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Abstract: DNA methylation profiling has become a promising approach towards identifying biomark-
ers of neuropsychiatric disorders including autism spectrum disorder (ASD). Epigenetic markers
capture genetic risk factors and diverse exogenous and endogenous factors, including environmental
risk factors and complex disease pathologies. We analysed the differential methylation profile of a
regulatory region of the GAD1 gene using cerebral organoids generated from induced pluripotent
stem cells (iPSCs) from adults with a diagnosis of ASD and from age- and gender-matched healthy
individuals. Both groups showed high levels of methylation across the majority of CpG sites within
the profiled GAD1 region of interest. The ASD group exhibited a higher number of unique DNA
methylation patterns compared to controls and an increased CpG-wise variance. We detected six
differentially methylated CpG sites in ASD, three of which reside within a methylation-dependent
transcription factor binding site. In ASD, GAD1 is subject to differential methylation patterns that may
not only influence its expression, but may also indicate variable epigenetic regulation among cells.
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1. Introduction

The methylation of DNA at distinct nucleotides, most commonly cytosines followed
by a guanine residue (CpG site), is an essential epigenetic modification that provides a re-
versible mechanism for regulating gene expression without altering the DNA sequence [1].
During embryonic development, DNA methylation plays an essential role in regulating
gene expression and in the differentiation of cells towards particular lineages [2]. Methy-
lation signatures can be influenced by various environmental factors, including maternal
stress, drugs, and diet; hence, they reflect an integration of genetic and environmental
influences [3,4]. As the methylation status of a particular gene can be sustained through-
out an organism’s lifespan, it may represent a molecular-level memory of developmental
processes, which include any environmental impacts. Consequently, DNA methylation is
an important molecular control mechanism through which brain functions are established
and maintained.

Autism spectrum disorder (ASD) is a pervasive neurodevelopmental disorder char-
acterised by challenges in social interaction and communication, as well as repetitive or
restrictive behaviours or interests [5]. Various risk factors, both genetic and environmental,
have been identified as possible contributors to the development of ASD [6-8]. Abnor-
malities in the epigenome and its regulatory components have been associated with ASD,
in some cases playing a key role in the progression of the disorder [9], and genome-wide

Int. . Mol. Sci. 2022, 23, 9188. https:/ /doi.org/10.3390/ijms23169188

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms23169188
https://doi.org/10.3390/ijms23169188
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-3153-3059
https://orcid.org/0000-0003-4574-6431
https://orcid.org/0000-0002-5718-0765
https://doi.org/10.3390/ijms23169188
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23169188?type=check_update&version=2

Int. ]. Mol. Sci. 2022, 23,9188

20f11

analyses have revealed individual CpG sites subject to differential DNA methylation be-
tween patients and controls [10-12]. Such changes have also been identified in the placental
tissue [10], suggesting an epigenetic influence during the embryonic neurodevelopmental
process that may serve as a molecular control mechanism with functional relevance in
circuit neurophysiology.

The balance between excitation (E) and inhibition (I) is a key principle for neuronal
network organisation and information processing [13-15]. Consistent with this notion,
excitation—inhibition imbalances are considered a pathophysiological mechanism in many
brain disorders including ASD [16-19]. As the primary modulator of inhibitory neurotrans-
mission, y-aminobutyric acid (GABA) plays a key role in the maintenance of an appropriate
E/I balance within the brain. A key gene in the regulation of GABA levels is GAD1, which
encodes a glutamic acid decarboxylase enzyme isoform that catalyses GABA synthesis and
is an excellent biomarker in the assessment of E/I balance at the molecular level.

It is clear that there is evidence for epigenetic dysregulation being implicated in the
imbalance of E/I'in ASD [20,21], and that this may be closely related to the severity of key
symptoms. What remains a challenge, however, is integrating the findings from the brain-
tissue-specific post-mortem analyses of patients with evidence from rodent models of ASD,
indicating that GAD1 DNA methylation patterns are disturbed during development [22,23].
To investigate how the GAD1 methylation pattern during embryonic development may
differ in ASD, we generated cerebral organoids from iPSCs derived from individuals
with and without ASD, and performed targeted DNA methylation profiling of a known
regulatory target region of the GAD1 gene [24].

2. Results
2.1. GAD1 DNA Methylation Is More Diverse in Cerebral Organoids from ASD Subjects

We profiled the methylation status of a regulatory region of the GAD1 gene approx-
imately 3400 bp downstream of the transcription start site (TSS) (Figure 1) by bisulfite
sequencing using DNA extracted from whole cerebral organoids produced from iPSCs de-
rived from either control or ASD subjects. We chose this CpG island region proximal to the
GAD1 promoter, as it was shown to have a functional relevance to GABA expression and
includes a CpG-containing CTCF binding site that may contribute to its regulation [24]. The
cerebral organoids used in this study were derived from 5 control and 4 ASD subjects. The
cell lines used to grow these organoids have been characterised in detail in a recent paper,
and representative images of these organoids are presented in Figure 1 by Ilieva et al. [25].

We observed distinct methylation profiles within the control samples, where the
majority (94.3%) of the randomly picked clones had high methylation levels throughout
the amplicon. Clones with <560% methylation across the amplicon were only detected in
one out of the five control organoids (Figure 2A). In the ASD dataset, although the vast
majority (90.3%) of clones also exhibited high levels of methylation, three of the four ASD
organoids contained patterns with <50% methylation across the amplicon (Figure 2B). In
the following, we first limit our analysis to the dominant >50% methylation groups.

Strikingly, the diversity in DNA methylation profiles across the amplicon was in-
creased in the ASD group. To compare this methylation pattern diversity, we analysed
the occurrence of distinct patterns in each of the dominant >50% methylation populations.
While the control group exhibited only five distinct patterns (2 distinct patterns in organoids
from control subjects #1-#4), sixteen patterns were observed from the ASD group (Figure 3).
In line with this, patterns 1 and 2 alone accounted for 96% of control-derived clones but
only 73% of ASD-derived clones. The most common pattern seen in both groups, pattern 1,
was that of near complete methylation, with only CpG sites 18 and 28 being unmethylated
(69.7% of control-derived clones; 46.4% of ASD-derived clones). Pattern 2 consisted of the
methylation at all 39 CpG sites and occurred in approximately 25% of clones in each group.
The remaining patterns occurred with minimal frequency, often appearing in only one
clone. One signature, pattern 5, was unique to organoid #5 of the control group, whereas
patterns 6-17 were all seen in the ASD subject population only. Note that patterns 7 and
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8 are almost identical to pattern 1, in both cases with one of the CpG sites presenting a
C-to-A mutation.
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Figure 1. Organoid production stages and human GAD1 gene target region. (A) The production of
human-derived organoids follows two main stages. Upper: Using subject skin biopsies to generate
human inducible pluripotent stem cells. Lower: Using the inducible pluripotent stem cells to produce
the embryoid body, which will then develop into brain organoids. (B) Example image of an embryoid
body at embryoid body (EB) day 1. (C) Example image of a brain organoid at organoid day 1.
(D) Example image of brain organoids at organoid day 39, when the genomic DNA is harvested for
GAD1 methylation profiling. (E) The human GAD1 target region for the methylation analysis mapped
onto the UCSC genome browser (assembly GRCh38/hg38, https://genome.ucsc.edu/ (accessed
on 30 April 2022) [26,27]). We profiled a CTCF binding-site-containing CpG island that has been
shown to correlate with GAD1 gene transcription in human cells [24]. Sequence shown is specific
to bisulfite-converted DNA, with the 39 sites of potential CpG methylation highlighted in blue.
Underlined region denotes a CTCF binding sequence. Primer annealing regions used to amplify the
region of interest are indicated in bold. Additional images and characterisation of subject-derived
organoids can be found in [28-31].
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Figure 2. Lollipop plot of methylation patterns of individual CpG sites across the GAD1 target
region of interest in cerebral organoids derived from (A) control (N = 70 clones from 5 subjects) and
(B) ASD subjects (N = 62 clones from 4 subjects). Rows represent the GAD1 amplicons from randomly
picked individual clones, symbols represent individual CpG sites within the amplicon. Filled dots,
methylated cytosines; empty dots, unmethylated cytosines; X, cytosine-to-adenine mutation. Clones
with <50% methylation are shown separately on the lower panels.

For the much smaller group of rarer clones with <50% methylation, sample numbers
are too small for a detailed analysis as above. However, the percentage of CpG sites within
the amplicon that are methylated is lower in the control group as compared to the ASD
group (3.85 & 2.22 % versus 14.53 £ 4.06 %, mean =+ SEM, N = 4 and 6 clones respectively,
p = 0.052, one-sided Wilcoxon rank sum test).

2.2. Differential Methylation of Specific CpG Sites

To further compare the diversity of DNA methylation signatures, we analysed the
methylation variability of each CpG site (for clones with >50% methylation across the am-
plicon). We detected a total of six CpG sites that are significantly differentially methylated
in ASD relative to the control group (Figure 4A; CpG site 23, p = 0.002; site 28, p = 0.017; site
29, p < 0.001; site 30, p = 0.015; site 34, p = 0.028; site 35, p = 0.028; site 39, p = 0.028; Wilcoxon
rank sum; N = 56 clones from ASD group, 66 clones from control group), and an increased
overall CpG-wise variability in ASD (Figure 4B; p < 0.001 Wilcoxon rank sum). Five out of
the six differentially methylated CpG sites are hypomethylated in ASD. Notably, three of
these differentially methylated CpG sites lie within a CTCF binding site and the remaining
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sites are in close proximity (within 100 base-pairs up- and downstream), suggesting that
this regulatory region is prone to differential methylation in ASD.
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Figure 3. DNA methylation pattern diversity in the GAD1 region of interest in cerebral organoids.
(A) Distinct patterns of DNA methylation signatures in the two >50% methylation groups. Filled dots,
methylated cytosines; empty dots, unmethylated cytosines; x, cytosine-to-adenine mutation. (B) The
number of clones within the ASD and control groups displaying each DNA methylation pattern.
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Figure 4. (A) Upper: CpG-wise differential methylation across the profiled GAD1 region of interest.
Differential methylation plotted as (average percentage methylation in ASD group) minus (average
percentage methylation in control group) for each CpG site, such that positive values reflect hyper-
methylation in ASD relative to controls. N = 56 clones from ASD group; 66 clones from control group.
Red bars: p < 0.05 Wilcoxon signed rank. Lower: CpG sites in the profiled GADI amplicon mapped
onto the human genome. (B) Increased CpG methylation variance in ASD. Bar height: Median
variance (SEM) at each CpG site (N = 39 CpG sites, p < 0.05 Wilcoxon rank sum. Note: Median
variance for control group is 0). Grey: Corresponding variance between control and ASD at each
CpG site.

3. Discussion

GABAergic signalling is crucial for the excitation-inhibition balance in neural cir-
cuits, which is often disrupted in neuropsychiatric disorders such as ASD [32,33]. While
genome-wide analyses have successfully identified a number of genes subject to differential
methylation between adult controls and patients, and have even indicated disruption
amongst complex networks of associated genes [34,35], whether epigenetic signatures are
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different in the neurodevelopment of normal and ASD brains has long been postulated but
remains unknown. To address this, here we focused specifically on a functionally relevant
regulatory region of GAD1 and observed distinct differences in the DNA methylation
profiles of cerebral organoids derived from ASD and control subjects. Our results identified
specific CpG sites that were subject to hypo- and hypermethylation in ASD in regions
that may be crucial to the regulation of gene expression. Furthermore, by analysing the
frequency with which the methylation patterns occur, we identified a loss of regularity in
the methylation profile of GAD1 in organoids derived from ASD patients.

The advancement of organoid technologies has enabled significant progress in the un-
derstanding of neurodevelopmental processes and disorders. Already cerebral organoids
have been used in drug screening and to validate suspected ASD risk factor genes [36-39].
We used human cerebral organoids (d39) that were developmentally equivalent to brains
at 11-12 weeks post-conception [40]. Similarities in the morphology, physiology, and
transcriptome suggest that the in vitro model recapitulates the developmental process to
a high degree, particularly at this time point [41-43]. Further, the epigenome of cerebral
organoids closely resembles that of the human developing brain, and GAD1 itself shows
little to no differential methylation between the two [44]. Therefore, we are confident that
the methylation signatures presented in this study are representative of those seen during
embryonic development.

Methylation signatures vary not only between individuals, but also in a tissue- and
cell-type dependent manner [45]. We, therefore, subcloned our target amplicon in order to
identify GAD1 DNA methylation patterns with single-cell resolution, thereby exposing the
uniformity of each group. Among those that exhibited >50% methylation, 11 signatures
were exclusive to single clones within the ASD group, demonstrating that a high proportion
of cells possessed unique methylation patterns. In contrast, in the control group only one
clone exhibited a unique methylation pattern. The high level of variability within the ASD
group and the increased CpG-wise variance suggests disruption within the components
that regulate DNA methylation during development. In adults diagnosed with ASD,
the mRNA expression of key components of the epigenetic machinery, namely ten-even
translocase (TET) enzymes, is significantly increased in the brain [21]. Moreover, DNA
methyltransferase 1 (DNMT1) binds with increased frequency to GAD1 in a region upstream
of our target region [21]. DNMT is responsible for maintaining DNA methylation through
cellular division, and the TET family of enzymes mediate active demethylation [46,47].
Therefore, we assume that disruptions in both epigenetic components may have early
developmental origins, thereby producing the increased diversity of methylation patterns
seen in the ASD group.

Within our region of interest resides a binding motif for CTCF, a transcriptional factor
protein able to regulate transcription through its interactions with enhancers and promoters.
The binding sequence present in our region of interest (GTTGCCGCGCGGGGGCGCTTT)
contains four CpG sites and is known to be sensitive to DNA methylation [24]. When
methylated, CTCF is unable to bind to the motif, resulting in increased GAD1 transcription
and mRNA expression [24]. Of the four CpG sites within this sequence, three were subject to
significantly differential methylation in the ASD group. Despite being consecutive CpG sites
in the sequence, site 28 was hypermethylated while sites 29 and 30 were hypomethylated.
This was curious given that neighbouring CpG sites often share the same methylation
status [48]. The differential methylation of these three sites indicates an altered CTCF
binding probability in organoids derived from ASD subjects, although the functional
significance of the methylation status of each individual CpG site on the sensitivity of
the CTCF binding is unknown. In line with the methylation dependency of the CTCF
binding, the overall trend towards decreased methylation within the binding sequence
would suggest that GAD1 transcription is decreased in ASD organoids. This would,
therefore, corroborate the decreased expression of GAD1 and GAD-67 that is seen in ASD
patients [21,49,50].
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DNA methylation can vary in a cell-type-specific manner. In the brain, the methylation
signatures of a particular gene can differ between neuronal subpopulations, such as between
excitatory and inhibitory neurons [51,52]. The ASD patient-derived cerebral organoids also
indicate cell-type-specific disturbances between these two neuronal populations, indicating
a relevance in ASD progression [37,53]. In light of its role in GABAergic interneurons,
it would be reasonable to assume that GAD1 may display distinct methylation patterns
specific to this cell type. Therefore, future endeavors should incorporate cell-type-specific
methylation profiling to provide further insight into the functional influence of DNA
methylation and targeted epigenetic dysregulation during neurodevelopment in ASD.

In recent years, the development of organoid cultures has provided an unparalleled
opportunity to vastly improve the translatability and relevance of neuroscience studies.
Derived from human stem cells and iPSCs, 3D organoids circumvent many of the issues
associated with animal models or traditional clinical methods [54]. While the potential of
human-derived organoids is remarkable, the validity of the epigenetic signatures exhibited
must be scrutinised. Before differentiation, mouse fibroblast iPSCs can be distinguished
from embryonic stem cells by analysing differential methylation patterns, suggesting a
maintained methylation memory of the tissue of origin [55]. Although this appears to be
relevant to genes associated with gene expression and pluripotency, this does highlight a
need for caution when translating the findings from cerebral organoids into conclusions
about the human brain.

A large body of evidence points to the disruption of early embryonic development
as a crucial factor for the manifestation of ASD, meaning identifying early deviations in
neural development is key to understanding ASD. Our study contributes to a plethora of
evidence that implicates GAD1 in autism, but adds unique knowledge on the role of GAD1
at the embryonic development stage of the condition and indicates that the gene is subject
to altered epigenetic regulation in the early stages of neurodevelopment. The identification
of six potential GABAergic biomarkers, three of which lie within the functionally relevant
CTCF binding sequence, may provide a link between epigenetic disruption and the altered
balance of excitation and inhibition in autism.

4. Materials and Methods
4.1. iPSCs and Generation of Cerebral Organoids

Reports on the derivation of iPSCs from recruited subjects and the generation of
cerebral organoids were published previously [25,28-31]. In summary, four individuals
with idiopathic autism spectrum disorder (ICD 10: F84.1-84.8, male; mean age of 21 years)
and five age- and gender-matched healthy controls were included in the study. Patients
diagnosed with ASD were randomly recruited from the Fyn Autism Cohort described
in [56]. They all fulfilled the diagnostic criteria for developmental disorder according to ICD
10 [57], which translates to autism spectrum disorders in the DSM V [5]. The age-matched
controls were selected after an advertisement on a local blackboard and social media.

Fibroblasts derived from skin punch biopsies taken from ASD subjects and age-
matched controls were reprogrammed into iPSCs with episomal plasmid vectors contain-
ing Oct3/4, Sox2, Klf4, LIN28, and L-Myc (pCXLE-hUL-L-MYC, LIN28, Addgene#27080,
pCXLE-hSK-SOX2, KLF4, Addgene #27078, and pCXLEhOCT4-shp53-F-OCT4, shP53,
Addgene #27077) according to the protocol previously described by llieva et al. and Ka-
mand et al. [25,28-31], and the reprogramming efficiency and quality of the derived iPSCs
were evaluated using standardization criteria [28-31].

The cerebral organoids were generated according to the protocol described by Lan-
caster and Knoblich [58] and modified by Ilieva et al. [25], with a Stemdiff™ Cerebral
organoid kit (Stemcell Technologies, #08570). The cerebral organoid formation was initiated
through an embryoid body (EB) formation. The iPSCs were collected and seeded at a den-
sity of 9000 cells/well in a 96-well round-bottom ultra-low attachment plate (Corning) in EB
formation medium supplemented with ROCK inhibitor. On days 5-7, the neuroectoderm
formation was induced by moving the EB into induction media in ultra-low attachment 24-
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well plates. On day 7, the EB was embedded in Matrigel (Corning) droplets and cultivated
in an expansion medium in a six-well ultra-low adherence plate. At day 10, the embedded
organoids developed expanded neuroepithelia, as evidenced by budding of the surface. In
this stage, they were moved to a maturation medium and cultivated on an orbital shaker.
The genomic DNA was extracted using an AllPrep Kit (Qiagen) from one organoid per
subject at day 39 of development.

4.2. Bisulfite Conversion and PCR Amplification

The genomic DNA was bisulfite converted using EpiTect Bisulfite Kit (Qiagen), then
amplified using HotStar Taq Plus Master Mix (Qiagen). The target region and primer
sequences are shown in Figure 1. The total length of the profiled GAD1 amplicon was
560 bp. The following PCR conditions were used: 95 °C for 5 min; 40 cycles of 94 °C for
1 min, 52 °C for 1 min, 72 °C for 1 min; 72 °C for 30 min.

4.3. TOPO Cloning

PCR products were subcloned using a TOPO™ TA Cloning™ Kit with One Shot™
TOP10 chemically competent E. coli cells (Invitrogen). Up to 20 colonies per organoid were
picked after blue-white selection. The DNA was purified using QIAprep Spin Miniprep Kit
(Qiagen) and used for the Sanger sequencing (Genewiz UK).

4.4. DNA Methylation Analysis

The trace files were analysed using the QUMA online tool, available at http://quma.
cdb.riken.jp/ (accessed 30 April 2022) [59]. The lollipop plot figures were produced using
the Methylation Plotter web tool, available at http://gattaca.imppc.org/methylation_
plotter/ (accessed 30 April 2022) [60]. The differential methylation at each CpG site was
analysed in MATLAB and plotted as the (average percentage methylation in ASD group)
minus (average percentage methylation in control group) for each CpG site (as such,
positive values indicate hypermethylation in the ASD group relative to the control).

4.5. Statistical Analysis

The binary clone sequence data from different organoids of the same condition were
pooled for the statistical analysis. The statistical analysis was performed using MATLAB
with Statistics and Machine Learning Toolbox. For the CpG-wise differential methylation,
Wilcoxon signed rank test was performed for each CpG site between the control vs. ASD
conditions using the MATLAB command signrank. For the statistical test on the amplicon-
wide methylation differences (for <50% methylated clones), we calculated the percentage
of methylated CpG sites across the amplicon and performed a one-sided Wilcoxon rank
sum test between the control and ASD conditions using the MATLAB command ranksum.

Author Contributions: Conceptualization, C.S., TM.S.-M. and T.K.; methodology, G.P,, C.S., S.H.,
T.P., TM.S.-M. and T.K.; formal analysis, G.P,, C.S. and T.K.; writing—original draft preparation,
G.P; writing—review and editing, G.P.,, C.S., TM.S.-M. and T.K; supervision, TM.S5.-M. and T.K.;
funding acquisition, TM.S.-M. and T.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Psychiatry Research Foundation, Region of Southern
Denmark; and the Jascha Foundation (T.M.S.-M.). The Knopfel lab has been generously funded by
the National Institutes of Health BRAIN Initiative (Grants 1U01-MH-109091 and 5U01-NS-099573)
and Compass Pathways.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Ethics Committee of University of Southern Denmark
(protocol code S5-20160103).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.


http://quma.cdb.riken.jp/
http://quma.cdb.riken.jp/
http://gattaca.imppc.org/methylation_plotter/
http://gattaca.imppc.org/methylation_plotter/

Int. ]. Mol. Sci. 2022, 23,9188 9of11

Data Availability Statement: All data used are shown in the manuscript. The tabulated format is
available from the corresponding author upon request.

Acknowledgments: We thank Athina Apostolelli and Hannah Scheucher for their technical assistance
during the development of the assays and scientific discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Moore, LD,; Le, T,; Fan, G. DNA Methylation and Its Basic Function. Neuropsychopharmacology 2013, 38, 23-38. [CrossRef] [PubMed]

2. Suelves, M.; Carrid, E.; Nufiez-Alvarez, Y.; Peinado, M.A. DNA Methylation Dynamics in Cellular Commitment and Differentia-
tion. Brief Funct. Genom. 2016, 15, 443-453. [CrossRef]

3.  Babenko, O.; Kovalchuk, I.; Metz, G.A.S. Stress-Induced Perinatal and Transgenerational Epigenetic Programming of Brain
Development and Mental Health. Neurosci. Biobehav. Rev. 2015, 48, 70-91. [CrossRef]

4. Barua, S.; Junaid, M.A.L. Pregnancy and Epigenetic Effects. Epigenomics 2015, 7, 85-102. [CrossRef] [PubMed]

5. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; American Psychiatric Association:
Washington, DC, USA, 2013; ISBN 978-0-89042-555-8.

6. Chaste, P; Leboyer, M. Autism Risk Factors: Genes, Environment, and Gene-Environment Interactions. Dialogues Clin. Neurosci.
2012, 14, 281-292. [CrossRef] [PubMed]

7.  Forsberg, S.L.; llieva, M.; Michel, T.M. Epigenetics and Cerebral Organoids: Promising Directions in Autism Spectrum Disorders.
Transl. Psychiatry 2018, 8, 14. [CrossRef] [PubMed]

8. Newschaffer, CJ.; Croen, L.A.; Daniels, ].; Giarelli, E.; Grether, ] K.; Levy, S.E.; Mandell, D.S.; Miller, L.A.; Pinto-Martin, J.; Reaven,
J. The Epidemiology of Autism Spectrum Disorders. Annu. Rev. Public Health 2007, 28, 235-258. [CrossRef]

9.  Pejhan, S.; Rastegar, M. Role of DNA Methyl-CpG-Binding Protein MeCP2 in Rett Syndrome Pathobiology and Mechanism of
Disease. Biomolecules 2021, 11, 75. [CrossRef]

10. Bahado-Singh, R.O.; Vishweswaraiah, S.; Aydas, B.; Radhakrishna, U. Placental DNA Methylation Changes and the Early
Prediction of Autism in Full-Term Newborns. PLoS ONE 2021, 16, 0253340. [CrossRef]

11. Ladd-Acosta, C.; Hansen, K.D.; Briem, E.; Fallin, M.D.; Kaufmann, W.E.; Feinberg, A.P. Common DNA Methylation Alterations in
Multiple Brain Regions in Autism. Mol. Psychiatry 2014, 19, 862-871. [CrossRef]

12.  Wong, C.C.Y.,; Meaburn, E.L.; Ronald, A.; Price, T.S,; Jeffries, A.R.; Schalkwyk, L.C.; Plomin, R.; Mill, J]. Methylomic Analysis of
Monozygotic Twins Discordant for Autism Spectrum Disorder and Related Behavioural Traits. Mol. Psychiatry 2014, 19, 495-503.
[CrossRef] [PubMed]

13. Bibbig, A.; Traub, R.D.; Whittington, M.A. Long-Range Synchronization of y and 3 Oscillations and the Plasticity of Excitatory
and Inhibitory Synapses: A Network Model. ]. Neurophysiol. 2002, 88, 1634-1654. [CrossRef] [PubMed]

14. Froemke, R.C. Plasticity of Cortical Excitatory-Inhibitory Balance. Annu. Rev. Neurosci. 2015, 38, 195-219. [CrossRef] [PubMed]

15.  Zhou, S.; Yu, Y. Synaptic E-I Balance Underlies Efficient Neural Coding. Front. Neurosci. 2018, 12, 46. [CrossRef]

16. Hegarty, ].P.; Weber, D.].; Cirstea, C.M.; Beversdorf, D.Q. Cerebro-Cerebellar Functional Connectivity Is Associated with Cerebellar
Excitation-Inhibition Balance in Autism Spectrum Disorder. J. Autism. Dev. Disord. 2018, 48, 3460-3473. [CrossRef]

17.  Snijders, TM.; Milivojevic, B.; Kemner, C. Atypical Excitation-Inhibition Balance in Autism Captured by the Gamma Response to
Contextual Modulation. NeuroImage Clin. 2013, 3, 65-72. [CrossRef]

18.  Sohal, V.S.; Rubenstein, J.L.R. Excitation-Inhibition Balance as a Framework for Investigating Mechanisms in Neuropsychiatric
Disorders. Mol. Psychiatry 2019, 24, 1248-1257. [CrossRef]

19. Rubenstein, J.L.R.; Merzenich, M.M. Model of Autism: Increased Ratio of Excitation/Inhibition in Key Neural Systems. Genes
Brain Behav. 2003, 2, 255-267. [CrossRef]

20. Zhubi, A.; Chen, Y.; Dong, E.; Cook, E.H.; Guidotti, A.; Grayson, D.R. Increased Binding of MeCP2 to the GAD1 and RELN
Promoters May Be Mediated by an Enrichment of 5-HmC in Autism Spectrum Disorder (ASD) Cerebellum. Transl. Psychiatry
2014, 4, 349. [CrossRef]

21. Zhubi, A,; Chen, Y.; Guidotti, A.; Grayson, D.R. Epigenetic Regulation of RELN and GAD] in the Frontal Cortex (FC) of Autism
Spectrum Disorder (ASD) Subjects. Int. ]. Dev. Neurosci. 2017, 62, 63-72. [CrossRef]

22. Ishiyama, M.; Tamura, S.; Ito, H.; Takei, H.; Hoshi, M.; Asano, M.; Itoh, M.; Shirakawa, T. Early Postnatal Treatment with Valproate
Induces Gadl Promoter Remodeling in the Brain and Reduces Apnea Episodes in Mecp2-Null Mice. Int. J. Mol. Sci. 2019, 20,
5177. [CrossRef] [PubMed]

23. Labouesse, M.A.; Dong, E.; Grayson, D.R.; Guidotti, A.; Meyer, U. Maternal Inmune Activation Induces GAD1 and GAD2
Promoter Remodeling in the Offspring Prefrontal Cortex. Epigenetics 2015, 10, 1143-1155. [CrossRef] [PubMed]

24. Yan, H.; Tang, G.; Wang, H.; Hao, L.; He, T.; Sun, X,; Ting, A.H.; Deng, A.; Sun, S. DNA Methylation Reactivates GAD1
Expression in Cancer by Preventing CTCF-Mediated Polycomb Repressive Complex 2 Recruitment. Oncogene 2016, 35,
3995-4008. [CrossRef] [PubMed]

25. Ilieva, M.; Aldana, B.L; Vinten, K.T.; Hohmann, S.; Woofenden, T.W.; Lukjanska, R.; Waagepetersen, H.S.; Michel, T.M. Proteomic

Phenotype of Cerebral Organoids Derived from Autism Spectrum Disorder Patients Reveal Disrupted Energy Metabolism,
Cellular Components, and Biological Processes. Mol. Psychiatry 2022, 27, 1-11. [CrossRef] [PubMed]


http://doi.org/10.1038/npp.2012.112
http://www.ncbi.nlm.nih.gov/pubmed/22781841
http://doi.org/10.1093/bfgp/elw017
http://doi.org/10.1016/j.neubiorev.2014.11.013
http://doi.org/10.2217/epi.14.71
http://www.ncbi.nlm.nih.gov/pubmed/25687469
http://doi.org/10.31887/DCNS.2012.14.3/pchaste
http://www.ncbi.nlm.nih.gov/pubmed/23226953
http://doi.org/10.1038/s41398-017-0062-x
http://www.ncbi.nlm.nih.gov/pubmed/29317608
http://doi.org/10.1146/annurev.publhealth.28.021406.144007
http://doi.org/10.3390/biom11010075
http://doi.org/10.1371/journal.pone.0253340
http://doi.org/10.1038/mp.2013.114
http://doi.org/10.1038/mp.2013.41
http://www.ncbi.nlm.nih.gov/pubmed/23608919
http://doi.org/10.1152/jn.2002.88.4.1634
http://www.ncbi.nlm.nih.gov/pubmed/12364494
http://doi.org/10.1146/annurev-neuro-071714-034002
http://www.ncbi.nlm.nih.gov/pubmed/25897875
http://doi.org/10.3389/fnins.2018.00046
http://doi.org/10.1007/s10803-018-3613-y
http://doi.org/10.1016/j.nicl.2013.06.015
http://doi.org/10.1038/s41380-019-0426-0
http://doi.org/10.1034/j.1601-183X.2003.00037.x
http://doi.org/10.1038/tp.2013.123
http://doi.org/10.1016/j.ijdevneu.2017.02.003
http://doi.org/10.3390/ijms20205177
http://www.ncbi.nlm.nih.gov/pubmed/31635390
http://doi.org/10.1080/15592294.2015.1114202
http://www.ncbi.nlm.nih.gov/pubmed/26575259
http://doi.org/10.1038/onc.2015.423
http://www.ncbi.nlm.nih.gov/pubmed/26549033
http://doi.org/10.1038/s41380-022-01627-2
http://www.ncbi.nlm.nih.gov/pubmed/35618886

Int. ]. Mol. Sci. 2022, 23,9188 10 of 11

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

Kent, W].; Sugnet, CW.,; Furey, T.S.; Roskin, K.M.; Pringle, T.H.; Zahler, A.M.; Haussler, D. The human genome browser at UCSC.
Genome Res. 2002, 12, 996-1006. [CrossRef]

Rosenbloom, K.R.; Sloan, C.A.; Malladi, V.S.; Dreszer, T.R.; Learned, K.; Kirkup, VM.; Wong, M.C.; Maddren, M.; Fang, R,;
Heitner, S.G.; et al. ENCODE data in the UCSC Genome Browser: Year 5 update. Nucleic Acids Res. 2013, 41, D56-D63. [CrossRef]
Kamand, M.; llieva, M.; Forsberg, S.L.; Thomassen, M.; Meyer, M.; Svenningsen, A.F.; Maria Michel, T. Derivation of Induced
Pluripotent Stem Cells (SDUKIi003-A) from a 20-Year-Old Male Patient Diagnosed with Asperger Syndrome. Stem Cell Res. 2020,
48,101974. [CrossRef]

Kamand, M.; Ilieva, M.; Forsberg, S.L.; Thomassen, M.; Svenningsen, A.F.; Holst, B; Meyer, M.; Michel, TM. Generation of
Human Induced Pluripotent Stem Cells (SDUKIi002-A) from a 22-Year-Old Male Diagnosed with Autism Spectrum Disorder.
Stem Cell Res. 2020, 46, 101834. [CrossRef]

Kamand, M.; Ilieva, M.; Forsberg, S.L.; Thomassen, M.; Svenningsen, AF, Meyer, M.; Michel, T.M. Generation of Autism
Spectrum Disorder Patient-Derived IPSC Line SDUKIi004-A. Stem Cell Res. 2020, 49, 102038. [CrossRef]

Kamand, M.; Forsberg, S.L.; Thomassen, M.; Ilieva, M.; Meyer, M.; Svenningsen, A.F; Michel, T.M. Establishment of an Induced
Pluripotent Stem (IPS) Cell Line (SDUKIi006-A) from a 21-Year Old Male Patient Diagnosed with Atypical Autism Disorder. Stem
Cell Res. 2021, 51, 102185. [CrossRef]

Coghlan, S.; Horder, J.; Inkster, B.; Mendez, M.A.; Murphy, D.G.; Nutt, D.J. GABA System Dysfunction in Autism and Related
Disorders: From Synapse to Symptoms. Neurosci. Biobehav. Rev. 2012, 36, 2044-2055. [CrossRef] [PubMed]

Marin, O. Interneuron Dysfunction in Psychiatric Disorders. Nat. Rev. Neurosci. 2012, 13, 107-120. [CrossRef] [PubMed]

Lee, E.C.; Hu, V.W. Phenotypic Subtyping and Re-Analysis of Existing Methylation Data from Autistic Probands in Simplex
Families Reveal ASD Subtype-Associated Differentially Methylated Genes and Biological Functions. Int. J. Mol. Sci. 2020, 21,
6877. [CrossRef] [PubMed]

Zhang, B.; Hu, X,; Li, Y,; Ni, Y.; Xue, L. Identification of Methylation Markers for Diagnosis of Autism Spectrum Disorder. Metab.
Brain Dis. 2022, 37, 219-228. [CrossRef] [PubMed]

de Jong, J.O.; Llapashtica, C.; Genestine, M.; Strauss, K.; Provenzano, E; Sun, Y.; Zhu, H.; Cortese, G.P.; Brundu, E; Brigatti,
K.W.; et al. Cortical Overgrowth in a Preclinical Forebrain Organoid Model of CNTNAP2-Associated Autism Spectrum Disorder.
Nat. Commun. 2021, 12, 4087. [CrossRef]

Paulsen, B.; Velasco, S.; Kedaigle, A.J.; Pigoni, M.; Quadrato, G.; Deo, A.J.; Adiconis, X.; Uzquiano, A.; Sartore, R.; Yang, S.M.; et al.
Autism Genes Converge on Asynchronous Development of Shared Neuron Classes. Nature 2022, 602, 268-273. [CrossRef]
Wang, P.; Mokhtari, R.; Pedrosa, E.; Kirschenbaum, M.; Bayrak, C.; Zheng, D.; Lachman, H.M. CRISPR/Cas9-Mediated
Heterozygous Knockout of the Autism Gene CHDS8 and Characterization of Its Transcriptional Networks in Cerebral Organoids
Derived from IPS Cells. Mol. Autism. 2017, 8, 11. [CrossRef]

Xiang, Y.; Tanaka, Y.; Patterson, B.; Hwang, S.-M.; Hysolli, E.; Cakir, B.; Kim, K.-Y.; Wang, W.; Kang, Y.-].; Clement, E.M.; et al.
Dysregulation of BRD4 Function Underlies the Functional Abnormalities of MeCP2 Mutant Neurons. Mol. Cell 2020, 79,
84-98.€9. [CrossRef]

Kelava, I.; Lancaster, M.A. Dishing out Mini-Brains: Current Progress and Future Prospects in Brain Organoid Research. Dev. Biol.
2016, 420, 199-209. [CrossRef]

Camp, J.G.; Badsha, F; Florio, M.; Kanton, S.; Gerber, T.; Wilsch-Brauninger, M.; Lewitus, E.; Sykes, A.; Hevers, W.; Lancaster, M.
Human Cerebral Organoids Recapitulate Gene Expression Programs of Fetal Neocortex Development. Proc. Natl. Acad. Sci. USA
2015, 112, 15672-15677. [CrossRef]

Lancaster, M.A.; Renner, M.; Martin, C.-A.; Wenzel, D.; Bicknell, L.S.; Hurles, M.E.; Homfray, T.; Penninger, ].M.; Jackson, A.P;
Knoblich, J.A. Cerebral Organoids Model Human Brain Development and Microcephaly. Nature 2013, 501, 373-379. [CrossRef]
Velasco, S.; Kedaigle, A.J.; Simmons, S.K.; Nash, A.; Rocha, M.; Quadrato, G.; Paulsen, B.; Nguyen, L.; Adiconis, X.; Regev, A. Individual
Brain Organoids Reproducibly Form Cell Diversity of the Human Cerebral Cortex. Nature 2019, 570, 523-527. [CrossRef]

Luo, C.; Lancaster, M.A.; Castanon, R.; Nery, J.R.; Knoblich, J.A.; Ecker, ]J.R. Cerebral Organoids Recapitulate Epigenomic
Signatures of the Human Fetal Brain. Cell Rep. 2016, 17, 3369-3384. [CrossRef] [PubMed]

Montafo, C.M.; Irizarry, R.A.; Kaufmann, W.E.; Talbot, K.; Gur, R.E.; Feinberg, A.P,; Taub, M.A. Measuring Cell-Type Specific
Differential Methylation in Human Brain Tissue. Genome. Biol. 2013, 14, 94. [CrossRef] [PubMed]

Chen, T; Li, E. Structure and Function of Eukaryotic DNA Methyltransferases. Curr. Top Dev. Biol. 2004, 60, 55-89. [CrossRef] [PubMed]
Rasmussen, K.D.; Helin, K. Role of TET Enzymes in DNA Methylation, Development, and Cancer. Genes Dev. 2016, 30,
733-750. [CrossRef]

Affinito, O.; Palumbo, D.; Fierro, A.; Cuomo, M.; Riso, G.; Monticelli, A.; Miele, G.; Chiariotti, L.; Cocozza, S. Nucleotide Distance
Influences Co-Methylation between Nearby CpG Sites. Genomics 2020, 112, 144-150. [CrossRef]

Fatemi, S.H.; Halt, A.R.; Stary, ].M.; Kanodia, R.; Schulz, S.C.; Realmuto, G.R. Glutamic Acid Decarboxylase 65 and 67 KDa
Proteins Are Reduced in Autistic Parietal and Cerebellar Cortices. Biol. Psychiatry 2002, 52, 805-810. [CrossRef]

Yip, J.; Soghomonian, J.-J.; Blatt, G.J. Decreased GAD67 MRNA Levels in Cerebellar Purkinje Cells in Autism: Pathophysiological
Implications. Acta Neuropathol. 2007, 113, 559-568. [CrossRef]

Kozlenkov, A.; Roussos, P.; Timashpolsky, A.; Barbu, M.; Rudchenko, S.; Bibikova, M.; Klotzle, B.; Byne, W.; Lyddon, R.; Narzo,
A'F. Differences in DNA Methylation between Human Neuronal and Glial Cells Are Concentrated in Enhancers and Non-CpG
Sites. Nucleic Acids Res. 2014, 42, 109-127. [CrossRef]


http://doi.org/10.1101/gr.229102
http://doi.org/10.1093/nar/gks1172
http://doi.org/10.1016/j.scr.2020.101974
http://doi.org/10.1016/j.scr.2020.101834
http://doi.org/10.1016/j.scr.2020.102038
http://doi.org/10.1016/j.scr.2021.102185
http://doi.org/10.1016/j.neubiorev.2012.07.005
http://www.ncbi.nlm.nih.gov/pubmed/22841562
http://doi.org/10.1038/nrn3155
http://www.ncbi.nlm.nih.gov/pubmed/22251963
http://doi.org/10.3390/ijms21186877
http://www.ncbi.nlm.nih.gov/pubmed/32961747
http://doi.org/10.1007/s11011-021-00805-5
http://www.ncbi.nlm.nih.gov/pubmed/34427843
http://doi.org/10.1038/s41467-021-24358-4
http://doi.org/10.1038/s41586-021-04358-6
http://doi.org/10.1186/s13229-017-0124-1
http://doi.org/10.1016/j.molcel.2020.05.016
http://doi.org/10.1016/j.ydbio.2016.06.037
http://doi.org/10.1073/pnas.1520760112
http://doi.org/10.1038/nature12517
http://doi.org/10.1038/s41586-019-1289-x
http://doi.org/10.1016/j.celrep.2016.12.001
http://www.ncbi.nlm.nih.gov/pubmed/28009303
http://doi.org/10.1186/gb-2013-14-8-r94
http://www.ncbi.nlm.nih.gov/pubmed/24000956
http://doi.org/10.1016/S0070-2153(04)60003-2
http://www.ncbi.nlm.nih.gov/pubmed/15094296
http://doi.org/10.1101/gad.276568.115
http://doi.org/10.1016/j.ygeno.2019.05.007
http://doi.org/10.1016/S0006-3223(02)01430-0
http://doi.org/10.1007/s00401-006-0176-3
http://doi.org/10.1093/nar/gkt838

Int. ]. Mol. Sci. 2022, 23,9188 11 of 11

52.

53.

54.

55.

56.

57.

58.

59.
60.

Kozlenkov, A.; Li, J.; Apontes, P.; Hurd, Y.L.; Byne, W.M.; Koonin, E.V.; Wegner, M.; Mukamel, E.A.; Dracheva, S. A
Unique Role for DNA (Hydroxy)Methylation in Epigenetic Regulation of Human Inhibitory Neurons. Sci. Adv. 2018, 4, 6190.
[CrossRef] [PubMed]

Villa, C.E.; Cheroni, C.; Dotter, C.P,; Lopez-Tobon, A.; Oliveira, B.; Sacco, R.; Yahya, A.C.; Morandell, J.; Gabriele, M.; Tavakoli,
M.R.; et al. CHD8 Haploinsufficiency Links Autism to Transient Alterations in Excitatory and Inhibitory Trajectories. Cell Rep.
2022, 39, 110615. [CrossRef] [PubMed]

Hohmann, S.S.; Ilieva, M.; Michel, T.M. In Vitro Models for ASD-Patient-Derived IPSCs and Cerebral Organoids. Prog. Mol. Biol.
Transl. Sci. 2020, 173, 355-375. [CrossRef] [PubMed]

Kim, K,; Doi, A.; Wen, B.; Ng, K.; Zhao, R.; Cahan, P,; Kim, J.; Aryee, M.]; Ji, H.; Ehrlich, LIR. Epigenetic Memory in Induced
Pluripotent Stem Cells. Nature 2010, 467, 285-290. [CrossRef]

Thorsen, M.; Bilenberg, N.; Thorsen, L.; Michel, T.M. Oxidative Stress in Adults with Autism Spectrum Disorder: A Case Control
Study. J. Autism Dev. Disord. 2022, 52, 275-282. [CrossRef]

World Health Organization. The ICD-10 Classification of Mental and Behavioural Disorders: Clinical Descriptions and Diagnostic
Guidelines; World Health Organization: Geneva, Switzerland, 1992.

Lancaster, M.A.; Knoblich, J.A. Generation of Cerebral Organoids from Human Pluripotent Stem Cells. Nat. Protoc. 2014, 9,
2329-2340. [CrossRef]

Kumaki, Y.;; Oda, M.; Okano, M. QUMA: Quantification Tool for Methylation Analysis. Nucleic Acids Res. 2008, 36, 170-175. [CrossRef]
Mallona, I; Diez-Villanueva, A.; Peinado, M.A. Methylation Plotter: A Web Tool for Dynamic Visualization of DNA Meth-Ylation
Data. Source Code Biol. Med. 2014, 9, 11. [CrossRef]


http://doi.org/10.1126/sciadv.aau6190
http://www.ncbi.nlm.nih.gov/pubmed/30263963
http://doi.org/10.1016/j.celrep.2022.110615
http://www.ncbi.nlm.nih.gov/pubmed/35385734
http://doi.org/10.1016/bs.pmbts.2020.04.019
http://www.ncbi.nlm.nih.gov/pubmed/32711817
http://doi.org/10.1038/nature09342
http://doi.org/10.1007/s10803-021-04897-x
http://doi.org/10.1038/nprot.2014.158
http://doi.org/10.1093/nar/gkn294
http://doi.org/10.1186/1751-0473-9-11

	Introduction 
	Results 
	GAD1 DNA Methylation Is More Diverse in Cerebral Organoids from ASD Subjects 
	Differential Methylation of Specific CpG Sites 

	Discussion 
	Materials and Methods 
	iPSCs and Generation of Cerebral Organoids 
	Bisulfite Conversion and PCR Amplification 
	TOPO Cloning 
	DNA Methylation Analysis 
	Statistical Analysis 

	References

