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Abstract

Genomic imprinting results in gene expression bias caused by parental chromosome of origin and occurs in genes with important
roles during human brain development. However, the cell-type and temporal specificity of imprinting during human neurogenesis
is generally unknown. By detecting within-donor allelic biases in chromatin accessibility and gene expression that are unrelated to
cross-donor genotype, we inferred imprinting in both primary human neural progenitor cells and their differentiated neuronal progeny
from up to 85 donors. We identified 43/20 putatively imprinted regulatory elements (IREs) in neurons/progenitors, and 133/79 putatively
imprinted genes in neurons/progenitors. Although 10 IREs and 42 genes were shared between neurons and progenitors, most putative
imprinting was only detected within specific cell types. In addition to well-known imprinted genes and their promoters, we inferred
novel putative IREs and imprinted genes. Consistent with both DNA methylation-based and H3K27me3-based regulation of imprinted
expression, some putative IREs also overlapped with differentially methylated or histone-marked regions. Finally, we identified a
progenitor-specific putatively imprinted gene overlapping with copy number variation that is associated with uniparental disomy-like
phenotypes. Our results can therefore be useful in interpreting the function of variants identified in future parent-of-origin association
studies.

Introduction
In contrast to most loci in the genome that have roughly equal
expression from either parental chromosome, genomic imprint-
ing leads to biased levels of gene expression or chromatin acces-
sibility from either the maternal or paternal chromosome. Some
genomic imprinting results in totally silenced expression of one
parental allele and is more likely to be shared across multiple
tissues (1). However, most imprinted genes exhibit some tissue
and cell-type-specific imprinted expression (1–3). Some genes are
imprinted specifically in humans (4) and many imprinted genes
are also expressed in neural development or in the adult brain (5–
7). Previous studies have identified imprinted genes in different
human tissues or cells (5,8,9), but imprinted regulatory elements
(IREs) have not been well defined during human neurogenesis
nor have their cell-type specificity been assessed. Elucidation
of cell-type-specific imprinting mechanisms during neurogenesis
is critical for interpreting results of parent-of-origin association
studies for neuropsychiatric disorders and subsequent therapeu-
tic development (7,10–14).

The primary regulatory elements (REs) that control genomic
imprinting, called imprinting control elements (ICEs), exhibit
parental-specific DNA methylation. Some of these differentially
methylated regions (DMRs) are inherited from the sperm or egg
and are maintained postfertilization throughout development in
all tissues (15–18). A separate class of DMRs acquires methylation

after fertilization under the direction of germ-cell-specific DMRs
and show tissue-specific methylation patterns (19,20). Cell-
type-specific ‘reading’ of germline DMRs and other epigenetic
alterations such as histone modifications (e.g. H3K27me3)
without associated germ-cell-specific DMRs also contribute to
regulation of imprinted expression in specific tissues/cell types
(17,21–25). However, these tissue/cell-type-specific REs controlling
imprinting are not well identified.

Genomic imprinting is most often studied in mice where
reciprocal cross breeding is designed, parents are genotyped, and
parent-of-origin-specific gene expression is measured in offspring
using high-throughput sequencing data (26–28). Heterozygous
genetic markers then allow the separation of maternal versus
paternal expression (29–32). These studies have found that there
are more genes with imprinted expression in the brain compared
with non-brain tissues (33). In addition, genomic imprinting
shows key functions in neurodevelopmental processes including
neural progenitor expansion, migration, differentiation and cell
polarization in mouse brains (7). However, in humans, it is
difficult to obtain both cell-type-specific molecular phenotypes
and genotype data from children, as well as genotype data
from both parents on a large scale in order to demonstrate
genomic imprinting. It is still possible to infer imprinting in
humans where parental genotypes are unavailable. This can be
achieved by detecting within-donor allelic imbalance unrelated to
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across-donor genotype in large datasets, where sequencing data
for gene expression/chromatin accessibility and genotype data
have been collected (Fig. 1A) (8,34). Here, we used the beta-
binomial distribution to model allelic counts across a population
of up to 85 genetically diverse donors, in order to estimate the
dispersion of the allelic ratio (AR; reference allelic count to total
count) in the population, for gene expression (RNA-seq) and
chromatin accessibility (ATAC-seq). In the human genome, the
reference allele can be either the paternal-inherited allele or
the maternal-inherited allele. In datasets without the parental
genotype information, we can calculate the AR of reads from the
reference over the total count of reads, which will be a mix of high
or low ARs across samples at imprinted sites. That is to say, if a
single nucleotide polymorphism (SNP) is in an imprinted gene or
RE, the AR will demonstrate a higher dispersion compared with
SNPs in biallelically expressed genes or REs. Using this method,
we identify putative IREs and genes in human neural progenitors
(HNPs) and neurons.

Results
Inference of IREs and imprinted genes in
progenitors and neurons
We utilized primary human neural progenitor cell (phNPC) chro-
matin accessibility and expression quantitative trait loci datasets
described in our previous work (35,36) to infer imprinted genes
and REs. phNPCs were cultured in vitro as progenitor cells and
also differentiated for 8 weeks, virally labeled, and sorted to
obtain a homogeneous population of neurons. We then performed
ATAC-seq and RNA-seq to obtain chromatin accessibility profiles
(35) (N_Progenitor = 76 and N_Neuron = 61) and gene expression
profiles (36) (N_Progenitor = 85 and N_Neuron = 74) in both cell
types (Fig. 1A). We identified heterozygous genetic variants using
imputed genotype data for all donors in progenitors and neurons
in order to distinguish the two chromosomes, although we are
unable to classify maternal or paternal origin (Fig. 1A). Allele-
specific chromatin accessibility and gene expression were then
calculated using read counts (for the reference allele and the
alternative allele) at each accessible/expressed heterozygous SNP
site (Fig. 1A).

The silenced allele in the imprinted genes, inherited from
one parent, will, by definition, lead to decreased expression as
compared with the expressed allele. Similarly, the silenced allele
in the imprinted REs will lead to decreased chromatin accessibility
as compared with the accessible allele. Here, we do not know the
parental origin of each allele at a heterozygous locus. We expect
that at an imprinted site, the AR will be either high (when the
reference allele is the expressed allele) or low (when the reference
allele is the silent allele) leading to high dispersion in estimates
of the AR across donors (Fig. 1A). We estimated the dispersion
of allelically biased chromatin accessibility or gene expression
to identify the SNPs with highly variable (either high or low)
AR in the population. We modeled allelic counts of chromatin
accessibility or gene expression using a beta-binomial distribution
at heterozygous SNPs (37,38) and evaluated the significance of the
over-dispersion of AR using a likelihood ratio test. SNPs in known
randomly monoallelic expression (RMAE) genes and randomly
monoallelic chromatin accessible (RMACA) regions were removed
(Supplementary Material, Table S1) (39,40). Finally, we kept SNPs
with a significant AR over-dispersion (FDR < 0.05 across all het-
erozygous SNPs tested within a given cell type) (41). A minimal
donor count for both high and low AR (ndonor ≥ 2 for AR ≥ 0.8 and
ndonor ≥ 2 for AR ≤ 0.2) was used to exclude cases of allele-specific

expression or chromatin accessibility driven by genetic effects (42)
(Supplementary Material, Fig. S1A). Owing to our study lacking
parental genotype data, we cannot exclude the possibility that
allelic bias in newly identified imprinted genes/REs is owing to
previously unidentified RMAE or RMACA rather than parental
inheritance. Thus, we refer to these allele specifically expressed
genes/REs as putatively imprinted.

After these analyses and filtering steps, we identified 43
putative IREs containing 57 SNPs in neurons (nIREs) and
20 putative IREs containing 25 SNPs in progenitors (pIREs)
(Fig. 1B and C; Supplementary Material, Fig. S1A, B and D; Sup-
plementary Material, Table S2). We found three putative nIREs
overlapped with known human ICEs for known imprinted
genes PEG10, MEST and ZIM2/PEG3 (43), providing confidence
in IRE calls. We also found 10 shared putative nIREs and pIREs
overlapped with the promoters of 11 well-known imprinted genes
(Supplementary Material, Fig. S1B; red labeled points) that are
involved in neuronal development and differentiation: MAGEL2,
NDN, SGCE, PEG10, NAA60, MIMT1, ZNF597, MEST, PEG3, ZIM2 and
SNRPN (4,5,44–46). Surprisingly, we did not find any putative pIREs
that overlapped with the promoters of well-known imprinted
genes, so the pIREs identified here may represent a novel set of
imprinted elements, such as the promoters of EIF2D, DDX11L2
and SPEG.

We identified 133 putative neuron imprinted genes (19
of which are previously known imprinted genes) containing
653 SNPs and 79 putative progenitor imprinted genes (14
of which are previously known imprinted genes) contain-
ing 166 SNPs (Fig. 1B and C; Supplementary Material, Fig. S1C;
Supplementary Material, Table S3). Among these putatively
imprinted genes, many genes have been previously reported
as imprinted, such as UBE3A, NDN, PEG3, MEST, GRB10 and
MEG3 (47–52) and some are known to have important functions
in neurogenesis, such as DLK1 and ZDBF2 (53–56). We also
found genes such as HM13, ZNF331, COPG2, DOC2B and PBX1
(Supplementary Material, Table S3) that have been previously
described as imprinted in lymphoblastoid cell lines (57,58), but
fit an imprinted expression pattern specifically in neurons in
our study. However, we were not able to detect all of the known
imprinted genes, such as IGF2, owing to lack of expression in
these two cell types (Supplementary Material, Table S4) (59,60).
To estimate the sensitivity of our method, we calculated the ratio
of inferred imprinted genes to previously known imprinted genes
that survived our quality control. We found 16 neuron putatively
imprinted genes out of 40 known imprinted genes (40%) and 12
progenitor putatively imprinted genes out of 33 known imprinted
genes (36%). In addition, we estimated whether our imprinting
inferences may be affected by reads from the antisense strand. We
found that the ratio of antisense strand reads to total transcribed
reads is less than 10% for most of the SNPs in progenitors (252 out
of 254 progenitor SNPs). In neurons, we found 148 out of 653 SNPs
(23%) had antisense strand reads representing greater than 10%
of total reads, but over 80% of these SNPs are from UBE3A where
there is a known antisense RNA (61). The low amount of antisense
transcripts at inferred imprinted locations indicates that this is
unlikely to be a major source of bias in our method of imprinting
inference.

We found 42 genes that show putative imprinting patterns in
both progenitors and neurons (Fig. 1B, Supplementary Material,
Table S3), including the well-known imprinted genes: GRB10,
PEG10, MEST, MEG3, MEG8, NDN and SNHG14. Several of the
putatively imprinted genes that are shared across cell types
have not been previously identified as imprinted, such as PIANP
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Figure 1. Identification of putatively imprinted genes and REs. (A) Schematic cartoon of experimental design and methods. Imprinted genes and REs can
be detected using parental genotype data. In this study, we do not know parent-of-origin information, and we infer imprinted genes and REs using high
dispersion at heterozygous SNPs. (B) Comparison of putatively imprinted genes and REs in neurons, progenitors and known imprinted genes/ICEs (left).
Overlap between putatively imprinted genes and imprinted promoters in neurons or progenitors (right). (C) Ideogram of putative neuron/progenitor
imprinted genes and REs on the human genome. The names of known imprinted genes and regions are bolded.
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and SNHG7. We identified 10 REs showing evidence of putative
imprinting in both progenitors and neurons, at the promoters of
EIF2D, DDX11L2, IL17RC, CRELD1, FAM86B3P, FAM86GP, FAM86FP,
PIP4P1, EEF2KMT and ZNF826P. Many of these REs overlapped
with promoters of genes that are not previously known as
imprinted genes, such as CRELD1 and EIF2D, which could be new
candidates for imprinting regulation. Although there was some
overlap of putative imprinting between cell types (31.6%/53.2%
putatively imprinted genes and 23.3%/50.0% putative IREs in
neurons/progenitors), most putative imprinting was found only
in one cell type. Often this was because the gene did not survive
quality control (sufficient read count and number of heterozygous
donors) in both cell types (Supplementary Material, Fig. S1D).
Nevertheless, cell-type-specific imprinting patterns were still
detectable when the same gene passed QC in both cell types.
Overall, the detection of well-known imprinted genes and
REs supports the statistical approach to identify imprinted
candidates outlined here. Novel genes and REs may have
been undetected in previous studies owing to the lack of a
cell-type-specific or development system for studying these
effects.

Dynamic imprinting between progenitors and
neurons
Previous work has shown that dynamic changes of imprinting
for some genes are critical for stereotypical neurogenesis (55).
For example, Dlk1 is expressed from both alleles in adult neural
stem cells, but is imprinted in surrounding tissue (55). We sought
to determine whether the major cell types involved in human
neurogenesis, progenitors and neurons also show dynamic cell-
type-specific imprinting. This analysis requires that we focus
on the genes and REs harboring heterozygous SNPs that passed
our quality controls, sufficient read count and number of het-
erozygous donors, in both progenitor and neuron samples (see
Materials and Methods). Several neurogenesis-associated genes,
including DLK1, IGF2 and CDKN1C, did not pass one or more of
these thresholds in at least one cell type, so we were not able
to accurately call imprinting within at least one cell type and
therefore were unable to determine if there is a dynamic change
of imprinting during human neurogenesis (55,62,63).

Nevertheless, we found 52 genes that showed biallelic
expression in progenitors but putatively imprinted expression
in neurons (Supplementary Material, Table S5). Among these
52 genes, UBE3A and GNAS were identified as putatively
imprinted genes in neurons but show biallelic expression
in progenitors. UBE3A has been previously found to have
neuron-specific imprinting, and GNAS has been previously
identified to have tissue-specific imprinting (64,65). We also
found eight REs showed a putative imprinting accessibility
pattern in neurons but were biallelically accessible in progenitors
(Supplementary Material, Table S5). These eight REs overlap with
the promoters of 11 genes, which have not been previously
reported as imprinted genes (47–52). Conversely, we identified
20 putatively imprinted genes in progenitors that showed biallelic
expression in neurons (Supplementary Material, Table S5). These
genes were not previously identified as imprinted (47–52). We
did not find any pIREs with biallelic accessibility in neurons that
were putatively imprinted in progenitors. Together, these results
provide support that imprinting is a dynamic process during
human cortical neurogenesis, and identified putative imprinted
genes and REs that were previously unknown, perhaps owing to
their dynamic nature.

We found 11 genes (MAGI2, PPP1R9A, GLIS3, INPP5F, OSBPL5,
NTM, RB1, SMOC1, NAA60, DNMT1 and DGCR6L) that were pre-
viously known as imprinted genes but showed biallelic expres-
sion in both neurons and progenitors. We also found four previ-
ously known imprinted genes (PHLDA2, ANO1, ATP10A and GNAS)
showed biallelic expression in progenitors and four previously
known imprinted genes (DLX5, LRP1, BLCAP and GDAP1L1) showed
biallelic expression in neurons. Many of these genes were shown
to have functions related to brain development (66,67). This may
indicate that relaxation of imprinting in these genes is important
for stereotypical neurogenesis to occur.

Neuron/progenitor imprinting at known loci
A well-known example of an imprinted genomic cluster is the
Prader–Willi/Angelman Syndrome (PWS/AS) region on human
chromosome 15q11–q13 (68). Mutations in the PWS/AS region
result in neurodevelopmental disorders, PWS and AS (69),
in a parent-of-origin–dependent manner, demonstrating the
important function of these imprinted genes during neural
development. We identified putative neuron-specific IREs that
overlap with the promoters of MAGEL2, NDN and SNRPN, the
latter with multiple SNPs supporting the imprinting inference
(Figs 1C and 2A and B). Of note, 72 SNPs in UBE3A passed our
filtering criteria and showed evidence for neuron-specific
imprinting of gene expression (Fig. 2A and C; Supplementary
Material, Fig. S2A). This finding is in agreement with previous
studies showing that UBE3A is expressed exclusively from the
maternally inherited allele in neurons (70,71). In the PWS/AS
region, we found more putative IREs and imprinted genes in
neurons than in progenitors, which is also consistent with
previous studies in iPSC-derived neurons (72,73).

DNA methylation, transcription factor binding
and histone modification at putative IREs
The methylation of CpG sites is an important epigenetic regula-
tion of imprinting in mammals (74). To explore the relationship
between methylation and putative IREs in neurons and progeni-
tors, we first calculated the GC content of the putative IREs. We
found the GC content is significantly higher within putative IREs
as compared with biallelic REs (Fig. 3A). We found the putative
IREs showed significantly higher overlap with human CpG islands
than the biallelic REs in both neurons and progenitors (Fig. 3B).
Enrichment of CpG sites at putative IREs supports a role for DNA
methylation in genomic imprinting at these loci during neuronal
differentiation.

Another epigenetic marker involved in regulating genomic
imprinting is H3K27me3 (25,75). A previous study found that
maternal imprinting in morulae could be explained through
either a methylation-dependent mechanism (17 oocyte hyper-
DMR related genes) or a H3K27me3 mechanism (27 oocyte
hyper-DMR unrelated genes) (25). As expected, the ICEs iden-
tified by methylation data from oocyte, morula and sperm
(Supplementary Material, Fig. S2B) (76) showed higher overlap
with the CpG islands than the H3K27me3 domains (Supplemen-
tary Material, Fig. S2F), because DNA methylation occurs at CpG
islands. We found two oocyte hyper-DMR-related genes (PEG10
and SNRPN), and one oocyte hyper-DMR-unrelated gene (HLA-
C) that overlapped the putative imprinted genes identified in
both neurons and progenitors (Fig. 3C). In addition, we found
that 8 out of 43 putative nIREs and 6 out of 20 putative pIREs
overlapped with H3K27me3 domains in human morulae (Fig. 3D).
These results indicate that the approach we used can identify

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac207#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac207#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac207#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac207#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac207#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac207#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac207#supplementary-data


406 | Human Molecular Genetics, 2023, Vol. 32, No. 3

Figure 2. Putatively imprinted genes and REs at the AS/PWS locus. (A) Coverage plot of ATAC-seq in neurons and progenitors at the AS/PWS locus and
SNPs in imprinted REs and genes. (B) Allelic ATAC-seq counts for selected heterozygous SNPs in putatively imprinted REs in (A) showing a characteristic
imprinting pattern. (C) Allelic RNA-seq counts for selected SNPs in putatively imprinted genes in (A) also showing a characteristic imprinting pattern.

both germline DNA methylation-dependent and germline DNA
methylation-independent imprinted genes.

DNA-binding proteins (DBPs) binding to the IREs have impor-
tant roles in maintaining imprinting by changing the methylation
levels around their binding sites during early development (77,78).
In addition, methylation at IREs may block some DBPs binding on
the silence allele thereby decreasing expression of genes from the
silence allele. However, it is unclear which DBPs are involved in
either maintaining imprinting or the downstream consequences
of imprinting during human neurogenesis, especially at cell-type
resolution. To identify the DBPs that may bind to and regulate
the putative IREs in neurons and progenitors, we performed an
enrichment analysis of transcription factor (TF) motifs in the

putative IREs using a binomial test (79). We used heterozygous
SNPs to mark the putatively imprinted chromatin regions; how-
ever, we purposefully excluded SNPs, which have a consistent
difference in chromatin accessibility across alleles (see Fig. 1A).
Because of this, we did not aim to detect protein-binding motifs
disrupted by heterozygous SNPs. Instead, we conducted a TF
motif enrichment across the entirety of the putatively imprinted
regions, not just at the heterozygous marking SNP, to determine if
certain TFs are more likely to bind to imprinted regions (Fig. 3E).
We retained only the TFs with significantly higher expression in
the cell type tested for enrichment (Fig. 3E). Among TF motifs
enriched in putative nIREs, we found ELK4, which is involved in
upstream regulation of parent-of-origin-regulated genes in mice
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Figure 3. Epigenetic modifications and transcription factor binding at putatively imprinted REs. (A) GC content of putatively imprinted and biallelically
accessible REs in neurons (left) and progenitors (right). (B) Overlap of putatively imprinted and biallelically accessible REs with human CpG islands in
neurons (left) and progenitors (right). (C) Putative imprinted genes in progenitors and neurons overlapped with oocyte hyperDMR-related genes and
oocyte hyperDMR-unrelated genes (25). (D) Putative nIREs and pIREs overlap with human morula H3K27me3 ChIP-seq peaks, which exhibit a strong
bias toward the maternal allele (25). (E) Enriched TF motifs from JASPAR 2016 vertebrates core dataset within putatively imprinted REs as compared
with biallelically accessible REs.

with sleep loss (80). We also found that CTCF TF motifs were
enriched in putative pIREs. CTCF was shown to regulate the
imprinted expression of KLD1 by binding to the ICE at KLD1-
MEG3 locus in embryonic stem cells (81). Using these putative
IREs, we are able to infer TFs implicated in imprinting gene
regulation during human neurogenesis. We observed distinct TF
motifs enriched in the inferred imprinting REs in the two cell
types, which indicates different TFs binding to these chromatin
regions and presumably having downstream functions on gene
regulation during neurogenesis.

Putative IREs and imprinted genes indicate
isoform-specific imprinting
Previous studies showed isoform-specific imprinted transcription
for well-known genes, like PEG1 and MEST (82,83). However, the
number of isoform-specific imprinted genes may still be under-
estimated, because isoform expression is highly cell-type-specific
and imprinting has not been assessed in all cell types. Using
putative IREs in neurons and progenitors, we predicted isoform-
specific imprinted expression in each cell type. We found the
putative nIREs overlapped with the promoter regions of 53 genes,
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among which the nIREs overlap specific isoforms at 40 of these
genes. Previously reported genes show isoform-specific imprint-
ing in our data, such as NAA60 and MEST (82,84). The putative
pIREs overlapped with the promoter regions of 23 genes, 15 out of
which are suggested to have putative isoform-specific imprinting.

In neurons, we found that the promoter region (chr21:39
385 651–39 386 540) of one isoform (ENST00000380713) of the
gene GET1 (also known as WRB) showed a putative imprinting
pattern at two SNPs (Fig. 4A and B). We did not find any SNP that
passed QC in this RE in progenitors, therefore we are not able
to test if this RE is a pIRE. This region in GET1 was previously
reported as a new candidate–imprinted region according to DNA
methylation analysis using peripheral blood samples (85,86),
but to our knowledge, this is the first time this region was
suggested as an IRE in neurons. GET1 is a receptor associated
with protein transmembrane transport (87); but, its function
in the human brain is unknown. This region overlaps with
a DMR that is more methylated in oocyte and morula than
sperm and maintains methylation in fetal and adolescent
brains (Fig. 4C; Supplementary Material, Fig. S2B and C) (76,88).
The DMR inherited from germ cells in the soma provides
evidence that this putative IRE is an ICE that is maintained
throughout development and potentially regulates maternal
genomic imprinting of a specific GET1 isoform. No SNPs in the
expression level data survived QC so we could not test whether
GET1 isoform expression was imprinted (16,18).

We also found the gene ZNF331 had cell-type and isoform-
specific imprinted expression patterns (Fig. 4D and E; Supple-
mentary Material, Fig. S2D). We found a putative neuron-
specific nIRE (chr19:53 537 591–53 538 420) overlapped with the
promoter of a subset of isoforms of ZNF331 and these isoforms
showed neuron-specific imprinted expression patterns (Fig. 4E,
boundaries of the imprinted isoforms are indicated by blue
arrows). We also found a germline DMR near the promoters
of the isoforms that could serve as an ICE of this region
(Supplementary Material, Fig. S2C and D) (76). The germline DMR
is more methylated in oocyte and morula as compared with
sperm (Supplementary Material, Fig. S2D), suggesting maternal
imprinting. However, in progenitors, SNPs in this gene did not
pass the threshold for significance and/or AR, implying biallelic
expression. The SNP in the RE did not pass the threshold for read
count, so we were not able to determine if there was a pIRE.
Notably, isoform-specific imprinting of ZNF331 was previously
reported in multiple cell types and tissues, including the brain
and LCLs (boundaries of LCL imprinted isoforms are indicated by
red arrows in Fig. 4D) (58,89–91). These results indicate cell-type-
specific allelically biased isoform expression during neuronal
development and differentiation.

Progenitor-specific DLK1 imprinting at Kagami
Ogata/Temple syndrome paternal uniparental
disomy locus
Uniparental disomy (UPD) results from homologous chromo-
somes, or parts of chromosomes, being inherited from only
one parent (92). UPD and copy number variation mimicking
UPD at imprinted sites results in abnormal expression. Copy
number variation in the 14q32 imprinted gene cluster can
lead to distinct maternal or paternal UPD phenotypes, named
Temple syndrome and Kagami Ogata syndrome, respectively (93–
96) (Fig. 5B: blue bars represent paternal deletion in the 14q32
imprinted gene cluster that cause Temple syndrome; red bars
represent maternal deletion in the 14q32 imprinted gene cluster
that cause Kagami Ogata syndrome). Individuals with Temple

syndrome (UPD(14)mat) have characteristic features including
pre- and postnatal growth retardation and developmental delay
(97). Kagami Ogata syndrome (UPD(14)pat) results in prenatal
overgrowth, developmental delay and facial abnormalities with
full cheeks and protruding philtrum (98,99). Maternal deletions in
the genomic region containing maternally expressed genes MEG3,
MEG8 and RTL1 and sometimes containing paternally expressed
gene DLK1 have been identified in individuals with Kagami Ogata
syndrome (99). In general, individuals with maternal deletions
in this region lack expression of the maternally expressed genes,
but show overexpression of DLK1 in blood and placenta (98). In
Temple syndrome, DLK1 expression is lost owing to the paternal
deletion of this locus (100). We found evidence for putative
imprinting of DLK1 gene expression in progenitors, but were
unable to test for imprinting in neurons owing to insufficient read
coverage (Fig. 5A, C and D; Supplementary Material, Fig. S2E).
This imprinting pattern is distinct from adult neural stem cells
where DLK1 is biallelically expressed, but is still consistent with
the role of DLK1 in promoting neurogenesis in both mouse and
human (55,56). In agreement with the function of DLK1, we found
DLK1 showed a significantly higher expression level in progenitors
than in neurons (log2FC = −3.67, FDR = 6.5e-244). Here, we suggest
that DLK1 imprinting in progenitors contributes to the opposing
phenotypes of overgrowth observed in Kagami Ogata syndrome,
and growth retardation observed in Temple syndrome.

Discussion
Mutations at imprinted loci can lead to parent-of-origin–
dependent inheritance for neurodevelopmental disorders. In
order to better explain the mechanism underlying parent-of-
origin disorders, imprinting must be detected within relevant
cell types. By combining high-throughput sequencing data (RNA-
seq and ATAC-seq) with genotype data, we identified putative
cell-type-specific IREs and imprinted genes in two major cell
types during human neuronal differentiation. We identified well-
known IREs and genes in the PWS/AS region in neurons, providing
confidence in our approach. We also identified putative cell-
type-specific IREs and genes as new candidates for genomic
imprinting. We found cell-type-specific REs may affect isoform-
specific gene expression, as in neurons for GET1. Finally, we show
that progenitor-specific putative imprinting of DLK1 overlaps with
deletions causing Kagami Ogata syndrome, suggesting cortical
neural progenitors contribute to neurobehavioral and growth
changes observed in individuals with this syndrome.

Cell-type-specific imprinted gene expression and chromatin
accessibility provide evidence that there are dynamic changes of
genomic imprinting during human neuronal differentiation. In
addition to putatively imprinted genes, we also identified putative
IREs in neurons and progenitors, allowing us to explore the regu-
latory mechanisms of genomic imprinting. We found some genes
only showed cell-type-specific putatively imprinted promoters
but not imprinted expression, indicating that the IREs are estab-
lished prior to imprinted expression. We identified the putative
IREs that showed higher GC content and higher overlap with CpG
islands and that some putative IREs overlap with H3K27me3. This
suggests methylation of DNA or histone tails are likely regulatory
mechanisms underlying the imprinted signal in chromatin acces-
sibility. We also found different TF motifs enriched in the putative
IREs in neurons and progenitors, providing new insights of the TFs
that are involved in genomic regulation of imprinted loci during
neurogenesis. However, we cannot determine if these TFs drive the
allele-specific expression/chromatin accessibility or are impacted
by the allele-specific chromatin.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac207#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac207#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac207#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac207#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac207#supplementary-data
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Figure 4. Putative imprinted REs and genes indicating isoform-specific imprinting in neurons. (A) Coverage plot of ATAC-seq in neurons and progenitors
at GET1 locus. (B) Allelic ATAC-seq counts for the SNPs in the putatively imprinted RE in (A). (C) Methylation ratio in human fetal brain and 12-year-old
brain (88) showing overlap with the ICE. (D) Coverage plot of ATAC-seq in neurons and progenitors at the ZNF331 locus. Boundaries of ZNF331 isoforms
showed neuron-specific putatively imprinted expression patterns are indicated by blue arrows. Boundaries of ZNF331 imprinted isoforms in LCL are
indicated by red arrows. (E) Allelic ATAC/RNA-seq counts for SNPs in the putatively imprinted RE and gene in (D).
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Figure 5. Progenitor-specific DLK1 putative imprinting at Kagami Ogata syndrome paternal UPD locus. (A) Coverage plot of ATAC-seq in neurons and
progenitors at Kagami Ogata syndrome paternal UPD locus. DLK1 showed putative progenitor-specific imprinted expression overlapping the copy number
variation. (B) Copy number variation in the 14q32 imprinted gene cluster related to Temple syndrome and Kagami Ogata syndrome. (C) Allelic RNA-
seq counts for the SNPs in MEG3 (rs10147988) and MEG8 (rs12879413) in neurons. (D) Allelic RNA-seq counts for the SNPs in MEG3 (rs10147988), MEG8
(rs12879413) and DLK1 in progenitors (rs1802710).

Although previous studies showed loss of imprinting in human
pluripotent stem cells cultured in vitro (101,102), another study on
induced pluripotent stem cells suggested genomic imprinting is
not erased at the AS/PWS locus (103). In this study, the well-known
imprinted genes and promoters at AS/PWS locus were found in
the neurons derived from primary neural progenitor cells (Fig. 2).
The identification of these well-known imprinted genes indicated
that the primary cell culture system used here was sufficient to
study genomic imprinting at certain loci. However, it is unknown
whether loss of imprinting at other sites occurred owing to cell
culture conditions.

Here, we inferred putative genomic imprinting using ARs of
RNA-seq and ATAC-seq reads. We separated genomic putative
imprinting from allelic effects using a statistical test for

dispersion and a threshold for the number of individuals with
extreme AR. A difficulty of identifying genomic imprinting using
next-generation sequencing data without genotype data from
parents is to separate RMAE/RMACA from imprinted genes/REs.
RMAE genes are mostly found in chromosome X owing to the
X-chromosome inactivity, and there are less than 5% of genes
showing RMAE on autosomes (2). In this study, we removed
the previously known RMAE/RMACA (39,40) to increase the
confidence of imprinting calls. However, we recognize that
these datasets may miss human-specific or cell-type-specific
random monoallelic sites in cell types relevant to this study and
parental genotype data are necessary to completely disambiguate
RMAE/RMACA from imprinting and so we refer to all novel
imprinted genes/REs as putatively imprinted throughout the
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manuscript, and suggest that future experiments will be able
to verify these sites using similar methods but with the addition
of parental genotypes.

Additional experimental validation is also necessary to detect
the molecular mechanisms of genomic imprinting during human
neuronal differentiation. Genomic editing (deletion or modifica-
tion) of IREs can be used to study their regulation of imprint-
ing. Finally, we envision that combining the cell-type-specific
genomic imprinting with well-powered parent-of-origin genome-
wide association studies or parent-of-origin rare variant associa-
tion studies will allow a better understanding of parent-of-origin
effects on neurodevelopmental disorders.

Materials and Methods
Cell culture of primary human neural progenitor
cells
We cultured and differentiated the phNPCs into neurons following
the same methods in our previous work (35,104). Briefly, the
cryopreserved HNPs with low number of passages (2.5 ± 1.8 s.d.)
from 92 human fetal cortical tissue (14–21 gestation weeks) were
thawed, captured and differentiated in ‘rounds’ of approximately
10. HNPs were cultured for 22 days with two splits on days 9 and
15, then on day 23 some of the HNPs were plated for ATAC-seq and
RNA-seq library preparation of progenitor cells and the remainder
of cells were differentiated into neurons (35,104). AAV2-hsyn1-
eGFP virus for labeling neurons was added on day 64. Neurons
were collected by FACS sorting on day 84 followed by immediate
ATAC-seq and library preparation, and isolation of RNA for RNA-
seq library preparation.

ATAC-seq and RNA-seq library preparation for
human neural progenitors and neurons
ATAC-seq libraries were prepared immediately following cellular
dissociation described in our previous methods (35,105) using
50 000 nuclei from each sample. All libraries were sequenced on
an Illumina HiSeq2500 or MiSeq machine using 50 bp paired-
end sequencing. RNA-seq libraries were prepared as previously
described (36) and were sequenced on a NovaSeq S2 flow cell
using 150 bp paired-end sequencing. In brief, RNA was isolated
from progenitor cells and neuron cells using Qiagen miRNeasy
Minelute kit and quantified by Qubit 2.0 fluorometer and Agilent
Tapestation. The RNA-seq libraries were prepared using the Kapa
Biosystems KAPA Stranded RNA-seq with Riboerase (HMR) kit,
then the cDNA was fragmented to ∼ 350 bp average insert size.

ATAC-seq, RNA-seq and genotype data
pre-processing
Raw ATAC-seq and RNA-seq data were quality controlled and
aligned to the human genome (GRCh38/hg38) using WASP to
prevent mapping bias as previously described (35,36). Briefly, for
ATAC-seq data, we removed the adapter sequence from fastq
files, and then mapped sequence reads to the human genome
using BWA MEM and WASP. Reads were removed if they were
optical or PCR duplicates or mapped to mitochondrial genome,
Y chromosome and ENCODE blacklist regions. Then, peaks were
called for all samples using CSAW. For RNA-seq data, we removed
the adapter sequence from fastq files, and then mapped sequence
reads to the human genome using STAR/2.6.0a and WASP. We used
Homo_sapiens.GRCh38.92 as the gene model for quantifying gene
expression levels with the union exon.

Genotype data were preprocessed and imputed as pre-
viously described (35). In brief, Illumina HumanOmni2.5 or

HumanOmni2.5Exome platform were used for genotyping for
the 92 samples. Of note, 1 760 704 SNPs were saved for imputation
after quality control and filtering to remove SNPs with Hardy–
Weinberg equilibrium (<1e6), minor allele frequency (<0.01),
individual missing genotype rate (>0.10) and variant missing
genotype rate (>0.05). Imputation quality was assessed by
retaining variants where imputation quality was high (R2 > 0.3
from Minimac4). After imputation to 1000 genomes reference
panel, the high-quality imputed genotype data were filtered to
remove SNPs using the same rules described before [Hardy–
Weinberg equilibrium (<1e6), minor allele frequency (<0.01),
individual missing genotype rate (>0.10) and variant missing
genotype rate (>0.05)], resulting in ∼13.6 million SNPs. Sex was
determined using genotype data and ATAC-seq data, and we
found 34% of donors are female and 66% are male.

Allele-specific read counts
We used GATK tools (106) to extract allele-specific read counts
for every bi-allelic SNP (in accessible peaks or expression regions).
We first filtered for SNPs within each donor that had sufficient
read depth by retaining SNPs with total counts greater than or
equal to 10 for neuron and progenitor samples, separately. Then
to calculate allelic imbalance in chromatin accessibility and gene
expression, we retained those SNPs with average read counts for
all heterozygous donors greater than or equal to 15 for chromatin
accessibility and 30 for gene expression. Finally, we retained only
those SNPs that meet these previous thresholds for at least five
heterozygous donors.

Before filtering, for ATAC-seq data, we observed an average
of 2 471 263 (s.d. 266 777) heterozygous SNPs for neuron sam-
ples and 2 473 000 (s.d. 267 989) heterozygous SNPs for progenitor
samples; for RNA-seq data, we observed 2 476 988 (s.d. 285 536)
heterozygous SNPs for neuron samples and 2 474 622 (s.d. 271 657)
heterozygous SNPs for progenitor samples. After filtering by read
number, for ATAC-seq data, we retained on average of 26 337 SNPs
(s.d. 2812) for 61 neuron samples and 26 367 SNPs (s.d. 2820) for
76 progenitor samples. These SNPs are located in 69 871 peaks,
which is 77% of the total number of peaks (90 227). For RNA-
seq data, we retained on average 382 874 SNPs (s.d. 44 384) for 74
neuron samples and 380 015 SNPs (s.d. 42 282) for 85 progenitor
samples. These SNPs are located in 29 919 genes, which is 53%
of the total genes in the gene model we used (56 852). Then
we filtered the SNPs to retain those with sufficient number of
heterozygous donors and average read counts for all heterozygous
donors, for ATAC-seq data, we retained 19 960 SNPs in 12 233 peaks
in neuron samples and 10 208 SNPs in 6561 peaks for progenitor
samples. For RNA-seq data, we retained 80 811 SNPs in 9571 genes
in neuron samples and 42 706 SNPs in 8939 genes for progenitor
samples (Supplementary Material, Fig. S1A).

Estimation of over-dispersion and identification
of putatively imprinted chromatin accessibility
and gene expression
We identified over-dispersion using a likelihood ratio test based on
the beta-binomial distribution for the allelic count (no. of reads
from the reference allele given the no. of reads from both the
reference allele and alternative allele) at each SNP. The allelic
count can be modeled by a beta-binomial distribution, with the
probability of expressing the parental-specific allele modeled by
beta distribution (accounting for over-dispersion), and the number
of reads observed modeled by a binomial distribution. The apeglm
Bioconductor package was used to estimate parameters (107). The
likelihood ratio test was used to determine significance for the

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac207#supplementary-data
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over-dispersion parameter for the heterozygous SNPs. To identify
putatively imprinted chromatin accessibility and gene expression,
we used the following three conditions: (1) SNPs have at least two
donors with an AR greater than or equal to 0.8; (2) SNPs have at
least two donors with an AR less than or equal to 0.2 and (3) SNPs
have significant over-dispersion of the AR (FDR < 0.05) (41).

SNPs in the previously defined RMAE gene body and promoter
regions were removed (40). For RMACA from mouse cells (39), we
converted the RMACA regions from mouse genome (mm9) to the
human genome (hg38) using liftOver from UCSCtools via the R
package (rtracklayer v1.44.0).

TFBS enrichment analysis
Potential transcription factor binding sites (TFBSs) were called
in the human genome using TFBSTools from the JASPAR2016
core database for vertebrates as previously (35). This dataset
includes both human and non-human vertebrates. We calculated
the enrichment of TFBS in Neuron/Progenitor IREs using the bino-
mial test (79). First, we found accessible regions (n) overlapping
with all TFBSs for a given TF and calculated the fraction of
base pairs of the motif compared with the overall base pairs
of accessible peaks (p). Then, we counted the number of IREs
(k) overlapping with TFBSs for this TF (k). The final step was to
calculate P=Prbinom(x >= k|n,p) using the binomial test to deter-
mine the significance of the enrichment. We further filtered the
enrichment results by differential expression from the same set
of cells, and only kept the TFs with significantly higher cell-type-
specific expression or accessibility in the tested cell type (36).

Identification of differential methylation regions
among sperms, oocytes and morula
The genome-wide DNA methylation profiles for sperms (N = 4),
oocytes (N = 2) and morula (N = 3) were downloaded via NCBI
Gene Expression Omnibus (GEO) under accession number
GSE49828. R package ‘MethylKit’ (v1.16.1) was used to analyze
differential methylation regions for sperms versus oocytes and
morula or oocytes versus sperm and morula. After removing
the sites with <5 reads, methylation in 100-bp-tiles was called
and the methylation level was estimated as previously described
(108). A logistic regression model was used to identify the
differential methylation tiles. The P-values were adjusted to q-
values by the SLIM method (109). Tiles with q-value < 0.05 and
percent methylation difference larger than 25% were assigned as
differential methylation regions.

Peak calling for H3K27me3 CUT&RUN data in
human morula
The H3K27me3 CUT&RUN data in human morula (N = 2) were
downloaded via NCBI Gene Expression Omnibus (GEO) under
accession number GSE123023. Peaks were called using SEACR (1.3)
(110) and the peaks that occurred in both morulae were merged
and kept as H3K27me3 domains. The H3K27me3 domains were
converted between human genome builds (hg19 to hg38) using
liftOver from UCSCtools via the R package (rtracklayer v1.44.0).

Data access
ATAC-seq/RNA-seq data and genotype data for neurons
and progenitors are available via dbGAP (ph 001958 and
phs2493). Human CpG island: https://genome.ucsc.edu/cgi-bin/
hgTables?hgsid=578954849_wF1QP81SIHdfr8b0kmZUOcsZcHYr&
clade=mammal&org=Human&db=hg38&hgta_group=regulatio
n&hgta_track=knownGene&hgta_table=0&hgta_regionType=gen

ome&position=chr9%3A133252000-133280861&hgta_outputTyp
e=primaryTable&hgta_outFileName=. Genome-wide DNA methy-
lation profiles for sperms, oocytes and morula: https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE49828. Imprinted genes:
https://geneimprint.com/site/genes-by-species. Genome-wide
DNA methylation profiles for brain tissues: https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE47966. H3K27me3 CUT&RUN
profile in human morula: https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE123023.

Supplementary Material
Supplementary Material is available at HMG online.
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