genes associated with DMRs across cell
types
Next, we investigated the overlap of genes with DMRs between
patients and controls across tissues. The number of genes associ-
ated with DMRs overlapping between any two tissues was rather
small, except between iPSCs and iNs (Fig. 4B). Our results sug-
gested that the genes associated with DMRs between patients and
controls can be distinct among tissues, which mirrored the lack
of overlapping DEGs across various cell types (see below). iPSCs
and iNs shared more than half of their genes associated with
DMRs (Fig. 4B), indicating that a considerable proportion of DNA
methylation changes seen in iNs might have occurred at the iPSC
stage.

Strand-specific DNA methylation analysis
We next searched for strand-specific DNA methylation changes
between patients with ADCA-DN and controls. In iNs, we only
found one gene, PCDHB12, with a significant DNA methylation
level difference between plus and minus strand in patients
(Fisher’s exact test P-value <2.38E−07). There were three genes,
PCBD2, CMC1 and PCDHGB6, with significantly smaller methy-
lation level differences (Fisher’s exact test P-value <8.68E−07)
between strands in patients with ADCA-DN. In iPSCs, only three
genes, RIN1, C16orf95 and MTRNR2L2, exhibited significantly
smaller strand-biased methylations in patients with ADCA-
DN (Fisher’s exact test P-value <2.35E−06) while no genes had
larger strand-biased methylation differentials in patients with
ADCA-DN. We did not observe evidence of a generally different
discordance rate of the DNA methylation level of the two strands
between patients and controls. Taken together, the methylation
disturbance appeared to occur to both strands instead of being
constrained to one strand.

Global gene expression changes across the cell
types
We next characterized the expression profiles of fibroblasts, iPSCs
and iNs in both patients with ADCA-DN and controls. Hierarchi-
cal clustering and principal component analysis (PCA) of RNA-
Seq data demonstrated distinct gene expression patterns across
cell types (Supplementary Material, Fig. S2). To identify the cell
type–specific gene expression changes, we performed weighted
gene co-expression network analysis (WGCNA), which reported
six large gene co-expression modules (Fig. 6A). These modules
ranged in size from 1233 to 3681 genes. Genes in module M1
were exclusively highly expressed in fibroblasts and were mainly
involved in pathways such as extracellular matrix organization
and the collagen metabolic process (Supplementary Material,
Fig. S3A). Genes with exclusively high expression in iNs were
observed in module M2 and M3. As expected, these genes were
enriched in neuron- or synapse-related pathways such as synaptic
transmission and nervous system development (Fig. 6B and C).
Highly expressed genes in module M5 were specific to iPSCs, and
these genes were enriched in pathways including RNA processing
and DNA replication (Supplementary Material, Fig. S3B). Genes
with similarly high expression levels in both fibroblasts and iPSCs
or in both fibroblasts and iNs were seen in modules M4 (Sup-
plementary Material, Fig. S3C) and M6 (Supplementary Material,
Fig. S3D), respectively.

Differential gene expression in patients with
ADCA-DN
To detect genes associated with ADCA-DN, we conducted dif-
ferential expression analysis between patients with ADCA-DN
and controls within each cell type. We detected 81 differentially
expressed genes (DEGs) in fibroblasts (40 upregulated and 41

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
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down-regulated in patients) (Fig. 5A–C, Supplementary Material,
Dataset S5), 97 DEGs in iPSCs (53 upregulated and 44 downregu-
lated in patients) (Fig. 5D–F, Supplementary Material, Dataset S6)
and 394 DEGs in iNs (190 upregulated and 204 downregulated in
patients) (Fig. 5G–I, Supplementary Material, Dataset S7). The fold
changes of gene expression for a subset of the DEGs in iNs were
confirmed by real-time quantitative PCR (qRT-PCR), in biological
duplicates in all iN cell lines (Supplementary Material, Table S3).
Pathway enrichment analysis of the DEGs identified only one
KEGG pathway (p53 signaling pathway) within upregulated DEGs
in patients in fibroblasts (Supplementary Material, Fig. S4A) and
two in iPSCs (metabolic pathways and pathways in cancer, respec-
tively) (Supplementary Material, Fig. S4B), while no pathway was
enriched in the downregulated DEGs in patients with ADCA-DN in
these two cell types. In iNs, KEGG pathways such as neuroactive
ligand–receptor interaction were enriched in upregulated DEGs
in patients (Supplementary Material, Fig. S4C) while synapse-
related pathways including glutamatergic synapse and various
signaling pathways including the ErbB signaling pathway were
seen in downregulated DEGs (Supplementary Material, Fig. S4D).
The larger numbers of DEGs and pathways identified in iNs
demonstrate the necessity of studying the disease in the relevant
tissues. By applying more stringent cutoff of FDR-corrected P-
value <4.36E−03, expressions of 57 DEGs in iNs show complete
separation between patients and controls (all patients showed
higher or lower expression than any controls). However, no path-
ways were overrepresented in either upregulated or downregu-
lated DEGs.

Overlapping DEGs across cell types
We next asked how much overlap there was among DEGs between
the various cell types. Only 15 DEGs such as ZFP57 were shared
among at least two cell types, while the other DEGs were only
observed in one cell type (Fig. 6D and E). Most of these shared
DEGs (11 out of 15) displayed consistent expression changes
across cell types, while four of these genes (FAM167A, LRP2, FAT4
and LIMCH1) showed inconsistent expression changes (Fig. 6E).
Previous studies have demonstrated that mutations and deletions
in gene GRID2 lead to cerebellar ataxia (54). Mutations in LRP2
have been reported to cause Donnai–Barrow syndrome, which is
associated with sensorineural hearing loss (55), while mutations
in FAT4 cause Van Maldergem syndrome (56), whose phenotypes
include atresia of the external auditory meatus resulting in
hearing loss (57). Furthermore, the majority (380 out of 394) of
the DEGs in iNs were exclusively differentially expressed only
in iNs (Fig. 6D), indicating that the genes associated with ADCA-
DN may not exhibit expression disturbance until the mutation
background is placed into the relevant cell type. This underlines
the importance of studying the relevant tissues associated with
the phenotypes of ADCA-DN.

Differentially expressed genes associated with
phenotypes of ADCA-DN
Given that ADCA-DN is a disorder that mainly affects the cen-
tral nervous system, we carried out an extensive review of the
literature and were able to identify 30 genes out of the 394
DEGs in iNs, which are associated with subphenotypes present
in ADCA-DN. We classified these DEGs into different phenotypic
categories, including cerebellar ataxia, deafness, narcolepsy, psy-
chosis, dementia and optic atrophy (Fig. 4A). Five were genes
associated with cerebellar ataxia—PRNP (58), PRDM8 (59), GRID2
(54), CSTB (60) and PDGFB (61)—and 12 with deafness—ESPN (62),

PAX3 (63), PDZD7 (64), ESP8 (65), S1PR2 (66), LRP2 (55), FAT4 (57),
MYH15 (45), ILDR2 (67), COL2A1 (68), EDN3 (68) and NR2F1 (69).
DNM3 (70) and NR2F1 (71) were associated with optic atrophy.
Eleven psychosis genes were identified—PDGFB (61), NR4A2 (72),
PRMD8 (59), GRIA1 (73), GRM4 (51), GRM3 (74), GRIA4 (75), CDH18
(76), ANKK1 (77), DNM3 (78) and PRODH (79). We also found
six genes associated with this dementia—PDGFB (61), SPRN (80),
PRMD8 (59), PRNP (58), CXCL12 (81) and SLC20A2 (82). None of the
DEGs showed genetic association with narcolepsy and cataplexy.
We noticed that four genes were associated with two or three
phenotypes: PDGFB and PRDM8 with cerebellar ataxia, dementia
and psychosis; PRNP with cerebellar ataxia and dementia; and
NR2F1 with deafness and optic atrophy.

Differentially expressed transcription factor
genes
To uncover potential key regulators of these expression networks,
we performed enrichment analysis of transcription factor (TF)
binding motifs in the promoters and enhancers of the DEGs in iNs.
We observed that the binding motifs of 91 TFs were significantly
enriched in the promoters or enhancers of DEGs in iNs (raw P-
value 0.01). Among them, four TFs—ZFP57, NANOG, ETV1 and
KLF10—were also DEGs themselves in iNs. The promoters of the
DEGs in iNs were enriched with the binding motifs of ZFP57 and
NANOG, whereas the enhancers were enriched with the binding
motifs of ETV1 and KLF10.

Genes showing both differential methylation and
differential expression in iNs
To examine whether DMRs are enriched for DEGs, we assigned
DMRs to their closest TSS. Among the 221 expressed genes with
DMRs assigned in iNs, 10 genes were DEGs (CHL1, ZNF99, ZFP57,
UNC13C, TCERG1L, HOOK2, PCDHB15, PCDHA3, DIO3 and PDE10A)
and 55 genes were nominally differentially expressed (raw P-value
<0.05, Supplementary Material, Dataset S8), which lead to sig-
nificant enrichment (Fisher’s exact test P-value = 8.82E−03) com-
pared to genes expressed at background levels. The majority of
these genes (47 of 55) exhibited consistent changes between DNA
methylation level and gene expression, meaning either hyperme-
thylation and downregulated expression or hypomethylation and
upregulated expression in patients with ADCA-DN. We saw the
same enrichment in iPSCs (Fisher’s exact test P-value = 1.57E−04)
but not in fibroblasts (Fisher’s exact test P-value = 8.36E−02).

Of the 55 nominally differentially expressed genes with
changes of DNA methylation levels in iNs, 9 are TFs. The
most significantly differentially expressed TF is ZFP57 (raw
P-value = 6.01E−06, FDR-corrected P-value = 2.39E−03), which
was hypomethylated in promoters and exhibited upregulated
expression in patients. ZFP57 encodes a transcription factor
required to maintain maternal and paternal gene imprinting
and acts by controlling DNA methylation during early devel-
opment (83). Interestingly, 10 of the 221 expressed genes with
DMRs assigned were imprinted genes, which was a significant
enrichment compared to genome wide (Fisher’s exact test P-
value = 1.27E−04). The same enrichment was also seen in both
iPSCs (Fisher’s exact test P-value = 7.46E−05) and fibroblasts
(Fisher’s exact test P-value = 7.02E−03). It is noteworthy that
ZFP57 was differentially expressed and differentially methylated
in both iPSCs and iNs, but was not differentially methylated
in either fibroblasts or blood and not expressed in fibroblasts.
However, the binding motif of ZFP57 was only enriched in DEGs
of iNs.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
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Figure 5. Differential expression analyses between patients with ADCA-DN and controls in three cell types. Genome-wide distribution of DEGs between
patients and controls are shown in Manhattan plots for (A) fibroblasts, (D) iPSCs and (G) iNs. The x-axis denotes the −log10(P-values) of genes across the
genome (y-axis) in the Manhattan plots. Genome-wide significance is based on FDR < 0.05 indicated by the horizontal black lines. Heatmaps show the
scaled normalized expression for the DEGs in fibroblasts (B), iPSCs (E) and iNs (H), where the color scale goes from low expression to high expression.
Volcano plots present the up- and downregulation of DEGs between patients and controls in fibroblasts (C), iPSCs (F) and iNs (I). Two vertical dashed
lines in each volcano plot indicates a range of log2 fold change values from −0.5 to 0.5, and the horizontal dashed line denotes the adjusted P-value
cutoff of 0.05. A portion of important DEGs are labeled with gene names.

Discussion
Our present study provides the first analysis of global and cell
type–specific changes in gene expression patterns and DNA
methylation profiles induced by DNMT1 mutations that are causal
to ADCA-DN, in three different cell types, fibroblasts, iPSCs and
iNs. We observed tissue-specific changes in gene expression and
DNA methylation between patients with ADCA-DN and controls,
underlining the importance of interrogating DNA methylation
in relevant tissues and cell types. Furthermore, we were able to
identify a group of genes that may play a key role in the molecular
etiology of ADCA-DN (Fig. 4A).

Although ACDA-DN is caused by mutations in DNMT1, we
did not observe evidence of differential expression of DNMT1
between patients and controls in any cell type. Also, no evidence
of allele-specific expression of DNMT1 was seen in any cell type.
The DNA methylation level in DNMT1’s promoter and its gene
body appeared to remain unchanged in patients in all tissues
of this study. Moreover, we did not see evidence of changes in

gene expression and DNA methylation of other DNA methyltrans-
ferases including DNMT3a, DNMT3b, DNMT3L and DNMT2. This
indicates that it is not the expression level but the functionally
effective mutations in the gene that lead to downstream conse-
quences.

However, for another DNA methylation maintenance factor,
ZFP57, we did observe changes of both DNA methylation and gene
expression in patients in both iPSCs and iNs. ZFP57, a transcription
factor, affects DNA methylation of imprinting control regions (84),
maintains parent-of-origin-specific expression of corresponding
imprinted genes and differentially affects non-imprinted targets
in mouse embryonic stem cells (85). Furthermore, mutations of
ZFP57 result in hypomethylation at many imprinted regions in the
human genome (83). Intriguingly, we also found that imprinted
genes were enriched in the genes with DMRs assigned in all cell
types and the binding motif of ZFP57 was overrepresented in the
promoters of the DEGs in iNs. Our results indicate that ZFP57
might play an important role in reshaping the expression and DNA
methylation spectrum of relevant tissues such as iNs and might
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Figure 6. Tissue-specific expression and differential expression between patients with ADCA-DN and controls. (A) Distinct expression patterns across
tissues. Heatmap shows normalized expression of genes in modules clustered by weighted correlation network analysis (WGCNA). Different modules
are separated by black dashed lines. The color scale goes from low to high expression. (B, C) Pathways enriched in genes with exclusive high expression
in iNs. The difference between the two gene modules is medium expression in iPSCs versus low expression in iPSCs. (D) DEGs in each tissue. Heatmap
shows normalized expression of DEGs between patients and controls exclusively in fibroblasts, iPSCs and iNs as well as the shared DEGs among tissues.
The color scale goes from low to high expression. The black dashed line separates the upregulated and downregulated DEGs within each box. (E) Share
DEGs among tissues. Heatmap shows the zoomed-in view of the top box with dashed lines in (D).
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be a key regulator toward the development of the symptoms
of ADCA-DN. Of note, ZFP57 was hypomethylated in promoters
and its expression was upregulated in patients with ADCA-DN.
Whether ZFP57’s overexpression is compensatory for correcting
the disturbed DNA methylation that occurs with DNMT1 mutation
during early development remains to be investigated further.

We identified four differentially expressed TFs—ZFP57,
NANOG, ETV1 and KLF10—in iNs, whose target genes were also
enriched in the DEGs in iNs. Another TF NR2F2, which has
a binding motif of ZFP57, showed borderline significance of
differential expression (raw P-value = 1.47E−03, FDR-corrected
P-value = 5.24E−02) in iNs. NR2F2 was differentially hypermethy-
lated in one of its enhancers (FDR-corrected P-value = 5.10E−05)
and showed downregulated expression in patients with ADCA-
DN in iNs. Intriguingly, of the aforementioned genes associated
with ADCA-DN phenotypes, five—NR2F1, EPS8, S1PR2, PRNP and
PDGFB—were target genes of NR2F2. Among them, deletion
of NR2F1 has been reported to be associated with deafness
(69) and optic atrophy (71). A nonsense mutation of EPS8 has
been associated with autosomal recessive profound deafness
(65), and Eps8 knockout mice are profoundly deaf (86). Rare
missense variants within S1PR2 have been shown to cause
autosomal-recessive hearing impairment (66) and knockout
mice for S1PR2 have been previously reported to have hearing
loss (87). Nonsense and missense mutations of PRNP have been
associated with neurodegenerative diseases, such as Creutzfeldt–
Jakob disease, Gerstmann–Sträussler–Scheinker disease and fatal
familial insomnia, which may all have clinical features of ataxia
and dementia, although in these cases, spreading of misfolded
PRNP protein is the known mechanism, an effect unlikely here
(58). Loss-of-function mutations in the PDGFB gene have been
found to be causative of idiopathic basal ganglia calcification (61),
whose clinical features include ataxia, psychosis and dementia
(88). Interestingly, these five genes were all downregulated in
patients in iNs only, indicating the importance, again, of carrying
out analyses in physiologically relevant cell types. The roles of
these genes together with NR2F2 in the development of ADCA-
DN, especially for features such as deafness and cerebella ataxia,
warrant further investigation.

While our study unveiled genes associated with most of the
phenotypes of ADCA-DN, we did not observe differential expres-
sions of any genes known to be associated with narcolepsy in
the GWAS Catalog (89). Only one DEG—NCKAP5—in iNs has been
associated with essential hypersomnia (90). However, we did find
two genes with DMRs assigned to them—SORCS1 and TRIB2—that
are also associated with narcolepsy. Only SORCS1 was nominally
differentially expressed (upregulated in patients with its assigned
DMRs hypomethylated). The lack of concordance is not surprising
as the most frequent cause of narcolepsy is a loss of hypocre-
tin cells secondary to an autoimmune process, thus leading to
tight association of autoimmune loci with the pathology (91). In
ADCA-DN, the likely origin of the narcolepsy phenotype may be a
preferential vulnerability of hypocretin cells to DNMT1-mediated
neurodegeneration. A recent study also linked ADCA-DN abnor-
malities to mitochondrial deficits (92), an interesting hypothesis
as hypocretin neurons, with their long-range projections are likely
very energetically demanding.

As DNMT1 is responsible for maintaining DNA methylation
patterns following DNA replication, we examined if mutations of
DNMT1 can cause differential methylation between the two DNA
strands in patients with ADCA-DN. However, the vast majority
(99.91%) of the CpGs exhibited either high methylation (>0.7)
or low methylation (<0.3) on both strands in both patients and

controls in all the four tissues studied (Supplementary Material,
Table S4). Between the patients and the controls, there is no evi-
dence of different rates of DNA methylation discordance between
the two strands (Supplementary Material, Table S5). Our results
indicate that the DNMT1 mutations analyzed here do not impact
the methylation level in a strand-specific way.

We observed significant enrichment of nominal DEGs in the
genes with DMRs assigned to them in both iPSCs and iNs. Most
of these genes (39 of 46 in iPSCs and 47 of 55 in iNs) were either
hypermethylated at their assigned DMRs and downregulated in
expression or hypomethylated and upregulated in patients with
ADCA-DN. The negative correlation between methylation and
gene expression changes indicates that the differential expression
of these genes may at least to some extent be premised on the
differential DNA methylation in patients, which was caused by
the DNMT1 mutations.

There are several limitations in the present study that merit
consideration. First, this study employed the fibroblasts–iPSCs–
iNs succession of cell types in culture. We employed this model
system in order to enable us to address for the first time, in a
direct and efficient manner, the general question whether the
ADCA-DN mutations induce global changes in DNA methylation
patterns and gene expression levels and whether such changes
would be cell type specific. We chose to analyze iNs that were
still at an early stage of maturation, as further maturation would
have required to grow the neuronal cells on mouse glia, which,
could have introduced considerable confounding effects into the
functional genomics analyses. Now that we have answered the
question in the positive regarding whether there are neuronal
cell–specific effects of the ADCA-DN mutations, follow-up studies
would be expected to address the limitations of such early iNs.
Namely, iNs could now be grown to maturation on mouse glia,
a protocol separating the neuronal and the glial cells will have to
be established to allow for functional genomics analyses in such a
system. Single-cell assays should be considered in order to resolve
sub-populations of neuronal cells, as even early iNs, and certainly
iNs at a more mature stage, may be not entirely homogeneous
regarding their specific neuronal identity (93). In such a system,
additional later time points can also be considered for analysis,
as well as the separate analysis of a variety of different neuronal
cell types that have been purposely induced. For our present
study, since the ADCA-DN mutations are autosomal dominant,
we considered as justifiable the use of mutation-carrying iPSCs
from ADCA-DN patients together with control iPSCs derived from
unrelated donors. Once the analyses become more fine grained,
one may reconsider whether iPSC lines with engineered ADCA-
DN mutations, and matching isogenic control lines, would be
advantageous to remove effects of genomic background (94,95).
Knock-in or transgenic mouse models would be expected to be
powerful complementary systems during these next stages of
investigation.

The assay employed in the present study did not distinguish
DNA hydroxymethylation from DNA methylation, and methyla-
tion levels at non-CpG sites were not examined. The DNA hydrox-
ymethylation level in iPSCs and iNs and DNA methylation pat-
terns at non-CpG sites in neurons warrant further investigation
to understand the complexity of epigenetic regulation in neuronal
cells. Transcription factor-binding enrichment analysis was done
here in a purely computational manner. Now that our analyses
have indicated that there may be relevant changes at the current
level of analysis, this can also be expanded by experimental
means in the next round of investigation. Specifically, in order
to infer TF-binding by TF foot printing, ATAC-seq data, e.g. in

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad123#supplementary-data
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the more mature iNs described above, would provide further
mechanistic insight based on experimental data (96).

Our present study, by showing that indeed the ADCA-DN muta-
tions induce global, and cell type–specific, changes to patterns of
DNA methylation and gene expression, have opened the door to
such further study, and we expect that this will eventually not
only lead to an understanding to the molecular etiology of ADCA-
DN but also to useful insights into its component symptoms
and overall into the molecular functions of the important gene
DNMT1.
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