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Editorial on the Research Topic
Epigenetic Mechanisms and Their Involvement in Rare Diseases

Epigenetic mechanisms are diverse modes of gene regulation, acting independent of genetic
sequences. Epigenetics involves an array of “readers;,” “writers,” and “erasers,” with key roles in
development, health, and disease. One important aspect of epigenetics is involvement in rare
diseases. This special topic covers a series of original research and review articles that further our
knowledge about epigenetic mechanisms in rare diseases.

One well-studied example of rare diseases caused by genetic mutations is Rett Syndrome (RTT).
RTT is due to de novo mutations in the X-linked Methyl CpG Binding Protein 2 (MECP2)
gene. The multi-functional “MeCP2” protein plays important roles in neuronal maturation and
brain development.

Focusing on RTT, Sharifi and Yasui, provide an overview about MeCP2 protein biology and its
functional relevance to RTT. The authors explain how MECP2 mutations contribute to disease
mechanisms, describing lessons learnt from RTT mice and model systems. They describe how
MECP?2 expression is distributed among different organs, using helpful schematics. They further
discuss MeCP2 DNA binding activities, and its association not only with CpG dinucleotide
methylation, but also with CpH methylation in the context of CpA, CpC, or CpT. The authors
elaborate on MeCP2 function as a dual transcriptional regulator, as an activator or effective
suppressor of gene transcription. The authors also discuss MeCP2 splice variants; MeCP2E1 and
MeCP2E2, MeCP2 role in liquid phase separation, and potential therapeutic strategies for RTT.

Complementing the first paper, Good et al., offer a timely review entitled “MeCP2: the genetic
driver of Rett Syndrome epigenetics.” The authors discuss how RTT-associated MECP2 gene
mutations can modify its DNA binding activities, and chromatin bundling capabilities, while
altering MeCP2 protein stability. They further discuss the role of MeCP2 in alternative splicing and
micro-RNA processing. Other aspects of MeCP2 function, diverse protein domains, and different
mutations are also well-discussed. Interestingly, the authors explain the impact of proteasomal
degradation through MeCP2 PEST sequences, and circadian-dependent dynamics of MeCP2
isoforms. Finally, the authors highlight the complexity of RT'T pathology with differential relevance
of MeCP2 isoforms.

The third paper on RTT is an original research article by Pejhan et al. The authors studied
MeCP2 homeostasis regulatory network in the frontal cerebrum, hippocampus, amygdala, and
cerebellum of post-mortem brain tissues from RTT patients and non-RTT controls. The authors
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establish that in humans, the MeCP2 homeostasis network
(MeCP2E1/E2-BDNF-miR132) is brain-region specific. Their
correlational studies suggested that cerebellum is the one tested
brain region that may involve all these regulatory components.
Their findings highlighted that MeCP2 isoform-specific protein
levels do not fully follow their corresponding transcript levels.
The authors further show that components of this regulatory
network are significantly compromised in all tested brain regions,
with reduced levels in RTT patients, except for miR132 in the
cerebellum. Among the two complementary miR132-3p and
miR132-5p strands, the former appeared as the dominant miR132
in these brain regions. This study is among limited research
studies to examine human brain tissues for this rare disease.

In the section “Epigenetics in Prader-Willi syndrome,
Mendiola and LaSalle present the emerging evidence of how
loss of the small, non-coding RNA, SNORD116, contributes to
neurological defects. The authors present evidence supporting
Prader-Willi syndrome (PWS) as a metabolic disorder. They
explain that patients present with poor feeding behavior as
neonates, then progress to extreme hunger and obesity by
early childhood. PWS is an imprinting disorder as SNORD116
in neurons is expressed solely by the paternal allele. Loss
of SNORDI16 expression by deletion, uniparental disomy, or
abnormal DNA methylation of the imprinting control region
commonly causes the phenotype. What is intriguing is the
evolution of SNORDI16 function for sleep regulation and
crosstalk with other key imprinted genes.

Similar to Prader-Willi Syndrome, Beckwith-Wiedemann
Syndrome (BWS) is a rare imprinting disorder as paternally
expressed IGF2 and maternally expressed HI19 are altered. In
their review, Papulino et al. present the complexity of the
IGF2/H19/CDKNIC locus and how epigenetic DNA methylation
regulates gene expression. As IGF2 encodes a growth factor
and CDKNIC encodes a cell cycle regulator, their emphasis
is on examining the link with organ overgrowth and elevated
cancer risk in BWS patients. In addition, valuable information is
provided on the potential of repurposed “epi drugs” for treatment
of BWS.

In contrast to DNA methylation and non-coding RNA,
epigenetic defects in PWS and BWS, Fallah et al. describe
histone methylation and acetylation defects underlying selected
neurodevelopmental disorders such as Kabuki syndrome and
Rubestein-Taybi syndrome, respectively. One provided key piece
of information is the comparison of the broad range of
tissues affected by these disorders. Of particular interest is
the correlation between intellectual disability and dysmorphic
body features. Although this article focuses on basic epigenetic
mechanisms, treatments targeting histone defects underlying
these disorders are now in use in clinics for patient treatments.

In a review by Timpano and Picketts, defective chromatin
remodeling is discussed in the context of abnormal gene
expression, and impacts on fundamental cellular activities,
such as DNA replication, DNA repair, cellular proliferation
and differentiation. Members of ATP-dependent chromatin
remodeling factors include SWI/SNE, ISWI, INO80, CHD, and
ATRX. One example of their association with rare disorder is
the ATR-X Syndrome, a congenital disorder in males. These

patients display heterogeneous phenotypes, although the disease
is caused by single ATRX gene mutation(s). The authors provide
an overview of ATRX interacting partners and biochemical
functions. Further discussions include phenotypic and behavioral
outcomes in different model systems of disease, transgenic mice,
and potential ATRX roles in forebrain development.

Sun et al. study an epigenetic disorder in their original
research. Activity Dependent Neuroprotective Protein (ADNP) is
associated with a recently described disease; Helsmoortel-Van der
Aa syndrome. The authors identify ANDP physical interaction
with chromatin remodeling factors BRG1 and CHD4 and co-
occupancy of these factors at intergenic sites. Interestingly,
75% of differentially expressed genes (DEG) from deletion
or reduction in Adnp expression in embryonic stem cells
(ESC) were upregulated. Genome wide chromatin accessibility
was elevated along with altered histone marks due to ADNP
loss, suggesting regulation of developmental genes through
chromatin compaction. A connection between Helsmoortel-
Van der Aa syndrome and other neurodevelopmental disorders
such as Prader-Willi and Rubenstein-Taybi syndromes was
suggested by common symptoms of intellectual disability and
dysmorphic features.

The review by Konzman et al. establishes that O-GlcNAc
transferase (OGT) enzyme regulation of post-translational
modification O-linked-D-N-acetylglucosamine (O-GlcNAc) is
involved in key cellular processes. The authors provide detailed
examples of how environmental signals integrate into epigenetic
DNA regulation of the human nervous system. The insights into
OGT/0O-GIcNAc function in human neurologic processes were
obtained by studies of OGA/OGT function in model organisms
such as Drosophila over the past several years.

Another original research on neuroblastoma is contributed
by Krstic et al. Indeed, neuroblastoma is a rare disease,
although it constitutes a high fraction of cancer deaths in
children. The authors applied a chemo-genomic approach
to study the global MYCN-epigenetic interactions. Among
many epigenetic factors that they identified as MYCN targets,
there are HDAC2, CBP, and CBX8. The authors reported
that expression level of most MYCN-related epigenetic
factors was associated with predictive patient outcomes.
They completed a compound library screen for epigenetic
proteins that showed wide response of neuroblastoma cells
to epigenetic modulators. A particular chemical was C646,
and the identified susceptibility of these cells correlated with
MYCN expression.

Chen et al,, provide a review entitled “A comprehensive
genomic analysis constructs miRNA-mRNA interaction network
in hepatoblastoma.” While hepatoblastoma is rare, it is
considered as the most common type of hepatic tumor in
pediatric patients. By comparing hepatoblastoma and normal
liver tissues, the authors identified 580 differentially expressed
upregulated transcripts, and 790 downregulated transcripts.
Among these, they noticed differentially expressed miRNAs.
Analysis of protein-protein interaction network was further
completed. The authors concluded that certain microRNAs,
transcription factors, and hub genes act as potential regulators
in hepatoblastoma.
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ADNP (Activity Dependent Neuroprotective Protein) is proposed as a neuroprotective
protein whose aberrant expression has been frequently linked to rare neural
developmental disorders and cancers, including the recently described
neurodevelopmental Helsmoortel-Van der Aa syndrome. Recent studies have
suggested that ADNP functions as an important chromatin regulator. However,
how ADNP-regulated chromatin mechanisms control gene expression and stem
cell fate commitment remains unclear. Here we show that ADNP interacts with two
chromatin remodelers, BRG1 and CHD4. ADNP is required for proper establishment of
chromatin accessibility, nucleosome configuration, and bivalent histone modifications of
developmental genes. Loss of ADNP leads to enhancer over-activation and increased
ratio of H3K4me3/H3K27me3 at key primitive endoderm (PrE) gene promoters,
resulting in prominent up-regulation of these genes and priming ES cell differentiation
toward endodermal cell types. Thus, our work revealed a key role of ADNP in the
establishment of local chromatin landscape and structure of developmental genes by
association with BRG1 and CHD4. These findings provide further insights into the role
of ADNP in the pathology of the Helsmoortel-Van der Aa syndrome.

Keywords: ADNP, embryonic stem cells, chromatin, lineage-specifying genes, BRG1, CHD4

INTRODUCTION

Embryonic stem cells (ESCs) possess an epigenome and chromatin structures that are required
for the maintenance of self-renewal and pluripotency. The ES-specific chromatin state is directly
or indirectly regulated by various factors, including epigenetic regulators and signaling molecules
(Gifford et al., 2013). Chromatin remodelers are epigenetic regulators that use ATPase activity
for nucleosome assembly and organization, chromatin access and nucleosome editing (Chen and
Dent, 2014; Clapier et al., 2017). Great progress has been made in understanding the biochemical
composition of the chromatin remodeler complexes and their role in ES cell self-renewal and
pluripotency has been firmly established (Ho et al., 2008; Kidder et al., 2009; Lu and Roberts, 2013;
Zhang et al., 2014; O’Shaughnessy-Kirwan et al., 2015; Zhao et al., 2017).

Activity Dependent Neuroprotective Protein was first described as a neuroprotective
protein and has been implicated in various rare neural developmental disorders and

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7

July 2020 | Volume 8 | Article 553


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2020.00553
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2020.00553
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2020.00553&domain=pdf&date_stamp=2020-07-01
https://www.frontiersin.org/articles/10.3389/fcell.2020.00553/full
http://loop.frontiersin.org/people/562024/overview
http://loop.frontiersin.org/people/1009277/overview
http://loop.frontiersin.org/people/104331/overview
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Sun et al.

ADNP Controls Gene Expression

cancers, including the Helsmoortel-Van der Aa syndrome, gastric
and colorectal cancers (Pinhasov et al., 2003; Vandeweyer et al.,
2014). The Helsmoortel-Van der Aa syndrome is characterized
by global developmental delay, intellectual disability, dysmorphic
features, hypotonia and autism (Helsmoortel et al, 2014).
However, the molecular mechanism underlying the syndrome
remains poorly understood. ADNP contains nine zinc fingers
and a homeobox domain, suggesting that it functions as
a transcription factor. Consistently, ADNP deficiency in
pluripotent P19 cells leads to aberrant gene activity, functioning
as both transcriptional activator and repressor (Gozes et al.,
2015). A growing body of research has shown that ADNP
functions as an important chromatin regulator by physical
association with chromatin remodelers. For instance, ADNP was
shown to interact with core sub-units of the SWI/SNF chromatin
remodeling complex such as BRG1 and BAF250 (Mandel and
Gozes, 2007). By association with the chromatin regulator HP1,
ADNP localizes to pericentromeric heterochromatin regions
where it silences major satellite repeat elements (Mosch
et al., 2011). ADNP forms a stable tripartite complex with
CHD4 and HP1 (called the ChAHP) to control lineage
gene expression in ESCs (Ostapcuk et al, 2018). Recently,
it has been shown that ADNP regulates local chromatin
architecture by competing for binding with CTCE a master
genome architecture protein (Phillips-Cremins et al.,, 2013;
Kaaij et al., 2019).

Although approximately 15,000 ADNP bound sites were
identified in ESCs, most ADNP ChIP-seq peaks are not localized
at gene promoters (Ostapcuk et al., 2018). In addition, many
genes bound by ADNP are not deregulated in the absence of
ADNP (this work and Kaaij et al., 2019). Thus, the mechanism
by which ADNP regulates gene expression remains unclear. In
ES cells, most developmental transcription factors are in bivalent
state which is characterized by the presence of both H3K4me3
and H3K27me3 at gene promoters. The bivalent domains are
proposed to silence developmental genes in ES cells while keeping
them poised for later activation (Ku et al., 2008). The enhancers
of developmental genes are usually in a “poised” state, premarked
by H3K4mel/H3K27me3; while the enhancers of pluripotency-
related genes are marked by H3K27ac, a mark associated with
active enhancers (Calo and Wysocka, 2013).

In this work, we hypothesize that the ADNP-regulated
chromatin-remodeling mechanism contributes to ES cell gene
expression state by modulating bivalent histone modifications
and chromatin accessibility. We show that ADNP functions
as a key chromatin regulator- this is potentially linked
to its interaction with the chromatin remodelers, BRGI1
and CHD4. ADNP is required for proper establishment of
local chromatin accessibility, nucleosome configuration, and
bivalent modifications of developmental genes. Loss of ADNP
leads to enhancer over-activation and increased ratio of
H3K4me3/H3K27me3 at key PrE gene promoters, resulting in
prominent up-regulation of these genes and priming ES cell
differentiation toward endodermal cell types. These findings
provide further insights into the role of ADNP in the
maintenance of ES cell phenotype and the pathology of the
Helsmoortel-Van der Aa syndrome.

MATERIALS AND METHODS
ES Cell Culture

Mouse embryonic stem cells (mESCs) Rl were maintained
in Dulbeccos Modified Eagle Medium (DMEM, BI, 01-
052-1ACS) high glucose media containing 10% fetal
bovine serum (FBS, Gibco, 10099141), 10% knockout
serum replacement (KSR, Gibco, 10828028), 1 mM sodium
pyruvate (Sigma, S8636), 2 mM L-Glutamine (Sigma, G7513),
1,000 U/ml leukemia inhibitory factor (LIE Millipore,
ESG1107) and penicillin/streptomycin  (Gibco, 15140-122)
at 37°C with 5% CO2.

The 2i culture condition was used as described previously
(Chappell et al,, 2013). The commercial ESGRO-2i Medium
(Merck-Millipore, SF-016-200) was also used when necessary. We
found that in 2i medium, Adnp-/- ESCs adopted morphology
indistinguishable to that of control ESCs, and maintain self-
renewal capacity for more than 20 passages that we tested.

Embryoid Body (EB) Formation
Embryonic stem cells differentiation into embryoid bodies was
performed in attachment or suspension culture in medium
lacking LIF or knockout serum replacement (KSR), as described
in our previous report (Chappell et al., 2013).

Adnp shRNA Knockdown

The shRNA plasmids for Adnp (TRCN0000081670;
TRCN0000081671), and the gfp control (RHS4459) were
purchased from Dharmacon (United States). To make lentivirus,
shRNA plasmids and Trans-lenti sShRNA packaging plasmids
were co-transfected into H293T cells according to the kit
manual (Open Biosystems, TLP4615). After determining the
virus titer, mESCs were transduced at a multiplicity of infection
of 5:1. Puromycin selection (1 pg/ml) was applied for 4 days
to select cells with stable viral integration. Quantitative PCR
(qPCR) and Western blot were used to assess the knockdown
of Adnp.

Generation of Adnp-/- ESCs

Adnp-/- mESCs  were generated by  CRISPR/Cas9
technology. Briefly, we designed two sgRNAs on
exon 4 of the Adnp gene by using the online website
http://crispr.mit.edu/. The sgRNAs sequences are: sgRNAIL:
5-CCCTTCTCTTACGAAAAATCAGG-3’;  sgRNA2:  5'-
CTACTTGGTGCGCTGGAGTTTGG-3". SgRNAs were cloned
into the pUC57-U6 expression vector with G418 resistance. The
plasmids containing sgRNA and hCas9 were co-transfected into
mESCs using Lipofectamine 2000 (Gibco). After 48 h, mESCs
were selected with 500 pg/ml G418 for 7 days. Then the cells
were re-seeded on 10 cm dishes coated with 0.1% gelatin to
form colonies. The single colony was picked up and trypsinized
for passage. DNA from the passaged cells was extracted and
used for genotyping. At least two mutant ES cell lines were
established in the lab.
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Generation of 3 x FLAG Tagged Adnp-/-

mESC Cell Lines

The full-length Adnp cDNA (NM_009628.3) was amplified by
PCR and then cloned into pCMV-3 x Flag vector. The full-length
Adnp cDNA sequence containing N-terminal 3 x Flag sequence
was subcloned into the pCAG-IRES-Puro vector. To make stable
transgenic cells, Adnp-/- mESCs were transfected with pCAG-
IRES-Puro-3 x FLAG-Adnp vector using Lipofectamine 2000
(Gibco). 48 h later, cells were selected by 1 pg/ml puromycin.
After 4-5 days drug selection, cells were expanded and passaged.
Western blot assays were performed to confirm the transgenic cell
line using FLAG antibodies.

Inducible transgenic cell lines were established according to
the manual of the Tet-Express inducible expression systems
(Clontech, 631169). Briefly, Adnp-/- ESCs were transfected with
2 ng pTRE3G-3 x FLAG-Adnp with linear 100 ng puromycin
marker using Lipofectamine 2000 transfection reagent. 96 h later,
1 pg/ml puromycin was added and drug selection was performed
for 2 weeks to establish the stable transgenic cell line. To induce
target gene expression, 3 x 10° transgenic cells were plated
in 6-well plates. The next day, the Tet-Express transactivator
(Clontech, 631178) was added (3 pl Tet-Express to a final 100 pl
total volume according to the kit manual) for 1 h in serum-
free medium to induce target gene expression. Then cells were
allowed to grow in complete medium for an additional 12-24 h
before assaying for target protein induction. Western blotting
was used to assess target protein expression levels using FLAG
antibodies. In the absence of Tet-Express transactivator, pTRE3G
provides very low background expression, whereas addition of
Tet-Express proteins strongly transactivates target genes.

RNA Preparation, RT-qPCR and RNA-Seq
Total RNA from mESCs was extracted with a Total RNA isolation
kit (Omega, United States). 1 pg RNA was reverse transcribed
into cDNA with TransScript All-in-One First-Strand cDNA
synthesis Supermix (TransGen Biotech, China). Quantitative
real-time PCR (RT-qPCR) was performed on a Bio-Rad qPCR
instrument using Hieff gPCR SYBR Green Master Mix (Yeasen,
China). The primers used for RT-qPCR are listed in Tables 2, 3.
All experiments were repeated for three times. The relative gene
expression levels were calculated based on the 272 A€t method.
Data are shown as means & S.D. The Student’s ¢ test was used
for the statistical analysis. The significance is indicated as follows:
*p < 0.05;**p < 0.01; ***p < 0.001.

For RNA-Seq, mESCs were collected and treated with Trizol
for RNA extraction. The isolated RNAs were quantified by a
NanoDrop instrument, and sent to BGI Shenzhen (Wuhan,
China) for whole RNA-Seq libraries and deep sequencing. RNA-
Seq experiments were repeated for three times. Differentially
expressed genes (DEGs) were defined by FDR < 0.05 and a Log,
fold change > 1 was deemed to be DEGs.

Protein Extraction, and Western Blot

Analysis
For protein extraction, ES cells and EBs were harvested and
lysed in TEN buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM

EDTA, 1% Triton X-100, 0.5% Na-Deoxycholate, with Roche
cOmplete Protease Inhibitor). The lysates were quantified by the
Bradford method and used for Western blot assay. Antibodies
used for WB were ADNP (R&D Systems, AF5919, 1:500), FLAG
(F3165, Sigma, 1:1000), HA (66006-1-Ig, Proteintech, 1:1000),
BRG1 (21634-1-AP, Proteintech, 1:1000), CHD4 (ab181370,
Abcam, 1:1000), SOX17 (24903-1-AP, Proteintech, 1:1000),
GATA4 (19530-1-AP, Proteintech, 1:1000) and GATAG6 (55435-1-
AP, Proteintech, 1:1000). WB assay was performed as described
previously. Briefly, the proteins were separated by 10% SDS-
PAGE and transferred to a PVDF membrane. After blocking
with 5% (w/v) non-fat milk for 1 h at room temperature,
the membrane was incubated overnight at 4°C with the
primary antibodies. Then the membranes were incubated with
a HRP-conjugated goat anti-rabbit IgG (GtxRb-003-DHRPX,
ImmunoReagents, 1:5000), a HRP-linked anti-mouse IgG (70768,
Cell Signaling Technology, 1:5000) for 1 h at room temperature.
The GE ImageQuant LAS4000 mini luminescent image analyzer
was used for photography. Western blots were repeated at least
two times. Quantification of WB band intensity was performed
by use of Image] software.

Co-immunoprecipitation (Co-IP)
Co-immunoprecipitation was performed for either ESCs or
HEK293T cells as described in the text. Before performing co-IP,
stable or transgenic cell lines were established as described above.
For making transgenic cells, the full length or partial cDNAs
of Chd4 (genelD: 107932), Brgl (Smarca4, genelD: 20586) and
Adnp genes were amplified by PCR and then cloned into the
PCAG vector. The primers used for PCR are listed in Table 1. The
constructs were verified by DNA sequencing. Co-IP experiments
were performed with Dynabeads Protein G (Life Technologies,
United States) according to the manufacturer’s instructions.
Briefly, 1.5 mg Dynabeads was conjugated with 10 pg IgG, or
10 pg anti-ADNP antibody, or 10 pg anti-FLAG antibody, or
10 pg anti-HA antibody, or 10 g anti-BRG1 antibody, or 10 pg
anti-CHD4 antibody. The whole cell lysates from cells were
incubated with antibody-coupled Dynabeads overnight at 4°C.
The next day, the beads were washed with PBST and boiled with
loading buffer for 5 min. The protein samples were run on a SDS-
PAGE gel and transferred to a PVDF membrane. The membrane
was blocked with 5% (w/v) non-fat milk for 1 h at room
temperature (RT), and followed overnight at 4°C with antibodies
against ADNP (R&D Systems, AF5919, 1:500), FLAG (F3165,
Sigma, 1:1000), HA (66006-1-Ig, Proteintech, 1:1000), BRG1
(21634-1-AP, Proteintech, 1:1000), CHD4 (ab181370, Abcam,
1:1000). Next day, the membranes were incubated with secondary
antibodies (HRP-conjugated goat anti-rabbit IgG (GtxRb-003-
DHRPX, ImmunoReagents, 1:5000), or HRP-linked anti-mouse
IgG (70768, Cell Signaling Technology, 1:5000) for 1 h at room
temperature. After three times wash with PBST, the ECL substrate
(Pierce, #32109) was applied for detection of signals. The GE
ImageQuant LAS4000 mini luminescent image analyzer was used
for photography.

Mapping experiments were performed in HEK293T cells.
2 x 107 cells were seeded in 10 cm dishes without antibiotics in
DMEM medium containing 10% FBS at 37°C with 5% CO2. 24 h
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TABLE 1| The

primers for gRT-gPCR.

TABLE 3 | The primers for plasmid constructions.

Mouse genes

Forward (5'-3)

Reverse (5'-3)

Mouse genes

Forward (5'-3')

Reverse (5'-3)

B-actin AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT
Nanog ACCCAACTTGGAACAACCAG CGTAAGGCTGCAGAAAGTCC
Poubf1 CGTTCTCTTTGGAAAGGTGTTC GAACCATACTCGAACCACATCC
Pax6 AGTGAATGGGCGGAGTTATG  ACTTGGACGGGAACTGACAC
Nestin CCCTGAAGTCGAGGAGCTG  CCCTGAAGTCGAGGAGCTG
Gsc GCACCATCTTCACCGATGAG  AGGAGGATCGCTTCTGTCGT
Brachyury/T ~ CTGGGAGCTCAGTTCTTTCG CCCCTTCATACATCGGAGAA
Gata4 TCTCACTATGGGCACAGCAG GCGATGTCTGAGTGACAGGA
Gatab CAAAAGCTTGCTCCGGTAAC TGAGGTGGTCGCTTGTGTAG
Sox17 GCTTCTCTGCCAAGGTCAAC CTCGGGGATGTAAAGGTGAA
TABLE 2 | The primers for ChIP-gPCR.

Mouse genes

Forward (5'-3)

Reverse (5'-3')

Park2 P1 CTGGGATCCGAGGCTAGAGT ACCAGCGTTTCTGTCAGGTT
Sox17 P2 ACTAGTCTTGGGAAAGCGCC AGAAAGAAAGCCCGGGGATG
Gata4 P1 CTAACGGGCCTGGTGTTCTT CCCACTCACAGGGTGACTTC
Gata6 P1 TTTAGGGCTCGGTGAGTCCA GAGGAAACAACCGAACCTCG
Nanog P1 CATCACGTCGGACTGCTTCT  CAGGGTTTCTCGTCCTTTCCT
poubfl P2 TGGAGACTTTGCAGCCTGAG TTCTAGTCCACACTGCGTCG
Pax6 P1 ACGACGAAAGAGAGGATGCC GGGCTTTCGCTGGAAGTAGA
Sox1 P1 GGCTGAGCTGAGTGCAAAGT GGGTCGTGTTTAAATGCGCT

Adnp ATGTTCCAACTTCCTGT ~ GCATATGGGCCGT
CAACAATC GTTGCATC

Adnp-N ATGTTCCAACTTCCTG ~ TCACAATGTCAAA
TCAACAATC TCAAAGCTCAAAG

Adnp-C ATGGTTCATATTGATG ~ GCATATGGGCCGTGT
AAGAGATGG TGCATC

Adnp (1-735) ATGTTCCAACT TCATTCATGGTCCTC
TCCTGTCAACAATC AATGACATGCT

Adnp (733-1479) ATGGAACGGATA TCAGAGGCATTTG
GGCTATCAGGTC CTAGTAAAATTGTG

Adnp (1450-2055) ATGCACAATTTTA TCAGTGGACTAG
CTAGCAAATGCCTC ATGCAGAGTGAT

Adnp (2035-2451) ATGATCACTCTGC TCAGTACTTTTC
ATCTAGTCCAC ACAGTCGCGGAC

Adnp (2430-3371) ATGGTCCGCGACT GCATATGGGC
GTGAAAAGTAC CGTGTTGCATC

Chromatin Immunoprecipitation (ChiIP)

later, the plasmids containing a gene of interest were transfected
into HEK293T cells using Lipofectamine 2000 (Gibco) according
to the manufacturer’s instructions. And 48 h later, the cells were
harvested for the co-IP experiments.

Sequential Immunoprecipitation

3 x Flag-Tagged-ADNP Adnp-/- mESCs were seeded in 10 cm
dishes and allowed to grow to 80-90% confluence. The cells
were treated with 10 uM MGI132 for 3 h and then harvested
with a cell scraper. The lysate was prepared with lysis buffer
containing 50 mM Tris-HCI (PH7.4), 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100 and 1 x ROCHE protease inhibitor.
Sequential IP was carried out as follows: 1.5 mg Dynabeads was
conjugated with 10 pg anti-FLAG antibody (F3165, Sigma) at
room temperature for 2 h, then the lysates were incubated with
antibody coupled Dynabeads overnight at 4°C with rotation.
After washing with IP wash buffer (50 mM Tris-HCIl PH 7.4 and
150 mM NaCl) 3 times, 0.5 mg/mL 3 x FLAG peptides (F4799,
Sigma) was added and incubated with the washed Dynabeads
overnight at 4°C with rotation. Next day, the supernatants were
collected by a magnetic stand and used for second round IP.
50 w1 supernatants were saved as input. The remainder of the
supernatants were incubated with the Dynabeads pre-coupled
with anti-CHD4 antibody (21634-1-AP, Proteintech) overnight at
4°C with rotation. After extensive washes, the Dynabeads were
resuspended with 5 x loading buffer. Then the mixture was
boiled at 95°C for 5 min, followed by Western blot assay using
the anti-BRGI antibody.

and ChiP-seq

Chromatin Immunoprecipitation experiments were performed
according to the Agilent Mammalian ChIP-on-chip manual as
described (Singh et al., 2015). Briefly, 1 x 103 ES cells were
fixed with 1% formaldehyde for 10 min at room temperature.
Then the reactions were stopped by 0.125 M Glycine for 5 min
with rotating. The fixed chromatin were sonicated to an average
of 200-500 bp (for ChIP-Seq) or 500-1,000 bp (for ChIP-
qPCR) using the S2 Covaris Sonication System (United States)
according to the manual. Then Triton X-100 was added to
the sonicated chromatin solutions to a final concentration
of 0.1%. After centrifugation, 50 pl of supernatants were
saved as input. The remainder of the chromatin solution was
incubated with Dynabeads previously coupled with 10 g ChIP
grade antibodies (ADNP, R&D Systems, AF5919; H3K4me3,
Abcam, ab1012; H3K27me3, Abcam, ab192985) overnight at
4°C with rotation. Next day, after 7 times washing with
the wash buffer, the complexes were reverse cross-linked
overnight at 65°C. DNAs were extracted by hydroxybenzene-
chloroform:isoamylalcohol and purified by a Phase Lock Gel
(Tiangen, China).

For ChIP-PCR, the ChIPed DNA were dissolved in 100 pl
distilled water. Quantitative real-time PCR (qRT-PCR) was
performed using a Bio-Rad qPCR instrument. The enrichment
was calculated relative to the amount of input as described.
All experiments were repeated at least for three times. The
relative gene expression levels were calculated based on the
27AACt method. Data were shown as means + S.D. The
Student’s ¢ test was used for the statistical analysis. The
significance is indicated as follows: *p < 0.05; **p < 0.01;
#%p < 0.001.

For ChIP-seq, the ChIPed DNA were dissolved in 15 pl
distilled water. Library constructions and deep sequencing were
done by the BGI Shenzhen (Wuhan, China). All ChIP-seq
experiments were repeated two times.
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Calculation of H3K4me3/H3K27me3

Ratio at Gene Promoters

The promoter chromatin state was calculated as the relative
ratio of the signal derived from the number of H3K4me3
and H3K27me3 sequence reads across a window between —3
and +3 kb of the annotated TSS. The relationship between
H3K4me3/H3K27me3 ratio and expression was calculated by
averaging of the H3K4me3/H3K27me3 ratio within a sliding
window 100 observations wide, incrementing by 1, using a
Spearman rank correlation. The ratio for Adnp-/- ESCs was
relative to that of control ESCs. The calculation was based on
the two ChIP-seq replicates. Data were shown as means + S.D.
The Students t test was used for the statistical analysis. The
significance is indicated as follows: *p < 0.05; **p < 0.01;
¥%p < 0.001.

ATAC-seq Assay

A 50,000 control ESCs and Adnp-/- ESCs in LIF-KSR medium
were used for ATAC-seq assay. The experiment was performed in
biological replicates using two independent isogenic cell lines for
each genotype. Library preparation and ATAC-seq experiments
were done by the BGI company (Wuhan, China). Libraries
were paired-end sequenced (2 x 75 bp) using an Illumina
NextSeq 500 device.

Immunoprecipitation in Combination
With Mass Spectrometry

For IP-Mass spectrometry, the IP samples (previously
immunoprecipitated by IgG or ADNP antibody) were run
on SDS-PAGE gels and stained with Coomassie Brilliant
Blue. Next, the entire lanes for each IP samples were cut out
and transferred into a 15 ml tube containing 1 ml deionized
water. Further sample treatment and the Mass Spectrometry
analysis were done by the GeneCreate Biological Engineering
Company (Wuhan, China).

Immunofluorescence Assay

Cells previously seeded onto glass slides were fixed with 4%
paraformaldehyde for 10 min at room temperature. Then cells
were washed with ice-cold PBST three times. Following the
incubation with blocking buffer (5% normal horse serum, 0.1%
Triton X-100, in PBS) at room temperature for 1 h, cells were
incubated with primary antibodies anti-OCT3/4 (N-19) (sc-8628,
Santa Cruz) at 4°C overnight. After three-times washing with
PBST, the cells were incubated with the secondary antibodies (1:
500 dilution in antibody buffer, Alexa Fluor, Thermo Fisher) at
room temperature for 1 h in the dark. The nuclei were stained
with DAPI (D9542, Sigma, 1:1000). After washing with PBS
twice, the slides were mounted with 100% glycerol on histological
slides. Images were taken by a Leica SP8 laser scanning confocal
microscope (Wetzlar, Germany).

Protein-Protein Interaction Assay Using

a Rabbit Reticulocyte Lysate System
The Protein-Protein Interaction Assay using the Rabbit
Reticulocyte Lysate System has been described (Sun et al., 2018).

FLAG or HA tagged-ADNP, BRG1 or CHD4 proteins were
synthesized using the TNT coupled reticulocyte lysate system
according to the manual (L5020, Promega, United States).
Briefly, 1 ng of a circular PCS2-version of plasmid DNA was
added directly to the TNT lysate and incubated for 1.5 h at
30°C. 1 pl of the reaction products was subjected to WB assay to
evaluate the synthesized protein. For protein-protein interaction
assay, 5-10 pl of the synthesized HA or FLAG tagged proteins
were mixed in a 1.5 mL tube loaded with TEN buffer, and the
mixture was shaken for 30 min at room temperature. Next, IP
or pull-down assay was performed using Dynabeads protein G
coupled with FLAG or HA antibodies as described above.

Alkaline Phosphatase (AP) Staining

Alkaline phosphatase activity of mESCs was performed with a
Leukocyte Alkaline Phosphatase Kit (Sigma, 86C-1KT) according
to the manufacturer’s instructions as described previously
(Chappell et al., 2013).

BIOINFORMATICS ANALYSIS
ChiIP-seq Analysis

ChIP-seq data were aligned in Bowtie2 (version 2.2.5) with
default settings. Non-aligning and multiple mappers were filtered
out. Peaks were called on replicates using the corresponding
inputs as background. MACS2 (version 2.1.1) was run with
the default parameters. Peaks detected in at least two out of
three replicates were kept for further analysis. BigWig files
displaying the full length for uniquely mapping reads were
generated using the bedGraphToBigWig (UCSC binary utilities).
To investigate the co-occupancy of ADNP, BRG1 and CHD4,
we consulted previously published ChIP-seq data sets for BRG1
(GSE87820) and CHD4 (GSE64825) (Dieuleveult et al., 2016).
To investigate the co-occupancy of ADNP with H3K4mel and
H3K27ac, we consulted previously published ChIP-seq data
sets for H3K4mel (GSM2575694) and H3K27ac (GSM2575695)
(Dieuleveult et al., 2016).

RNA-seq Analysis

All sequencing reads were aligned to the 9 mm mouse
genome assembly from the UCSC genome browser. Data were
aligned using Bowtie2 with the default settings. Aligned and
sorted reads were indexed using SAMtools (version 1.2). Reads
were counted over exons using the R summarize Overlaps
function and collapsed to yield one value per gene. The read
counting is performed for exonic gene regions in a non-strand-
specific manner while ignoring overlaps among different genes.
Subsequently, the expression count values were normalized by
Reads Per Kilobase per Million mapped reads (RPKM). The
count table was used for differential expression calling with the
EdgeR package. FDR < 0.05 and log, fold change > 1 was
deemed to be a differentially expressed gene. For comparative
transcriptome analysis in the presence and absence of ADNP,
BRG1 and CHD4, we consulted the published RNA-seq data
sets for Brgl KO (GSE87821) and Chd4 KO (GSE80280)
(King and Klose, 2017).
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ATAC-seq Analysis

Paired-end reads were aligned using Bowtie2 using default
parameters. Only uniquely mapping reads were kept for further
analysis. These uniquely mapping reads were used to generate
bigwig genome coverage files similar to ChIP-seq. Heat maps
were generated using deeptools2. For the meta-profiles, the
average fragment count per 10-bp bin was normalized to the
mean fragment count in the first and last five bins, which
ensures that the background signal is set to one for all
experiments. Merged ATAC-seq datasets were used to extract
signal corresponding to nucleosome occupancy information with
NucleoATAC. For comparison analysis of ADNP, BRG1 and
CHD4 ATAC-seq signals, we consulted previously published
ATAC-seq data sets for Brgl KD (GSM1941485-6) and Chd4 KD
(GSM1941483-4) (Dieuleveult et al., 2016).

Differential Binding and Gene Expression
Analysis

Significant changes in ATAC-seq were identified using the
DiffBind package, a FDR < 0.05 and log, fold change > 1 was
deemed to be a significant change. Gene ontology (GO) analysis
for differentially regulated genes, and heat maps were generated
from averaged replicates using the command line version of
deepTools2. Peak centers were calculated based on the peak
regions identified by MACS (see above).

Quantification and Statistical Analysis

Data are presented as mean values = SD unless otherwise
stated. Data were analyzed using Student’s ¢ test analysis. Error
bars represent s.e.m. Differences in means were statistically
significance when p < 0.05. Significant levels are: *p < 0.05;
*P < 0.01; ***p < 0.001.

Data Availability

All RNA-seq, ATAC-seq and ChIP-seq data have been deposited
into the database at https://bigd.big.ac.cn/. The accession
numbers are CRA001624 and CRA002148. All other related data
will be available upon reasonable request.

RESULTS

Adnp Ablation Leads to Significant

Up-Regulation of PrE Genes

To understand the role of ADNP, we generated Adnp mutant
ESCs by using CRISPR/Cas9 technology. gRNAs were designed
to target the 3" end of exon 4 of the mouse Adnp gene (Figure 1A).
We have successfully generated 4 Adnp mutant alleles. The
mutant ESCs we used in this work has the combination of 4-
and 5-bp deletions in exon 4 of Adnp, as revealed by DNA
genotyping around the CRISPR targeting site (Figure 1B). ADNP
protein was almost undetectable in Adnp-/- ESCs by Western blot
using ADNP antibodies from different resources (Figure 1C and
Supplementary Figure 1A), which strongly supported that the
mutant alleles are functional nulls.

In the traditional self-renewal medium containing LIF-
KSR plus FBS, the newly established Adnp-/- ESC colonies
overall exhibited typical ESC-like morphology, and abundantly
expressed the core pluripotency factor OCT4 (Figures 1D,E).
To understand how ADNP deficiency affects ES cell phenotype,
comparative transcriptome analysis for control and early passage
Adnp-/- ESCs was performed by RNA-sequencing (RNA-seq).
A total of 1,026 differentially expressed genes (DEGs) (log, fold
change > 1 and p < 0.05) were identified based on two RNA-seq
experiments (each has two replicates). Of which, an average of
766 genes were up-regulated and 260 genes were down-regulated
(Supplementary Figure 1B). GO (gene ontology) analysis
revealed that the majority of deregulated genes were enriched for
DNA binding and catalytic activity (Figure 1F). In the absence
of ADNP, the expression of key mesoderm specifying genes such
as Gsc and T (log, fold change < 1; RPKM < 1 in ESCs),
and neuroectoderm specifying genes such as Fgf5, Nestin and
Olig2 (log, fold change < 1; RPKM < 2), as well as pluripotency
genes such as Pou5fl and Nanog (log, fold change < 1) was
barely changed. Remarkably, genes implicated in extraembryonic
primitive endoderm (PrE) development such as Gata4, Gata6,
Sox7, Krt18, Sparc, Citedl, Dab2, and Cubn (log, fold change > 1;
RPKM > 5 in mutant ESCs) were significantly up-regulated.
The qRT-PCR assay confirmed the RNA-seq results (Figure 1G).
These data suggested that ADNP performs an important role
in repressing PrE genes in ESCs. Although PrE genes were
up-regulated, Adnp-/- ESCs can maintain self-renewal capacity
for many generations before eventually adopting a flattened
morphology and exhibiting reduced alkaline phosphatase activity
(Figure 1H). Thus, our results indicated that acute ADNP
depletion in ESCs does not result in sudden and complete loss
of self-renewal, while prolonged ADNP depletion may cause
ESC differentiation toward endodermal cell types, likely due to
up-regulation of the key endoderm-specifying genes.

It has been shown that loss of ADNP disrupted the
differentiation potential of ESCs (Ostapcuk et al., 2018). Similar
results were obtained in our hand by performing embryoid body
(EB) formation of mutant and control ESCs (Figure 1I). In day
6 EBs derived from control ESCs, neural genes Nestin and Pax6
as well as PrE genes Gata6 and Sox17 were induced as expected.
In day 6 EBs derived from Adnp-/- ESCs, however, the PrE
genes were abnormally up-regulated, at the expense of neural
genes. WB analysis confirmed that GATA6 and GATA4 levels
were higher in Adnp-/- ESC-derived EBs than in control ESC-
derived EBs (Figure 1J). When FLAG-ADNP was re-introduced
into mutant ESCs (Supplementary Figure 1C), the defective
gene expression and the alkaline phosphatase activity were largely
rescued (Figures 1H,I). This data demonstrated that the observed
phenotypes were specifically due to the loss of ADNP.

ADNP Associates With Chromatin
Remodelers BRG1 and CHD4

To understand the role of ADNP in ESCs, we sought to identify
its interacting proteins by performing immunoprecipitation (IP)
in combination with mass spectrometry (Mass Spec) assay using
commercial ADNP antibodies (Figure 2A). The commercial
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ADNP antibodies we used are specific, as demonstrated by the
fact that a clean band around 150 kD which is the predicted size of
ADNP was detected by WB analysis, and this band became barely
detected in Adnp-/- ESCs (Figure 1C). A total of 180 ADNP-
interacting candidate proteins were identified, which included
the known ADNP interactors HP1y and CHD4 (Ostapcuk et al.,
2018), which further supported the specificity of the antibodies
used. We confirmed that the N-terminal fragment of ADNP
binds to CHD4 which was in line with the recent report by
Ostapcuk and co-workers (data not shown). Further mapping
experiments revealed that the N-terminal fragment of ADNP
binds to the C-terminal but not N-terminal fragment of CHD4
(Figures 2B,C and Supplementary Figure 2A).

Activity Dependent Neuroprotective Protein was previously
shown to interact with BRG1 and BAF250, core sub-units of BAF
ATP-dependent chromatin remodeling complexes in HEK293
cells (Mandel and Gozes, 2007). BRG1 and BAF250 are conserved
components of the ES cell-specific BAF complex called esBAF
(Ho et al., 2008). Although no esBAF components were identified

in our Mass Spec assay, Adnp-/- ESCs resemble BRG1 or
BAF250a deficient ESCs not only in gene expression but also
in morphological aspects (Gao et al., 2008; Kidder et al., 2009).
We therefore performed co-IP experiments to examine whether
ADNP interacts with BRG1 or BAF250a in ESCs. Our co-IP
results showed that endogenous BRG1 but not BAF250a was able
to pull down ADNP (Figure 2D). Further mapping experiments
showed that the C-terminal fragment of ADNP interacts with
the N-terminal but not the C-terminal of BRG1 (Figure 2E
and Supplementary Figure 2B). To investigate whether ADNP
physically associates with BRG1, we used a reticulate lysate
system to synthesize the FLAG-tagged C-terminal fragment of
ADNP and the HA-tagged N-terminal fragment of BRG1. When
they were mixed together, anti-FLAG antibodies could readily
pull down HA-BRGI1-N (Figure 2F).

Although endogenous BRG1 and CHD4 interact with each
other in mouse embryos, it is not known whether this was the case
in ESCs (Shimono et al., 2003; Singh et al., 2016). By performing
co-IP experiments, we found that endogenous BRG1 pulled down
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CHDA4. Further mapping revealed that the C-terminal fragment
of BRGI strongly associates with the N-terminal fragment of
CHD4 (Figures 2G,H). Using a reticulate lysate system, we
further confirmed that they interact physically (Figure 2I).
Based on the above mapping results, we speculated that ADNP,
CHD4, and BRG1 may form a triplex in vivo. To this end, we
performed sequential immunoprecipitation experiments using
a transgenic Adnp-/- ES cell line where a 3 x FLAG-tagged
version of ADNP could be induced by the addition of the Tet-
Express protein. We confirmed that in the presence of the Tet-
Express protein, 3 x FLAG-ADNP levels in Adnp-/- ESCs were
similar to endogenous ADNP in control ESCs (Supplementary
Figure 2C). In the first round IP, FLAG antibodies easily pulled
down endogenous BRG1 or CHD4. Next, FLAG antibody-bound
protein complexes were eluted with excessive 3 x FLAG peptide,
and were subjected to the second round of IP using CHD4
antibodies. As shown in Figure 2J, CHD4 antibodies could pull
down both FLAG-ADNP and BRGI. Thus, our sequential IP
data supported that ADNP, BRG1 and CHD4 could form a
tripartite complex (ABC triplex) in ESCs (Figure 2K), although

it is possible that this triplex is a part of large uncharacterized
multiprotein complexes.

ADNP, BRG1, and CHD4 Co-occupy

Target Genes Genome-Wide

To better understand the role of ADNP in the maintenance of
ESCs, we sought to determine its direct targets and genome-
wide binding profile by chromatin immunoprecipitation coupled
with high-throughput sequencing (ChIP-seq) analysis. A total of
10,642 sites were bound by ADNP compared to the input, and
838 target genes were identified. Of which, 1,632 peaks were
found in promoter proximal regions, 5,951 peaks were found in
gene bodies, and the majority of the remainder were localized
to intergenic regions (Figures 3A,B and Supplementary Figures
3A,B). Thus, most of ADNP peaks were localized to intergenic
or promoter-distal regions, which was similar to that from
the recent published FLAG-ADNP ChIP-seq results (Ostapcuk
et al., 2018). Gene ontology analysis revealed that ADNP targets
are enriched for genes involved in metabolic processes and
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cell signaling such as GTPase binding, G-protein signaling and
cell adhesion (Figure 3C). As PrE genes were significantly
deregulated in the absence of ADNP, we examined ADNP ChIP-
seq peaks at these genes. Surprisingly, no significantly enriched
ChIP-seq peaks were found at key PrE genes except Gata4
(Supplementary Figure 3B). By contrast, pluripotency genes
such as Nanog and Pou5f1 were extensively bound by ADNP
(Figure 3A). By ChIP-PCR, we confirmed that Gata6, Sox7 and
Sox17 were barely bound by ADNP at gene promoter regions
(Supplementary Figure 3C).

The association of ADNP with BRG1 and/or CHD4 prompted
us to determine whether ADNP binding sites were co-occupied
by the two chromatin remodeler factors. Unfortunately, the ChIP
experiments using commercial BRG1 or CHD4 antibodies were
not successful. We therefore consulted the published CHD4 or
BRG1 ChIP-seq data, and revealed that 10,765 and 11,175 sites
were significantly enriched for CHD4 and BRG1, respectively
(Dieuleveult et al, 2016; King and Klose, 2017). CHD4 or
BRG1 ChIP-seq peaks were localized to proximal promoter,
gene body and intergenic regions, analogous to that of ADNP.
Bioinformatics analysis were performed to examine the overlap
among ADNP, BRG1 and CHD4 ChIP-seq peaks. When we

compared ADNP and BRGL sites, 67% (7,167/10,642) of ADNP
peaks overlapped with 64% (7,167/11,175) of BRG1 peaks; when
comparing ADNP with CHD4 sites, 65% (6,882/10,642) of ADNP
peaks overlapped with 64% of CHD4 peaks (6,882/10,765). When
comparing the binding of all three proteins, 31% (5,152/16,469)
were co-bound by ADNP, BRG1 and CHD4 (Figures 3B,D and
Supplementary Figure 3A).

We plotted ADNP, CHD4, and BRG1 ChIP-seq reads in a & 4
kb region surrounding TSS and divided ADNP- or CHD4- or
BRG1-bound genes into 7 categories (cluster A: ADNP+BRG1-
CHD4-, cluster B: ADNP-BRG1+ CHD4-, cluster C: ADNP-
BRG1-CHD4+, Cluster D: ADNP+BRG1+ CHD4-, cluster
E: ADNP+BRGI1-CHD4+, cluster F: ADNP-BRG1+CHD4+,
and cluster G: ADNP+ CHD4+ BRGI1+) (Figure 3E). We
examined the effects of loss of ADNP on the expression of
each cluster of genes. Interestingly, compared to all genes,
loss of ADNP had a minimal effects on gene expression of
all clusters except for cluster D (Supplementary Figure 3D).
Loss of ADNP led to a significant down-regulation of cluster
D genes (p < 0.05). GO analysis of cluster D revealed the
enrichment of terms such as regulation of transcription, positive
regulation of neural differentiation, cell cycle and metabolic
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process (data not shown). This was in line with that loss of
ADNP leads to compromised ESC pluripotency, particularly
differentiation toward the neuronal lineage (Ostapcuk et al.,
2018). Why the cluster D genes were most sensitive to loss of
ADNP remains unclear.

ADNP Depletion Leads to Local
Chromatin Accessibility and Nucleosome
Configuration Change, and PrE Genes
Appear Most Sensitive to Loss of Adnp

Activity Dependent Neuroprotective Protein interacting
chromatin remodelers CHD4 and BRGI1 have well-known
functions for regulating chromatin accessibility and nucleosome
configuration in ESCs (Tolstorukov et al., 2013; Lei et al., 2015).
To understand how loss of ADNP affected gene expression,
we performed transposase-accessible chromatin with massively
parallel sequencing (ATAC-seq) for control and Adnp-/- ESCs.

In control ESCs, the majority of ADNP-bound loci were largely
devoid of ATAC-seq signals, suggesting that ADNP was bound
to inaccessible chromatin. In the absence of ADNP, these sites
became accessible as they showed significant ATAC-seq signals
(Supplementary Figures 4A,B). The Gata4 gene is shown here
for individual representation (Figure 4A). This observation
was in line with the recent report that ADNP may render
local chromatin inaccessible by directly binding to these loci
(Ostapcuk et al, 2018). Remarkably, we found that loss of
ADNP also caused a widespread increase of ATAC-seq signals
at genome loci where weak or no ADNP ChIP-seq signals
were observed, primarily at gene enhancer and proximal-
TSS regions (Figures 4A-D). This observation suggested
that ADNP functions to restrict chromatin accessibility at
gene regulatory regions, through a mechanism independent
of its DNA binding activities. Alternatively, the chromatin
accessibility at gene regulatory regions is very sensitive
to loss of ADNP.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

16

July 2020 | Volume 8 | Article 553


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Sun et al.

ADNP Controls Gene Expression

Specifically, we compared chromatin accessibility for
endoderm, mesoderm and neuroectoderm specifying genes
in the presence and absence of ADNP. In the absence of
ADNP, a substantial increase of chromatin accessibility at both
proximal-TSS and poised enhancer regions was observed for key
endoderm specifying genes such as Gata6 and Sox7 (Figure 4D).
Chromatin accessibility was also changed for key mesoderm and
neuroectoderm specifying genes.

Next, we asked whether ADNP regulates nucleosome
configuration in ESCs. Globally, nucleosome occupancy was
significantly reduced in the absence of ADNP (Figure 4E).
When examining the key lineage-specifying genes, we found
that nucleosome positioning, phasing and occupancy were all
significantly altered in the absence of ADNP (Figure 4F).
It appeared that loss of ADNP had greater effects on
nucleosome configuration for the PrE genes than mesoderm
and neuroectoderm specifying genes: ADNP depletion led to a
significant nucleosome occupancy increase around the TSS of
PrE genes. Of note, the nucleosome configuration of ADNP-
bound pluripotency genes was barely altered in the absence of
ADNP (Supplementary Figure 4C).

ADNP-Regulated Chromatin Mechanism
Is Linked With BRG1 and CHD4

Chromatin remodelers are well-known for their role in the
regulation of chromatin structure (Musselman et al., 2012;
Clapier et al,, 2017; Wang et al., 2017). Based on the observation
that ADNP, CHD4, and BRG1 could form complexes and
co-occupy target genes, we reasoned that an ADNP-regulated
chromatin mechanism might be linked with BRG1 and CHDA4.

To explore this, we plotted ADNP ATAC-seq with ADNP,
BRG1, and CHD4 ChIP-seq data sets, and asked whether ADNP-
dependent ATAC hypersensitive peaks overlapped with BRG1
or CHD4 ChIP-seq peaks. Indeed, we found that ADNP, CHD4
or BRG1 ChIP-seq peaks partially overlapped with ADNP-
dependent ATAC hypersensitive loci (Figure 5A). Of note, ADNP
ChIP-seq signals were stronger at ADNP-dependent than ADNP-
independent ATAC-seq peak loci. This was not the case for BRG1
and CHD4 ChIP-seq signals. This observation suggested that
there is an inherent functional link among ADNP, BRGI1 and
CHD4 in shaping chromatin accessibility, and that ADNP may
use both CHD4 and BRG1 to regulate chromatin accessibility by
binding to the local genomic loci.

To further investigate the above hypothesis, we consulted
the previously published BRG1 or CHD4 ATAC-seq data sets
(King and Klose, 2017). We plotted BRG1, CHD4, and ADNP
ATAC-seq data reads, and examined the co-localization of ATAC
hypersensitive peaks in the absence of each factor. We found
that about 10% of BRG1- or 17% of CHD4-dependent ATAC
hypersensitive peaks overlapped with ADNP-dependent ATAC
hypersensitive peaks (Figures 5B,C). Correlation analysis of loci
with overlapping ATAC-seq signals revealed a high degree of
co-localization of BRG1-, CHD4- and ADNP-dependent ATAC
hypersensitive peaks (Figure 5D). Interestingly, ADNP depletion
exhibited a much stronger effect on ATAC-seq signal than
either BRG1 or CHD4 depletion at these loci (Figure 5E).

These observations suggested that a co-dependency of BRG1
and CHD4 mediated by ADNP may be utilized to regulate
chromatin architecture.

To determine the potential contribution of the two distinct
chromatin remodelers, we compared the change of ATAC-
seq signal in the absence of ADNP, BRG1 and CHD4, for
developmental genes, especially the PrE-related genes. We
observed that chromatin accessibility at a substantial fraction of
genome loci was affected by all three factors (Supplementary
Figure 5A). For PrE genes such as Foxa2 and Sparc, either ADNP-
or BRG1- or CHD4-depletion led to increased ATAC-seq signal,
suggesting that BRG1 and CHD4 activities are synergistically
required to maintain a closed chromatin architecture. For PrE
genes such as Sox7 and Gata4, chromatin accessibility was
predominantly affected by ADNP and CHD4 as ATAC-seq signal
was not altered by BRG1 depletion. For neuroectodermal genes
such as Fgf5 and Nestin, loss of BRGI led to a reduction of
ATAC-seq signal while CHD4 or ADNP depletion led to an
increase of ATAC-seq signal, suggesting that BRG1 and CHD4
act antagonistically.

Loss of ADNP Caused Significant
Change of Bivalent Histone

Modifications for Developmental Genes

It has been known that ADNP-interacting chromatin remodelers
BRG1 and CHD4 contribute to the establishment of bivalent
histone modifications (Tolstorukov et al., 2013; Lei et al,
2015). We asked whether loss of ADNP led to the alteration
of bivalent histone modifications for developmental genes in
ESCs. To investigate this, we performed ChIP-seq analysis
for H3K4me3 and H3K27me3 of control and Adnp-/- ESCs.
Bioinformatics analysis of the ChIP-seq data showed that the
levels of both H3K4me3 and H3K27me3 were changed by
loss of ADNP (Figures 6A,B). We grouped gene promoters
into three categories: H3K4me3 only, H3K27me3 only, and
both H3K4me3 and H3K27me3, and asked how the histone
marks changed in each category in the absence of ADNP.
Bioinformatics analysis revealed that loss of ADNP caused a
significant increase of both H3K4me3 (around the TSS) and
H3K27me3 (0.5-4 kb upstream the TSS), resulting in a slightly
increased number of all three cluster of promoters (Figure 6C
and Supplementary Figures 6A,B).

To understand why loss of ADNP was associated with
an up-regulation of PrE genes, we examined bivalent histone
modifications for lineage-specifying genes in control and Adnp-
/- ESCs. It seems that loss of ADNP had different effects
on bivalent histone modifications depending on the lineage-
specifying genes. For instance, at mesodermal genes such as
T and Gsc, and neuroectodermal genes such as Olig2, Pax6
and Nestin, a slight increase of both H3K4me3 and H3K27me3
levels was observed in Adnp-/- ESCs compared with control
ESCs. At PrE specifying genes such as Gata6, Gata4, Sox17,
Sox7 and Foxa2, a substantial increase of H3K4me3 levels
was observed, while H3K27me3 levels were slightly increased
(Figure 6D). We confirmed this by ChIP-PCR (Figure 6E).
It is known that the levels of H3K4me3 correlate with
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of loci with overlapping ATAC-seq signals revealed a high degree of co-localization of BRG1-, CHD4- and ADNP-dependent ATAC hypersensitive peaks. (E) A heat
map of ATAC-seq signal around the ATAC peak center, in the presence or absence of each factor. Sites are ranked by the increase of ATAC-seq signal following loss

of ADNP activity.

gene activation, and the levels of H3K27me3 correlate with
gene repression. And there is a positive correlation between
transcript levels and H3K4me3/H3K27me3 ratio for bivalent
genes in pluripotent stem cells (De Gobbi et al, 2011; Singh
et al,, 2015). We therefore compared the H3K4me3/H3K27me3
ratio for key lineage-specifying genes in Adnp-/- and control
ESCs. A significant increase of H3K4me3/H3K27me3 ratio
was observed at promoters of PrE genes such as Gata6 and
Sox7 whose expression were prominently up-regulated in the
absence of ADNP. For genes such as T and Gsc whose
expression was barely changed in the absence of ADNP, the
H3K4me3/H3K27me3 ratio in mutant ESCs was comparable
to that of control ESCs (Figure 6F). Thus, loss of Adnp
caused a significant increase of the H3K4me3/H3K27me3 ratio
for key PrE specifying genes but not for mesodermal or
neuroectodermal genes.

It is well-known that the accurate execution of gene expression
programs requires 2 types of regulatory DNA elements in higher

eukaryotes: promoters and enhancers. We previously showed
that promoter-enhancer interactions play important roles in
3D genome organization and the control of gene expression
in ESCs (Phillips-Cremins et al., 2013; Singh et al., 2015). To
further understand the role of ADNP in the regulation of gene
expression, we investigated how loss of ADNP affected enhancer
activities of key lineage specifying genes. We found that there was
a substantial increase of H3K4me3 at poised enhancer regions of
PrE but not mesodermal or neuroectodermal genes in the absence
of ADNP (Figure 6G). It has been suggested that enhancer over-
activation correlates with increased H3K4me3 and decreased
H3K4mel levels (Shen et al., 2016). Thus, our data suggested
that ADNP is required to maintain poised enhancers for PrE
developmental genes, and loss of ADNP leads to enhancer over-
activation.

MLL2 is the core component of the MLL complex that
deposits H3K4me3, and EZH2 is the core component of the PRC2
complex that deposits the H3K27me3 mark at bivalent promoters
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FIGURE 6 | Loss of ADNP caused histone modification change genome-wide. (A) A metaplot analysis of H3K4me3 occupancy at the TSS regions of all genes in
control and Adnp-/- ESCs. (B) A metaplot analysis of H3K27me3 occupancy at TSS region of all genes in control and Adnp-/- ESCs. (C) Change of gene numbers
of three gene clusters in the absence of ADNP. (D) A genomic snapshot of H3K4me3 and H3K27me3 ChiP-seq peaks at the indicating loci. (E) ChIP-PCR assay of
H3K4me3 and H3K27me3 at the indicated gene promoters. (F) A quantitation of H3K4me3/H3K27me3 ratio at indicated gene promoters based on two replicates of
H3K4me3 and H3K27me3 ChiP-seq data. (G) Genome browser view at the lineage specifying genes in the control and Adnp-/- ESCs. H3K4me1 ChIP signal was
used for showing the poised enhancers. H3K27ac ChiP signal was used for the active enhancers. Gray color highlighting TSS-proximal regions, and green color
highlighting enhancer regions. Note, H3K4me3 levels were substantially elevated at enhancer region of PrE but not for mesodermal and ectodermal genes.
H3K4me3 and H3K27me3 ChiP-seq were repeated two times. Differences in means were statistically significant when p < 0.05. Significant levels are: “p < 0.05.

(Ku et al., 2008). We investigated whether ADNP depletion
affected MLL2 or EZH2 binding at gene promoters by performing
MLL2 or EZH2 ChIP-PCR experiments. We found that MLL2
levels at Sox7, Gata4 and Gata6 promoters were significantly
elevated in Adnp-/- ESCs compared with control ESCs, while
EZH2 enrichment was significantly enhanced at Nestin and Pax6
promoters (Supplementary Figures 6C,D). Consistently, RNA
polymerase II (Pol II) was significantly elevated at Sox17 and
Gata6 but not at Gsc and Pax6 genes (Supplementary Figure 6E).

DISCUSSION

In this work, we show that ADNP functions as an important
chromatin regulator or genome organizer by association with
two distinct chromatin regulators, BRG1 and CHD4. ADNP,
BRG1 and CHD4 are extensively co-localized genome-wide
and they cooperatively control chromatin accessibility and

nucleosome configuration. Loss of ADNP expression leads to
significant change of nucleosome landscape, bivalent histone
modifications and enhancer activities of PrE genes, resulting in
de-repression of these genes and priming ESCs differentiation
into endodermal cell types.

While this work was ongoing, Ostapcuk et al. (2018)
reported a similar study showing that ADNP controls lineage-
specifying genes by forming complex with HP1 and CHDA4.
In their work, it appeared that loss of ADNP had immediate
effects on ES cell phenotype. This was demonstrated by a
grossly abnormal ESC morphology, reduced alkaline phosphatase
activities, deregulation of lineage-specifying genes and reduced
expression of pluripotency genes of Adnp-/- ESCs. However,
in our hands, acute ADNP depletion in ESCs does not result
in sudden and complete loss of self-renewal, and our Adnp-/-
ESCs exhibit a milder phenotype compared to the counterpart
ESCs described by Ostapcuk et al. First, our newly established
Adnp-/- ESCs exhibited an ESC-like morphology and strong

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2020 | Volume 8 | Article 553


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Sun et al.

ADNP Controls Gene Expression

alkaline phosphatase activities. They could be passaged for many
generations in the LIF/KSR medium. Only prolonged depletion
of ADNP resulted in loss of ESC phenotype. Second, the RNA-
sequencing analysis showed that the expression of pluripotency-
related genes was barely changed in the newly established Adnp-/-
ESCs. Third, the lineage-specifying genes were deregulated to
a much lower extent when compared to that by Ostapcuk. For
instance, the expression of Igfbp4 and Gsc was not changed
in the absence of ADNP in our study. The up-regulation of
PrE genes was within 2-3-fold range, while this was over 5
times more in mutant cells by Ostapcuk. We think that the
discrepancy could be due to the nature of the Adnp mutant
alleles that were generated by Ostapcuk et al. and our group.
In Ostapcuk’s work, a very large fragment of the Adnp gene
(including exons 3 and 4, most of exon 5 as well as introns 3
and 4) was deleted. By looking up the UCSC genome browser,
it is likely that there are putative enhancers in the deleted region
of the Adnp gene from Ostapcuk et al. (2018) in ESCs, but this
requires validation. In our work, only 4 or 5 bp deletion in exon
4 of Adnp gene was introduced, which should only disrupt Adnp
gene function. Importantly, our rescue experiments showed that
FLAG-tagged ADNP could largely restore the phenotypes of
Adnp-/- ESCs which was not reported by Ostapcuk et al. (2018).
As our CRISPR-Cas9 mediated base pair deletions resemble
the human ADNP mutation (ID number 64, c.190dupA) in
patients with HVDAS syndrome (Van Dijck et al., 2019), this
work may help to explain the pleiotropic phenotypes (other than
neurodevelopmental defects) observed in patients.

In this work, we reported that ADNP could form a ABC
triplex with BRG1 and CHD4 in ESCs. It has been shown
that ADNP forms a stable ChAHP triplex with CHD4 and
HP1 (Ostapcuk et al., 2018). In addition, ADNP was shown to
associate with components of the SWI/SNF complex in HEK293
cells (Mandel and Gozes, 2007). Thus, it appears that ADNP
could form different complexes with certain factors depending
on its cellular functions. We propose that the ChRAHP and ABC
triplexes in ESCs are not exclusive, and that ADNP may control
local genome structure or chromatin accessibility by recruiting
different chromatin remodelers or regulators.

An interesting observation is that loss of ADNP leads to
significant up-regulation of a panel of PrE genes, indicating
that ADNP is required to robustly repress PrE genes in
an undifferentiated ESCs. It was known that the balance
between SOX17/GATA6 and NANOG/OCT4 maintains ESC in
undifferentiated state (Niakan et al., 2010; Wamaitha et al., 2015).
Although ADNP binds to pluripotency genes such as Nanog
and Pou5f1, its loss had little effect on the expression of these
genes. Thus, ADNP cannot regulate the expression of PrE genes
through repressing Nanog. Signaling pathways, such as FGF/Erk
signaling, play key role in the expression of PrE genes (Chappell
et al., 2013). However, the expression of key components of the
signaling pathways was barely altered in the absence of ADNP.
Based on these observations, we propose that ADNP contributes
to gene expression primarily by regulating local chromatin
structure. Several lines of evidence supports the notion. First,
ADNP is known to maintain proper local chromatin architecture
in ESCs (Kaaij et al, 2019). Loss of ADNP may directly or

indirectly alter promoter-enhancer interaction frequencies and
affect gene expression. Second, ADNP is important for the
proper bivalent histone modifications at developmental gene
promoters. An increased ratio of H3K4me3/H3K27me3 at key
PrE gene promoters was observed in the absence of ADNP.
Third, loss of ADNP leads to prominent enhancer over-activation
of key PrE genes by increasing H3K4me3. Fourth, ADNP
regulates nucleosome configuration genome-wide. In the absence
of ADNP, nucleosome positioning, phasing and occupancy were
all changed at a greater extent in PrE than mesodermal and
neuroectodermal genes. A recent study showed that the proper
nucleosome landscape plays an important role in the control of
gene expression (King et al., 2019). Taken together, we propose
that loss of ADNP leads to both enhancer over-activation and
increased ratio of H3K4me3/H3K27me3 at gene promoters of
PrE genes which may explain why Adnp-/- ESCs exhibited
significant up-regulation of PrE genes.

Another intriguing observation is that although the majority
of ADNP bound sites are associated with protein-coding genes,
most ADNP ChIP-seq signals are not found at promoter-
proximal regions (Kaaij et al., 2019). In addition, many genes
bound by ADNP are not deregulated in the absence of ADNP.
It appears that gene expression changes with the loss of ADNP
are not predicted by ADNP binding. This further implies that
ADNP controls gene expression by controlling local chromatin
architecture, which is likely mediated by BRG1, CHD4 and
CTCF (Lei et al, 2015; O’Shaughnessy-Kirwan et al., 2015;
Kaaij et al., 2019). Thus, we propose that ADNP may control
gene expression by binding to gene regulatory regions (as a
transcription factor) and by association with BRG1, CHD4 and
CTCEF (as a genome organizer).

A previous study has shown that BRG1 and CHD4 co-
occupy distal sites corresponding to increased ESC master TF
binding, and that co-dependency of BRG1 and CHD7 exists to
support pluripotency network in ESCs (Yang et al., 2017). This
study suggested that concerted activities of multiple chromatin
remodelers are utilized to support ES cell pluripotency. To our
knowledge, whether and how distinct chromatin remodelers
work cooperatively to modulate chromatin architecture to
regulate lineage-specifying genes is not clear. In this work, we
showed that a co-dependency of SWI/SNF-BRG1 and CHD4
may underlie for robust chromatin regulation for developmental
genes. Thus, our work extends previous studies by showing
that chromatin remodelers are cooperatively used not only
for supporting core pluripotency genes, but also for silencing
developmental genes while keeping them poised for activation.
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FIGURE S1 | (A) shRNA knockdown of Adnp in ESCs. (B) Volcano plot showing
the number of up- and down-regulated DEGs. (C) WB showing the FLAG-ADNP
levels in Adnp-/- ESCs. All data were based on two experimental repeats.

FIGURE S2 | (A) Synthesized FLAG-tagged ADNP-N failed to pull down
MYC-tagged CHD4-C. (B) HA-BRG1-N pulled down full-length ADNP and
FLAG-ADNP-C but not FLAG-ADNP-N in 293T cells. (C) WB showing that in the
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The ability to determine the genetic etiology of intellectual disability (ID) and
neurodevelopmental disorders (NDD) has improved immensely over the last decade.
One prevailing metric from these studies is the large percentage of genes encoding
epigenetic regulators, including many members of the ATP-dependent chromatin
remodeling enzyme family. Chromatin remodeling proteins can be subdivided into five
classes that include SWI/SNF, ISWI, CHD, INO80, and ATRX. These proteins utilize
the energy from ATP hydrolysis to alter nucleosome positioning and are implicated in
many cellular processes. As such, defining their precise roles and contributions to brain
development and disease pathogenesis has proven to be complex. In this review, we
illustrate that complexity by reviewing the roles of ATRX on genome stability, replication,
and transcriptional regulation and how these mechanisms provide key insight into the
phenotype of ATR-X patients.

Keywords: intellectual disability, neurodevelopmental disorder, ATRX, ATR-X syndrome, chromatin remodeling,
SWI/SNF

INTRODUCTION

Neurodevelopmental disorders (NDD) are highly complex and heterogeneous conditions that
have a global prevalence of approximately 2-3% of the population. Despite being aware of these
conditions for over a century, it is only within the last decade that the development of exome
and whole genome sequencing has dramatically enhanced the discovery of the underlying causes
of these disorders. Indeed, the SysID database' list 1,334 genes (updated March 26, 2020) that
contribute to intellectual disability (ID) (Kochinke et al., 2016), while approximately 100 genes
are associated with autism spectrum disorder (ASD) (Satterstrom et al., 2020). Interestingly, a
substantial proportion of NDD causing genes are involved in chromatin and/or transcriptional
regulation including the broad family of ATP-dependent chromatin remodelers.

Chromatin remodelers utilize energy from ATP hydrolysis to alter nucleosome spacing/density
or to facilitate histone variant exchange (Bowman and Poirier, 2015). There are four main families
of ATP-dependent chromatin remodelers characterized by their conserved ATPase domain of
the helicase II superfamily (Figure 1). These families are divided into the (1) SWI/SNF group,

Uhttps://sysid.cmbi.umen.nl/
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FIGURE 1 | The ATP-dependent chromatin remodeling family. Representation of the four chromatin remodeling groups: SWI/SNF, ISWI, CHD, and INO80. Each
group contains an ATPase domain subdivided into RecA-like lobes 1 and 2 separated by a variable linker region (labeled insertion). SWI/SNF and INO80 share an
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large complexes made up of ~15 subunits, (2) ISWI group,
heterodimers and four subunit complexes, (3) CHD group,
complexes that incorporate up to ~10 subunits, and (4) INO80
group, ~15 subunit complexes. In addition, the focus of this
review is ATRX which represents one of several orphan families
that have been less studied mechanistically. In addition to
the ATPase domain that is subdivided into two RecA-like
lobes, these chromatin remodeling enzymes are characterized
by additional motifs that facilitate protein-protein interactions
(e.g., HSA and QLQ domains), DNA interactions (e.g., HAND
and SLIDE domains), and chromatin interactions (e.g., SANT,
chromodomain, and bromodomain) (Figure 1). The SWI/SNF
and INO80 family primarily promote transcription and DNA
repair by sliding/ejecting nucleosomes (SWI/SNF/BRG1, BRM)
or depositing histone variants (INO80/SRCAP). The ISWI
and CHD family primarily mediate nucleosome maturation
and spacing to promote chromatin formation post-replication,
highly structured chromatin (ISWI), or transcriptional repression
(CHD) (Clapier et al., 2017).

Mutations in these enzyme families results in aberrant gene
expression that impinges on many cellular activities including
DNA replication, DNA repair, as well as cell proliferation
and differentiation. As indicated above, mutations in many
of these family members lead to a wide range of NDD and
symptoms (Table 1) with some of the more well-studied
disorders being Coffin-Siris syndrome (CSS), Nicolaides-
Baraitser syndrome (NCBS), CHARGE syndrome, and ATR-X
syndrome. Moreover, it is becoming clear that mutations
in multiple components of these remodeling complexes
cause ID (Table 1) and can contribute to a spectrum of
clinical phenotypes that is best illustrated by mutations in the
SWI/SNF interacting partners (Bogershausen and Wollnik,
2018; van der Sluijs et al, 2019). The reader is referred
to a number of recent reviews for detailed information of
these different remodeler classes (Hota and Bruneau, 2016;

Sokpor et al.,, 2017; Goodwin and Picketts, 2018; Alfert et al.,
2019; Hoffmann and Spengler, 2019).

Here, we will review recent studies on ATRX to highlight
the multiple biochemical functions chromatin remodeling
proteins participate in, and the diverse set of mechanisms
that, collectively, contribute to the complexity underlying the
pathogenesis of NDD.

MOLECULAR GENETICS OF THE ATR-X
SYNDROME

The ATR-X syndrome is a rare human congenital disorder
with a wide range of symptoms that primarily affects males.
Over 200 cases have been identified worldwide with and
an estimated prevalence of <1-9/1,000,000 (Gibbons, 2006).
Affected individuals display cognitive impairment typically
described as severe ID, and many are non-verbal, capable
of speaking or signing only a few words (Saugier-Veber
et al.,, 1995; Guerrini et al.,, 2000). Originally, the presence of
alpha thalassemia was used as a diagnostic tool to identify
affected individuals, but there is variability in the hematological
symptoms (Gibbons et al., 1995). The majority of patients are
affected with microcephaly and skeletal malformations (Holmes
and Gang, 1984; Carpenter et al., 1999). Muscle development is
also impaired in most, leading to delayed motor development and
hypotonia, while approximately one third of patients experience
seizures (Lossi et al., 1999).

Although ATR-X syndrome patients present with a
heterogeneous phenotype, the disease is caused by mutations
in a single gene, the ATRX locus, which spans over 300 kbp on
chromosome Xq13.3-21.1 (Gibbons et al., 1995, 2008; Picketts
et al., 1996). The ATRX gene encodes two major trasncripts
(Figure 2), one encoding the full length protein and a truncated
isoform generated by an alternative splicing event that retains
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TABLE 1 | ATP-dependent chromatin remodelers are a frequent cause of NDDs.
List of NDD implicated genes which are incorporated into ATP-dependent
chromatin remodeling complexes.

Family Gene

Associated disease

References

SWi ARID1A ID, CSS Tsurusaki et al. (2012); Kosho
/SNF etal. (2013)
ARID1B ID, CSS, ASD Hoyer et al. (2012); Santen
et al. (2012); De Rubeis et al.
(2014)
ARID2 ID, CSS-like, NCBS-like Shang et al. (2015);
Bramswig et al. (2017)
DPF2 ID, CSS-like Vasileiou et al. (2018)
PBRM ASD O’Roak et al. (2012b)
SMARCA2 NCBS Van Houdt et al. (2012);
Tsurusaki et al. (2014b)
SMARCB1 ID, CSS, Kleefstra Kleefstra et al. (2012); Santen
et al. (2013); Wieczorek et al.
(2013)
SMARCC1 ASD Hormozdiari et al. (2015)
SMARCC2 ID, ASD Machol et al. (2019)
SMARCE1 CSS-like Tsurusaki et al. (2012); Kosho
et al. (2013); Wieczorek et al.
(2013)
SMARCA4 CSS Santen et al. (2013);
Tsurusaki et al. (2014b)
SOX11 ID, CSS-like Tsurusaki et al. (2014a)
ISWI BAZ1A ID Zaghlool et al. (2016)
BAZ1B Williams-Beuren syndrome  Lu et al. (1998); Peoples et al.
(1998)
BAZ2B ID, ASD Scott et al. (2020)
BPTF ID Stankiewicz et al. (2017)
SMARCA1  CSS-like, Rett Karaca et al. (2015); Homann
syndrome-like, et al. (2016); Lopes et al.
schizophrenia (2016)
CHD CHD2 Lennox-Gastaut syndrome, Carvill et al. (2013)
Doose Syndrome, Epileptic
encephalopathy
CHD3 Macrocephaly, ID, impaired  Snijders Blok et al. (2018)
speech/language
CHD4 Sifrim—Hitz—Weiss Weiss et al. (2020)
syndrome
CHD5 ASD-like Pisansky et al. (2017)
CHD7 CHARGE syndrome, ASD  Vissers et al. (2004);
Sanlaville et al. (2006);
O’Roak et al. (2012b)
CHD8 ASD O’Roak et al. (2012a,b); De
Rubeis et al. (2014); Neale
et al. (2016)
INO80O  INO80 Microcephaly, ID Alazami et al. (2015)
SRCAP Floating-harbor syndrome  Hood et al. (2012)
YY1APA ID Guo et al. (2017)
ATRX  ATRX ATR-X syndrome Gibbons et al. (1995)

intron 11 and terminates translation prematurely (Garrick
et al, 2004; Mitson et al, 2011). The full length transcript
encodes a protein of 285 kDa in size while the shorter transcript
generates a smaller truncated protein that is 180 kDa and lacks
the ATP-dependent remodeling domain (Picketts et al., 1996;
Garrick et al., 2004).

The N-terminus of the ATRX protein houses several
motifs critical for its interaction with chromatin, including
a heterochromatin protein 1 (HPla) binding motif (PxVxL)
(Lechner et al., 2005) and enhancer of zeste homolog 2
(EZH2) interaction domain (Cardoso et al., 1998), and the
ATRX-DNMT3-DNMT3L (ADD) domain (Picketts et al., 1998;
Xie et al, 1999). The ADD domain comprises a GATA-
like zinc finger and a plant homeodomain (PHD)-like finger
that targets the dual histone post translational modification
(PTM), H3K9me3 and H3K4meO (Argentaro et al, 2007;
Dhayalan et al,, 2011; Eustermann et al., 2011; Iwase et al,
2011). A region within the center of the polypeptide mediates
death domain associated protein (DAXX) binding (Xue et al,
2003). Toward the C-terminus lies the highly conserved RecA-
like lobes 1 and 2 that together are required for ATPase
activity (Picketts et al., 1996), as well as mapped regions for
interactions with the methyl-CpG-binding protein (MeCP2)
(Nan et al., 2007) and the promyelocytic leukemia protein (PML)
(Bérubé et al., 2008) (Figure 2).

The majority of ATR-X syndrome causing mutations are
missense mutations mapping within the ADD (50%) and SNF2-
like/helicase domains (30%) (Argentaro et al,, 2007; Gibbons
et al., 2008). To date, there has been a lack of genotype:
phenotype correlations identified, although mutations within
the ADD domain typically produce more severe psychomotor
phenotypes compared to mutations in the SNF2-like/helicase
domain (Badens et al., 2006).

It should also be noted that somatic mutations in the ATRX
gene have been identified in a wide range of cancers that include
pancreatic neuroendocrine tumors, gliomas, neuroblastomas,
and sarcomas, which will not be discussed here but have been the
focus of recent reviews (Watson et al., 2015; Dyer et al., 2017).

INTERACTING PARTNERS AND
BIOCHEMICAL FUNCTIONS

All functional studies indicate that ATRX is a heterochromatin
interacting  protein. It localizes to  pericentromeric
heterochromatin, telomeres, PML nuclear bodies, and physically
interacts with the HP1 family (McDowell et al., 1999; Berube
et al., 2000; Tang et al., 2004). Later work demonstrated that
ATRX could be recruited to the heterochromatin histone
mark, H3K9me3, either indirectly by its interaction with HP1
or recruitment by MeCP2, and directly by binding of the
ADD domain to H3K9me3 that lies adjacent to unmethylated
H3K4 (Berube et al.,, 2000; Bannister et al., 2001; Nan et al.,
2007; Eustermann et al., 2011; Iwase et al., 2011). ATRX and
DAXX were identified as interacting partners by two separate
groups, one using ATRX co-IP experiments and the other
a Flag-DAXX pull-down approach (Xue et al., 2003; Tang
et al., 2004). Further characterization showed that most of the
endogenous ATRX protein is in a 1 MDa complex with DAXX,
while DAXX also fractionates in a 700 kDa complex independent
of ATRX. Deletion mutants were used to demonstrate that
the ATRX/DAXX interaction was mediated through the
PAH domain of DAXX and a region between the ADD and
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FIGURE 2 | ATRX domain structure. Schematic diagram of full-length ATRX (282 kDa), truncated ATRX (ATRXt; 180 kDa), and locations of the key protein interaction
domains. The two isoforms share an ADD domain, a HP1a binding motif, an EZH2 binding motif, while the ADD domain is comprised of a GATA-like zinc finger and a

PHD-like zinc finger. The full-length polypeptide also contains a DAXX binding motif, a SNF2-ATPase domain comprising RecA-like lobes 1 and 2 separated by a
linker region containing a MeCP2 binding motif (MeCP2/Insertion), and a PML targeting motif.

SNF2 domains within ATRX (Tang et al, 2004). Both the
ATRX/DAXX complex and recombinant ATRX protein had
DNA or nucleosome stimulated ATPase activity which was
impaired by patient mutations that localized to the ATPase
domain (Xue et al., 2003; Tang et al., 2004). A mononucleosome
disruption assay was used to demonstrate that the ATRX/DAXX
complex could alter the DNAse I digestion pattern of the
mononucleosome in the presence of ATP. The localization
of the altered digestion pattern indicated that ATRX/DAXX
disrupts DNA-histone interactions at the entry site of the
nucleosome and does not alter nucleosome phasing. In addition,
a triple-helix strand displacement assay was used to show
that the ATRX/DAXX complex and ATRX alone had a DNA
translocase property similar to the RSC and SWI/SNF complexes
(Xue et al., 2003). More recent work has indicated that DAXX is
an H3.3-specific histone chaperone that functions with ATRX to
deposit the histone variant at pericentric and telomeric repeats,
while DAXX functions independently of ATRX to repress
retrotransposons (Lewis et al., 2010; Hoelper et al., 2017). In
this regard, the ATRX/DAXX complex shows some similarities
with the ISWI complex ACF and its interactions with the histone
chaperone NAP1 (Gemmen et al., 2005; Torigoe et al.,, 2011).
These properties could be used to reconstitute H3.3 containing
nucleosomal arrays that might guide future in vitro biochemical
studies to further define ATRX function during transcription or
DNA replication (Peterson, 2009).

Indeed, in a series of papers ATRX, DAXX, and the histone
variant H3.3 were shown to co-localize at telomeres where
the ATRX/DAXX complex functions as a histone chaperone to
deposit H3.3 into telomeric heterochromatin (Wong et al., 2009;
Goldberg et al.,, 2010; Lewis et al., 2010). Further work showed
that DAXX functions as the histone chaperone, that H3.3K9me3
deposition occurs in a replication-independent manner by
the complex, and both H3.3 loading and heterochromatin
organization by ATRX/DAXX is mediated by SUV39H1 and
PML in PML-associated heterochromatin domains (Drané et al.,
2010; Goldberg et al., 2010; Lewis et al., 2010; He et al., 2015;
Udugama et al., 2015; Delbarre et al.,, 2017). Additionally, ATRX

was shown to be critical for the formation of senescence-induced
heterochromatin foci (SAHF) that help drive cancer cells into
therapy-induced senescence (Kovatcheva et al., 2017). Finally,
ATRX has been shown to bind to the Xist IncRNA to promote
recruitment of the PRC2 repressive complex and facilitate
stable heterochromatin formation of the silenced X-chromosome
(Sarma et al, 2014). RNA binding remains an understudied
role for ATRX, although several reports have shown a range of
interactions with multiple IncRNAs including TERRA (telomeric
repeat-containing RNA) (Chu et al., 2017; Nguyen et al,, 2017),
ChRO1 in muscle (Park et al., 2018), and minor satellite
RNAs at centromeric heterochromatin (Ren et al., 2020). These
interactions are mediated through a unique N-terminal domain
in ATRX to regulate differentiation, gene expression, DNA and
histone methylation and chromatin compaction (Chu et al., 2017;
Nguyen et al., 2017; Park et al., 2018; Ren et al., 2020).

A role for ATRX at heterochromatin was also strengthened by
chromatin immunoprecipitation experiments that showed
enriched ATRX binding at telomeres and centromeres.
Interestingly, ATRX was also enriched at repetitive DNA
elements while having a lower frequency of binding within gene
bodies (Law et al., 2010). Further characterization showed that
ATRX was prevalent at long terminal repeats of endogenous
retrovirus sequences of family K (ERVK), at variable number
tandem repeats (VNTRs) and at simple tandem repeats (Law
etal,, 2010). Many of the tandem repeats were GC-rich sequences
that are predicted to form G-quadruplex secondary DNA
structures (G4 DNA) including the telomeric repeats and some
CpG islands. The formation of G4 DNA has been proposed to
have important roles in the regulation of gene expression, as well
as be prohibitive to DNA replication and transcription (Rhodes
and Lipps, 2015; Valton and Prioleau, 2016; Varshney et al,
2020). In vitro studies confirmed that ATRX can bind to G4 DNA
structures (Law et al., 2010). In addition, ATRX mutations have
variable effects on a-globin expression including individuals
with the same mutation. Law et al. (2010) demonstrate that one
ATRX binding site lies within a GC-rich VNTR sequence 1 kb
upstream of the HBM gene. The authors demonstrate a positive
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correlation in ATR-X patients such that increasing VNTR repeat
size increases the severity of the a-thalassemia as measured by
the level of HbH inclusions in red blood cells. Since the sequence
is a GC-rich VNTR that is predicted to form G4 quadruplexes, it
was inferred that increasing repeat size increases the probability
to form G4 DNA that subsequently alters HBM expression.

The ATRX protein was also shown to co-purify with the
MRE11-RAD50-NBS1 (MRN) complex, an active player in the
processing of DNA double strand breaks (DSB) that suggested
ATRX was critical to maintain genome integrity (Leung et al.,
2013). Consistent with this finding, ATRX knockdown studies
in HeLa cells resulted in defects in mitotic progression and
micronuclei formation from altered chromosome condensation
and centromeric cohesion (Ritchie et al., 2008). Other studies
indicated that ATRX loss impaired replication fork progression
during S-phase resulting in telomere fragility, increased DSB, and
mitotic catastrophe (Huh et al., 2012, 2016; Leung et al., 2013;
Watson et al., 2013).

The ATRX-DAXX-H3.3 complex is critical for this
heterochromatic formation and subsequent maintenance
(Law et al.,, 2010; Eid et al., 2015; He et al., 2015; Udugama
et al, 2015). H3.3 within telomeric regions is targeted for
trimethylation on its K9 residue (He et al., 2015; Udugama et al.,
2015). H3.3K9me3 recruits more ATRX-DAXX-H3.3 complexes,
which in turn will deposit H3.3, creating a positive feedback loop
required for maintaining telomere structure (Udugama et al,
2015). Failure to establish proper structure will reduce telomere
integrity and result in an increase of non-coding telomeric
transcript expression (He et al., 2015; Udugama et al., 2015).

The eclectic properties of the ATRX protein do not
make it intuitively obvious how an aberration of these
functions can result in a neurodevelopment disorder with
cognitive deficits. In the remaining section, we discuss the
characterization of mouse models and the insights they have
provided into the pathophysiology of ATR-X patients and, more
generally, the complex etiology of NDDs caused by defective
epigenetic regulators.

DELINEATING PATHOPHYSIOLOGICAL
MECHANISMS OF THE ATR-X
SYNDROME

Functional Effects of Patient Mutations
and Generation of Animal Models

One of the first questions addressed was do patient mutations
affect protein stability and function? Immunoblots of extracts
from patient-derived EBV-transformed B-lymphocytes showed
significantly reduced levels of ATRX protein from all patients
tested (McDowell et al., 1999; Cardoso et al., 2000). Interestingly,
in patients with early premature stop codons (e.g., p.Arg37X),
translation was initiated from an internal methionine that
produced a smaller truncated protein at ~30% levels leading
to a milder phenotype (Howard et al., 2004; Abidi et al., 2005;
Basehore et al, 2015). Utilizing recombinant proteins, other
studies demonstrated that mutations within the ATPase domain

attenuated ATPase activity but did not reduce it, while
mutations in the ADD domain or the PML-targeting domain
reduced localization to chromocenters and PML nuclear bodies,
respectively (Cardoso et al., 2000; Bérubé et al., 2008). Atrx-null
mutations in mice show defective extraembryonic trophoblast
development and die embryonically at ~E9.5 (Garrick et al.,
2006). Collectively, these studies indicate that ATR-X syndrome
causing mutations are functional hypomorphs, while more severe
mutations are not found and are presumably non-viable.

Several different ATRX-deficient mouse lines have been
generated and used for functional characterization. The most
widely used model is a floxed allele in which loxP sites
flanked exon 18 which encodes the ATP-binding pocket
(Bérubé et al., 2005; Garrick et al., 2006). These animals have
been crossed with several different tissue-specific Cre driver
lines to inactivate ATRX in skeletal muscle progenitors (Huh
et al., 2012), Sertoli cells (Bagheri-fam et al., 2011), osteobalsts
(Solomon et al., 2013), chondrocytres (Solomon et al., 2009), the
retina (Medina et al., 2009; Lagali et al., 2016), and the developing
forebrain (Bérubé et al., 2005) among others. A second transgenic
line (Atrx*E2) was developed by deleting exon 2 and replacing
it with a SA-IRES-B-geo cassette (Nogami et al.,, 2011; Shioda
et al., 2011). This mutation was meant to mimic the p.Arg37X
mutation and make an N-terminally truncated ATRX protein
by initiating translation from an internal methionine codon
(Howard et al., 2004; Abidi et al., 2005). Both of these models
will be discussed in more detail in the following sections. Finally,
an overexpression transgenic line was created with the ATRX
cDNA under control of a CMV enhancer/B-actin promoter which
resulted in growth retardation, neural tube defects and a high
incidence of embryonic lethality demonstrating the importance
of ATRX dosage to normal development (Berube et al., 2002).

While each of these models has provided valuable insight into
disease mechanisms (as highlighted below), the field still awaits
a model whereby a single nucleotide variant is introduced into
the ATRX gene to recreate a known patient mutation, such as the
common p.Arg246Cys mutation within the ADD domain.

Replication Stress Impairs Progenitor

Expansion Resulting in Microcephaly
Microcephaly is common to many NDDs and has also been
observed in mouse models that deleted other genes encoding
chromatin remodeling proteins (Ronan et al., 2013). Most ATR-X
patients develop postnatal microcephaly and, in instances where
CT or MRI scans have been performed, mild cerebral atrophy was
detected. Similarly, three patient autopsy reports also described
that the brains were smaller in size (Gibbons, 2006).

The first indication that ATRX may be critical for cell growth
came from co-culture experiments of embryonic stem cells (ESC)
from control or Atrx-null cells. This experiment demonstrated
that the Atrx-null cells were underrepresented after 4-days of
co-culture. Flow cytometry was used to examine cell cycle
distribution but no differences were observed suggesting that
cells may have transitioned to a slower cycling, differentiated cell
type (Garrick et al., 2006). Given that ATRX has high expression
in the developing forebrain, the Atrx/// line was next crossed
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with the forebrain-specific Foxgl-Cre line (AtrxFoxg1Crey that
initiates Cre expression in the developing telencephalon at ~E8.5
(Hébert and McConnell, 2000). Loss of ATRX caused a 25-30%
reduction in cell number with a noticeably smaller neocortex and
hippocampus including almost a complete absence of the dentate
gyrus that likely contributed to early postnatal lethality (Bérubé
et al., 2005). Similar to ESC co-culture experiments, BrdU-pulse
labeling experiments suggested no differences in the proportion
of cycling cells. However, there was a dramatic increase in the
number of TUNEL+ cells leading to a reduction in the number
of neurons that reached the cortical layers (Bérubé et al., 2005).
Similarily, the Atrx®E? mice were smaller and also showed brain
hypocellularity, although to a milder extent (Nogami et al., 2011).
Atrx inactivation in Sertoli and muscle cells, also showed a
significant impact on the growth of the tissue (Bagheri-fam
et al, 2011; Huh et al., 2012). However, a retina progenitor cell
cKO only had a limited effect on the size of the mature tissue
suggesting that defects in cell cycle progression lead to significant
hypocellularity among tissues that require a rapid expansion over
a narrow developmental timeframe (Medina et al., 2009).

Although not initially observed, delayed cell cycle progression
through both S- and G2/M phases was later observed in other
studies (Ritchie et al., 2008; Watson et al., 2013; Huh et al., 2016).
For G2/M, the progression from prometaphase to metaphase was
prolonged and associated with sister chromatid cohesion and
congression defects that impaired proper separation at anaphase
leading to DNA bridges and micronuclei (Ritchie et al., 2008).
Evidence for DNA bridges and micronuclei in Atrxf¥1C mice
were also detected by high magnification microscopy at the
apical surface on cortical sections of the neuroepithelium where
cortical progenitors complete mitosis. Interestingly, a recent
study has also demonstrated that ATRX promotes telomere
cohesion between sister telomeres to mediate the repair of DNA
DSB (Lovejoy et al., 2020).

Defects in S-phase were observed using BrdU-pulse chase
flow cytometry experiments where a delay from G1 to S-phase
and also from G2/M to the following G1 phase was identified
(Huh et al., 2012). Co-labeling experiments demonstrated that
ATRX associated with replicating chromatin during mid-late
S-phase and cytological analysis showed a high prevalence
of genomic instability that was enriched at telomeres and
pericentromeric heterochromatin (Huh et al., 2012; Watson et al.,
2013). Moreover, treatment with a compound that binds and
stabilizes G4 DNA increased the number of telomere dysfunction
induced foci (TTFs) and decreased cell viability suggesting that G4
DNA formation was the main cause of replicative stress (Watson
et al,, 2013). Other studies indicate that replication stress at
telomeres may be mediated by increased TERRA transcription
(Nguyen et al.,, 2017). TERRA levels are tightly regulated and
critical for both telomere formation, replication and maintenance
(Bettin et al., 2019). However, when TERRA levels increase,
as shown for ATRX-null cells, it enhances R-loop (RNA-DNA
hybrid) formation and G4 DNA stabilization, each of which
increase replication fork stalling and collapse that then induces
homology directed repair (HDR) and TIFs (Nguyen et al., 2017).
The regulation of R-loops has also been proposed for other
proteins that interact with G4 DNA during replication and/or

at telomeres (Zhou et al., 2014; Ribeiro de Almeida et al., 2018;
Toubiana and Selig, 2018; Maffia et al., 2020). It should also be
mentioned here that somatic ATRX mutations, and to a lesser
extent H3.3 and DAXX mutations, are prevalent in cancers
characterized by ALT (alternative lengthening of telomeres), a
HDR mechanism to maintain telomere length that is normally
suppressed by ATRX (Heaphy et al., 2011; Lovejoy et al., 2012;
Schwartzentruber et al., 2012; Pickett and Reddel, 2015; Verma
and Greenberg, 2016).

Another indicator of replicative stress as a major impediment
to growth of Atrx-null cells was demonstrated by studies showing
an increased sensitivity to hydroxyurea, enhanced DSBs, and the
use of DNA fiber analysis to show increased stalled replication
forks and reduced origin firing (Leung et al, 2013; Clynes
et al., 2014; Huh et al., 2016). Mechanistically, ATRX physically
interacts with the MRN complex where it is thought to block
HDR at stalled replication forks to allow for fork restart after
the G4 DNA is resolved (Clynes et al., 2014). Indeed, one group
demonstrated that fork protection could be restored by treatment
with an Mrell exonuclease inhibitor (Huh et al., 2016). This
study also suggested that hyperactivation of poly (ADP-ribose)
polymerase-1 (Parp-1) during neurogenesis may function as a
compensatory mechanism to protect stalled replication forks
from collapse and HDR, thus dampening the extent of cell loss
during neurogenesis.

During mouse cortical development, the cortical layers are
formed in sequential fashion from a pool of neural progenitor
cells (NPC) that must continue to proliferate to maintain the
pool size. Alterations in NPC proliferation depletes the pool
often resulting in altered cell lamination typically observed as
a reduction in upper layer neurons. For Atrxf81Cre mice, the
most proliferative NPCs that ultimately would become upper
layer neurons are more susceptible to incur replication-induced
DNA damage. Frequently the resulting genomic instability will
occur at telomeres and pericentromeric heterochromatin, but it
could also occur at other genomic regions that can form G4 DNA
or similar secondary DNA structures that induce replication fork
stalling and collapse. Accumulation of sufficient damage further
leads to their demise and decreases neuron production and brain
size. Indeed, the Atrx€1C" forebrain is reduced in size with a
compromised production of upper layer neurons (Ritchie et al.,
2014; Huh et al.,, 2016). Similar results have been observed in
mice lacking CHD4 and SMARCAD5 where the NPCs either fail to
progress through the cell cycle or incur significant DNA damage,
respectively, prior to undergoing apoptosis (Alvarez-Saavedra
et al., 2014, 2019; Nitarska et al., 2016).

The SWI/SNF complex is also critical for brain development
but utilizes different mechanisms than ATRX. The SWI/SNF
complex is required during early neurogenesis for differentiation
from radial glial progenitor cells into intermediate progenitor
cells. This switch from a neural stem cell to an NPC is
accompanied by the fundamental shift from the npBAF to
nBAF complex, which involves the substitution of three subunits
(BAF45, BAF53, and BAF55). Failure to switch leads to increased
cell death, a small progenitor pool, and failure to further
differentiate (Lessard et al., 2007; Wu et al., 2007; Bachmann
et al., 2016). Interestingly, while SMARCAS5 loss hampers NPC
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proliferation, loss of its ISWI ortholog SMARCA1 fails to repress
expression of proliferation genes resulting in delayed neuronal
differentiation and a larger brain (Yip et al, 2016). Taken
together, these examples highlight the importance of chromatin
remodeling proteins to NPC homeostasis and provide insight
into the multitude of mechanisms at work often resulting in a
similar phenotype.

Transcriptional Deficits Associated With
ATRX Mutations

Chromatin remodeling proteins were first identified as
transcriptional coactivators and they continue to be implicated
in the regulation of many genes. Since its identification, ATRX
has also been presumed to regulate gene transcription. While
there is a good level of understanding regarding how ATRX
maintains genomic stability through the regulation of tandem
repeats, telomeres and pericentromeric heterochromatin, the
identification of direct transcriptional targets has proven more
challenging. Initial ChIPseq experiments suggested that ATRX
was bound at few promoters, gene bodies and regulatory
elements (Law et al, 2010). Further work has suggested that
ATRX binding may differ between tissues to ensure proper
silencing of repetitive elements located near or within expressed
genes in that particular tissue (Nguyen et al., 2017). Consistent
with this idea, ATRX ChIPseq analysis of NPCs demonstrated a
higher enrichment of binding sites at gene regulatory elements
compared to what was observed in mouse ESCs suggesting that
more genes may be under direct ATRX regulation within the
brain (Law et al., 2010; He et al., 2015; Danussi et al., 2018).
Another contributing factor to differential target gene expression
is represented by ATRX effects on a-globin gene expression.
Mutational analysis identified >15 ATR-X patients with the
identical missense change (p.Arg246Cys), yet they showed a
variable degree of hemoglobin H inclusions in blood samples,
indicative of differing levels of a-globin expression (Gibbons
et al., 1997). Repression of a-globin expression was dependent
on the size of a GC-rich VNTR located within the globin gene
cluster (Law et al, 2010). A second factor driving the tissue
specificity and the variable effects was the formation of R-loops
caused by the transcription of the GC-rich VNTR sequences
(Nguyen et al., 2017). The larger sequences generate increased
R-loops and G4 DNA structures that normally recruit ATRX to
re-establish the normal chromatin structure. In the absence of
ATRX the R-loop/G4 DNA is not resolved effectively which then
impedes both replication and transcription processes (Nguyen
et al., 2017). The slight stochastic nature of these effects likely
also dampens readouts of differential expression from RNAseq
experiments thereby raising the need for a scRNAseq approach
in future studies.

Gene expression analysis of control and Atrxf8¢1C" cortical
samples at two timepoints (E13.5, P0.5) identified 202 and
304 differentially expressed genes (DEGs; *1.5-fold change),
respectively, with almost two-thirds of genes upregulated
(Levy et al, 2008). Among these, 27 were common to both
datasets including the downregulation of several ancestral
pseudoautosomal region (aPAR) genes (Csfr2a, Dhrsxy, Cd99,

and Asmtl) (Levy etal., 2008, 2014). In mouse, the aPAR genes are
located in subtelomeric regions and contain potential G4 DNA
sequences. Each gene analyzed had enriched histone H3.3 and
ATRX binding within their gene body and showed reduced H3.3
levels when ATRX was absent (Levy et al., 2014). Interestingly,
these intragene G4 DNA sequences also showed increased
binding of RNA pol II in Atrxf81¢7 samples suggesting that
transcription becomes impeded at these regions within the
gene leading to reduced expression. The authors extended this
finding to Nlgn4, a gene encoding a post-synaptic cell adhesion
molecule implicated in ASDs (Jamain et al., 2003; Laumonnier
et al., 2004). This result conflicted with the study on R-loop
formation which found no differences in RNA pol II loading
or histone modifications across genes containing the GC-rich
repeats (Nguyen et al., 2017).

Other downregulated genes from this analysis include Gbx2,
NeuroD4, Wifl, Nxphl, Nxph2, and Mbp, each of which could
contribute to cognitive deficits observed in patients but require
further analysis to asses their contribution to the phenotype (Levy
et al., 2008, 2014). In a similar experiment in the retina, 173
DEGs were identified with two-thirds upregulated (109 genes)
and one-third (64 genes) downregulated (Lagali et al., 2016).
Most of these genes were involved in the regulation of glutamate
activity, ion channel regulation or encoded neuroprotective
peptides, with four shown to be also dysregulated in the
cortex (Csf2ra, Cbin4, Syt13, and Nign4). Each of these studies
showed that the mutant samples had only small numbers of
genes with large changes in gene expression and, while some
downregulated genes may impede transcriptional elongation, this
mechanism may not be universal, particularly as it pertains to
upregulated genes.

However, other indirect mechanisms have been explored
to explain transcriptional dysregulation, particularly a loss of
repression. The ATRX/DAXX complex is critical for loading H3.3
at telomeres and pericentromeric heterochromatin (Goldberg
et al., 2010; Wong et al., 2010). Research over the last few
years has expanded this regulation to include H3.3 deposition
at endogenous retroviral elements, regions associated with
imprinted genes, and some CpG islands (Elsisser et al., 2015;
He et al, 2015; Sadic et al., 2015; Voon et al., 2015). At
the telomere, the loss of ATRX affected the transcription of
telomeric DNA and the non-coding RNA TERRA, although
studies conflict on whether levels increase or decrease (Eid
et al, 2015; Nguyen et al, 2017). Surprisingly, TERRA was
also shown to bind to an additional ~4,000 binding sites aside
from the telomere where it co-localized with ATRX (Chu et al.,
2017). Many of these sites were within introns and comprised
GA repeats, however, depletion of TERRA usually resulted
in downregulation while ATRX depletion increased expression
(Chu et al., 2017). While it remains to be determined how
this might affect neuronal gene expression, ATRX has been
shown to interact with other IncRNAs including Xist to facilitate
PRC2 silencing and ChROI that is required for heterochromatin
reorganization in differentiating muscle cells (Sarma et al., 2014;
Park et al., 2018). Indeed, ATRX binding to IncRNA or R-loops
may be a key mechanism mediating transcriptional repression of
specific target genes.
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Histone H3.3 ChIPseq studies have also shown that it is
enriched at the intracisternal A-particle endogenous retroviral
elements (IAP/ERVs), which account for almost half of all
mutation causing ERV insertions (Maksakova et al., 2006;
Elsdsser et al, 2015). Moreover, H3.3 deposition at these
sites requires ATRX/DAXX to facilitate H3K9me3 and
repression while depletion of ATRX, DAXX, or H3.3 results in
reduction of the H3K9me3 mark and IAP/ERV derepression
(Elsdsser et al., 2015; He et al., 2015; Voon et al., 2015). In
mouse ESCs, ERV derepression affected the expression of
neighboring genes in a minority of cases with most genes
neutral to ERV derepression. It raises the question of whether
or not this type of derepression would affect many genes
or occur rapidly within a post-mitotic neuron, and thus,
function as a major effector in dysregulated gene expression
in Atrx-null neurons. In this regard, a related study using
cultured post-mitotic neurons demonstrated that the ADD
domain can also bind the H3K9me3S10ph dual histone mark
(Noh et al,, 2015). This histone mark is rapidly induced by
neuronal depolarization where it appears at centromeric and
pericentromeric heterochromatin co-localized with ATRX to
repress transcription of non-coding centromeric minor satellite
sequences (Noh et al., 2015). While it is unclear what the impact
of increased centromeric minor satellite transcription would
have on disease pathology, it remains to be determined whether
this dual mark affects activity-dependent transcription of genes
mediating learning or memory.

It was also demonstrated that ATRX was bound to 56 CpG
islands which was unexpected since they are often associated
with active chromatin, typically promoters (Voon et al., 2015).
However, these CpG islands were associated with H3K9me3,
almost half were methylated and many corresponded to
imprinted loci often residing in intragenic regions within a
transcriptional unit (Voon et al, 2015). Indeed, in all cases
examined ATRX was bound to the silenced imprinted allele
which became reactivated in ATRX KO cells (Voon et al., 2015).
This study contrasted somewhat with an independent report in
which ATRX was recruited by MeCP2 to silence the active allele
of several imprinted genes in the developing telencephalon (Levy
etal., 2014). The difference in these studies may reflect differential
regulation of imprinting loci in ESCs versus differentiating NPCs.
Perhaps the most compelling example of derepression came
from a study with the Atrx®E2 mice (Shioda et al., 2018). In
this model, the authors identify a small list of 31 DEGs in the
adult hippocampus but with most genes (23/31) downregulated
(Shioda et al., 2018). Among the upregulated genes was an
imprinted gene from the lymphocyte-regulated gene family,
Xlr3b. Although XIr3b had widespread expression across many
tissues, it was only upregulated in the brain. Further work showed
that ATRX bound to a G4 DNA sequence within the CpG island
of the XIr3b gene where it normally interacted with DAXX and
H3.3 and recruited DNMT1 and DNMT3 to silence the gene.
The subsequent overexpression of XIr3b in the Atrx®F? mice
was shown to produce a protein that localized to dendritic RNA
granules where it interacted with ribonucleoproteins, dynein
proteins and the RNA-binding protein, TIA1, to regulate mRNA
transport (Shioda et al., 2018). One of the targets identified was

the mRNA for CAMK II-a which they had previously shown to
be deregulated in these animals. Excitingly, they also showed that
the G-quadruplex-binding ligand 5-aminolevulinic acid (5-ALA)
was able to decrease RNApol II occupancy and XIr3b expression
in the Atrx®F? mice, although methylation of the G4 DNA
sequence within the CpG island was not affected. It seems that
formation or stabilization of this G4 DNA sequence is required
to activate the XIr3b gene and that ATRX normally prevents
this by facilitating heterochromatin formation. In this regard,
mapping of G4 DNA sequences have shown an enriched number
in gene regulatory elements where many function to increase
transcription when stabilized (Hansel-Hertsch et al., 2016).
While G4 DNA stabilization occurs in the Atrx®F2 mice,
further work is required to explain how 5-ALA represses Xlr3b
transcription when it should stabilize the G4 DNA. Regardless,
the derepression of G4 DNA within CpG islands and/or other
regulatory elements is an exciting mechanism that can explain
DEG upregulation, particularly when coupled with the finding
that ATRX binding is increased at regulatory elements in NPCs
compared to ESCs. Collectively, the derepression of tandem
repeats, retrotransposable elements and G4 quadruplexes can all
function to impinge on neuronal function.

Morphological, Behavioral, and Cell

Non-autonomous Deficits

We have discussed global effects on DNA replication and
transcription that occur in the absence of ATRX in the previous
two sections. In this section, we review the morphological and
functional repercussions of these deficits. Aside from being
reduced in size, the Atrx™€1C" mice had a normal cortical
morphology with proper lamination although a reduction of
upper layer neurons (Bérubé et al., 2005; Ritchie et al., 2014;
Hubh et al,, 2016). The reduction in upper layer neurons may also
contribute to the partial agenesis of the corpus callosum observed
in some patients (Gibbons, 2006). The hippocampus was also
reduced in size while the dentate gyrus consisted of only a few
disorganized cells. Behavior analysis was not performed due to
the early postnatal lethality, although female heterozygous mice
showed impairment in spatial, contextual fear, and novel object
recognition memory (Tamming et al., 2017).

The Atrx®F2 mice also had smaller brains but no differences
in cell density within layers II/III of the prefrontal cortex
(PEC) or hippocampus (Shioda et al,, 2011). Examination of
dendritic spines in the PFC showed that the Atrx®£? mice
had similar numbers but fewer mature spines and many more,
thin, long immature spines (Shioda et al, 2011). Behavioral
analysis indicated that the mice have impaired contextual fear
memory (fear conditioning test), spatial memory (Y-maze), but
not anxiety behaviors (Nogami et al., 2011; Shioda et al., 2011).
Electrophysiology studies in hippocampal slices demonstrated
reduced NMDAR-dependent long term potentiation (LTP)
evoked by high stimulation frequency in hippocampal CAl
neurons which was mediated by increased CAMK2A and GluR1
phosphorylation (Nogami et al., 2011). This was in contrast to
a later article by the same group that showed phosphorylated
CAMK2A levels were reduced in the Atrx™F? mice while 5-ALA
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FIGURE 3 | The multiple functions of the ATRX protein. Schematic diagram of ATRX functional influence on brain development and its contribution to NDDs.
Normally ATRX utilizes its chromatin remodeling activity to (1) influence transcription and DNA replication in heterochromatic regions to control the rate of proliferation
in the neuronal progenitor cell population (bottom arm); and (2) to influence transcription in heterochromatic regions to control differentiation processes (top arm).
When ATRX is mutated the cellular proliferation rates in progenitors is slowed resulting in a smaller progenitor population; and the differentiation processes are altered
resulting in either dysfunctional cellular morphology or complete absence of specific cell types.
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restored the levels at the synapse and the phosphorylation levels
(Shioda et al., 2018). A recent article examining hippocampal
function using CAMKII-Cre mice to inactivate Atrx in postnatal
excitatory forebrain neurons demonstrated reduced paired-pulse
facilitation and LTP in proximal and distal apical dendrites
of CA1 synapses (Gugustea et al., 2019). This represented the
first study of mice in which Atrx has been inactivated after
neurogenesis and it will be interesting to ascertain the full
characterization of these mice.

Studies of the retina have also provided useful information
into ATRX function. Many ATR-X patients have visual problems
although this has been an under-appreciated aspect of the
phenotype (Medina et al., 2009). Inactivation of ATRX in
retinal progenitors Atrx?**¢C¢ resulted in a slight reduction in
retina size and a specific reduction of interneurons, namely
amacrine and horizontal cells (Medina et al., 2009). Surprisingly,
AtrxPi1aCre mice that ablates ATRX in a bi-potential progenitor
that generates amacrine or horizontal cells did not recapitulate
the phenotype, while inactivation with a bipolar cell specific
Cre driver (AtrxV*2Cre) did not affect bipolar cell survival but
did result in reduced amacrine and horizontal cells suggesting
that interneuron survival was a cell non-autonomous effect
(Lagali et al., 2016). Additional characterization of these mice
showed that the bipolar axons were mislocalized within the
inner plexiform layer and many had axonal swellings or
tortuous paths to their targets. Gene expression analysis identified
alterations in the glutamate pathway, ion channel regulation and
altered expression of neuroprotective peptides. Altered axonal
pathfinding was also observed in Drosophila XNP mutants,
the homolog to the ATPase domain of ATRX (Sun et al,
2006). It will be important to further explore in greater detail
whether axonal pathfinding is also altered within forebrain or
hippocampal neurons.

PERSPECTIVES

Studies to date have indicated that ATRX has multiple
roles during forebrain development that can contribute to
the phenotype of ATR-X patients. It functions mainly as
a heterochromatin interacting protein acting to ensure that
repetitive DNA is properly packaged and organized into
heterochromatin. We have highlighted how aberrations in
heterochromatin maintenance leads to genomic instability and
replication stress that impairs NPC expansion leading to a
microcephalic brain (Figure 3). The loss of ATRX also affects
gene expression typically resulting in increased gene derepression
but also downregulation. It remains to be teased apart which
targets are direct versus indirect, and when disrupted expression
hampers neuronal function. It is likely that inactivation of
ATRX in postmitotic neurons, following neurogenesis and
lamination, will help define a role for ATRX target genes in
altered synaptic activity and/or synaptic plasticity underlying
cognitive impairment. Moreover, the contribution of other
central nervous system cell types to the phenotype have not
been explored. ATRX is expressed in glia and oligodendrocytes
which are known to intimately communicate with neurons
to mediate function, as shown recently in Drosophila glial
ATRX dependent ensheathment of sensory neurons, for normal
dendritic arborization and stimulus processing (Yadav et al.,
2019). Intriguingly, MRI studies on ATR-X patients showed
severe glial defects and white matter disruption, further
stressing the need for research in this area (Wada et al,
2013; Lee et al, 2015). Importantly, a further understanding
of ATRX function and its aberrant molecular pathways are
required before potential treatments can be explored. In this
regard, treatment with 5-ALA has shown promise in one
animal model and it is being investigated in Japanese patients
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(T. Wada, personal communication). ATRX is but one of many
different chromatin remodeling proteins mutated in NDDs but it
serves to demonstrate how complex these disorders are and how
widely chromatin remodelers impact cellular activities.
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Rett Syndrome (RTT) is a rare and progressive neurodevelopmental disorder that is
caused by de novo mutations in the X-linked Methyl CpG binding protein 2 (MECP2)
gene and is subjected to X-chromosome inactivation. RTT is commonly associated with
neurological regression, autistic features, motor control impairment, seizures, loss of
speech and purposeful hand movements, mainly affecting females. Different animal and
cellular model systems have tremendously contributed to our current knowledge about
MeCP2 and RTT. However, the majority of these findings remain unexamined in the
brain of RTT patients. Based on previous studies in rodent brains, the highly conserved
neuronal microRNA “miR132” was suggested to be an inhibitor of MeCP2 expression.
The neuronal miR132 itself is induced by Brain Derived Neurotrophic Factor (BDNF),
a neurotransmitter modulator, which in turn is controlled by MeCP2. This makes the
basis of the MECP2-BDNF-miR132 feedback regulatory loop in the brain. Here, we
studied the components of this feedback regulatory network in humans, and its possible
impairment in the brain of RTT patients. In this regard, we evaluated the transcript
and protein levels of MECP2/MeCP2E1 and E2 isoforms, BDNF/BDNF, and miR132
(both 3p and 5p strands) by real time RT-PCR, Western blot, and ELISA in four different
regions of the human RTT brains and their age-, post-mortem delay-, and sex-matched
controls. The transcript level of the studied elements was significantly compromised
in RTT patients, even though the change was not identical in different parts of the
brain. Our data indicates that MeCP2E1/E2-BDNF protein levels did not follow their
corresponding transcript trends. Correlational studies suggested that the MECP2E1/E2-
BDNF-miR132 homeostasis regulation might not be similarly controlled in different parts
of the human brain. Despite challenges in evaluating autopsy samples in rare diseases,
our findings would help to shed some light on RTT pathobiology, and obscurities caused
by limited studies on MeCP2 regulation in the human brain.

Keywords: Rett Syndrome, MeCP2 isoforms, MeCP2E1, MeCP2E2, BDNF, miR132, Epigenetics, DNA methylation
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INTRODUCTION

The X-linked Methyl CpG binding protein 2 (MECP2) gene
encodes for an important nuclear factor that binds to methylated
DNA. MeCP2 protein is the prototype member of the methyl
binding proteins, which was discovered almost three decades
ago (Lewis et al., 1992). MeCP2 is a multi-functional epigenetic
factor and its proper homeostasis regulation is critical for normal
brain development (Delcuve et al., 2009; Zachariah and Rastegar,
2012; Rastegar, 2017b; Tillotson and Bird, 2019). Mutations in
the MECP2 gene located in Xg28 are the underlying cause of
over 90% of typical and a portion of atypical cases of Rett
Syndrome (RTT) (Neul et al., 2008; Liyanage and Rastegar, 2014;
Chabhil and Bollu, 2020), a severe neurodevelopmental disorder
that is primarily detected in females (Amir et al., 1999). The
vast majority of these mutations happen de novo and mostly in
the paternal germline (Girard et al., 2001; Trappe et al., 2001).
There are also rare familial cases of RT'T that may happen due to
skewing of X chromosome inactivation (XCI) in the mother, who
can pass MECP2 mutation(s) on to male and female offspring
as an asymptomatic carrier (Villard et al., 2000). The pattern
of XCI has been studied in RTT, however, the results are not
fully conclusive (Xinhua et al., 2008). Although the majority of
classical cases of RTT have balanced XCI pattern in the brain
tissue (Zoghbi et al,, 1990; Shahbazian et al, 2002a,b), non-
random XCI or skewed pattern, has also been reported in several
cases (Renieri et al., 2003).

In mice and humans, the Mecp2/MECP2 gene consists of 4
coding exons separated by 3 introns (Liyanage and Rastegar,
2014). Although several protein-coding and non-coding MECP2
transcripts have been identified or predicted (Singh et al,
2008), the two most-studied splice variants of MeCP2 are
known as MeCP2E1 and MeCP2E2 (Kriaucionis and Bird, 2004;
Mnatzakanian et al, 2004). Accordingly, MeCP2E1 and E2
isoform-specific expression, regulation, function, and clinical
relevance to RTT have been the focus of several research studies
(Rastegar et al., 2009; Itoh et al., 2012; Kerr et al., 2012; Zachariah
et al., 2012; Liyanage et al., 2013, 2019; Olson et al., 2014; Yasui
etal., 2014; Sheikh et al., 2017; Vogel Ciernia et al., 2018; Martinez
de Paz et al,, 2019; Takeguchi et al., 2020). Information about
other MECP2 transcripts and their tissue- and cell-type specific
expression could be obtained through RNA sequencing or data
mining of related publically available data repositories. Among
the known MECP2 protein-coding transcripts, MeCP2E2 was
the original protein variant that was discovered in 1992 (also
referred to as MeCP2p or MeCP2A) (Lewis et al., 1992). In 2004,
another splice variant of MeCP2 was identified, currently known
as MeCP2E1 (also called MeCP2a or MeCP2B) (Kriaucionis and
Bird, 2004; Mnatzakanian et al., 2004). MeCP2E1 is encoded
by exons 1, 3, and 4; while MeCP2E2 is encoded by exons
2, 3, and 4. The two MeCP2El (498-aa) and E2 (486-aa)
isoforms fully share MeCP2 protein domains and only differ in

Abbreviations: BDNF (protein)/BDNF (human gene), brain derived neurotrophic
factor; ELISA, enzyme-linked immunosorbent assay; GAPDH (protein)/GAPDH
(human gene), Glyceraldehyde 3-phosphate dehydrogenase; H&E, Hematoxylin
and Eosin; THC, immunohistochemistry; MeCP2 (protein)/MECP2 (human
gene)/Mecp2 (mouse gene), Methyl CpG binding Protein 2; miRI132,
microRNA132; PMD, post-mortem delay; gRT-PCR, quantitative reverse
transcription polymerase chain reaction; RTT, Rett syndrome; WB, Western blot.

their short N-terminal regions that consist of 21-aa exclusive
to the MeCP2E1, and 9-aa specific to MeCP2E2 (Kriaucionis
and Bird, 2004; Mnatzakanian et al., 2004; Zachariah et al.,
2012; Liyanage and Rastegar, 2014; Olson et al., 2014). The
larger MeCP2E1 isoform is the dominant protein in the brain
with relatively consistent expression throughout different brain
regions of the adult mice, and earlier developmental onset of
expression in the brain (Olson et al., 2014). Interestingly, E1-
deficiency in mice mimics similar phenotype as mice lacking
the whole Mecp2 gene (Yasui et al, 2014), suggesting its
importance in RTT pathobiology. In support of this conclusion,
E2-deficient mice do not exhibit RTT-associated symptoms
(Itoh et al,, 2012), suggesting that E2 may not have direct
relevance to RTT.

In the brain, compromised MeCP2 expression and/or function
is associated with impaired brain function associated with autism,
RTT, and MECP2 duplication Syndrome (MDS) (Liyanage
and Rastegar, 2014). Our previous studies have highlighted
the cell type-specific role of DNA methylation, and murine
strain in Mecp2/MeCP2E1/E2 regulation (Liyanage et al., 2013,
2015, 2019; Olson et al.,, 2014; Xu et al, 2019; Amiri et al,
2020). Studies have also shown that in rodent brain/brain cells
MeCP2 homeostasis is controlled via a regulatory feedback loop
consisting of MeCP2, brain-derived neurotrophic factor (BDNF),
and a neuronal-specific microRNA named miR132 (Klein et al.,
2007). The monogenic character of RTT, mainly caused by
mutations in the MECP2 gene has prompted several RT'T animal,
and development of cellular (Rastegar et al., 2009; Marchetto
et al, 2010; Yazdani et al, 2012; Ezeonwuka and Rastegar,
2014) model systems to study disease mechanism. However,
the brain region-specific expression pattern of the suggested
MeCP2-BDNF-miR132 regulatory network in the human brains
is unknown. Furthermore, it is not clear if the components of
this homeostasis regulatory network are affected in the human
RTT brain, mainly due to the limitation of access to human brain
tissues for this rare disorder (1:10,000-15,000 females) (Amir
etal., 1999).

Here, we investigated the expression of the suggested MeCP2
homeostasis regulatory network, while studying both MeCP2
isoforms in post-mortem human brain tissues of RTT patients
and age-/sex-matched controls. We employed quantitative
and semi-quantitative approaches including real time reverse
transcriptase-PCR (RT-PCR), ELISA, and Western blot (WB) to
study the components of MeCP2E1/E2-BDNF-miR132 feedback
loop at the transcript and protein levels. Our results indicate that
MECP2E] transcripts are higher than MECP2E2 in the human
frontal cerebrum, hippocampus, amygdala, and cerebellum, and
that the latter shows significantly higher levels of MECP2EI
and MECP2E2 compared to other tested brain regions. We
further show that not only MECP2E1 and MECP2E2, but also
BDNF transcripts are significantly lower in RTT brains compared
to controls. We observed that miR132-3p is the dominant
strand in all studied human brain regions with significantly
lower levels in the cerebellum. Combined correlational analysis
of our transcript and protein studies suggests a potential
regulatory feedback of MECP2/MeCP2-BDNF/BDNF in the
brain, which might be independent of miR132 in specific parts
of the human brain.
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MATERIALS AND METHODS

Ethics Statement

Our research studies on the human brain tissues presented
in this manuscript were reviewed and approved by the
“University of Manitoba Bannatyne Campus Research Ethics

Board” and under an approved Health Research Board protocol
#HS20095 (H2016:337).

Human Brain Tissues

Autopsy brain samples of three female RTT patients were
analyzed in this study in parallel to their comparable age- and
sex-matched controls. RTT brain samples were from: (A) a 13-
year-old female Rett Syndrome patient with the most frequent
MeCP2 mutation (T158M). The brain tissues for this patient
was received by organ donation, and the related clinical data are
already reported (Olson et al., 2018), (B) a 19-year-old female
RTT patient (A201V). The brain tissue for this patient was also
received through direct organ donation, and (C) the third patient
was a 20-year-old female RTT patient (R255X), for whom the
brain samples were received from NIH Neurobiobank (NIH #
4516). Tissues from three comparable female control (non-RTT)
brain tissues were received from NIH Neurobiobank. Table 1
provides the information about these brain samples. Two patients
with T158M and R255X mutations are representatives of the
first and third most common RTT-associated point mutations
that cause the disease (RettBASE Database) (Krishnaraj et al.,
2017). These two mutations (T158M and R255X) affect two
of the main protein functional domains, namely the methyl
binding domain (involved in DNA binding of MeCP2) and the
transcriptional repression domain (involved in protein-protein
interactions), respectively (Liyanage and Rastegar, 2014). The
third patient with clinical diagnosis of RT'T had a polymorphism
(A201V) known to be associated with RTT. Based on potential
link to disease symptoms such as cognitive, behavioral, and
locomotor impairments in RTT patients, four brain regions

TABLE 1 | The list of human brain samples used in our study.

NIH# RTT/Control Age (Years) Sex PMD
* T158M 13 F <6 h
* A201V 19 F 24 h
4516 R255X 20 F 9h

5401 Control 19 F 22 h
5646 Control 20 F 23 h
5287 Control 23 F 15h
o] Control 14 F 24 h
a Control 18 F 48 h

All patients and controls are Caucasian. Two RTT brain samples (T158M and
A201V) were donated directly to our lab for research (*), and were coordinated
through collaboration with Dr. Victoria Siu (Western University) who obtained proper
consent for research, as reported previously (Olson et al., 2018; Pejhan et al.,
2020). Two control brain samples for Hematoxylin and Eosin (H&E) staining were
provided by the Health Sciences Centre Pathology Laboratory, Winnipeg, MB
(®), coordinated by Dr. Marc Del Bigio. Post-mortem delay (PMD) shows the
interval between death and tissue preservation. Samples from NIH NeuroBioBank
were obtained by Dr. Mojgan Rastegar and signed Material Transfer Agreement
(MTA); F (Female).

were selected for our study that included the frontal cerebrum,
hippocampus, amygdala, and cerebellum. Hematoxylin and
Eosin (H&E) stained slides of the human brain tissue were
prepared by paid services from the Health Sciences Center,
Pathology Laboratory, Winnipeg, and Department of Human
Anatomy and Cell Science, University of Manitoba. Imaging and
analysis of the images were done by the authors.

Quantitative Real Time
Reverse-Transcriptase Polymerase
Chain Reaction (qQRT-PCR)

Total RNA was extracted from the frontal cerebrum,
hippocampus, amygdala, and cerebellum by using Trizole
(Life Technologies Inc., 15596-062) as per manufacturer’s
guidelines, and as previously reported (Rastegar et al., 2004;
Huang et al., 2005; Kobrossy et al., 2006). The extracted total
RNA was treated with DNase I for eliminating traces of possible
contamination with genomic DNA, by using Ambion TURBO
DNA-free kit (Thermo Fisher Scientific). Total RNA was
then processed for cDNA synthesis by Superscript III Reverse
Transcriptase (Invitrogen), as described elsewhere (Pejhan et al.,
2020). For quantitative RT-PCR, we used a Fast 7500 Real-Time
PCR machine (Applied Biosystems) with SYBR Green-based
RT-PCR Master Mix reagents (Applied Biosystems). Transcripts
levels of MECP2 isoforms and BDNF were assessed using
specific primers that are listed in Supplementary Table S1,
being normalized to GAPDH (Glyceraldehyde 3-phosphate
dehydrogenase), as previously described (Barber et al., 2013; Xu
et al,, 2019). We used Microsoft Excel 2.10 and GraphPad Prism
7 to analyze the results.

TagMan Assay for miR132 Detection

The TagMan®MicroRNA assay kit from Thermo Fisher was
used to analyze and quantify miRI132. First cDNA was reverse
transcribed from DNase-treated RNA by TagMan®MicroRNA
reverse transcription kit (Thermo Fisher Cat. No. 4366596),
as per manufacturer’s protocol and guidelines. The generated
cDNA was used to perform RT-PCR reaction for miR132-3p,
miR132-5p, and U6 with the TagMan primers from Thermo
Fisher (hsa-miR132-3p, Cat. No. 000457, hsa-miR132-5p, Cat.
No. 002132, and U6 snRNA, Cat. No. 001973). We selected
U6 snRNA as an internal miRNA control, as suggested by
previous studies (McDermott et al., 2013; Duan et al., 2018). The
results for two miR132 strands were normalized to U6 snRNA
(endogenous control), with the same analysis method as the other
studied genes here.

Western Blot

Nuclear and cytoplasmic protein fractions were isolated
from frozen frontal cerebrum, hippocampus, amygdala, and
cerebellum samples by NE-PER Extraction Kit (Thermo
Scientific, Cat. No. 78833), according to the manufacturer’s
instruction and as described previously (Olson et al.,, 2014,
2018). Western blot experiments were performed with the
described protocols in previous reports (Rastegar et al., 2000;
Wu et al.,, 2001; Gordon et al., 2003; Sheikholeslami et al., 2019).
As housekeeping protein and loading control, GAPDH was
checked on all membranes and the results for each antibody were
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normalized to GAPDH signals. Validation of GAPDH in the
nuclear and cytoplasmic extracts from human RTT and control
brain tissues has been also reported recently (Olson et al., 2018).
The list of primary and secondary antibodies is provided in
Supplementary Table S2. MeCP2E1 and MeCP2E2 antibodies
are custom-made and have been previously characterized and
reported for detecting endogenous protein isoforms (Zachariah
et al., 2012; Liyanage et al., 2013; Olson et al., 2014; Yasui et al,,
2014). BDNF antibody was purchased from Abcam (108319).

Enzyme-Linked Immunosorbent Assay

(ELISA)

We used ELISA to quantify BDNF protein in the cytoplasmic
protein extracts of the human brain tissues. Human BDNF
ELISA kit from Sigma-Aldrich (RAB0026) was used according
to the manufacturer’s instructions. For intra and inter-assay
coefficients of variation, we used <10% and <12%, respectively,
while the sensitivity was determined at 80 pg/ml. Absorbance was
measured on SpectraMax M2e plate reader (Molecular Devices),
and concentrations were calculated based on a standard curve
that was generated by the Softmax Pro 5.3. BDNF levels were
calculated as ng/mg of total protein.

Statistical Analysis

GraphPad Prism software was used for statistical analysis and
generating the graphs, as reported (Barber et al., 2013; Liyanage
et al., 2015; Sheikholeslami et al., 2019). Statistical significance
was determined by one-way ANOVA with multiple pairwise
comparisons among different brain regions for transcript
assessments and protein quantifications by ELISA. We used
Student’s t-test to compare controls and RTT samples for
these parametric data. Western blot non-parametric results
were analyzed by Kruskal-Wallis, and Mann-Whitney tests.
Pearson correlation study was used to measure the degree of
the relationship between parametric variables, and Spearman’s
for non-parametric ones. The significance level was calculated at
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

RESULTS

MECP2E1 and MECP2E2 Transcripts Are
Significantly Lower in RTT Patients

Compared to Controls

In order to study MECP2EI and MECP2E2 transcript levels, we
performed qRT-PCR in isolated RNA samples from the frontal
cerebrum, hippocampus, amygdala, and cerebellum of RTT
patients and age-/sex-matched control brain tissues. Our results
indicated that MECP2EI transcripts are significantly higher than
MECP2E2 transcripts in all the studied brain regions of the
controls and RTT patients (Figures 1A,B). In control brain
tissues, both isoforms showed higher transcript levels in the
cerebellum compared to other brain regions, with a similar trend
in RTT patients. Comparing MECP2E1 and MECP2E2 transcript
levels in RTT patients versus controls, we observed significantly
lower levels of MECP2EI and MECP2E2 isoforms in RTT patients
in all four tested brain regions (Figure 1C). The severity of such

significantly reduced expression was brain region-dependent,
ranging from 20% in the hippocampus to 60% in the frontal
cerebrum (Table 2).

Transcript Detection of miR132 and
BDNF in the Brain of RTT Patients and

Controls

Next, we aimed to investigate the transcript levels of miR132
(both 3p and 5p strands) in the brain of RTT patients and
control tissue samples. Isolated RNA from the selected four
brain regions was subjected to TagMan real time PCR. Our
results indicated that between the two strands, miR132-3p is the
dominant transcript in all tested brain regions of control and
RTT brain tissue samples. Despite its significantly lower level, the
miR132-5p strand still showed a similar pattern in comparison
with the miR132-3p among different brain regions of RTT and
controls (Figures 1D-F). Analysis of these results indicated that
compared to controls, RTT brain regions had significantly lower
levels of miR132-3p in the frontal cerebrum, hippocampus, and
amygdala, but they were equal in the cerebellum (Figure 1F). The
minimum ratio belonged to RTT frontal cerebrum with less than
18% of the control levels (P < 0.001). Amygdala with less than
43% (P < 0.01), and hippocampus with less than 66% of control
level (P < 0.05) were the next two regions.

In order to study the components of MeCP2 homeostasis
regulation, next we analyzed BDNF transcripts in the control and
RTT brain tissues. In control brain samples, BDNF transcripts
were relatively consistent in the frontal cerebrum, hippocampus,
and amygdala. However, BDNF transcripts were found to be
about 1.5 times higher in the cerebellum compared to the other
tested brain regions (P < 0.0001) (Figure 1G). Similar analysis
of RTT brain tissues showed significantly higher BDNF levels in
the cerebellum compared to the frontal cerebrum (P < 0.0001)
and amygdala (P < 0.01). Although, BDNF transcripts in the
cerebellum were still higher compared to hippocampus, the
detected change did not reach to any statistical significance
(Figure 1H). Next, we compared BDNF transcript levels of
control and RTT brain tissues. In all four tested brain regions
of RTT samples; BDNF transcripts were significantly lower
compared to controls (Figure 1I). Such significantly lower levels
in RTT brains ranged from 30% reduced BDNF levels in the
hippocampus (P < 0.001) and amygdala (P < 0.01) to 60% in
the frontal cerebrum (P < 0.0001) (Table 2). Taken together,
our results indicate that not only miR132 (both miR132-3p and
miR132-5p) but also BDNF transcripts are significantly lower in
RTT patients, and that the miR132-3p is the dominant microRNA
strand in the human brain, at least in the four tested brain
regions in this study.

Expression Analysis of MeCP2 Isoforms

in RTT and Control Human Brain Tissues

Others and us have reported that MeCP2 protein and transcript
levels do not always correlate with each other (Balmer et al,
2003; Mullaney et al, 2004; Liyanage et al., 2013; McGowan
and Pang, 2015). Therefore, we next analyzed the protein levels
of MeCP2E1 and MeCP2E2 in the control and RTT patient
brain tissues. As MeCP2 is a nuclear protein, we isolated the
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FIGURE 1 | Transcript levels of MECP2E1, MECP2E2, BDNF, and miR132. In all studied brain regions of three RTT (B,E) and controls (A,D), MECP2E1 and
miR132-3P are significantly higher than MECP2E2 and miR132-5P, respectively. Cerebellum in comparison with the other three brain regions shows the highest level
for all the studied transcripts except for microRNA132 (A,B,D,E,G,H). Rett Syndrome (RTT) patients show lower transcript levels of MECP2ET, MECP2E2, BDNF,
miR132-3P, and miR132-5P in four studied brain regions compared to their age-, and sex- matched controls (C,F|). Cerebellum has exceptionally similar level of
miRNAs in RTT and controls (F). Frontal cerebrum (Fc), Hippocampus (Hp), Amygdala (Am), Cerebellum (Cb); N = 3 &+ Standard Error of the Mean (SEM); One-way
ANOVA with multiple pairwise comparisons used among different brain regions. Student’s t-test was used to compare controls and RTT samples for each parameter.
The significance level was determined at single symbol P < 0.05, double symbols P < 0.01, triple symbols P < 0.001, and quadruple symbols P < 0.0001.
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TABLE 2 | Summary of changes at transcript level in the studied element of four
brain regions in RTT patients compared to controls.

MECP2E1 MECP2E2 BDNF miR132-3p
Frontal Cerebrum ~60%, ~30% ~60% ~80%
Hippocampus ~20%| NS ~20%, ~30% ~30%
Amygdala ~40%, ~40%, ~30% ~60%
Cerebellum ~30% ~40%, ~40%), ~10%1 NS

NS, not statistically significant.

nuclear and cytoplasmic extracts of frozen brain tissues of RTT
and control brain samples, including the frontal cerebrum,
hippocampus, amygdala, and cerebellum. WB experiments on
isolated nuclear extracts with our validated custom-made anti-
MeCP2E1 and MeCP2E2 antibodies (Zachariah et al.,, 2012;
Olson et al., 2014), indicated that both MeCP2E1 and MeCP2E2
proteins are detectable in RTT and control brain tissues at 72—
75 kDa (Figure 2). Despite consistent detection of GAPDH
in different samples (indicating comparable loading from each
sample), MeCP2 isoforms were inconsistently detected in both
the controls and RTT samples. In this regard, the 20 year-
old control brain tissues showed lower level of both MeCP2

isoforms in the frontal cerebrum. Also, MeCP2E2 showed
relatively low levels in two out of the three controls in
the majority of tested brain regions (Figure 2). The post-
mortem delay (PMD) of these control samples (Figure 2)
from left to right are as following: 22 h (NIH Neurobiobank
#5401, 19 years old female), 23 h (NIH Neurobiobank #5646,
20 years old female), and 15 h (NIH Neurobiobank #5287,
23 years old female). In case of any impact of PMD on
protein detection of MeCP2E1 and MCP2E2, it is possible
that our results on MeCP2 protein levels may not properly
reflect the actual intact protein level, and that the protein may
have undergone some degradation. We recently reported that
the highest intact detection of MeCP2 in surgical samples is
associated with the 1 h time-window after sample collection
(Pejhan et al., 2020), which may not be feasible to achieve
in all cases of post-mortem organ donations. In line with the
detected MeCP2 levels with high variations, most RTT brain
regions also showed inconsistent levels. Of note, the two RTT
brain tissues (T158M and A201V) that we received through
organ donation (with PMD of <6 and 24 h, respectively)
showed higher MeCP2E1 and MeCP2E2 levels compared to
almost all other tested samples. The fact that the A201V
sample with 24 h PMD still shows much higher MeCP2
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FIGURE 2 | Western blot results of MeCP2E1, MeCP2E2, and ProBDNF in human Rett Syndrome (RTT) and control brain tissues. Western Blot results for MeCP2
isoforms and ProBDNF normalized to GAPDH in three RTT patients and their age-, and sex-matched controls show inter-regional variations as well as variable
amount of proteins among controls and RTTs. The full blots for ProBDNF (including mature BDNF) with GAPDH loading control are provided in Supplementary
Figure S1. Control (CRL); Year Old (Y).

Frontiers in Cell and Developmental Biology | www.frontiersin.org

42

August 2020 | Volume 8 | Article 763


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Pejhan et al.

Impaired MeCP2E1/E2-BDNF-miR132 Homeostasis in Rett Syndrome

protein levels compared to even control samples, highlights
that MeCP2 homeostasis at the protein level might be more
complicated as previously thought. As expected, the R255X
non-sense mutation showed relatively low level of both
MeCP2 isoforms (at 72-75 kDa), originated from the non-
mutated X-chromosome. Non-parametric comparisons between
the controls and RTT samples did not show any significant
differences of the MeCP2 isoforms (Figures 3A-C), which was
not in concordance with the results of their corresponding
transcript levels.

BDNF and ProBDNF Levels in the Brain
of RTT Patients and Controls

Next, we investigated BDNF protein levels in these brain tissue
samples. As BDNF is a cytoplasmic protein (Wetmore et al,
1991; Aliaga et al.,, 2009), we performed WB experiments with
isolated cytoplasmic extracts. Our results showed the presence of
the mature BDNF at around 14 kDa, and proBDNF at 32 kDa

(Supplementary Figure S1). The detected bands were relatively
consistent within the control group, with no obvious differences
between the control and RTT brain tissues (Figures 2, 3D,E
and Supplementary Figure S1). Surprisingly, we detected very
low levels of the mature BDNF in the cerebellum of both RTT
and control tissues (Supplementary Figure S1). To confirm
our findings, we further studied BDNF levels using ELISA
kits (Sigma-Aldrich), as a parallel complementary approach.
Based on ELISA results, control hippocampus samples showed
statistically significant higher levels of BDNF compared to the
frontal cerebrum and cerebellum. The average level of BDNF
in control hippocampus was 1.81 and 2.02 times higher than
the frontal cerebrum and cerebellum, respectively (P < 0.05).
Also, the amygdala and hippocampus showed higher levels of
the mature BDNF compared to the other two brain regions.
However, inter-regional differences among RTT samples were
not statistically significant (Figure 3E). As comparing Western
blot results in Figure 3D with ELISA results in Figure 3E
shows, regions with higher mature BDNF showed lower levels
of ProBDNF precursor, although the detected difference among
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FIGURE 3 | Results of protein studies by Western blot and ELISA in different regions of Rett Syndrome (RTT) and control brain tissues. (A) Western blot results for
MeCP?2 isoforms quantified and analyzed in four brain regions (frontal cerebrum, hippocampus, amygdala, and cerebellum) for mean of controls show non-significant
variations between the regions. (B) Western blot results for MeCP2 isoforms quantified and analyzed in four brain regions for mean of RTTs show higher level of
MeCP2E1 isoform in the cerebellum compared to the frontal cerebrum or hippocampus. (C) Mean of MeCP2 isoforms in RTT and controls are not significantly
different in relative RTT/control analysis. (D) Western blot results for ProBDNF quantified and analyzed in four brain regions for mean of controls and RTTs show
non-significant inter-regional variations without significant difference between RTT and controls. (E) ELISA results for BDNF quantified and analyzed in four brain
regions for mean of controls and RTTs show significantly higher levels in Hippocampus compared to frontal cerebrum and cerebellum of the controls. (F) Mean of
ProBDNF and BDNF in RTT and controls are not significantly different in relative RTT/Control analysis. Frontal cerebrum (Fc); Hippocampus (Hp); Amygdala (Am);
Cerebellum (Cb); N = 3 & Standard Error of the Mean (SEM); One-way ANOVA (ELISA)/Kruskal-Wallis test (WB) with multiple pairwise comparisons used among
different brain regions. Student’s t-test (ELISA)/Mann-Whiney test (WB) was used to compare controls and RTT samples for each parameter. The significance level
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these regions was not statistically significant. RTT samples had
similar levels of proBDNE, with a trend of lower levels of mature
BDNF in different regions of the brain, which was not statistically
significant (Figure 3F).

Correlation Studies

Next, we performed correlation of transcript-transcript and
transcript-protein analysis among the studied parameters of RT'T
and control brain tissues (Figure 4).

We observed that the two MECP?2 isoforms were positively
correlated at the transcript level (red arrows in Figure 4, top
panel), which was statistically significant for RTT and combined
data from controls and RTT samples together (P < 0.01).
However, at the protein level, the two MeCP2 isoforms showed
statistically significant positive correlation only for the combined
data, which is marked by red arrowhead (P < 0.05) (Figure 4,
middle panel). The transcript-protein correlation was negative
for MeCP2E2, which was statistically significant for the combined
data (P < 0.01), marked with red arrowhead in Figure 4 (bottom
panel). The gray arrowhead in Figure 4 (bottom panel) points
to positive transcript-protein correlation for MeCP2E1 for the
control data (P < 0.05). Our studies showed that although
both MECP2 isoforms have a statistically significant positive
correlation with BDNF at the transcript level (green arrow in
Figure 4, top panel); however, at the protein level, BDNF is
negatively correlated only with MeCP2E1 in control samples
(green arrowhead in Figure 4, middle panel). ProBDNF on the
other hand, showed a positive correlation only with MeCP2E2 in
combined data (P < 0.01), which is marked by purple arrowhead
in Figure 4, middle panel. Furthermore, we observed a negative
correlation between BDNF and its precursor ProBDNE, which
was statistically significant (P < 0.05) for combined data (green
arrowhead in Figure 4, middle panel, right graph). ProBDNF
also showed a negative correlation with BDNF transcripts,
which was statistically significant for both RTT and combined
data (purple arrowheads in Figure 4, bottom panel). Finally,
miR132 showed a negative correlation with MECP2E2, which was
statistically significant (P < 0.01) in RTT brains (blue arrow in
Figure 4, top panel).

Histopathological Examination

In addition to molecular analysis of the RTT brain compared to
controls, we then studied if these examined RTT brain tissues
show any gross anatomical abnormalities at the pathological
levels. Therefore, we performed histopathological investigation
of the frontal cerebrum, hippocampus, and cerebellum in
RTT patients and their sex- and age-matched controls by
Hematoxylin and Eosin staining of the prepared slides (Figure 5).
Formalin-fixed amygdala was not available for all samples,
and was therefore removed from the H&E analysis. The
microscopic evaluation was unremarkable without features of
dead neurons or inflammation. Increased cell density and
smaller pyramidal neurons in comparison with age- and sex-
matched controls were observed in the hippocampus of RTT
brain with the T158M mutation (Figure 5A4 versus A3).
In RTT brain with A201V mutation, the dentate gyrus of
the hippocampal formation was slightly thin toward the end

and focally hypocellular. These subtle findings of microscopic
examination are shown in Figure 5.

DISCUSSION

Studies on Human Brain Tissues Support
That Components of the
MeCP2-BDNF-miR132 Regulatory Loop
Are Expressed in a Region-Dependent

Manner in the Human Brain

Our finding to detect lower transcript levels of MECP2 isoforms
in the human RTT brain is in agreement with previous studies
that reported decreased MECP2 transcripts in Rett Syndrome
(Chen et al, 2001; Petel-Galil et al., 2006). In our study,
MeCP2E2, and ProBDNF showed a mainly negative correlation
with their transcripts, which was opposite to what we saw for
MeCP2ElL. The correlation coeflicient was not similar for RTT
and controls in all cases (Figure 4). Complex regulation of
protein expression in the human brain has been suggested as
a possible reason behind the low predictive value of transcript
expression for the corresponding protein(s) (Bauernfeind and
Babbitt, 2017). Post-transcriptional control, and cell- or tissue-
specific regulation rather than transcriptional-specific control
are also among other possible explanations (Shahbazian et al.,
2002a). In the human post-mortem RTT brain, BDNF transcripts
showed a similar pattern to MECP2E1/E2 with lower transcript
expression, without any significant difference at the protein
levels compared to controls. In this regard, our recent report
on the formalin-fixed brain tissues added another layer to the
complexity of MeCP2-BDNF expression. In this previous study,
BDNF immunolabeling showed that different cells of the brain
i.e,, astrocytes, endothelial cells, and neurons could all be part of
MeCP2 homeostasis (Pejhan et al., 2020). Therefore, it might be
too simplistic to suggest a single regulatory mechanism without
considering the cellular source of the proteins. Furthermore,
the inter-regional variations that we showed in the elements of
the suggested MeCP2 regulatory network in the human brain
might be the result of variable number of cells and different
cell types with different functions in each region, which makes
finding a unique regulatory system in the whole brain of
human less probable. Studying the third element of the MeCP2
homeostasis regulatory network proposed in rodents (miR132),
a brain region-specific expression was identified specific to the
cerebellum, where MECP2EI-E2 and BDNF levels were the
highest and miR132 levels were found to be the lowest (Figure 1).
Interestingly, cerebellum was the single brain region that both
miR132 strands were detected at similar levels between RTT
patients and control samples. In general, lower transcript levels
of MECP2 isoforms in the human RTT brains were associated
with lower level of miR132 in all brain regions, except for the
cerebellum. As indicated, cerebellum was different from the other
three tested brain regions with similar level of miR132 in RTT
and control brains. Looking at an average of all brain regions
in our correlation studies, we noticed a negative correlation
between miR132 and both MECP2E] and MECP2E2 transcripts,
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FIGURE 4 | Correlation analysis between all the studied parameters (MeCP2 isoforms, ProBDNF, BDNF, and miR732) from four brain regions (Frontal Cerebrum,
Hippocampus, Amygdala, and Cerebellum) in transcript and protein level. All graphs represent the Pearson’s (for parametric variables), or Spearman'’s (for
non-parametric variables) correlation coefficient in controls (black), RTTs (orange), and controls and RTTs combined (black/orange). Statistical significance:

**P < 0.001; P < 0.01; *P < 0.05; The charts are showing the data collected from four different brain regions (Frontal Cerebrum, Hippocampus, Amygdala and
Cerebellum) of 3 patients and their age and sex matched controls (N = 3 controls + 3 RTTs). The two isoforms are positively correlated at the transcript level, which is
significant for RTT and mixed data (red arrow), and MECP2E2 is negatively correlated with its protein, which is significant in mixed data (red arrowhead). Both
isoforms show positive correlation with BDNF at the transcript level. Green arrows show the significant ones. BDNF protein has a significant negative correlation with
MeCP2E1 in control samples (green arrowhead). ProBDNF is positively correlated with MeCP2E2, which is significant in mixed data (purple arrowhead). There is a
negative correlation between ProBDNF and BDNF transcript in both RTT and mixed data (purple arrowhead). The only significant correlation of miR732 is a negative
correlation with MECP2EZ2 in RTTs (blue arrow). Note that all miR132 transcripts in this Figure refer to miR132-3P strand.
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Frontal Cerebrum

Hippocampus

Cerebellum

FIGURE 5 | Histopathologic studies of different brain regions in three Rett Syndrome (RTT) patients and their sex-, and age-matched controls stained by
Hematoxylin and Eosin (H&E). There were not noticeable findings at the microscopic levels. Two subtle changes are shown here: small pyramidal neurons and
increased cell density in hippocampal region of T158M brain (A4) compared to the control (A3); thin and hypocellular dentate gyrus in the hippocampus of A201V
brain (black arrow in B4) compared to the control (B3); Control (CRL); Year old (Y); 200x magnification.

which was significant for the latter (Figure 4). Previous in vivo
studies in rodents have shown that increased level of miR132 is
associated with decreased level of MeCP2 and BDNF in the rat
hippocampus (Su et al., 2015), suggesting the potential existence
of species-specific regulatory mechanisms between rodents and
humans. In the future, we will be interested to study the detailed

mechanism of MeCP2 homeostasis regulation in human brain
cells using relevant in vitro studies. Densely packed neurons
with smaller soma size and reduced dendritic complexity are
important morphological features of RTT brains compared to
controls. These characteristics have been extensively studied in
in vitro differentiated human neurons (Marchetto et al., 2010;
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Chin et al., 2016), and in rare studies on post-mortem brain
samples of RTT patients (Armstrong et al., 1995). Although this
was out of the scope of our current study; it would be important
to investigate such changes in various type of neurons in different
brain regions of RTT patients to establish if similar abnormalities
are region, or cell type-specific in the human brain.

ProBDNF and Mature BDNF in RTT and

Control Human Brain Samples

Most studies on MeCP2-BDNF interactions in RTT
pathophysiology have focused on neurons while our
previous study showed a clear astroglial/endothelial pattern
of immunostaining for BDNF in human brain samples (Pejhan
et al., 2020). Apart from the BDNF source of expression, its
impairment in RTT patients is another controversy. Here,
we showed lower BDNF mRNA expression in RTT brain.
However, BDNF protein levels (detected by WB, ELISA, and
previously by IHC (Pejhan et al., 2020) were not detected at
lower levels in the human RTT patient brain tissues, suggesting
RTT brain has comparable BDNF levels to controls. We
detected equal to higher BDNF levels in the Purkinje cells
of the RTT cerebellar tissues by immunohistological studies
(Pejhan et al., 2020). Such weak predictive value of transcript
expression for their corresponding proteins is not unusual and
has been linked to complex regulation of protein expression
in the human brain (Bauernfeind and Babbitt, 2017). Of note
anti-BDNF antibody can detect both proBDNF and the mature
protein in ELISA and THC. Only WB experiment differentiates
between proBDNF and the mature BDNF by molecular size,
but it also showed no difference between control and RTT
brain. Our WB results with lower level of mature BDNF
and higher level of ProBDNF in the cerebellum are in line
with our previous findings with THC (Pejhan et al, 2020).
Furthermore, BDNF immunoreactivity has been shown to
increase with conditions such as hypoxia or neuroinflammation
(Hartman et al., 2015; Satriotomo et al., 2016), which are part
of the pathogenesis of different neurological diseases, not
fully studied in the context of RTT brain. Our correlation
studies at the transcript level of MECP2 isoforms and BDNF
were in line with increased level of MeCP2 and BDNF as
part of a regulatory effect, suggested in previous studies on
rat neurons and rat brain (Klein et al., 2007; Su et al., 2015).
However, at the protein level, MeCP2E1 mainly showed a
negative correlation with BDNE and for MeCP2E2, the positive
correlation was shown mainly with proBDNE and not the
mature protein (Figure 4). While our data provide important
insight about the components of MeCP2E1/E2-BDNF-miR132
homeostasis regulatory network in the human brain and its
impairment in RTT patients, additional studies are required to
investigate the conservation of this regulatory network from
rodents to humans.

LIMITATIONS

Similar to previous studies that used post-mortem human brain
tissues for Rett Syndrome, one limitation of our study was the

absence of a large cohort of post-mortem RTT brain tissues.
While RTT is a rare disease, we still obtained three independent
biological replicates from different regions of the brain for human
RTT patients and comparable controls, for statistical analysis
of our results. Furthermore, our recent IHC examination of
RTT human brain tissues (Pejhan et al., 2020) has shown the
significance of cell-type variability for the elements studied in
this project. Therefore, we acknowledge that studying the frozen
brain lysate gives us an overall result for different cell types with
potentially variable regulatory systems in a complex organ such
as the human brain.

CONCLUSION

Our findings from post-mortem human brain tissues suggest
the existence of a brain region-specific regulation of the
MeCP2E1/E2-BDNF-miR132 that might be differently
regulated in the cerebellum. Although, MeCP2 homeostasis
regulation is still poorly understood, our data suggest that
it is compromised in the human RTT brain, at least at the
transcript levels. Our findings suggest that similar to other
model systems, MECP2E1 and MECP2E2 transcript and
protein may not be fully correlated in the human brain. In
addition, BDNF transcript and protein levels do not show
the same pattern of altered expression in the human RTT
brain, with potential regulatory mechanisms that control
BDNF maturation from its precursor ProBDNF protein.
Despite intensive efforts in studying MeCP2 function in
neurodevelopment, immune system (Pecorelli et al, 2020),
and human cancer (Neupane et al, 2016), our findings
would help to shed some light on its still obscure regulatory
network.  Several more common neurodevelopmental
conditions such as fetal alcohol spectrum disorders or
autism spectrum disorders with the evidence for the role
of MeCP2 in their molecular biology of disease (Liyanage
et al, 2015, 2017; Rastegar, 2017a; Amiri et al, 2020)
may also benefit from the results of our study. Further
in vitro studies could prove to be important for addressing
whether MeCP2 homeostasis regulation is conserved from
rodents to humans.
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Epigenetics has achieved a profound impact in the biomedical field, providing new
experimental opportunities and innovative therapeutic strategies to face a plethora
of diseases. In the rare diseases scenario, Beckwith-Wiedemann syndrome (BWS)
is a pediatric pathological condition characterized by a complex molecular basis,
showing alterations in the expression of different growth-regulating genes. The molecular
origin of BWS is associated with impairments in the genomic imprinting of two
domains at the 11p15.5 chromosomal region. The first domain contains three different
regions: insulin growth like factor gene (IGF2), H19, and abnormally methylated DMR1
region. The second domain consists of cell proliferation and regulating-genes such as
CDKN1C gene encoding for cyclin kinase inhibitor its role is to block cell proliferation.
Although most cases are sporadic, about 5-10% of BWS patients have inheritance
characteristics. In the 11p15.5 region, some of the patients have maternal chromosomal
rearrangements while others have Uniparental Paternal Disomy UPD(11)pat. Defects
in DNA methylation cause alteration of genes and the genomic structure equilibrium
leading uncontrolled cell proliferation, which is a typical tumorigenesis event. Indeed,
in BWS patients an increased childhood tumor predisposition is observed. Here, we
summarize the latest knowledge on BWS and focus on the impact of epigenetic
alterations to an increased cancer risk development and to metabolic disorders.
Moreover, we highlight the correlation between assisted reproductive technologies and
this rare disease. We also discuss intriguing aspects of BWS in twinning. Epigenetic
therapies in clinical trials have already demonstrated effectiveness in oncological and
non-oncological diseases. In this review, we propose a potential “epigenetic-based”
approaches may unveil new therapeutic options for BWS patients. Although the
complexity of the syndrome is high, patients can be able to lead a normal life but tumor
predispositions might impair life expectancy. In this sense epigenetic therapies should
have a supporting role in order to guarantee a good prognosis.

Keywords: Beckwith-Wiedemann syndrome, rare diseases, cancer predisposition, epigenetics, metabolic
disorders, DNA methylation, monozygotic twins

Abbreviations: ART, assisted reproductive technologies; BWS, Beckwith-Wiedemann syndrome; BWSp, Beckwith-
Wiedemann syndrome spectrum; CNVs, copy number variations; CTCE, CCCTC-binding factor; DMR, differentially
methylated region; DZ, dizygotic twins; GOM, gain of methylation; IG-DMR, intergenic differentially methylated region;
ICR1, imprinting control region 1; ICR2, imprinting control region 2; LLD, leg length discrepancy; LOF, large offspring
syndrome; LOM, loss of methylation; MS-MLPA, methylation-specific multiplex ligation-dependent probe amplification;
MZ, monozygotic twins; ncRNA, non-coding RNA; TSS-DMR, transcription start site differentially methylated region; UPD,
uniparental disomy.
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Epi-Deregulation in Beckwith-Wiedemann Syndrome

INTRODUCTION

Epigenetic alterations play a crucial role in both cancer and
non-oncological diseases (Mau and Yung, 2014) regulating
DNA methylation, histone modifications (Nowacka-Zawisza
and Wisnik, 2017) and micro-RNA expression that ultimately
determines gene expression (Abi Khalil, 2014).

Some rare congenital diseases present alterations in
epigenetically regulated genes (Niculescu and Lupu, 2011),
providing the rationale to interfere via an epigenetic rebalance
to mitigate/overcome these conditions (Nguyen, 2019). BWS
is an example of a complex disease characterized by genetic
and epigenetic aberrations on chromosomal region 11p15.5
comprising a telomeric and a centromeric domain, both
regulated by genomic imprinting (Gomes et al., 2009). BWS is
characterized by juvenile abnormal overgrowth (Choufani et al.,
2010; Eggermann et al., 2015), affecting 1 child in 10,340-13,700
live births worldwide (Mussa et al., 2013). The associated
phenotype may have a range of manifestations (Maas et al,
2016; Dawkins et al., 2018), although the most common clinical
features are macroglossia, present in half of the patients with
a molecular defect at 11p15.5 (Gaston et al, 2001; Brioude
et al., 2018), visceromegalia and abdominal wall defects. Minor
features include ear pits, hypoglycemia, nephromegaly, and
isolated lateralized overgrowth (Mussa et al., 2016b). BWS is
equally incident in males and females, but in monozygotic twins,
there is observed an excess in females (Weksberg et al., 2010),
and the discordant disease presentation suggests an important
epigenetic role (Bliek et al., 2009D).

BWS is considered an imprinting disorder (IDs) affecting
growth, development, and metabolism (Netchine et al., 2013)
often caused by alterations in imprinting control regions (ICRs)
in the parental 11p15.5 region (Abramowitz and Bartolomei,
2012; Begemann et al., 2012; Abi Khalil, 2014). ICRs impairment
leads to abnormal methylation state deregulating genes as
CDNKIC, H19, IGF2, and KCNQIOTI involved in growth,
so provoking the onset of BWS features (Wang et al., 2020).
The expression/inactivation of a gene is related to differentially
methylated regions (DMRs).

The majority of IDs such as BWS present the same four classes
of molecular alterations lead to imbalanced gene expression:
uniparental disomy (UPD), epimutation (aberrant methylation
marks), copy number variations (CNVs) and point mutations in
imprinted genes. Since DNA methylation marks are transmitted
through generations, an interesting approach for BWS resides
in the epigenetic-regulated inheritance study, which is still in
an early phase. In that case, the major limitation for it to be
carried on is due to the low patients’ number (Nguyen, 2019).
For this reason, multi-institutional collaborations are required
in order to reach a statistically significant number of patients
for the constitution of an observational cohort or a clinical
trial (Griggs et al., 2009). Moreover, the low BWS prevalence
requires special combined efforts to improve diagnosis, care,
and prevention (Ayme and Schmidtke, 2007). In order to
overcome this limitation and trying to boost patient care, the
Coordination of Rare Diseases at Sanford (CoRDS) started
in 2013 a program (NCT01793168) providing a centralized-
international patients registry for all rare diseases. This program

helps in the identification, advance treatments, and therapies on
a large cohort of patients.

ROLE OF EPIGENETIC ALTERATIONS IN
BWS

Epigenetic alterations associated with BWS are present on two
different domains, independently methylated in the 11p15.5 gene
cluster (Krzyzewska et al., 2019): H19/IGF2:1G-DMR (intergenic
differentially methylated region) and KCNQIOTI:TSS-DMR
(transcription start site differentially methylated region)
(Figure 1). The first region is also known as ICR1 consisting of
two main imprinted genes, IGF2 and HI19. IGF2 is paternally
expressed and it encodes s for a fetal growth factor implicated
in BWS pathogenesis. HI19 is a maternally expressed allele,
non-coding RNA, and its function is still unclear, although
it has been postulated a tumor suppressor role (Cai and
Cullen, 2007; Raveh et al., 2015). IGF2 deregulation determines
overgrowth and region-specific tumor development in BWS
(Schofield et al, 2001). IGF2 and HI9 genes are oppositely
imprinted with an enhanced competition (Maher and Reik,
2000). The H19/IGF2:1G-DMR domain works as a chromatin
insulator regulating the expression of IGF2 and HI9 genes.
The chromatin insulator is located 2 Kb upstream of the HI9
gene and displays CTCF binding sites (Hark et al., 2000). Once
CTCF binding is prevented, the enhancers can interact with
IGF2 promoters. Oppositely the unmethylated maternal allele
allows CTCF binding to the insulator elements blocking the
downstream enhancers of HI9 to access the IGF2 promoter
(Soejima and Higashimoto, 2013) (Figure 2A). H19/IGF2:1G-
DMR-specific histone marks have also been reported: the
methylated region presents H3K9me3 and H4K20me3, whereas
the unmethylated area carries H3K4me2/3 and H3/H4 acetylated
(Nativio et al., 2011). In 5-10% of BWS patients observed with a
gain of methylation (GOM) of the H19/IGF2: IG-DMR on the
unmethylated maternal allele (Figure 2B) (Eggermann et al.,
2014; Brioude et al,, 2018). The aberrant methylation is also
characterized by variations in histone signatures. Accessible
modification of H3K9ac and bivalent H3K4me2/H3K27me3
are converted to the repressive H3K9me3 and H4K20me3
(Nativio et al., 2011). These chromatin alterations prevent CTCF
binding to the maternal HI9/IGF2:IG-DMR, thus enabling
the enhancers to access the IGF2 promoter and leading both
to a biallelic expression of IGF2 and reduced expression of
HI9. In detail, H19/IGF2:1G-DMR is characterized by 59-bp
elements hD1 and hD2, composed mainly of two Sox-Oct
motif-like sequences (SO motifs) and a single Oct motif (rO)
and are accompanied by triple-repeat sequences containing
CBS1-3 or CBS4-6 (also known as CBSs). Recently, by using
transplantation in mice, it was reported that H19/IGF2:1G-DMR
methylation status is regulated by the CBSs and SO motifs
(Hori et al, 2012). Interestingly in BWS patients, SO motifs
are mutated or deleted. Three Oct motifs variants found in
BWS patients disrupt hDI-dependent DNA demethylation
and cause the stack of methylation (Kubo et al., 2020). Single
nucleotide substitutions in hD1 Oct motifs present in BWS
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FIGURE 1 | On the maternal allele: CTCF binding H19/IGF2:IG-DMR, prevents IGF2 from accessing the shared enhancers located on the H19 side. On the paternal
allele: H19/IGF2:1G-DMR methylation prevents CTCF from binding, allowing IGF2 to engage the enhancers and silencing the H19 promoter. In maternal
KCNQ10T1:TSS-DMR, methylation induces KCNQ1-CDKN1C expression while paternally unmethylated state represses KCNQ1-CDKN1C expression and increase

ncKCNQ1OT1 transcription.
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patients show hypermethylation in H19/IGF2:1G-DMR coupled
with histone modifications: maternal aberrant DNA methylation
is connected with reduction of H3K4me2 and H3K9ac and
increase of H3K9me3 and H3K27me3 (Kubo et al, 2020).
KCNQIOTI:TSS-DMR contains six different imprinted genes:
KCNQI, KCNQIOTI, CDKNIC, SLC22A18, TSSC3, and
PHLDA2. CDKNIC is a maternally expressed gene encoding
for a cell cycle regulator, a cyclin-dependent kinase inhibitor. It
regulates in a negative manner cell proliferation. KCNQIOTI
is a paternally expressed long non-coding RNA capable to
inhibit the expression of genes in the domain in cis. The
KCNQI1OTI1:TSS-DMR of this domain is localized in the intron
10 of the KCNQI gene, and it is methylated on the maternal but
not on the paternal allele; thus the unmethylated paternal one
allows the transcription of KCNQIOTI:TSS-DMR, preventing
the CDKNIC and KCNQI gene expression. In mice, this DMR
interacts with G9a and the PRC2 complex leading to repressive
histone modifications such as H3K9me3 and H3K27me3. The
methylated KCNQIOT1:TSS-DMR form present on the maternal
allele prevents the transcription of the long non-coding RNA,
KCNQIOT]I, allowing the expression of several genes present in
the domain such as CDKNIC. Loss of methylation (LOM) on the
maternal allele occurs in 50% of BWS patients (Eggermann et al.,
2014; Brioude et al., 2018). This molecular defect is accompanied
by changes in histone modifications, such as the loss of H3K9me2
(Soejima and Higashimoto, 2013). LOM is responsible for the
biallelic expression of the KCNQIOT1 transcript, which reduces
the CDNKIC expression provoking BWS phenotype. CDNK1C
gene acquires biallelic methylation in some tumors and in 5% of
BWS cases, this gene presents point mutations (Du et al., 2003).
Another molecular alteration is UPD(11)p present in 10-20%
of BWS patients (Eggermann et al., 2014; Brioude et al., 2018)
(Figure 2C). UPD condition results when both chromosomes -or
part of them- is/are inherited from one parent. In BWS, the UPD
is paternal and involves the 11p15 region implying no maternal
contribution for it. UPD is related to mitotic recombination

during embryonic development. BWS patients with UPD(11)pat
show mosaicism suggesting to be a post-zygotic event. The
mosaicism level of UPD in different tissues is strongly associated
with the pathological phenotype. The size of the UPD region
or the level of mosaicism are not correlated with the severity
of the disorder (Cooper et al., 2007). Patients with a mosaic
UPD(11)pat for the entire chromosome 11 present clinical
features comparable to UPD(11)pat cases restricted to a small
part of 11p. BWS patients present UPD(11)pat isodisomic,
thus determining increased IGF2 expression and reduced H19
expression (Wang et al, 2020). In some BWS patients, it is
reported that B2SP gene, a TGF-B/Smad3/4 adaptor protein,
a potent tumor suppressor is epigenetically silenced, thus
observing a loss or markedly decreased expression of B2SP
related to aberrant DNA methylation of CpG islands around its
promoter region (Yao et al., 2010).

BWS AS MULTI-LOCUS IMPRINTING
DISORDER

Some BWS patients but also other imprinting disorder cases
present additional methylation defects at different imprinted
loci determining a pathological condition known as multi-
locus imprinting disturbance (MLID) that potentially alters the
expression of multiple imprinted gene clusters (Bens et al., 2016;
Sanchez-Delgado et al., 2016). The MLID frequency is related to
the type of imprinting disorder and appears to vary depending
on the technology sensitivity used to analyze and on Imprinted
Differentially Methylated Regions (IDMRs) investigated (Poole
et al., 2013). Currently, BWS shows at frequencies around 50%
in cases with LOM at KCNQIOT1:TSS-DMR (Court et al.,
2013), while MLID condition is less observed among patients
with GOM at H19/IGF2:1G-DMR (Maeda et al., 2014). Some of
MLID BWS patients present LOM or GOM at both maternal
and paternal IDMRs (Court et al., 2013; Poole et al., 2013)
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while others have a hypomethylation syndrome restricted to
maternally imprinted genes (Boonen et al., 2008; Baple et al,
2011). MLID condition usually presents BWS clinical features but
in some cases in patients shows complex or atypical phenotypes,
conceivably reflecting the loci and tissues mosaicism (Docherty
etal., 2014; Begemann et al., 2018) and probably as a consequence
of the dominance of one locus on other (Zhang et al., 1997; Azzi
etal., 2009). In a cohort study, MLID was identified only in BWS
patients with KCNQ1OT1:TSS-DMR LOM and hypomethylation
was found only at maternally iDMRs, a condition described as

multiple maternal hypomethylation syndrome (MMHS) (Bliek
et al., 2009b; Sano et al., 2016; Fontana et al., 2018). A small
number of manuscripts on MLID reported as GOM at paternally
methylated iDMRs in BWS patients (Court et al., 2013; Maeda
et al., 2014). The most frequently altered iDMRs found in BWS
patients with MLID are PLAGLI, GRB10, MEST, GNAS, IGF2R,
and ZNF331. From a pathological point of view, usually, MLID
BWS patients have a decreased level of body weight compared
to the one who characterized by a single molecular defect in the
11p15.5 region. Specifically, MLID patients show features not
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typical of BWS, such as speech retardation, apnea, and feeding
difficulties (Bliek et al., 2009b). MLID-associated clinical signs
may also only manifest as patients grow up; therefore MLID
analysis after molecular confirmation of a specific ID, could guide
a patient-tailored follow-up to track subclinical signs before their
manifestation (Bakker et al., 2016). In 2005 for the first time
there were reported two patients with MLID presented transient
neonatal diabetes mellitus (TNDM) and hypomethylation of
both iDMRs of KCNQIOTI gene (Arima et al., 2005) and of
PLAGLI, an antiapoptotic (Shuman et al., 2006) gene located
at chromosome 6q24 (Bliek et al, 2009b). A further broad
analysis revealed that the MLID prevalence is higher in BWS
cases than in other imprinting disorders (Brioude et al., 2018).
However, despite the growing number of studies, the etiology
of MLID is still unclear as well as mechanisms underlying the
co-regulation of imprinting marks across the genome. However,
MLID causative mutations have been identified in members of
the NLRP and zinc-finger protein families in few BWS patients
(Docherty et al.,, 2014). Their role in the imprinting process
and the pattern of inheritance has yet to be fully elucidated.
Molecular characterization of MLID is fundamental not only to
define the clinical diagnosis of IDs better but also to evidence
common functional networks at the basis of the imprinting
genome-wide deregulation.

GENES CANDIDATES IN OVERGROWTH
FEATURE IN BWS

BWS is a childhood cancer predisposition disorder with increased
risk of embryonic tumors, predominately Wilms tumor, and
hepatoblastoma (Duffy et al., 2018). The chromosome 11p15.5
region contains imprinted genes that are fetal growth regulators
(Brioude et al., 2018). The molecular analysis of domain 1 and
2 has identified two candidates related to tumor development
in BWS: CDKNIC (p57Kip2) and IGF2. Their aberrations are
associated with growth and development disturbances. IGF2 is
a cell cycle regulator gene encoding for a growth factor with
different functions in promoting cell growth and proliferation
during fetal development (Park et al., 2017). IGF2 binds three
receptors, IGF1 receptor (IGF1R), insulin receptor isoform A
(IR-A), and the IGFIR-IR-A hybrid receptor, resulting in a
cascade of intracellular events and promoting cell survival and
mitogenesis (Alvino et al., 2011). IGF2 loss of imprinting from
DMR dysregulation on the maternal allele increases its signals,
thus promoting growth and anti-apoptosis processes (Gallagher
and LeRoith, 2010). In addition, the dysregulation of IGF2
expression has been recently observed also in several tumor
onsets such as for breast, ovarian, esophageal, and colorectal
cancer, and its presence has been reported and associated
with poor prognosis (Livingstone, 2013). IGF2 is involved in
prenatal skeletal muscle growth and in muscle regeneration
in adults. It has been studied using in vitro differentiation
models and in vivo loss of function in mouse models (Park
et al.,, 2017). In mice, the IGF2 overexpression determines BWS
clinical features leading to overgrowth, polyhydramnios, fetal
and neonatal lethality, disproportionate organ overgrowth, and

macroglossia (Murrell et al., 2004). The CDKNIC encodes for
a negative regulator of the cell cycle, and its function is to
inhibit several Cyclin/CdK complexes. This gene maps in the
centromeric region of 11pl5, and it is paternally imprinted,
thus implying its expression on the maternal allele. CDKNIC is
considered a tumor suppressor gene. It blocks cell proliferation
by inhibiting cell cycle progression, tissue invasion, metastasis,
angiogenesis, and promotes apoptosis and cell differentiation
(Kavanagh and Joseph, 2011). CDKNI1C protein is composed
of 316 amino acids assembled in three different domains: the
N-terminal domain is fundamental for CdK inhibition, a central
repeating sequence, and a C-terminal domain working as the
PCNA binding domain homolog to p27Kipl1 it interacts with
PCNA protein (Stampone et al., 2018).

In BWS patients, the missense variants of CDNKIC involve
highly conserved amino acids of the N-terminal domain with
the CdK inhibitory role, impairing its function or its cellular
localization. Until 2014 there were described 33 different point
mutations in coding and non-coding regions of the gene
(Eggermann et al., 2014). Most of them were missense mutations
in frame-shift, leading to the production of a truncated form
of the protein (Brioude et al., 2015). 5-10% of BWS patients
show pathogenic variants of CDKNIC gene on the maternal
allele, thus determining its loss of function (Eggermann et al.,
2014; Brioude et al, 2018). Several CDKNIC gene point
mutations have been identified, 40% with a BWS family history
(Romanelli et al., 2010; Eggermann et al., 2014; Brioude et al,,
2018). In the Human Gene Mutation Database, 65 different
variants are reported in BWS patients exhibiting different clinical
features including polydactyly, extra nipple, genital anomalies,
and cleft palate, strongly dependent on epigenetic/chromosomal
abnormalities at chromosome 11p15.5. BWS patients carrying
CDKNIC mutations show a higher frequency of abdominal wall
defects and omphalocele (Brioude et al.,, 2015), whereas mice
lacking of a maternal copy of the CDKNIC gene present a
phenotype close to BWS with gastrointestinal tract abnormalities
or exomphalos (Yan et al., 1997; Zhang et al., 1997). CDKNI1C
mutations have also been correlated to several types of cancer,
such as colorectal, lymph-hematologic, breast cancer (Larson
et al., 2005), and it emphasizes the presence of commonalities
features between BWS and cancer predisposition.

THE CLINICAL SPECTRUM OF BWS

Genetic and epigenetic changes frequently lead to different
clinical phenotypes reported in the clinical criteria applied for the
BWS definition. In Figure 3 are reported genetic and epigenetic
abnormalities in association with BWS patients’ recurrence.

An abnormal epigenetic variability may cause the onset of
pathological mosaic states, one with a normal genotype (Zhang
et al., 1997) and the other one carrying modified epigenetic
information (Sazhenova and Lebedev, 2008). Thus in 2018,
due to this high complexity, the Consensus Group introduced
the concept of BWS spectrum (BWSp) including patients with
a clinical diagnosis of BWS with or without an epigenetic
alteration at the 11p15 locus, patients with “atypical BWS” (a
condition defined by fewer cardinal and suggestive features than
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those needed for a BWS clinical diagnosis) and an epigenetic
change at the BWS locus and patients with “isolated lateralized
overgrowth.” The accurate identification of clinical aspects is
crucial for the diagnosis: cardinal features include macroglossia,
exomphalos, lateralized overgrowth, multifocal Wilms tumor,
prolonged hyperinsulinism, and distinct pathological findings are
unique to BWS. Suggestive features are less specific but may help
the clinical diagnosis and the indication for molecular testing.
These features are birth weight (>2SDS above the mean), facial
nevus simplex, polyhydramnios and/or placentomegaly, ear
creases and/or pits, transient hypoglycemia (lasting < 1 week),
typical BWSp tumors (neuroblastoma, rhabdomyosarcoma,
unilateral Wilms tumor, hepatoblastoma, adrenocortical
carcinoma or pheochromocytoma), nephromegaly and/or
hepatomegaly, umbilical hernia and/or diastasis recti (Brioude
et al.,, 2018). The consensus criteria for clinical diagnosis apply
a scoring system: each cardinal feature gets two points while
each suggestive feature gets one point. For the clinical diagnosis,
a score > 4 is required, and the molecular confirmation of
11p15.5 anomalies needs to be applied. A genetic test is also
required with a score > 2 with further evaluation of a BWS
expert (Brioude et al., 2018).

BWS DEDICATED MOLECULAR
INVESTIGATIONS AND PRENATAL TEST

BWS has genetic and epigenetic abnormalities, and it is
phenotypically associated with different clinical aspects;
therefore, the analysis of the molecular features of patients is
essential for their management and treatment. First molecular
testing procedure is usually applied evaluating mosaicism

using DNA from blood leukocytes; then, the analysis may be
implemented on additional samples such as buccal swabs, skin
fibroblasts, or cells of mesenchymal origins. The procedure
evaluates H19/IGF2:IG-DMR and KCNQI1OT1:TSS-DMR
methylation levels as well as DMR copy number variations
(CNVs) (Brioude et al.,, 2018). The most common diagnostic
test for this purpose is Methylation-Specific Multiplex Ligation-
dependent Probe Amplification (MS-MLPA) able to detect
the percent of methylation and DMR copy number status
simultaneously (Priolo et al., 2008; Scott et al., 2008; Wang
et al., 2020). Low-level mosaicism patients require more
sensitive methylation-specific techniques such as MS-PCR, MS
quantitative PCR and in particular chromosomal microarray
analysis (CMA) can determine the length of the UPD(11)pat
region (Coffee et al., 2006; Azzi et al., 2011; Russo et al., 2016).
Single gene sequencing of CDKNIC mutations can clarify
the recurrence risk in family members (Brioude et al., 2018).
Chromosome microarray might be required to define the size
and the nature of duplication or deletion in the case of CNV
(Baskin et al., 2014; Liu et al,, 2015), whereas fluorescence
in situ hybridization (FISH) or karyotyping may also provide
the identification of chromosomal translocations (Bi et al.,
2013). Prenatal molecular tests may allow handling the disease
before the birth despite results reliability, and the ethical issues
need to be taken into account (Brioude et al., 2018). This type
of analysis requires samples such as chorionic villus (CVS)
cells, amniotic fluid (AF) cells or fetal blood cells (native and
cultured) (Brioude et al., 2018) but it is essential to consider
that CVS cells could have different methylation patterns of the
11p15.5 region from embryonic tissues (Paganini et al., 2015)
showing false-positive results due to tissue mosaicism (Brioude
et al, 2018). For this reason, it is highly recommended that
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a multicenter audit of cases in order to implement different
methods and get a correct diagnosis (Brioude et al., 2018).
Different methods and diagnostic rates might be applied
(Eggermann et al., 2016; Brioude et al., 2018). Quantitative PCR
from amniocytes and cord blood leucocytes in 15 weeks pregnant
women (see also NCT01842659) might result useful to evaluate
the imprinting region 11p15.5, the Methylation Index (MI),
the Interclass Correlation Coefficient (ICC) and the agreement
between these two samples. Biochemical screening results such
as elevated levels of free PB-human chorionic gonadotropin
(hCQG) in the first trimester and/or increased a-fetoprotein (¢FP)
levels in the second trimester (associated with exomphalos)
can be associated with BWS in the fetus (Gocmen et al., 2005;
Kagan et al, 2015). BWS diagnosis can also result from an
ultrasonographic detection of an anterior abdominal wall
defect, macroglossia, or, less accurately, from macrosomia,
visceromegaly, polyhydramnios, placentomegaly, or pancreatic
overgrowth. BWS diagnosis can also be proposed by prenatal
ultrasound scan (USS) identifying placental mesenchymal
dysplasia, urinary tract abnormalities, cardiac defects, adrenal
cysts and masses (Kagan et al., 2015; Brioude et al, 2018).
Williams et al., 2005 reported diagnostic scheme based on the
identification by ultrasound examination of different findings: at
least two main (i.e., an abdominal wall defect, macroglossia, or
macrosomia), or one main and two minor findings are required
to lead BWS diagnosis (i.e., nephromegaly/dysgenesis, adrenal
cytomegaly, aneuploidy/abnormal loci, or polyhydramnios)
(Williams et al., 2005).

PREDISPOSITION IN TUMOR
DEVELOPMENT: ESTIMATED CANCER
RISK IN BWS

Epigenetic aberrations effects in BWS phenotype may determine
different tumor predisposition (Segers et al., 2012). Numerous
pieces of evidence suggest that cancer is strongly related to the
patient’s age (Kalish et al., 2016; MacFarland et al., 2018). There
is a high risk during the first 4 years of life (11%) reduced to
3% in the 4-10 years-old patients (DeBaun and Tucker, 1998).
Screening and diagnostic procedures should be applied for early
diagnosis. The screening phase consists of repeated abdominal

ultrasound (every 3-4 months during the first 8-10 years of life)
and serum o-fetoprotein (aFP) measurement (every 3 months
during the first 30 months of life) (Mussa et al., 2019). These
procedures are applied to all patients regardless of the molecular
diagnosis and the genotype (Zhang et al., 1997).

BWS molecular subtypes are related to tumor predisposition,
and each subtype is associated with the development of one (or
more) type of cancer (Mussa et al., 2016a). In Table 1 are reported
the molecular subgroups and cancer types occurrence.

The four main molecular subtypes of BWS (KCNQ1OT1:TSS-
DMR-LOM, HI19/IGF2:IG-DMR -GOM, UPD, and CDKNIC
mutations) are characterized by specific genotype-phenotype
correlation to tumor development risk (Ibrahim et al., 2014;
Mussa et al., 2016a). Patients with 11pl5 telomeric domain
defects (H19/IGF2:IG-DMR -GOM and UPD) have a higher risk
of developing cancer compared to cases presenting centromeric
aberrations (KCNQI1OTI1:TSS-DMR-LOM  mutation and
CDKNIC) (Soejima and Higashimoto, 2013; Maas et al., 2016).
The molecular subtype characterization of each BWS case
increases those patients at the highest cancer risk focusing
on a specific cancer. Subtypes analysis and embryonic tumor
incidence of BWS cases may guarantee a more eflicient
surveillance optimizing tumor screening. As previously reported,
a meta-analysis collecting results from seven studies, including
1370 genotyped BWS patients identified 102 cases with BWS-
related malignancies (Zhang et al., 1997; Mussa et al., 2016a). It
is interesting to note how different was the prevalence among
the molecular subtypes: 2.5% (21/836) in KCNQIOT1:TSS-
DMR-LOM, 13.8% (47/341) in UPD, 22.8% (28/123) in
H19/IGF2:IG-DMR -GOM and 8.6% (6/70) in patients with
CDKNIC mutations. Wilms tumor represents the most common
cancer in BWS patients (Rump et al., 2005) with a high prevalence
in combination with telomeric defects in H19/IGF2:IG-DMR
-GOM and UPD subgroups (21.1% vs. 6.2%, respectively,
P < 0.001); subjects with centromeric defects display a lower
rate. The tumor development in H19/IGF2:IG-DMR -GOM
cases is significantly higher compared to UPD cases. Adrenal
carcinoma has only been observed in UPD (1.5%, P < 0.001).
Hepatoblastoma development has been associated with UPD
(4.7%, P < 0.001) (Mussa et al, 2016a) although it is also
observed in patients with KCNQIOT1:TSS-DMR-LOM (0.7%)
and H19/IGF2:1G-DMR -GOM (0.8%, P < 0.001). Neuroblastic

TABLE 1 | Association of BWS molecular defects in subgroups and tumor risk frequency.

Molecular defect Alteration Frequency of molecular Tumor risk compared with other molecular
defects subgroups

H19/IGF2:1G-DMR Hypermethylation 5-10% High risk of Wilms tumor

HYPERmethylation

UPD(11)pat Paternal UPD 20% High risk of Wilms tumor and hepatoblastoma

KCNQ10OT1:TSS-DMR Hypomethylation 50% Tumor incidence is lower than the other

HYPOmethylation molecular subgroups and is very variable

CDKN1C Loss of function 5-10% Low risk of Wilms tumor

mutations mutations (Sporadic cases 5%;

Familial cases 40%)

Adapted from Cooper et al. (2005), Eggermann et al. (2014), Maas et al. (2016), Mussa et al. (2016a), and Brioude et al. (2018).
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tumors have been correlated with CDKNIC mutations (4.3%,
P =0.003) despite also observed in KCNQ1OT1:TSS-DMR-LOM
(0.5%) and UPD cases (0.9%) with lower prevalence (Brioude
et al., 2018). Additional studies are required to implement the
available data since some associations seem to be clinically
relevant, although not statistically significant (Mussa et al.,
2016a). In general, this meta-analysis confirmed previous studies
reporting the most common histotypes associated with BWS,
such as Wilms tumor, hepatoblastoma, neuroblastic tumors,
adrenal carcinoma, and rhabdomyosarcoma (Lapunzina, 2005;
Shuman et al., 2006). The overall tumor risk of H19/IGF2:1G-
DMR GOM is ~23%, specifically with a 21% risk of developing
Wilms tumor (Maas et al., 2016). The lowest tumor risk regards
KCNQI1OT1:TSS-DMR  hypomethylated subgroup, although
there is a remarkable tumor variability. This subgroup shows
different cancer types: hepatoblastoma, rhabdomyosarcoma,
and gonadoblastoma but not in Wilms tumor. Patients with
H19/IGF2:IG-DMR hypermethylated present Wilms tumor
and hepatoblastoma their recurrence is related to IGF2
overexpression during cancer development (Akmal et al., 1995;
Rump et al., 2005; Maas et al., 2016; Mussa et al., 2017; Brioude
et al., 2019). Several studies observing different cohorts of
BWS patients confirmed higher tumor risk associated with the
H19/IGF2:1G-DMR hypermethylated and UPD(11)pat subgroup
and high frequency for Wilms tumor and hepatoblastoma (Maas
et al., 2016; Ounap, 2016; Brioude et al., 2018; Kamien et al,,
2018; MacFarland et al., 2018; Wang et al., 2020). Wilms tumor
rate is more frequent in the H19/IGF2:IG-DMR subgroup than
in the cases observed for the UPD (Wang et al., 2020). The UPD
subgroup is associated with a high prevalence of hemihyperplasia
and hepatoblastoma (Maas et al., 2016; Mussa et al., 2017). Only
four cases of BWS children belonging to KCNQ1OT1:TSS-DMR
hypomethylated subgroup had Wilms tumor or nephrogenic
remnants. Adrenocortical tumors have a percentage of 3% in
BWS cases, and few of them are associated with the LOM
KCNQIOTI gene (Alsultan et al., 2008; Mama et al.,, 2014).
Two cases of KCNQI1OTI LOM with adrenocortical tumors also
recently observed (Wijnen et al., 2012), and an additional one
recently reported, although neither of these patients presented
typical phenotypic features of BWS (Wijnen et al., 2012; Eltan
et al., 2020). Guidelines are discordant because the European
consensus does not recommend this screening (Brioude et al,
2018) that is required in the USA consensus (Kalish et al., 2017).

METABOLIC IMBALANCE

Metabolic disorders are one of the major clinical conditions
in BWS (Schiff et al., 1973). Among metabolic imbalances,
hyperinsulinemia/hypoglycemia  are  pathological  states
distressing 50% of BWS patients (Martinez y Martinez et al.,
1992). Congenital hyperinsulinism (HI) is associated with a
dysregulation of insulin secretion from pancreatic B-cells, and
the molecular etiology of HI is due to mutations in ABCCS8
and KCNJ11 genes located at the 11pl5 region encoding for
two subunits of the pancreatic B-cell ATP-sensitive potassium
channel (KATP channel), SURI and Kir6.2 (Tung et al., 2020).

Although only a few cases of BWS show HI, 50% of BWS
neonates present transient HI while 5% have persistent HI
requiring medical and/or surgical management (Senniappan
et al, 2015; Kalish et al., 2016). Hypoglycemia can start in
the neonatal period during the first days of life (Sweet et al.,
2013). Glycemic disorders are related to aberrations of tumor
suppressor genes (IGF2, H19, and p57KIP2) located in the 11p15
region and associated with BWS (Lee et al., 1999). Anomalies in
the type 1 sulfonylurea receptor (SUR1) gene on chromosome
11p15 have been reported (de Lonlay-Debeney et al., 1999; Glaser
et al.,, 2000). IGF2 is overexpressed in 20% of BWS individuals
(Weksberg et al., 1993), and its loss of imprinting is responsible
for hypoglycemia (Lee et al., 1999). Loss of imprinting and UPD
on the paternal allele in the 11p15 region (Slavotinek et al., 1997)
leads to IGF2 gene overexpression. IGF2 protein binding to the
insulin receptor sustains the hyperinsulinemia condition. It is
therefore not surprising that hyperinsulinemic hypoglycemia is
often associated with BWS diagnosis. Hypoglycemia BWS cases
reported hyperinsulinism and inappropriate insulin secretion
(Shepherd et al., 2000). Pancreatic f cell dysregulation has been
linked to the cause of hyperinsulinism in BWS (Stanley, 1997).
In many histological analyses, hypertrophy and hyperplasia
(Lteif and Schwenk, 1999) were observed, strengthening the
correlation between incorrect pancreatic activity and BWS (Laje
etal., 2013). However, the progression toward type 1 diabetes has
not been documented (Leibowitz et al.,, 1995). The high levels
of insulin in the blood cause a prolonged lowering of glucose
concentrations, although the mechanism of insulin release in
the different secretagogues occurs in different ways (Munns
and Batch, 2001). In most BWS patients, life expectancy is
good (Weng et al., 1995), and the metabolic imbalance tends to
improve within time. However, in some cases, prolonged drug
treatment is required to control hypoglycemia (Shilyansky et al.,
1997). To obtain better results for glycemic control, it depends
upon timeliness (Aynsley-Green et al., 2000). Unfortunately, in
20% of BWS cases, hypoglycemia is difficult to control and may
cause severe decompensations leading to neurological alterations
with severe repercussions in cognitive function development
as intellectual impairment (Cresto et al., 1998). In severe cases,
partial pancreatectomy may be required (Martinez y Martinez
etal.,, 1992; Laje et al., 2013).

MONOZYGOTIC TWINS DISCORDANCE

In twins, it has been observed a discordant monozygotic
phenomenon (Weksberg et al., 2002), whereas BWS afflicts one
subject, although the other twin may have some characteristics of
the syndrome. Theoretically, monozygotic twins (MZ) resulting
from a single zygote should have identical genomes. However,
several examples of genetic differences have been reported among
MZ, thus suggesting that somatic changes may occur after
conception (Bliek et al., 2009a). The mosaicism is leading to
a discordance between MZ in BWS, and it is linked to an
epigenetic event triggered by the twinning process. Cells involved
in this event spread among embryos in a multiple pregnancy
creating a mosaic distribution being responsible for the variable
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phenotypic spectrum observed in BWS cases (Cohen et al., 2019).
The timing of epigenetic aberrations influences the twinning, the
degree of severity of BWS, and the degree of mosaicism. The
theory of “diffuse mosaicism” proposed by Cohen et al. (2019)
outlines the time points when the epigenetic event occurs in
relation to twinning and the determination of chorionicity. In
singleton gestations, the epigenetic aberration has been reported
to occur first in non-mosaic patients during embryogenesis and
subsequently in mosaic patients. In dichorionic gestations, the
zygosity determines the timing of the event. It occurs earlier in
the dizygotic dichorionic pregnancies than in the monozygotic
dichorionic pregnancies (Cohen et al., 2019). Previous research
has shown that an epigenetic event before twinning leads to
the formation of two different clonal cell populations (Bell
and Spector, 2011). These different cell clones repel each other
and trigger the twinning event leading to the formation of
separate cell masses (Hall, 1996; Machin, 1996; Weksberg et al.,
2002). Therefore it is possible that a cell group carrying an
imprinting alteration of KCNQIOTI (LOM) could preferably
increase its growth rate compared to normal cells, thus generating
asymmetry of the entire cell mass and increasing the possibility
of cell clones separation genotypically distinct (Weksberg et al.,
2002). Most BWS MZ exhibit KCNQIOT1 imprinting defects (in
KCNQ1OT1:TSS-DMR), indicating that monozygotic twinning
is mechanically linked to the imprinting error or, conversely,
that epigenetic alterations in KvDMR1 (LOM) can increase
the possibility of monozygotic twinning. KCNQ1OT1:TSS-DMR
hypomethylation is related to a failure in methylation, and it
coincides or occurs shortly after the twinning event (Bliek et al.,
2009a; Castillo-Fernandez et al., 2014).

Differences in genotype and phenotype can be attributed
to various causes, including non-random inactivation X
(Machin, 1996). These pieces of evidence agree with the higher
incidence observed in monozygotic discordant female twins,
suggesting that monozygotic twinning, genomic imprinting,
and X inactivation may be mechanically and temporally related
events (Lubinsky and Hall, 1991; Weksberg et al., 2002). In most
reports, there is a high prevalence of MZ female and very few
cases of discordant male twins (Weksberg et al., 2002; Smith
et al., 2006; Bliek et al., 2009a; Tierling et al., 2011). In 250 BWS
patients, 20 sets of monozygotic and 2 sets of dizygotic twins
with high prevalence (16 out of 20) for female MZ were identified
(Weksberg et al., 2002). Later in 2009, another study showed
a high MZ twinning rate of 2.5% as compared with 0.3-0.4%
among normal twins, while dizygotic (DZ) cases reported 0.75%
as rate with 0.7-1.1% of prevalence. A female excess among BWS
multiple births was observed in this study. In 10 MZ, 9 were
females, and all 3 cases of DZ were females (Bliek et al., 2009a).
More recently, in 2019, the high incidence of monozygotic female
in a cohort of 26 BWS twins was confirmed (Cohen et al., 2019).
The significant female preponderance of the MZ discordant for
BWS could be associated with a variety of sex-related factors.
For example, the developmental error can occur equally in
male and female embryos, demonstrating a lethal effect on male
MZ or in alternative the delay of early development in female
embryos compared to men (Hall, 1996). It is subordinated to the
X inactivation process, and it can increase the susceptibility in

female MZ embryos to certain errors. The double discrepancy
is due to the failure of Dnmtlo (DNMT1loocyte) to maintain
methylation in phase S of a cell cycle occurring before or during
the twinning event (Bestor, 2003). It has been hypothesized that
the excess of twins in BWS patients is secondary to X inactivation
with delayed embryogenesis allowing the acquisition of errors
such as failure of maintenance methylation (Lubinsky and Hall,
1991; Orstavik et al., 1995; Hall, 1996; Hall and Lopez-Rangel,
1996; Weksberg et al., 2005). This evidence supports the high
incidence of female BWS MZ. In two more extensive studies
(Gaston et al., 2001; Weksberg et al., 2002) KCNQ1OT1:TSS-
DMR hypomethylation from DNA of blood samples has been
reported in affected and unaffected twins of discordant couples. It
has been proposed that the aberrant methylation in the blood of
the healthy twin is caused by vascular connections in the placenta
shared by both MZ (monochorionic, diamniotic). This failure
occurs in the eight-cell blastocyst stage preceding the moment
when MZ (monochorionic, diamniotic) twinning is established.
However, not all methylation defects involve twinning, and most
BWS patients are singletons (Cohen et al., 2019). An explanation
of these assumptions is related to the theory of endangered twins
in which twinning occurs in all cases, but the second fetus is
reabsorbed in early pregnancy (Landy and Keith, 1998). The twin
discordance of BWS patients is observed not only in females but
also in males (Smith et al., 2006). A pair of male MZ discordant
for BWS was reported, and among these, the affected twin had
paternal UPD for chromosome 11p15. The second male twin pair
was concordant, and both demonstrated H19/IGF2:1G-DMR
hypermethylation, thus suggesting BWS-related molecular
heterogeneity in male MZ (Smith et al., 2006).

ASSISTED REPRODUCTION
TECHNIQUES (ART) AND BWS
EPIGENOME

The association between ART and syndromes related to
epigenetic defects has been reported in several cases such as
BWS (Dhont et al., 1999; Ferraretti et al., 2012, 2013; Kupka
et al., 2014), large offspring syndrome in ruminants (LOF) (de
Mouzon et al., 2012) and Angelman syndrome (MIM 105830)
(Talaulikar and Arulkumaran, 2012) (MRC Working Party on
Children Conceived by In Vitro Fertilization, 1990). In 1995 a
BWS patient conceived through ART (Sutcliffe et al., 1995) was
reported, Young et al. (1998) described the LOF, etiologically
correlated with in vitro fertilization (Kupka et al., 2014). The
LOF shows a significant effect on the phenotype connected with
ART (Li et al, 2019), and this syndrome is a model for BWS
(Chen et al., 2013) presenting similar phenotypic abnormalities
(Young et al, 2001). In LOF affected bovines was reported
an association between multiple loci imprinted defects and
ART. This evidence underlines how ART may cause imprinting
disturbances (Mussa et al., 2017). Most of the patients suffering
from imprinting disturbances conceived via in vitro fertilization
(Kupka et al., 2014) and intracytoplasmic sperm injection (ICSI)
showed aberrant imprinted DNA methylation (Hattori et al,
2019). In the paper of DeBaun et al. (2003) were identified seven
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sporadic cases conceived by ART and epigenetic alterations were
present in six of them generally associated with BWS. Several
studies have further explored this association (Maher and Reik,
2000; Gicquel et al., 2003; Halliday et al., 2004; Chang et al,
2005; Rossignol et al., 2006; Sutcliffe et al., 2006; Doornbos et al.,
2007; Lim et al., 2009; Hiura et al., 2012; Tee et al., 2013). The
most recent literature also has corroborated the hypothesis that
BWS is related to ART (Vermeiden and Bernardus, 2013; Hattori
et al., 2019). Indeed, LOM of KCNQIOTI1:TSS-DMR represents
the molecular defect found in BWS patients conceived through
ART (Gomes et al., 2009; Mussa et al., 2017). In 2015, the clinical
study NCT00773825 on the association between BWS and ART
was completed, although the results are not yet reported. The
authors investigated the methylation status at nine different loci
and other epigenetic marks using Southern blot and methyl-
specific quantitative PCR in three groups of patients: children
naturally conceived, children conceived after ovarian stimulation,
but in vivo fertilization, and a group of children conceived after
ovarian stimulation and in vitro fertilization. The aim of this
trial was to determine if children born following ART exhibit
an increased risk of imprinting defects. Moreover, previous
results showed that ART might favor imprinting alterations
at the centromeric imprinted 11p15 locus and, consequently,
the incidence of BWS. Some of BWS patients reported DNA
methylation defects abnormal methylation at loci other than the
11p15 region. This condition was present in both BWS patients
naturally, and ART conceived (Gicquel et al., 2008), suggesting
that ART procedure could be not specifically involved in the loss
of methylation at various imprinting loci (Rossignol et al., 2006).

TREATMENT APPROACHES AND
PERSPECTIVES FOR EPI-BASED
THERAPIES

Currently, there is no dedicated therapy for BWS, and all
available treatments are mainly addressing clinical features for
ameliorating the quality of life. The current on-going clinical trial
NCT01916148 aims to determine the ability F-DOPA PET, a PET
radiotracer, to detect focal lesions prior to surgical intervention
in BWS patients with hyperinsulinemic hypoglycemia. This study
is useful to guarantee an early diagnosis of the pathology and
to manage available treatments for BWS patients. Macroglossia
occurs in 90% of BWS patients and may regress spontaneously
in some children, but 40% of them undergo surgery to reduce
tongue size (Brioude et al., 2018). The regional overgrowth in
BWS can be progressive or non-progressive (Burkardt et al,
2019). It occurs in 43-60% of patients, and the management
is related to the affected limbs (Wang et al., 2020). Leg
length discrepancy (LLD) can influence negative life quality and
may require shoe lifts or, in some cases, surgical correction
(Ghanem et al., 2011; Brioude et al,, 2018). The asymmetric
overgrowth of the upper limbs generally does not require
surgery (Brioude et al.,, 2018). New strategies are necessary to
improve the possible and available treatment for BWS patients
(Swinney and Xia, 2014). Many studies have demonstrated
that by reprogramming the epigenetic landscape, it is possible

to modulate the defects present in the genome leading to
the treatment of different diseases (Miranda Furtado et al,
2019). Epigenetic markers can be targeted by activators or
inhibitors of epigenetic-modifying proteins (Lauschke et al,
2018), the so-called “epidrugs” currently used mainly in tumor
treatments, such as hematological malignancies (Woods et al.,
2015; Mazzone et al., 2017). The effectiveness of these treatments
is slowly widening toward new fields of application. Epidrugs
are demonstrating their potential in other pathologies, such as
infectious diseases, metabolic and cardiovascular disorders (Das
et al., 2009; Dunn and Rao, 2017). There are promising clinical
advances in epigenetics toward new drug discovery (Crea et al,,
2011; Glasgow et al., 2015; Lundstrom, 2017) and biomarkers
(Shao et al, 2018) in order to limit epigenetic mutation
effects (Vitiello et al., 2015; Inamura, 2017). Epigenetic (ie.,
hypermethylation of the tumor suppressor gene promoters) and
genetic mutations of epigenetic enzymes (loss or gain of function)
can be used as predictors of therapy response in different types
of diseases (Welch and Clegg, 2010). Prolonged re-expression
of epigenetically silenced genes has been demonstrated for
various genes, including tumor suppressor genes (Gaur et al,
2015). BWS might represent one of the many new challenges
for epigenetic treatment-based applications. For example, it is
possible to mitigate CpG island methylation on maternal and/or
paternal allele to restore the normal transcriptional activity in
the imprinting control regions (Bartolomei and Ferguson-Smith,
2011). Epigenetic treatments might become a valid opportunity
for aberrations in 11p15.5 imprinted region (Smith et al., 2012).
The Food and Drug Administration (FDA) in the United States
has approved several DNA methylation inhibitors, including
cytidine analogs 5-azacitidine and zebularine and nucleoside
analogs. Histone deacetylase inhibitors (Cheng et al., 2019)
such as suberoylanilide hydroxamic acid (SAHA, trade name
Vorinostat), romidepsin (trade name Istodax), Valproic acid
(VPA) and trichostatin A (TSA) (Kelly et al.,, 2010; Heerboth
et al, 2014) disrupt deacetylation process. New therapeutic
programs and technique advancements might be applied to
reprogram the epigenetic circuit and to counteract chronic
symptoms. Since the main BWS targets are determined by
deregulation on epigenetic processes, it should be interesting
to evaluate potential targets by using drugs against the activity
of DNA methyltransferases and or histone deacetylases and
histone acetylation. These drugs should be potential treatments
against BWS. Ideally, the first application may be a combination
therapy to control disease progression. For example, surgical
techniques for phenotypic abnormalities control (Wang et al.,
2020) might be supported by the use of epi-based treatments for
the metabolic imbalances in young BWS patients. The epigenetic
sensitization to radiotherapy might provide promising results in
BWS affected by Wilms tumor. Moreover, given the potential
therapeutic role of epigenetic modulating agents in metabolic
disorders (Crispo et al., 2019), it is tempting to hypothesize that in
the near future, by targeting epi-modifiers and remodelers might
prove beneficial also in BWS. Clearly, given the genome and
epigenome heterogeneity and complexity of this disease, patient’s
stratification may represent a ‘conditio sine qua non’ for future
epi-based applications.
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CONCLUSION

The progress in epigenetic drugs discovery (Morera et al., 20165
Esteller, 2017; Velasco and Francastel, 2019), the involvement
of epigenetic mutations in a wide range of diseases (Dirks
et al., 2016; Graca et al., 2016; Jones et al.,, 2016; Berdasco
and Esteller, 2019) and the newly chromatin-based identified
disease biomarkers (Dirks et al., 2016) have suggested epi-
based approaches as a promising tool for clinical applications.
Evidently, potential new therapeutic options require better
clinical knowledge. Indeed, the target identification and
characterization are at the basis for a correct therapy. In
the case of BWS there are some levels of complexity to be
decrypted. Being a rare disease, the generally low number of
patients is a bottleneck and a hindrance to the development of
dedicated therapeutic approaches nor the causal identification of
“druggable” targets proven beneficial for the restoration of the
health status or, at least, for symptoms defeat. The lesson learned
from BWS homozygotic twins not only suggests the existence
of a phenotypic link between epigenome deregulation and the
complexity of BWS disease, but it also indicates the potential of
targeting the epigenome pharmacologically in BWS to at least
obtain beneficial effects ameliorating the quality of life. Indeed,
on one side, the different disease phenotypes in homozygotic
BWS twins have consolidated the idea that the disease penetrance
is epigenome-regulated, despite somatic changes may occur
after conception. On the other side, this proves in humans the
potential of a therapeutic approach targeting BWS epigenome.
Recently we have just started to understand the pivotal role
of epigenome deregulation in BWS (and other rare diseases)
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Cellular identity in multicellular organisms is maintained by characteristic transcriptional
networks, nutrient consumption, energy production and metabolite utilization.
Integrating these cell-specific programs are epigenetic modifiers, whose activity is
often dependent on nutrients and their metabolites to function as substrates and
co-factors. Emerging data has highlighted the role of the nutrient-sensing enzyme O-
GIcNAc transferase (OGT) as an epigenetic modifier essential in coordinating cellular
transcriptional programs and metabolic homeostasis. OGT utilizes the end-product
of the hexosamine biosynthetic pathway to modify proteins with O-linked B-D-/N-
acetylglucosamine (O-GIcNAc). The levels of the modification are held in check by the
O-GlcNAcase (OGA). Studies from model organisms and human disease underscore
the conserved function these two enzymes of O-GIcNAc cycling play in transcriptional
regulation, cellular plasticity and mitochondrial reprogramming. Here, we review these
findings and present an integrated view of how O-GIcNAc cycling may contribute to
cellular memory and transgenerational inheritance of responses to parental stress. We
focus on a rare human genetic disorder where mutant forms of OGT are inherited or
acquired de novo. Ongoing analysis of this disorder, OGT- X-linked intellectual disability
(OGT-XLID), provides a window into how epigenetic factors linked to O-GIcNAc cycling
may influence neurodevelopment.

Keywords: O-linked B-b-N-acetylglucosamine (O-GIlcNAc), X-linked intellectual disability (XLID), epigenetics,
histone modification, DNA methylation, nutrient-sensing

INTRODUCTION

Throughout the lifetime of an organism there is a requirement to be able to adapt to environmental
changes, whether that be development, stress, or nutritional state. This adaptation requires changes
in transcriptional programs that allow an appropriate gene regulatory network response. One way
this is achieved is through epigenetic regulation: heritable modifications of DNA and histones that
influence complex networks impacting transcription, DNA replication, and DNA repair (Janke
et al,, 2015). Importantly, the activity of all epigenetic modifying enzymes relies on the availability
of specific metabolites. This sets up signaling pathways in which cells have evolved the ability
to detect nutrient alterations and respond with epigenetic changes to coordinate appropriate
transcriptional programs. Some of the most well defined metabolites and their influence on
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epigenetic modifications include: acetyl-CoA and histone
acetylation; sirtuins, NAD™T, and histone deacetylation; S-
adenosylmethionine and DNA/histone methylation; FAD,
a-ketoglutarate, and DNA/histone demethylation (Janke et al.,
2015; Etchegaray and Mostoslavsky, 2016; Wong et al., 2017;
Schvartzman et al,, 2018). Here, we focus on the conserved
epigenetic role that the nutrient-sensitive post-translational
modification (PTM) O-GIcNAc, and the enzymes involved
in O-GlcNAc cycling, the O-GIcNAc transferase (OGT) and
the O-GlcNAcase (MGEA5 or OGA) have in coordinating
transcriptional responses to environmental changes.

Neurodevelopment is one such process that is heavily
coordinated by the crosstalk between the genome, environment
and metabolic flux. Alterations during this process could
lead to neurodevelopmental disorders, which constitute a
broad range of disorders that originate during development
of the central nervous system. As more and more sequences
become available from neurodevelopmental disorder patients,
it is becoming increasingly clear the essential role chromatin
modifiers and epigenetic regulators play in these diseases. Of the
hundreds of genes with mutations or copy number variations
that are causative of neurodevelopmental disorders, chromatin
regulation is the second most common association behind
synaptic function (Gabriele et al, 2018). Interestingly, recent
data has identified placental OGT levels as a biomarker for
neurodevelopmental disorders (Howerton et al., 2013; Howerton
and Bale, 2014) and mutations in the OGT gene as being causative
to a subset of X-linked intellectual disability (XLID) patients
(Pravata et al., 2020b).

O-GlcNAc transferase uses the end-product of the hexosamine
biosynthetic pathway (HBP), UDP-GIcNAc, to add a single
GIcNAc monosaccharide onto serines and threonines of
target intracellular proteins. To form UDP-GIcNAc, the
HBP incorporates intermediate metabolites derived from
carbohydrates, amino acids, fat, and nucleotides (Figure 1).
Thus, OGT 1is uniquely positioned to sense environmental
changes and respond through modifying key targets. A diverse
array of more than 4,000 proteins have been identified to be
O-GlcNAc modified (Ma and Hart, 2014), including transcription
factors, epigenetic modulators, enzymes, kinases, mitochondrial
proteins, structural proteins, nuclear porins, and components
of vesicular trafficking pathways. How OGT recognizes specific
target proteins remains relatively unclear, although it has
preference for intrinsically disordered domains (Nishikawa
et al,, 2010). O-GlcNAcylation can influence modified proteins
in various ways such as through crosstalk or competition with
other PTMs like phosphorylation, altering enzyme activity,
impacting protein stability, influencing subcellular localization,
or altering binding partners (Bond and Hanover, 2013, 2015).
Through this broad range of targets, O-GlcNAc influences many
basic molecular processes including transcription, translation,
proteostasis, and signaling [for more extensive reviews on
the broad roles of O-GIcNAc and its targets see Bond and
Hanover (2015) and Yang and Qian (2017)]. Regulation of
O-GlcNAcylation has proven to be essential as too little or too
much O-GlcNAc is associated with a number of diseases such as
cancer, metabolic syndromes, and neurodegenerative diseases.

Recently, OGT has been linked to a rare neurodevelopmental
disorder known as OGT-XLID, which we hypothesize could be
caused by dysfunction of the essential role of O-GIcNAc as an
epigenetic regulator, the focus of this review.

OGT, OGA, and O-GlcNAc itself have all emerged as
critical epigenetic regulators (Figure 1) essential for stem cell
maintenance, development, and in the nervous system. Studies
in model organisms have highlighted the conserved role OGT
plays in gene regulation and cellular identity. Since the initial
findings in Drosophila which defined the gene encoding OGT
as a Polycomb group member critical for Hox gene silencing
(Gambetta et al., 2009), O-GlcNAcylation has been recognized to
play multifaceted roles in epigenetic regulation. Recent studies in
C. elegans have demonstrated that OGT plays a critical role in
preventing transitions between terminal cell fates. Advances in
mass spectrometry technology have uncovered O-GlcNAcylation
of histones, and is now widely believed to be part of the
“histone code.” Studies have also indicated that O-GlcNAc
plays a role in histone exchange and is essential for the DNA
damage response (Na et al., 2020). Further, OGT has been found
in complex with TET proteins, signifying a potential role in
DNA demethylation (Chen et al., 2013; Deplus et al., 2013;
Vella et al.,, 2013). O-GlcNac has also been defined to regulate
transcription through modification of key transcription factors
as well as the RNA polymerase II C-terminal repeat domain
(Lewis and Hanover, 2014).

In this review we dissect the conserved and wide-ranging roles
O-GIcNAc cycling has in regulating transcriptional networks
which contribute toward maintaining cellular identity. We
discuss how placental OGT could be a marker for placental stress
contributing toward neurodevelopmental disorders. Lastly, we
examine how OGT’s role in epigenetic regulation contributes
toward mutations manifesting as an XLID in human patients.

O-GIcNAc CYCLING, EPIGENETICS AND
CELL FATE DETERMINATION: LESSONS
FROM MODEL ORGANISMS

Super Sex Combs: OGT and Hox Gene

Repression

Across species, O-GlcNAc has a key role to play in development.
Though its functions are numerous, OGT is particularly
important in the spatiotemporal control of gene expression
through its regulation of Hox genes. Conserved across bilaterians,
the Hox genes encode critical transcription factors which specify
the body plan along the anterior-posterior axis. Inappropriate
regulation of these genes results in homeotic transformations,
developmental errors in which one region of an animal
inappropriately adopts the characteristics of another region. Two
major groups of genes control the spatial expression of Hox
genes: transcriptional repression by the Polycomb group (PcG)
and activation by the trithorax group (trxG). In Drosophila, the
gene encoding OGT was first described genetically by mutations
that caused homeotic phenotypes including antenna-to-leg and
wing-to-haltere transformations (Butler et al., 2019). Without
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intermediate metabolites to form the nucleotide sugar UDP-GIcNAc. The O-GlcNAc Transferase (OGT) utilizes this nucleotide sugar as the sugar donor to modify
diverse nucleocytoplasmic proteins including transcription factors, chromatin modifiers, and histones. This modification can be removed by O-GlcNAcase (OGA),
whose levels are also implicated in regulation of gene expression. The process of O-GIcNAc cycling enables the cell to sense and integrate nutrient and signaling
information and respond to extracellular stressors. O-GlcNAc influences histone modifications through the interactions of OGT with the Polycomb complex and
SET1/COMPASS, OGA's interactions with the trithorax complex, and direct O-GlcNAcylation of histones. OGT associates with TRIM28 to induce DNA
methylation-dependent repression, and OGT is also involved in demethylation of DNA through the TET proteins. O-GIcNAc influences transcription by modification of

transcription factors and the C-terminal domain of RNA Polymerase Il. O-GIcNAG is also involved in the DNA damage response.

knowing the enzymatic function of the protein it encodes,
the gene was named super sex combs (sxc) for its loss of
function phenotype. Like PcG genes Polycomb (Pc) and extra
sex combs (esc), sxc mutations affect the development of the
sex combs, a structure on the forelimbs of Drosophila males.
Similar to other components of the PcG, sxc was required
for the repression of Hox genes in tissues where they should
not be expressed. Derepression of Hox genes could explain
the homeotic transformations associated with sxc mutations.
Epistasis experiments confirmed this, as sxc flies lacking the Hox
gene Ubx had more normal wing development (Ingham, 1984).
Later, immunostaining of embryos showed aberrant expression of
at least six PcG target genes including Ubx and Abd-B (Gambetta
et al., 2009; Gambetta and Miiller, 2014).

Experiments on the PcG gene polyhomeotic (ph) demonstrated
genetic interactions with sxc. Flies carrying sxc and ph mutations
had enhanced sxc phenotypes, with greater numbers of sex

combs, stronger developmental defects, and lethality even earlier
in development (Cheng et al., 1994). These findings uncovered
further genetic interactions and demonstrated that sxc functions
with the PcG to prevent ectopic expression of Hox genes.

In 2009, the protein product of sxc was determined to be
the O-GIcNAc transferase, with expression of an Ogt transgene
rescuing the pupal lethality of sxc mutant animals (Sinclair et al.,
2009). Further studies better defined the interaction between
sxc/Ogt and ph. In fact, co-IP experiments indicated that PH
was O-GlcNAc modified (Gambetta et al., 2009). In extracts of
larvae with homozygous sxc/Ogt mutations and no maternal Ogt
contribution, PH was shown to aggregate into high molecular
weight assemblies, which likely impaired its function (Gambetta
and Miiller, 2014). Loss of O-GlcNAcylation of PH resulted
in sxc phenotypes, demonstrating modification was required
to prevent aggregation, allowing PH to function with the PcG
(Gambetta and Miiller, 2014). Later, mass spectrometry of mouse
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embryonic stem cell (ESC) lysates demonstrated PHC3, the
mammalian homolog of PH, is O-GlcNAc modified, suggesting
the regulation of the PcG by O-GlcNAc is conserved (Myers et al.,
2011). In human ESCs, the core subunit of PRC1, RINGI1B, is
also modified and plays a role in targeting the complex (Maury
et al,, 2015). These findings clearly demonstrate the necessity of
O-GlcNAc for the proper repression of Hox genes through the
PcG component PH.

In mammals, the role of O-GlcNAc in PcG repression has
diverged in certain ways. While PRC2 protein E(z) is not
O-GlcNAc modified in Drosophila (Gambetta et al., 2009),
several studies have identified its mammalian homolog EZH2
as modified, resulting in increased protein stability (Chu et al.,
2014; Jiang et al., 2019). The effect of O-GIcNAc modification
on PRC2-mediated H3K27me3 is controversial, with several
publications describing a decrease associated with OGT depletion
(Chu et al, 2014; Butler et al., 2019) and others noting no
change (Myers et al, 2011; Forma et al, 2018; Jiang et al,
2019). These discrepancies likely arise from different cell lines
being used, though one study found OGT knockdown prevented
H3K27me3 changes associated with learning at specific gene
promoters in mouse hippocampal tissue (Butler et al., 2019). This
suggests the effects of O-GIcNAc may play roles in targeting PcG
repression which are only apparent in certain developmental and
genomic contexts.

O-GIcNAc transferase additionally interacts directly with
the mammalian HOXAI1 protein, as was found in a yeast-
two-hybrid experiment (Lambert et al,, 2012) and confirmed
by co-IP (Draime et al, 2018). Though the authors did not
find evidence for O-GlcNAc affecting localization, stability, or
transcription factor activity (Draime et al., 2018), they only tested
OGT and HOXA1 overexpression, so further experimentation
may reveal additional layers of Hox gene regulation by O-
GlcNAc. Although the phenotypes of sxc/Ogt flies are mostly
consistent with those of other PcG genes, several findings
suggest sxc/Ogt is also involved in Hox gene activation through
trxG. Alone, both sxc/Ogt and Asx mutations produce anterior-
to-posterior transformations associated with PcG mutations,
but sxc/Ogt;Asx double heterozygotes display posterior-to-
anterior transformations, which are typically associated with
trxG mutations (Milne et al,, 1999). This suggests sxc/Ogt
acts not only as a Hox gene repressor through PcG but
also as an activator through trxG. In fact, TRX and related
transcriptional activators SET1/COMPASS and ASH1 have been
shown to be O-GIcNAc modifiable, and staining for these
proteins overlaps with O-GIcNAc on polytene chromosomes
(Akan et al., 2016). The interaction between O-GIcNAc and
trxG also appears in mammals, with O-GlcNAc modification
of the H3K4 methyltransferase MLL5 working to stabilize this
trxG enzyme (Ding et al, 2015). Thus, in addition to the
necessary role of O-GlcNAc in the Polycomb repressive complex,
this modification is also involved in transcriptional activation,
highlighting the diverse routes in which O-GIcNAc regulates
gene expression.

The appropriate spatiotemporal expression of Hox genes
is crucial to the proper development of an organism. These
regulatory systems which repress and activate Hox genes can

cause severe developmental disorders when out of balance
(Quinonez and Innis, 2014). Common clinical presentation
for PcG mutations include intellectual disability and growth
defects (Deevy and Bracken, 2019), which mirror those of OGT-
XLID. Thus, the role of OGT in developmental regulation may
contribute to symptoms of this disorder.

O-GlIcNAc Transferase in Cell Fate
Plasticity

Developmental plasticity is necessary for the development of
multicellular organisms, but this plasticity must be restricted
when cells reach their terminal fates. Several labs have worked to
define which factors are involved in the epigenetic processes that
impose barriers between cell fates using the nematode C. elegans.
The worm is a model system perfectly suited to study the genetics
of development, as C. elegans are relatively simple multicellular
animals, with a rigidly regulated series of cell divisions and
fate decisions. Several studies have employed genetic screens to
determine which genes are required to maintain proper cell fates.
Two independent studies have found the sole nemotode OGT
ortholog ogt-1 is involved in the restriction of cellular plasticity.

Both experiments are based around genetic screens using
strains sensitized to cell fate transformation by ectopic
overexpression of the CHE-1 transcription factor. CHE-1 is
a master regulator which is necessary to establish the fate of
a specific pair of neurons called the ASE neurons, which can
be monitored with a cell-specific reporter: gcy-5:¢fp (Tursun
et al., 2011). Due to mechanisms that impose barriers between
cell fates, ectopic expression of che-1 later in development does
not have any effects on gene expression or cell fate. Even when
overexpressed in tissues that would not normally transcribe che-1,
neither activation of CHE-1 target gene expression nor induction
of ASE fate are observed in otherwise wild-type animals (Tursun
et al., 2011). However, they found that mutation of the histone
chaperone lin-53 allowed che-1 overexpression to implement
neural fate in germ cells (Tursun et al., 2011), suggesting a role
for histones and potentially histone modifications in maintaining
cellular identity. Using similar genetic systems, more recent
studies have uncovered additional factors, including ogt-I
(Hajduskova et al., 2019; Rahe and Hobert, 2019), that are
required for maintenance of cellular identity.

Hajduskova et al. (2019) performed an RNAi screen of 730
candidate genes with known or predicted roles in chromatin
modifications and remodeling. For this screen, expression of
che-1 was induced with a heat-shock promoter and reporter
GFP signal was monitored. Ectopic GFP expression was detected
with knockdown of 10 of the 730 tested genes. Different
gene knockdowns allowed GFP expression in different tissues,
suggesting tissue-specific regulatory mechanisms. This study
focused on one hit in particular: mrg-1, an ortholog of the
mammalian gene MRGI5. Knockdown of mrg-1 enabled che-
1 overexpression to reprogram germline cells to neuron-like
cells. To further study the process by which MRG-1 works
as a barrier between cell fates, the authors performed IP-MS
to identify MRG-1 binding partners, and uncovered OGT-1.
The IP-MS experiments also identified other known chromatin
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interactors such as set-26 (H3K9 methyltransferase) and sin-3
(histone deacetylase), which is itself a predicted interactor with
OGT-1 (Yang et al., 2002).

A similar screen was performed in an independent lab which
looked for genes involved in protecting epidermal cells from
transdifferentiation (Rahe and Hobert, 2019). In this study, they
overexpressed che-1, but restricted its expression to the epidermis
starting at the end of the final larval stage (L4) and continuing
into adulthood. Without mutagenesis, gcy-5::¢fp expression was
limited to ASE neurons, but mutations in seven genes caused
ectopic expression of the reporter. Three independent missense
mutations were isolated in the ogt-1 gene. These three mutations
were at highly conserved residues within the catalytic domains
of OGT-1, in close proximity to sites previously reported to
be necessary for enzymatic activity in human OGT (Lazarus
et al,, 2011). Other genes this screen identified included dot-1.1
(an H3K79 methyltransferase) and pmk-1/p38-alpha MAPK. In
mammalian neuroblastoma cells, OGT and p38 MAPK have been
shown to physically interact to drive O-GlcNAcylation of specific
targets (Cheung and Hart, 2008).

Though these studies were performed in nematodes in the
context of ectopic gene expression, these results point toward
an important role for O-GlcNAcylation in the control of cell
fate plasticity. ogt-1 came out of these two independent unbiased
methods in the context of two different tissue types, suggesting
it plays this role broadly. Though it has not been studied in
as much depth in mammalian systems, some studies implicate
O-GlcNAc in related processes. Much evidence points toward
O-GlIcNAc homeostasis being critical in stem and progenitor
cells, which we will discuss further through its role in DNA
damage and transcription factor regulation. In addition to its role
restricting plasticity late in development, O-GlcNAc is critical in
the networks of transcription factors which enable pluripotency
in early development and adult stem cells which we will discuss in
detail in its own section below. The developmental phenotypes of
OGT-XLID patients and related transcriptomic data demonstrate
the importance of O-GlcNAc in regulating sensitive cell fate
specification events (Selvan et al., 2018). The importance of O-
GlcNAc in cell fate may be intimately related to its roles in
histone dynamics.

O-GIcNAc CYCLING AND HISTONES

Direct Modification of Histones by
O-GicNAc

O-GlcNAc affects chromatin and histone dynamics in a number
of different ways. As described above, major complexes that
modify histones are regulated by O-GlcNAc cycling. O-GlcNAc
is also involved in the histone exchange required for DNA repair,
and can modify histones directly.

Sakabe et al. (2010) first demonstrated direct evidence
linking O-GlcNAcylation to the histone code, the holy grail
of modern epigenetics (Jenuwein and Allis, 2001). Using an
arduous combination of techniques they found O-GIcNAc
on histones H2A, H2B, and H4. Acetylated histones were
modified by O-GIcNAc and O-GlcNAcylation increased

upon heat stress. Heat shock and OGT overexpression also
modestly increased chromatin condensation. Using a chemical
enrichment procedure, they mapped three O-GlcNAc sites
on histones: H2AT101, H2BS36, and H4S47 (Sakabe et al.,
2010). Additionally, they also provided evidence that other
sites, including probable sites for modification of the remaining
histone H3 must exist in the histone preparations. The
identification of O-GlcNAc sites near known DNA interaction
sites lead the authors to speculate that O-GlcNAcylation could
induce major changes in chromatin structure not only by
regulating peptide backbone conformation but also due to
it being considerably larger than other common PTMs. One
particularly intriguing O-GlcNAcylated site discussed was H4547
(Sakabe et al., 2010). In yeast, mutation of this site to a cysteine
induced activation of SWI/SNF targets independent of the
SWI/SNF chromatin remodeling complex.

Since then, a total 17 different histone O-GlcNAcylation
sites on H2A, H2AX, H2B, H3, H3.3, and H4 have been
reported (see Table 1 for the full list with references). Evidence
for these sites primarily comes from identification techniques
such as chemoenzymatic detection, immunoblotting, selective
enzymatic labeling, and lectin staining, in combinations with
various mutation experiments. Due to the indirect nature of these
methods, some skepticism has been raised about the existence
of histone O-GlcNAcylation (Fujiki et al., 2011; Schouppe
et al., 2011; Zhang et al., 2011; Hahne et al., 2012; Deplus
et al.,, 2013; Lercher et al., 2015; Ronningen et al., 2015; Chen
and Yu, 2016; Hirosawa et al., 2016; Hayakawa et al., 2017).
However, the presence of O-GlcNAc at the two sites, H2AS40
and H3.3T32, have been confirmed based on the recognition
of endogenous O-GlcNAc by tandem mass spectrometry (MS)
analysis of histones isolated from mammalian cells (Sakabe et al.,
2010; Fong et al., 2012), providing the most robust evidence
for the O-GlcNAcylation of histones. Direct identification of
peptidyl O-GlcNAcylated Ser/Thr by MS is burdensome due
to its unstable nature, limiting attempts to confirm additional
modification sites. Some studies have disputed the existence
of histone O-GlcNAcylation, including one which reported an
inability to detect modified histones in cultured mammalian
cells (Gagnon et al., 2015; Gambetta and Muller, 2015). Still,
indirect evidence suggests that O-GlcNAcylation is an important
form of histone PTM.

The 17 identified histone O-GlcNAcylation sites play various
important roles in different biological functions. O-GlcNAc
is identified at higher levels on H3 during interphase than
mitosis, inversely related with phosphorylation, suggesting PTM
crosstalk. Also, an increase in O-GlcNAcylation was observed
to reduce mitosis specific phosphorylation at Ser10, Ser28, and
Thr32. Inhibition of OGA hindered the transition from G2 to M
phase of the cell cycle, showing a phenotype similar to hindering
mitosis-specific phosphorylation on H3 delivering a mechanistic
switch that orchestrates the G2-M transition of the cell cycle
(Fong et al., 2012).

The combination of the extensive diversity of histone
modifications allows for the complexity and flexibility of
epigenetic regulation (Chen and Yu, 2016). It is now possible
to map the genome- wide distribution and colocalization
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TABLE 1 | Reported sites of direct O-GIcNAc modification of histones.

Sites Sample Enrichment Detection Functions References
H2AS40  mES cells RP-HPLC and mAb O-GlcNAc site by HCD Tightly relates with the differentiation in Hirosawa et al., 2016;
tandem MS mouse trophoblast stem cells Hayakawa et al., 2017
H2AT101  Hela cells GalNAz labeling and DTT DTT tag by CID tandem MS ~ May be a part of the histone code Sakabe et al., 2010
tagging
Recombinant In vitro reaction with OGT O-GlIcNAc site by ETD Facilitates H2B K120 monoubiquitination, for ~ Fujiki et al., 2011
histone tandem MS transcriptional activation
H2AXT101 Hela cells Laser micro-irradiation, Abolished O-GlcNAc signal  The O-GlcNAcylation negatively regulates Chen and Yu, 2016
immunofluorescence (IF) by CTD110.6 Ab for DNA double-strand break-induced
staining and microscope FLAG-tagged H2AXT139A phosphorylation of H2AX and MDC1 by
image acquisition mutant restraining the expansion of these
phosphorylation events from the sites of DNA
damage.
H2AXS139 Co-localizes with DNA damage foci, may
function in DNA damage repair
H2BS36  Hela cells GalNAz labeling and DTT DTT tag by CID tandem MS ~ May be a part of the histone code Sakabe et al., 2010
tagging
H2BS52  Various cell lines Proteome-wide studies Large scale CID tandem MS  Suggests that O-GIcNAc and phosphorylation Hahne et al., 2012
without any specific using the Oscore software, are not necessarily mutually exclusive but can
enrichment which assesses presence of  occur simultaneously at adjacent sites.
O-GlIcNAcylation
H2BS55
H2BS56
H2BS64  Calf thymus Lectin-pulldown and Butylamine tagging by CID Suggest the presence of O-GIcNAc-modified  Schouppe et al., 2011
butylamine tagging tandem MS proteins among the lectin-binding partners
H2BS112  Various cell lines Immunofluorescence, Immunofluorescence, Preserves a stable chromatin and represses ~ Ronningen et al., 2015
Chromatin Chromatin gene transcription at the early stage of
immunoprecipitation, immunoprecipitation, adipocyte differentiation
Immunoblotting Immunoblotting
HEK293T and Tet2 HT-pulldown and IP Direct physical link between OGT and TET2/3 Deplus et al., 2013
knockout mouse Chromatin IP proteins provide new insight into the
regulation and function of OGT in the cell.
Hela cell In vitro reaction with OGT ETD-MS/MS mapping Facilitates H2BK120 monoubiquitination, for ~ Fujiki et al., 2011
transcriptional activation
H3S591 Recombinant In vitro reaction with OGT O-GlcNAc site by ETD Preserves stable chromatin in the early stages Fuijiki et al., 2011
histone tandem MS of cell differentiation and may repress gene
transcription in adipocytes
H3S112
H3S123
H3S10 HEK239 cell Overexpression and IP by Abolished O-GlcNAc signal Competitively reduces the levels of H3S10 Zhang et al., 2011
tag Ab by lectin staining of phosphorylation, therefore regulates the
FLAG-tagged H3S10A pathway that H3S10P involved in, such as
mutant passing the G2-M phase check point,
regulating the H4K16ac
H3.3T32  Hela cell IP by anti-H3 Ab O-GIcNAc site by ETD Increases the phosphorylation of Thr32, Fong et al., 2012
tandem MS Ser28, and Ser10, which are the specific
mark of mitosis
H3.3T80  Calf thymus Lectin-pulldown and Butylamine tag by CID Suggest the presence of O-GlcNAc-modified  Schouppe et al., 2011
butylamine tagging tandem MS proteins among the lectin-binding partners
H4S47 Hela cell GalNAz labeling and DTT DTT tag by CID tandem MS ~ May be a part of the histone code Sakabe et al., 2010

tagging

mES cells, mouse Embryonic Stem cells; RP-HPLC, reversed-phase high performance liquid chromatography; Ab, antibody, mAb, monoclonal antibody; GalNAz, azide-
modified galactose; DTT, dithiothreitol; IR, immunoprecipitation; MS, mass spectrometry analysis; HCD, higher-energy collisional dissociation; CID, collision-induced
dissociation; ETD, electron-transfer dissociation.
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of histone modifications at high resolutions using ChIP-seq,
revealing the many amalgamations of histone modification
crosstalk, such as precondition, mutual exclusion, or coexistence
(Pick et al.,, 2014). H2BS112 O-GlcNAcylation functions as a
precondition for H2BK120 monoubiquitination, with GlcNAc
acting as an anchor for ubiquitin ligase, ultimately resulting
in transcriptional activation via H3K4me3 (Fujiki et al,
2011). An increase in the intracellular level of UDP-GIcNAc
induces an increase in histone O-GlcNAcylation and a partial
suppression in H3S10ph, suggesting these modifications are
mutually exclusive. Further examples of competition between
O-GlcNAcylation and phosphorylation have been reported for
the H3T32, H3S10, and H2AXS139 sites (Zhangetal., 2011;
Fongetal,, 2012; Chen and Yu, 2016). Future studies should,
therefore, investigate phosphorylation of other residues for which
O-GlcNAc modification has been reported. The crosstalk between
O-GlcNAcylation and acetylation should also be validated
considering the presence of a HAT-like domain in OGA, although
the enzymatic activity of this domain is a point of controversy
(Torres and Hart, 1984; Toleman et al., 2006; Kim et al., 2007;
Butkinaree et al., 2008; Hayakawa et al., 2013; Rao et al., 2013).

O-GlcNAcylation of site-specific adapter proteins directly
regulate the stability of H2A/H2B dimers in the nucleosome
in synthetic O-GlcNAcylated histones (Lercher et al., 2015). To
generate homogenous O-GlcNAc modified nucleosomes, one
study generated H2AT101 O-GIcNAc mimics by replacing the
threonine with cysteine and using a series of chemical reactions
in vitro to stably link GlcNAc to the thiol. The authors showed
that H2AT101 GlcNAcylation destabilized the H3/H4 tetramer-
H2A/B dimer interface reducing nucleosome stability. Thus,
regulation of nucleosome stability by OGT-dependent GlcNAc
transfer may contribute to transcriptional regulation. O-GlcNACc’s
role in histone dynamics and in modifying variant histones make
up an additional layer of histone regulation.

H2AX and the DNA Damage Response

Histone modifications play a crucial role in chromatin
organization through processes including DNA metabolism,
replication, transcription, and repair. Modification and exchange
of histones can also reorganize chromatin to allow DNA repair
machinery to access damaged chromosomal DNA (Downs et al.,
2004). H2AX is a histone variant that differs from H2A at various
amino acid residues along the entire protein and in its C-terminal
extensions (Bonisch and Hake, 2012). The importance of this
histone variant is highlighted by the phenotypes of knockout
mice, which show radiation sensitivity, developmental delay, and
male infertility (Celeste et al., 2002). H2AX is a central player
in the DNA damage response (DDR) when phosphorylated at
serine 139 (YH2AX) (Wahl and Carr, 2001), and as mentioned
previously, can also be O-GlcNAc modified at this site (Liu and
Li, 2018). YH2AX is incorporated into nucleosomes at double
strand break sites, where it promotes accumulation of DNA
repair proteins (Wahl and Carr, 2001). y-phosphorylation is an
early event in the DSB damage response induced by the ATM
and ATR kinases, which additionally activate kinases Chkl and
Chk2 (Wahl and Carr, 2001).

In the growth and development of an organism, DNA damage
poses a serious risk, as mutations will propogate from progenitors
to their daughter cells. To maintain genome integrity, the cell
cycle is regulated by the DDR pathway following DNA damage
stress, with O-GlcNAc involved by modifying the arrangement
of histones and kinases (Hanover et al., 2018; Liu and Li, 2018).
Blocking O-GIcNAc transferase activity leads to delayed DSB
repair, reduced cell proliferation, and increased cell senescence
in vivo, while increased O-GlcNAc promotes DSB repair and
hyper-proliferation in vivo and in vitro (Efimova et al., 2019).
These findings suggest O-GIcNAc is necessary to protect the
genome and for proper cell cycle progression. These effects are
likely related to OGT’s recruitment to sites of DNA damage,
where it modifies H2A and mediator of DNA damage checkpoint
1 (MDC1) (Chen and Yu, 2016). In addition, one report has
suggested OGT transfers GIcNAc onto H2AXS139, the same site
as y-phosphorylation (Chen and Yu, 2016). The authors suggest
O-GlcNAc inhibits the DDR, though other studies suggest
O-GlIcNAc activates the DDR pathway (Efimova et al.,, 2019;
Na et al., 2020).

The development of a multicellular organism is an energy-
intensive and error-prone process. Stem and progenitor cells
require high levels of glucose to grow and proliferate.
A consequence of this energy use is the generation of reactive
oxygen species (ROS), which cause damage, cellular stress, and
DNA breaks. As such, DDR-related factors are prominent among
proteins that accumulate O-GlcNAc when cells are stressed
by ROS (Katai et al, 2016). Reciprocally, the DDR pathway
has been shown to increase ROS levels (Rowe et al., 2008),
pointing to a complex interplay between these processes. For
example, high glucose has been demonstrated to elevate levels
of O-GlcNAc, ROS, and DNA damage (Hu et al,, 2019). The
elevation of ROS in high glucose conditions may be linked
to O-GIcNAc, as inhibition of OGT decreases ROS levels in
a dose-dependent manner, and ultimately reduces neural tube
defects in embryos of diabetic mice (Kim et al., 2017). Recently,
we have reported that stress induces hyper-proliferation, O-
GlcNAcylation, and DDR in Drosophila intestinal stem cells (Na
etal., 2020). Likewise, genetic elevation of O-GlcNAc by deletion
of Oga induced proliferation and DDR in fly intestinal stem cells,
mouse embryonic fibroblasts, and mouse ESCs (Na et al., 2020).
Previous work had shown that Chkl phosphorylates OGT, which
stabilizes the protein (Li et al., 2017). Through this interaction,
we demonstrate that O-GlcNAc participates in an autoregulatory
feedback loop where CHKI1/CHK2 stabilizes OGT, allowing
further O-GlcNAcylation that continues to activate the DDR
pathway (Na et al., 2020) (Figure 2).

Thus, O-GlcNAcylation is a key regulator of the DDR pathway,
which is crucial in supporting the development of a healthy
organism. This further establishes O-GIcNAC’s role in cell identity
discussed above, which will be explored below in our discussion
of transcription factor modification. Observations of abnormal
neural proliferation and developmental delay in mice harboring
an Oga deletion in the brain (Olivier-Van Stichelen et al,
2017) suggest O-GlcNAc homeostasis is needed for the proper
development of sensitive tissues such as the brain. Thus, the
pathways discussed above may contribute to the developmental
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FIGURE 2 | O-GIcNAcylation induces the DNA damage response and proliferation in stem cells. High glucose and reactive oxygen species (ROS) cause damage to
DNA such as double strand breaks. O-GlcNAcylation is required to respond to DNA damage, through its accumulation at damage sites and activation of the DNA
damage response (DDR) pathway. Response to DNA damage also requires the incorporation of variant histone H2AX, which is phosphorylated and can also be
O-GIcNAc modified. Elevated O-GIcNAc induces stem and progenitor cell proliferation and the DNA damage response through yH2AX and a phosphorylation
cascade of effector kinases. One of the downstream kinases, CHK1/2, phosphorylates OGT, which stabilizes the enzyme. This autoregulatory loop helps further
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defects associated with OGT-XLID. Beyond the effects O-GlcNAc
has on chromatin dynamics, O-GIcNAc interacts with DNA
methylation pathways to regulate gene expression.

OGT AND DNA METHYLATION

DNA methylation is a critical epigenetic modification in
mammals which occurs predominantly at the 5-position carbon
on cytosine residues (5mC) followed by guanines. This epigenetic
mark is involved in a variety of functions in the mammalian
genome, including X-chromosome inactivation, gene silencing,
genomic stability, cellular identity, and genomic imprinting
(SanMiguel and Bartolomei, 2018). Two models for DNA
methylation-dependent repression have been described. The first
is a direct mechanism in which the presence of 5mC inhibits
binding of transcription factors to DNA, thereby silencing gene
expression. The second model is an indirect mechanism that
involves recruitment of proteins that bind methylated DNA
and associate with chromatin modifiers. These models are not
mutually exclusive and can work in concert (Klose and Bird,
2006). Despite being stable and heritable, DNA methylation is
also highly dynamic, particularly during development. Active
DNA demethylation is mediated by the TET family proteins
TET1, TET2, and TET3. These proteins iteratively oxidize 5mC

to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5{C),
and 5-carboxylcytosine (5caC) (Kriaucionis and Heintz, 2009;
Tahiliani et al., 2009; Ito et al., 2010, 2011; He et al., 2011).
These modifications can be transient intermediates in the
demethylation process which are ultimately removed by base
excision repair (Cortellino et al., 2011; He et al., 2011), or can
act on their own as a stable modifications (Bachman et al., 2014,
2015). Importantly, OGT is a well established binding partner of
the TET proteins and has recently been described to play a critical
role in DNA methylation-dependent repression.

Recent studies have revealed that OGT is found in complex
with the three TET proteins. OGT was found to be associated
with TET1 at gene promoters of transcriptionally active genes
in mouse ESCs. This interaction was required for OGT binding
to chromatin and enhanced TET1 activity (Vella et al., 2013).
Further, O-GlcNAcylation of TET1 was shown to regulate TET1
stability (Shi et al., 2013a), and OGT enhanced TET1 activity
in vitro (Hrit et al., 2018). Disrupting the OGT-TET1 interaction
in mouse ESCs resulted in increased 5mC and compensatory
increases in TET2, accompanied by transcriptional changes (Hrit
et al., 2018). These data indicate that the TET1-OGT complex is
critical for proper pluripotency gene regulatory networks which
maintain stem cell identity.

TET2 and TET3 also form complexes with OGT. Interaction
of TET2 with OGT associates at transcriptional start sites
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and facilitates histone O-GlcNAcylation. HCF-1 as part of the
SET1/COMPASS complexes is a specific target of the TET2/3-
OGT complex and promotes H3K4me3. A closer look at the
TET3-OGT interaction indicated that this interaction stabilized
OGT and enhanced chromatin association (Ito et al., 2014).
However, another study found that O-GlcNAcylation of TET3
promoted its export from the nucleus, thereby inhibiting TET3
function (Zhang et al., 2014). Further complicating the regulation
of TET proteins by OGT is the fact that they are also highly
phosphorylated (Bauer et al.,, 2015) setting up the possibility
of PTM crosstalk. While the functional relationship between
OGT and TET proteins still remains controversial, there are
some common themes in these papers. TET, OGT, and H2BS112
O-GIcNAc are colocalized in the genome, largely at CpG islands
containing promoters of actively transcribed genes (Chen et al.,
2013; Deplus et al., 2013; Vella et al., 2013). Thus this interaction
likely reinforces active transcription to maintain cell intrinsic
transcriptional program, possibly impacting development and
gene expression in OGT-XLID.

In addition to its effects on the process of DNA demethylation,
OGT has been found to be involved in gene silencing mediated by
DNA methylation. OGT selectively associates with the scaffolding
protein TRIM28 only in the presence of methylated DNA
(Boulard et al., 2020). It has been proposed that O-GlcNAcylation
of chromatin modifiers that interact with TRIM28 is required
at the sites of retrotransposon promoters to repress their
transcription (Boulard et al., 2020). This suggests disruption of
O-GlcNAc cycling may lead to increased genome instability in
addition to the contribution of impaired DNA damage response
described above.

TRANSCRIPTION FACTOR
O-GlcNAcylation

Gene expression is largely regulated by transcription
factors, which themselves are heavily regulated by PTMs.
O-GlcNAcylation is one of the major modifications that affects
transcription factor functions, modulating their localization,
stability, interacting partners, resulting in gene activation or
silencing. While many studies have defined the role of O-GlcNAc
modification of key transcription factors regulating processes
like immune activation (Chang et al., 2020), here we focus on the
role O-GlcNAc has in pluripotency and differentiation as well as
in the nervous system and glucose and lipid metabolism in the
liver as it relates more directly to neurodevelopmental disorders
that will be described (Figure 3).

O-GlcNAcylation in Development and
Cell Differentiation

Throughout development, the process of differentiation allows
a multicellular organism to form a complex system of multiple
tissues and cell types. In adulthood, stem cells retain the capacity
to differentiate allowing for tissue repair. O-GlcNAcylation
during development is essential, as deletion of Ogt in mouse
ESCs is lethal (Shafi et al., 2000). Further, reduced expression
of Ogt disrupts stem cell self-renewal through deregulation

of pluripotency transcriptional networks (Jang et al., 2012).
This is likely due to OGT’s role in chromatin remodeling
as described above, as well as through direct modification
of transcription factors involved in pluripotency. In fact, the
Yamanaka factors OCT4, SOX2, and C-MYC are all O-GlcNAc
modified (Chou et al., 1995; Jang et al., 2012), and increasing
O-GIcNAc in ESCs hampers normal differentiation (Jang et al.,
2012). In fact, deleting Oga in the mouse is largely perinatal
lethal (Keembiyehetty et al, 2015). Mice in which Oga was
conditionally deleted in the brain exhibited microcephaly,
high body fat percentage, hypotonia, and delayed development
of the brain associated with abnormal cell proliferation and
migration. This phenotype is related to transcriptional changes of
pluripotency markers, including Sox2, Nanog, and Otx2 (Olivier-
Van Stichelen et al., 2017). The transcription factor Sox2 and
other transcription factors involved in the maintenance of mouse
ESC pluripotency and stem cell self-renewal all require O-
GlcNAcylation (Myers et al., 2011; Jang et al., 2012).

Cellular differentiation is regulated by O-GlcNAcylation, as
lowered UDP-GIcNAc levels by HBP inhibition blocks the
differentiation of adipocytes in vitro (Ishihara et al., 2010).
Normal adipocyte differentiation in cell culture requires the
transcription factors C/EBPa and C/EBP. It has been reported
that C/EBPB is modified by O-GlcNAc, and diminished O-
GlcNAcylation reduces C/EBPa protein levels, suggesting the
modification stabilizes the protein (Ishihara et al., 2010). Mass
spectrometry analysis indicated two O-GIcNAc sites on Ser180
and Ser181, which are very close to C/EBPB phosphorylation
sites at Thr188, Ser184, and Thr179 (Li et al., 2009). The
sequential phosphorylation of C/EBPP at Thr188 then Ser184 by
MAPK or CDK2, and Thr179 by GSK3 is required for DNA
binding and transcriptional activity (Kim et al., 2007). Increased
O-GlIcNAcylation during adipocyte differentiation prevents
C/EBPB phosphorylation and subsequently delays adipocyte
differentiation (Li et al., 2009). In addition, mutations of
Ser180/181 rescued the phenotype induced by O-GlcNAcylation
which suggests that the transcriptional activity of C/EBPP
is regulated by phosphorylation and O-GlcNAcylation in a
competitive manner by alternative occupancy at adjacent sites
(Li et al., 2009).

Hematopoietic stem cell (HSC) maintenance also requires
balanced O-GlcNAc cycling. In fact, when Oga has been deleted
in HSCs in mice, these mice exhibit diminished HSC pools
as well as reduced intermediate progenitor populations. The
elevated O-GlcNAcylation in progenitor cells of these mice were
correlated with transcriptional changes in factors involved in
adult stem cell maintenance, lineage specification and nutrient
uptake (Abramowitz et al., 2019).

Transcription Factor O-GilcNAcylation in

the Nervous System

O-GlcNAcylation has been extensively studied in the brain due
to its critical role during development described above, and
in neurodegenerative diseases like Alzheimer’s (Griffith and
Schmitz, 1995; Olivier-Van Stichelen et al., 2017). Emerging data
has highlighted the role of transcription factor O-GlcNAcylation
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FIGURE 3 | Diversity of transcription factor O-GIcNAcylation in the brain and liver. O-GlcNacylation of transcription factors can act to modulate their activity,
localization, stability, binding partners and other post translational modifications. In the brain (left), O-GIcNAcylation of CREB represses its activity and
downregulates transcriptional targets like Wnt2 and Badnf in a CRTC (cAMP-regulated transcriptional co-activators)-dependent manner. Reduced O-GlcNAc of
protein kinase A (PKA) is characteristic of Alzheimer’s disease, and leads to decreased phosphorylation of CREB at S133 and increased phosphorylation of tau at
T205. Further, deacetylation of CREB by SIRT1, causes downregulation of OGT. In the liver (right), modification of PGC-1a and association with OGT promotes
FOXO1 O-GIcNAcylation, enhancing activity and promoting transcription gluconeogenic genes. The liver X receptors (LXRs) are nutrient sensors with critical roles in
lipid metabolism, glucose homeostasis, and metabolism. O-GlcNAc modification of LXRs induces expression of SREBP-1 and ChREBP, key factors involved in
hepatic lipogenesis and energy metabolism. HCF-1 O-GlcNAcylation stimulates OGT recruitment and modification of ChREBP, enhancing ChREBP activity and

promoting recruitment of the activator PHF2 which binds the activating histone mark H3K4me3.

during neuronal development, synaptic plasticity and memory.
CREB, a key transcription factor involved in learning and
memory, is O-GIcNAc modified in the TAFII130 binding
domain, a component of the TFIID transcriptional complex
(Lamarre-Vincent and Hsieh-Wilson, 2003). O-GlcNAcylation
of CREB impairs its interaction with TAFII130 and represses
CREB transcriptional activity in vitro (Lamarre-Vincent and
Hsieh-Wilson, 2003). Further studies demonstrated that O-
GlcNAcylation of CREB at Ser40 modulates dendrite and
axonal elongation with downregulation of Wnt2 and BDNF
signaling (Rexach et al., 2012). It has also been suggested that
glycosylation of CREB has a significant impact on long-term
memory consolidation (Rexach et al., 2012). In accordance with
this hypothesis, an independent research group has provided a
link between O-GlcNAcylation, Protein Kinase A (PKA)-CREB
signaling, and memory loss in Alzheimer’s disease. Alzheimer’s
disease is associated with a decrease in O-GlcNAcylation, which
has been shown to influence aggregating proteins such as
tau (Akan et al., 2018). PKAs can be O-GIcNAc modified,
which influences their localization, activity, and phosphorylation
(Xie et al, 2016). The inhibition of PKA-CREB signaling
by O-GlcNAcylation was associated with impaired learning
and memory in mice.

While CREB itself is regulated by O-GlcNAc, it can also
regulate OGT expression. CREB can be deactivated by the
deacetylase SIRT1, thereby reducing OGT expression and
promoting tau phosphorylation, one of the major events in the
course of Alzheimer’s disease (Lu et al., 2020).

With important roles in regulating the transcriptional
networks required for proper development, differentiation
and within the nervous system, it is unsurprising that
deregulation in O-GIcNAc homeostasis is associated with
neurodevelopmental diseases.

Transcription Factor O-GlcNAcylation in

Carbohydrate and Lipid Metabolism

Beyond the brain, CREB also plays an important role in the
liver where it regulates hepatic glucose and lipid metabolism
(Herzig et al, 2001; Dentin et al, 2008). During prolonged
fasting, CREB stimulates the gluconeogenic program with the
coactivator PGC-1 (Herzig et al., 2001). PGC-1a (peroxisome
proliferator-activated receptor gamma, co-activator 1 alpha) is
a transcriptional co-activator that controls energy and nutrient
homeostasis by coordinating gene expression. PGC-1a has been
shown to form a complex with OGT and be O-GlcNAcylated
at Ser333. Moreover, increased glucose levels lead to FOXO1
(Forkhead box other 1) O-GlcNAcylation via the PGC-1a/OGT
complex, enhancing transcriptional activity (Housley et al.,
2008). In addition, increased O-GIcNAg, either by addition of
glucosamine or an OGA inhibitor, enhanced FOXO1 target gene
expression in HepG2 cells (Kuo et al., 2008).

Insulin has two main functions within the liver: (1)
downregulation of gluconeogenesis genes by initiating
inhibitory phosphorylation of FOXOI1, and (2) promotion
of lipogenic pathways through activation of SHREBP-Ic
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(Brown and Goldstein, 2008). O-GlcNAcylation regulates both
pathways by attenuating insulin signaling and activating
lipogenic pathways. The liver X receptors (LXRs) are described
as nutritional sensors for lipid metabolism, glucose homeostasis
and inflammation, and are posttranslationally modified
by phosphorylation, acetylation, and O-GlcNAcylation
(Anthonisen et al., 2010). Increased glucose levels leads to
LXR O-GlcNAcylation, inducing SREBP-1c (sterol regulatory
element binding protein 1c) expression. SREBP-1c is a major
player of gene expression in hepatic lipogenesis (Anthonisen
et al.,, 2010). LXR has been shown to interact and co-localize
with OGT in vitro and in vivo. Additionally, LXR enhanced the
expression of SREBP-1c and ChREBPo/p under hyperglycemic
conditions (Bindesboll et al., 2015). The effects of O-GlcNAc on
the LXR pathway may extend beyond the liver, as this was the
most dysregulated pathway found by transcriptomics of OGT-
XLID mutant cells (Selvan et al., 2018). The LXR pathway has
been shown to be critical in the development of dopaminergic
neurons from stem cells (Ma et al., 2009), providing a possible
link between this pathway and the developmental disorder.

ChREBP (carbohydrate responsive element binding protein)
is a key factor of energy metabolism in the liver and is
regulated by O-GlcNAcylation. High glucose or OGT expression
increased ChREBP O-GlcNAcylation, stabilizing the protein and
increasing expression of its target genes. Oga overexpression
in mouse livers markedly reduced ChREBP O-GlcNAcylation
and decreased abundance of ChREBP targets (Guinez et al.,
2011). These results clearly demonstrated that O-GlcNAcylation
of ChREBP increases its stability and activity. In addition,
a recent study identified HCF-1 as a modulator of ChREBP
activity and the lipogenic program, which is glucose dependent.
Elevated glucose induced HCF-1 O-GlcNAcylation and HCEF-
1/ChREBP complex formation, where HCF-1 recruits OGT to
further promote O-GlcNAcylation of ChREBP (Lane et al., 2019).
Moreover, HCF-1/ChREBP complex formation was associated
with the recruitment of epigenetic activator PHF2, which binds to
H3K4me3 and enhances transcription (Lane et al., 2019). These
data demonstrated that lipogenic gene expression is under the
control of epigenetic modulations, ChREBP O-GlcNAcylation,
and activation by HCF-1.

Through regulation of transcription factors, O-GlcNAc is able
to alter patterns of gene expression in response to nutrient status
and stress. Mutations in OGT may impair its targeting of specific
pathways and disrupt their normal function in responding to the
environment and coordinating development.

PLACENTAL OGT AS A BIOMARKER
FOR NEURODEVELOPMENTAL
DISEASE: A MODEL OF
TRANSGENERATIONAL INHERITANCE

Prenatal development is a particularly vulnerable time, when
tight regulation of transcriptional networks is required to
transform a fertilized egg into a multicellular organism requiring
complex tissue development. In mammals, energy flow from the
mother to the fetus is mediated by the placenta, which transfers
macronutrients, gases, and metabolites into fetal circulation.

Thus, the placenta transmits nutritional and stress information
from the mother to the developing fetus. Glucose is the primary
fuel for the fetus, which is provided by maternal transfer
through the placenta. The fetal brain is a particularly nutritionally
demanding tissue during fetal development. Brain regions are
more sensitive to nutrient availability at particular gestational
stages. Interestingly, a recent hypothesis to explain the male-
biased presentation of neurodevelopmental diseases focuses
on sex differences in the placenta in relaying signals to the
developing brain regarding maternal perturbations (Charil et al.,
2010; Howerton and Bale, 2012, 2014; Gabory et al., 2013;
Howerton et al., 2013; Davis and Pfaft, 2014; Nugent and Bale,
2015; Bale, 2016).

As an X-linked gene and having the ability to transmit
nutritional information to the nucleus, OGT is a unique
candidate to signal maternal stress through the placenta to the
developing fetus in a sex-dependent manner. Interestingly, O-
GlcNAcylation of placental proteins correlates with maternal
glycemic index (Dela Justina et al., 2018). In fact, a genome-wide
screen looking for sex-specific changes in placental transcription
after exposure to early prenatal stress identified Ogt as a top
candidate for exhibiting sexually dimorphic expression in the
placenta and changes in expression as a response to maternal
stress (Howerton et al, 2013). This study found that male
mouse placentas had about half the amount of OGT protein,
corresponding to decreased total O-GlcNAc levels and even lower
levels of OGT and O-GlcNAc upon prenatal stress, as compared
to their female counterparts (Howerton et al., 2013). Hemizygous
and homozygous mice that had Ogt deleted specifically in the
placenta recapitulated models of early prenatal stress presenting
with hypothylamic mitochondrial dysfunction characterized by
transcriptional changes and altered cytochrome c oxidase activity
(Howerton and Bale, 2014).

As discussed previously, OGT plays a critical role in regulating
gene expression, particularly as a key regulator of Polycomb
repression. Analysis into how placental expression of Ogt
could causally contribute to neurodevelopmental disorders in
the offspring have highlighted OGT’s role in regulating the
H3K27me3 repressive histone mark. Interestingly, Nugent et al.
(2018), found that OGT establishes sex differences in placental
H3K27me3, with an enrichment found in females. This sex
difference was Ogt dependent, as genetic reduction of Ogt in mice
masculinized female placental H3K27me3 levels (Nugent et al.,
2018). It was hypothesized that the higher levels of H3K27me3
allow for resiliency and less transcriptional response to maternal
stress in the female than the male placenta. One deregulated
gene of particular interest was Hsd17b3 (17-B-hydroxysteroid
dehydrogenase-3). Through a ChIP-seq experiment on placental
tissue, the researchers identified a correlation between O-GIcNAc
occupancy and Hsd17b3 expression and that O-GlcNAc is
significantly reduced by exposure to early prenatal stress
(Howerton and Bale, 2014). This gene codes a key enzyme
in testosterone biosynthesis. Examination of testosterone in a
model of early prenatal stress male placentas showed a significant
reduction in testosterone levels, potentially contributing to
hypothalamic changes in offspring (Howerton and Bale, 2014).
Taken together, these observations supports the possibility that
acting as an epigenetic modifier in the placenta, OGT is able
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to pass transgenerational stress signals from the mother to the
offspring in a sex-specific manner.

OGT AND X-LINKED INTELLECTUAL
DISABILITY (OGT-XLID): A DISEASE OF
O-GlIcNAc IMBALANCE

X-linked intellectual disabilities are a group of a
neurodevelopmental disorders representing about 5-10% of
all cases of intellectual disability (Pravata et al., 2020b). Over 200
genes have been linked to XLID, although some of the candidates
remain controversial. Over the past few years, a syndromic form
of XLID affecting multiple families has been described which co-
segregates with variants in the human OGT gene (Vaidyanathan
etal., 2017; Willems et al., 2017; Selvan et al., 2018; Pravata et al.,
2019, 2020a,b). At present, some 14 patients from 8 families
have been analyzed which show non-synonymous variants in
the OGT gene (Pravata et al., 2020a). All the patients carrying
OGT variants were found to have decreased intellectual ability
with IQ scores well below 70. In addition, the patients exhibit
both mental and physical developmental delay, intrauterine
growth retardation, low birth weight, short stature, restricted
language skills, and drooling. A summary of XLID-causative
variants and their position in the proposed OGT structure is
shown in Figure 4A. It is notable that all of the inherited variants
are in the TPR repeats (Bouazzi et al, 2015; Vaidyanathan
et al., 2017; Willems et al., 2017; Selvan et al., 2018), which are
implicated in both substrate binding and complex formation
with other epigenetic regulators. Two mutations appeared de
novo and are present in the catalytic domain, such as the N567L
variant found in two female twins (Pravata et al., 2019), and the
N648Y variant found in a male patient (Pravata et al.,, 2020a).
On the basis of the common features of these patients and
the fact that the clinical features co-segregate with the OGT
gene it has been proposed that this syndrome be classified as a
congenital disorder of glycosylation (CDG) termed OGT-CDG
(Pravata et al., 2020b). Identification of this disorder strongly
reinforces a growing body of evidence that O-GlcNAcylation
plays a key role in development, particularly neurodevelopment.
The involvement of OGT in numerous epigenetic pathways,
with the propensity of epigenetic disorders to manifest in
neurodevelopmental disorders (Gabriele et al., 2018) suggests
possible mechanisms causing this form of XLID. Thus, the
features of this disorder allows a dissection and discussion of the
role of OGT and O-GlcNAcylation in many aspects of human
physiology (Figure 4B).

OGT Activity: Enzyme Stability, Target
Recognition and Responsiveness to

Hexosamine Flux

The previous examination of XLID patients have revealed
changes in OGT activity and stability (Vaidyanathan et al., 2017;
Willems et al., 2017; Selvan et al., 2018). Interestingly, several
reports have suggested little to no change in O-GIcNAc levels
(Vaidyanathan et al., 2017; Willems et al., 2017). One exception

is the N648Y mutation which shows reduced enzymatic activity
(Pravata et al., 2019). However, the tools we have available
may be too insensitive to detect small changes or changes in
subsets of substrates. In particular, the mutations associated with
TPR repeats have the potential to affect substrate or complex
recognition without direct effect on the catalytic domain. Our
previous structural work on the TPRs allowed us to propose a
role for an asparagine ladder motif in substrate recognition (Jinek
etal., 2004). Recently this hypothesis was confirmed by additional
structural studies (Levine et al., 2018). Thus substrate recognition
may be affected by the XLID mutations.

The mutations in OGT may also destabilize the OGT protein.
This was observed with the OGT L254F mutation in particular
(Pravata et al., 2020a,b). However, current data reveal that while
OGT-XLID variants may be destabilized, OGT protein levels
in the majority of cell lines carrying the XLID variants were
minimally altered (Pravata et al., 2020b). It is yet to be determined
what effect these variants might have on levels of UDP-GIcNAc
derived from hexosamine flux. Since OGT is a critical regulator
of glucose utilization and metabolic reprogramming, changes in
both glucose utilization and synthesis of UDP-GIcNAc may be
altered in OGT-XLID (Saeed et al., 2016; Hanover et al., 2018).

X-inactivation and XLID

The X chromosome has a unique pattern of inheritance
compared to autosomal chromosomes. The X chromosome in
males is inherited from the mother making recessive X-linked
mutations predominant in males. The significance of the
X-chromosomal location OGT has been previously discussed
(Shafi et al., 2000; Hanover et al., 2003, 2012; Love et al., 2003,
2010; O’Donnell et al., 2004; Abramowitz et al., 2014; Olivier-
Van Stichelen and Hanover, 2014, 2015; Olivier-Van Stichelen
etal., 2014). In females, X-inactivation is primarily random, with
individual cells inactivating one of the X chromosome employing
a long non-coding RNA (Xist) and chromatin modifiers such as
the Polycomb complexes (Love et al., 2010; Brockdorff, 2013;
Froberg et al.,, 2013; Shi et al., 2013b; Monfort and Wutz, 2020).
Interestingly, female XLID patients with de novo mutations
at OGT N567K have been shown to exhibit extreme skewing
in X-inactivation (98%) although it is unclear which of the
two X chromosome are inactivated (Pravata et al., 2019). In
these patients, the levels of O-GlcNAc are affected and this
reduction can be recapitulated in vitro and in other model
systems (Pravata et al., 2019). Given these findings, it is unclear
why such skewing occurs in the context of this de novo mutation
arising in female probands. OGT could contribute to DNA
methylation/demethylation associated with the X-inactivation
process. In addition, the role of OGT in Polycomb repression
previously discussed raises the possibility that alterations in O-
GlcNAc cycling could contribute to the skewing observed.

The OGA Gene and Compensation for
OGT Perturbations

In many instances, variants in OGT associated with XLID
resulted in a reduction in levels of OGA (Vaidyanathan et al,,
2017; Willems et al., 2017; Selvan et al., 2018; Pravata et al,
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FIGURE 4 | Imbalance of O-GIcNAc cycling leads to epigenetic changes and disease. (A) The presumed structure of OGT (Lazarus et al., 2011) shown as a cartoon
in complex with UDP (orange spheres), with sites of OGT-XLID causative variants highlighted (red spheres). Each domain is colored-coded and labeled with its name.
To better show the variants in the catalytic domain, a zoomed panel rotated 180° about the y-axis from the full structure is shown on the right. (B) Expression of both
OGT and OGA are regulated by cellular concentrations of UDP-GIcNAc through splicing mechanisms. As an X-chromosome gene, OGT s also regulated by
X-inactivation. OGT and OGA proteins dynamically cycle O-GIcNAc to regulate many epigenetic mechanisms such as the Polycomb repressive complexes and
regulation of transcription factors. In addition, both genes are linked to intelligence: OGT mutations cause intellectual disability, and a GWAS meta-analysis found
OGA is associated with intelligence (Savage et al., 2018). Deletion of Oga disrupts proper neural development and the proliferation of mouse embryonic stem cells
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2020a,b). OGA can upregulate gene expression of OGT through
activation of the transcription factor C/EBP-p (Vaidyanathan
et al,, 2017), in addition to this protein’s role in differentiation
discussed above. Similarly, loss of OGA leads to an elevation
in OGT protein levels (Keembiyehetty et al., 2015). The genes
encoding OGA and OGT exhibit complex splicing patterns and
recent findings suggest that mechanisms exist which serve to limit
the translation of alternatively spliced species of the enzymes
of O-GlcNAc cycling (Figure 4B) (Hanover et al., 2003; Park
et al,, 2017; Parra et al,, 2020; Willems et al., 2017; Tan et al,,
2020). O-GlcNAc regulates this process, suggesting a distinct
feedback mechanism limiting the production of certain isoforms
in response to O-GlcNAc elevation. In one study, an internal
silencing site has been identified which appears to alter splicing of
OGT mRNA, limiting its translation (Park et al., 2017). A similar
mechanism is at play with OGA, where abundance of the enzyme
is regulated by alternative splicing in response to O-GlcNAc
levels (Tan et al., 2020). Thus, homeostatic systems are in place
to limit the deregulation of total O-GlcNAc. However, lowering
OGA levels can have a dramatic effect on neurodevelopment.
We recently reported that mice in which Oga was deleted in
the brain showed numerous phenotypes including microcephaly,
enlarged ventricles, hypotonia, and developmental delay, strongly
suggesting a possible link between OGT-XLID variants and
perturbations of OGA levels (Olivier-Van Stichelen et al., 2017).
In addition, a genome-wide association meta-analysis in 269,867
individuals identified MGEA5/OGA as one of the genes closely
associated with intelligence (Savage et al., 2018). Studies on
several OGT-XLID variants report a decrease in OGA levels
(Vaidyanathan et al., 2017; Willems et al., 2017), although others
have shown no evidence for a change in OGA levels (Selvan et al.,
2018; Pravata et al., 2020a). So clear is this linkage between OGT
variants and OGA that lowered OGA levels have been suggested
as a diagnostic for XLID (Pravata et al., 2020b).

XLID and Other OGT Functions: HCF-1

Cleavage

O-GlcNAc transferase strongly associates with HCF-1 and heavily
modifies it. In combination, OGT-HCEF-1 forms interactions with
numerous epigenetic complexes (Lazarus et al., 2013; Janetzko
et al.,, 2016; Kapuria et al., 2016, 2018; Levine and Walker, 2016;
Leturcq et al., 2017; Vaidyanathan et al., 2017; Gao et al., 2018).
In addition, OGT cleaves HCF-1 using a catalytic mechanism
which has been recently studied (Lazarus et al., 2013; Bhuiyan
et al.,, 2015; Janetzko et al.,, 2016; Kapuria et al., 2016, 2018).
Some of the OGT variants show changes in HCF-1 cleavage, but
this does not seem to be universal to the disorder (Vaidyanathan
et al,, 2017; Willems et al., 2017; Selvan et al., 2018; Pravata
et al., 2020a,b). Mutations in the gene encoding HCF-1 have
been found to cause another form of XLID (Koufaris et al.,
2016), suggesting a possible overlap in the mechanism of these
disorders. Unlike OGT-XLID, this disorder does not include
obvious developmental and morphological abnormalities, but
HCF-1 dysregulation may still be an important contributor to key
features of OGT-XLID.

OGT Interactions With Epigenetic

Complexes

O-GIcNAc  transferase interacts with numerous protein
complexes associated with epigenetic regulation including
the Polycomb repressive complexes, the pluripotency network
associated with Oct4, Sin3A-HDAC complexes, and many others
(Love et al., 2010; Hanover et al., 2012; Lewis and Hanover,
2014; Levine and Walker, 2016; Leturcq et al., 2017; Gao et al,,
2018). The mutations seen in OGT-XLID could disrupt subsets
of these interactions with accompanying changes in O-GlcNAc
modification leading to a more pleiotropic deregulation of
development. Improper regulation of these epigenetic complexes
is known to impact development. For example, mutations in
PRC2 proteins EZH2, SUZ12, and EED can cause Weaver
Syndrome, an autism spectrum disorder that presents with
developmental delay (Imagawa et al., 2017). These overlapping
phenotypes may suggest common molecular pathways are at
play with OGT-XLID.

At the present, it is difficult to examine these interactions
quantitatively, but sensitive methods to examine both protein-
protein interactions and O-GIcNAc turnover in those complexes
are under continuous development.

OGT AND NEURODEVELOPMENTAL
DISEASE: SUMMARY AND
IMPLICATIONS

The identification of OGT-XLID as a rare human disorder
suggests that non-synonymous variants of OGT can be tolerated
to a limited degree. These OGT variants are hypomorphic,
leading to only modest changes in O-GIcNAc levels due
to compensatory changes in the O-GlcNAcase expression.
Patients with OGT-XLID show numerous developmental and
neurodevelopmental deficits resulting in a form of intellectual
disability. This intellectual disability phenotype results from
changes in neurodevelopment which strongly suggests that O-
GlcNAc addition and removal may play a particularly important
role in the functioning and development of the brain. This is
perhaps not surprising given the importance of glucose and its
metabolites in the physiology of the central nervous system. In
addition, the complexity of the human brain originates from a
finely tuned developmental process influenced by both genome
and environment (Gabriele et al., 2018). A particularly sensitive
time of brain development occurs in utero when glucose is
provided primarily by maternal transfer through the placenta.
This underscores the importance of maternal nutritional and
environmental state and proper placental glucose metabolism for
fetal brain development.

Development of the human cortex is incredibly sensitive,
in part due to the requirement for two waves of rapid
proliferation of progenitor cells (Florio and Huttner, 2014).
During these developmental periods, cells are particularly
prone to the accumulation of genetic lesions. Errors in DNA
replication and repair can induce single nucleotide variants
and insertions-deletions (Ernst, 2016). Transposable elements
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are another major source of genome instability which have
been linked to neurological disorders (Doyle et al, 2017).
Mutations in OGT may derepress transposable elements
considering the recent findings of OGT working with TRIM28
to silence retrotransposons in a DNA methylation-dependant
manner (Boulard et al., 2020). TRIM28 silencing is active
in neural progenitor cells, and heterozygous mice present
behavioral phenotypes which suggest an important role in brain
development (Whitelaw et al., 2010; Grassi et al., 2019). The roles
OGT plays both in activating the DNA damage response and in
the silencing of retrotransposons help maintain genome integrity
in the developing brain. The contribution of DNA damage and
transposable element activity to OGT-XLID phenotypes should
be investigated further.

Thus, the functional and morphological features of the
human brain render it highly vulnerable to both genetically and
environmentally induced alterations. In addition, there is an
increasing awareness that chromatin regulation may be central
to understanding neurodevelopmental disorders (Gabriele et al.,
2018). The insights gained from analysis of both OGT-XLID
patients and deregulated placental OGT, are likely to provide
a platform for understanding how the O-GIcNAc pathway is
integrated in human physiology. We have highlighted the role of
O-GlcNAc cycling in numerous epigenetic complexes regulating
development and differentiation. We have also examined the
role of O-GIcNAc cycling in stem cell differentiation and
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Epigenetic processes are critical for governing the complex spatiotemporal patterns of
gene expression in neurodevelopment. One such mechanism is the dynamic network of
post-translational histone modifications that facilitate recruitment of transcription factors
or even directly alter chromatin structure to modulate gene expression. This is a tightly
regulated system, and mutations affecting the function of a single histone-modifying
enzyme can shift the normal epigenetic balance and cause detrimental developmental
consequences. In this review, we will examine select neurodevelopmental conditions that
arise from mutations in genes encoding enzymes that regulate histone methylation and
acetylation. The methylation-related conditions discussed include Wiedemann-Steiner,
Kabuki, and Sotos syndromes, and the acetylation-related conditions include
Rubinstein-Taybi, KATBA, genitopatellar/Say-Barber-Biesecker-Young-Simpson, and
brachydactyly mental retardation syndromes. In particular, we will discuss the
clinical/phenotypic and genetic basis of these conditions and the model systems that
have been developed to better elucidate cellular and systemic pathological mechanisms.

Keywords: epigenetics, histone, acetylation, methylation, neurodevelopment

INTRODUCTION

The “neurodevelopmental disorders” represent a group of conditions in which altered brain
development leads to cognitive, neurological, and/or psychiatric impairments in children (Thapar
etal.,, 2017). While multiple causes exist, this broad group of disorders houses a number of genetic
conditions, in which spontaneous or inherited genetic variations are the specific cause for the
neurodevelopmental phenotypes (Niemi et al., 2018). Of these, there are mutations, including
histone modifiers, that affect epigenetic-related cell machinery (Millan, 2013).

An early definition of epigenetics by Russo et al. states that it is “the study of mitotically
and/or meiotically heritable changes in gene function that cannot be explained by changes in DNA
sequence” (Russo et al., 1996). This broad definition was later refined as “the structural adaptation
of chromosomal regions so as to register, signal or perpetuate altered activity states” (Bird, 2007).
These modifications can be inherited or may develop during the lifetime (Morgan et al., 1999;
Daxinger and Whitelaw, 2012). Epigenetic modifications are thought to involve multiple processes,
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including an epigenator signal, an initiator, and a maintainer
(Berger et al., 2009). Briefly, epigenetic modifications often begin
when an extracellular signal, or epigenator, interacts with a
host cell. This transient event (for example, a post-translational
protein modification) activates the epigenetic initiator. This
initiator (for example, a DNA binding protein or non-coding
RNA) in turn facilitates a location specific modification of
chromatin structure. The epigenetic maintainer (for example,
histone modifiers or DNA methylators), which may have been
recruited by the initiator, then stabilizes the epigenetic signal to
maintain the chromatin modification (Berger et al., 2009).

Histone modifications are one example of epigenetic
alteration, and represent a key mechanism through which
local gene expression is regulated (Cedar and Bergman,
2009). Histones play a major role in determining chromatin
structure. The vast majority of genomic DNA is found associated
with nucleosomes; octameric groups of histone proteins
comprised largely of H2A, H2B, H3, and H4 proteins. Covalent
modifications of these core histone proteins have been well-
demonstrated to impact several aspects of nuclear function, such
as transcription and DNA repair (Karlic et al., 2010). There are
several known types of modifications that can occur, such as
methylation, acetylation, phosphorylation, and ubiquitination;
although not all have been found to be causal for neurological
disease at this time. The modification of histones through
methylation and acetylation, and the neurodevelopmental
consequences of their aberrant activity in specific disorders, will
be the focus of this review. While a number of genetic alterations
affecting distinct encoded products have been implicated in
different neurological conditions (Table 1), this review will focus
on a select group of neurodevelopmental conditions linked to
altered histone methylation or acetylation processes.

HISTONE METHYLATION

Histone proteins can be methylated on arginine or lysine residues
(Bannister et al., 2002; Bannister and Kouzarides, 2005). These
modifications likely allow for the binding of specific regulatory
proteins, which affect chromatin structure. This code is complex:
Arginine residues may be mono- or di- methylated, while lysine
residues may be mono-, di-, or tri-methylated (Bannister et al.,
2002; Bannister and Kouzarides, 2005). This patterning allows for
a vast array of different methylation state signatures (Bannister
et al., 2002; Bannister and Kouzarides, 2005).

Arginine methylation typically occurs at amino acid
residues 2, 8, 17, and 26 of H3, and residue 3 of H4
proteins (Klose and Zhang, 2007). Members of the family
of arginine methyltransferase (PRMT1) enzymes carry out these
modifications; their effects on chromatin structure can lead
to either transcriptional activating or repressing consequences
depending on context and code (Chen, 1999; Wang, 2001;
Klose and Zhang, 2007). While histone methylation at arginine
residues is recognized, neurodevelopmental conditions have
not been identified to date that arise from systems involved
in normal histone arginine modification. Rather, different

neurodevelopmental conditions have been identified that stem
from systems affecting histone lysine modifications.

Lysine methylation is carried out by the enzymes belonging
to the disruptor of telomeric silencing 1-like (DOT1L) family,
or to the family of SET domain containing proteins (Martin
and Zhang, 2005; Klose and Zhang, 2007). Lysine methylation
occurring at residues 4, 36, and 79 of histone H3 are generally
associated with active chromatin, while methylation at residues 9
and 27 of histone H3, and/or lysine residue 20 of histone H4, are
typically associated with inactive or repressed chromatin regions
(Klose and Zhang, 2007). Methylation of histone proteins is not
sufficient to alter their charge, and therefore, likely acts to recruit
other effector proteins to specific chromatin sites rather than
directly disrupting the contact between the histone complex and
its associated DNA (Figure 1) (Klose and Zhang, 2007).

Histone lysine methylation is a dynamic process, and families
of demethylase enzymes allow for the regulation of different
histone methylation states (Black et al., 2012). Originally reported
by Shi and colleagues, lysine specific demethylase 1 (LSD1) was
the first histone demethylase described (Shi et al., 2003, 2004).
LSD1 functions as a transcriptional corepressor by catalyzing
oxidative demethylation of mono- and di-methylated lysine
residues at positions 4 and 9 of H3 proteins (Shi et al., 2004;
Metzger et al., 2005). LSD1 demethylase activity can also be
influenced by other protein complexes, including the restin
corepressor (CoREST) complex (Lee et al., 2005; Shi et al.,
2005). Subsequently, the Jumonji C (JmjC)-domain-containing
histone demethylase (JHDM) family of demethylase enzymes
was identified, which contains the largest number of histone
demethylases (Klose et al, 2006). These enzymes require a
different set of cofactors [i.e., alpha-ketoglutarate, iron (Fe II)]
(Tsukada et al., 2006). Unlike LSD1, these are able to modify all
three histone methylation states (Klose et al., 2006). JHDMs have
shown activity at a number of histone lysine residues, including
H3K9 (Yamane et al., 2006) and H3K36 (Tsukada et al., 2006).

This dynamic process of methylating/demethylating histones
can be disrupted by mutations in genes that encode the necessary
catalytic proteins to produce these alterations. Mutations in
histone methyltransferase and demethylase genes have been
shown to be causal for several neurodevelopmental disorders,
including, but not limited to, Wiedemann-Steiner, Kabuki, and
Sotos syndromes (Kim et al., 2017).

Conditions Associated With Impaired

Histone Methyltransferase Function
Wiedemann-Steiner Syndrome
Wiedemann-Steiner syndrome (WDSTS; OMIM #605130) is a
rare congenital malformation and neurodevelopmental disorder
first described by Wiedemann et al. in 1989 and later by
Steiner and Marques in 2000 (Wiedemann et al., 1989; Steiner
and Marques, 2000). WDSTS is characterized by intellectual
disability, language and motor delays, hypertrichosis cubiti,
delayed bone age, and distinct craniofacial features (Koenig et al.,
2010; Jones et al., 2012; Miyake et al., 2016; Li et al., 2018).
Through whole-exome-sequencing, Jones et al. determined
that heterozygous mutations in the KMT2A gene (OMIM
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TABLE 1 | Developmental Disorders Caused by Mutations in Histone Modifying Enzymes.

Gene OMIM # Condition Histone modification

Histone methyltransferases

KMT2A 605130 Wiedemann-Steiner syndrome Mutant mice display normal global histone methylation; but
decreased H4K5, 8, 12, 16 acetylation

KMT2D 147920 Kabuki syndrome 1 Mutant mice display decreased trimethylation of H3K4 in
dentate granule cell layer

NSD1 117550 Sotos syndrome Global reduction of H3K36 di-methylation in male germ cells

NSD2 194190 Wolf-Hirschhorn syndrome* Reduced H3K36 methylation in heterozygous and
homozygous KO mouse ESCs and embryonic zebrafish
tissues

EHMT1 610253 Kleefstra syndrome* In mouse hippocampus, cortex, cerebellum, and olfactory
bulb increased H3K9 tri-methylation

EZH2 277590 Weaver syndrome Mutant embryonic mouse tissues display decreased di- and
tri-methylation of H3K27

Histone Demethylases

KDMBA 300867 Kabuki syndrome 2 Mutant mouse neural crest cells display increased
methylation of H3K27

KDM5C 300534 X-linked intellectual disability, Claes-Jensen type No global changes in H3K4 methylation from Kdm5c-KO
mouse neurons

PHF8 300263 X-linked intellectual disability, Siderius type Not Determined

Histone Acetyltransferases

CBP 180849 Rubinstein-Taybi syndrome (Type 1) Hypoacetylated at H2A K5 (patient lymphoblastoid cells),
H2B K5, K12, K15, K20 (mice and patient lymphoblastoid
cells), H3 K14, K27 (CaMKlla-Cre mice), and H4 K8
(CaMKlla-Cre mice)

p300 613684 Rubinstein-Taybi syndrome (Type 2) No observed alterations

KATBA 616268 KATBA syndrome Hypoacetylated at H3K9

KATEB 606170 Genitopatellar syndrome Not determined

603736 Say-Barber-Biesecker-Young-Simpson syndrome Not determined
Histone Deacetylases
HDAC4 600430 Brachydactyly mental retardation syndrome No observed alterations

*indicates disorders in which multiple genes have been implicated. References: (Nimura et al., 2009; Gervasini et al., 2013; Lopez-Atalaya et al., 2014, lwase et al., 2016, Shpargel

etal, 2017; Yu et al., 2017, lacono et al., 2018; Lui et al., 2018; Shirane et al., 2020).

#159555) were causal for WDSTS in five patients (Jones et al.,
2012). The KMT2A gene resides at chromosome 11g23 and
encodes the KMT2A histone lysine methyltransferase (Jones
et al,, 2012). KMT2A is a SET domain-containing enzyme that
catalyzes mono-, di-, and tri-methylation of H3K4. Known
targets regulated by KMT2A include genes encoding several
Hox and Wnt factors (Yu et al., 1995; Milne et al.,, 2002;
Cosgrove and Patel, 2010; Jones et al., 2012). Methylated H3K4
is typically found at enhancers and promoters of genes being
actively transcribed, with both methylation status (mono-, di-,
or tri-) and density correlating with the level of transcriptional
activity (Heintzman et al., 2007, 2009; Kim et al., 2017).

Several mutations of KMT2A have been reported, which
include single nucleotide missense mutations, non-sense
mutations, insertion/deletion alterations that cause frame-shift
mutations, and mutations affecting splice site sequences (Li
et al., 2018). Most of the known mutations alter the reading
frame and introduce termination codons in a non-terminal
exon. Such inappropriate termination codons are likely to
activate non-sense-mediated mRNA decay pathways (Jones
et al,, 2012), and if indeed non-sense mediated decay does target

these non-sense mutation transcripts, the resulting condition
would likely arise due to haploinsufficiency (Yu et al., 1995;
Jones et al., 2012; Li et al., 2018). The mechanism associated with
missense mutations of KMT2A remain unclear, however, and
both loss of function and dominant negative mechanisms have
been hypothesized to cause WDSTS (Stellacci et al., 2016; Lebrun
etal., 2018; Li et al., 2018).

A mouse model harboring a lacZ insertion into exon 3
of Kmt2a has been generated for preclinical assessments of
WDSTS (Yu et al, 1995; Kim et al, 2007; Gupta et al,
2010). Kmt2a null mutations are embryonic lethal in mice (Yu
et al., 1995), although heterozygous mice are viable and display
phenotypes that phenocopy clinically-relevant issues often seen
in patients. Kmt2a heterozygous mice were found to have skeletal
malformations, reductions in growth, and haematopoietic
abnormalities, including anemia and thrombocytopenia (Yu
et al,, 1995). These mice also showed substantial deficits in
long-term contextual fear learning (Gupta et al., 2010). Targeted
ablation of Kmt2a in the postnatal forebrain and adult prefrontal
cortex (floxed exon 3 and 4) has been reported to produce
profound cognitive deficits, increase anxiety-like behaviors,
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this figure.

FIGURE 1 | Histone methylation regulates gene expression through recruitment of different transcription factors rather than by directly altering chromatin structure. (A)
When histone methyltransferases (HMT) methylate lysine or arginine residues on H3 and H4 associated with active chromatin (yellow hexagons), transcriptional
activators (TA) can be recruited to those sites to promote gene expression. (B) However, when HMTs target different residues on H3 and H4 that are associated with
chromatin repression, these methylated regions (red hexagons) can recruit transcriptional repressors to silence the gene. The transcriptional effects of histone
methylation can be reversed by histone demethylases (HDM). Proper gene expression is dependent on the homeostasis of HMT and HDM enzyme activity. (C) Lysine
methylation occurs primarily on H3 and H4. Each KMT/KDM will only target select residues, and the enzymes discussed have high specificity for these targets.
Mutations that impair the function of these enzymes would be expected to affect the methylation status of these residues. Each enzyme and their lysine methylation
sites are color coded. Other lysine methylation sites not specifically targeted by these enzymes are indicated in gray. Arginine methylation sites are not indicated in

deficits in working memory, and impaired synaptic plasticity
(Jakovcevski et al., 2015). Perhaps surprisingly, neither global
histone methylation nor H3K4 methylation were found to be
altered in brain of Kmt2a heterozygous mice at either postnatal
day 0 or in adulthood (Kim et al, 2007). However, these
mice do display decreases in histone acetylation at H4KS5, 8,
12, and 16 (Kim et al, 2007). As Kmt2a normally interacts
with HDAC1/2 complexes (van der Vlag and Otte, 1999;
Xia et al,, 2003), the altered H4K5 acetylation could stem
from the lack of proper Kmt2a-directed HDAC1/2 activity.

In addition, the expression of the homeodomain transcription
factor Meis2 is reduced in Kmt2a-ablated neurons. This
alteration may be linked to pathogenesis, as the selective
knockdown of Meis2 in the prefrontal cortex of mice using
RNA interference produced similar deficits in working memory
as those seen in Kmt2a mutants (Jakovcevski et al., 2015).
While the precise role of Meis2 in WDSTS pathogenesis
remains unclear, restoring Meis2 function has been proposed
as a potential strategy for translational investigation of WDSTS
(Kim et al., 2017).
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Kabuki Syndrome

Kabuki syndrome (KS; OMIM #147920) is an intellectual
disability and multiple congenital malformation disorder first
described by Niikawa et al. (1981) and Kuroki et al. (1981).
An international consensus panel has outlined the diagnostic
criteria for KS to include an individual with infantile hypotonia,
developmental delay or intellectual disability, and one or both
of the following: (1) a pathogenic, or likely pathogenic mutation
of KMT2D or KDM6A; (2) dysmorphic features associated with
KS (for full details see Adam et al., 2019) (Adam et al., 2019).
KS has an estimated incidence rate of ~1 in 32,000 in Japan
(Niikawa et al., 1988).

Heterozygous mutations in KMT2D (OMIM #602113) have
been identified as causal for KS through whole-exome and sanger
sequencing (Ng et al., 2010). KMT2D is a SET domain containing
histone lysine methyltransferase first cloned in 1997, whose
encoding gene resides on chromosome 12q13.12 (Prasad et al.,
1997). KMT2D is a H3K4 tri-methyltransferase, whose activities
are typically associated with enhancing local gene expression
and are critical for proper cell differentiation (Lee et al., 2013;
Van Laarhoven et al,, 2015). A vast number of KS-associated
mutations in KMT2D have been identified; the majority being
non-sense and frameshift mutations (Ng et al., 2010; Hannibal
etal., 2011; Lietal., 2011; Miyake et al., 2013a; Micale et al., 2014).
These mutations were predicted to produce truncated proteins
that do not include the SET domain necessary for the protein’s
methylation abilities (Ng et al., 2010; Hannibal et al., 2011;
Miyake et al., 2013a), or may activate non-sense-mediated mRNA
decay pathways (as discussed previously). Either mechanism
would support the hypothesis of KMT2D haploinsufficiency as
a causal mechanism for KS (Hannibal et al., 2011).

Knockdown of Kmt2d in zebrafish using morpholino
antisense oligonucleotides resulted in substantial craniofacial
defects and viscerocranial hypoplasia (Van Laarhoven et al.,
2015). The effects of this knockdown on neurodevelopment
were assessed in the embryonic stage, and brain cross-sections
showed global volume reductions compared to wildtype. Cell
layer thickness was found to be reduced in the optic tectum,
midbrain tegmentum, hypothalamus, and, to a lesser extent,
the medulla oblongata and hindbrain (Van Laarhoven et al,
2015). The presence of morphological abnormalities, such as
elongated nuclei, in cells found in the central forebrain and
midbrain regions has also been reported. These areas were also
shown to contain much larger populations of cells expressing
sox2 (a marker of neural precursor cells) and very diminished
number of cells expressing the neuronal post-mitotic marker
huc. Together, these observations suggest the differentiation of
neural precursor cells is inhibited by the absence of Kmt2d (Van
Laarhoven et al., 2015). In mice, the complete knockout of Kmt2d
was found to be embryonically lethal (Lee et al., 2013). However,
a mouse model has been generated in which the SET domain of
Kmt2d has been substituted in frame with a beta-Geo cassette
including its own termination codon, 3’ untranslated region,
and poly-adenylation signal. This mouse expresses a truncated
protein that lacks methyltransferase activity but should retain
its more proximal amino terminal domains (Bjornsson et al.,
2014). Mice homozygous for this mutation become non-viable

during embryonic development by ED12. Mice heterozygous for
this mutation show a reduction in neurogenesis of the granule
cell layer of the dentate gyrus and a decrease of hippocampal
dentate gyrus volume. Consistent with this observation, these
mice display deficits in the Morris water maze, contextual
fear learning, and novel object recognition tests, suggesting
impairments in hippocampal memory (Bjornsson et al., 2014).
At the cellular level, these phenotypic alterations correlated
with significant decreases in H3K4 trimethylation levels in the
hippocampal dentate granule cells of these mice (Bjornsson
etal., 2014). To date, H3K4 methylation status in patient-derived
material or cells has yet to be investigated.

A less frequent cause of KS, seen in <5% of patients
(Banka et al., 2015), stems from mutations in the KDMG6A
(also known as UTX) gene (OMIM #300128) (Lederer et al,
2012; Van Laarhoven et al, 2015). The KDM6A gene resides
at chromosome Xp11.3 and encodes a histone-demethylase that
targets mono-, di-, and tri- methylated H3K27 (Hong et al,
2007; Lan et al, 2007; Lederer et al, 2012). Interestingly,
Kdmé6a has been shown to escape X-inactivation (Greenfield
et al, 1998), and display some sex dependent differences
in magnitude of expression in mice (Xu et al, 2008). The
activity of Kdmeéa is primarily associated with gene silencing
(Hiibner and Spector, 2010; Margueron and Reinberg, 2011).
Its regulation of methylation state has been shown to influence
gene expression and developmental processes, such as transitions
in cell lineage (Miller et al., 2010; Wang et al., 2010), and
is critical for neural tube development in mice (Shpargel
et al., 2012). Several KDM6A mutations have been identified
in KS patients, which include deletions, frameshifts, mutations
affecting splice site junctions, and non-sense mutations (Lederer
et al, 2012, 2014; Miyake et al., 2013b; Banka et al., 2015;
Van Laarhoven et al,, 2015). Each of these mutations would
likely generate a non-functional product or promote non-
sense-mediated decay, suggesting pathogenesis likely stems from
KDMG6A haploinsufficiency (Lindgren et al., 2013).

Similar to what was observed in Kmt2d models, morpholino
knockdown of Kdmé6a resulted in significant craniofacial
abnormalities in zebrafish (Lindgren et al., 2013; Van Laarhoven
et al., 2015), as well as reductions in global brain volume and
cell layer thickness of the optic tectum, hypothalamus, midbrain
tegmentum, and medulla oblongata (Van Laarhoven et al,
2015). The co-administration of wild-type AKDM6A mRNA was
found to partially reverse these cell layer reductions in the
morpholino knockdown mutants (Van Laarhoven et al., 2015).
In normal embryonic development in mice, the expression of
Kdmé6a is high in the ventricular zone of the caudal neural
tube, the anterior region of the neural tube, in neural crest
cells, and in somites at E8.5, and in the cortex at E11.5 (Lee
et al., 2012). Knockout of Kdmé6a in embryonic female mice is
lethal at mid-gestational periods, with severe defects in early
developmental patterning being observed (including failure of
neural tube closure). However, male embryos expressing the
same mutation develop to term, but are underweight at birth with
only 25% surviving into adulthood. Females heterozygous for this
mutation were found to be viable and fertile (Lee et al., 2012;
Shpargel et al., 2012). Consistent with expectations that would
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stem from impaired Kdméa function, increased methylation at
H3K27 has been reported in neural crest cells isolated from these
mutant mice (Shpargel et al., 2017).

Sotos Syndrome

Sotos syndrome (OMIM #117550) is an autosomal dominant,
neurologic disorder first described by Sotos et al. (1964).
Sotos syndrome is characterized by excessive pre- and post-
natal growth, advanced bone age, distinct facial features,
macrocephaly, neurodevelopmental and intellectual delay, and
in some instances seizures (Sotos et al., 1964; Kurotaki et al.,
2002). In light of the discovery of causal mutations associated
with Sotos syndrome, the Childhood Overgrowth Collaboration
Consortium found an overgrowth in occipitofrontal head
circumference, facial dysmorphism, and learning disability were
defining characteristics, and an array of associated features,
such as advanced bone age, macrocephaly, hypotonia, seizures,
scoliosis, cardiac defects, and neonatal jaundice (Tatton-Brown
et al., 2005). Neuroimaging studies have identified common
ventricular abnormalities, including prominence of the trigone
and occipital horns, and ventriculomegaly. Other imaging
findings include enlarged supratentorial and posterior fossa
extracerebral fluid space, anomalies of the corpus callosum and
midline structures, and in a small percentage of cases gray
matter heterotopias (Schaefer et al., 1997). The prevalence of
Sotos syndrome is currently unclear and under investigation.
Treatment of Sotos syndrome currently involves symptomatic
management (Baujat and Cormier-Daire, 2007).

Mutations in the nuclear receptor-binding SET domain
protein 1 (NSDI; OMIM #606681) were found to be causal for
Sotos syndrome (Kurotaki et al., 2002) and mutations of NSDI
may account for more than 75% of the reported cases (Baujat
and Cormier-Daire, 2007). Different types of NSDI mutations
have been reported, which include non-allelic homologous
recombination, large and small scale deletions, frameshifts, as
well as missense and non-sense mutations (Kurotaki et al., 2002;
Douglas et al., 2003; Tirkmen et al., 2003; van Haelst et al.,
2005; Visser et al., 2005; Kaminsky et al., 2011). The NSD1 gene
is located at chromosome 5935 (Jaju et al.,, 2001) and encodes
a SET domain containing histone lysine methyltransferase
(Huang et al.,, 1998). NSD1 is a highly specific mono- or di-
methyltransferase of H3K36 (Li et al., 2009; Lucio-Eterovic et al.,
2010), and has been shown to associate with the promoter
regions of a number of genes across the genome to regulate their
regional methylation signatures (Lucio-Eterovic et al., 2010).
The majority of mutations identified are predicted to disrupt
the reading frame in a way that causes early translational
termination and/or activates non-sense-mediated decay (Tatton-
Brown et al.,, 2005), suggesting haploinsufficiency is the likely
cause of pathogenesis (Kurotaki et al., 2002). Mutations known
to be causal for Sotos syndrome that localized to the plant
homeodomain (PHD) regions of the encoded protein diminished
NSD1 binding to specific methylated sites (H3K4 and H3K9), and
abrogated cofactor recruitment (e.g., Nizp1), which collectively
lead to impairments in normal transcriptional regulation (Pasillas
et al.,, 2011). NSD1 has also been found to interact with RNA
polymerase II, possibly through NSD1-methylation dependent

recruitment to promoter regions. The loss of NSD1 also leads
to reductions in methylated H3K36 and gene expression in vitro
(Lucio-Eterovic et al., 2010).

The NSDI gene is highly conserved between human and
mouse (83% amino acid identity) (Kurotaki et al, 2001) and
mouse models have been developed for targeted knockdown
using Cre-loxP recombination (Rayasam et al., 2003). Complete
Nsdl knockout in mice is embryonic lethal (by E10.5),
with the Nsdl knockout embryos displaying significant
alterations in endoderm, mesoderm, and neurectoderm
pattern formation at E8.0, and a significant increase in
terminal ~ deoxynuleotidyltransferase-mediated ~dUTP-biotin
nick-end labeling (TUNEL)-positive cell labeling to suggest
increased levels of apoptosis (Rayasam et al., 2003). Unlike the
consequences of heterozygous NSDI mutations in patients,
however, mice heterozygous for a NsdI null allele are viable and
fertile, and display normal growth rates (Rayasam et al., 2003).
A second mouse model has also been generated that houses a
microdeletion that ablated 36 genes including Nsd1 on mouse
chromosome 13 (which is syntenic with the NSDI region on
human chromosome 5q35.2 - q35.3). Mice heterozygous for this
mutation displayed growth reductions and impairments in long-
term memory retention (Migdalska et al., 2012), although the
specific role played by Nsdl in these phenotypic consequences
remains unclear. Germ cells isolated from male Nsd1-deficient
mice display a global reduction in di-methylation of H3K36
(Shirane et al., 2020).

Although less common, mutations in the adenomatous
polyposis coli 2 (APC2) gene (OMIM #612034) - a gene
expressed in post-mitotic neurons that regulates cytoskeletal
structure, axon guidance and neuronal migration - can also
cause a Sotos syndrome variant condition (Almuriekhi et al.,
2015). The APC2 gene is normally targeted by NSD1 regulation,
and knockdown of Nsdl using shRNA significantly reduced
the expression of Apc2 mRNA and protein in primary mouse
cortical cells (Almuriekhi et al., 2015), suggesting there is a direct
link between Nsd1 and Apc2 cooperative function. Consistently,
transfection of Apc2-miRNA into cortical progenitor cells
(E15.5) resulted in abnormal migration, with a large proportion
of neurons remaining in the lower cortical layers (Almuriekhi
et al., 2015). This was highly similar to the pattern seen in
the same system after treatment with NsdI-miRNA (Almuriekhi
et al, 2015), and in the Apc2 null mouse brain (Shintani
et al, 2012). Importantly, these deficits arising from NsdlI-
miRNA expression were rescued by the co-administration
of an Apc2-expression plasmid (Almuriekhi et al, 2015).
This further indicates the critical role played by Nsdl in
neuronal migration, and proper neurodevelopment requires
its regulation of Apc2 expression. Mutations affecting either
factor disrupt this normal signaling cascade and result in
Sotos syndrome.

HISTONE ACETYLATION

Histone acetylation is another critical epigenetic process that
defines chromatin structure. Histone acetylation regulates
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numerous cell processes including cell-cycle progression,
differentiation, and metabolism, largely by its role in
orchestrating  transcriptional responsiveness (Podobinska
et al., 2017). Histone acetylation is facilitated by histone
acetyltransferases (HATs), and conversely these modifications
are removed by histone deacetylases (HDACs) (Graff and Tsai,
2013). Alternative nomenclature for these enzymes can include
lysine acetyltransferases and deacetylases (KAT and KDAC,
respectively), as their enzymatic activities are not limited to
histone proteins (Seto and Yoshida, 2014).

HATs can be classified into three main groups based
largely on homology. The first group is the Gen5-related N-
acetyltransferase (GNAT) family, which is arguably the best
understood and includes Gen5 - the first HAT discovered - its
close relatives (ex. PCAF), and the related HATs HAT1, ELP3,
and HPA2 (Sterner and Berger, 2000; Bonnaud et al., 2016). The
second group of HATs is referred to as CBP/p300, and consists, as
the name suggests, of the ubiquitously expressed CREB-binding
protein (CBP) and its close relative p300 (Sterner and Berger,
2000; Bonnaud et al., 2016). The third group of HATs is the
MYST family, which is an acronym of its founding members
MOZ, Ybf2/Sas3, Sas2, and Tip60 enzymes (Sterner and Berger,
2000; Bonnaud et al., 2016). In addition to targeting histones,
HATs can act as scaffolds for promoter-binding transcription
factors, and acetylate these factors to alter their activity (Sterner
and Berger, 2000). Additional proteins with HAT activity also
exist, and include nuclear receptor co-activators, such as SLC-1,
NCoA-3, and CLOCK (Sterner and Berger, 2000; Bonnaud et al.,
2016). Lastly, certain transcription factors can also possess HAT
activities, with TFIID and TFIIIC being known examples (Sterner
and Berger, 2000; Bonnaud et al., 2016). HATS typically act either
as nuclear modifiers of nucleosomes (A-type) or cytoplasmic
modifiers of newly synthesized histones (B-type) (Sterner and
Berger, 2000; Bannister and Kouzarides, 2011).

HDACs can be subdivided into four classes. Class I HDACs
consists of HDACs 1-3, and 8, whose functions are restricted
exclusively to the nucleus (Kouzarides, 2007; Bonnaud et al.,
2016). Class ITa HDACs (4, 5, 7, and 9) are shuttled between
the nucleus and cytoplasm, but possess no intrinsic deacetylase
activity and are thought to act as scaffolds for other co-repressor
systems (Mielcarek et al., 2015; Bonnaud et al, 2016). Class
IIb enzymes (6 and 10) largely function outside the nucleus,
where they mediate deacetylation of cytosolic proteins (Seto and
Yoshida, 2014; Bonnaud et al., 2016). Class III HDACs consists
of the sirtuin (SIRT) subfamily of enzymes that reside within the
nucleus, cytosol, and mitochondria (Kouzarides, 2007; Bonnaud
et al,, 2016). Class IV HDACs presently consists of only the
nuclear HDACI11 (Seto and Yoshida, 2014; Bonnaud et al., 2016).
Deacetylation reactions are zinc dependent for Class I, II, and IV
enzymes, while Class III enzymes are dependent on NAD™ as a
cofactor (Seto and Yoshida, 2014; Bonnaud et al., 2016).

Histone acetylation patterns influence transcription by
altering chromatin structure. Mechanistically, lysine residues
residing toward the amino terminus of histone proteins
are positively charged at physiological pH. These charges
form an electrostatic interaction with the negative charge
of DNA, which tightens the association of the DNA with

the histone protein and encourages chromatin compaction.
When these lysine sites are targeted for acetylation, the result
is the neutralization of the positive charge, a weakening
of the electrostatic interactions between histones and DNA,
and a relaxation of chromatin (Figure2) (Griff and Tsai,
2013; Podobinska et al, 2017). Deacetylation, conversely,
exposes the positive charges, promotes stronger electrostatic
interactions, and favors condensed chromatin (Griff and Tsai,
2013; Podobinska et al., 2017). Histone acetylation promotes
transcription factor recruitment to the exposed DNA, whereas
deacetylation restricts access (Bannister and Kouzarides, 2011).
While HATs primarily modify histones H3 and H4 on the
exposed N-terminal tail, acetylation can occur at core and tail
regions of all histones (Podobinska et al., 2017). The hallmark
lysine residues acetylated on H3 are K9, K14, K18, K23, and
K56, while on H4 the hallmark residues are K5, K8, K12, and
K16 (Podobinska et al., 2017; Sheikh and Akhtar, 2019). In
addition, the pattern of acetylation established can provide a
recognition site for certain transcription factors that also facilitate
transcription (Kouzarides, 2007). Ultimately, the balance of HAT
and HDAC activity throughout genomic segments determines
transcriptional accessibility and activity of many dynamically
expressed genes (Kouzarides, 2007).

Much like histone methylation, when an imbalance in
these systems occurs it can have detrimental effects on
neurodevelopment. This can arise from mutations in key
acetylating or deacetylating enzymes. Several gene mutations
have been identified that affect these systems and are
causal for neurodevelopmental diseases. Examples include
Rubinstein-Taybi Syndrome, KAT6A syndrome, Genitopatellar
syndrome, Say-Barber-Biesecker-Young-Simpson syndrome and
Brachydactyly mental retardation syndrome.

Conditions Associated With Impaired

Histone Acetyltransferase Function
Rubinstein-Taybi Syndrome

Rubinstein-Taybi syndrome (RTS; OMIM #180849) is a
neurodevelopmental disorder affecting 1 in ~125,000 live births
(Hutchinson and Sullivan, 2015). RTS is caused by mutations
in the KAT3 subfamily member CREBBE, which encodes CREB
binding protein (CBP) (Type 1 RTS) or in subfamily member
EP300, which encodes p300 (Type 2 RTS) (Korzus, 2017;
Lopez et al, 2018). Approximately 55% of RTS cases stem
from CREBBP mutations, while ~10% of RTS patients result
from EP300 mutations (Korzus, 2017). Both of these mutations
cause deficiencies in histone acetylation activity/efficiency. The
autosomal dominant mutations of either gene largely occur
de novo in germline cells, and the cellular consequences arise
either through enzymatic haploinsufficiency or via a dominant
negative mechanism (Barco, 2007; Park et al, 2014). The
genetic cause of the remaining third of RTS cases is currently
unknown (Lépez et al,, 2018). The diagnosis of RTS is based
predominantly on clinical presentation, often within the 1st year
of life (Korzus, 2017). Features of RTS include broad thumbs and
halluces, severe cognitive impairment, facial abnormalities, and
psychomotor delay (Park et al., 2014; Hutchinson and Sullivan,

Frontiers in Genetics | www.frontiersin.org

92

January 2021 | Volume 11 | Article 613098


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Fallah et al. Altered Histone Modifications in Neurodevelopmental Disorders

FIGURE 2 | (A) Histone acetyltransferases (HAT) will acetylate histone lysine residues using acetyl CoA cofactor (blue circles). This weakens the electrostatic
interactions between positively-charged histones and negatively-charged DNA to loosen chromatin structure. This results in DNA exposure, allowing for the
recruitment of transcriptional activators (TA). (B) Conversely, transcriptional repressor (TR) complexes can interact with histone deacetylases (HDAC) to remove these
maodifications. This strengthens the electrostatic interactions between the DNA and the histones, resulting in compact chromatin, inhibiting transcription. The
homeostasis between histone acetylation and deacetylation is critical for proper gene expression. (C) Lysine acetylation can occur on all four histone subunits. Each
HAT/HDAC has preferred target sites. While KAT6A and KATEB acetylate residues with high specificity, CBP and HDAC4/HDAC3 complexes have a broader range of
targets. The lysine residues targeted by each enzyme are color coded. There is some target redundancy between HAT/HDACs, and other histone (de)acetylating
enzymes can also target common sites (not indicated on figure). Additional lysine acetylation sites not specifically targeted by these enzymes are indicated in gray.

2015). Some patients may also present with seizures, spinal CREBBP is located on chromosome 16p13.3 and mutations
deformities, syndactyly, and congenital heart abnormalities  consist of either chromosomal rearrangements within this region
(Lopez-Atalaya et al., 2014; Hutchinson and Sullivan, 2015).  or mutations within the CREBBP gene itself (Petrij et al,
RTS patients have also been found to be more susceptible to ~ 1995; Barco, 2007). Translocations, breakpoints, insertions,
the development of CNS cancers later in life (Park et al., 2014).  and microdeletions of chromosome 16 in this region can all
Cognitive impairments occur in 99% of patients harboring  contribute to RTS, and larger rearrangements generally associate
CREBBP mutations and 94% of those with EP300 mutations, = with an increased severity of the condition (Petrij et al,
with IQ scores ranging from <25 to 80 (Korzus, 2017; Lopez ~ 1995; Lopez-Atalaya et al., 2014). Various mutations within the
et al., 2018). The remaining phenotypes discussed above tend =~ CREBBP gene have been reported including missense, non-sense,
to be observed more frequently and with greater severity in  frameshift, insertion, deletions, and mutations located near the
patients with CREBBP mutations as compared to those with  splice-site junctions (Lopez-Atalaya et al., 2014; Korzus, 2017).
EP300 mutations (Korzus, 2017). Deletion mutations can occur along the entire length of the
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gene or affect specific parts, although mutations in reading frame
exons, that encode the histone acetyltransferase domain, are most
common (Barco, 2007; Korzus, 2017). The same is true for EP300,
which is located on chromosome 22q13.2; both with regards
to chromosome aberrations and coding sequence mutations
(Korzus, 2017). CBP and p300 target numerous lysine residues
on all four histones: H2A (K5), H2B (K5, K12, K15, K20), H3
(K14, K18, K27), and H4 (K8, K12) (Bedford and Brindle, 2012;
Valor et al., 2013; Lipinski et al., 2020). CBP and p300 are critical
in many nuclear processes, due both to their respective HAT
activities, and their ability to interact with over 400 transcription
factors that effectively compete for the proportionally limited
amount of CBP/p300 present in the cell (Dyson and Wright,
2016). While there is some overlap between the target genes
of CBP and p300, these two HATS also display some distinct
targets and functions. Thus, mutations in either protein cannot
be completely accommodated by the other (Lopez-Atalaya et al.,
2014; Korzus, 2017).

Various mouse models of RTS have been developed which
target both Crebbp and Ep300. The first models created were
knockout mice in which specific domains of either gene were
targeted for ablation (e.g., their respective KAT, KIX, and
CH1 domains) (Barco, 2007; Lopez-Atalaya et al., 2014). For
both Crebbp and Ep300, homozygous mutants expressing these
disruptions were embryonic lethal (Barco, 2007; Lopez-Atalaya
et al., 2014). Interestingly, mice jointly heterozygous for both
Crebbp and Ep300 were also not viable (Lopez-Atalaya et al.,
2014). The Crebbp or Ep300 heterozygous mice mirrored many
phenotypes observed in patients, including inhibited growth,
select skeletal deformities, and memory impairments (Barco,
2007), although the characteristic broad halluces seen in RTS
patients are not evident in these mice (Lopez-Atalaya et al,
2014). Examination of histone acetylation status in Crebbp
heterozygous mice revealed global hypoacetylation of H2B,
whereas the other histone subunits were unaffected (Alarcon
et al., 2004). In contrast, EP300 heterozygous mice showed no
change in acetylation status (Oliveira et al., 2007; Viosca et al.,
2010). Knock-in mice have also been generated that express
specific point mutations for both Crebbp and Ep300, permitting
examination of the role specific domains of each protein have
on overall function (Lopez-Atalaya et al., 2014). Conditional
knockouts have also been generated using Cre-loxP systems
that target specific regions of the hippocampal formations, such
as the dentate gyrus and CAl using the CamKIlo promoter
(Barco, 2007; Barrett et al., 2011; Lopez-Atalaya et al.,, 2014).
CaMKIIa-Cre/Crebbp mice display impaired short- and long-
term memory, and acetylation deficiencies at H2BK12, H3K14,
H3K27, and H4K8 (Barrett et al., 2011; Lipinski et al., 2020). A
tetracycline-induced transgenic mouse was developed to allow
for temporal control of Crebbp expression (Barco, 2007; Lopez-
Atalaya et al, 2014). In these mice, the HAT domain was
inactive, but Cbp could still interact with its partner transcription
factors (Barco, 2007; Lopez-Atalaya et al., 2014). These mice also
presented with long-term memory impairments (Barco, 2007).
These region-specific ablations resulted in learning deficits and
diminished LTP, which mirror what is seen in RTS patients
(Graft and Tsai, 2013; Lopez-Atalaya et al., 2014). Overall, these

mouse models indicate that H2B acetylation is the site most
predominantly affected by CBP deficiency, but that intact p300
cannot fully compensate for the CBP deficiency at H2B. This
diminished H2B acetylation pattern was also found in patient-
derived lymphoblastoid cultures expressing CREBBP mutations
(Lopez-Atalaya et al., 2012), although these cells also displayed
hypoacetylated H2A (but not H3 and H4). Intriguingly, this
hypoacetylation in H2A and H2B was rescued by treating the cells
with an HDAC inhibitor (Lopez-Atalaya et al., 2012), suggesting
a possible avenue for translational development.

KAT6A Syndrome

KAT6A syndrome (OMIM # 616268) is a rare autosomal
dominant disorder first described in 2015 by Arboleda et al. and
Tham et al. (Arboleda et al., 2015; Tham et al., 2015). Intellectual
disability and global developmental delay are observed in
patients, concomitant with notable speech delays (Arboleda
et al,, 2015; Tham et al, 2015). This oromotor dyspraxia is
universal in KAT6A syndrome, with more marked impairments
in expressive language than receptive language (Kennedy et al.,
2019). Clinical features are variable between patients, however,
hypotonia, microcephaly, craniofacial dysmorphisms, congenital
cardiac defects, gastrointestinal problems, feeding difficulties,
strabismus, and sleep disturbances have been reported (Arboleda
et al,, 2015; Millan et al., 2016; Kennedy et al., 2019). Delayed
myelination has also been observed in some patients, although
was found to resolve over time (Millan et al., 2016; Alkhateeb and
Alazaizeh, 2019).

KAT6A syndrome arises from mutations in the gene encoding
the lysine acetyltransferase KAT6A (also known as MYSTS3,
MOZ), which is located on chromosome 8p11.21 (Tham et al,
2015). The KAT6A gene locus consists of 18 exons, which encodes
for a protein of 2004 amino acids that houses five domains:
H15 nuclear localization, PHD, KAT, acidic Glu/Asp-rich, and
Ser/Met-rich transactivation domain (Klein et al., 2014; Tham
etal., 2015). Key residues in the KAT domain have been identified
as E680 and C646, wherein the former actively interacts with
the acetyl CoA cofactor (Klein et al., 2014). KAT6A primarily
targets H3K9, and to a lesser extent H3K14, to loosen chromatin
structure as described above (Yang, 2015). In addition, KAT6A
can complex with factors, such as BRPF1/2/3, hEAF6, and
INGS, or interact with RUNX1/2 to activate the transcription
of a number of genes, such as Hox (Voss et al., 2009; Yang,
2015). Truncating, frameshift, and non-sense mutations are the
most common mutations causal for KAT6A syndrome, although
missense mutations, and mutations occurring at splice junction
sites have been identified in some patients (Tham et al., 2015;
Millan et al., 2016; Kennedy et al., 2019). Mutations in the KAT
domain itself are infrequent; mutations are rather predominantly
found in the more distal exons 16 to 18, that encode for the acidic
Glu/Asp-rich domain and the Ser/Met-rich domain (Tham et al.,
2015; Kennedy et al., 2019). Specific non-sense mutation hotspots
at positions 1,019, 1,024, and 1,129 have been identified that
account for about 20% of the total KAT6A syndrome cases (Tham
et al., 2015; Kennedy et al., 2019). Interestingly, patients with
distal exon mutations exhibit more severe symptoms than those
with mutations in more proximal exons 1-15 (Kennedy et al,
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2019). This is postulated to be a result of KAT6A transcript fate.
If the mutation is proximal, the transcript undergoes nonsense-
mediated decay, and symptoms arise through haploinsufficiency
(Kennedy et al., 2019). It has been hypothesized that transcripts
with mutations in exons 16, 17, and terminal exon 18, however,
may not be degraded, and consequently encode a truncated
protein that acts in a dominant-negative or gain-of-function
manner (Kennedy et al., 2019). At present, however, experiments
to test this hypothesis remain to be conducted.

Various animal models have been generated for investigating
the role of Kat6a in development. Initially, Kat6a deficiency
was examined in mutant zebrafish obtained through
ENU mutagenesis, which resulted in aberrant craniofacial
development (Miller et al., 2004; Crump, 2006). As mentioned
above, Kat6a is a key player in the proper expression of the
Hox genes that define segmental identity (Crump, 2006; Vanyai
et al, 2019). In these Kat6a-deficient zebrafish, the second
pharyngeal arch of the cranial neural crest was replaced by a
duplicated jaw structure (Miller et al., 2004; Crump, 2006).
Loss of Kat6a function in zebrafish appears to exclusively affect
the head, whereas rodents are more globally affected (Tham
et al,, 2015). Two Kat6a targeted mouse models have also been
generated (Voss et al., 2012). To model early exon deletions
in Kat6a, exons 3-7 were flanked with loxP sites and removed
globally via Cre recombinase (Voss et al., 2009). In contrast to
findings in humans, early exon mutations were more severe
than C-terminal mutations in mice, with complete null mice
displaying embryonic lethality between E14.5 and birth (Voss
et al, 2012). These homozygous early exon Kat6a knockout
mice aged E10.5 days had elongated necks with an additional
eighth cervical vertebra, and one fewer thoracic vertebra than
heterozygotes and wild-types (Voss et al, 2009). This was
attributed to Hox gene repression, as the histones of those loci
were hypoacetylated instead of being tri-methylated at H3K9
(Voss et al., 2009). Consistently, this same histone modification
pattern was observed in fibroblasts from KAT6A syndrome
patients (Arboleda et al., 2015). The other model was generated
by an in-frame insertion of a neomycin phosphotransferase
sequence in exon 16, near the carboxyl terminus (Thomas et al.,
2006). These mice survived throughout gestation, but remained
severely affected and died within hours after birth (Voss et al.,
2012). Both mouse models presented with cardiac defects,
caused by TbxI repression in the absence of Kat6a (Voss et al.,
2012). In addition, both early and late exon Kat6a knockouts
exhibited a loss of hematopoietic stem cells, and craniofacial
dysmorphisms, including cleft palates (Voss et al., 2012; Vanyai
et al,, 2019). Except for mild craniofacial dysmorphisms and
heart defects, these mouse models do not appear to phenocopy
the human condition.

Genitopatellar Syndrome and
Say-Barber-Biesecker-Young-Simpson Syndrome
Genitopatellar syndrome (GPS; OMIM #606170), first reported
in 1988 (Goldblatt et al., 1988), is a condition characterized
by neurological, skeletal, and genital abnormalities. Say-Barber-
Biesecker-Young-Simpson syndrome (SBBYSS; OMIM#603736)
was first described in 1986 (Ohdo et al., 1986; Campeau et al.,

2012) and shares many overlapping clinical features with GPS,
although somewhat less severe (Campeau et al, 2012). Both
of these autosomal dominant conditions result from mutations
in the KAT6B gene (previously named MORF and MYST4)
that resides on chromosome 10q22.2 (Lonardo et al, 2019).
However, the mutations in GPS and SBBYSS occur at different
loci on the KAT6B gene (Lonardo et al, 2019). Intellectual
disability, developmental delay, congenital heart defects, thyroid
and dental anomalies, hypotonia, feeding difficulties, and hearing
loss are present in both GPS and SBBYSS (Campeau et al., 2012;
Vickova et al., 2015; Lonardo et al., 2019). Genital and anal
anomalies are common for both sexes in GPS, whereas they
are rare, mild, and restricted to males in SBBYSS (Campeau
et al., 2012; Lonardo et al., 2019). Patients with GPS also exhibit
patellar hypoplasia or agenesis, flexion contractures of the hips
and knees, club-foot, hydronephrosis, renal cysts, agenesis of
the corpus callosum, and microcephaly (Campeau et al., 2012;
Vlickova et al., 2015; Lonardo et al., 2019) While both conditions
present with cleft palates, prominent cheeks and bulbous noses,
the craniofacial dysmorphisms of SBBYSS also include mask-
like, immobile facies, blepharophimosis, and ptosis (Vickova
et al., 2015; Lonardo et al., 2019). In addition, SBBYSS patients
typically have long fingers and toes (Campeau et al, 2012;
Vickova et al., 2015). Clinical studies, however, have reported
ambiguities between diagnosis and presentations. The term
“KAT6B spectrum disorder” has been proposed to encompass
both GPS and SBBYSS (Gannon et al., 2015; Lundsgaard et al,,
2017; Radvanszky et al., 2017).

The mutations associated with GPS and SBBYSS largely occur
at distinct positions on the KAT6B gene, and for classification
purposes the KAT6B mutations can be divided into four groups
(Campeau et al, 2012; Sheikh and Akhtar, 2019). Group 1
mutations promote an SBBYSS phenotype and cluster within
exons 15, 16, and in the proximal region of 17 of the KAT6B
gene (although rare cases with early exon mutations also exist
in this group) (Vlckova et al., 2015; Lundsgaard et al., 2017;
Radvanszky et al., 2017). Group 2 mutations, which promote
GPS phenotypes, are located in distal exon 17 and the proximal
portion of exon 18 (Vickova et al., 2015; Radvanszky et al., 2017).
Group 3 mutations occur in the medial portion of exon 18, and
give rise to GPS, SBBYSS, and mixed GPS/SBBYSS phenotypes
(Vlckova et al., 2015; Radvanszky et al., 2017). Group 4 mutations
are found in the distal section of exon 18 that encodes for
the transactivation domain of KAT6B, and are associated with
SBBYSS phenotypes (Vlckova et al, 2015; Radvanszky et al.,
2017). The majority of mutations that cause both the GPS
and SBBYSS clinical presentations are non-sense or frameshift,
although some missense mutations and in-frame deletions
have also been identified (Gannon et al., 2015; Lundsgaard
et al, 2017). The postulated mechanism of pathogenesis is
haploinsufficiency or loss-of-function for SBBYSS, and gain-of-
function or a dominant-negative mechanisms for GPS (Campeau
et al.,, 2012; Gannon et al., 2015). This would account for the
milder phenotypes generally associated with SBBYSS (Campeau
et al, 2012; Gannon et al., 2015). However, direct experimental
evidence to support this assertion is lacking to date. Normally,
KAT6B can integrate into complexes that regulate transcription,
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and is known to also partner with RUNX2 and form a tetrameric
complex with BRPF1/2/3, hEAF6, and ING5 (Yang, 2015).
In mice, KAT6B expression in the brain is dynamic during
early development, after which it remains highly expressed
in neural stem cells in the subventricular zone throughout
adulthood (Thomas et al., 2000; Sheikh et al., 2012). KAT6B
predominantly acetylates H3K9 and H3K23 and is critical for
maintaining the multipotent and self-renewing properties of
neural stem cells (Campeau et al., 2012; Sheikh et al., 2012;
Sheikh and Akhtar, 2019).

There have been few animal models of KAT6B deficiency
generated to date. Thomas et al. using random gene trap
methodology generated a mouse model in which only 10% of
the normal mRNA expression of Querkopf (Qkf), the mouse
ortholog of KAT6B, was observed (Thomas et al., 2000; Thomas
and Voss, 2004). Mice homozygous for the Qkf gene trap
displayed craniofacial dysmorphisms, decreased body mass, and
failure to thrive, with two-thirds not surviving to weaning
(Thomas et al., 2000; Thomas and Voss, 2004). The cortex
and olfactory bulb of these mice were smaller than normal,
possessing fewer cells overall, GAD67-positive interneurons and
large pyramidal neurons in the cortex (Thomas et al., 2000).
Impairments in adult neurogenesis have also been identified
in these mice, with reduced numbers of neural stem cells
in the subventricular zone and granule and periglomerular
interneurons in the olfactory bulb (Merson et al., 2006).

Conditions Associated With Impaired

Histone Deacetylase Activity

Brachydactyly Mental Retardation Syndrome
Brachydactyly mental retardation syndrome (BDMR; OMIM
#600430) is a developmental condition that shares a number of
similar clinical features with Albright hereditary osteodystrophy
(Leroy et al., 2013; Wheeler et al., 2014). Cognitive impairment
and developmental delay were originally thought to be universal,
although closer evaluations suggest developmental delay is
clearly evident in ~79% of patients (Wheeler et al., 2014;
Le et al, 2019). Autistic-like behaviors are also a common
feature in BDMR (Williams et al., 2010). Additional neurological
impairments, such as hypotonia and seizures, are present in
~46% of patients (Williams et al., 2010; Le et al, 2019). In
addition, brachydactyly type E was observed in approximately
half of patients, with the fourth and fifth metacarpal being
the most severely affected (Le et al., 2019). Other features
observed include distinctive craniofacial dysmorphisms, obesity,
sleep disturbances, and cardiac defects (Morris et al.,, 2012;
Le etal., 2019).

BDMR is associated with variably sized deletions of the
telomeric region of chromosome 2q37. The boundaries of the
commonly deleted region encompass over 197 genes and the
identity of the primary causal gene(s) for the condition was
initially unclear (Leroy et al., 2013). However, deletion mapping
identified HDAC4 as a common deleted gene in most patients,
including those with the smaller microdeletions of 2q37.3
(Villavicencio-Lorini et al.,, 2013; Le et al., 2019). Moreover, a
recent report identified a BDMR patient whose causal mutation

was a one base insertion into the HDAC4 gene open reading
frame (Williams et al., 2010). Collectively, these observations
implicate HDAC4 as critical gene in BDMR, and suggest that
HDAC4 haploinsufficiency represents a pathogenic mechanism
for BDMR (Williams et al., 2010; Wheeler et al., 2014). Further
support for this possibility comes from genotype-phenotype
studies, where common features seen in BDMR patients that
include skeletal development, obesity, and behavioral tendencies
have been reported (Leroy et al., 2013).

HDACH4 is a Class IIa HDAC, and like all members of this
subfamily, contains a specific alteration - a His976Tyr in its
catalytic domain (Mielcarek et al., 2015). This alteration abolishes
the deacetylase activity of HDAC4, and thus its effects on
histone acetylation are exerted through its transcription binding
domain (TBD), allowing it to form specific complexes to repress
gene expression (Williams et al., 2010; Mielcarek et al., 2015).
Mutations in HDAC4 alter its ability to recruit required enzymes.
Notably, it has been postulated that HDAC4 can act as a scaffold
for the N-CoR/HDAC3 complex and enhance HDAC3-mediated
H3 and H4 lysine deacetylation, at H4K5, K8, K12, and K16
(McQuown and Wood, 2011; Seto and Yoshida, 2014; Mielcarek
et al.,, 2015). HDAC3/4 complexes will also deacetylate H2A at
K5 (Seto and Yoshida, 2014). An Hdac4-null mouse, however,
showed no change in the acetylation status of histones at age
P3 (Mielcarek et al., 2013). Examination of histone acetylation
in older Hdac4-null mice have yet to be reported and could
prove informative.

Hdac4 is highly expressed in the brain, with expression levels
peaking in early postnatal life during periods of heightened
synaptogenesis (Sando et al., 2012; Mielcarek et al., 2013). The
importance of Hdac4 during this stage of development was
investigated using mice, in which an inserted lacZ cassette caused
the deletion of the TBD, nuclear localization signal, and catalytic
domains of the encoded protein (Vega et al., 2004). These mice
were severely undersized, presented skeletal defects, and did
not survive to weaning (Vega et al., 2004). A separate study
found the brains of Hdac4 knockout mice were 40% smaller than
wild-types, and had enlarged ventricles (Majdzadeh et al., 2008).
Progressive degeneration of Purkinje neurons was also noted
P3 to P10, with surviving neurons displaying stunted dendrite
growth (Majdzadeh et al., 2008). It is worth noting, though,
that Thyl-Cre/Hdac4 and Nes-Cre/Hdac4 conditional knockout
mice have normal locomotor activity and display normal brain
morphology (Price et al., 2013). Both of these transgenic lines
ablated Hdac4 from large populations of neurons, thereby
raising the possibility that Hdac4 impairments could promote
effects in neurons through non-cell autonomous mechanisms.
However, when Hdac4 was absent in forebrain excitatory
neurons in another conditional knockout mouse model, CamKII-
Cre/Hdac4, the mice were hyperactive, with deficits in memory
and motor coordination, and reduced anxiety-like behaviors
(Kim et al., 2012). Furthermore, a transgenic mouse model
harboring truncated Hdac4 had attenuated excitatory synaptic
strength, and impaired spatial memory (Sando et al., 2012). Taken
together, these studies illustrate that Hdac4 deficiency alone is
sufficient to induce neurological and peripheral consequences
that have commonality with BDMR patients. Despite these data,
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FIGURE 3 | Neurological and peripheral symptoms common to different epigenetic-linked developmental conditions.

Peripheral Symptoms

the potential involvement of other genes deleted on chromosome
2q37 in some patients cannot be ruled out for a potential
contributing role in pathogenesis.

DISCUSSION

Epigenetic modifications, and the functional fidelity of systems
directly involved in making these modifications, clearly play
important roles in neurodevelopment. Epigenetic modifications
of histones specifically, whether through methylation or
acetylation, can have affects on individual gene regulation or
effects on multiple genes, since large regions of chromatin can
be influenced by these histone modifications. Inappropriate
regulation can lead to impairments in constitutive or cue-
dependent activation or deactivation of genes. Indeed, model
systems investigating specific enzymes involved in coordinated
histone methylation or acetylation have revealed complete
ablation of the enzyme frequently results in embryonic
lethality, with defects in germ layer formation and/or gross
impairments in early developmental ontogenesis often observed.
In haploinsufficient or functionally-hypomorphic systems,
alterations in the normal homeostatic activity range for the
pathways encoded by these factors can be sufficient to cause
severe conditions that manifest in early childhood. For a
number of these cases, similar or overlapping clinical features
can be observed even though the specific gene mutated may
encode a factor that seemingly regulates opposite aspects of
epigenetic control. Indeed, mutations affecting several enzymes
and involving multiple systems can result in widespread
consequences that collectively impair neurological, skeletal,
and cardiac development (amongst others) from properly
occurring. Although the expression profiles of these enzymes
vary, the convergence of phenotypes that affect the central
nervous system and peripheral systems is clear (Figure 3).
Development requires complex but orchestrated spatiotemporal
changes in gene expression, which is strongly mediated by cues
provided through histone modifications. If the fidelity of this
mechanism is impaired, the normal orchestrated response fails,

cue-dependent developmental patterning does not properly
execute, and the ontogeny of normal synaptic and network
formation is negatively impacted in the developing brain.

The effect of histone methylation and acetylation on general
chromatin structure and gene expression is well-documented
(Bannister and Kouzarides, 2011). It is also important to
note, however, that the specific enzymes catalyzing these
histone modifications may also possess dual or multi-modal
functionality and regulate other non-histone systems. Certain
tumor suppressor factors have been found to be acetylated by
various HATs; for instance, both CBP and p300 target p53,
p73 E2F and Rb to affect their respective binding to promoter
regions (Sterner and Berger, 2000; Iyer et al, 2004). PCAF
shares many of these same targets, and KAT6A also is known
to acetylate p53 (Sterner and Berger, 2000). These modifications
can influence transcriptional responses in conjunction with, or
independently of, MOZ-dependent histone acetylation (Huang
et al., 2016). Thus, while mutations of histone acetylation or
methylation factors alter normal epigenetic histone coding, other
targets may also be affected whose functions may extend to
systems not classically viewed as “epigenetic.” Likewise, gene
regulation within different regions of the genome that are
subject to the same modification may not respond equally.
While histone modifications affect chromatin structure and
enable/restrict transcriptional responsiveness, the actions of
specific transcription factors and transcriptional complexes
dictate the dynamics of the response. Moreover, the activity
of one histone modification system can alter specific histones
in a manner that better enables the recruitment of additional
systems. For example, the methylation of H3K4 by KMT2
family members allows for a higher-affinity recruitment of MYST
acetyl-transferases to those sites. The ensuing acetylation of the
histone H3 is associated with increased local transcriptional
activation (Sheikh and Akhtar, 2019). If the initial histone
modification is impaired, the subsequent recruitment that
directly effects transcription will not properly occur. Thus,
altering the activity of one histone modifier can have broad
impact on a multitude of transcriptional regulatory complexes
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that normally function in a cooperative manner to achieve
a proper homeostatic response. In addition, several histone
methyltransferase and acetyltransferase proteins include motifs
that bind other transcriptional regulators to allow complexes
to assemble. In many cases, these additional motifs reside
downstream of the catalytic motif in the expressed transcript.
Since they reside distally, these domains would also be affected
by mutations that induce nonsense-mediated decay. Thus, not
only is the catalytic activity of the transferase lost, but critical
interactions dictated by these more distal motifs are also
compromised. This is especially important for Class Ila HDACs,
for instance HDAC4, which do not have intrinsic deacetylase
activity, but regulate gene expression through the complexes they
form with other transcription factors.

In summary, epigenetic processes conveyed by post-
translational modifications of histone proteins represent
a key component in the overall regulation of static and
dynamic gene expression. The neurodevelopmental disorders
discussed in this review highlight the neurological (along with
peripheral and/or embryonic development) consequences
that can arise from impaired histone acetylation or
methylation coding. A failure in normal cue-dependent
execution of epigenetic signaling at any of several key
developmental windows can lead to the same endpoint,
which may explain why common features can emerge in
patients affected by different causal mutations. Further
research into these post-translational histone modification
diseases, and developing additional model systems to
complement those currently available, will be important
to delineate a clearer understanding of the molecular,
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Mutations in methyl CpG binding protein 2 (MeCP2) are the major cause of Rett
syndrome (RTT), a rare neurodevelopmental disorder with a notable period of
developmental regression following apparently normal initial development. Such MeCP2
alterations often result in changes to DNA binding and chromatin clustering ability, and
in the stability of this protein. Among other functions, MeCP2 binds to methylated
genomic DNA, which represents an important epigenetic mark with broad physiological
implications, including neuronal development. In this review, we will summarize the
genetic foundations behind RTT, and the variable degrees of protein stability exhibited by
MeCP2 and its mutated versions. Also, past and emerging relationships that MeCP2 has
with mRNA splicing, miRNA processing, and other non-coding RNAs (ncRNA) will be
explored, and we suggest that these molecules could be missing links in understanding
the epigenetic consequences incurred from genetic ablation of this important chromatin
modifier. Importantly, although MeCP2 is highly expressed in the brain, where it has
been most extensively studied, the role of this protein and its alterations in other tissues
cannot be ignored and will also be discussed. Finally, the additional complexity to
RTT pathology introduced by structural and functional implications of the two MeCP2
isoforms (MeCP2-E1 and MeCP2-E2) will be described. Epigenetic therapeutics are
gaining clinical popularity, yet treatment for Rett syndrome is more complicated than
would be anticipated for a purely epigenetic disorder, which should be taken into
account in future clinical contexts.

Keywords: methyl CpG binding protein 2, Rett syndrome, mutations, protein stability, RNA binding

INTRODUCTION

The term epigenetics has gained much popularity and has gathered the attention of many
researchers in recent years. Yet, the term has, at times, been loosely used and quite often in an
ambiguous way (Greally, 2018).

In the right context, epi (beyond)-genetics is defined as gene expression alterations resulting
from a change in the DNA/chromatin structure which does not involve a change in the underlying
DNA nucleotide sequence (i.e., mutations). At the molecular level, this can be elicited by chemical
post-replication/post-translational “tags” that mark DNA (Bird, 1993; Greenberg and Bourc’his,
2019), histones (Bannister and Kouzarides, 2011) (the main protein component of chromatin) or
other chromosomal and non-chromosomal proteins. These “tags” (for instance DNA methylation
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(Greenberg and Bourc’his, 2019) or protein modifications) are
written and erased through the action of different enzymes
(writers and erasers) and read by transcriptional regulatory
cofactors (readers) (Marmorstein and Zhou, 2014; Seto and
Yoshida, 2014). Such is the case for the methyl CpG binding
protein 2 (MeCP2), a DNA methylation reader protein. This
protein, initially thought to have repressor activity (Nan et al.,
1997), is now recognized to have both transcriptionally repressive
and activating functions through its interaction with different
cofactors (Yasui et al., 2007; Chahrour et al., 2008). The protein is
able to recognize (or read) DNA and histone methylation marks
(Lewis et al., 1992; Thambirajah et al.,, 2012; Lee et al., 2020)
and, hence, it acts as a methylation-dependent transcriptional
modulator within the context of chromatin (Li et al., 2020). DNA
methylation dysregulation is one of the hallmarks of diseases
such as cancer (Baylin and Jones, 2016), and MeCP2 mutations
can alter the reading of this mark, as in RTT (Kriaucionis
and Bird, 2003), where it can impact the normal activity of
cells. Interestingly, MeCP2 has been recognized as a bona fide
oncogene and has been involved in many cancers (Neupane et al.,
2015). In any such instance, these diseases often have a genetic
origin with downstream epigenetic effects (Yoon et al., 2020).
From structural and functional perspectives, MeCP2 is a
good example of an intrinsically disordered protein (IDP)
(Dunker et al., 2001; Hite et al., 2012), given its relatively low
contents of secondary and tertiary structure organization in
solution. Despite this, the protein can be divided into several
well-defined structural/functional domains (Ghosh et al., 2010):
NTD; N-terminal; MBD, methyl binding; ID, intervening; TRD,

Abbreviations: ATRX, a-thalassemia, mental retardation, X-linked protein; AS,
alternative splicing; BDNE, brain-derived neurotrophic factor; BRGI1, brahma-
related gene 1; CD44, cluster of differentiation 44; Cdk10, cyclin-dependent kinase
10; ChIP, chromatin immune-precipitation; CTD, C-terminal domain; DGCRS,
DiGeorge syndrome Critical Region 8 DNMT1, DNA methyltransferase 1; DLX1,
distal-less homeobox 1; DIx5, distal-less homeobox 5; eAT-hook, extended AT-
hook; FBP11, formin-binding protein 11; FOXG1, fork head box G1; FOXP3,
fork head box P3; FRGI1, FSHD region gene 1; GABA, gamma aminobutyric
acid; EHMT, euchromatic histone-lysine N-methyltransferase; ERK, extracellular
signal-regulated kinase; EVF2, Rattus norvegicus non-coding RNA; HIF1a, hypoxia
inducible factor 1 alpha; hmC, hydroxymethyl cytosine; HD, Huntington’s disease;
HDACG, histone deacetylase; HMG, high mobility group; HSATII, human satellite
II; HTT, huntingtin; HYPC, huntingtin yeast partner C; ID, intervening domain;
IDP, intrinsically disordered protein; INDEL, insertions and deletion; IncRNA,
long non-coding RNA; Malatl, metastasis-associated lung adenocarcinoma
transcript 1; MBD, methyl biding domain; MeCP2, methyl CpG binding protein
2; mTOR, mechanistic target of rapamycin; NCoR, nuclear receptor co-repressor;
ncRNA, non-coding RNA; NEATI, nuclear enriched abundant transcript 1;
NFkB1, nuclear factor kappa B subunit 1; NID, NCoR interaction; NLS, nuclear
localization sequence; NME, N-methionine excision; NTD, N-terminal domain;
NSC, neural stem cell; PDE4D, cAMP-specific 3'-,5'-cyclic phosphodiesterase
4D; PEST, enriched in proline, glutamate, serine, threonine; PPARG, peroxisome
proliferator activated receptor-y; PRCI1, polycomb group complex 1; PRMTS6,
protein arginine methyltransferase 6; PRPF3, pre-mRNA processing factor 3;
PTM, post-translational modification; RANKL, receptor activator of nuclear
factor-kB ligand; RBD, RNA binding domain; RBP, RNA binding protein; RIP,
RNA immunoprecipitation; RNCR3, retinal non-coding RNA 3; RTT, Rett
syndrome; Sin3A, switch independent 3 gene encoded protein a; SDCCAGI,
serologically defined colon cancer antigen gene 1; SIRT1, Sirtuin 1; SMRT, silencing
mediator of retinoic acid and thyroid hormone receptor; SWI/SNE, switch of the
mating type/sucrose non-fermenting; TBLRI, transducin beta-Like 1X-Related
protein 1; TRD, transcription repression; UPS, ubiquitin-proteasome system;
UTR, untranslated region; WWDR, WW domain binding region; YB-1, Y box
binding protein 1.

transcription repression; NID, NCoR interaction; and CTD,
C-terminal; domains (see Figure 1). The TRD includes the
nuclear localization sequence (NLS) [amino acids 253-271 in
MeCP2-E2 nomenclature (Figure 1B)]. Genetic mutations in
the coding region of the X-chromosome-linked MECP2 gene
alter the ability with which its encoded protein MeCP2 binds
to DNA within the context of chromatin. In particular, those
mutations affecting the MBD of the protein (Figure 1) which
affect the stability (Kucukkal et al., 2015) and affinity (Yang et al.,
2016) of its DNA binding and which represents an important
aspect of this review.

Besides its ability to bind methylated DNA and histones,
MeCP2 was earlier recognized (Jeffery and Nakielny, 2004)
and more recently confirmed to be (Castello et al., 2016) an
RNA binding protein. This less studied facet of MeCP2 will be
described next. Following this, we will focus on an equally less
understood role of this protein, namely its function in tissues
other than those within the brain, and will finally conclude this
review with the controversial potential physiological relevance
of the two isoforms, MeCP2-E1 and MeCP2-E2 (Figure 1), in
RTT (Liyanage and Rastegar, 2014; Martinez de Paz et al., 2019).
Because the MeCP2-E2 isoform was the first to be discovered
(Lewis et al., 1992), the mutations observed in RTT originally
referred to this isoform. Therefore, the amino acid numbers
(mutations) referring to the protein sequence of MeCP2 used
in the following sections will be those of this isoform (unless
otherwise indicated).

SUBSECTIONS
Genetic Origin of Rett Syndrome

Most of the nucleotide transition mutations in Rett syndrome
are the C > T type that take place at CpG hotspots (Wan et al,,
1999), and likely reflect variable site methylation in the male
germline (Cheadle et al., 2000). Hence, all the sporadic mutations,
which represent more than 99% of the individuals affected by
this syndrome (Chahrour and Zoghbi, 2007), and which involve
de novo mutations (Comings, 1986) of the MECP2 gene, are
of paternal origin (Trappe et al, 2001). This paternal origin
may be explained by a combination of the elevated levels of
methylation and mitotic divisions in the male germline (Driscoll
and Migeon, 1990; Shahbazian and Zoghbi, 2002). As in the case
of other C > T transition mutations, this is likely to involve
methyl cytosine oxidative deamination of abnormally methylated
cytosines (Tomatsu et al., 2004).

Rett syndrome is almost exclusively a disease that affects
girls (XX), yet is not a disease with epigenetic inheritance, such
as Prader-Willi syndrome and Angelman syndrome, where the
clinical outcome depends on whether a mutation is transmitted
from a paternal or maternal chromosome, and RTT mutations
are not epigenetic mutations (epimutations) per se. Rather, RTT
mutations have epigenetic consequences, as MeCP2 is considered
to be a reader of epigenetic signals. Although considered a disease
affecting girls, this is not completely exclusive. The vast majority
of mutations that lead to RTT occur de novo in paternal germline
cells (Cheadle et al., 2000), and these can only be transmitted to
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FIGURE 1 | Schematic representation of MECP2 gene organization (A) and different protein domains of the MeCP2-E1 and MeCP2-E2 isoforms (B). NTD,
N-terminal; MBD, methyl binding; ID, intervening; TRD, transcription repression; NID, NCoR interaction; CTD, C-terminal domains; NLS, nuclear localization signal.

female offspring and never to males. De novo MECP2 mutations
can occasionally be transmitted from mothers, or inherited from
mothers who either have mild cognitive impairment or are
asymptomatic, due to skewed X-inactivation favoring expression
from their wild-type allele.

Rett syndrome clinical features include regression of motor
and communicative skills after 6-18 months of apparently
normal development [the reader is referred to Einspieler and
Marchik (2019) and Banerjee et al. (2019)] for comprehensive
descriptions and review of typical and atypical RTT clinical
features. While females born with a de novo (from mother’s or
father’s germ cells) or inherited (from a carrier mother) MECP2
RTT mutation may have a wide spectrum of severity, males
with the same MECP2 mutations typically have much severer
consequences, with a more rapid progression of symptoms and
lower average age of death (Neul et al., 2019). However, these may
be ameliorated in the presence of an additional X chromosome
(Klinefelter’s syndrome), or where the mutation is a somatic
mosaic rather than germline. Also, there are reports of males
with MECP2 mutations that are not known pathogenic RTT
mutations who are affected, but not with classical RTT (Neul
et al., 2019), and some where the clinical presentation includes
psychiatric disorders such as schizophrenia (Cohen et al., 2002;
Villard, 2007; McCarthy et al., 2014; Curie et al., 2017; Sheikh
etal., 2018), bipolar disorder (Sheikh et al., 2016), and Asperger’s
(Curie et al., 2017).

MeCP2 Mutations and the High
Complexity of MeCP2 Stability

Rett syndrome can arise from a number of missense, nonsense,
frame shift, splice site, and start codon mutations as well as larger
deletions that can lead to a range of phenotypes with varying
degrees of severity (Chahrour and Zoghbi, 2007). From the

protein structural point of view (Figure 1B), MeCP2 mutations
can be grouped into three main broad categories. The first
corresponds to mutations that affect the NTD, a second, and
corresponding to a very significant group of RT'T phenotypes, are
those that affect the MBD, and a third, those affecting the rest
of the molecule. This classification is not arbitrary as the NTD
has been shown to modulate the ability of MeCP2 (through the
MBD) to interact with DNA (Martinez de Paz et al., 2019) as well
as to influence the turn-over rate of the protein (Sheikh et al,,
2017; Martinez de Paz et al., 2019), and hence mutations within
this region can affect these parameters. With the MBD being the
only structurally ordered portion of MeCP2, mutations within
the MBD can affect the tertiary structure (folding) (Figure 2B;
Kucukkal et al., 2015) of this region and hence its binding
affinity (Yang et al., 2016). Many of the remaining mutations
are located in the C-terminal domain (Moncla et al., 2002;
Bebbington et al., 2010) and can affect the interactions of MeCP2
with many of its diverse interaction partners (Lyst et al., 2013),
including the chromatin (Nikitina et al., 2007a) itself and RNA
(see following section).

The first attempts to study the functional correlation between
RTT MeCP2 mutations and the impairment to DNA methyl
binding and transcriptional regulation activities were carried out
in the late Alan Wolffe’s lab (Yusufzai and Wolffe, 2000) soon
after the discovery of their involvement in this disease (Amir
et al., 1999). These initial results were subsequently followed
by a detailed characterization of the binding affinity alterations
caused by several missense mutations within MBD (Ballestar
et al., 2000) and set the framework for the type of work which
will be described in the following sections.

MeCP2 N-Terminal Mutations
Although not as frequent as the mutations affecting the MBD or
TRD at their C-termini (Shah and Bird, 2017; Spiga et al., 2019),
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representation of RNA-bound MeCP2 within a chromatin context (C). Red spheres, DNA methylation; Gray cylinders, nucleosomes.

several NTD mutations have been described to date and are
more often than not associated with a typical RTT phenotype
(Saunders et al., 2009). However, as with mutations elsewhere
in MeCP2, other factors, skewing of X-inactivation, for example,
play a role. Without the ability to compare clinical severity across
alarger number of RTT girls with the same N-terminal mutation,
and without identification of males with these mutations, it
is difficult to draw any firm conclusions. However, a study of
clinical severity, albeit with only five cases with N-terminal
mutations, of which four displayed typical RTT, suggests on
average lower clinical severity in comparison to the common
nonsense mutations and missense mutations such as T158M
(Cuddapah et al., 2014). It is important to note that the two
isoforms differ at the N-terminal sequences, with the MeCP2-
E2 N-terminus encoded by exon 2, and the slightly longer
MeCP2-E1 N-terminus coming from exon 1 (Figure 1). It is
also worth emphasizing that, until recently, no unequivocal RTT
mutations have been reported within exon 2 (or indeed for any
clinical entity). Very recently, however, there is a report of a
NM_004992:¢c.7G > C; p.Ala3Pro Rett mutation in exon 2 (Wen
et al., 2020). Given its rarity, it will be important to assess the
molecular effects of this variant to confirm its true pathogenicity.

The MeCP2-E1 N-terminus contains polyGGC and
polyGGA stretches that encode stretches of alanine and

glycine residues, respectively. In-frame insertions and deletions
within the polyalanine and polyglycine regions of exon 1
(Figure 1B) have been identified. Although initially they
were suggested to be a relatively frequent cause of intellectual
disability or developmental delay (Harvey et al., 2007), with
the current availability of exome sequence data from large
control populations' it is likely that these in-frame indels are
unrelated to disease.

Although genuine disease-causing mutations within exon 1
would appear to affect the MeCP2-E1 isoform exclusively, this
is not necessarily the case. The first mutation reported in exon
1, an 11 bp frameshifting deletion, was described when the
MeCP2-El isoform itself was first reported (Mnatzakanian et al.,
2004). Since then, the same mutations have been reported in
multiple studies (Saunders et al., 2009), and in one study it was
shown that, while there was no disruption of transcription of the
MeCP2-E2 mRNA, there was interference with, and reduction of
translation of MeCP2-E2 protein (Saxena et al., 2006), leading to
the possibility that mutations within the MeCP2-E1 N-terminus
affect both major isoforms.

However, subsequently, several classic Rett patients were
identified with mutations affecting the start codon in exon
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1 (Gauthier et al, 2005; Saunders et al., 2009). Levels of
mRNA for MeCP2-E1 and E2 were unaffected, and peripheral
blood lymphocytes were still positive for MeCP2 antibodies,
and thus presumably only able to generate the MeCP2-
E2 protein (Gianakopoulos et al, 2012). Additionally, a
genuine RTT missense mutation (A2V) within the same
N-terminal region of MeCP2-E1 was reported in two patients
(Fichou et al., 2009; Saunders et al., 2009). The mutation
resulted in an RTT phenotype characterized by severe epilepsy,
cognitive impairment and developmental delay, in addition to
microcephaly and no language in one patient (Fichou et al,
2009), and is described as classic Rett syndrome in the other
(Saunders et al., 2009). Importantly, neither the transcriptional
nor the translational properties of MeCP2-E2 were affected as
observed in fibroblasts or lymphocytes obtained from the patients
(Fichou et al., 2009; Gianakopoulos et al., 2012). An apparent
synonymous or silent mutation in exon 1, p.Glyl6Gly, that
was shown to trigger usage of a cryptic splice donor resulting
in a frameshift and premature truncation for the MeCP2-El
isoform but with no predicted effect on the MeCP2-E2 isoform
has also been documented (Sheikh et al., 2013). A study on
the cellular and molecular effects caused by the A2V mutation
showed that, while it neither impacted the localization of the
MeCP2-E1 isoform nor its co-localization with chromatin, it
affected the N-terminal co- and post-translational modifications
that regulate the physiological turnover of the protein. Complete
N-methionine excision (NME) and evidence of excision of
multiple alanine residues from the N-terminal poly-alanine
stretch of wild type (WT) MeCP2-E1 was observed, whereas the
A2V mutant exhibited only partial NME of either methionine
or valine and reduced N-acetylation (NA). This resulted in
different in vitro protein degradation rates between the WT and
the mutant. Indeed, a higher proteasomal degradation activity
was observed for MeCP2-E1-A2V compared with that of WT
MeCP2-E1 (Sheikh et al., 2017). Hence, the etiopathology of this
mutation is likely due to a reduced bio-availability of MeCP2
resulting from the defective co-post-translational N-terminal
modifications that lead to a faster degradation of the A2V mutant
(Sheikh et al., 2017).

Apart from A2V, there are no other published reports of exon
1 missense mutations. In fact, there are remarkably few examples
of missense mutations within the N-terminal region leading up to
the MBD. One of these few rarities is A59P. The A59P mutation
was described in three Tunisian RTT patients with variable scores
of clinical severity (Kharrat et al., 2015). Despite the intrinsically
disordered organization of the MeCP2 N'TD, such an amino acid
change was predicted to have an important structural effect on
the overall conformation of the protein backbone. However, the
structural role and protein stability properties affected remain to
be determined. This also applies to all the other NTD mutations
described above, with the exception of A2V, and hints to the
complexity of the molecular mechanisms probably involved.

MeCP2 Missense Mutations

Missense mutations represent the most abundant mutations
in RTT [over 70% (Spiga et al,, 2019)] and mainly affect the
MBD (residues 78 to 162, Figure 1B) where they make up to

approximately 45% of the cases (Ghosh et al., 2008), underscoring
the primary role of the MBD in the function of this protein.
This domain corresponds to the main structured part within
this intrinsically disordered protein (Dunker et al., 2001; Ausi6
et al., 2014), and is the only region that has been amenable to
crystallization (Ho et al., 2008). The MBD crystal structure has
provided an excellent resource for the analysis of the structural
alterations caused by mutations within this region.

Because of their high occurrence, these mutations have been
studied extensively using in vitro structural, in situ cell culture
and in vivo mouse model approaches (Tillotson and Bird, 2019).
Within the first category, we have already referred to the early
pioneering work on R106W, R133C, F155S, and T158M by
Ballestar et al. (2000). This structural work was followed by a
study of R106W, R111G, R133C, F155S, and T158M, which,
in the absence of crystallographic MBD information (Ho et al,,
2008), used NMR and provided a more detailed molecular
characterization of the structural changes resulting from these
mutants (Free et al., 2001). It was noticed that the R133C
mutation affected DNA binding without changing the MBD
structure, thus highlighting, for the first time, the relevance for
proper DNA binding of the basic amino acids at the MBD-DNA
interface (Spiga et al., 2019). These studies were ensued by a later
characterization of the same mutants using a combination of
biophysical techniques that included fluorescence spectroscopy
and circular dichroism. They allowed the authors to correlate
the magnitude of the structural changes elicited by each mutant
to the severity of the associated RTT phenotypes (Ghosh et al.,
2008). Due to the complexity of the structural work, initial studies
focused on some of the most prevalent RT'T mutations and
only more recently have been extended to other mutants such
as the Y120D and to their binding to mCH (where H = A, T,
or C) (Sperlazza et al., 2017), and in particular to mCA (Gabel
et al,, 2015). Although no structural differences were observed
between the binding of the MeCP2 mutants to mCG versus
mCA (Sperlazza et al., 2017), this study was very relevant as,
immediately after birth, during neuron differentiation, mCH
(Lister et al., 2013) and MeCP2 (Kaufmann et al., 2005b;
Olson et al.,, 2014) concomitantly increase during a changing
methylation landscape that may account for the onset of RTT
(Lavery and Zoghbi, 2019). From the structural point of view, the
different missense MBD-RTT associated mutations can change
either the stability of the MBD, its DNA binding affinity, or both
to a different extent. In this regard, a couple of recent exhaustive
structural studies summarize this in a way that clusters these
mutations into three different groups (Kucukkal et al., 2015; Yang
etal., 2016) (see Table 1 and Figure 3).

The information from the structural studies has been
complemented by in situ experiments in different cell culture
settings. A few representative papers covering a wide spectrum
of mutations have been published by Kudo et al. (2003), and
by Agarwal et al. (2007). In addition to stability and affinity
of binding, these studies have also focused on the clustering
ability of MeCP2 around the pericentromeric heterochromatin.
Importantly, the work has also provided insight to the altered
distribution within the nuclear/cytoplasmic compartments
caused by the MeCP2 mutations (Figure 3C). As with the in vitro
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TABLE 1 | Classification of MeCP2 MBD missense mutations according to their
structural characteristics (Yang et al., 2016).

Group Mutation (No. of cases) Structural characteristics

(Cluster)  (Krishnaraj et al., 2017; Spiga
etal., 2019)

Group 1 L100V (7) MBD propensity to unfold and
S134C (21) reduced binding affinity for C
P152R (71) methylated DNA
D156E (15)

Group 2 R106W (132) No major changes in MBD structure
R106Q (21) but various binding affinities for C
R133H (8) methylated and unmethylated DNA
R133C (217)
F155S (2)
T158M (419)
T158A (2)

Group 3 R111G (1) Loss of MBD flexibility leads to
A140V (29) reduced binding affinity for either C

methylated or unmethylated DNA

structural work, an attempt has been made to correlate the
observations made with clinical severity (Sheikh et al., 2016;
Figure 3C). Interestingly, while some of the MeCP2 protein
mutants resulting from MBD mutations (i.e., R133C and A140V)
are still able to bind to chromatin, their interaction with ATRX
is fully compromised (Nan et al, 2007). ATRX is a protein
member of the ATP-dependent SWI/SNF family of chromatin
remodeling complexes (Pazin and Kadonaga, 1997). This
additional disruption of a functionally relevant protein-protein
interaction underscores the molecular mechanistic complexity of
some of these mutations.

In more recent years, a few knock-in mice models have
been produced for the Y120D, R133C and T158M/A mutations
as well as two transgenic models for the R111G and R306C
mutations (Heckman et al., 2014). These models have provided
useful information from an in vivo perspective. This work has
revealed that, in instances such as T158M, where the mutation
significantly decreases the amount of MeCP2 in the nucleus, the
RTT phenotype can be rescued by increasing the expression of the
T158M mutant (Lamonica et al., 2017). Moreover, the decrease
in the mutated MeCP2 was shown to be due to proteasomal
degradation (Lamonica et al., 2017). This decrease is reminiscent
of that observed for the truncated form of MeCP2 expressed in
the Jaenisch (Mecp2 TM1 1jae/Nimcd) mouse model (Stuss et al.,
2013), in which exon 3 of MeCP2 is deleted (Figure 1A) such that
most the MBD is lacking (Chen et al., 2001).

MeCP2 Nonsense and C-Terminal Mutations

In this section, we include all the mutants affecting MeCP2
beyond its MBD. These include mutations affecting the ID,
TRD, and CTD domains that encompass the NID and RNA
binding domain (RBD) (Figure 3A). The C-terminal region
defined in this way, is also where MeCP2 mutations pertaining
to other brain disorders such as schizophrenia, which involves
the ID, (Sheikh et al, 2018; Chen et al, 2020) take place.
Many of the RTT nonsense mutations occur within this region
and its most significant missense mutations take place in the
TRD (Figure 3A). From a structural perspective, mutations
within this region have been less extensively studied, in contrast
to those of the MBD. This is particularly true as it pertains
to the nonsense and frameshift mutations leading to early
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FIGURE 3 | Effect of a few MBD missense mutations [groups G1 to G3 (Yang et al., 2016)] on MeCP2 structure (stability) (A), binding affinity (magenta star: G1;
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termination. In this regard, a hint into some of their potential
molecular effects can be envisaged from the early structural
work carried out in the late Alan Wolffe’s lab (Chandler et al.,
1999; Yusufzai and Wolffe, 2000) which used C-terminally
truncated versions of MeCP2 to show that the CTD facilitates
its binding to nucleosomes (Chandler et al., 1999) and hence to
chromatin. A more detailed follow up, carried out by Nikitina
et al,, highlighted the role of residues 295-486 for chromatin
interaction (Nikitina et al., 2007b), and showed that R294X failed
to produce the nucleosome-nucleosome interactions (Nikitina
et al., 2007a) that are observed with the native form of the
protein. Disruption of the inter-nucleosome interactions may
play an important role in the intrinsic ability of MeCP2 to
organize chromatin into chromocenters (Brero et al, 2005;
Agarwal et al,, 2011; Ausio, 2016; Wang et al, 2020). The
RTT nonsense mutations, R168X, R255X, R270X, and R294X,
which together account for about 90% of all nonsense mutations
(Krishnaraj et al., 2017) were recently shown to disrupt the
ability of MeCP2 to cluster heterochromatin (Li et al., 2020)
in a way that progressively decreased with the proximity of
the MeCP2 truncation to the C-terminus (Wang et al., 2020).
These results agree with the clinical observations which indicate
that severity of the C-terminal truncations decreases with its
proximity to the carboxy-terminus of MeCP2, with individuals
with the R168X mutation being more severely affected than
those with R294X (a mild RTT mutation) or other more
C-terminal mutations (Neul et al., 2008; Bebbington et al., 2010;
Cuddapah et al., 2014). They also agree well with the recently
described critical role of the unstructured MeCP2 CTD in
conjunction with the MBD to form heterochromatin condensates
(Li et al.,, 2020). Of note, the R255X and R270X mutations
fall within the NLS region, however, the molecular relevance
of this is not clear, especially since NLS inactivation does not
affect the progression of the disease in a RTT mouse model
(Lyst et al., 2018).

Given the confounding effects resulting from the mosaic
expression of MeCP2 in females (XX), boys (XY) with RTT
allow for a better correlation between mutation and phenotype
severity. In this regard, boys with truncation or frameshift
mutations before or including residue R270 exhibit neonatal
encephalopathy and death, whereas males with the same type
of mutations beyond G273 survive. Using R270X and G273X
mouse models, the breaking point was shown to be due to the
disruption of an AT-hook 2 HMGAL1 (high mobility group)-
like domain in MeCP2 that was found to be critical for
chromatin maintenance and a-thalassemia mental retardation
X-linked protein (ATRX) localization in the nervous system
(Baker et al., 2013), underscoring again the multifaceted role
of MeCP2 in chromatin organization. As with the chromatin
architectural HMGA1 non-histone protein (Reeves, 2001),
MeCP2 contains three homologous AT hook domains (Ausi6
et al, 2014) that provide the molecule with DNA binding
properties involved in chromatin clustering and heterochromatin
organization. Interestingly, HMGAs play an important role in
the regulation of the neurogenic potential of neuron precursor
cells, and their expression is lost during neuron differentiation
(Tyssowski et al., 2014).

In addition to all the above, the possibility exists that the
deleterious consequences of the nonsense mutations giving rise
to the truncated forms of MeCP2 may also be partially indirect
in nature. Indeed, analyses of the histone PTMs in lymphocytes
from RTT patients showed a decrease in the levels of acetylation
of lysines 9 and 14 of histone H3 (Kaufmann et al., 2005a). These
analyses are interesting, and add to the promise of biomarker
discovery in RTT patient lymphocytes, but unfortunately they
do not provide insight into the potential molecular mechanisms
involved. In experiments carried out on clonal cell cultures
from an RTT female with the R168X mutant and cells from a
male hemizygote for the frameshift mutation 803delG (V288X),
both sets of mutant cells exhibited histone H4 hyperacetylation
specifically associated with increased acetylation of lysine 16
(H4K16ac) (Wan et al, 2001). In a different study using a
mouse model of Rett syndrome expressing MeCP2 truncated by
introducing a stop codon after codon 308 (Mecp23%8/Y), a 2-3
fold increase in histone H3 acetylation was observed in cortex
(Shahbazian M. et al., 2002). The changes in global acetylation
observed in these studies might have important alterations in
gene expression and in both instances had been attributed to
the inability of these truncated versions of the expressed protein
to recruit the MeCP2-associated histone deacetylase (HDAC)
complexes (Nan et al., 1998; Jones et al., 2001). However, the
relation of this acetylation to the MeCP2-dependent HDAC
recruitment is surprising, as the null mouse model lacking the
expression of MeCP2 does not exhibit any differences in histone
H3 or H4 acetylation (Urdinguio et al., 2007). A more plausible
explanation would be that MeCP2 might have a developmental-
dependent downstream effect on gene expression (Thatcher and
Lasalle, 2006) which is altered in different ways in the presence of
different truncated MeCP2 forms and in different tissues.

The most important C-terminal missense mutations (in terms
of frequency): P302R, K304E, K305R, and R306C occur in
the TRD within the NID (Figure 3A). In this regard, R306C
represents one of the most frequent mutations observed in RTT
with 245 (5.1%) RTT cases reported (Krishnaraj et al., 2017).
R306C suppresses MeCP2 binding to the nuclear receptor co-
repressor (NCoR)-mediated recruitment of HDACs, which is
also severely compromised by any of these four RT'T mutations
(Kruusvee et al., 2017). Yet, despite the functional relevance to
RTT attributed to the MeCP2 NID (Tillotson et al., 2017), and
despite the main functional role of MeCP2 in the brain being to
recruit the NCoR1/2 co-repressor complex to methylated DNA
sites in this tissue (Tillotson and Bird, 2019), mutations within
this region correspond to some of the clinically milder RTT
forms reported (Schanen et al., 2004; Cuddapah et al.,, 2014;
Neul et al., 2014). Also, the genomic sites to which the NCoR1/2
complex is recruited (Connolly and Zhou, 2019) and their relative
abundance are still unknown.

Other molecular implications for the mutations within the
MeCP2 C-terminus could arise from the fact that the CTD
had been shown early on to contain a WW domain binding
region (WDR) encompassing amino acids 325-498. This region
is responsible for the interaction of MeCP2 with group II
WW-containing domains in splicing factors FBP11 and HYPC
(Buschdorf and Stratling, 2004). Several missense mutations
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and small C-terminal INDELSs causing truncations occur within
this region (Kyle et al, 2018; Lavery and Zoghbi, 2019;
Spiga et al., 2019), the most prominent being E395K (Krishnaraj
et al.,, 2017). However, structural information for any of these
is still lacking.

Proteasomal Degradation and the PEST Sequences
As has already been mentioned above for various MeCP2
mutations, several of the anomalous cellular levels and
pathological aspects involved arise from alterations in the
proteasomal degradation processing of these mutants (Lamonica
et al,, 2017; Sheikh et al., 2017). Whether the proteasome activity
takes place in the nucleus or in the cytoplasm is not yet clear and
it may be dependent on the type of mutation. While both the N
terminus-dependent pathway and the lysine-dependent (PEST)
degradation pathways can occur in the nucleus, the latter occurs
more actively in the cytoplasm (Lingbeck et al., 2003). Hence,
the cellular localization of the MeCP2 protein molecules to be
degraded might be mutation dependent. Indeed, the MBD by
itself is important for nuclear localization (Lyst et al., 2018) and
hence MeCP2 partitioning within the cell might be affected by
impairment of its ability to bind to its methylated DNA target.

Regardless of the cellular compartment where the degradation
of MeCP2 mutants takes place, the ubiquitin proteasome
system (UPS) plays a very important role in neurological
diseases, including cognitive disorders like RT'T (Lehman, 2009).
Mesenchymal stromal cells from a heterozygous RTT female
mouse model null for MeCP2 (Mecp2tm1.1Bird), which mimics
partial MeCP2 loss of function, have been shown to exhibit
increased proteasome activity (Squillaro et al., 2019). Similar
observations associated with changes in cellular ubiquitination
have been described for peripheral blood lymphomonocytes from
RTT patients (Pecorelli et al., 2013).

In view of all of this, we propose here a mechanism for
MeCP2 degradation of missense mutations that relies on the
presence of two PEST domains in MeCP2 (Thambirajah et al,,
2009; Figure 3B). These domains consist of consensus sequences
enriched in proline, glutamate, serine, and threonine (PEST)
residues, which act as a recognition signal for rapid degradation
by the 26S UPS (Rogers et al., 1986; Rechsteiner and Rogers,
1996). The two PEST domains of MeCP2 are N-terminally and
C-terminally located at amino acid residues 73-94 and 389-
426, respectively (Thambirajah et al., 2009). However, whether
this mechanism would apply to all the RTT mutations it is not
clear and, as in the case of the N-terminal mutations, additional
mechanisms may also apply (Sheikh et al., 2017). While limited
detailed information is available for some of the N-terminal
(Sheikh et al., 2017) and MBD missense (Lamonica et al., 2017)
mutations, information in this regard on mutations occurring
at other MeCP2 domain locations is significantly lacking, and
information on stability and binding affinity it is only known in
a few instances. Such is the case of the reduced DNA binding
affinity of the R306C mutation described in the previous section,
which affects the TRD/NID (Figure 3A). Using a mouse model
for this mutation, Heckman et al. have conclusively shown
that, beyond the impairment of binding the repressive NCoR
complex (Kruusvee et al., 2017), alteration of the basic cluster

of basic amino acids (304-309) within the RNA binding domain
(Figure 3A) by R306C lowers the binding affinity of the mutant
protein by MeCP2 binding sequences in vivo (Heckman et al.,
2014). Importantly, it might also disrupt the interaction of the
protein with RNA as will be described next.

MeCP2 as an RNA Interacting Protein
MeCP2 RNA Binding Domain(s)

Direct interaction between MeCP2 and RNA was first shown
by in vitro electrophoretic mobility assays (Jeffery and Nakielny,
2004). MeCP2 shifted mouse immunoglobulin mRNA and
Xenopus U1 spliceosomal small nuclear (sn)RNA, but not human
tRNA or Xenopus 5 S rRNA, suggesting that RNA binding is
not promiscuous. Removal of an RG repeat motif C-terminal
to the MBD abolished RNA binding (Figure 2A). Of note,
double stranded (ds), but not single stranded (ss) RNA was
shown to compete with methylated DNA, implying mutually
exclusive binding to methylated DNA or dsRNA. Despite these
promising but preliminary results, very little further research
has been performed to characterize MeCP2-RNA interactions.
It is becoming increasingly clear that protein interactions with
both DNA and RNA are key to almost all nuclear processes,
particularly because of the emerging regulatory roles played by
IncRNAs (Hudson and Ortlund, 2014). RG repeat motifs are well
established RNA binding modules (Thandapani et al., 2013). The
binding preference for these motifs is debated, but evidence tends
toward affinity for G-quadruplexes or GC-rich dsRNA, where
arginine residues form hydrogen bonds with guanines (Jarvelin
et al., 2016). This allows for almost transcriptome-wide binding
possibilities, where specificity might be modulated by structural
context and/or residues commonly occurring near RG repeats,
such as the PGG, GGG, and polyalanine residues found in MeCP2
(Figure 2A; Chong et al., 2018). MeCP2 has a relatively short
RG repeat, which is generally associated with low RNA binding
affinity. An AT-hook domain overlaps the RG repeat, which was
later characterized as a non-canonical extended AT-hook (eAT-
hook) (Figure 2A; Filarsky et al., 2015). eAT-hook proteins have
an order of magnitude greater affinity for dsRNA than DNA,
and long stem-loop RNA structures are preferred over short
hairpins (Figure 2C).

Advanced proteome-wide screens of RNA binding proteins
(RBPs) have identified MeCP2 as an important RBP (He et al.,
2016; Trendel et al., 2019). Recent comprehensive in vivo
capture of RBPs identified a lysine-rich non-canonical RNA
binding motif within the TRD of MeCP2 (Castello et al., 2016).
RNA binding domains (RBDs) that lack sequence homology
to known RBDs are being found with increasing frequency,
and are presently characterized by basic (R and K) and
disorder-promoting (R, G, P, S, and Q in MeCP2) residues.
K-rich regions in DNA binding domains are thought to allow
“hopping” or “sliding” to specific sequences; however, K-rich
RNA binding domains characterized to date imply RNA structure
over sequence-specific binding (Wilson et al., 1998; Takeuchi
etal., 2009; Castello et al., 2016; Figure 2C). Most non-canonical
RBDs are also enriched in having DNA and protein interaction
surfaces, suggesting competition between RNA binding and
other molecular interactions at these regions. This agrees with
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the K-rich RBD of MeCP2 overlapping its NID, a region
within which RTT-causing missense mutations are also enriched
(Figure 2A). RTT-like phenotype rescue in knock-in Mecp2-
null mice expressing a minimal MeCP2 protein lacking the
N- and C-terminal regions as well as the intervening region
suggest that just the MBD and NID are necessary and sufficient
for MeCP2 function (Figure 2A; Tillotson et al., 2017). The
CTD probably plays a minor functional role, as its absence
caused mild intellectual phenotypes. The discrepancy between
a minimal peptide and diverse functionality of the protein has
been reconciled by concluding that the dominant role of MeCP2
is to mediate transcriptional repression via NCoR complex
recruitment to methylated DNA. An alternative explanation
could be that the regions containing the MBD and/or NID
mediate some degree of protein multifunctionality (Ghosh et al.,
2010). Surface plasmon resonance assays show that MeCP2-
TBLR1 (the direct binding subunit of the NCoR complex)
interaction is relatively weak (Kp 9.5 £ 0.5 pM), which could
be due to a lack of physiological context in vitro, or it could
indicate transient binding (Kruusvee et al., 2017). Evidence for
NCoR mutations specifically causing Rett syndrome is lacking
(Sakaguchi et al., 2018; Zaghlula et al., 2018). Instead, they can
cause intellectual disabilities, rather than RTT, per se, similar
to misregulation of other MeCP2-associated processes such as
mRNA splicing or miRNA biogenesis, suggesting comparable
importance of MeCP2’s differing roles (Young et al., 2005; Ha
and Kim, 2014). Given a growing catalog of diverse regulatory
RNAs, the presence of a flexible RBD within the indispensable
NID region of MeCP2 is a good candidate to explain its functional
multiplicity. Moreover, combinatorial action between the K-rich
RBD and the eAT-hook/RG repeat region of MeCP2 could add
to the complexity.

Post-translational modifications (PTMs) are another
regulatory mechanism of RBPs, some of which MeCP2 may
share (Xu et al,, 2019). Conservation analysis of PTMs found
within RBDs showed that phosphoserine is often immediately
preceded by a conserved glycine, and phosphothreonine can
often be found 5 amino acids upstream from a conserved serine
such as that seen on MeCP2 residues S274 and T308 (Figure 2A;
Castello et al., 2016). Both PTMs have been experimentally
determined (Bellini et al., 2014). Differential activity-dependent
mechanisms determine phosphorylation of S274 (protein kinase
A) and T308 (membrane depolarization), where phosphorylated
T308 abrogates NCoR binding, potentially also representing
differential activity-dependent mechanisms of RNA binding
regulation (Ebert et al., 2013). MeCP2 is also ubiquitinated
(K271) and acetylated (K271, K289, K305 or 307) at sites within
the RBD (Gonzales et al., 2012; Pandey et al., 2015). The roles
of these PTMs are unclear, but ubiquitination can influence
protein conformation, and acetylated K305 could be important
for protein function, as indicated by the acetyl-defective RTT
mutations, K305E/R (Ausio et al., 2014). Methylation at R162
within the RG repeat motif could affect affinity for RNA, as is
common for other RGG/RG proteins (Blackwell and Ceman,
2012; Guo et al., 2014). PTMs outside of RBDs can also modulate
RBP function, allowing for further positive or negative regulation
of RNA processing and fate (Lovci et al, 2016). This may

also be true for MeCP2, similar to how activity-dependent
phosphorylation outside the MBD bi-directionally regulates
DNA binding (Tillotson and Bird, 2019). Altogether, the
available data support MeCP2-RNA binding, but the role(s)
RNA may play, and how the K-rich and/or RG repeat motifs are
involved, can only be speculated as of now.

mRNA Splicing Regulation

Methyl CpG binding protein 2 has been shown to increase exon
inclusion of a CD44 minigene reporter through RNA-dependent
interaction with the YB-1 splice factor in HeLa and Neuro2A
cells (Young et al., 2005). MeCP2 pulls-down YB-1 through TRD
residues, but a C-terminal RTT-causing truncation, MeCP2-
308X, binds less efficiently to YB-1, reducing exon inclusion.
MeCP2 also immunoprecipitates CD44 precursor (pre-) mRNA,
and MeCP2-308X abrogates this binding. Given that MeCP2’s
putative RBDs do not overlap with the CTD (see above), the
pre-mRNA interaction may be indirect, or direct pre-mRNA
binding could require CTD-protein binding, PTMs, or structural
context. Wild type and Mecp23°®/Y mice have significantly altered
genome-wide alternative splicing (AS), including that of Dix5
and Cdk10 - direct targets of MeCP2-mediated repression and
activation, respectively. Activity-dependent dephosphorylation
at Serine pS80 enhances MeCP2-YB-1 interaction, suggesting
MeCP2-dependent splicing regulation occurs in the brain
(Gonzales et al., 2012).

In addition to YB-1, MeCP2 binds many splicing factors in
different contexts, primarily through the CTD, and to a lesser
extent the transcriptional repression domain (TRD) (Table 2;
Buschdorf and Stratling, 2004; Long et al., 2011; Maxwell et al.,
2013). The RNA-binding or RTT relevance of these interactions
also vary, or are unknown. MeCP2 assembles with pre-mRNA
processing factor 3 (Prpf3) and serologically defined colon
cancer antigen gene 1 (Sdccagl) to pre- and mature mRNA of
the MeCP2 gene targets CdkI0 and Frgl (Long et al, 2011).
The number of documented MeCP2 splice factor interactions
continues to grow, with one article even reporting that the
majority of MeCP2-bound proteins are involved in RNA splicing
and processing (Cheng et al, 2017). The spliceosome is a
massive macromolecular complex with many auxiliary proteins
providing context-specific AS, so it is unsurprising that such
variation exists and that concrete ties to RT'T pathology have been
difficult to make.

C-terminal truncations account for ~10% of RTT cases, yet
significant functional relevance has yet to be attributed to this
domain. Several truncations tested in the articles above coincide
with known Rett syndrome genotypes, suggesting correlation
with splice factor binding.

Most reported MeCP2-mediated AS events are cassette exon
inclusion and intron exclusion (Young et al., 2005; Wong et al.,
2017; Osenberg et al., 2018). Intron exclusion events were
aberrant for MeCP2 target gene transcripts, Dlx5 and Cdk10, in
Mecp23%8/Y mice (Young et al., 2005). RNA-seq analysis in Mecp2
KO mouse cortex, however, suggests bidirectional roles in several
types of AS (Lietal., 2016). In addition to protein-RNA-mediated
regulation, AS is intimately tied with DNA methylation, and
MeCP2 binds methylated exonic DNA, stalling RNA Polymerase
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TABLE 2 | MeCP2 interacting splicing factors.

Splicing Tissue/Cell type Methods MeCP2 RTT mutations RNA Ref
Factor interaction site abrogate binding? dependent?
FBP11, HEK293 GST pull-down and Co-IP From 325 (CTD) Yes, C-terminal Untested Buschdorf and
HYPC truncations Untested Stratling, 2004
YB-1 Hela, Neuro2a GST pull-down and Co-IP 195-329 (TRD) Yes, C-terminal Yes Young et al., 2005
truncations

Prpf3 Whole rat brain nuclei GST pull-down and Co-IP 104-141 (MBD), Yes, C-terminal No Long et al., 2011
Sdccag1 207-294 (TRD) truncations No

From 311 (CTD)
Prp8 Whole mouse brain Co-IP, MS Unmapped Untested No Maxwell et al., 2013
Top2b nuclei Yes
DXH9 Yes
LEDGF, MeCP2-Flag Kl whole Co-IP 163-270 (TRD) Yes, TRD truncations No Lietal, 2016
DXH9 mouse brain nuclei Unmapped Untested No
TDP-43, No
FUS, No
hnRNP F No

IT (RNAPII), thus reducing the chance of skipping alternative
exons (Maunakea et al, 2013). These initial findings did
not distinguish methylation (5mC) from hydroxymethylation
(5hmC). However, more discriminatory experiments reveal
enrichment of 5hmC at exon-intron boundaries in neurons,
whereas 5mC exon-intron enrichment is prevalent in non-
neuronal cells, supporting a role for 5hmC in MeCP2-mediated
AS in the brain (Khare et al., 2012; Wen et al., 2014; Li et al.,
2016). This agrees with MeCP2 enrichment on exon-intron
gene boundaries and on 5hmC at active neuronal genes during
postnatal development (Kinde et al., 2015; Li et al., 2016).

Alternative splicing is a highly conserved process allowing for
greater protein and ncRNA diversity than provided by individual
genes (Weyn-Vanhentenryck et al., 2018). A plethora of splice
factors with different expression profiles is essential for correct AS
during development. Cassette exon inclusion increases in mouse
brain during development, which correlates with the increase
in MeCP2 expression (Olson et al., 2014; Weyn-Vanhentenryck
et al., 2018). MeCP2 interaction with the spliceosome and with
pre-mRNA occur primarily through the CTD, suggesting some
RTT pathologies from C-terminal truncations could, to some
extent, derive from aberrant AS. Of note, during the writing of
this manuscript, two research articles related to MeCP2’s role in
AS were published. In the first, quantitative assessment of high-
quality sequencing datasets found little variation in global AS as
a result of differential MeCP2 and/or DNA methylation levels
(Chhatbar et al., 2020). However, in the second article, MeCP2
was found to be required for maintaining mature hippocampal
AS profiles, and to regulate splicing of specific neuronal genes
in the hippocampus during memory consolidation (Brito et al.,
2020). These two recent papers underscore the still long road
ahead in understanding MeCP2’s role in AS, as well as the
importance of careful context-specific interpretation of MeCP2
studies moving forward.

miRNA Biogenesis and Binding
MicroRNAs (miRNAs) represent an important class of ~22
nucleotide molecules with key roles in regulating the translation

of the proteome (Ha and Kim, 2014). Genome-wide miRNA
expression levels are aberrant in the brains of Rett syndrome
patients, and offer a potential tool to measure RTT disease
progression and treatment response (Wu et al., 2010; Sheinerman
et al., 2019). Processing primary (pri-) miRNA into precursor
(pre-) miRNA by the nuclear microprocessor complex before
export to the cytoplasm is the key regulatory step in determining
mature miRNA levels in the cell (Conrad et al., 2014). The
core microprocessor proteins are Drosha, which cleaves the pri-
miRNA, and DiGeorge syndrome critical region 8 (DGCRS),
which provides RNA binding affinity to Drosha (Ha and Kim,
2014). Additional development and cell-type specific co-factors
regulate microprocessor activity. In addition to MeCP2, a major
atypical RTT-pathogenic protein, FOXG1, is recruited to Drosha
to influence miRNA biogenesis, implicating the importance of
this process to RTT pathology (Weise et al., 2019).

At a resting state, phosphorylated MeCP2 pS80 inhibits
miRNA biogenesis in cultured rat cortical neurons by binding
and sequestering DGCRS; activity-dependent dephosphorylation
reduces this interaction, allowing miRNA processing to proceed
(Cheng et al,, 2014). In Mecp2-KO mice, miR-134 increases,
resulting in decreased levels of its targets involved in neuronal
development and plasticity, in addition to reduced dendritic
growth. Another group corroborated MeCP2 regulation of
miRNA processing through microprocessor interaction, but with
some key differences that require reconciliation (Tsujimura et al.,
2015). Here, MeCP2 was found to positively regulate miRNA
levels in neurons and neural stem cells (NSCs). The authors
posited that the different state of MeCP2 phosphorylation,
which varies between neuron types and brain regions, could
explain the seemingly opposite observations. A global screen of
significantly reduced miRNAs in Mecp2-KO neurons and NSCs
identified miR-199a as important to RTT pathophysiology due
to its positive regulation of mechanistic target of rapamycin
(mTOR) signaling. MeCP2-mediated miR-199a biogenesis results
in targeted inhibition of mTOR inhibitors SIRT1, HIFla, and
PDE4D. SIRT1 deacetylates MeCP2, adding the possibility
of feedback regulation by acetylation level, in addition to
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phosphorylation (Zocchi and Sassone-Corsi, 2013). Furthermore,
phosphorylation of DGCR8 by the mTOR-kinase ERK increases
its stability (Herbert et al., 2013). RNA immunoprecipitation
(RIP) shows either direct or indirect in vivo interaction of MeCP2
with pri-miR199a-1 and pri-miR199a-2. Similar to a proposed
mechanism of alternative splicing (see above), MeCP2 binds
to methylated miRNA gene boundaries, stalling RNAPII, and
enhancing miRNA biogenesis by permitting access to processing
machinery (Glaich et al., 2019). It could be that methylation level
and MeCP2-DNA binding promote miRNA biogenesis, such as
with miR199a, whereas unmethylated miRNA genes are subject
to alternative MeCP2-mediated miRNA biogenesis suppression,
like in Cheng et al. (2014). The above data offer tenuous
support of direct MeCP2-RNA binding in miRNA processing
regulation. It is intriguing to speculate a correlation between
MeCP2 interaction with paraspeckle IncRNA, NEAT1, which can
scaffold Drosha and DGCRS to peripheral paraspeckle proteins,
resulting in the regulation of miRNA biogenesis (Jiang et al.,
2017). MeCP2 is known to bind the long isoform of NEAT1 in
the brain (see below) (Cheng et al., 2018).

In addition to pri-miRNAs, RIP identifies 87 mature nuclear
miRNAs associated with MeCP2 in primary mouse cortical cells
(Khan et al., 2017). All MeCP2-interacting miRNA target gene
sets are inhibited in Mecp2-null mouse cerebellum, implying an
inhibitory role of MeCP2 on mature miRNAs, thus positively
targeting gene expression. In addition to the canonical role of
miRNAs in mRNA decay, nuclear miRNAs are associated with
transcriptional repression and activation, as well as alternative
splicing (Roberts, 2014).

miRNAs are essential to mammalian cell function, and their
aberrant regulation as a result of MeCP2 mutations likely
contributes to RTT phenotypes, but the exact interplay of
molecular interactions, and whether RNA is directly involved, is
complex and remains unclear.

IncRNA Interactions
Long non-coding RNAs (IncRNAs) are >200 base molecules with
low coding potential, the varying species of which are involved at
every processing step in the nucleus (Zhang et al., 2019). Tissue-
specific expression patterns of IncRNAs during development
are highly dynamic, allowing diverse outcomes, and are thus
unsurprisingly aberrant in RTT (Petazzi et al., 2013; Hosseini
et al., 2019). Protein-IncRNA interactions occur with all major
classes of epigenetic modifying complexes (Betancur, 2016).
Notably, all known RNA-binding subunits of IncRNA-interacting
epigenetic complexes lack a canonical RNA binding region, and
have at least some level of disorder, similar to MeCP2. Currently,
there are four IncRNAs whose interaction with MeCP2 has been
reported: Evf2, RNCR3, Neat1L, and HSATII, as discussed below.
During embryonic GABAergic neuron development, Evf2
recruits MeCP2 and the transcriptional activator distal-less
homeobox 1 (DLX1) to the DIx5/6 homeotic gene cluster,
and inhibits DNA methylation there to facilitate antagonism
between the two proteins (Berghoft et al., 2013). Evf2 deletion
leads to impaired synaptic connectivity, and Mecp2-KO as
well as common RTT mutations present GABAergic defects
(Horike et al., 2005; Schule et al., 2007). Evf2 also recruits the

SWI/SNF-like chromatin remodeling complex protein brahma-
related gene 1 (BRGI1) to DIx5/6, which has overlapping
protein and RNA binding motifs, similar to MeCP2 (Cajigas
et al., 2015). These data led to an important speculation that
global DNA binding proteins that paradoxically cause specific
intellectual phenotypes when dysregulated, such as MeCP2 in
RTT or BRGI1 in Coffin-Siris syndrome, may be regulated by
specific IncRNAs like Evf2. RNA immunoprecipitation of mouse
cerebellum robustly pulled down the retinal non-coding RNA
(Rncr3), followed by metastasis associated lung adenocarcinoma
transcript 1 (Malatl) (Maxwell et al., 2013). Rucr3 is upregulated
during retinal development, whereas its expression is reduced
in Mecp2-null mice (Blackshaw et al., 2004). Rncr3™/~ mice
display hindlimb clasping, small brain size, and aberrant axonal
sprouting, similar to RTT phenotypes, but these phenotypes are
attributed to miR-124a, which is expressed from the Rncr3 gene
(Sanuki et al., 2011).

Aberrant expression of pericentric HSATII RNA occurs in
several cancers, and recruits polycomb group complex 1 (PRC1)
as well as MeCP2 and its protein partner Sin3a into large nuclear
condensates (Landers et al., 2020). These epigenetic factors are
sequestered from regular function, facilitating genomic instability
and cancer development. HSATII RNA is also aberrantly enriched
in Parkinson’s disease patient blood samples, and MeCP2
regulates pericentric heterochromatin regions in neurons in an
RNA-dependent manner, suggesting a role for HSATII RNA
with MeCP2 in intellectual disorders (Billingsley et al., 2019;
Marano et al., 2019). A paper published during the preparation
of this manuscript showed that MeCP2 and major satellite RNA
cooperate to organize pericentric heterochromatin, and that RNA
interaction depends on the TRD (Fioriniello et al., 2020). This
is consistent with the presence of an RBD overlapping MeCP2’s
NID, as mentioned earlier.

Huntington’s disease (HD) studies found that MeCP2 binds
and inhibits the long isoform of nuclear enriched abundant
transcript 1 (NeatlL) IncRNA in various neuronal and brain
tissue types (Cheng et al., 2018). MeCP2 inhibits NEATIL
through RNA rather than DNA interaction in wild type
cells, whereas MeCP2 is reduced in HD, and increased
NEATIL levels protect against the mutant HTT gene. NEATIL
increases expression of anti-inflammatory and growth factors
including peroxisome proliferator activated receptor-y (PPARG),
Nuclear Factor Kappa B Subunit 1 (NFkB1), and brain-
derived neurotrophic factor (BDNF), which are also targets
of MeCP2-mediated repression (Martinowich et al., 2003;
Mann et al., 2010; Kishi et al., 2016). The short (3,735 nt,
Neat1S) and long (22,741 nt, NeatlL) NEAT1 transcripts are
ubiquitously expressed in mammalian cells, and the long isoform
is required for the formation of massive ribonucleoprotein
paraspeckles, which are heavily implicated in transcriptional
regulation (Yamazaki et al., 2020). Neatl, Malatl, and Evf2 are
upregulated upon neuronal differentiation, similar to MeCP2
(Olson et al., 2014; Roberts et al., 2014). Overall, the data
point toward important corollary roles for IncRNAs and
MeCP2 during brain development. Further research of their
interactions with MeCP2 are integral to understanding how
they may relate to RTT. Of note, RNA has been shown
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to promote the formation of spatial compartments in the
nucleus (Quinodoz et al., 2020), and might assist MeCP2 in its
formation of heterochromatin condensates (Sheikh et al., 2016;
Li et al., 2020).

Histone PTMs and IncRNAs

Given that MeCP2 repression occurs primarily through HDAC
recruitment, it would be expected that MeCP2 deletion invariably
increases histone acetylation levels. However, as we discussed
earlier (section “MeCP2 Non-sense and C-Terminal Mutations”),
studies to date have been conflicting (Wan et al., 2001; Balmer
et al, 2002; Kaufmann et al, 2005a; Thatcher and Lasalle,
2006; Lilja et al., 2013). As explored in the previous section,
IncRNAs are a promising means to explain disparate functions
of the same protein complexes. Proteome-wide analysis of RNA-
dependent protein complex formation shows that the Sin3a
complex, including HDACs 1 and 2, requires RNA, whereas the
NCoR1 complex, including HDAC3, forms independent of RNA
(Caudron-Herger et al., 2019). This is consistent with mutually
exclusive MeCP2 binding to RNA or NCoR, as suggested by
their overlapping binding domains (Figure 1). Moreover, Sin3a
has been shown to bind IncRNAs in the brain (Dharap et al,,
2013). Whether there is any specific binding and regulation
of MeCP2 together with Sin3a and its associated HDACs by
IncRNA, however, has yet to be determined.

In addition to methylated DNA, MeCP2 has been shown
to interact with histone methylation marks associated with
constitutive and facultative heterochromatin: di-methylated
histone H3 lysine 9 (H3K9me2) and tri-methylated histone H3
lysine 27 (H3K27me3), respectively, in mouse brain nuclear
extracts (Thambirajah et al., 2012). A recent report shows that
MeCP2 preferentially binds nucleosomes with H3K27me3 via the
MBD (Lee et al., 2020; Figure 2A). Also, the genomic distribution
of the DNA and histone methylation marks overlap, and MeCP2
differentially regulates transcription depending on H3K27me3
and H3K9ac profiles. MeCP2 also associates with histone
methyltransferases G9a, protein arginine methyltransferase 6
(PRMTS6), and euchromatic histone-lysine N-methyltransferase
1 (EHMT-1) (Dhawan et al., 2011; Xue et al., 2013; Subbanna
et al,, 2014). MeCP2 increases H3K9 methylation in mouse
fibroblasts (Fuks et al., 2003). The Neatl IncRNA interacts
with EHMT-1 at select genes in neuronal cells, and NeatI
knockdown decreases H3K9me?2 and is associated with increased
memory formation (Butler et al, 2019). Little is known
about the relationship between MeCP2 and H3K27me3 in
the context of RTT, except the previously mentioned findings
in the brain, and contrasting findings by Zachariah et al.
(2012) where MeCP2 overlaps more with constitutive than
facultative heterochromatin marks in primary mouse cortical
neurons. These contradictory findings may be explained by
the different contexts, or the fact that H3K27me3 levels were
compared to different normalizers. Both constitutive (H3K9me3
marked) and facultative (H3K27me3 marked) heterochromatin
domains have been shown to be regulated or stabilized to
some extent by IncRNA (Yang et al, 2015; Thakur et al,
2020). Despite convoluted results, MeCP2 has continued to be
found associated with various histone PTMs and chromatin-
modifying enzymes over the years. Whether they are relevant to

altered gene expression profiles in RTT patients is still unclear,
and will require scrupulous context-specific examination in the
future to form conclusions. Potential regulation by previously
unconsidered factors like IncRNAs adds to the complexity of
the issue.

Functional Roles of MeCP2 Beyond the

Brain

Because of MeCP2 multi-functionality as well as its high
abundance in the brain, alterations of MeCP2 have been
involved in almost every single neurodevelopmental and
neurodegenerative disorder of this organ (Ausio, 2016).
Nevertheless, besides the brain, the protein is quite abundant
in several other tissues, for instance in the lungs (Shahbazian
M.D. et al., 2002), and the implications of MeCP2 mutations for
RTT within this context represent one of the less studied areas
in RTT research. It is thus highly possible that several symptoms
observed in RT'T do not simply arise from neurological disorders,
but are also caused in part by disfunctional cellular regulation
(Kyle et al., 2018) in organs other than the brain. Indeed, RTT
patients often develop breathing issues and one of the most
abundant causes of death in RTT is related to respiratory failure
(Ehrhart et al., 2016).

In what follows, we will provide a few examples where MeCP2
has been shown to have an involvement that transcends the
neural system and which might be of relevance to RTT.

MeCP2 plays an important role in the modulation of the
immune system by influencing the expression of the transcription
factor FOXP3 (fork head box P3) - a master regulator of
T-helper and T-reg cells (Li et al., 2014). Thus, MeCP2 mutations
can contribute to the pathogenesis of inflammatory disease in
RTT. Moreover, intestinal isolates from RTT subjects show the
presence of an altered microbiota and altered production of
short chain fatty acids (Strati et al., 2016), and the presence of
proinflammatory strains of Candida parapsilosis (Strati et al.,
2018). The alteration in the microbiota may also contribute to
the gastrointestinal pathophysiology such as constipation status
(Motil et al., 2012; Strati et al., 2016). MeCP2 can also contribute
to the development of rheumatoid arthritis (Miao et al., 2013).

Cardiac arrhythmia is one of the factors contributing to
the greater than expected occurrence of sudden death in RTT
individuals (Acampa and Guideri, 2006). Although the molecular
involvement of MeCP2 is not completely understood, it appears
that dysregulation of Rho GTPase cytoskeletal and inflammation
mediated chemokine and cytokine signaling pathway genes are
involved (Wang et al., 2018).

Osteopenia is another early symptom that RTT patients are
at a risk of developing, and which is dependent on the MeCP2
mutation type (Caffarelli et al., 2020). Although the use of
RTT murine models suggest an epigenetic regulation of bone
(O’Connor et al., 2009) which might involve RANKL (receptor
activator of nuclear factor-kB ligand) (Kitazawa and Kitazawa,
2007), which negatively regulates osteoblast differentiation and
bone formation in bone marrow mesenchymal stem cells (Cao,
2018). Yet, the detailed molecular mechanism(s) by which
MeCP2 is involved are not understood. This example underscores
how the studies on the effects of MeCP2 mutations in non-neural

Frontiers in Genetics | www.frontiersin.org

January 2021 | Volume 12 | Article 620859


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Good et al.

MeCP2: RTT Genetics and Epigenetics

cell types are still in their relative infancy, as this area of MeCP2
research remains understudied.

Metabolic  dysfunction also represents an important
component of RTT (Kyle et al., 2018). In this regard, it was
recently shown that MeCP2 plays an important role in the
regulation of liver homeostasis through a molecular mechanism
that involves the targeting the NCoR1/HDAC3 complex to
lipogenic gene targets in hepatocytes (Kyle et al,, 2016). This
underscores the relevance of the MeCP2/HDAC complex
outside the neuronal realm. Moreover, lipid metabolism is a
more approachable therapeutic target, offering the potential to
alleviate the symptoms associated with altered metabolism in
RTT patients (Kyle et al., 2016).

Although some of the RTT peripheral organ-related
symptoms described above might also have a neuronal
component (Cronk et al.,, 2016), the transcriptional regulatory
role of MeCP2 of specific genes within the context of the cell
types of the particular organs affected indicates an important role
of the MeCP2 mutations within each specific tissue. As in the
case of the impaired response to stimuli and stressors observed
in RTT (Pillion et al., 2003; Rose et al., 2019), such specificity
might also be MeCP2 isoform-dependent, as will be discussed in
the next section.

Do MeCP2-E1 and MeCP2-E2 Isoforms
Play a Role in RTT?

Not only is the function of MeCP2 important in tissues other than
the brain, but also within the brain its role transcends (Ausio,
2016, 2018) that of mere involvement in neurodevelopmental
and neurodegenerative disorders (Tan and Zoghbi, 2019). For
example, under healthy conditions, the levels of MeCP2 in mouse
have been shown to change in a circadian cycle-dependent way
(Martinez de Paz et al.,, 2015; Figure 4) — a mechanism which
is likely regulated by miR-132/212 (Mendoza-Viveros et al.,
2017) in response to the metabolism-dependent circadian cycle
changes of the epigenome (Haws et al., 2020). This might have
consequences for RTT (Tsuchiya et al., 2015). Indeed, a circadian

rhythm disruption has been described in a mouse model of
RTT, and disruption of the cycle was observed in fibroblasts
from RTT patients (Li et al., 2015). RTT patients are known to
frequently experience sleep disorders (McArthur and Budden,
1998). However, the implications of MeCP2 in the circadian cycle
are undoubtedly much broader, and the system has allowed us to
gain some insight into the different functionality of the E1 and E2
isoforms (Martinez de Paz et al., 2019).

Ironically, for several years most of the research on MeCP2
was carried out with the E2 isoform, which was the first to be
identified (Lewis et al., 1992). However, it was not until almost
12 years later that a previously unknown MeCP2 isoform, which
is much more highly expressed in human brain than its MeCP2-
E2 counterpart, was discovered first in humans (Mnatzakanian
et al., 2004), and then several months later in mice (Kriaucionis
and Bird, 2004). The two isoforms are the product of alternative
splicing. Despite an initially conflicting nomenclature, it was
agreed that the longer El isoform corresponds to the encoded
form starting at exon 1 (skipping exon 2) whereas the E2
isoform was the one encoded starting at exon 2 (Figure 1A). The
physiological relevance of the two different isoforms of MeCP2
[MeCP2-E1 and MeCP2-E2 (Figure 1B)] and in particular, the
relevance of the E2 form to RTT have been very controversial
(Itoh et al., 2012). However, it is worth emphasizing that RTT
mutations have never been identified within exon 2. In all these
considerations, however, it is important to recognize that the
ratio between the two isoforms and their overall abundance
varies significantly from tissue to tissue (Mnatzakanian et al.,
2004), and particularly in mature brain, MeCP2-E2 is present at
a much lower ratio (approximately 15 fold less) than MeCP2-E1
(Martinez de Paz et al., 2019) as a result of their differential gene
expression (Mnatzakanian et al., 2004).

In what follows, we will discuss the information available in
support of a different specialized functional involvement of the
two isoforms. As we mentioned in the previous sections, the
occurrence so far of mutations in the amino acid distinctive
MeCP2-E1 NTD suggests that only this isoform is relevant to

A 1 2ZT (0 = lights on) 8 1gecpf2E1 gz?ﬁﬁggm ¢ b
= lig - a _pm T 12 am 12 pm
0 6 12 18 O e e K TSS TES TSS TES
MeCP2 = SN - s f ]
© 3} et
ok = - —— g 1 Y \v/w xwr“
OFf = -3Kb +3Kb-3Kb +3 Kb
BACT S o 0% MeCP2-E1
3 oL 12am  12pm
2 k] 8 TSS TES TSS TES
Clock O 3 o Y Ry~
< | S8 Ve
Mnasg - 56 S’ s e
L A accessibility g 2 o -3Kb +3Kb-3Kb +3 Kb
O = = Cluster 1 Cluster 4
[ ) ” @ Ol o - = Cluster2 == Cluster 5
o280 B2%0 8 o0 & b - Gumr3

FIGURE 4 | Circadian-dependent MeCP2 (A-1) and resulting chromatin changes (A-2) and diurnal dynamic change heatmaps for MeCP2-E1 and MecP2-E2
isoform gene occupancy (B), divided into 5 clusters, with isoform-specific enrichment on the different clustered genes over time shown in (C). MeCP2-E1 and
MeCP2 enrichment differences in the different clusters in (A) (Martinez de Paz et al., 2015; Martinez de Paz et al., 2019).

TSS TES TSSTES

TSS TES TSSTES

Frontiers in Genetics | www.frontiersin.org

115

January 2021 | Volume 12 | Article 620859


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Good et al.

MeCP2: RTT Genetics and Epigenetics

RTT. However, as it was also mentioned earlier, mutations in
exon 1 interfere with the translation of the MeCP2-E2 isoform
(Saxena et al., 2006) and the possibility exists for other mutations
along the MeCP2 protein to have a similar effect. At the gene
level, the 5 and 3’ UTRs of each isoform have been shown
to be differently regulated in a cell type and development-
dependent way (Liyanage et al., 2019; Rodrigues et al., 2020). At
the 3'UTR, the transcripts undergo alternative polyadenylation
affecting the length of these regions, ranging from 0.1 to 8.6 kb,
with a preferential association of MeCP2-E1 with the longest
3'UTR (Rodrigues et al., 2020). Although how these differences
regulate the expression of the isoforms is not clearly understood,
they represent important targets for the binding of regulatory
miRNAs and RBPs (Rodrigues et al., 2016). At the 5 UTRs, it was
reported that DNA methylation is significantly correlated with
the differential expression of the two isoforms in neurons and
astrocytes in a sex-dependent way, with higher levels of DNA
methylation corresponding to lower levels of their expression
(Liyanage et al., 2019).

As it was mentioned at the beginning of this section, recently,
we took advantage of the circadian oscillation of MeCP2 to gain
a functional insight on the role of the MeCP2-E1 and MeCP2-E2
isoforms. ChIP-seq analysis, taking advantage of the availability
of isoform-specific antibodies, showed a differential binding site
preference. MeCP2 isoform-specific enrichments were found to
be mainly involved in ligand-receptor interaction in E1 and
ribosomal proteins in E2 (Martinez de Paz et al., 2019). Of note,
analysis of brains from RTT patients carrying MeCP2 mutations
showed abnormal ribosome biogenesis (Olson et al., 2018).

At the protein level, a biophysical analysis using isothermic
titration calorimetry and fluorescence spectroscopy analyses of
the interaction of the E1 and E2 NTD-MBD protein region
(Figure 1B) with methylated and unmethylated DNA showed a
10-fold higher affinity and higher structural stability of this region
for the E2 isoform compared to the E1 counterpart. Half-life, MS,
and FRAP (fluorescence recovery after photobleaching) analysis
consistently reported a higher dynamic turnover of MeCP2-
El compared to MeCP2-E2 (Sheikh et al., 2017; Martinez de
Paz et al,, 2019). Moreover, using isoform-specific antibodies,
a proteomic analysis of the proteins interacting with the two
isoforms revealed that, while both isoforms appear to be involved
in similar processes, they act through different sets of protein
partners. Of interest was the enriched association found between
E1 and B-tubulin and microtubule-associated proteins (Martinez
de Paz et al, 2019). The extent of overlap observed is, to a
certain degree, unsurprising. It has been recently shown that
MeCP2-E2 is able to partially compensate for the lack of the
E1 isoform in a male case of RTT phenotype (Takeguchi et al.,
2020). However, the association of E1 with tubulin remains
intriguing. MeCP2 deficiency and mutations have been shown to
affect microtubule stability (Delepine et al., 2013) and ciliogenesis
(Frasca et al., 2020), respectively, through an indirect association
between MeCP?2 alteration and HDAC6 deacetylation of tubulin
(Gold et al., 2015), though the molecular mechanisms are not yet
clearly understood.

In conclusion, while the two MeCP2 isoforms may have a
significant extent of generic overlapping functionality as a result

of their extensive overlapping primary structure (Figure 1), they
nevertheless exhibit important distinctive functional traits. Their
effect(s) may depend on their different stoichiometry and overall
abundance in different tissues as well as on the alteration of the
mechanisms regulating their gene expression (Rodrigues et al.,
2020), and their potential implications for RT'T should not to be
overlooked. Indeed, it has been recently shown that, in human
brain, the MeCP2E1/E2-BDNF-miR132 homeostasis regulatory
network is region-dependent and is altered in RTT patients
(Pehjan et al., 2020).

Epigenetic Therapeutics

The area of therapeutics for RTT has become quite crowded
over recent years. There are two main approaches, firstly that
of addressing downstream effects of the MECP2 mutation, for
instance attempting to upregulate genes under MeCP2’s control,
such as BDNF or IGF1 [reviewed in Vashi and Justice (2019)],
or neurotransmitter pathways such as NMDA receptors, or
downstream target K™/CI™ co-transporter 2 (KCC2) (Tang et al.,
2019). The second approach is to target MECP2 directly, either
through gene therapy, delivering a functional version of the
MECP2 gene exogenously, for example using adenoviral delivery
systems [e.g., (Tillotson et al., 2017)], through correcting the
mutation at the level of genomic DNA, for example using
CRISPR/cas9 editing, or at the RNA level by programmable RNA
editing (e.g., Sinnamon et al., 2020), or using compounds such as
aminoglycosides to enable “read-through” of MECP2 nonsense
mutations [e.g., (Merritt et al., 2020)].

Attempts at epigenetic therapies for RTT, also within this
second category of direct targeting of MECP2, would aim at the
upregulation of MECP2 expression. This in itself is a somewhat
hazardous approach, as MECP2 over-expression may also have
severe developmental repercussions, as witnessed in MECP2-
duplication syndrome (MIM # 300260). Since RTT is almost
exclusively in females, who carry one normal copy of the
MECP2 gene along with a mutated copy, one approach that
is being considered is reactivating the silent X [reviewed in
Vashi and Justice (2019)]. Naturally occurring X-chromosomal
inactivation (XCI) randomly silences one or other of the
two X-chromosomes possessed by females epigenetically. This
process allows dosage compensation of X-linked genes, which
helps maintain the expression of most X-linked genes at a
similar level to males.

Skewed XCI may favor the wild-type (WT) allele and hence
expression of WT MECP2, in which cases RTT symptoms are
milder, or, with extreme skewing, asymptomatic. If XCI skewing
favors the mutant allele, expression of mutant MECP2 is favored,
and RTT symptoms would be more severe. XCI is an epigenetic
process that occurs through the expression of an X-linked
non-coding RNA, Xist. One potential therapeutic strategy for
RTT (and other X-linked disorders) involves reactivating the
inactive X chromosome in order to increase expression of WT
MECP2, which should compensate for the loss of function
(and/or expression) of the mutant MECP2. The drawback here
is that X reactivation could potentially increase dosage of other
X-linked genes to pathogenic levels, and so the challenge is to
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reactivate only MECP2 or MECP2 and its immediate genomic
neighbors. Studies are still at an early stage, and there have
been a number of high-throughput screens to identify molecules
that can reactivate MECP2 expression from the inactive X
chromosome [e.g., (Minkovsky et al., 2015; Lessing et al., 20165
Sripathy et al., 2017)]. Subsequently, in one study, researchers
used a small-molecule inhibitor of DNA methylation, 5-aza-
2’-deoxycytidine, together with an antisense oligonucleotide
knock-down of Xist RNA in vitro, that significantly upregulated
MECP2 expression, and in vivo using Xist knockout mice
together with the 5-aza-2’-deoxycytidine-induced inhibition of
DNA methylation successfully reactivated the inactive (Carrette
et al., 2018a). In heterozygous Mecp2 knockout mice with a
mutation in Tsix, the antisense regulator of Xist, the phenotype
observed resembled that of severely affected knockout null male
mice, and demonstrated that small increases (5-10%) in WT
MeCP2 protein expression can have dramatic improvements
on the phenotype (Carrette et al., 2018b). The Tsix/Mecp2
mouse model generated in this study may prove to be an
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Prader-Willi Syndrome (PWS) is a rare neurodevelopmental disorder that affects
approximately 1 in 20,000 individuals worldwide. Symptom progression in PWS is
classically characterized by two nutritional stages. Stage 1 is hypotonia characterized by
poor muscle tone that leads to poor feeding behavior causing failure to thrive in early
neonatal life. Stage 2 is followed by the development of extreme hyperphagia, also known
as insatiable eating and fixation on food that often leads to obesity in early childhood.
Other major features of PWS include obsessive-compulsive and hoarding behaviors,
intellectual disability, and sleep abnormalities. PWS is genetic disorder mapping to
imprinted 15g11.2-g13.3 locus, specifically at the paternally expressed SNORD116 locus
of small nucleolar RNAs and noncoding host gene transcripts. SNORD1176 is processed
into several noncoding components and is hypothesized to orchestrate diurnal changes
in metabolism through epigenetics, according to functional studies. Here, we review the
current status of epigenetic mechanisms in PWS, with an emphasis on an emerging role
for SNORD116 in circadian and sleep phenotypes. We also summarize current ongoing
therapeutic strategies, as well as potential implications for more common human metabolic
and psychiatric disorders.

Keywords: epigenetic, imprinting, neurodevelopment, metabolic, circadian, diurnal, genetic, obesity

INTRODUCTION

Clinical Features and Metabolic Phases of PWS

Prader-Willi Syndrome (PWS) is initially characterized by infantile hypotonia, failure to thrive
due to poor suck, small hands and feet, and hypogonadism due to growth hormone deficiencies
(Holm et al., 1993; Cassidy et al., 2012; Butler, 2020). During childhood, the development of
extreme hyperphagia leads to obesity if not controlled is a major clinical feature of PWS.
Other PWS features include obsessive-compulsive disorders, behavioral difficulties, intellectual
disability, and sleep abnormalities.

PWS clinical characteristics are classically divided into two nutritional stages; however, it
was recently identified that the stages are more complex and can be subdivided into five
stages as described in Table 1 (Miller et al., 2011; Butler et al., 2019b). The first stage (phase 0)
occurs in utero, characterized by decreased movement in the womb and a low birth weight
and size. Generally undiagnosed until birth, infants are assessed for PWS through a series of
physical tests that determine the state of reflex and musculature (Holm et al., 1993; Miller
et al, 2011; Cassidy et al., 2012). The next stage (phase la) of PWS is characterized by
hypotonia, which leads to poor feeding and a resultant failure to thrive. Eventually, feeding
normalizes entering phase 1b, but difficulty in feeding remains, and PWS infants often lag in
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TABLE 1 | Clinical characteristics of nutritional phases.

Phase 0 Decreased fetal movement and growth In utero
restriction
Infant becomes hypotonic and can develop

Phase 1a  failure to thrive ~0-9 months
Infant begins to feed and grows steadily along

Phase 1b  a growth curve ~9-25 months
Weight increase, without significant change in ~2-4 years of

Phase 2a  appetite or caloric intake age
Continuous weight gain with increased food ~4-8 years of

Phase 2b  interest age
Development of hyperphagia, increased food

Phase 3 seeking, and lack of satiety ~8 years of age

Phase 4 Loss of insatiable appetite and can feel full Adulthood

Miller et al. (2011) and Butler et al. (2019b).

meeting standard developmental milestones. In the more severe
cases of PWS, cranial and skeletal features are also apparent
(Kindler et al., 2015). Although development is altered and
delayed at infancy, patients feeding normalizes resulting in a
steady increase in weight. However, stage 2 of nutritional
development persists through early childhood, characterized
by extreme fixation on food and development of hyperphagia
(Holm et al., 1993; Cassidy and Driscoll, 2009; Miller et al,,
2011). Stage 2 is divided into two phases in which phase 2a
is an increase in weight that occurs without changes in appetite
or feeding followed by phase 2b, characterized by fixation on
food leading to phase 3, hyperphagia. In PWS, hyperphagia
is developed at 2 years of age on average, and the severity of
hyperphagia varies between children (Miller et al., 2011; Kim
et al., 2012; Relkovic and Isles, 2013). Food intake and presence
can be controlled by caretakers through proper rationing,
reinforcement, and care which is most effective in the early
PWS nutritional stages. However, hyperphagia continues to
be a life-long struggle that is difficult to control with mitigation
efforts. As PWS enters later stages of childhood and into
adolescence, some patients enter the final stage (phase 4) and
are able to feel full due to increased satiety and decreased
behavioral difficulties related to food. It is unclear whether all
PWS patients enter phase 4. Severity of clinical features is
attributed to the size of deletions and may impact the recovery
from hyperphagia (Kim et al., 2012).

Although abnormal sleep patterns are not featured in the
nutritional PWS stages, disrupted REM sleep is a severe clinical
feature in PWS. Patients with PWS exhibit a disrupted sleep
pattern, which is similar to narcolepsy, including increased
daytime sleepiness coupled to alterations to REM sleep at night.
It is possible that the disrupted REM sleep is directly linked
to the other clinical features in PWS. The importance of sleep
is critical to the establishment of epigenetic patterns that solidify
a diurnal pattern of feeding and metabolism. Once established,
this diurnal rhythm is responsible for timing mechanisms
regulating development from infancy through adulthood.
Disruption of these rhythmic patterns may be causing the delay
in development, resulting in the PWS clinical features including
hyperphagia, inability to communicate, intellectual disabilities,
behavioral difficulties, and obsessive-compulsive tendencies.

Abnormal sleep patterns have been well-established in PWS,
however, the molecular outcomes and downstream effects are
not well understood. In this article, we will review what is
known, delve into promising research findings, as well as discuss
some therapeutic strategies for PWS that are either encouraging
or controversial.

Molecular Genetics of PWS

PWS is both a genetic and epigenetic disorder, mapping the
imprinted chromosomal domain of 15q11.2-13.3. Common
to all cases of PWS is the absence of an expressed paternal
copy of the SNORD116 locus. Due to parental imprinting of
the locus, outlined in more detail in the next section, loss
of SNORD116 can occur through deletion, uniparental disomy,
or imprinting error. Most cases of PWS are caused by a large
6 Mb deletion of the entire 15q11.2-q13.3 locus (Holm et al.,
1993; Cassidy et al., 2012). Two major large deletion classes
include those with breakpoints at BP1 vs. BP2 combined with
the downstream BP3 common deletion (Butler, 2020). However,
microdeletions of the imprinting control region upstream of
SNRPN (Figure 1) also result in loss of expression of SNORDI16
due to loss of the promoter. Rare microdeletions that only
encompass SNORD116, but not SNRPN or SNORDI115, have
also been found in patients with PWS (Sahoo et al, 2008;
de Smith et al, 2009; Duker et al, 2010). Approximately
60% of patients have paternal deletions, 36% are a result of
maternal uniparental disomy, 4% are due to imprinting mutations
that lead to a maternal imprinting status, and <1% are
microdeletions of SNORDI116 (Butler et al.,, 2019a). What is
common to all causes of PWS is the absence of SNORDI116
expression (Sahoo et al, 2008, Duker et al, 2010;
Bieth et al., 2015; Rozhdestvensky et al., 2016).

While these findings establish that the lack of paternally
expressed SNORDI1I6 is the likely predominant cause of PWS,
there are a greater number of genes in the locus that may
contribute to phenotypes of PWS. Both PWS large deletions
include MRKN3, MAGEL2, NDN, NPAP1, SNRPN, SNORD
repeats, UBE3A, ATP10A, GABRB3, GABRA5, GABRG3, OCA2,
and HERC2. Additional genes between the proximal 15q11.2
breakpoints BP1 and BP2 include TUBGCP5, CYFIP1, NIPAI,
and NIPA2. Genotype-phenotype investigations between the
major molecular subtypes have been somewhat revealing at
improving understanding of the genes involved in specific PWS
phenotypes. In deletion compared to non-deletion etiologies
of PWS, sleep abnormalities were more common (Torrado
et al, 2007). Adaptive behavior scores were worse in PWS
individuals with BP1-BP3 compared to BP2-BP3 or UPD and
obsessive-compulsive behaviors more common in BP1-BP3
compared to UPD (Butler et al., 2004). In the Reiss Screen
for maladaptive behaviors, deletion PWS patients showed higher
self-injury and stealing scores compared to UPD (Hartley et al.,
2005). Together, these studies indicate that gene expression
patterns of one or more of these genes may contribute to
variable phenotypes within PWS between the molecular
subclasses. Below, the imprinted genes in the locus that have
been implicated in PWS phenotypes will be discussed in more
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detail, as well as the cluster of biallelically expressed GABA,
receptor genes (GABRB3, GABRA5, and GABRG3), which are
implicated in some of the neuropsychiatric phenotypes that
are more severe in the deletion PWS molecular subclass.
SNORD116 is processed through a long noncoding transcript
that initiates at the imprinting control region upstream of
SNRPN, followed by two repeat clusters of small nucleolar
RNAs (snoRNAs SNORDI116 and SNORD115) and terminating
at the UBE3A antisense transcript (Figure 1; Sutcliffe et al,
1994; Buiting et al, 1995; Runte et al., 2001; Landers et al.,
2004; Vitali et al, 2010; Chamberlain, 2013). In humans,
SNORD115, but not SNORDI116 or UBE3A-ATS, is exclusively
expressed in neurons, while Snord116, Snord115, and Ube3a-ats
are all neuron-specific transcripts in mouse. SNORDII5 and
SNORDI116 encompass clusters of repeated subunits of sequences
encoding a C/D box snoRNAs embedded within intronic regions
of the noncoding exons encoding the snoRNA host transcript
SNHGI4 (Cavaillé et al., 2000; de los Santos et al., 2000;
Bortolin-Cavaillé and Cavaillé, 2012; Stanurova et al., 2018).
C/D box snoRNAs have known functions in regulating 2-O
methylation rRNA modifications by recruiting ribonucleoprotein
complexes including fibrillarin, which catalyzes methylation
(Dupuis-Sandoval et al.,, 2015; Bratkovi¢ et al., 2020).
SnoRNAs are processed from introns of the SNORDII6
and SNORDI115 within the SNHG14 host gene subunits, called
as 116HG and 115HG (Figure 2; Cavaillé et al, 2000; Leung
et al., 2009; Vitali et al., 2010). Unlike other C/D box snoRNAs,
SNORD116 and SNORD115 are classified as “orphan snoRNAs”
because their targets and functions are unknown (Bratkovi¢
et al., 2020). Previous studies have shown that SNORDI116
localizes in the nucleolus and may participate in splicing and
RNA modifications (Bazeley et al., 2008; Leung et al., 2009).
In contrast, I16HG and 115HG localize in the form of RNA
“clouds” at the site of their own transcription in the nucleus
(Figure 2), and dynamically regulate many additional genes
across the genome (Powell et al., 2013; Coulson et al., 2018b).
SNORD115 is also shown to be involved in the alternative
splicing specifically of the serotonin receptor 5-HT2C mRNA
(Bazeley et al., 2008; Raabe et al., 2019). Although, both loci
are potentially implicated in PWS, microdeletion of only the

SNORDI115 cluster does not lead to the PWS phenotype in
humans (Runte et al., 2005). To date, the precise mechanisms
of how Snord116 functions are critical for neurodevelopment
remain elusive, however, advancements in sequencing technology
have provided new insights and will be covered in more detail
in the section below. In addition to SNORDI116, other genes
in the 15q11.2-13.3 locus, including NECDIN, MAGEL2, and
a cluster of GABA receptor genes are implicated in the phenotypes
observed in most cases of PWS.

NECDIN (NDN) is an imprinted gene that is paternally
expressed and encodes for the protein NECDIN, which belongs
to the melanoma antigen-encoding gene (MAGE) family of
proteins that are enriched in differentiated cells. NDN is one
of several protein coding genes deleted from the large 6 Mb
chromosomal deletion observed in PWS patients and is implicated
in neuronal maturation (Ren et al., 2003). Other than its role
in cellular differentiation and neuronal maturation, NDN is
also involved in neurite and axonal growth, arborization,
migration, and fasciculation, which are important for normal
neurological signaling and development (MacDonald and
Wevrick, 1997; Kuwajima et al., 2006; Davies et al., 2008; Miller
et al., 2009; Bervini and Herzog, 2013). Mouse models of Ndn
deficiency have been instrumental for studying abnormal brain
development and cognitive impairments in PWS. However,
studies using Ndn deficient mice did not exhibit any
morphological differences in brain development, but led to
respiratory failure causing apneas and irregular breathing patterns
that are caused by increased activity in serotonin transporter
(SERT/slc6a4; Matarazzo et al., 2017). Furthermore, Ndn knockout
mice exhibit a higher pain threshold due to a decrease in
nerve growth factor sensory neurons (Kuwako et al., 2005).
Respiratory failure and higher pain thresholds are also observed
in patients with PWS (Rittinger, 2001; Butler et al, 2002;
Angulo et al, 2015). Specifically, irregularities in breathing
may be a large proponent to sleep abnormalities in PWS.

MAGEL?2 is another imprinted gene, that is, paternally
expressed and encodes for the protein MAGEL?2 that belongs
to the MAGE family of proteins. Truncated MAGEL2
mutations cause PWS-like phenotypes observed in patients
(Schaaf et al., 2013; Fountain and Schaaf, 2016), but these

causes Angelman syndrome.

SNORD116 SNORD115
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FIGURE 1 | Parental imprinting in the heart of the Prader-Willi syndrome (PWS) locus. The PWS on human chromosome 15q11.2-q13.3 is shown, depicting
transcripts specifically expressed from the paternal (blue) or maternal (red) alleles. PWS patients with rare paternal microdeletions have defined the critical region
over SNORD116. DNA methylation (closed circles) on the maternal allele of the PWS imprinting control region (PWS-ICR) silences the expression of SNRPN (solid
arrow) and the long noncoding transcript expressed in neurons (dotted arrow) that encompasses repeated snoRNA clusters (including SNORD116 and SNORD115)
and the antisense transcript to UBE3A (UBESA-ATS). UBE3A encodes an E3 ubiquitin ligase protein that regulates protein turnover of multiple cytoplasmic and
nuclear factors. Since the paternal UBE3A allele is silenced by the expression of UBE3A-ATS in neurons, deletion or mutation of the maternal copy of UBE3A
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cases have been recently distinguished from PWS in a new
classification of Schaaf-Yang syndrome (SYS). SYS shares
phenotypic overlap with PWS, but also exhibit distinct
behavioral and metabolic phenotypes including autism
spectrum disorder (Fountain and Schaaf, 2016). In mouse
embryogenesis, Magel2 is highly expressed in non-neuronal
(placenta, midgut turbucle, and midgut region) and neuronal
tissue types (dorsal root ganglia and peripheral neurons
surrounding limb and trunk muscles (Bervini and Herzog,
2013). In adult mouse brain, Magel2 is highly enriched in
hypothalamic regions and extends to the superchiasmic
nucleus, specific regions that regulate feeding and circadian
rhythms, respectively (Kozlov et al., 2007; Mercer et al.,
2009). The prevalence of MAGEL2 in the hypothalamus
initially identified it as strong candidate for the hyperphagia
phenotype of PWS. However, SYS patients and mouse models
with  MAGEL2 mutations show a lower prevalence of
overeating and obesity. Instead, it was determined that
MAGEL?2 functions as a ubiquitin transporter that localizes
in SCN neurons and acts as a direct regulator of circadian

clock proteins through ubiquitination (Mercer et al., 2009;
Tacer and Potts, 2017; Vanessa Carias et al., 2020).

The 15q11-q13 PWS region also contains a cluster of three
genes encoding subunits of receptors for the neurotransmitter,
GABA,. GABA is the major inhibitory neurotransmitter in
the postnatal brain, so loss of these GABA receptors in the
large deletion cases of PWS is expected to be involved in
some of the phenotypes of PWS. 15q11.2-13.3 genes GABRB3,
GABRA5, and GABRG3 encode for p3, a5, and y3 subunits,
respectively. GABA, receptors are assembled into hexameric
protein complexes made up of combinations of al-6, bl-3,
gl-3, and other subunits, with a5 containing receptors making
up ~5% of GABA, receptors in human brain (Mohamad
and Has, 2019). Unlike the imprinted genes in the PWS
locus, these 15q11.2-13.3 GABA, receptor genes are biallelically
expressed in the brain. However, monoallelic expression and
decreased protein expression of each GABA, receptor subunits
have been observed in autism postmortem brain (Samaco
et al,, 2005; Hogart et al., 2007). Furthermore, both transcript
and protein levels of GABRB3 were not correlated with copy
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number in an analysis of PWS, AS, and 15q11.2-13.3
duplication syndrome postmortem brain (Scoles et al., 2011).
A recent study on phenotypes and gene expression patterns
in a Gabrb3 deletion mouse model is also consistent with
complex gene regulation, as neighboring Oca2 expression
was reduced and ocular hypopigmentation observed
(Delahanty et al., 2016). Dysregulated gene expression of
the 15q11.2-13.3 GABA, receptors is expected to have
consequences for the balance of inhibitory and excitatory
signals that regulate sleep, metabolism, and mood in PWS.
Recently, it has been shown that levels of GABA metabolites
vary between different molecular subclasses of PWS
(Lucignani et al., 2004; Rice et al., 2016; Brancaccio et al,,
2017). Since there are major targets for therapeutic
intervention in multiple neurodevelopmental disorders,
understanding their altered expression in PWS is expected
to be important for the treatment of other neurodevelopmental
disorders (Braat and Kooy, 2015).

EPIGENETIC MECHANISMS IN PWS

Epigenetic Regulation of the Imprinting
Control Region in PWS

As mentioned in the previous section on molecular genetics,
small deletions of the imprinting control region (PWS-ICR)
are sufficient to cause PWS when inherited on the paternal
allele. Interestingly, the ICR at 15q11.2-13.1 is actually bipartite,
because maternal microdeletions of a region called as the
AS-ICR are found in rare cases of Angelman syndrome (Buiting
et al, 1995; Smith et al, 2011). Subsequent studies in a
variety of mammals have demonstrated that the AS-ICR
contains alternate 5' noncoding exon for SNRPN that are
uniquely expressed in oocytes, but not sperm or other tissues
(Smith et al., 2011; Lewis et al., 2015, 2019). It is the oocyte-
specific transcription that leads to methylation and
transcriptional silencing of the maternal allele specifically on
the maternal but not the paternal allele of the PWS-ICR. A
more recent study of individuals with AS imprinting mutations
have identified a more common haplotype that deletes a
binding site for the transcription factor SOX2 (Beygo et al,
2020). Together, these studies have demonstrated that this
upstream region, defined as the AS-ICR, is critical for
establishing silencing of the maternal allele of the imprinted
genes within the PWS locus.

In addition to being characterized by allele-specific DNA
methylation, several additional epigenetic marks are
differential by parental origin at the PWS-ICR. Specifically,
the histone H3 lysine 9 (H3K9) methyltransferase SETDB1
associates with the transcription factor ZNF274 bound to
sites within the 5' cluster of SNORD116 repeats, resulting
in the deposition of maternal-specific H3K9me3 marks
(Cruvinel et al., 2014). Knockdown or inhibition of either
SETDB1 or ZNF274 was sufficient to induce a low level
of SNORD116 transcript expression from the normally silent
maternal allele (Cruvinel et al., 2014; Wu et al., 2019;
Langouét et al., 2020). Together, these results suggest some

promise for possible epigenetic therapies that will be discussed
at the end of this review.

Epigenetics and Imprinting in PWS and
Related Human Neurodevelopmental
Disorders

In addition to PWS, loss of imprinting is involved in related
neurodevelopmental disorders: Angelman (AS), 15q duplication
(Dup15q), Kagami-Ogata (KOS14), and Temple (TS14) syndromes
(Schanen, 2006; Kagami et al., 2015; Briggs et al., 2016). Unlike
the default state of biallelic expression, imprinted genes are
selectively silenced on either the maternal or paternal allele
by epigenetic differences including DNA methylation and
repressive chromatin modifications. Imprinted genes are clustered
in discrete chromosomal loci and are regulated by a central
imprinting control region (ICR), such as the PWS-ICR, in
which methylation is diagnostic for AS, PWS, and Dupl5q
disorders (Figure 1). Some imprinted genes exhibit tissue-
specific or developmental-specific imprinting patterns regulated
by long noncoding RNAs. Furthermore, the largest conserved
cluster of microRNA (miRNA) in the mammalian genome is
found within the KOS14 imprinted locus and is responsible
for regulating neuronal maturation and mTOR growth pathways
(Winter, 2015). Experimental evidence is emerging for regulatory
cross-talk between different imprinted gene loci (Stelzer et al.,
2014; Jung and Nolta, 2016; Martinet et al,, 2016; Vincent
et al., 2016; Lopez et al.,, 2017), but this emerging “imprinted
gene network” hypothesis (Fauque et al, 2010; Haga and
Phinney, 2012; Monnier et al., 2013; Ribarska et al., 2014)
has been understudied in the context of the developing
nervous system.

RNA FISH has shown that 116HG localizes in the nucleus,
where it forms an RNA cloud that is absent in Snord116 deletion
brain. 116HG was also found to colocalize with metabolic,
circadian, and epigenetic gene loci including Mtor, Clock, Cry1/2,
Per1/2/3, Dnmt1/3b, Tetl/2/3, Mecp2, and others at ZT6, the
time point with the largest effect of Snord116 deletion on
transcription globally (Powell et al., 2013). Snord116’s involvement
in transcriptional regulation, therefore, prompted an investigation
of epigenetic differences that may explain the interaction of
Snord116 with diurnal light cycles. Whole genome bisulfite
sequencing (WGBS) was performed on cortex samples from
wild-type (WT) and PWS mice sacrificed every 3 h starting
from Zt0-Zt16 and showed that Snord116 is involved in regulating
a dynamic rhythm of diurnal methylation (Coulson et al., 2018b).
Rhythmically methylated CpG dinucleotides were identified (<1%
of all CpGs) within enhancers and promoters of genes that
were undergoing a pattern of reduced methylation during sleep
(light hours) in wild-type mouse cortex, a pattern that was lost
upon Snordl116 deletion. The differentially methylated regions
mapped to genes involved in circadian rhythms, metabolism,
and epigenetic regulation, similar to the prior genes identified
associated with 116HG. Table 2 gives examples of specific genes
in each of these categories that were identified by multiple
unbiased genomic approaches in both studies. A large portion
of genes identified are involved in adding, removing, and
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TABLE 2 | Examples of Snord116 associated and impacted genes and predicted functions.

Snord116-dependent Snord116-dependent DNA methylation

Category Function Gene name  Gene binding transcriptional change®
to 116HG? change?®
Mouse Human
Epigenetic Methyl binding protein critical to Mecp2 Yes Increased at Zt6 No No
neurodevelopment
Binds DNA:RNA hybrids Setx No Increased at Zt6 Yes Yes
DNA demethylases Tet1 No Increased at Zt6 Yes Yes
Tet2 No Increased at Zt6 Yes No
Tet3 No Increased at Zt6 Yes Yes
Histone deacetylases Hdac3 No Increased at Zt6 No No
Hdac4 No Increased at Zt6 Yes Yes
Hdacs No Increased at Zt6 Yes Yes
DNA methyltransferases Dnmt1 No Increased at Zt6 No Yes
Dnmt3a Yes Increased at Zt6 No Yes
Circadian Establishes phases and periods Per2 No Increased at Zt6 No Yes
Per3 No Increased at Zt6 No No
Arntl Yes Increased at Zt6 Yes Yes
Metabolic Kinase involved in regulating cellular Mtor Yes Increased at Zt6 No Yes
energy homeostasis
Transcription Transcriptional regulator of E-box motif Neurod1 No Increased at Zt6 & Zt16 Yes No

containing genes

aFull gene lists are included in Powell et al. (2013).
bFull gene lists are included in Coulson et al. (2018b).

recognizing DNA methylation while other genes are important
transcriptional regulators for development. Further integration
of promoter methylation and RNA-seq data revealed that genes
being diurnally dysregulated were central to the body weight,
behavior, and metabolic phenotypes of PWS (Coulson et al., 2018b).

The Coulson et al. study also demonstrated a molecular
connection between the 116HG and the KOS14 locus, building
upon a prior study showing a connection between IPW (part
of the 116HG transcript) and DLKI regulation at the KOS14/
TS14 locus in human neuronal culture (Stelzer et al., 2014).
In this case, DNA FISH was used to examine chromosome
decondensation, a measurement of neuronal activation of the
paternal allele resulting from histone displacement, at both
PWS and TS14 loci in adult mouse brain at six different diurnal
time points. Interestingly, the TS14 locus only showed evidence
of active chromatin decondensation in Snord116 deletion mouse
cortex. Furthermore, chromatin decondensation at the PWS
locus did occur in Snord116 deletion, but the timing was shifted
from light to dark cycle, similar to the effects observed on
DNA methylation. Together, these results suggest that the
ancestrally older imprinted TS14/KOS14 locus may become
more active as a compensatory mechanism to fill in for loss
of Snordl16, but this comes at a cost of proper timing of
these epigenetic events.

Epigenetics and Imprinting of Mammalian
Imprinted Loci and the Emerging
Importance in Circadian Rhythmicity and
Sleep

Daily and seasonal cycles of light, temperature, and feeding
govern energy and activity of organisms from all branches of life.

These environmental and metabolic inputs play an important
role in the synchronization of the core circadian clock with
the rhythmic patterns of many physiological and behavioral
processes in peripheral tissues (Wright et al, 2013; Legates
et al., 2014; Mukherji et al., 2015; Blasiak et al., 2017). The
genetically encoded circadian cycle and the environmentally
regulated diurnal/nocturnal cycle are integrated by a complex
regulatory feedback network, which acts at the chromatin,
transcriptional, and translational levels to coordinate biological
and environmental rhythms (Koike et al., 2012; Papazyan
et al., 2016; Takahashi, 2017). In mammals, the core circadian
clock resides in the suprachiasmatic nucleus of the
hypothalamus; however, almost half of all transcripts, both
protein-coding and non-coding, exhibit diurnal rhythms in
one or more peripheral tissues (Yan et al., 2008; Zhang R.
et al., 2014). While most studies on circadian biology focus
on the suprachiasmatic nucleus, investigations into diurnal
rhythms of cerebral cortex are relevant to the cognitive deficits
in PWS and to energy expenditure. For instance, circadian
and metabolic genes showed light-cycle-specific dysregulation
in the Snord116del mouse model, corresponding to cyclical
dynamics of Snord116 expression (Powell et al., 2013). Rhythmic
epigenetic dynamics within the cerebral cortex are less well
characterized; however, increasing evidence indicates a role
for DNA methylation in these rhythms. Approximately 6%
(25,476) of CpG sites assayed by 450k array are dynamically
regulated throughout diurnal and seasonal cycles in human
cortex (Lim et al, 2017). This epigenetic plasticity plays an
important role in circadian entrainment and the resiliency
of the circadian clock to changes in the diurnal environment
(Stevenson and Prendergast, 2013; Azzi et al, 2014
Lim et al., 2014).
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The 14q32.2 imprinted locus bears striking similarity to
the PWS locus, as it encodes the only other repetitive cluster
of snoRNAs in the mammalian genome (SNORDII3 and
SNORDI114), which are maternally expressed and exhibit
allele-specific chromatin decondensation in neurons, similar
to SNORD116 and SNORDI115 (Cavaillé et al., 2002; Tierling
et al., 2006; Leung et al., 2009). TS and KOS are reciprocally
imprinted disorders, with TS caused by maternal uniparental
disomy 14 [UPD(14)mat], and KOS caused by paternal
uniparental disomy 14 [UPD(14)pat]. Loss of paternal gene
expression at this locus in TS, results in aberrantly high
expression of maternal non-coding RNAs, including SNORDI113
and SNORD114, whereas KOS results from the loss of maternally
expressed, non-coding RNAs and the upregulation of paternally
expressed DLKI. Interestingly, TS phenocopies PWS suggesting
that these two imprinted loci may perform similar functions
and share common pathways (Temple et al., 1991; Hosoki
et al., 2009; Kagami et al., 2015). The loss of SnordI116 in
PWS increases gene expression in the TS locus, indicating
that the two loci may interact through a cross-regulatory
network. In support of this hypothesis, IPW from the PWS
locus has been shown to regulate the TS locus in an induced
pluripotent stem cell line of PWS (Stelzer et al., 2014). Though
both PWS and TS loci show circadian oscillations, the
mechanism of this regulation and the impact of circadian
rhythms on their cross-regulation suggests that a balance
between the two loci is critical for sleep and metabolism
(Labialle et al., 2008a,b; Powell et al., 2013).

Most imprinted loci, such as IGF2, PEGI/MEST, and
IGR2R, are imprinted in marsupials as well as eutherian
(placental) mammals (Figure 3). In contrast, Surpn and
Ube3a are not imprinted in marsupials and are on distinct
chromosomes (Rapkins et al., 2006). Interestingly, the ancestral
eutherian mammal tenrec (Echinops telfairi) lacks the Snord116
and Snordl15 genes and Snrpn and Ube3a are on separate

chromosomes (Rapkins et al., 2006; Yasui et al, 2011;
Zhang Y. J. et al., 2014). Humans (and chimps) have 22
SNORDI116 and 44 SNORDI15 copies, while mouse has 27
detectable Snord116 and 130 Snordl115 copies. Potentially
relevant for the PWS phenotype, tenrecs have a unique
metabolic and sleep structure among mammals adapted to
long periods of reduced activity and body temperature called
torpor (Lovegrove and Génin, 2008; Lovegrove et al., 2014a,b).
Non-REM sleep and periods of torpor are thought to
be ancestrally adaptive to conserve energy and escape
predation. Eutherian mammals have distinct adaptations for
daily sleep and activity patterns based on diet, body size,
and brain size (Siegel, 2005; Gerhart-Hines and Lazar, 2015).

Unlike the PWS/AS locus, the chromosomal arrangement
of the SNORDI13/SNORD114 cluster at the KOS/TS locus
is similar in monotremes, marsupials, and placental mammals,
and the miRNAs at this cluster are evolutionarily stable
(Zhang Y. J. et al., 2014). Both imprinted snoRNA loci
exhibit neuron-specific chromatin decondensation (Leung
et al., 2009) and also show evidence for diurnally expressed
transcripts, many of which are also dysregulated in Snord116del
mice (Powell et al., 2013; Coulson et al., 2018b). Interestingly,
circadian rhythmicity of the DIkIl/Dio3 (Labialle et al.,
2008a,b) and Magel2 (Kozlov et al., 2007; Devos et al., 2011;
Tennese and Wevrick, 2011) loci and cross-regulation between
PWS/AS and DLKI loci have been described previously
(Stelzer et al., 2014) but are poorly understood at a
mechanistic level.

Despite its function being fully known, loss of Snord116
in PWS mouse models has been demonstrated to dysregulate
sleep, feeding, and temperature cycles (Lassi et al., 2016a,b).
These studies have demonstrated the importance of
hypothalamic Snord116 expression on temporally regulated
behavior. Interestingly, Snord116 deficient mice exhibited
disrupted feeding cues induced by erratic behavior due to
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FIGURE 3 | The PWS/AS imprinted locus has emerged recently within placental mammals. The gene orientation and linear organization is shown for human and
mouse, as well as the earliest placental mammal (tenrec) and marsupial (opossum). The red arrows on top represent results from neuronal 4C analysis of chromatin
looping (Yasui et al., 2011). Interestingly, the tenrec arrangement of Chrna7-Mkrn3-Magel2-Ube3a (spanning ~500 kb) is similar to the human 4C long-range
interactions spanning ~10 Mb, despite the lack of evidence for Snrpn or Snord clusters at the locus. Humans (and chimps) have 22 SNORD116 and 44 SNORD115
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increased activity prompted by foraging. Reminiscent of
humans with PWS, Snord116 deficient mice exhibited a
strong fixation on food and high food intake irrespective
of weight gain (Lassi et al., 2016a). Furthermore, Snord116
deficient mice also exhibited a prolonged REM phase that
was uncoupled with normal circadian patterning (Lassi et al.,
2016b). Together, these studies have demonstrated the
importance of Snordl16 on temporally regulated behaviors
including sleep, feeding, foraging, and temperature regulation
that are consistent with the recent evolutionary selection
of the imprinted PWS locus in mammalian-specific
diurnal cycles.

Multiple studies have also explored the role of Snordll6
in hypothalamic regulation of hormones linked to diurnal
behaviors. Orexin neurons in the hypothalamus facilitate sleep-
wake cycles by regulating hormones that promote wakefulness
(noradrenaline, histamine, and acetylcholine) and rest [melanine-
concentrating hormone (MCH); Pace et al, 2020]. Loss of
orexin neurons are widely implicated in dysregulated sleep in
patients with narcolepsy and has been observed in patients
with PWS as well (Vgontzas et al., 1996; Chemelli et al., 1999;
Mignot et al.,, 2002; Omokawa et al., 2016). However, it was
not until recently that loss of Snord116 was demonstrated to
decrease orexin neuron levels in the lateral hypothalamus
without altering levels of MCH and MCH neurons in mice
(Pace et al.,, 2020). A decrease in orexin neurons may facilitate
the prolonged REM sleep characteristic of PWS due to the
imbalance in orexin/MCH ratio with a higher MCH concentration
during wake cycles promoting more rest (Pace et al., 2020).
This phenomenon is not unique to Snord116 deletion mice,
however, as this orexin/MCH imbalance was also observed in
Magel2 deficient models (Kozlov et al., 2007).

Patients with PWS are characterized as having reduced
levels of growth hormone, but elevated levels of ghrelin
(Tauber et al., 2019). Ghrelin is the endogenous ligand of
growth hormone secretagogue receptor la. Ghrelin is peptide
produced by the gut with a diversity of physiological effects,
including appetite stimulation and lipid accumulation.
Subsequent studies have demonstrated that it is actually the
acylated form of ghrelin that is elevated in PWS children
and young adults, while nonacylated ghrelin levels are
indistinguishable from controls (Kuppens et al., 2015).
However, while both growth hormone and ghrelin are known
to have clear diurnal patterns of secretion, with nocturnal
levels being higher than daytime levels in humans, there
have been a surprising lack of investigation into the possibility
growth hormone abnormalities in PWS may be due to altered
diurnal rhythms (Kyung et al., 2004; Stawerska et al., 2020).

Despite orexin neurons being a critical cell type for
Snord116 regulation on hormonal regulation from the
hypothalamus, loss of Snord116 in other brain regions, such
as cerebral cortex, also appear to contribute to the proper
expression of core circadian clock regulators such as Per
and Bmal genes (Powell et al., 2013; Coulson et al., 2018a).
These findings reinforce the role of Snord116 in establishing
multiple aspects of circadian rhythms that are lost upon
deletion. Studying Snord116 and identifying its targets can

contribute to the development of therapeutic interventions
that target sleep and metabolism which are critical
to development.

PWS Mouse Models for Preclinical Testing
of Therapeutic Interventions

Mouse models of Snordl116 deficiency that recapitulate some
features of PWS have been created as useful models for testing
possible therapeutic interventions. Like in humans, Snord116
is a maternally imprinted gene in mouse and localizes to a
syntenic loci chromosome 7qC. The first generation of mouse
models generated were designed with large deletions mimicking
those observed in humans with PWS (Yang et al., 1998). These
mouse models exhibited extreme hypotonia and failure to thrive,
leading to death 1 week after birth. The high lethality rate
was caused by the loss of protein coding genes Snrpn and
Ube3a-ats, which are hypothesized to be important to alternative
splicing (Tsai et al., 1999; Bressler et al., 2001; Bervini and
Herzog, 2013). As in humans with PWS, these mouse models
exhibited a dysregulation of major endocrine hormones including
growth hormone, glucose, and insulin, which are necessary
for cellular homeostasis and proliferation. Disruption of each
hormone lead to metabolic dysregulation which results in
extreme hypotonia that leads to the failure to thrive.

Today, the most commonly used PWS mouse models were
originally generated by two separate labs using cre-mediated
deletion of Snord116 (Skryabin et al., 2007; Ding et al., 2008).
These mouse models were designed by a targeted insertion
of loxP cassettes flanking the Snord116 (Ding et al, 2008)
cluster or Snord116 and IPW (Skryabin et al.,, 2007) through
homologous recombination in embryonic stem (ES) cells
derived from male blastocytes. The 2-loxP ES cells were then
injected into C57Bl/6] mice that gave birth to male mice
with a 2-loxP (+/—) genotype. These mice were mated with
a transgenic strain expressing Cre recombinase under an ovary
specific promoter producing 1-loxP mice with a Snordl16
(+/=) genotype (Ding et al., 2008). For ES cells targeted
with JoxP cassettes flanking Snord116 and IPW, CRE
recombinase were expressed then injected into blastocytes to
produce PWScre(+/—) (Skryabin et al., 2007). These mouse
models have a 150 kb deletion of the SnordI116 cluster or a
deletion that encompasses Snord116 and IPW. Like previous
models, both mice develop hypotonia and failure to thrive
with low to no post-natal lethality. Although these mouse
models do not consistently exhibit the hyperphagia phenotype,
they do exhibit a significant deficiency in cognition and energy
expenditure (Powell et al., 2013; Adhikari et al., 2019) making
these phenotypes useful in preclinical therapeutic strategies.
Furthermore, development of 2-loxp(—/+) and PWScre(+/—)
mice enabled the generation of several new mouse models
that are able to recapitulate the hyperphagia phenotype in
adult mice through Cre-mediated and tamoxifen induced
Snord116 deletion in the hypothalamus (Qi et al., 2016; Purtell
etal., 2017; Polex-Wolf et al., 2018) and identified the disrupted
REM sleep phenotypes (Lassi et al, 2016b), respectively.
Previous studies have shown that Snord116 expression in the
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hypothalamus is developmentally regulated and is enriched
postnatally at weaning and early adulthood (Zhang et al,
2012), implicating its involvement in regulating metabolism
and circadian rhythms.

Genetic Therapies

While most genetic diseases are amenable to genetic
complementation and standard gene therapy design and delivery,
there are unique challenges to gene therapy in PWS because
of the epigenetic and molecular complexities of the SNORDI116
locus. In the original characterization of a Snord116 deletion
mouse model of PWS, it was mentioned that a transgene
containing a single snoRNA from Snord116 was insufficient
to rescue the metabolic phenotypes (Ding et al.,, 2008). Since
it remained possible that the limitations of using either a single
copy and/or an already processed snoRNA were the reason
for the lack of complementation, a new transgenic mouse was
created and reported by our group using the Snord(+/—) model
(Coulson et al., 2018a). This Snord116 transgene contained
the complete subunits of 116HG exons, introns, and snoRNAs
repeated in a total of 27 copies was expressed broadly at the
transcript level in all tissues, but was only spliced and processed
into snoRNAs in brain. The neuron-specific splicing was attributed
to the splicing factor RBFOX3, which is also known as the
neuron-specific marker NeuN. In wild-type neurons, the extra
copies of Snord116 contributed to the nucleolar accumulation
of processed snoRNAs as well as the size of the 116HG RNA
cloud. However, in the Snordl116 deletion PWS model, the
Snord116 transgene did not become processed or localized to
these locations, indicating that an active allele was needed for
correct processing and localization. In addition, the body weight
phenotype of the Snordl16 mice was similar to that of the
Snord116 deletion mouse, and there was no complementation
of this phenotype in the cross.

In another study, a mouse model was generated with a
5’HPRT-LoxP-Neo® insertion upstream of the maternally
imprinted  Snord116 using the PWScre(+/—) model
(Rozhdestvensky et al., 2016). The cassette insertion did not
affect the PWS imprinting center methylation status, but
disrupted the imprinting effect enabling expression of Snord116
from the maternal allele, a result that was not observed in
WT and KO mice without the cassette. Like the Coulson
et al. study in 2018, Snord116 was expressed across all tissue
types, but in this case, the body weight phenotype was rescued
in KO mice with the cassette insertion. The differences in
results may depend on the imprinting mechanism of the
PWS region as well as the genomic location of SnordlIé6.
For instance, when the Snordl116 transgene is introduced
outside of the imprinted region, as would be the case for
most gene therapy strategies, the ability to complement the
missing paternal allele is expected to be challenging. These
results demonstrate the complexities of this locus and suggest
that gene therapy for PWS using conventional complementation
strategies will be problematic. Despite the issues, these results
also highlight the importance of targeting imprinting regulation
for therapeutic interventions.

Epigenetic Therapies

In contrast to gene therapy, epigenetic therapy for PWS has
a stronger potential for clinical relevance, since PWS is an
inherently epigenetic disorder. The general strategy for
epigenetic strategies for PWS involves de-repressing the maternal
silent PWS-ICR to activate SNRPN and Snord116 transcription
(Crunkhorn, 2017; Chung et al., 2020). Recent successes using
high throughput screening of small molecule libraries identified
several inhibitors of EHMT2/G9a, a histone 3 lysine 9
methyltransferase, that were capable of reactivating the
expression of paternally expressed SNRPN and SNORDII6
from the maternal chromosome, both in cultured PWS cell
lines and in a PWS mouse model (Kim et al., 2017, 2019).
Similarly, inhibitor of SETDB1 using shRNA knockdown
resulted in partial reactivation of SNORD116 and 116HG in
PWS-derived iPSC cell lines and neurons (Cruvinel et al.,
2014). The main differences in the epigenetic changes resulting
between these two epigenetic therapies was that EHMT2/
GY9a did not alter DNA methylation at the PWS-ICR, while
SETDBI1 did not show a change in H3K9me3 at the PWS-ICR.
Potentially more completely, the inactivation of ZNF274 using
CRISPR/Cas9 in PWS-derived iPSC lines resulted in reactivation
of both SNRPN and SNORDII6 as well as a reduction of
H3K9me3 at the PWS-ICR (Langouét et al., 2020). Together,
these studies suggest that combinations of targeted epigenetic
strategies for unsilencing maternal SNORDI116 hold promise
for future treatments of PWS.

POTENTIAL DEVELOPMENTS:
RELEVANCE OF SNORD116-MEDIATED
EPIGENETIC MECHANISMS TOWARD
COMMON HUMAN DISEASES

While this review has focused on the relevance of epigenetic
regulation of and by SNORDII6 and other genes within the
locus to the pathogenesis of PWS, we expect that understanding
the interactions between imprinted genes and metabolism at
this locus will have relevance to other more common metabolic
and neuropsychiatric human disorders. Because of the
hypothalamic network alterations in PWS associated with satiety
and food reward systems, this locus is considered to be a model
for understanding food addictions as well as other addictive
behaviors (Salles et al., 2020). The molecular mechanisms leading
hyperphagia and overeating in PWS could be informative for
understanding the intersections of epigenetics, diurnal rhythms,
and metabolism in more common causes of overweight and
obesity. Food addictions in PWS may be similar in mechanisms
to those establishing other addictions. Interestingly, “morphine
addiction” and “circadian entrainment” were among the gene
pathway terms identified by the unbiased search for gene promoters
that showed both rhythmic demethylation and increased expression
during sleep in Snord116 deletion mice (Coulson et al., 2018a),
suggesting that further characterization of these pathways could
be relevant to improved treatments for opioid use disorders. In
addition, there are emerging links between circadian disruptions
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and the exacerbation of psychiatric disorders such as bipolar
disorder and depression. Chronotherapy involving sleep deprivation
followed by the re-entrainment of diurnal cycles has shown
effectiveness in treating these common mood disorders
(Gottlieb et al., 2019; D’Agostino et al., 2020).

In conclusion, the PWS locus epigenetically regulated
SNORDI116 transcripts that have evolved to become parentally
imprinted within mammals, in turn serve to regulate a large
number of additional genes through the genome that are related
to circadian rhythms, metabolic and nutritional cycles, and
brain functions. Future studies designed to better understand
the genomic impacts of SNORDI116 regulation is expected to
have far-reaching impacts beyond the scope of PWS.
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Although a rare disease, neuroblastoma accounts for the highest proportion of
childhood cancer deaths. There is a lack of recurrent somatic mutations in
neuroblastoma embryonal tumours, suggesting a possible role for epigenetic alterations
in driving this cancer. While an increasing number of reports suggest an association
of MYCN with epigenetic machinery, the mechanisms of these interactions are poorly
understood in the neuroblastoma setting. Utilising chemo-genomic approaches we
revealed global MYCN-epigenetic interactions and identified numerous epigenetic
proteins as MYCN targets. The epigenetic regulators HDAC2, CBX8 and CBP (CREBBP)
were all MYCN target genes and also putative MYCN interactors. MYCN-related
epigenetic genes included SMARCs, HDACs, SMYDs, BRDs and CREBBP. Expression
levels of the majority of MYCN-related epigenetic genes showed predictive ability for
neuroblastoma patient outcome. Furthermore, a compound library screen targeting
epigenetic proteins revealed broad susceptibility of neuroblastoma cells to all classes
of epigenetic regulators, belonging to families of bromodomains, HDACs, HATs,
histone methyltransferases, DNA methyltransferases and lysin demethylases. Ninety-
six percent of the compounds reduced MYCN-amplified neuroblastoma cell viability.
We show that the C646 (CBP-bromodomain targeting compound) exhibits switch-like
temporal and dose response behaviour and is effective at reducing neuroblastoma
viability. Responsiveness correlates with MYCN expression, with MYCN-amplified cells
being more susceptible to C646 treatment. Thus, exploiting the broad vulnerability of
neuroblastoma cells to epigenetic targeting compounds represents an exciting strategy
in neuroblastoma treatment, particularly for high-risk MYCN-amplified tumours.

Keywords: cAMP-response-element-binding [CREB] protein (known as CBP or CREBBP), E1A Binding Protein
P300 (known as EP300 or p300), SMARCA, epigenetic regulation, cancer, precision medicine, zebrafish

Abbreviations: ChIP-seq, Chromatin immunoprecipitation sequencing; CPMkb, read counts per million adjusted by gene
length in kilobases; DE, differentially expressed; hpf, hours post fertilisation; IPA, Ingenuity pathway analysis; ITR, inferred
transcriptional regulator; MNA, MYCN amplified; NB, neuroblastoma; TSS, transcription start site.
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INTRODUCTION

Epigenetics is defined as non-DNA encoded heritable
modifications, which result in altered gene expression levels
(Jin et al, 2011). Increasingly, epigenetics modifications
have functional roles in human cancers (Sharma et al.,, 2010;
Wainwright and Scaffidi, 2017). Indeed it has been postulated
that neuroblastoma tumours, which lack recurrent somatic
mutations (Pugh et al., 2013), may be driven by aberrant
epigenetic signalling (Domingo-Fernandez et al., 2013; Veschi
et al, 2017; Durinck and Speleman, 2018; Ram Kumar and
Schor, 2018; Upton et al., 2020). Unlike more traditional adult
tumours, which are largely driven by genomic mutations (Khan
and Helman, 2016), epigenetically driven childhood cancers
have proven resistant to classical therapeutic target identification
approaches, directed against mutations in oncogenes (Johnsen
et al., 2018). Furthermore, existing therapies for neuroblastoma
have severe and sometimes long-term side effects that include an
increased risk of second malignancies (Applebaum et al., 2017).
Neuroblastoma begins in utero and the disease is
predominantly diagnosed in the first year of life. Despite being
rare, it accounts for 8-10% of all diagnosed childhood cancers
(Stack et al., 2007; Dreidax et al., 2014; Henrich et al., 2016).
However, due to its aggressiveness, neuroblastoma is responsible
for 14% of all childhood cancer deaths (Stack et al., 2007).
Neuroblastoma is divided into risk groups based on criteria
which include: the age of the patient at diagnosis, International
Neuroblastoma Risk Group (INRG) tumour stage and MYCN
copy number status (Cohn et al., 2009; Monclair et al., 2009).
Patients with low-risk (stage 1, 2 and 4s) and intermediate (stage
3) neuroblastoma have event free survival (EFS) of up to 90%,
contrary to high-risk patients with EFS of less than 50% (Smith
and Foster, 2018; Meany, 2019). Amplification of the MYCN
oncogene, which occurs in approximately 20% of cases (Huang
and Weiss, 2013), is one of the clearest markers for identifying
high-risk neuroblastoma patients, regardless of disease stage.
MYCN amplification results in increased cellular proliferation
and growth, decreased apoptosis, poor differentiation, and
increased vascularity of the tumours (Gustafson and Weiss,
2010). Additionally, is also associated with advanced stage
disease, an overall poor prognosis, and therapy resistance
(Shimada et al.,, 2001), with MYCN-amplified tumours being
resistant to current therapeutic approaches. Multiple studies have
shown that MYCN exerts its functions through interactions with
the epigenetic machinery (Domingo-Fernandez et al., 2013; He
et al., 2013; Puissant et al., 2013; Carter et al,, 2015; Dufty et al,,
2015; Yang et al.,, 2015; Dufly et al,, 2016; Henrich et al., 2016;
Duffy et al,, 2017; Felgenhauer et al., 2018). Therefore, deeper
understanding of MYCN dependent epigenetic vulnerabilities
provides a novel route for targeted therapies in neuroblastoma.
We investigated the MYCN-related epigenetic signalling
network, and the potential of epigenetic lead compounds
as therapeutic agents for the treatment of high-risk MYCN
amplified neuroblastoma. MYCN is a transcription factor
that binds to the promoters of genes critically involved in
neuroblastoma oncogenesis (Dufty et al., 2015). We performed
an unbiased genome-wide MYCN target gene screen using

chromatin immunoprecipitation sequencing (ChIP-seq) to
identify MYCN-epigenetic cross-talk, and combined it with
a phenotypic screen of small molecule epigenetic targeting
compounds. These approaches converged on a number of
promising hit compounds which were further characterised.

RESULTS

ChiP-seq Identifies Epigenetic

Regulators as MYCN Targets
To identify MYCN’s epigenetic-related genomic targets,
we mined our MYCN ChIP-seq datasets (Duffy et al,
2015)  for known  epigenetic  genes  (ArrayExpress,
www.ebi.ac.uk/arrayexpress, accession number E-MTAB-
4100). These datasets comprise MYCN ChIP-seq data
from the patient matched MYCN amplified cell lines KCN
(from a primary tumour at diagnosis) and KCNR (from a
secondary tumour after relapse), and of a time-course of MYCN
overexpression in the MYCN inducible cell line SY5Y-MYCN
at the following time-points: Un-induced (Oh), 24h and 48h.
The MYCN overexpression achieved in this system is similar to
overexpression caused by MYCN gene amplification. To identify
the epigenetic-related genes bound by MYCN, we intersected the
MYCN ChIP-seq targets with the 167 gene dbEM, Database of
Epigenetic Modifiers (Singh Nanda et al., 2016)". Forty-two of
the dbEM genes (25%) were identified in our MYCN ChIP-seq
datasets (Figure 1A and Table 1), confirming that MYCN protein
targets a relatively high proportion of epigenetic-related genes.
To identify epigenetic proteins which formed protein-protein
interactions with MYCN we also mined our MYCN interactome
data in SY5Y-MYCN cells (Duffy et al, 2015; Duffy et al,
2017). Thirty-four epigenetic proteins physically, directly or as
a part of a complex, bound to MYCN protein (Supplementary
Table 1), including three epigenetic regulators whose coding
genes were genomic targets of MYCN (ChIP-seq); CBP (official
gene symbol CREBBP), HDAC2 and CBX8. Expression of
these genes was assessed for survival correlations in the SEQC
dataset (Zhang et al., 2015) of 498 neuroblastoma patients,
using the R2: Genomics Analysis and Visualization Platform’.
All six MYCN target genes (ChIP-seq) which were common
to at least two of the three lists (Supplementary Table 1),
had prognostic value for neuroblastoma patient outcome, when
patients were segregated according to expression of these genes
(Figure 1B).

Analysis of the Other Known
Transcriptional Regulators of MYCN'’s
Genomic Targets Reveals Epigenetic

Regulation

To further address the significance of epigenetic mechanisms and
their potential interplay with MYCN regulatory networks, we
next examined MYCN’s genomic targets (ChIP-seq) for known

'http://crdd.osdd.net/raghava/dbem
Zhttp://r2.amc.nl
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FIGURE 1 | MYCN ChlIP-seq epigenetic hits and their survival curves.

(A) Venn diagram showing the overlap of genes called as genomic MYCN
targets (ChIP-seq) in SY5Y-MYCN (un-induced Dox-, 24 h Dox+ and

48 h Dox+), KCN and KCNR cell lines and known epigenetic genes (Singh
Nanda et al., 2016) (dbEM, Database of Epigenetic Modifiers,
http://crdd.osdd.net/raghava/dbem). The Venn diagram was generated using
jvenn (Bardou et al., 2014) (http://jvenn.toulouse.inra.fr/app/index.html).

(B) Kaplan-Meier survival curves showing the predictive strength of the
expression levels of the CBP, HDAC2, HDAC9, PRDM1, SMYDS3, and CBX8
mRNAs in neuroblastoma tumours on patient outcome. (C) Kaplan-Meier
survival curves showing the predictive strength of the expression levels of
SMARC genes in neuroblastoma tumours on patient outcome. The SMARCs
shown were predicted to be upstream regulators of MYCN’s genomic targets
(ChiP-seq). SMARCC1 was also a direct MYCN target (ChIP-seq). All survival
curves were generated using the SEQC (Zhang et al., 2015) 498
neuroblastoma tumour dataset in the R2: Genomics Analysis and Visualization
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epigenetic co-regulators, using Ingenuity pathway analysis
(IPA). IPA has a manually curated database of transcriptional
regulators (Krdmer et al., 2014), and certain epigenetic proteins

TABLE 1 | Comparison of ChIP-seq MYCN target gene dataset with a curated
epigenetic regulators lists.

MYCN ChiP-seq hits overlapped with the
dbEM database of epigenetic modifiers

CREBBP (CBP) HDAC9 SUV420H2 JMJD1C EZH2

HDAC2 HDAC4 SETD2 KDM5B MBD2
WHSCH PRMT8 SETD7 CDYL PRDM2
SMARCA1 SETD4 SETMAR INO80C PRDM9
UCHL5 TAF1 MTA3 NCOA1 JARID2
SMARCDS3 TETH ING2 KDM2A ARID1B
SMARCC1 CDY1 INO80 KDM5D

ASH1L PHF8 PRMT6 KDMG6A

TET2 KAT6B SMYD3 INO80D

42 / 167 genes

Forty-two epigenetic-related genes which were MYCN genomic targets. Gene list
obtained by overlapping the 167 gene dbEM, Database of Epigenetic Modlifiers
(http://crdd.osdd.net/raghava/dbem) with our MYCN ChlP-seq hits (Figure 1A;
Duffy et al., 2015, 2016; Singh Nanda et al., 2016).

were consistently recognised as inferred upstream regulators
of MYCN’s target genes in all ChIP-seq datasets (Table 2).
The common inferred transcriptional regulators (ITRs) were
enriched for key regulators of chromatin structure (Table 2),
including HDAC and SMARC genes. It has previously been
shown that expression levels of 11 HDAC members in primary
neuroblastomas are correlated with NB prognosis and stage
(Oehme et al., 2009; Figure 1B) and that HDAC2 functionally
interacts with MYCN (Lodrini et al., 2013; Duffy et al., 2016).
The SMARC gene family regulates transcription by altering the
chromatin structure around certain genes. This family of proteins
still remains poorly understood, although it has been shown that
mutations that inactivate their subunits are found in nearly 20%
of human cancers (Hohmann and Vakoc, 2014). All six of the
SMARC genes, identified as being ITRs of MYCN’s genomic
targets (ChIP-seq), were able to segregate neuroblastoma patients
by outcome, according to the level of SMARC gene expression
in tumours (Figure 1C and Supplementary Figure 1A). For four
of these SMARC genes (SMARCA4, SMARCCI1, SMARCE]1 and
SMARCBI) high expression was associated with poor outcome.

Screening an Epigenetic Library in
MYCN Amplified Cells Reveals a Broad

Vulnerability to Epigenetic Compounds

Having identified novel MYCN-epigenetic links and confirmed
that MYCN can interact with epigenetic genes, we next sought
to identify small molecules directed against epigenetic regulators
with therapeutic potential for treatment of MYCN amplified
neuroblastoma. To achieve this, in a non-biased manner,
we employed a curated compound library generated by the
Structural Genomics Consortium (SGC)*, which is comprised
of 45 epigenetic targeting compounds (Supplementary Table 2).
The compound library was screened on the IMR32 cell line, and
resulting changes to cell phenotype and viability were assessed.
IMR32 cells harbour a high level of MYCN amplification with

3http://www.thesgc.org/
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TABLE 2 | Inferred Transcriptional Regulators (ITRs) for MYCN ChlP-seq samples
belong to HDAC and SMARC families of epigenetic regulators.

Inferred Transcriptional Dataset p-value of overlap

Regulator (ITR)

HDAC family KCNR 2.04E-07
24h SY5Y-MYCN 5.63E-06
48h SY5Y-MYCN 5.68E-06

KCN 1.61E-05

HDACH KCNR 3.20E-03

KCN 6.02E-03

HDAC?2 KCN 4.06E-05
KCNR 4.10E-05

48h SY5Y-MYCN 1.83E-02

Oh SY5Y-MYCN 4.51E-02

HDAC4 48h 1.20E-07
KCN 6.20E-05

KCNR 1.30E-04

Oh SY5Y-MYCN 1.18E-03

24h SY5Y-MYCN 2.70E-03

HDAC5 48h 2.98E-02

HDAC6 Oh SY5Y-MYCN 1.36E-02

SMARCA1 KCN 4.04E-02

SMARCA4 Oh SY5Y-MYCN 2.49E-02

KCNR 2.85E-02

SMARCBH1 KCN 1.60E-02

SMARCC1 Oh SY5Y-MYCN 4.96E-03

KCN 3.07E-02
48h SY5Y-MYCN 4.56E-02

SMARCD3 24h SY5Y-MYCN 3.83E-04
Oh SY5Y-MYCN 9.48E-04
48h SY5Y-MYCN 1.61E-02

KCNR 2.65E-02

SMARCET1 Oh SY5Y-MYCN 6.08E-03

CREB1 Oh SY5Y-MYCN 4.46E-08

(epigenetic related) 24h SY5Y-MYCN 1.28E-07
48h SY5Y-MYCN 2.99E-16

KCN 1.56E-08
KCNR 1.90E-08

MYCN ChlP-seq datasets are from MYCN-amplified KCN and KCNR cell lines and
a MYCN overexpression time-course (un-induced [0 hj, 24 h, and 48 h induction)
in SYSY-MYCN cells.

a consequent increase in MYCN expression levels (Tumilowicz
etal,, 1970; Duffy et al,, 2014, 2015) (Supplementary Figure 1B).
Conversely, c-MYC levels are almost undetectable in IMR32 cells
(Duffy et al., 2014, 2015; Supplementary Figure 1B), qualifying
this cell line as a model where MYCN-dependent epigenetic
regulatory networks are not obscured by interplay with often
overlapping c-MYC-dependent regulatory networks.

We analysed the phenotypic response of IMR32 cells to
treatments with library compounds at concentrations that
showed physiological/cellular activity in other in vitro model
systems. Since properties of the leads greatly varied (molecular
weight, solubility, ICsg), treatments were performed in serial
dilutions (1x, 0.1x and 0.01x) of the library working stock
concentrations (Supplementary Table 2), corresponding
to concentration ranges from 0.05 mM for potent histone

methyltransferase inhibitors JIB-04 (Wang et al, 2013)
and chaetocin (Cherblanc et al., 2013) to 1M for the weak
aliphatic HDAC inhibitor valproic acid (Gottlicher et al,
2001; Dokmanovic et al, 2007). The 1x dilution is the
suggested SGC working concentration for each compound.
Cell morphology was assessed after 48 h (Supplementary
Figure 2B). The 1x compound dilutions resulted in dramatic
changes of cell morphology (Supplementary Figure 2B) or
almost complete wipe-out of cell numbers in many cases
(Figure 2, Supplementary Figure 1C), except the DNA-
methyltransferase inhibitor, Decitabine. However, Decitabine
did produce similar cellular responses to the other compounds
upon prolonged 72 hour treatment, namely cell debris, reduced
cell surface, lost axonal protrusions and clustered cells with
highly heterochromatic nuclei (Supplementary Figure 2C).
Interestingly, treatments with JQ-1 (BET-bromodomain
inhibitor) and LLY-507 (inhibitor of SMYD2 protein lysine
methyltransferase activity) led to a reduction of contact
inhibition and clustering of the cells. SMYD2 expression in
neuroblastoma tumours was also predictive of patient outcome
(Supplementary Figure 2D).

Five compounds reduced IMR32 relative cell viability by
at least 50% at nanomolar concentrations (0.01x dilution),
i.e.,, UNC0638 (10 nm), SAHA (10 nm), entinostat (5 nm),
TSA (5 nM) and rucaparib (100 nM) (Figure 2). These
compounds are characterised as a H3K9me2 methyltransferase
inhibitor (Vedadi et al, 2011), pan-HDAC inhibitor (Marks,
2007), HDAC1/HDA3 inhibitor (Saletta et al., 2014), pan-HDAC
inhibitor (Hiebackova et al.,, 2009) and poly-ADP-ribosylation
inhibitor of histone H1 (D’Amours et al., 1999), respectively.
Interestingly, these potent compounds fall across the major
epigenetic regulation groups (writers, readers and erasers),
again implying a complex interplay of epigenetic regulatory
mechanisms with neuroblastoma biology.

A number of the identified MYCN-related epigenetic hits
(Figures 1A-C and Tables 1, 2 and Supplementary Table 1)
were targets of compounds within the library and where this
was the case, compound treatment induced a pronounced
loss of cell viability (Figure 2, Supplementary Figure 1C).
Specifically, SMARCA (compound 20), CBP (compounds 13,
40 and 43), SMYD (compound 44) and HDACs (compounds
6, 18, 28, 29, 30, 35, 36, and 37). This observation suggests
that epigenetic therapeutics could be used to target MYCN
oncogenic networks.

Since epigenetic compounds can generate long term-effects
based on modulating epigenetic marks that may persist beyond
the treatment period, we employed a washout strategy to assess
whether the cells were able to recuperate after each treatment,
or if the compounds had sustained effects. Alamar Blue
viability assays are non-toxic enabling multi-point monitoring
(Rampersad, 2012). After 48 h compound treatments, media
containing the drug was removed and the cells were allowed
to grow in standard media for a further 72 h. Crucially,
even after the additional 72 h washout period, and in the 1x
dilution condition the vast majority of compounds resulted
in cell viability remaining at or below the post-48h-treatment
level (Figure 2, Supplementary Figure 1C). The epigenetic
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FIGURE 2 | Cell viability assessment for IMR32 cells upon treatment with the top 15 lead SGC library compounds. Compound dilutions are indicated above
histograms (1x, 0.1x or 0.01x). Treatment bars — viability upon 48h treatment. Washout bars — viability 72 h upon washout, relative to corresponding untreated
control at the same time point. For results from all 45 compounds in the library please see Supplementary Figure 1C. Error bars indicate the mean + SD.
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compounds produced long lasting effects, with cells not able to
recommence proliferation. For almost half of the compounds (1x
dilution condition), a further decline in the cell viability could
be observed after the washout period (Figure 2, Supplementary
Figure 1C).

Selective CBP/p300 Inhibitors Strongly
Reduce the Viability of MYCN-Amplified
Cells

From the library’s lead compounds, we further evaluated
CBP/p300 bromodomain inhibitors as potential MYCN
amplified neuroblastoma therapeutics, since CBP (CREBBP)
was prominent in our MYCN-related -omic and neuroblastoma
patient outcome analysis. CBP was identified as a MYCN target
gene in all MYCN ChIP-seq datasets (Figure 3A and Table 1,
Supplementary Table 1), and CBP was a protein-protein
interactor of MYCN (Duffy et al,, 2015, 2016) in SY5Y-MYCN
cells (Supplementary Table 1, Supplementary Figure 3A).
CBP’s co-factor p300 (EP300) was also identified as being
MYCN bound (Supplementary Table 1 and Supplementary
Figure 3A). Similarly, CREBI, which acts in concert with
CBP, is also a member of MYCN’s transcriptional regulatory
network, as revealed by IPAs ITR analysis of the ChIP-seq
datasets (Table 2). In line with this observation on CBP, we
have previously shown that inhibiting B-catenin binding to
CBP in neuroblastoma cells alters their proliferative potential
(Dufty et al., 2016).

CBP mRNA was consistently expressed in the cell lines
utilised in this study (Dufty et al, 2015; Figure 3B), and
more broadly across a panel of 39 neuroblastoma cell lines
(Harenza et al., 2017) (Supplementary Figure 2A). Conversely,
MYCN expression levels varied across the cell lines selected
for this study (Dufty et al.,, 2014, 2015, 2016, 2017; Schwarzl
et al., 2015; Figure 3B). CBP, CREB1 and p300 expression
were individually prognostic for neuroblastoma patient outcome,
with patients with low CBP, CREB1 or p300 mRNA expression
only having an event-free survival rate of approximately 50%
(Figure 1B and Supplementary Figure 3B). The library screen
revealed that IMR32 cell viability is reduced upon CBP inhibition
(Figures 2, 3C).

Given the well-established link between the MYCN
oncogene and neuroblastoma patient outcome, the response of
neuroblastoma cell lines with varying MYCN status to CBP/p300
inhibition was assessed. The effects of three inhibitors: C646,
CBP30 and I-CBP112 (Figure 2, Supplementary Figure 1C,
epigenetic library compound 33, 40 and 43) (Bowers et al,
2010; Hay et al., 2014; SGC, 2020), on relative cell viability were
assessed in a neuroblastoma cell line panel. The cell line panel
covers the full spectrum of neuroblastomas MYCN genetic
backgrounds, ranging from non-amplified to MYCN amplified
cells and from almost undetectable expression of MYCN to
highly expressing cells (Duffy et al., 2014, 2015). While I-CBP112
did not exert a strong effect, both C646 and CBP30 reduced
cell viability, with the cells being most susceptible to C646
treatment (Figures 3D,E). Interestingly, non-amplified MYCN
cells (PAR-SY5Y, Dox- and Dox+ SY5Y-MYCN) and the MYCN

amplified line with the lowest MYCN expression KCN were
almost resistant to CBP30 treatment (Figures 3D,E). Conversely,
the cell lines with high MYCN amplification IMR32 and KCNR
responded strongly to 10wM CBP30 with significant reductions
of cell viability, 55% and 49% loss of viability, respectively
(Figure 3E). This pattern was repeated with 10 uM C646, with
non-amplified MYCN cell lines showing minimal loss of viability,
while MYCN amplified cell lines IMR32 and KCNR had a loss of
viability of 95% and 87% respectively.

Responsiveness to 10 uM C646 was MYCN dose-dependent
(Figure 3F), with the level of MYCN expression across the
cell lines positively correlating to loss of viability (Pearson
Correlation Coefficient, R? = 0.469). While parental (PAR-)SY5Y
and un-induced (Dox™) SY5Y-MYCN cells were practically
resistant to 10 pM C646, SY5Y-MYCN cells induced to
overexpress MYCN (Dox') had cell viability reduced to
45% (Figures 3D-F). Within the same genetic background,
elevated MYCN expression significantly sensitises the cells to
C646 (10 uM C646, Dox+ versus Dox- SY5Y-MYCN, t-test,
p-value = 0.0190; Figure 3D) and even a modest increase in
MYCN expression (Figure 3B) led to increased C646 sensitivity
(10 pM C646, parental SY5Y versus Dox- SY5Y-MYCN, ¢-test,
p-value = 0.0470; Figure 3D).

As was the case for CBP30, the KCN cell line was only
very weakly reactive to C646 treatments (88% relative viability
for 10 wM C646). Although KCN cells are MYCN amplified,
the extent of amplification (and MYCN expression) is much
lower than in IMR32 and KCNR cells (Duffy et al, 2015).
KCN cells are derived from the primary tumour of a 1
month old infant, representing a less aggressive form of
neuroblastoma than the metastatic tumour derived KCNR and
IMR32 cells. KCNR is a patient matched cell line to KCN,
being derived after relapse from a secondary tumour from the
same individual (one year later). Therefore, the differential
response to CBP/p300 inhibition between KCN and KCNR
are not due to the initial mutational/epigenetic spectrum that
gave rise to neuroblastoma in this patient, but likely from
subsequent alterations which occurred between the primary
and secondary tumours. One such characterised alteration
is an over ten-fold increase in MYCN mRNA expression
(Duffy et al., 2015; Figure 3F). Due to the lack of cytotoxic
effects in the analysed neuroblastoma cell panel, compound
I-CBP112 was excluded from further characterisation,
while CBP30 and C646 were characterised in more detail.
CBP/p300 inhibition shows potential as a therapeutic approach
for advanced drug resistant MYCN amplified metastatic
neuroblastoma tumours.

Temporal and IC5y Characterisation of
CBP30 and C646 in IMR32 Cells

We next determined the temporal profile of the activity for
10 wM CBP30 and C646 by treating IMR32 cells from 6 h to
72 h (Figure 3G). We observed no significant effect for both
leads during short treatments (6 h and 24 h), while prolonged
treatments (48 h and 72 h) had a significant and pronounced
effect on cell viability (Figure 3G). C646 exerted switch-like
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temporal behaviour with a difference in relative viability between
48 h and 72 h treatments. Washout (48 h) experiments did not
reveal any significant change in the cell viability when compared
to their corresponding treatment, showing that cells are unable
to recover from treatment even after the removal of the inhibitor
from the growth media (Figure 3G).

An expanded dose-dependent response analysis was
performed by treating IMR32 cells with 1 - 20 pM CBP30
or C646 for 72 h (Figure 4A). Washout relative cell viability was
also determined 48 h after the 72 h treatment (Figure 4A). For
both leads, concentrations above 5 WM were required to induce
major cytotoxic effect in IMR32 cells (Figure 4A). Even after
washout the reduction in viability in the high-dose treatments
was maintained with the reduction continuing to intensify even
in the absence of the inhibitors (Figure 4A). The response curves
and ICsq values of each compound were estimated using the
IC50 Toolkit*. The estimated ICsq values for C646 and CBP30
were 8.5 uM and 15 uM, respectively (Figure 4B), confirming
that C646 is the more potent lead. C646 had a sigmoid dose
response curve, contrary to CBP30’s linear dose response curve
(Figure 4B). Viability responses to C646 exhibited switch-like
behaviour, both in terms of its temporal response and dose
response profiles.

CBP and BRD4 Inhibitor Combination

Treatments

We next assessed whether targeting multiple epigenetic
vulnerabilities simultaneously would have additive or synergistic
effects on neuroblastoma cell viability. The compound library
results showed that BET-bromodomain BRD4 inhibition strongly
reduced IMR32 cell viability (compounds 10, 21, 34 and 41,
Figure 2, Supplementary Figure 1C). Furthermore, a compound
[CBP/BRD4 (0383)] co-targeting BRD4 (reader) and the related
CBP protein (writer) also resulted in a strong loss of cell viability
(compound 13, Figure 2). Like CBP and its CREB and p300
co-factors, BRD4 expression level is predictive of neuroblastoma
patient outcome (Figure 1B and Supplementary Figure 3B).
We therefore tested BRD4 and CBP combination treatment in
IMR32 cells. First, to confirm the effects of BRD4 inhibition in
neuroblastoma cells, a dose course of the BRD4 inhibitors JQ1
and I-BET were assessed in the cell line panel (Figures 4C,D).
Mirroring the library screening (Figure 2, Supplementary
Figure 1C) both inhibitors strongly reduced IMR32 cell viability,
with JQ1 being the more potent (Figure 4D). Similar to CBP
inhibition, BRD4 inhibition tended to reduce viability to a greater
degree in high MYCN amplified cells (KCNR and IMR32).
Although, non-amplified MYCN cells, MYCN overexpressing
cells (SY5Y-MYCN Dox+) and early stage primary MCYN cells
(KCN) were more responsive to JQ1 inhibition than they were to
CBP inhibition (Figures 3C,D, 4C,D).

Having confirmed the BRD4 inhibitors effect across the cell
line panel, we next evaluated potential synergy between these
compounds. IMR32 cells were treated with single agents at
their near ICsy concentrations, C646 (10 uM and 5 wM) and
JQ1 (1 uM and 0.5 pM), as well as with their combinations.

“http://ic50.tk/index.html

Combining JQI and C646 resulted in slight additive effects at
24 h and 48 h (Figures 4E,F), although at 48hr this was non-
significant, p-value = 0.1301 (paired sample ¢-test). Combination
treatments were also assessed in the MYCN non-amplified cell
line SY5Y-MYCN with Dox inducible MYCN expression. Once
again combination treatment only produced a mild additive effect
(Supplementary Figure 3C).

Zebrafish Developmental Screens and
Lack of Cytotoxicity of C646 in

Differentiated Neurons

To further asses the lead compounds, we examined how well
tolerated they were in zebrafish developmental phenotypic
screens. Due to its dynamic nature, embryonic development
tends to be more sensitive to pharmaceutical perturbations than
non-developmental stages, with responses in rapidly dividing
embryonic cells often recapitulating those observed in rapidly
proliferating cancer cells. Twenty-four hour treatments with
IBET-151, CBP30 and I-CBP112 (concentrations 1, 5, and
10 M) were well tolerated and resulted in no obvious phenotype
changes (Supplementary Figure 4A). While 1 pM C646 was
well tolerated, 5 pM C646 treated embryos had an overall
distorted appearance and an observable increase in heart rate
(Figure 4G). Furthermore, there was 100% lethality in embryos
treated with 10 pwM C646. While there were no obvious
gross phenotypic effects of 1 uM and 5 pM JQI treatment,
10 uM JQ1 resulted in a reduced chromatophores population
by 52 h post fertilisation (hpf), resulting in significant embryo
depigmentation (Figure 4G). Like neuroblastoma precursor
cells (neuroblasts), melanocytes (chromatophore cell type) also
originate from the transient embryonal neural crest tissue
(Kuriyama and Mayor, 2008). Interestingly, inhibition of
Wnt signalling similarly affected chromatophore (melanocyte)
development in a similar screen (Duffy et al, 2016). While
embryonic development is known to be more sensitive to
perturbation than post-developmental stages, the potency of
C646 and JQ1 should be carefully considered when assessing their
utility as therapeutics for childhood cancers.

Cancer therapy, including chemotherapeutic agents, may
affect the nervous system in a deleterious manner. In patients
this can lead to numerous sequelae, such as chemotherapy-
related encephalopathy, meningitis, chronic pain syndrome,
psychiatric disorders, neuropathy (Chamberlain, 2010). Often,
these neurological problems are associated with neurotoxicity.
Laboratory differentiated neuroblastoma cell lines have been
used extensively to screen novel compounds for neurotoxic
properties and associated mechanisms. Importantly, the response
of neuroblastoma cells to compounds and drugs exposure
may differ from that of neurons. The differentiation potential
of neuroblastoma cell lines into mature neurons, enables the
pharmacological and functional differences between neurons and
their blast cell counterparts to be assessed (LePage et al., 2005;
Dufty et al., 2016, 2017).

To assess the likelihood of unintended neurotoxicity from
the clinical use of C646 and JQIl, we analysed the effect
on viability of long-term differentiated SY5Y-MYCN cells
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FIGURE 4 | Dose curves, combination treatments, neuronal and phenotypic screens. (A) Expanded dose response assessment of the inhibitors C646 and CBP30 in
MYCN amplified IMR32 cells. Relative cell viability was determined using Alamar Blue assays. Viability results immediately after the 72 h treatment (Treatment) and
after an additional 48 h in the absence of inhibitors after treatment ended (Washout) are shown. Paired sample t-test values are designated with asterisks above
bars. P < 0.05 - *; P < 0.01 - **. Error bars indicate the mean + SD. (B) ICsg estimate for CBP30 and C646 for the 48h treatment of IMR32 cells. Asterisks
correspond to X axis drug concentrations (M) and Y axis relative cell viability (%). Curve fitting performed with IC Toolkit (http://ic50.tk/index.html). (C) Relative
viability (Alamar Blue assay) upon BRD4 inhibitor treatment (JQ1 and I-BET151) of MYCN single copy cell lines, including doxycycline inducible MYCN cell line
SY5Y-MYCN. (D) Relative viability (Alamar Blue assay) upon BRD4 inhibitor treatment (JQ1 and I-BET151) of MYCN amplified cell lines, including doxycycline
inducible MYCN cell line SY5Y-MYCN. (E) Relative viability (Alamar Blue assay) upon combination CBP and BRD4 inhibitor treatment (C646 and JQ1) of MYCN
amplified IMR32 cells. (F) Single agent and combination treatment (C646 and JQ1) of differentiated neurons (pre-inhibitor treatment, 11 day RA treated un-induced
SY5Y-MYCN cells). Logg relative viability (Alamar Blue assay) upon 48 h treatments combination CBP and BRD4 inhibitor treatment (C646 and JQ1) of MYCN
amplified IMR32 cells. Error bars indicate the mean + SD. (G) Zebrafish embryos treated for 24 h (28 h post fertilisation [hpf]- 52hpf) with epigenetic targeting
compounds (JQ1 and C646). Magnification is 10x, images from 52 hpf. Melanocytes appear black due to their endogenous melanin. Otic vesicles (large black
circles) mark the anterior pole (head) of the embryos.
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upon treatment with these inhibitors as single agents or in
combinations. Ahead of the epigenetic drug treatment, SY5Y-
MYCN cells were treated with 1 wM all-trans retinoic acid
(RA) for 11 days. The differentiation capacity of RA has
been well established, with extensive outgrowth of neurites and
expression of neuron-specific markers (Encinas et al, 2000;
Cheung et al., 2009; Dufty et al,, 2016, 2017), and we have
previously shown that the SY5Y-MYCN cell line also undergoes
neuronal differentiation in response to RA (Duffy et al., 2014,
2017). Differentiated SY5Y-MYCN neurons were fully resistant
to 10 pM C646, and only weakly responsive to 20 pM C646
concentration (Figure 4F). Similarly, the differentiated neurons
were more resistant to 1 uM JQ1 treatment (Figure 4F) than
their undifferentiated counterparts (Supplementary Figure 3C).
Forty-eight hour 10 uM C646 and 1 pM JQ1 combination
treatment reduced cell viability to approximately 25% in both
Dox~ and Dox™ SY5Y-MYCN cells (Supplementary Figure 3C),
whereas differentiated neurons were more tolerant of the
combination treatment with approximately 70% remaining viable
(Figure 4F). Taken together, these results demonstrate that
the C646 and JQ1 epigenetic targeting compounds are better
tolerated by differentiated neurons than their more stem-like
neuroblastoma cell counterparts. Furthermore, C646 is better
tolerated by neurons than JQ1, with 10 wM C646 having no effect
on neuronal cell viability.

DISCUSSION

Epigenetic alterations are strongly associated with the
development of cancer, and compounds targeting epigenetic
modifier proteins are increasingly being assessed as anti-cancer
therapeutic agents (Juergens et al., 2011). Integration of multi-
omic MYCN datasets revealed strong support for the hypothesis
that targeting epigenetic regulatory mechanisms in MYCN
amplified neuroblastoma will likely provide beneficial future
therapeutic strategies. Functional support for the applicability
of epigenetic targeting compounds was provided by the fact
that 43 of the 45 epigenetic library compounds reduced
the viability of MYCN amplified neuroblastoma cells. The
high responsiveness rate (96%) across a range of epigenetic
modulators, confirms a prominent role for epigenetic alterations
as drivers of neuroblastoma oncogenesis and progression.
Viability assays revealed that modulation of epigenetic regulatory
mechanism takes time to exert its effect, but at 1x concentration
given sufficient time, dramatic reductions in NB cell viability
can be achieved.

In addition to signalling previously reported cross-talk
between MYCN and HDAC (Lodrini et al, 2013; Duffy
et al., 2016; Fabian et al., 2016; Phimmachanh et al., 2020),
we revealed novel MYCN-epigenetic interactions, including
those with SMARC genes. SMARC genes were identified
as inferred transcriptional regulators of MYCN-bound genes
(ChIP-seq), their expression showed strong correlation to
neuroblastoma outcome, and SMARCA inhibition strongly
reduced IMR32 cell viability.

The SMARC gene family comprises a family of proteins,
that display both helicase and ATPase activities, and which
play roles in regulation of transcription of certain genes by
altering the chromatin structure around those genes (Zofall
et al., 2006). Mutations that inactivate SMARC subunits are
found in nearly 20% of human cancers, driving aberrant growth
(Hohmann and Vakoc, 2014). Certain acute leukaemias and
small cell lung cancers, which lack SMARC mutations (similar
to neuroblastoma) can be vulnerable to inhibition of SMARCA4
(Hohmann and Vakoc, 2014).

MYCN amplified neuroblastoma cells are resistant to
retinoid-based differentiation therapy (Duffy et al, 2017).
Interestingly, cell lines lacking SMARCA4 from a variety of
cancers do not respond to retinoid therapy, while restoration
of SMARCA4 expression restores retinoid sensitivity (Romero
et al, 2012). Restoration of SMARCA1 in vivo significantly
reduced lung cancer invasiveness and c-MYC expression,
suggesting that inactivated SMARCA1 keeps cancer cells
in an undifferentiated state and prevents its response to
developmental and environmental stimuli (Romero et al., 2012).
Conversely, in SH-SY5Y neuroblastoma cells, a commonly
used model system of retinoid-dependent differentiation,
attenuated expression of SMARCA1 prevented response to
retinoids (Romero et al., 2012). Here, we show that elevated
SMARCA4 expression corresponds strongly to poor outcomes
for neuroblastoma patients, whereas elevated expression of
SMARCALI correlates to good outcome, suggesting antagonist
roles in neuroblastoma for members of this gene family.
SMARCA4 was also one of the genes identified as having
protein-protein interactions with MYCN (mass spectrometry
Co-IP). The NCI paediatric MATCH trial (NCT03155620) has
recently detected SMARC mutations in relapsed neuroblastoma
(Kumar et al, 2019), in keeping with the effectiveness of
SMARCA inhibitors in strongly reducing the viability of the
IMR32 relapsed cell line (Figure 2, compound 20). In vitro and
in vivo loss-of-function experiments showed that SMARCA4 is
essential for the proliferation of neuroblastoma cells (Jubierre
et al, 2016). Taken together, SMARC inhibition provides a
promising future therapeutic direction for relapsed MYCN
amplified neuroblastoma.

Since few epigenetics drugs, are in clinical use for
neuroblastoma, we pursued in vitro analyses to define novel
potential therapeutics. IMR32, MYCN amplified neuroblastoma
cells, showed broad susceptibility to epigenetic targeting
compounds. Currently, 14 compounds within the SGC library
are in clinical use or undergoing clinical trials (Supplementary
Table 2), with five - Decitabine, Vorinostat Azacitidine,
Olaparib and valproic acid, being tested in neuroblastoma.
Given their advanced stage of testing elsewhere, we excluded
these molecules from further characterisation. However, these
agents are pan-antagonists that target DNMTs (Decitabine,
Azacitidine), PARP (Olaparib) and HDACs (vorinostat and
valproic acid), which usually results in numerous off-target
effects, high toxicity and acquired resistance with prolonged
drug exposure. Therefore, leads that have the potential to
directly or indirectly modulate the activity of the MYCN
oncogene are desirable. To identify such leads, we examined
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our omic datasets for genes targeted by SGC library compounds
which significantly reduced IMR32 cell viability, which
led to a primary focus on the CBP/p300 inhibitors: C646,
I-CBP112 and CBP30.

The CBP and E1A Binding Protein P300 (known as EP300
or p300) proteins are closely related histone acetyltransferases
(HATs) that act as transcriptional coactivators (Bannister and
Kouzarides, 1996; Ogryzko et al., 1996). CBP/p300 inhibition can
facilitate cellular reprogramming (Ebrahimi et al., 2019). Histone
acetyltransferase inhibitors block SK-N-SH neuroblastoma cell
growth in vivo, partly through CBP and p300 interactions (Gajer
et al., 2015). Importantly, CBP/p300 also functions as a scaffold
for various members of the transcriptional machinery and/or
transcription factors (Barbieri et al., 2013). Among numerous
partners forming transcriptional complexes, c-Myc binds to
TATA-binding protein (TBP) and CBP, one half of the CBP/p300
coactivator complex, which has HAT activity and scaffolding
functions (Patel et al., 2004). Thus, bound ¢-MYC together with
CBP/p300 is localised to acetylated chromatin becoming a part
of the transcriptional machinery to potentiate/modulate gene
expression (He et al., 2013). CBP is also able to bind acetylated
lysines on non-histone proteins, such as the p53 oncogene, and
this interaction is required for the activation of the cyclin-
dependent kinase inhibitor p21 (Mujtaba et al., 2004). It has
also been shown that p300 is able to associate with c-Myc in
mammalian cells through direct interactions with transactivation
residues in ¢-MYC (N-terminal amino acids 1 to 110) and
acetylates c-Myc protein. The resulting acetylation modulates
the activity of c-MYC as well as the turnover of the protein
(Faiola et al., 2005). Although highly similar in structure to
c-MYC, there has been no study to reveal whether CBP/p300
co-factors are also able to modulate transcriptional activity and
stability of the MYCN protein. Since CBP/p300 act as co-
factors that facilitate localisation of transcription factors, among
them MYC family members, modulating their activity represents
a valuable and still poorly understood potential therapeutic
approach.

Here, we show that MYCN amplified neuroblastoma cells
are susceptible to C646 treatment, and that CBP targeting
compounds should be further investigated as a single modality or
combination therapeutic approach for high-risk neuroblastoma.
C646 has been shown to increase survival in a mouse model
of leukaemia (Wang et al., 2011), suggesting therapeutic utility
across a range of cancer types. Since single agent treatments
have thus far not provided the desired outcome benefit for
high-risk neuroblastoma patients and since they can lead to
acquired drug resistance, we also assessed the utility of a BRD4
inhibitor (JQ1) and CBP/p300 inhibitor (C646 and I-CBP112)
combination. The combination treatments demonstrated that
BRD and CBP/p300 inhibitors do not exert a synergistic effect,
but rather a mild additive one. These compounds should
continue to be assessed as single agents until more effective
combination partners can be found for each. C646 was well
tolerated in our differentiated neuron assay, Interestingly, the
use of C646 has been reported in a study to impair memory
formation during fear conditioning in mice, without reported
adverse neurotoxic effects (Maddox et al., 2013).

CONCLUSION

We reveal that MYCN amplified neuroblastoma cells are
exquisitely sensitive to pharmaceutically induced epigenetic
perturbations, with inhibition of numerous epigenetic
mechanisms resulting in extensive loss of cell viability. We
also show that MYCN interacts with the epigenetic machinery,
both by protein-protein interactions, as well as, by directly
regulating the expression of epigenetic modifiers. Thus, targeting
of MYCN’s epigenetic network may prove an effective therapeutic
avenue for high-risk neuroblastoma. In particular, the CBP/p300
inhibitor C646 shows promise as a targeted MYCN amplified
neuroblastoma therapeutic.

MATERIALS AND METHODS

Cell Culture and Treatments

For cell culture conditions and cell sources see Dufty et al.
(2014). Briefly, the six neuroblastoma cell lines used were
received as generous gifts from Dr. Frank Westermann
(DKFZ, Heidelberg University, Germany) and Dr. Johannes
Schulte (University Children’s Hospital Essen, Germany). The
following lines were used: IMR-32 (IMR32) - ATCC code
CCL-127, SH-SY5Y parental cell lines (PAR-SY5Y) (ATCC
code CRL-2266), SMS-KCN (KCN)®, SMS-KCNR (KCNR)®, SH-
SY5Y/6TR(EU)/pTrex-Dest-30/MYCN (SY5Y-MYCN) 3671 _
(generated in the Westermann Laboratory, DKFZ, Heidelberg).
All NB cell lines were maintained in RPMI 1640 media (Gibco)
supplemented with 10% fetal bovine serum (FBS) (Gibco) and
1% Penicillin-Streptomycin solution (Gibco). Transgenic cell line
SY5Y-MYCN was maintained in the same media as for other cell
lines and supplemented with G418 (0.2 mg/ml) (Sigma-Aldrich)
and Blasticitidin (7.5 pg/ml) (Invitrogen). Induction of MYCN
overexpression in SY5Y-MYCN cells was performed by adding
Doxycycline hyclate (Sigma-Aldrich) at the final concentration of
1 pg/ml. Cells were cultivated in cell culture incubator (Thermo
Scientific) at 37°C and 5% CO2. For differentiation assays and
generation of neurons from NB cells, all-trans retinoic acid
(RA) was added to growth media at the final concentration
of 1 WM.

The SGC chemical library (Plate 9C - 45 compounds,
Supplementary Table 2) was used for compound screening.
Additional small molecules beyond the SGC library stocks
used were from the following sources: C646 (SML0002,
Sigma Aldrich), CBP30 (#4889, Tocris Bioscience), I-CBP112

(#4891, Tocris Bioscience), (+) -JQ1 (#87110, Selleck
Chemicals), I-BET151 (MLO0666, Sigma Aldrich) and
all-trans Retinoic Acid (#R2625, Sigma Aldrich). Stock

solutions were dissolved in DMSO. Compounds were
replenished every 24 h for any treatment longer than a 24 h
duration.

5 http://www.cogcell.org/dl/NB_Data_Sheets/SMS-KCN_Cell_Line_Data_Sheet_
COGecell_org.pdf

6http:/ /www.cogcell.org/dl/NB_Data_Sheets/SMS-KCNR_Cell_Line_Data_
Sheet_COGcell_org.pdf
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Cell Treatments
Doxycycline induction - SY5Y-MYCN cells were induced for
MYCN expression by adding 1 pg/ml (final concentration) of
Doxycycline to growth media. As the half-life of this drug in
the culture media is approximately 48 h, growth media was
replaced every day.

All-trans retinoic RA induction - For the generation of
neurons from SH-SY5Y-MYCN cells, all-trans retinoic acid (RA)
was added to growth media at the final concentration of 1 wM.
RA was prepared in storage stocks (25 mg/ml) by dissolving the
compound in DMSO. These stocks were stored at —80°C no
longer than 6 months past the date of the stock preparation.
Working stock (1 mM; 0.300044 mg/ml) was also kept at —80°C.
Upon treatment, RA reagent and tissue culture dishes were kept
protected from light.

Cell treatments with small molecule compounds - Cells were
seeded in 96-well plates with 10,000 cells/well, with at least
technical triplicates per treatment. Compounds were used in
various concentrations, in accordance with experimental setup.
In order to minimize the effect of compound degradation in the
growth media, all compounds were replenished every 24 h for any
treatment longer than the 24 h duration.

Alamar Blue Cell Viability Assays

Alamar Blue assay (Resazurin sodium salt R7017, Sigma)
provides the ability to monitor the combined effects of cellular
health, apoptosis, proliferation, cell cycle function and control
in a single assay. The active ingredient for Alamar Blue assay is
resazurin which is water-soluble and stable in culture medium.
Compared to other cell viability reagents it’s non-toxic and
easily permeable through cell membranes. Measurements were
performed in at least triplicate. Treatments were performed in
96-well plates. Upon the conclusion of treatments culture media
was discarded and 0.1 ml of fresh RPMI-1640 medium with
fresh Alamar Blue 0.05% stock (1:10 Alamar Blue to medium)
was added directly to the wells. Cells were incubated for at
least 3 h at 37°C and 5% CO2. After this time, absorbance
was measured (Spectramax Plus384 Plate Reader, Molecular
Devices accompanied with SoftMaxPro software) at excitation
570 nm and emission 600 nm. Calculations were performed in
accordance with the manufacturer’s protocol’. The results are
shown as the mean inhibition indices calculated by dividing each
experimental result by the mean of the respective control values.
For the washout experiments, media containing Alamar Blue was
removed upon measurement and replaced with fresh media in
order to facilitate the recovery of cells from the drug treatment.

Statistical Analysis

Statistical testing was performed in MS Excel. Data was tested
for normal distribution (Shapiro-Wilk Test) using the online
tool; https://www.statskingdom.com/320ShapiroWilk.html. Two
sided t-tests with equal variance were performed by using the
online tool; http://studentsttest.com/. Error bars are represented
as plus/minus one standard deviation. Linear regression analysis

7http:/ /tools.lifetechnologies.com/content/sfs/manuals/PI- DAL1025-1100_T1%
20alamarBlue%20Rev%201.1.pdf

was also performed in MS Excel (Pearson Correlation Coeflicient
test). ICs5p calculation and dose response curve fitting were
performed using the online tool, IC50 Toolkit®.

Zebrafish Treatments

Zebrafish larvae (Danio rerio, AB and Tg[Flil:EGFP] strains)
were maintained on a 14h light/10h dark lighting cycle at 28.5°C.
Drug treatments were conducted for 24 h (28 h post fertilisation
[hpf]- 52 hpf), by waterborne exposure i.e., incubating the
embryos in water containing epigenetic targeting compounds;
10 uM IBET-151, 5 puM C646, 10 uM CB112, 10 M JQI1 and
10 pM CBP30. Embryos studies were approved by the UCD
Animal Research Ethics Committee.

Omic Datasets and Bioinformatics Tools

Ingenuity Pathway Analysis (IPA) software was also used
for the ITR and pathway analysis. All survival curves were
generated using the SEQC (Zhang et al., 2015) 498 neuroblastoma
tumour dataset in the R2: Genomics Analysis and Visualization
Platform?. Kaplan Meier curves were generated using the
KaplanScan function that segregates a patient cohort in 2 groups
on the basis of gene expression. The scanning function of this
tool yields a cut-off where the difference in survival is most
significant. KaplanScan was run with the following parameters:
Type of Survival - event free; minimal groups size = 8. Multi-
omic datasets (ChIP-seq, RNA-seq and interactome) were mined
from published studies (Duffy et al., 2015, 2016; Harenza et al.,
2017). Peaks were visualized using the SeqMonk analysis tool’
using default parameter settings. Briefly, using input ChIP-seq
BAM files, sequencing probes were generated and peaks were
called with MACS2, followed by annotation for the nearest gene.
Distinct peaks were quantified and normalized against the largest
dataset, while smoothing was performed using the pipeline for
adjacent probes. Venn diagrams were generated using jvenn
(Bardou et al., 2014)"°. Epigenetic genes78 The dbEM, Database
of Epigenetic Modifiers (Singh Nanda et al., 2016), was used
for identifying MYCN’s epigenetic related targets!. Protein
interaction networks were generated using the String database''.
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Supplementary Figure 1 | Additional SMARC survival curves, MYC family
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Supplementary Figure 4 | Additional phenotypic screen data. (A) Zebrafish
embryos treated for 24 h (28 h post fertilisation [hpf]- 52 hpf) with epigenetic
targeting compounds (IBET-151, I-CB112 and CBP30). Magnification is 10x,
images from 52 hpf. Melanocytes appear black due to their endogenous melanin.
Otic vesicles (large black circles) mark the anterior pole (head) of the embryos.

Carter, D. R., Murray, J., Cheung, B. B., Gamble, L., Koach, J., Tsang, J., et al.
(2015). Therapeutic targeting of the MYC signal by inhibition of histone
chaperone FACT in neuroblastoma. Sci. Transl. Med. 7:312ral76. doi: 10.1126/
scitranslmed.aab1803

Chamberlain, M. C. (2010). Neurotoxicity of cancer treatment. Curr. Oncol. Rep.
12, 60-67. doi: 10.1007/s11912-009-0072-9

Cherblang, F. L., Chapman, K. L., Brown, R., and Fuchter, M. J. (2013). Chaetocin
is a nonspecific inhibitor of histone lysine methyltransferases. Nat. Chem. Biol.
9, 136-137. doi: 10.1038/nchembio.1187

Cheung, Y.-T., Lau, W. K.-W., Yu, M.-S,, Lai, C. S.-W., Yeung, S.-C., So, K.-F., et al.
(2009). Effects of all-trans-retinoic acid on human SH-SY5Y neuroblastoma as
in vitro model in neurotoxicity research. Neurotoxicology 30, 127-135. doi:
10.1016/j.neuro.2008.11.001

Cohn, S. L., Pearson, A. D. J., London, W. B., Monclair, T., Ambros, P. F., Brodeur,
G. M., et al. (2009). The international neuroblastoma risk group (INRG)
classification system: an INRG task force report. J. Clin. Oncol. 27, 289-297.
doi: 10.1200/jc0.2008.16.6785

D’Amours, D., Desnoyers, S., D’Silva, L, and Poirier, G. G. (1999). Poly (ADP-
ribosyl) ation reactions in the regulation of nuclear functions. Biochem. J. 342,
249-268. doi: 10.1042/0264-6021:3420249

Frontiers in Cell and Developmental Biology | www.frontiersin.org

April 2021 | Volume 9 | Article 612518


https://www.frontiersin.org/articles/10.3389/fcell.2021.612518/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.612518/full#supplementary-material
http://r2.amc.nl
http://r2.amc.nl
https://string-db.org/
http://r2.amc.nl
https://doi.org/10.1016/j.ejca.2016.11.022
https://doi.org/10.1016/j.ejca.2016.11.022
https://doi.org/10.1038/384641a0
https://doi.org/10.1038/384641a0
https://doi.org/10.1093/bfgp/elt007
https://doi.org/10.1093/bfgp/elt007
https://doi.org/10.1186/1471-2105-15-293
https://doi.org/10.1186/1471-2105-15-293
https://doi.org/10.1016/j.chembiol.2010.03.006
https://doi.org/10.1126/scitranslmed.aab1803
https://doi.org/10.1126/scitranslmed.aab1803
https://doi.org/10.1007/s11912-009-0072-9
https://doi.org/10.1038/nchembio.1187
https://doi.org/10.1016/j.neuro.2008.11.001
https://doi.org/10.1016/j.neuro.2008.11.001
https://doi.org/10.1200/jco.2008.16.6785
https://doi.org/10.1042/0264-6021:3420249
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Krstic et al.

Epigenetic Vulnerabilities of MYCN-Amplified Neuroblastoma

Dokmanovic, M., Clarke, C., and Marks, P. A. (2007). Histone deacetylase
inhibitors: overview and perspectives. Mol. Cancer Res. 5, 981-989. doi: 10.
1158/1541-7786.mcr-07-0324

Domingo-Fernandez, R., Watters, K., Piskareva, O., Stallings, R. L., and Bray, L.
(2013). The role of genetic and epigenetic alterations in neuroblastoma disease
pathogenesis. Pediatr. Surg. Int. 29, 101-119. doi: 10.1007/s00383-012-3239-7

Dreidax, D., Bannert, S., Henrich, K.-O., Schréder, C., Bender, S., Oakes,
C. C, et al. (2014). p19-INK4d inhibits neuroblastoma cell growth, induces
differentiation and is hypermethylated and downregulated in MYCN-amplified
neuroblastomas. Hum. Mol. Genet. 23, 6826-6837. doi: 10.1093/hmg/ddu406

Duffy, D. J., Krstic, A., Halasz, M., Schwarzl, T., Fey, D., Iljin, K., et al. (2015).
Integrative omics reveals MYCN as a global suppressor of cellular signalling
and enables network-based therapeutic target discovery in neuroblastoma.
Oncotarget 6,43182-43201. doi: 10.18632/oncotarget.6568

Dufty, D.J., Krstic, A., Halasz, M., Schwarzl, T., Konietzny, A., Iljin, K., et al. (2017).
Retinoic acid and TGF-B signalling cooperate to overcome MYCN-induced
retinoid resistance. Genome Med. 9:15. doi: 10.1186/s13073-017-0407-3

Dufty, D. J., Krstic, A., Schwarzl, T., Halasz, M., Iljin, K., Fey, D., et al. (2016).
Wnt signalling is a bi-directional vulnerability of cancer cells. Oncotarget 7,
60310-60331. doi: 10.18632/oncotarget.11203

Dufty, D. J., Krstic, A., Schwarzl, T., Higgins, D. G., and Kolch, W. (2014). GSK3
inhibitors regulate MYCN mRNA levels and reduce neuroblastoma cell viability
through multiple mechanisms, including p53 and wnt signaling. Mol, Cancer
Ther. 13, 454-467. doi: 10.1158/1535-7163.mct-13-0560-t

Durinck, K., and Speleman, F. (2018). Epigenetic regulation of neuroblastoma
development. Cell Tissue Res. 372, 309-324. doi: 10.1007/s00441-017-2773-y

Ebrahimi, A., Seving, K., Giirhan Seving, G., Cribbs, A. P., Philpott, M., Uyulur, F.,
et al. (2019). Bromodomain inhibition of the coactivators CBP/EP300 facilitate
cellular reprogramming. Nat. Chem. Biol. 15, 519-528. doi: 10.1038/s41589-
019-0264-z

Encinas, M., Iglesias, M., Liu, Y., Wang, H., Muhaisen, A., Cena, V.,
et al. (2000). Sequential treatment of SH—SY5Y cells with retinoic acid
and brain—derived neurotrophic factor gives rise to fully differentiated,
neurotrophic factor—dependent, human neuron—like cells. J. Neurochem. 75,
991-1003. doi: 10.1046/j.1471-4159.2000.0750991 .x

Fabian, J., Opitz, D., Althoff, K., Lodrini, M., Hero, B., Volland, R., et al.
(2016). MYCN and HDACS5 transcriptionally repress CD9 to trigger invasion
and metastasis in neuroblastoma. Oncotarget 7, 66344-66359. doi: 10.18632/
oncotarget.11662

Faiola, F., Liu, X,, Lo, S., Pan, S., Zhang, K., Lymar, E., et al. (2005). Dual
regulation of c-Myc by p300 via acetylation-dependent control of Myc protein
turnover and coactivation of Myc-induced transcription. Mol. Cell. Biol. 25,
10220-10234. doi: 10.1128/mcb.25.23.10220-10234.2005

Felgenhauer, J., Tomino, L., Selich-Anderson, J., Bopp, E., and Shah, N. (2018).
Dual BRD4 and AURKA inhibition is synergistic against MYCN-Amplified and
nonamplified neuroblastoma. Neoplasia 20, 965-974. doi: 10.1016/j.ne0.2018.
08.002

Gajer, J. M, Furdas, S. D., Griinder, A., Gothwal, M., Heinicke, U., Keller, K., et al.
(2015). Histone acetyltransferase inhibitors block neuroblastoma cell growth
in vivo. Oncogenesis 4:¢137. doi: 10.1038/oncsis.2014.51

Gottlicher, M., Minucci, S., Zhu, P., Krimer, O. H., Schimpf, A., Giavara, S.,
et al. (2001). Valproic acid defines a novel class of HDAC inhibitors inducing
differentiation of transformed cells. EMBO J. 20, 6969-6978. doi: 10.1093/
emboj/20.24.6969

Gustafson, W. C., and Weiss, W. A. (2010). Myc proteins as therapeutic targets.
Oncogene 29, 1249-1259. doi: 10.1038/0nc.2009.512

Harenza, J. L., Diamond, M. A., Adams, R. N., Song, M. M., Davidson, H. L.,
Hart, L. S., et al. (2017). Transcriptomic profiling of 39 commonly-used
neuroblastoma cell lines. Sci. Data 4:170033. doi: 10.1038/sdata.2017.33

Hay, D. A, Fedorov, O., Martin, S., Singleton, D. C,, Tallant, C., Wells, C., et al.
(2014). Discovery and optimization of small-molecule ligands for the CBP/p300
bromodomains. J. Am. Chem. Soc. 136, 9308-9319. doi: 10.1021/ja412434f

He,S., Liu, Z., Oh, D.-Y., and Thiele, C.J. (2013). MYCN and the Epigenome. Front.
Oncol. 3:1. doi: 10.3389/fonc.2013.00001

Henrich, K.-O., Bender, S., Saadati, M., Dreidax, D., Gartlgruber, M., Shao, C.,
etal. (2016). Integrative genome-scale analysis identifies epigenetic mechanisms
of transcriptional deregulation in unfavorable neuroblastomas. Cancer Res. 76,
5523-5537. doi: 10.1158/0008-5472.can-15-2507

Hohmann, A. F.,, and Vakoc, C. R. (2014). A rationale to target the SWI/SNF
complex for cancer therapy. Trends Genet. 30, 356-363. doi: 10.1016/j.tig.2014.
05.001

Hiebackovd, J., Poljakovd, J., Eckschlager, T., Hrabéta, J., Prochazka, P., Smutny,
S., et al. (2009). Histone deacetylase inhibitors valproate and trichostatin A are
toxic to neuroblastoma cells and modulate cytochrome P450 1A1, 1B1 and 3A4
expression in these cells. Interdiscip. Toxicol. 2, 205-210. doi: 10.2478/v10102-
009-0019-x

Huang, M., and Weiss, W. A. (2013). Neuroblastoma and MYCN. Cold Spring
Harbor Perspect. Med. 3:a014415. doi: 10.1101/cshperspect.a014415

Jin, B., Li, Y., and Robertson, K. D. (2011). DNA methylation: superior or
subordinate in the epigenetic hierarchy? Genes Cancer 2, 607-617. doi: 10.1177/
1947601910393957

Johnsen, J. I, Dyberg, C., Fransson, S., and Wickstrom, M. (2018). Molecular
mechanisms and therapeutic targets in neuroblastoma. Pharmacol. Res. 131,
164-176. doi: 10.1016/j.phrs.2018.02.023

Jubierre, L., Soriano, A., Planells-Ferrer, L., Paris-Coderch, L., Tenbaum, S. P.,
Romero, O. A., et al. (2016). BRG1/SMARCAA4 is essential for neuroblastoma
cell viability through modulation of cell death and survival pathways. Oncogene
35, 5179-5190. doi: 10.1038/0nc.2016.50

Juergens, R. A., Wrangle, J., Vendetti, F. P., Murphy, S. C., Zhao, M., Coleman,
B., et al. (2011). Combination epigenetic therapy has efficacy in patients with
refractory advanced non-small cell lung cancer. Cancer Discov. 1, 598-607.
doi: 10.1158/2159-8290.cd-11-0214

Khan, J., and Helman, L. J. (2016). Precision therapy for pediatric cancers. JAMA
Oncol. 2, 575-577. doi: 10.1001/jamaoncol.2015.5685

Kramer, A., Green, J., Pollard, J., and Tugendreich, S. (2014). Causal analysis
approaches in ingenuity pathway analysis. Bioinformatics 30, 523-530. doi:
10.1093/bioinformatics/btt703

Kumar, P., Matthay, K. K., and Gustafson, W. C. (2019). “Chapter 14 -
novel therapeutic targets in neuroblastoma,” in Neuroblastoma: Molecular
Mechanisms and Therapeutic Interventions, ed. S. K. Ray (Cambridge,
MA: Academic Press), 231-261. doi: 10.1016/b978-0-12-812005-7.
00014-x

Kuriyama, S., and Mayor, R. (2008). Molecular analysis of neural crest migration.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 363, 1349-1362.

LePage, K. T., Dickey, R. W., Gerwick, W. H., Jester, E. L., and Murray, T. F.
(2005). On the use of neuro-2a neuroblastoma cells versus intact neurons
in primary culture for neurotoxicity studies. Crit. Rev. Neurobiol. 17, 27-50.
doi: 10.1615/critrevneurobiol.v17.i1.20

Lodrini, M., Oehme, I, Schroeder, C., Milde, T., Schier, M. C., Kopp-Schneider,
A, et al. (2013). MYCN and HDAC2 cooperate to repress miR-183 signaling
in neuroblastoma. Nucleic Acids Res. 41, 6018-6033. doi: 10.1093/nar/
gkt346

Loharch, S., Bhutani, I, Jain, K., Gupta, P., Sahoo, D. K., and Parkesh, R. (2015).
EpiDBase: a manually curated database for small molecule modulators of
epigenetic landscape. Database 2015:bav013.

Maddox, S. A, Watts, C. S., and Schafe, G. E. (2013). p300/CBP histone
acetyltransferase activity is required for newly acquired and reactivated fear
memories in the lateral amygdala. Learn. Mem. 20, 109-119. doi: 10.1101/lm.
029157.112

Marks, P. (2007). Discovery and development of SAHA as an anticancer agent.
Oncogene 26, 1351-1356. doi: 10.1038/sj.onc.1210204

Meany, H. J. (2019). Non-high-risk neuroblastoma: classification and
achievements in therapy. Children 6:5. doi: 10.3390/children6010005

Miremadi, A., Oestergaard, M. Z., Pharoah, P. D., and Caldas, C. (2007). Cancer
genetics of epigenetic genes. Hum. Mol. Genet. 16, R28-R49.

Monclair, T., Brodeur, G. M., Ambros, P. F., Brisse, H. J., Cecchetto, G., Holmes,
K., et al. (2009). The international neuroblastoma risk group (INRG) staging
system: an INRG task force report. J. Clin. Oncol. 27, 298-303. doi: 10.1200/jco.
2008.16.6876

Mujtaba, S., He, Y., Zeng, L., Yan, S., Plotnikova, O., Sanchez, R., et al. (2004).
Structural mechanism of the bromodomain of the coactivator CBP in p53
transcriptional activation. Mol. Cell 13, 251-263. doi: 10.1016/s1097-2765(03)
00528-8

Oechme, I, Deubzer, H. E., Wegener, D., Pickert, D., Linke, J.-P., Hero, B., et al.
(2009). Histone deacetylase 8 in neuroblastoma tumorigenesis. Clin. Cancer Res.
15,91-99. doi: 10.1158/1078-0432.ccr-08-0684

Frontiers in Cell and Developmental Biology | www.frontiersin.org

April 2021 | Volume 9 | Article 612518


https://doi.org/10.1158/1541-7786.mcr-07-0324
https://doi.org/10.1158/1541-7786.mcr-07-0324
https://doi.org/10.1007/s00383-012-3239-7
https://doi.org/10.1093/hmg/ddu406
https://doi.org/10.18632/oncotarget.6568
https://doi.org/10.1186/s13073-017-0407-3
https://doi.org/10.18632/oncotarget.11203
https://doi.org/10.1158/1535-7163.mct-13-0560-t
https://doi.org/10.1007/s00441-017-2773-y
https://doi.org/10.1038/s41589-019-0264-z
https://doi.org/10.1038/s41589-019-0264-z
https://doi.org/10.1046/j.1471-4159.2000.0750991.x
https://doi.org/10.18632/oncotarget.11662
https://doi.org/10.18632/oncotarget.11662
https://doi.org/10.1128/mcb.25.23.10220-10234.2005
https://doi.org/10.1016/j.neo.2018.08.002
https://doi.org/10.1016/j.neo.2018.08.002
https://doi.org/10.1038/oncsis.2014.51
https://doi.org/10.1093/emboj/20.24.6969
https://doi.org/10.1093/emboj/20.24.6969
https://doi.org/10.1038/onc.2009.512
https://doi.org/10.1038/sdata.2017.33
https://doi.org/10.1021/ja412434f
https://doi.org/10.3389/fonc.2013.00001
https://doi.org/10.1158/0008-5472.can-15-2507
https://doi.org/10.1016/j.tig.2014.05.001
https://doi.org/10.1016/j.tig.2014.05.001
https://doi.org/10.2478/v10102-009-0019-x
https://doi.org/10.2478/v10102-009-0019-x
https://doi.org/10.1101/cshperspect.a014415
https://doi.org/10.1177/1947601910393957
https://doi.org/10.1177/1947601910393957
https://doi.org/10.1016/j.phrs.2018.02.023
https://doi.org/10.1038/onc.2016.50
https://doi.org/10.1158/2159-8290.cd-11-0214
https://doi.org/10.1001/jamaoncol.2015.5685
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1016/b978-0-12-812005-7.00014-x
https://doi.org/10.1016/b978-0-12-812005-7.00014-x
https://doi.org/10.1615/critrevneurobiol.v17.i1.20
https://doi.org/10.1093/nar/gkt346
https://doi.org/10.1093/nar/gkt346
https://doi.org/10.1101/lm.029157.112
https://doi.org/10.1101/lm.029157.112
https://doi.org/10.1038/sj.onc.1210204
https://doi.org/10.3390/children6010005
https://doi.org/10.1200/jco.2008.16.6876
https://doi.org/10.1200/jco.2008.16.6876
https://doi.org/10.1016/s1097-2765(03)00528-8
https://doi.org/10.1016/s1097-2765(03)00528-8
https://doi.org/10.1158/1078-0432.ccr-08-0684
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Krstic et al.

Epigenetic Vulnerabilities of MYCN-Amplified Neuroblastoma

Ogryzko, V. V., Schiltz, R. L., Russanova, V., Howard, B. H., and Nakatani,
Y. (1996). The transcriptional coactivators p300 and cbp are histone
acetyltransferases. Cell 87, 953-959. doi: 10.1016/S0092-8674(00)82001-2

Patel, J. H., Du, Y., Ard, P. G, Phillips, C,, Carella, B., Chen, C.-]., et al. (2004). The
¢-MYC oncoprotein is a substrate of the acetyltransferases hGCN5/PCAF and
TIP60. Mol. Cell. Biol. 24, 10826-10834. doi: 10.1128/mcb.24.24.10826-10834.
2004

Phimmachanh, M., Han, J. Z., O’'Donnell, Y. E., Latham, S. L., and Croucher,
D. R. (2020). Histone deacetylases and histone deacetylase inhibitors in
neuroblastoma. Front. Cell Dev. Biol. 8:578770. doi: 10.3389/fcell.2020.578770

Pugh, T. J., Morozova, O., Attiyeh, E. F., Asgharzadeh, S., Wei, J. S., Auclair, D,,
et al. (2013). The genetic landscape of high-risk neuroblastoma. Nat. Genet. 45,
279-284.

Puissant, A., Frumm, S. M., Alexe, G., Bassil, C. F., Qi, J., Chanthery, Y. H., et al.
(2013). Targeting MYCN in Neuroblastoma by BET Bromodomain Inhibition.
Cancer Discov. 3, 308-323. doi: 10.1158/2159-8290.cd-12-0418

Ram Kumar, R. M., and Schor, N. F. (2018). Methylation of DNA and chromatin
as a mechanism of oncogenesis and therapeutic target in neuroblastoma.
Oncotarget 9, 22184-22193. doi: 10.18632/oncotarget.25084

Rampersad, S. N. (2012). Multiple applications of Alamar Blue as an indicator of
metabolic function and cellular health in cell viability bioassays. Sensors 12,
12347-12360. doi: 10.3390/s120912347

Romero, O. A,, Setien, F., John, S., Gimenez—Xavier, P., Goémez—Lépez, G., Pisano,
D., et al. (2012). The tumour suppressor and chromatin—remodelling factor
BRGI antagonizes Myc activity and promotes cell differentiation in human
cancer. EMBO Mol. Med. 4, 603-616. doi: 10.1002/emmm.201200236

Saletta, F., Wadham, C., Ziegler, D. S., Marshall, G. M., Haber, M., McCowage, G.,
et al. (2014). Molecular profiling of childhood cancer: biomarkers and novel
therapies. BBA Clin. 1, 59-77. doi: 10.1016/j.bbacli.2014.06.003

Schwarzl, T., Higgins, D. G., Kolch, W., and Dufty, D. J. (2015). Measuring
transcription rate changes via time-course 4-thiouridine pulse-labelling
improves transcriptional target identification. J. Mol. Biol. 427, 3368-3374.
doi: 10.1016/j.jmb.2015.09.006

SGC (2020). Consortium Database. I-CBP112 - a CREBBP/EP300-Selective
Chemical Probe. Avaliable at: https://www.thesgc.org/chemical-probes/I-
CBP112 (accessed March 15, 2021).

Sharma, S., Kelly, T. K., and Jones, P. A. (2010). Epigenetics in cancer.
Carcinogenesis 31, 27-36.

Shimada, H., Umehara, S., Monobe, Y., Hachitanda, Y., Nakagawa, A., Goto,
S., et al. (2001). International neuroblastoma pathology classification for
prognostic evaluation of patients with peripheral neuroblastic tumors: a report
from the Children;s Cancer Group. Cancer 92, 2451-2461. doi: 10.1002/1097-
0142(20011101)92:9<2451::aid-cner1595>3.0.c0;2-s

Singh Nanda, J., Kumar, R., and Raghava, G. P. S. (2016). dbEM: a database of
epigenetic modifiers curated from cancerous and normal genomes. Sci. Rep.
6:19340. doi: 10.1038/srep19340

Smith, V., and Foster, J. (2018). High-risk neuroblastoma treatment review.
Children 5:114. doi: 10.3390/children5090114

Stack, M., Walsh, P. M., Comber, H., Ryan, C. A., and O’Lorcain, P. (2007).
Childhood cancer in Ireland: a population-based study. Archiv. Dis. Childh. 92,
890-897. doi: 10.1136/adc.2005.087544

Tumilowicz, J. J., Nichols, W. W., Cholon, J. ]., and Greene, A. E. (1970). Definition
of a continuous human cell line derived from neuroblastoma. Cancer Res. 30,
2110-2118.

Upton, K., Modi, A., Patel, K., Kendsersky, N. M., Conkrite, K. L., Sussman, R. T.,
et al. (2020). Epigenomic profiling of neuroblastoma cell lines. Sci. Data 7:116.
doi: 10.1038/541597-020-0458-y

Vedadi, M., Barsyte-Lovejoy, D., Liu, F., Rival-Gervier, S., Allali-Hassani, A.,
Labrie, V., et al. (2011). A chemical probe selectively inhibits G9a and GLP
methyltransferase activity in cells. Nat. Chem. Biol. 7, 566-574. doi: 10.1038/
nchembio.599

Veschi, V., Liu, Z., Voss, T. C., Ozbun, L., Gryder, B., Yan, C,, et al. (2017).
Epigenetic siRNA and chemical screens identify SETD8 inhibition as a
therapeutic strategy for p53 activation in high-risk neuroblastoma. Cancer Cell
31, 50-63. doi: 10.1016/j.ccell.2016.12.002

Wainwright, E. N., and Scaffidi, P. (2017). Epigenetics and cancer stem cells:
unleashing, hijacking, and restricting cellular plasticity. Trends Cancer 3, 372—
386. doi: 10.1016/j.trecan.2017.04.004

Wang, L., Chang, J., Varghese, D., Dellinger, M., Kumar, S., Best, A. M., et al.
(2013). A small molecule modulates Jumonji histone demethylase activity
and selectively inhibits cancer growth. Nat. Commun. 4, 1-13. doi: 10.1002/
9783527678679.dg06526

Wang, L., Gural, A., Sun, X.-J., Zhao, X., Perna, F., Huang, G., et al. (2011). The
leukemogenicity of AMLI-ETO is dependent on site-specific lysine acetylation.
Science 333, 765-769. doi: 10.1126/science.1201662

Yang, J., AlTahan, A. M., Hu, D., Wang, Y., Cheng, P.-H., Morton, C. L,
et al. (2015). The role of histone demethylase KDM4B in Myc signaling in
neuroblastoma. J. Natl. Cancer Inst. 107:djv080. doi: 10.1093/jnci/djv080

Zhang, W., Yu, Y., Hertwig, F., Thierry-Mieg, J., Zhang, W., Thierry-Mieg, D.,
etal. (2015). Comparison of RNA-seq and microarray-based models for clinical
endpoint prediction. Genome Biol. 16:133. doi: 10.1186/s13059-015-0694- 1

Zofall, M., Persinger, J., Kassabov, S. R., and Bartholomew, B. (2006). Chromatin
remodeling by ISW2 and SWI/SNF requires DNA translocation inside the
nucleosome. Nat. Struct. Mol. Biol. 13, 339-346. doi: 10.1038/nsmb1071

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Krstic, Konietzny, Halasz, Cain, Oppermann, Kolch and Duffy.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

151

April 2021 | Volume 9 | Article 612518


https://doi.org/10.1016/S0092-8674(00)82001-2
https://doi.org/10.1128/mcb.24.24.10826-10834.2004
https://doi.org/10.1128/mcb.24.24.10826-10834.2004
https://doi.org/10.3389/fcell.2020.578770
https://doi.org/10.1158/2159-8290.cd-12-0418
https://doi.org/10.18632/oncotarget.25084
https://doi.org/10.3390/s120912347
https://doi.org/10.1002/emmm.201200236
https://doi.org/10.1016/j.bbacli.2014.06.003
https://doi.org/10.1016/j.jmb.2015.09.006
https://www.thesgc.org/chemical-probes/I-CBP112
https://www.thesgc.org/chemical-probes/I-CBP112
https://doi.org/10.1002/1097-0142(20011101)92:9<2451::aid-cncr1595>3.0.co;2-s
https://doi.org/10.1002/1097-0142(20011101)92:9<2451::aid-cncr1595>3.0.co;2-s
https://doi.org/10.1038/srep19340
https://doi.org/10.3390/children5090114
https://doi.org/10.1136/adc.2005.087544
https://doi.org/10.1038/s41597-020-0458-y
https://doi.org/10.1038/nchembio.599
https://doi.org/10.1038/nchembio.599
https://doi.org/10.1016/j.ccell.2016.12.002
https://doi.org/10.1016/j.trecan.2017.04.004
https://doi.org/10.1002/9783527678679.dg06526
https://doi.org/10.1002/9783527678679.dg06526
https://doi.org/10.1126/science.1201662
https://doi.org/10.1093/jnci/djv080
https://doi.org/10.1186/s13059-015-0694-1
https://doi.org/10.1038/nsmb1071
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

',\' frontiers
in Genetics

REVIEW
published: 23 April 2021
doi: 10.3389/fgene.2021.624290

OPEN ACCESS

Edited by:

Andrrei V. Chernov,

University of California, San Diego,
United States

Reviewed by:

Nicoletta Landsberger,

University of Milan, Italy

Wei Li,

University of Alabama at Birmingham,
United States

Alessandra Pecorelli,

North Carolina State University,
United States

*Correspondence:
Dag H. Yasui
dhyasui@ucdavis.edu

Specialty section:

This article was submitted to
Epigenomics and Epigenetics,
a section of the journal
Frontiers in Genetics

Received: 31 October 2020
Accepted: 08 February 2021
Published: 23 April 2021

Citation:

Sharifi O and Yasui DH (2021) The
Molecular Functions of MeCP2 in Rett
Syndrome Pathology.

Front. Genet. 12:624290.

doi: 10.3389/fgene.2021.624290

Check for
updates

The Molecular Functions of MeCP2
in Rett Syndrome Pathology

Osman Sharifi and Dag H. Yasui*

LaSalle Laboratory, Department of Medical Microbiology and Immunology, UC Davis School of Medicine, Davis, CA,
United States

MeCP2 protein, encoded by the MECP2 gene, binds to DNA and affects transcription.
Outside of this activity the true range of MeCP2 function is still not entirely clear. As
MECP2 gene mutations cause the neurodevelopmental disorder Rett syndrome in 1 in
10,000 female births, much of what is known about the biologic function of MeCP2
comes from studying human cell culture models and rodent models with Mecp2 gene
mutations. In this review, the full scope of MeCP2 research available in the NIH Pubmed
(https://pubmed.ncbi.nim.nih.gov/) data base to date is considered. While not all original
research can be mentioned due to space limitations, the main aspects of MeCP2
and Rett syndrome research are discussed while highlighting the work of individual
researchers and research groups. First, the primary functions of MeCP2 relevant to
Rett syndrome are summarized and explored. Second, the conflicting evidence and
controversies surrounding emerging aspects of MeCP2 biology are examined. Next,
the most obvious gaps in MeCP2 research studies are noted. Finally, the most recent
discoveries in MeCP2 and Rett syndrome research are explored with a focus on the
potential and pitfalls of novel treatments and therapies.

Keywords: Rett syndrome, epigenetic, DNA, chromatin, gene expression, MeCP2

INTRODUCTION

MeCP2 research efforts have been extensive and have therefore greatly advanced the fields of
epigenetics, neuroscience and chromatin research. MeCP2, encoded by the MECP2 gene in humans
and the Mecp2 gene in rodents, was first characterized as a methyl CpG DNA binding protein in
1992, thereby establishing it as an epigenetic reader of DNA methylation (Mechan et al., 1992).
It was not until the 1999 discovery that mutations in MECP2 contribute to the pathology of the
rare disease, Rett syndrome (RTT, OMIM #312750), that the relevance of MeCP2 to normal human
development was established (Amir et al., 1999). Virtually all Rett patients are female (Reichow
et al., 2015) and mosaic for cells with MECP2 expression as point mutations on the X chromosome
are almost always paternally inherited (Trappe et al., 2001). Despite this fact, the function of
MeCP2 has been predominately studied in the nervous system of Mecp2 null male mice as ablation
of MeCP2 in all brain cells accounts for the most severe disease phenotypes (Guy et al., 2001).
Since the initial characterization of MeCP2 as a DNA binding protein in 1992 (Mechan et al,
1992) a whole field of biochemical research has emerged, culminating in the discovery that MeCP2
can organize chromatin by liquid phase separation (Fan et al., 2020; Li et al., 2020; Wang et al,,
2020). Since 1999 and the discovery that mutations in MECP2 contribute to Rett syndrome, at
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least 3,194 papers mentioning MeCP2 have accumulated in the
NIH Pubmed database. In this review we will examine the
biologic function of MeCP2 in mammals, highlight controversial
aspects of MeCP2 research, point out significant gaps in
knowledge, and report on paradigm shifting advances in the
Rett syndrome field.

Fundamental Aspects of MeCP2

Function in Mammals

MECP2/Mecp2 Mutations and Resulting MeCP2
Deficiencies in Brain Underlie the Majority of Rett
Syndrome Like Phenotypes

The key to defining the functions of MeCP2 is to understand the
effects that hypomorphic MECP2 has at the whole organism level.
Prior to the identification of MECP2 mutations in Rett patients,
a general model of MECP2/MeCP2 function had been developed
from early studies on the Mecp2 gene and MeCP2 protein in mice
(Lewis et al., 1992). Evidence from in vitro studies concluded
that MeCP2 acted as a transcriptional repressor of genes in cis
(Nan et al., 1997). In 1999 a team led by Huda Zoghbi at Baylor
College of Medicine and Uta Francke at Stanford University
identified the common mutations for Rett syndrome and mapped
them to the MECP2 gene located on the X chromosome (Amir
et al,, 1999). A Rett syndrome model with a germline Mecp2
exon 3 and 4 deletion allele produced healthy mice at birth but
male pups (Mecp2~/Y null) soon displayed impaired motor skills
and premature lethality, while female mice (Mecp2~/ deficient
heterozygotes) became hypoactive and exhibited motor and
breathing defects after 3 months of age Post mortem examination
of male Mecp2~/Y null mice revealed reduced brain and neuronal
size (Guy et al., 2001). These Mecp2 exon 3 and 4 deletion or “Bird
Mecp2 deletion” mice have been the primary animal model of
Rett syndrome research. A simultaneous germline Mecp2 exon
3 deletion mouse which will be henceforth referred to as the
“Jaenisch Mecp2 deletion” model displayed very similar motor
defects and premature death as the Bird Mecp2 null mice in
males and motor, hypoactivity and respiratory phenotypes in
females (Chen et al., 2001). To test the hypothesis that Mecp2
expression is necessary for normal brain function, deletion of
Mecp2 in nestin expressing cells, encompassing neurons and
glia, also displayed premature death and motor defects in Bird
Mecp2~/Y null deletion males and delayed motor defects in Bird
MecpZ’/ T deficient heterozygous female mice (Guy et al., 2001).
Simultaneous histological examination of Jaenisch Mecp2~/Y null
deletion mice revealed reduced neuronal size along with reduced
brain weight, suggestive of brain restricted defects underlying
Rett like phenotypes (Chen et al., 2001). To better examine the
requirement for Mecp2 expression during brain development, the
Jaenisch team also generated mice conditional for Mecp2 deletion
in nestin expressing neurons and glia. These mice exhibited the
same phenotypes as seen in Mecp2 germline deletion mice as
did mice conditional for Mecp2 deletion in CamK expressing,
post-mitotic neurons that presented with delayed neurological
defects in both Mecp2~/¥ null and Mecp2~—/* deficient female
mice and premature death in male mice (Chen et al, 2001).
Together, these Bird and Jaenisch germline and conditional

Mecp2 deletion mouse models led to the conclusion that defects
in Mecp2 expression of MeCP2 protein during development is
necessary for normal central nervous system function and a
normal lifespan. Interestingly, subsequent deletion of Mecp2 in
specific neuronal subtypes revealed specific network defects but
not reduced life span (Fyfte et al., 2008; Samaco et al., 2009;
Chao et al., 2010) except for male mice with Mecp2 deletion in
somatostatin and parvalbumin neurons (Ito-Ishida et al., 2015).
However, MECP2 exon deletions homologous to Mecp2 exon
deletion model mice are rarely found in Rett patients and thus
represent somewhat artificial genetic constructs of the disease.

The requirement for MeCP2 activity during murine
development was examined by leveraging a system in which
a stop codon in Mecp2 could be removed using a systemically
administered, tamoxifen induced, cre-lox deletion. Using this
tool, a landmark series of experiments performed by teams from
the Bird and Jaenisch labs indicated that the expression of Mecp2
in neurons during early adult development was able to rescue
motor defects, hypo-activity and premature death in Mecp2~/Y
null male mice bearing Bird and Jaenisch Mecp2 deletion alleles
(Giacometti et al., 2007; Guy et al., 2007). To further test the
hypothesis that Mecp2 expression is necessary for neurologic
function after development in a whole animal, a team led by
Huda Zoghbi examined the effects of the Bird Mecp2 deletion
allele in adult mice. The Mecp2~/Y null male mice acquired
motor defects, learning defects, apraxia and lethality within
15 weeks after Mecp2 gene deletion (McGraw et al., 2011). From
these collective Mecp2 deletion mouse model studies, it is clear
that MeCP2 is necessary for normal neuronal function and
overall health throughout the lifespan. One caveat of these and
other studies is that Bird Mecp2~/Y null deletion males were
the primary focus of these studies as they have a robust disease
endpoint (death) by 20 weeks of age and present with motor
defects at 6 weeks of age (Guy et al.,, 2001). However, the vast
majority of Rett patients are female and are heterozygous for
MECP2 mutations as spontaneous MECP2 point mutations are
passed from the paternal X chromosome in sperm (Trappe et al.,
2001). Female Mecp2~/* deficient heterozygous deletion mice
are more difficult to study as life span is normal and the motor,
altered anxiety and respiratory symptoms common to Mecp2~/¥
null deletion males arise after 6 months of age and are often
subtle in presentation (Chen et al.,, 2001; Guy et al.,, 2001). It
should be noted that maternally inherited MECP2 mutations are
extremely rare, tend to be gene duplications and present as a
different disease in male patients (Del Gaudio et al., 2006).

Since the generation of the initial Mecp2 deletion mouse
models, multiple Mecp2 gene “knock in” models that are based
on actual MECP2 mutations identified in Rett patients have
been developed. The model that may have the greatest relevance
to Rett is the T158A model developed by Zhou (Goffin et al,
2012) as mutation of threonine 158 is the most common
MECP2 missense mutation according to the RettBASE database
(mecp2.chw.edu.au) and affects the ability of MeCP2 to bind
to DNA. The non-sense MECP2 mutation R168X correlates
with severe disease symptoms in Rett. This mutation when
recapitulated in Mecp2 resulted in motor, cognitive and anxiety
defects in Mecp2R168%/Y males and females, although the time
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of onset was delayed in females (Schaevitz et al., 2013). In
fact, male T158A mice (MecpZTlSSA/ Y) recapitulated the motor
and learning defects as well as premature mortality observed
in male Mecp2 null mice (Goffin et al., 2012) while female
Mecp2T158A/% exhibit breathing abnormalities similar to those
observed in Rett females (Bissonnette et al., 2014). In 2014 a
mouse model based on a human MECP2 exon 1 mutation showed
motor defects similar to Bird Mecp2 null mice along with altered
anxiety and stereotypic behavior in Mecp2-eI~/¥ males (Yasui
et al,, 2014). Additional Mecp2 knock in mouse models based on
Rett MECP2 mutations have been developed and exhibit a range
of motor and behavioral phenotypes as reviewed in Schmidt and
Cardoso (Schmidt et al., 2020). Rat Mecp2 knock in models may
have advantages over mouse models as a Mecp2 truncation model
exhibits neurologic regression in Mecp2~/* females and thus
more accurately models Rett syndrome than some existing mouse
models (Veeraragavan et al., 2015).

Mutations in MECP2/Mecp2 Affect Virtually All
Organs and Tissues

Although the most severe disease phenotypes were observed in
Mecp2~/Y null deletion male mice with deletion engineered in
brain (Chen et al.,, 2001; Guy et al., 2001), defects in MECP2
expression in humans has the potential to affect almost all organs
and cell types, as transcripts are detected at significant levels
in virtually all adult human tissues (Figure 1). At the systems
biology level, male mice engineered to have only peripheral
deletion of Mecp2 outside of the nervous system were hypoactive,
had reduced exercise capacity and bone defects, but survived
beyond 50 weeks after birth (Ross et al., 2016). This study, led
by Stuart Cobb, established that Mecp2 expression in multiple
organs and cell types likely accounts for these broad phenotypes
thereby underlining the importance of MeCP2 function outside
of the nervous system.

These limited studies indicate that while MeCP2 is necessary
for normal neurologic function in mice, disease is still present
in other tissues. Similarly, loss or diminished MeCP2 activity
contributes to Rett syndrome pathology outside of the nervous
system. For example, an early report in 1994 described extended
QTc intervals in Rett patients (Sekul et al, 1994). Analysis
of Mecp2 deletion mice revealed similar cardiac abnormalities
as the patients as well as ventricular tachycardia (McCauley
et al, 2011). To further investigate this finding, conditional
deletion of Mecp2 from cholinergic neurons was performed by
a team led by Jeff Neul. They found that loss of Mecp2 from
cholinergic, parasympathetic neurons recapitulated the previous
cardiac findings in Bird Mecp2 null mice and symptoms in
Rett patients (Herrera et al., 2016). Interestingly, while MECP2
transcripts have relatively low abundance in the human liver
(Figure 1) an ENU mutagenesis screen in Bird Mecp2~/Y null
male mice revealed that MeCP2 function is required for normal
lipid metabolism as these animals have dysregulated cholesterol
synthesis in brain and elevated cholesterol in liver and serum
(Buchovecky et al., 2013; Kyle et al., 2016; Kyle et al., 2018).
MECP2 is also expressed at high level in human intestine
(Figure 1) and 66% of Rett patients report gastrointestinal pain
(Symons et al,, 2013). A 2016 study found that Mecp2 null

mice had gut hypomotility and reduced nitric oxide synthase
expression in enteric neurons (Wahba et al., 2015). To examine
the hypothesis that microbial alterations underlie intestinal
defects, the overall gut microbiome diversity was examined and
appeared to be reduced in Rett patients (Strati et al., 2016;
Borghi et al., 2017). As the diets were similar between the Rett
and control subjects, these results suggest that altered MECP2
levels in the digestive tract may alter the intestinal environment
and thus microbe growth. In fact, it was recently shown that
mice with loss of Mecp2 expression solely in the intestine have
severe colonic epithelial defects (Millar-Biichner et al., 2016). As
there is direct signaling from the gut to the brain, extension
of these gut/microbiome studies should be extended to Bird
Mecp2~/7 deficient female deletion mice and would thus provide
critical insights for female Rett patients. While studies on the
role of MeCP2 function in tissues outside of the brain, a recent
study found evidence that MeCP2 represses LINE-1 activity
in brain, but not in peripheral tissues such as heart and eye
(Zhao et al., 2019).

MeCP2 Is a DNA Binding Protein

MeCP2 was first described in the lab of Adrian Bird as a
DNA binding protein with a high affinity for CpG methylated
DNA (Meehan et al, 1992) via the methyl DNA binding
domain (MBD) (Free et al., 2001). Although this report is
often overlooked, MeCP2 was later found to be homologous
to the nuclear matrix binding protein ARBP, cloned from
chicken (Weitzel et al., 1997). This finding is intriguing as
the nuclear matrix structures the nucleus in eukaryotic cells
and organizes chromatin for replication, DNA repair and
transcription among other functions (Wasag and Lenartowski,
2016). These in vitro binding results from the Stratling lab
suggested that ARBP/MeCP2 was involved in chromatin loop
organization and heterochromatin structure (Weitzel et al,
1997). Basic biochemical analyses of MeCP2 by Jeff Hansen
and colleagues revealed that MeCP2 is a highly disordered
protein outside of the MBD domain (Adams et al., 2007).
Significantly, another study by the Hansen and Woodcock team
demonstrated that a common Rett MECP2 mutation, RI06W
in the MBD altered MeCP2 interaction with nucleosomal DNA
(Nikitina et al., 2007). Consistent with these results, MeCP2
lacking the MBD domain was found to bind with low affinity
to chromatin in vivo (Stuss et al., 2013). The Hansen group
later determined that MeCP2 contains at least two distinct
DNA binding domains, the MBD and sequences in the carboxyl
terminus (Ghosh et al., 2010).

While Woodcock and colleagues had identified DNA binding
regions in MeCP2 outside of the MBD, these sites were not well
characterized at the time (Ghosh et al., 2010). Later however,
these non-MBD binding sites were identified as AT hook regions
by the Zoghbi lab in 2013 (Baker et al., 2013). The description of
AT hook domains in MeCP2 fits well with an 2005 description
of high affinity binding sites containing AT runs adjacent to
methylated CpG sites (Klose et al., 2005). To summarize these
diverse findings, a very recent paper nicely illustrates the in vivo
activity of MeCP2 in live cells. In this study Nat Heintz and
colleagues leveraged MeCP2 fluorescent tagging and real-time
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visual mobility analysis to describe the sum effect of stable
MBD domain interactions and transient AT hook interactions
that slow the diffusion of MeCP2 from DNA in living cells
(Piccolo et al., 2019).

Since the early characterization of MeCP2 as a methylated
CpG binding protein (Meehan et al., 1992), the range of MeCP2
binding activity has been extended. A discovery by the Heintz
lab revealed that 5-hydroxymethylcytosine (5hmc) is highly
abundant in mouse brain (Kriaucionis and Heintz, 2009). This
finding was confirmed by Anjana Rao and colleagues who also
identified TET1 as the enzyme responsible for the conversion of
5-methylcytosine (5mc) to 5Shmc in brain (Tahiliani et al., 2009).
Later it was determined by the Heintz lab that MeCP2 can bind
to 5hmc with similar affinity as 5mc in actively transcribed genes
(Mellén et al., 2012). However, in vitro results had previously
shown that 5hmc inhibits binding of the MBD domain of MeCP2
to DNA (Valinluck et al., 2004). Although the activity of TET1
and related factors TET2 and TET3 can each lead to active
CpG demethylation, potentially altering the transcriptional state
of genes (He et al, 2011) the biologic implications of MeCP2
binding to 5hmc is still not clear.

While 5mc and 5hme in CpG dinucleotides account for the
majority of MeCP2 binding sites in the mammalian genome,
MeCP2 can bind to other motifs. In 2014 the Hongjun Song
lab revealed that surprisingly, 25% of CpA, CpC, and CpT (CH)
dinucleotides are methylated in the brain compared with 75%
of CpG sites (Guo et al., 2014). The Song lab also showed that
MeCP2 was able to bind to methylated CpH in vitro (Guo
et al,, 2014). The following year, Harrison Gabel and other
members of the Greenberg lab determined that MeCP2 binds
to methyl CpA sites within gene bodies, although the effect
of this binding is controversial as described in a subsequent
section of this review (Gabel et al, 2015). More recently
the binding of MeCP2 was correlated with the methylation
status of CH sites in the brain (Lavery et al, 2020). These
results conflict with data indicating that MeCP2 binding to
DNA is mostly due to CpG methylation and that MeCP2
binds to promoters with low CpG density (Baubec et al,
2013). While it is clear that MeCP2 binds to dinucleotides
with methylated cytosine, an unbiased statistical analysis of
genome-wide MeCP2 ChIP-seq data sets indicated that the GC
content of a particular genomic region is the most predictive of
MeCP2 binding (Rube et al., 2016). In contrast to these results,
recent in vitro and in vivo studies indicate that MeCP2 has
minimal binding to non-methylated GT rich DNA (Connelly
et al, 2020). To further define MeCP2 binding, Buchmuller
et al. (2020) found that MeCP2 was able to bind to DNA
in vitro with the asymmetric cytosine modifications C/mC,
mC/mC, mC/hmC, and mC/fC, where C is cytosine, mC is 5
methyl cytosine, hmC is 5 hydroxymethylcytosine and fC is 5
formylcytosine. These recent findings appear to account for the
ability of MeCP2 to bind virtually anywhere in the genome. It is
important to note that the level of MeCP2 protein expression is
critical for normal brain function as mice with 50% of normal
expression (Kerr et al., 2008; Samaco et al,, 2008) and twice
normal expression (Collins et al., 2004) exhibit neurological
defects. Recent studies suggest that altered neuronal MeCP2

levels correlate with heterochromatin changes and behavioral
symptoms (Ito-Ishida et al., 2020).

MeCP2 Is Involved in Higher Order Chromatin
Organization

Another fundamental aspect of MeCP2 function that is often
overlooked is its ability to regulate large chromosomal domains.
For example, some of the earliest in vitro structural studies
revealed that MeCP2 could bind and condense nucleosomal
arrays that incorporate both methylated and unmethylated DNA
(Georgel et al., 2003). Interestingly, these studies did not indicate
that MeCP2 was able to form dimers, suggesting that one
MeCP2 molecule could bridge two independent arrays. A similar
chromatin condensation activity was shown in myoblast cell lines
by the Cardoso lab (Brero et al., 2005). Co-immunoprecipitation
studies by the El-Osta lab found that the SWI/SNF chromatin
remodeling factors Brahma and BAF57 can be recruited to
DNA by MeCP2 (Harikrishnan et al., 2005). While these studies
examined recombinant MeCP2 linking of artificial nucleosomal
constructs, a study from the Kohwi-Shigematsu lab identified a
functional chromatin looping activity in vivo. In this study Shin-
Ichi Horike and colleagues found that MeCP2 mediated long
range looping and thus transcriptional activity of the Dix5 gene
(Horike et al., 2005). In a similar study it was found that long
range interactions between the Prader-Willi imprinting center
(PWS-IC) and CHRNA7 modulated gene expression in neurons
(Yasui et al., 2011). These studies in cell lines were also consistent
with in vitro studies from the Hansen lab revealing that MeCP2
was able to interact with DNA outside of the MBD domain,
thereby accounting for the ability of one MeCP2 molecule to bind
to two sites simultaneously in chromatin looping (Nikitina et al.,
2007). This 2007 study also found that MeCP2 molecules encoded
by frequent Rett MECP2 mutations were deficient in their ability
to compact chromatin (Nikitina et al., 2007). Studies from the
LaSalle lab extended this chromatin looping aspect of MeCP2
function further by showing that MeCP2 along with CTCF
contributes to both inter and intra chromosomal interactions and
gene regulation of 15q11-13 (Meguro-Horike et al., 2011; Yasui
et al., 2011). Later studies from the Natalie Berube lab showed
that MeCP2 recruits ATRX to imprinted genes to regulate CTCF
chromatin looping interactions (Kernohan et al., 2014). Recent
atomic force microscopy (AFM) studies reveal that MeCP2 forms
loops by bridging distant binding sites on continuous DNA
strands (Liu et al., 2020).

MeCP2 Regulates RNA Splicing

While MeCP2 can affect gene transcription directly, one relatively
unexplored activity of MeCP2 is its effect on RNA splicing.
The first genome wide study of MeCP2 effects on splicing
was performed in the Huda Zoghbi lab in 2005. These studies
revealed significant splicing defects in Mecp23*®/Y male mice
expressing a truncated MeCP2 protein (Young et al, 2005).
In vitro studies revealed that MeCP2 bound to RNA along with
YB-1 resulting in gene construct splicing events in neuronal cell
lines (Young et al., 2005). Following this report, few attempts
were made to confirm the role of MeCP2 in RNA splicing
regulation. It was not until 2013 that the Keji Zhao lab reported
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that Mecp2 ablation correlated with alternatively spliced exon
skipping (Maunakea et al., 2013). Research from the LaSalle lab in
2014 confirmed MeCP2 association with YB-1 shown by Young
et al. (2005) as well as interaction with the RNA splicing factors
MATR3, SFPQ, and SFRS1 (Yasui et al., 2014). The mechanism
underlying MeCP2 regulation of splicing was further explored
by the Rasko lab. They found that MeCP2 depletion reduces
splicing factor recruitment to methylated DNA and increases
intron retention events in blood cells (Wong et al., 2017). More
recently Nurit Ballas and colleagues reported abnormal intron
retention exon skipping in activation induced genes in Mecp2
null neurons compared to wild-type neurons (Osenberg et al,
2018). The latest investigation of the role of MeCP2 in RNA
splicing regulation using a machine learning approach, however,
found subtle changes in RNA splicing in cells with varying levels
of MeCP2 (Chhatbar et al., 2020). While the results may be
not always be direct, or of great magnitude, MeCP2 binding
to DNA has an effect on mRNA splicing events. However, one
wonders how much current RNA-seq methodologies bias this
sort of approach.

Unresolved Details of MeCP2 Function
MeCP2 Functions as a Transcriptional Repressor and
Activator

The model of MeCP2 as a direct transcriptional repressor of
single copy genes in cis derived from in vitro studies dating
back to 1992. In 1997 this model was formally proposed in
a report showing that affinity purified rat MeCP2 showed
repressive activity of CpG methylated gene promoter constructs
in vitro (Nan et al., 1997). Subsequent studies from the Alan
Wolffe lab demonstrated that MeCP2 recruitment of histone
deacetylase activity was correlated with transcriptional repression
(Jones et al., 1998). An example of MeCP2 functioning as a
transcriptional repressor is the regulation of viral elements that
exist in the genome as multiple, highly CpG methylated elements.
Specifically, LINE-1 elements were found to be transcriptionally
repressed by MeCP2 binding (Lorincz et al,, 2001; Yu et al,
2001). In 2010, a paradigm shifting report published by the
Gage lab found that mammalian neuronal progenitor cells have
a massive activation of LINE-1 transcription and transposition
that is absent in cells from peripheral tissues (Muotri et al.,
2010). More recently the Cardoso lab demonstrated in cell lines
that MBD proteins including MeCP2 repress TET1 mediated
5hmc conversion and activation of LINE1 elements in human
cells (Zhang et al., 2017). A recent analysis of LINE1 insertions
revealed in that Rett tissues had fewer cells with exonic insertion,
consistent with selection against neurons with multiple LINE1
insertion events and other cell types (Zhao et al., 2019). Thus,
in vitro and in vivo evidence indicates that MeCP2 binds to
CpG methylated DNA promoters and represses transcription
of genes and viral elements along with co-factors such
as HDAG:s.

The model of MeCP2 as a transcriptional repressor of single
copy genes was first challenged by the genome wide correlation
of MeCP2 binding with gene transcripts. In 2007, MeCP2 ChIP-
seq analysis combined with gene transcript analysis from the

LaSalle lab found that MeCP2 bound to active promoters with
low levels of DNA methylation (Yasui et al., 2007). This was
closely followed by results published in 2008 from the Zoghbi
lab showing that loss of MeCP2 correlated with both reduced
and elevated levels of gene transcripts in murine hypothalamus
(Chahrour et al., 2008). Further analyses of select gene promoters
upregulated by loss of MeCP2 activity revealed binding of the
transcriptional activator CREB1 along with MeCP2 to expressed
genes (Chahrour et al., 2008). In support of these findings, in
2017 it was shown that MECP2 mutant and MECP2 null human
embryonic stem cell derived forebrain neurons had reduced
CREB levels along with reduced dendritic complexity, neurite
growth, and mitochondrial function (Bu et al, 2017). Most
recently, results from the Harrison Gabel lab suggest that DNA
methylation at enhancers may repress genes in trans (Clemens
et al, 2020). Clearly these results show that MeCP2 binding
and recruitment of co-factors correlates with both activation and
repression of transcription. However, the location of MeCP2
binding and co-factor interactions appear to be critical for how
gene expression is affected.

MeCP2e1 and MeCP2e2 Protein Isoforms Have
Distinct Functions

Prior to 2004, MeCP2 was believed to be the gene product of
three exons comprising one protein isoform. In that year a team
from The Hospital for Sick Children in Toronto described a
novel exon upstream of the known MECP2 exons that could
splice to exons 3 and 4 to produce a novel protein isoform
with a distinctly different amino terminus than the originally
described MeCP2 isoform (Mnatzakanian et al., 2004). The
presence of this novel exon was also shown in mouse Mecp2
by RT-PCR (Mnatzakanian et al., 2004). Around the same time,
the homologous upstream exon in murine Mecp2 was also
reported by the lab of Adrian Bird (Kriaucionis and Bird, 2004).
Therefore, the alternative splicing of MECP2/Mecp2 exon 1 to
exons 3 and 4 produces the MeCP2el isoform while translation
of mRNA with all four exons leads to production of MeCP2e2
due to the use of an alternative translational start site (Figure 2).
In humans and rodents this produces MeCP2 isoforms which
have almost identical amino acid sequences but with distinctly
different amino termini (Figure 2). Furthermore, it was shown
that mutations in MECP2 exon 1 are present in Rett patients
(Mnatzakanian et al., 2004) and that MECP2 exon 1 mutations
disrupt translation of the MeCP2el but not MeCP2e2 isoforms
(Gianakopoulos et al., 2012).

Evidence that MeCP2el is the isoform underlying Rett
syndrome was provided by two key studies. In the first study,
knockout of Mecp2 exon 2 which only effects production
of MeCP2e2 resulted in mice with normal development and
function (Itoh et al., 2012). However, Mecp2 exon 2 deletion did
result in placental defects (Itoh et al., 2012). To follow up on these
findings the Berge Minassian lab screened a cohort of patients
with idiopathic RTT. In one patient they found an MECP2 exon
1 A to T point mutation affecting the translational start site
(Saunders et al., 2009). This exon 1 mutation was predicted to
prevent translation of only the MeCP2el isoform but not the
MeCP2e2 isoform, suggesting that it is the loss of MeCP2el
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FIGURE 1 | MECP2 transcript levels in select human tissues. Violin plots from the Genome-Tissue expression (GTEX) project are shown for MECP2 with log2 values

activity that results in Rett syndrome. Therefore, the LaSalle lab
replicated this mutation in a mouse model which resulted in the
complete loss of the MeCP2el protein isoform while retaining
expression of MeCP2e2 (Yasui et al., 2014). Most importantly the
results from Yasui and colleagues found that Mecp2el~/Y males
had impaired motor function, exhibited apraxia like limb clasping
with altered anxiety behavior and premature death (Yasui et al.,
2014) similar to Bird Mecp2 deletion male mice (Guy et al., 2001).
These MeCP2el deficient mice accurately model Rett syndrome
as heterozygous Mecp2el ™/ T females exhibited significant motor
impairment and altered body composition (Yasui et al., 2014;
Vogel Ciernia et al., 2017). Interestingly, both Mecp2el~/Y males
and Mecp2el™/T females had elevated body fat accumulation
correlating with reduced energy expenditure in early adulthood
(Vogel Ciernia et al., 2018).

Additional evidence that MeCP2el has non-overlapping
function with MeCP2e2 is the finding by the Rastegar lab that
MeCP2el is expressed in brain prior to MeCPe2 at higher
levels and a more consistent distribution pattern between brain
regions (Olson et al., 2014). Consistent with the mouse studies,
the Ellis lab found that human MeCP2el deficient iPS derived
neurons recapitulate synaptic current, soma size, membrane
potential and maturation defects common to Rett syndrome
further establishing the necessity of MeCP2el in neuronal
development (Djuric et al., 2015). MeCP2el and MeCPe2 were
also found by the Ausio lab to have differential DNA binding
kinetics, distinct co-factor association and preferred different
DNA binding motifs (Martinez De Paz et al., 2019). Perhaps
the most compelling evidence that MeCP2el has an essential
function that differs from MeCP2e2 is the finding that MeCP2el
is the evolutionarily older isoform, as orthologs have been
identified in vertebrates back to bony fish (Osteichthyes) and
amphibians (Mnatzakanian et al., 2004).

Glial Cells Are Critical for Rett Syndrome Pathology
Another contentious issue in the MeCP2/Rett field is the
contribution of non-neuronal cells to the disease process, despite
considerable evidence that MECP2 transcripts are present at
high levels in virtually all tissues (Figure 1). Although cell
sorting experiments show that MeCP2 is present at near octomer
levels in neurons, MeCP2 is present in glia, albeit at much
lower levels (Skene et al., 2010). Direct evidence for the role
of non-neural cells in Rett pathology was provided by research
performed by the Jin lab at UC Davis where it was found that
astrocytes from Bird Mecp2~/Y null male mice were abnormal
and produced underdeveloped wild-type neurons compared with
wild-type astrocytes in a co-culture system (Maezawa et al,
2009). A subsequent study by the Jin lab revealed that Bird
Mecp2~/Y null male microglia damaged adjacent neurons in a
non-cell autonomous manner by releasing glutamate (Maezawa
and Jin, 2010). The relevance of cell autonomous vs. non-cell
autonomous effects in the Mecp2 mutant brain is discussed
further in the next section.

In support of these studies, a paper by the Mandel lab
described that re-expression of Mecp2 solely in astrocytes
was able to reduce motor defects, breathing irregularity as
well as prolong life in Bird Mecp2~/Y null male mice (Lioy
et al., 2011). Surprisingly, microglia, which comprise a tiny
percentage of brain cells, were found to be important for Rett
pathology when it was shown that replacement of Mecp2 null
microglia with wild-type microglia in Bird Mecp2~/¥ null male
brain improved life span, normalized breathing and reduced
motor impairment (Derecki et al., 2012). Although these results
were not independently reproduced, a recent study by the
Stevens lab established that microglial engulfment of synapses
damages neural circuits in Mecp2~/Y null male mice (Schafer
et al., 2016). To further address the specific contribution of
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ORF1=MeCP2e1

Human MAAAAAAAPSGGGGGG EEEREEK SE DQDLQGLKEKP...498
Mouse MAAAAATAAAAAPSGGGGGG EEERIEEK SE DQDLQGLKEKP...501
Rat MAAAAAAAAAAAAAAAAAAAAAAAAAPSGGGGG EEERKEK SE DQDLQGLKEKP...520

Cc

ORF1 ORF2= MeCP2e2

Human MVAGMLGLR EEKSE DQDLQGLKEKPLKFK KVKKDKK... 486 aa
Mouse MVAGMLGLR EEKSE DQDLQGLKEKPLKFK KVKKDKK... 484 aa
Rat MVAGMLGLR KEKSE DQDLQGLKEKPLKFK KVKKDKK... 492 aa

FIGURE 2 | MeCP2 protein isoforms. MeCP2e1 and MeCP2e2 protein isoforms are produced from alternative splicing events. The MeCP2e1 isoform is translated
from splicing of exon 1 to exons 3 and 4 with the translational start ATG in exon 1. The MeCP2e2 protein isoform is produced from a transcript from all four exons
with a translational start ATG in exon 2. Interestingly, this transcript may encode a small peptide from an ORF in exons 1 and 2. (A) MECP2/Mecp2 exon splicing.

(B) MeCP2-e1 isoform. (C) MeCP2-e2 isoform.

astrocytes to Rett phenotypes, Qiang Chang from the University
of Wisconsin Madison derived wild-type and MECP2 mutant
iPS astrocytes and examined their function in culture with
neurons. They found that MECP2 mutant astrocytes have
excess calcium stores that correlated with elevated NMDA
receptor expression in neighboring neurons and hyper neuronal
network excitability (Dong et al., 2018). Therefore, the authors
conclude that astrocytes act both cell-autonomously and non-cell
autonomously to mediate Rett like pathology (Dong et al., 2018).
An extensive review on the function of MeCP2 in glia has recently
become available (Kahanovitch et al., 2019).

MECP2/Mecp2 Has Both Cell Autonomous and
Non-cell Autonomous Effects

The vast majority of Rett patients are female MECP2
heterozygotes and are thus cellular mosaics for wild-type
and mutant MECP2 expressing cells. It was first reported
by the LaSalle lab that Bird Mecp2 null neurons affected
the expression of adjacent wild-type neurons in Mecp2~/~
heterozygous female brains (Braunschweig et al., 2004). This
finding led to the “bad neighborhood” or non-cell autonomous
effects hypothesis of Mecp2 deficiency where defects in Mecp2
mutant cells affect the function of local wild-type cells in the
brain or other tissues (Braunschweig et al., 2004). This “bad

neighborhood” becomes important when examining disease
processes in female but not male mice where all cells are deficient
in Mecp2 expression. Subsequent studies by the Gail Mandel
lab showed that MeCP2 deficient glia impair neuronal function
in a non-cell autonomous manner in vitro (Ballas et al., 2009).
As mentioned in the previous section, a similar in vitro culture
system showed that Mecp2~/Y null astrocytes were able to
impair the growth of wild-type neuronal dendrites through
soluble factors (Maezawa et al., 2009). To study these effects
in vivo by transplanting either Mecp2 mutant or wild-type
neuroblasts into wild-type brain Kishi and Macklis found that
MeCP2 functions largely cell autonomously in development of
the cortex but that non-cell autonomous effects on neuronal
function exist (Kishi and Macklis, 2010). In the most definitive
study to date, the Zhou lab examined Mecp2 mutant tagged
and wild-type cells from female brains and found that non-
cell autonomous effects were greater in magnitude than cell
autonomous effects and tended to effect cell to cell signaling
and phosphorylation (Johnson et al., 2017). These results were
consistent with subsequent single cell RNA-sequencing (sc-
RNAseq) analysis of neurons from Mecp2~/F deficient female
brain suggesting that MeCP2 can affect gene expression in a
non-cell autonomous manner in different neuronal cell types,
Renthal et al. (2018).
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MeCP2 Preferentially Regulates Long Genes Over
Short Genes

The hypothesis that MeCP2 preferentially regulates long genes
was first proposed by Sacha Nelson in 2014 (Sugino et al., 2014).
This report was supported by data published from the Greenberg
lab in 2015 (Gabel et al., 2015). This hypothesis was further
tested in an important study mentioned previously by the Zhou
lab which found a trend toward long genes being more severely
affected by MeCP2 deficiency than short genes (Johnson et al.,
2017). However, these findings were refuted by a re-analysis of
the data and transcriptional analysis using alternative methods
which together, suggested that traditional PCR methods bias the
RNA-seq results toward long genes (Raman et al., 2018). The
controversy over regulation of long genes is discussed further in
a review by Connolly and Zhou (2019).

At What Developmental Stage Do MeCP2 Defects
Impair Development

A lack of a developmental time course of how MeCP2 defects
are manifested impedes Rett research. Although there is an
abundance of data about MeCP2 defects in adult mice, the
earliest stages of development have not been well characterized,
aside from a 2003 study which found MeCP2 positive cells
in E14 rat cortex (Jung et al, 2003). To address this gap,
the Landsberger lab analyzed neurons from embryonic Bird
MecpZ_/ ¥ null male cortex (Bedogni et al., 2016). They found
that Bird Mecp2~/Y null embryonic neurons have altered gene
expression, altered morphology, reduced calcium flux and
mobility compared to wild-type neurons (Bedogni et al., 2016).
Independent evidence suggests that there are deficiencies in
Mecp2 transcripts and MeCP2 protein in the mouse cortex as
early as E14 (Zachariah et al, 2012). However, one limitation
of these molecular studies of early MeCP2 expression in
mice is that they employed conventional methods in bulk
tissue such as qRT-PCR and Western blot and that the
investigators studied Bird Mecp2~/Y null male mice which
do accurately model Rett syndrome in MECP2 heterozygous
females. To date there has been only one study of MeCP2
embryonic function at single-cell resolution in disease relevant
Bird Mecp2~/*deficient mouse brain by the Greenberg group.
However only adult Bird Mecp2~/* deficient deletion female
mice and adult human Rett brains were analyzed (Renthal et al.,
2018). Yet it is known that Rett syndrome girls experience
a postnatal developmental regression at about 6-18 months
of age (Zoghbi, 2005). Thus, the molecular changes during
this critical early time are still not well defined. While it is
clear that MeCP2 function is critical for normal neurological
function, the molecular phenotypes in distinct brain cell
types have not been investigated over the full-time course of
development in mouse models. The Rett field is lacking an
extensive, longitudinal study in mosaic Mecp2~/ deficient mice
investigating the mechanisms and molecular pathways that are
impacted by perturbed Mecp2/MeCP2 expression throughout
disease progression.

MeCP2 Is an RNA Binding Protein
Coding RNAs and non-coding RNA such as long non-coding
RNAs, small nucleolar RNAs, and micro RNAs establish a diverse

set of functions due to their direct interactions with RNA-binding
proteins (RBPs). In one of the few studies on this topic it was
found that MeCP2 binds with high affinity to mRNA and siRNA
outside of the MBD in vitro (Jeffery and Nakielny, 2004). MeCP2
was also found to associate with long non-coding RNAs and
imprinted genes in mouse brain extracts (Maxwell et al., 2013).
To examine MeCP2 interaction with RNA in vivo, MeCP2 RNA-
immunoprecipitation of small RNAs was performed in the lab
of Assam El-Osta who found that MeCP2 bound to specific
RNAs including micro RNAs (Khan et al., 2017). These studies
investigating MeCP2 interactions with RNA were performed
in a targeted manner, therefore an unbiased, genome wide
screen of RNA binding would provide a significant advance in
understanding this MeCP2 activity.

Recent Developments in the MeCP2

Field

MeCP2 Enables Liquid Phase Separation Events in
Nuclear Compartmentalization

In the last 2 years the biologic functions of MeCP2 have
expanded appreciably. One concept that has emerged is the
effect that liquid-liquid phase separations (LLPS) have on the
formation of sub-nuclear compartments (Alberti et al., 2019).
In their review Alberti, Gladfelter, and Mittag explain that
the nucleus of eukaryotic cells consists of membrane less
structures such as nucleoli and heterochromatin that form by
LLPS through the activity of proteins and nucleic acids that
condense into a dense phase (heterochromatin) and a loose
phase depending on conditions such as molecular concentration,
salt concentration and pH (Alberti et al., 2019). Thus, the
three near simultaneous reports that MeCP2 is involved with
LLPS DNA phase separation in the cell nucleus was of great
relevance to the field. In the first report, Wang and colleagues
found that MeCP2 was able to condense chromatin constructs
in vitro and that DNA methylation enhanced this effect (Wang
et al., 2020). Furthermore, Wang et al found that mutant
MeCP2 proteins from Rett patients were defective in chromatin
condensation and LLPS (Wang et al, 2020). Results from
Fan and colleagues confirmed that wild-type MeCP2 was able
to form condensates with DNA in vitro (Fan et al., 2020).
Finally, research published by Richard Young and Rudolph
Jaenisch at MIT also showed that MeCP2 condensed chromatin
in vitro and MeCP2 mutant forms were defective in LLPS
activity (Li et al, 2020). What set apart the Young and
Jaenisch study from the other studies is the finding that the
intrinsically disordered regions (IDR) of MeCP2 mediate the
phase separation activity in the nucleus (Li et al., 2020). The
concept of MeCP2 as a nuclear organizer via LLPS is reminiscent
of early reports that an MeCP2 homolog, ARBP, functions as
a component of the nuclear matrix as mentioned previously
(Weitzel et al., 1997).

MeCP2 Functions With DNMT3A/Dnmt3a to Regulate
Gene Expression

MeCP2 and DNMT3A, a de novo DNA methyltransferase
have long been linked by the fact that the MeCP2 MBD
preferentially binds to CpG methylated DNA (mCG). Recently
it was found that there is a direct molecular link between the
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two molecules as the MeCP2 TRD binds to the DNMT3A
ADD domain. This interaction inhibits DNMT3A activity and
this inhibition is countered by DNMT3A interaction with
H3K4 through the ADD domain in vitro (Rajavelu et al,
2018). Similar results were shown by a collaboration between
the Joe Ecker and Huda Zoghbi labs that examined the
in vivo effects of MeCP2 and DNMT3A interaction. It had
been previously established by the Ecker lab that high levels
of DNA methylation at CH (mCH) sites (H = Adenosine,
Cytosine, and Thymidine) in neurons, is due to the activity
of DNMT3A (Lister et al., 2009). Therefore, Zoghbi and
Ecker examined the hypothesis that as MeCP2 is the sole
reader of methyl mCH and that DNMT3A is the sole writer
of methyl CH, deletion of either factor in neurons would
have similar effects on gene transcription. Surprisingly, loss of
DNMT3A in neurons affected transcription of significantly more
genes than the loss of MeCP2, highlighting the importance
of mCH to neurologic gene regulation and function (Lavery
et al, 2020). The relationship between mCH, mCG, and
MeCP2 during development is explored further in a review by
Lavery and Zoghbi (2019). These advances also underscore the
concept that much of MeCP2 function is mediated through
co-factor association.

MeCP2 May Function in DNA Repair Processes

The first evidence to suggest that MeCP2 could function in
DNA repair processes was first reported in 2005. Valinluck
and colleagues found that MeCP2 binds with high affinity
to DNA containing halogenated pyrimidines, a modification
that can result from inflammation (Valinluck et al., 2005).
More recently it was found that neural stem cells from Bird
Mecp2~/ deficient female mice are prone to early senescence
and have elevated rates of cell death when exposed to DNA
damaging H,O,, UV light and doxorubicin (Alessio et al., 2018).
However, the most convincing evidence for the role of MeCP2
in DNA repair comes from an unbiased N-ethyl-N-nitrosourea
(ENU) suppressor screen in Bird Mecp2~/Y null male mice
(Enikanolaiye et al., 2020). Out of 2,498 males born to ENU
treated wild-type males mated with Mecp2~/F females, 96 males
had ameliorated neurologic symptoms from which 32 genes
which suppressed the Mecp2 null phenotype were identified. Of
these 32 genes, Tetl, Birc6, and Spinl function in the DNA
damage response while Rbbp8, Rad50, Fanl, Brcal, and Brca2
encode factors involved in DNA double strand break repair
(Enikanolaiye et al., 2020).

Potential Treatments Under Development for Rett
Syndrome

The remarkable reversal of Rett like phenotypes in Bird Mecp2~/¥
null male mice provides a basis for clinical therapies that seek
to restore expression of MECP2 (Guy et al., 2007). To this aim,
the potential of adeno associated viral (AAV) vectors to deliver
MeCP2 to deficient cells in a whole animal model was shown
independently in 2013 by two groups. One group led by Stuart
Cobb showed that AAV9/MECP2 delivered intravenously in pre-
symptomatic Bird Mecp2~/Y null male mice extended survival

modestly (Gadalla et al., 2013). Gail Mandel led a second study
that showed that intravenous AAV9/MeCP2el vector reduced
motor defects in Bird Mecp2~/* deficient female mice, which
thus had greater relevance to Rett syndrome as 95% of Rett
patients are female (Garg et al., 2013). In 2017, after these early
proofs of principle, advances in AAV9/MECP2 gene therapy were
reported by the combined efforts of Stuart Cobb and Steven J.
Gray. The authors in two manuscripts reported improvement
in cell transduction with a reduced titer of a second generation
AAV9/hMeCP2 virus, a reduction in liver toxicity and prolonged
survival in Bird Mecp2~/Y null mice by delivery through the
cerebral spinal fluid (CSF) or directly into brain (Gadalla et al,,
2017; Sinnett et al., 2017). These studies, while they represent
significant improvements in MECP2 gene therapy tools, should
be performed in Bird Mecp2~/* deficient heterozygous female
deletion mice to be more relevant to Rett. Furthermore, the
risks of treating human children with AAV vectors cannot be
fully mitigated.

Alternatively, the use of site directed RNA editing is being
developed for potential Rett syndrome therapy. RNA editing
strategies leverage an Adenosine Deaminase Acting on RNA
(ADAR2) RNA editing factors with a guide RNA to repair
Mecp2/MECP2 point mutations in RNA. The first report on
Mecp2 RNA editing was published by the Gail Mandel lab in 2017
where an exogenous, modified ADAR2 and guide was used to
successfully edit 72% G to A mutations in RNA from MecpR106Q
mouse neurons (Sinnamon et al., 2017). In 2020 Sinnamon and
colleagues successfully edited up to 50% of mRNA in neurons in
developing brains of Mecp2 mutant mice using a similar approach
(Sinnamon et al., 2020). The potential of RNA editing as a Rett
therapy is limited by the fact that although endogenous RNA
editing proteins such as ADARI, exist naturally in the brain,
current approaches express a modified RNA editing protein
delivered by an AAV virus and the fact that these ADAR2 like
proteins primarily edit only G to A mutations (Sinnamon et al.,
2017, 2020).

Despite the excitement for MECP2 gene replacement and
RNA editing strategies, other therapeutic methods are in
development. One strategy explored by the Zoghbi lab in
Rett model mice is deep brain stimulation. Electrode based
stimulation of symptomatic Mecp2~/F female mice normalized
learning and memory defects (Hao et al, 2015; Pohodich
et al, 2018). Another promising area for potential Rett
therapies, is the repurposing of existing FDA approved
compounds. For example, in 2020, it was found that the
diabetes drug, metformin, reduces mitochondrial defects and
damage from oxidative stress in Mecp2 308~/* truncation
female mice (Zuliani et al., 2020). Finally, a recently developed
compound for Alzheimers disease reduced motor defects,
learning deficits and breathing abnormalities in Mecp2~/*
female mice with minimal side effects (Kaufmann et al., 2019).
Until effective and safe MECP2 gene replacement and/or RNA
editing strategies are available, existing or novel chemical
compounds could be used to reduce the most severe symptoms
in Rett patients.
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DISCUSSION

Currently, there is debate as to whether patients with overlapping
phenotypes have Rett syndrome or some other disease. For
example, patients with mutations in CDKL5 were considered to
have a severe variant of Rett, however, this was later categorized
as a separate disease (Fehr et al., 2013). Patients with FOXGI
mutations are currently classified with Rett. However, as these
rare FOXGI mutation patients present with disease from birth
and have other symptoms that do not overlap with Rett, a
proposal to classify these patients as a separate syndrome
was recently submitted (Cutri-French et al., 2020). Therefore,
with few exceptions, any discussion about Rett syndrome
phenotypes is about how defective MECP2/Mecp2 expression
presents in patients and animal models and manifests as a
neurodevelopmental disease.

At this time it is still unclear how MECP2 expression
defects in non-neural tissues contribute to Rett phenotypes. The
answer may be complex as illustrated by a report from the
Landsberger lab showing that male Bird Mecp2 deletion mice
have abnormal muscle tissue while deletion of the Bird Mecp2
allele only in muscle resulted in normal muscle tissue (Conti
et al., 2015). The conclusion from this study is that non-cell-
autonomous signaling to the muscle by defective neurons in
the Bird Mecp2 deletion mice contributes to the muscle defect
(Conti et al., 2015). So, there is the possibility that although
MECP?2 transcripts are abundant in all tissues and cell types,
extracellular neuronal signaling could be responsible for some,
if not all of the defects.

The recent identification of MeCP2 binding beyond
methylated CpG sites has greatly expanded the range of
potential functions of the protein. These advances have been
driven by the discovery of additional nucleotide modifications
in mammalian brain. Yet many questions remain. For example,
does MeCP2 binding to 5-hmc (Kriaucionis and Heintz, 2009)
in cerebellum have a significant neurologic function (Mellén
et al., 2012)? Do MeCP2 isoforms have different 5-hmc binding
activity? Some data suggests that MeCP2 protects 5mc from
TET1 conversion to 5 hmc (Szulwach et al.,, 2011) but more
study is needed to resolve this important question. The 2014
discovery of DNMT3A dependent CH methylation in mouse
brain by the Song lab (Guo et al.,, 2014) and the description of
MeCP2 binding to methyl CpA sites in brain in vivo (Gabel
et al., 2015) has been suggested to be key to the pathogenesis
of Rett (Lavery et al.,, 2020). Here again additional research is
needed to clearly establish the effect of MeCP2 binding outside
of methyl CpG sites.

Another evolving area of research is how MeCP2 functions
as a transcriptional repressor and activator. The model of
MeCP2 as a transcriptional repressor of single copy genes
was developed over twenty years ago (Nan et al., 1997; Jones
et al., 1998). Since that time it was found that MeCP2 binds
to partially CpG methylated promoters of active genes in
neurons (Yasui et al., 2007) and can act as a transcriptional
activator by recruitment of CREB in neurons (Chahrour et al.,
2008). The latest evidence suggests that MeCP2 modulates gene
transcription depending on co-factor interaction. Future gene

expression analyses should focus on the differential activity of the
MeCP2-el and MeCP2-e2 isoforms.

The role of glial cell defects in Rett syndrome pathology is still
being described. However, the very fact that glial cells express
MECP2/Mecp2 and are defective in Rett patients and Mecp2 null
and deficient mice is relevant to neuronal disease phenotypes. As
Rett females and Mecp2~/ deficient heterozygous female mice
are mosaic for normal and mutant cells, non-cell autonomous
effects are clearly contributing to neuronal dysfunction (Johnson
et al., 2017). Analysis of neurons from mosaic Bird Mecp2~/+
deficient female mouse brain and human Rett brain suggest
that MeCP2 preferentially represses methylated long genes,
Sugino et al. (2014), in a cell autonomous manner in neurons,
although non-cell autonomous effects on short genes cannot be
excluded (Renthal et al., 2018). As recent study concluded that
MeCP2 bias toward long gene regulation may be an artifact
of PCR based transcript detection (Raman et al., 2018), single
cell analyses using alternatives to current RNA-seq methods in
brain cell types will be necessary to resolve the role of non-cell
autonomous effects in brains mosaic for wild-type and Mecp2
mutant neurons and glia.

Although it is widely assumed that Rett patients are
phenotypically normal at birth this conclusion is based on limited
behavioral observation. As there is little incentive and ethical
limitations preclude studying apparently normal human infants,
a full developmental time course of the disease is needed in
Rett model Mecp2~/* heterozygous mice that more accurately
model Rett MECP2 mutations such Mecp2-el mutant mice (Yasui
et al., 2014). Surprisingly, apart from a study that revealed
defects in Bird Mecp2~/¥ null male embryonic cells, little analysis
has been done of early developmental time points (Bedogni
et al., 2016). Clearly, a developmental time analyses of both
Mecp2~/* females and Mecp2~/Y males at embryonic, pre-
disease, early disease, and late disease is needed to identify
pathological mechanisms.

There are aspects of MeCP2 function that are oddly neglected.
For example, surprisingly, few studies have directly examined
the ability of MeCP2 to bind to RNA. The studies that do
show a strong in vitro interaction of MeCP2 with mRNA and
siRNA via the RG domain between the MBD and TRD (Jeffery
and Nakielny, 2004) and in vivo interaction with miRNAs
(Khan et al., 2017). A logical progression of these studies would
be to examine RNA binding ability of common Rett mutant
MeCP2 proteins such as T158M in vitro and in vivo. The
Rett field is lacking studies using more unbiased high-through
methods such as targets of RNA-binding proteins identified by
editing (TRIBE) (McMahon et al., 2016) which fuses MeCP2 to
ADAR, an enzyme that modifies RNA where MeCP2 binds. An
additional advantage of this approach is that it can be used for
in vivo studies.

Finally, unexpected discoveries continue to revitalize the
study of MeCP2. Recent cell biology studies reveal that
compartmentalization of the nucleus by liquid-liquid phase
separation forms critical regulatory compartments such as the
nucleolus and heterochromatin (reviewed in Alberti et al., 2019).
Now it appears that MeCP2 plays a key role in the formation
of nuclear heterochromatin domains according to new in vitro
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studies (Fan et al., 2020; Wang et al., 2020) and that the MeCP2
intrinsically disorder region plays a key role in this process (Li
et al., 2020). These results build on the extensive study of how
MeCP2 organizes chromatin in neuronal cells and may provide
key insights into Rett syndrome defects.

The most interesting advances in MeCP2 research concern
Rett therapies, as restoration of MeCP2 in mouse brain led to
disease reversal in a mouse model (Guy et al., 2007). Current
MECP?2 gene therapy for Rett patients has great potential and
some risks. The latest gene therapy treatment of Bird Mecp2~/+
heterozygous mice with AAV9/MECP2 was able to normalize
breathing but high viral doses produced severe liver toxicity
and death in some animals (Matagne et al, 2020). While
RNA editing strategies for repairing mutant MECP2 have great
potential as a therapy, delivery of editing proteins to the brain is
also as problematic as delivering functional MeCP2. Therefore,
considerable time and effort will be needed to refine MECP2
gene replacement and RNA editing based therapies. Until then,
alternative treatments are needed to treat Rett.

One potential therapy for Rett is deep brain stimulation (DSB)
which has been approved by the FDA for epilepsy. Nonetheless,
DSB also has its risks as electrodes are implanted into the
brain. Existing drugs approved by the FDA for other diseases
are being re-directed to treat Rett symptoms. Clinical trials of
IGF-1 and IGF-1 analogs that have been approved for short
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Hepatoblastoma (HB) is a rare disease but nevertheless the most common hepatic
tumor in the pediatric population. For patients with advanced HB, the prognosis is
dismal and there are limited therapeutic options. Multiple microRNAs (miRNAs) were
reported to be involved in HB development, but the miRNA-mMRNA interaction network
in HB remains elusive. Through a comparison between HB and normal liver samples in
the GSE131329 dataset, we detected 580 upregulated differentially expressed mRNAs
(DE-mRNAs) and 790 downregulated DE-mRNAs. As for the GSE153089 dataset, the
first cluster of differentially expressed miRNAs (DE-miRNAs) were detected between
fetal-type tumor and normal liver groups, while the second cluster of DE-miRNAs
were detected between embryonal-type tumor and normal liver groups. Through the
intersection of these two clusters of DE-miRNAs, 33 upregulated hub miRNAs, and
12 downregulated hub miRNAs were obtained. Based on the respective hub miRNAs,
the upstream transcription factors (TFs) were detected via TransmiR v2.0, while the
downstream target genes were predicted via miRNet database. The intersection of
target genes of respective hub miRNAs and corresponding DE-mRNAs contributed
to 250 downregulated candidate genes and 202 upregulated candidate genes. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses
demonstrated the upregulated candidate genes mainly enriched in the terms and
pathways relating to the cell cycle. We constructed protein—protein interaction (PPI)
network, and obtained 211 node pairs for the downregulated candidate genes and
157 node pairs for the upregulated candidate genes. Cytoscape software was applied
for visualizing the PPI network and respective top 10 hub genes were identified using
CytoHubba. The expression values of hub genes in the PPl network were subsequently
validated through Oncopression database followed by quantitative real-time polymerase
chain reaction (QRT-PCR) in HB and matched normal liver tissues, resulting in six
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significant downregulated genes and seven significant upregulated genes. The miRNA-
mMRNA interaction network was finally constructed. In conclusion, we uncover various
miRNAs, TFs, and hub genes as potential regulators in HB pathogenesis. Additionally,
the miIRNA-mMRNA interaction network, PPl modules, and pathways may provide
potential biomarkers for future HB theranostics.

Keywords: hepatoblastoma, miRNA, mRNA, PPI, TF

INTRODUCTION

Hepatoblastoma (HB) is a rare disease with an annual incidence
of 1.5 cases per million children per year (Spector and Birch,
2012). Nevertheless, it is the predominant hepatic tumor in
the pediatric population (Schnater et al., 2003). The past three
decades have witnessed a consistently increasing incidence of HB
(Linabery and Ross, 2008). Surgical resection and chemotherapy
have dramatically improved the prognosis for HB children,
with the 3-years event-free survival (EFS) > 80% (Aronson
et al., 2014). However, there are limited therapeutic strategies
for advanced HB children, with the 3-years EFS of only 34%
(Semeraro et al., 2013). In addition, patient survivors may suffer
severe side effects of chemotherapeutic or immunosuppressive
agents. Therefore, there is an urgent need to unveil the molecular
mechanisms underlying this rare tumor in order to identify novel
biomarkers for therapeutic tailoring.

MicroRNAs (miRNAs) are ~22 nucleotide non-coding RNAs
that post-transcriptionally suppress messenger RNAs (mRNAs)
expression (Lou et al.,, 2019). Through base-pairing interactions
with mRNAs, miRNAs play crucial roles in proliferation (Roy
et al., 2017), apoptosis (Liu et al., 2020), epithelial-mesenchymal
transition (Weng et al., 2019), and autophagy (Kuang et al.,
2020) of human cells. Moreover, the dysregulated expression of
miRNA is associated with the pathogenesis of various human
tumors, including HB (Cui et al, 2019b). In the context of
HB, miR-193a-5p promotes proliferative, migrative, and invasive
properties of HB through targeting DPEP1 and augmenting
PI3K/AKT/mTOR signaling pathway (Cui et al., 2019a); miR-
492 serves as an endogenous tumor-promoting factor to induce
proliferation, anchorage-independent growth, migrative and
invasive properties of HB cells by targeting CD44, and high level
of miR-492 expression is correlated with high-risk or aggressive
HB (von Frowein et al., 2018); miR-21 enhances apoptosis in
HB cells through targeting ASPP2 and augmenting ASPP2/p38
signaling pathway (Liu et al., 2019). In other words, the intimate
relationship between altered expression of certain miRNA and
its target gene has been uncovered in HB. Transcription factors
(TFs) are endogenous proteins that regulate the transcription
process of mMRNAs or miRNAs. The function of TFs can be either
oncogenic or tumor suppressive depending on context (Lambert
et al., 2018). Recently, multiple TFs have been demonstrated to
modulate the aggressive phenotype and cellular process in HB
development (Zhang et al., 2019; Nakra et al., 2020; Wagner et al.,
2020).

In recent years, high-throughput technologies have enabled
us to identify the key genes, miRNAs, and TFs in the initiation
and progression of human tumors. To date, there has been

a scarce number of integrated genome-wide studies on HB
(Zhang L. et al., 2018; Aghajanzadeh et al., 2020) via research
on several cases or one dataset. To gain a better understanding
of the underlying mechanisms behind HB, this study aimed
to explore the miRNA-mRNA interaction network, TFs, and
biological pathways involved in HB through comprehensive
bioinformatic approaches.

MATERIALS AND METHODS

Data Retrieval and Extraction

HB-related data were obtained from the Gene Expression
Omnibus (GEO') database portal via the keyword
“hepatoblastoma.” The dataset was included when all four
items of the following criteria were met: (1) there were both HB
and normal liver samples; (2) the dataset had miRNA or mRNA
transcriptome data; (3) data for all samples were completely
presented; (4) HB and normal liver samples could be clearly
distinguished using principal component analysis (PCA). After
screening, we chose one mRNA dataset (accession number:
GSE131329) and one miRNA dataset (accession number:
GSE153089) for further analysis. GSE131329 (Hiyama et al.,
2019), consisting of 53 HB samples and 14 normal liver samples,
was analyzed via GPL6244 platform (Affymetrix Human Gene
1.0 ST Array). GSE153089 (Honda et al., 2020), comprising of
30 HB samples and 14 normal liver samples, was analyzed via
GPL21572 platform (Affymetrix Multispecies miRNA-4 Array).
General information of the two datasets used for the present
study is shown in Supplementary Table 1.

The GSE153089 dataset included nine specimens from
metastatic tumor, 21 specimens from primary tumor (11 fetal
subtypes and 10 embryonal subtypes), and 14 specimens from
surrounding normal liver (Honda et al., 2020). Due to the lack
of metastatic tumor samples in the GSE131329 dataset (Hiyama
et al,, 2019), we excluded all specimens from metastatic tumor
in the GSE153089 dataset before further analysis. The remaining
specimens in the GSE153089 dataset were subsequently divided
into three groups, namely, normal surrounding liver, fetal-
type tumor, and embryonal-type tumor groups. Each patient in
the GSE153089 dataset possessed no more than one specimen
from the same group except for patient 7. There were two
fetal-type tumor specimens for patient 7 (Sample ID: 25F-1
and 25F-2), one (Sample ID: 25F-2) of which was randomly
excluded for further analysis. Detailed information of samples

'https://www.ncbi.nlm.nih.gov/geo/
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in the GSE153089 dataset used for the present study is listed in
Supplementary Table 2.

Screening of Differentially Expressed
miRNAs and Differentially Expressed

mRNAs

Raw data files (*.CEL) of GSE153089 and GSE131329 were
imported using the oligo (Carvalho and Irizarry, 2010) R
package. The data were sequentially filtered, background
corrected, log base 2 transformed, and normalized. Based on the
platform annotation information, gene symbol was obtained via
conversion of the probe. If one gene symbol corresponded to two
or more probes, the mean expression level of these corresponding
mRNAs or miRNAs was treated as the final expression value.
Before and after clustering and removing outliers, we detected
the distribution patterns of HB and normal liver samples via
PCA. DE-mRNAs and DE-miRNAs were then detected using
the limma R package (17). An adjusted P < 0.05 and | log2FC]|
> 1 indicated statistical significance. Benjamini-Hochberg (BH)
method was used to adjust the P value. Regarding the GSE131329
dataset, DE-mRNAs were obtained based on the comparison
between HB and normal liver samples. As for the GSE153089
dataset, the first cluster of DE-miRNAs were detected between
fetal-type tumor and normal liver groups, while the second
cluster of DE-miRNAs were detected between embryonal-type
tumor and normal liver groups. Through the intersection of these
two clusters of DE-miRNAs, the upregulated or downregulated
hub miRNAs were obtained.

Prediction of Potential TFs and Target

Genes of Hub miRNAs

Based on the hub miRNAs, we predicted the upstream TFs via
TransmiR v2.0 (Tong et al,, 2019), an easy-accessible public

tool integrating experimentally verified TF-miRNA regulatory
relationships from the publications. The Cytoscape software
was subsequently utilized to visualize TF-miRNA regulatory
relationships (Shannon et al., 2003). In addition, miRNet
database was used for the prediction of the downstream target
genes of hub miRNAs (Fan et al., 2016).

Gene Ontology and Kyoto Encyclopedia

of Genes and Genomes Analyses

To further explore functional annotation of the candidate genes,
we performed Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analyses via the clusterProfiler
R package (Yu et al, 2012). GO terms consisted of biological
process (BP), cellular component (CC), and molecular function
(MF). An adjusted P < 0.05 was considered significantly
enriched, and BH method was used to adjust the P value.

Protein—-Protein Interaction Network

To unveil the relationships between the candidate genes, we
established the PPI network via the STRING database (Szklarczyk
et al, 2015). PPI pairs were considered significant with a
combined score > 0.4. Cytoscape software was subsequently
applied to visualize the network (Shannon et al, 2003). On
the basis of the degree obtained through Cytoscape plugin
CytoHubba (Chin et al,, 2014), top 10 hub genes were detected

in the PPI network.

Hub Genes Verification Through

Oncopression Database
We applied Oncopression database’ to validate expression levels
of top 10 up-regulated hub genes and top 10 down-regulated

Zhttp://oncopression.com/
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FIGURE 1 | Differentially expressed microRNAs analysis of the GSE153089 dataset. (A) DE-miRNAs between fetal-type tumor and normal liver samples were
visualized via volcano plot. (B) DE-miRNAs between embryonal-type tumor and normal liver samples were visualized via volcano plot. Red points representing
up-regulation; blue points indicating down-regulation; gray points representing normal expression. DE-miRNAs, differentially expressed microRNAs.
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FIGURE 2 | Putative TFs and target genes of the hub miRNAs. (A) The intersection of the two clusters of upregulated DE-miRNAs. (B) The intersection of the two
clusters of downregulated DE-miRNAs. Putative TFs for (C) upregulated or (D) downregulated hub miRNAs. (E) Upregulated or (F) downregulated hub
miRNA-target gene network. DE-miRNAs, differentially expressed microRNAs; TFs, transcription factors.

hub genes. Oncopression is a web-based integrated gene
expression profile using single sample normalization method
UPC (Lee and Choi, 2017).

Tissue Samples

Hepatoblastoma and matched normal liver tissue samples from
eight children undergoing surgical excision for primary HB were
obtained from our hospital between 2014 and 2019. None of the
patients received adjuvant radiotherapy or chemotherapy prior to
surgery. Tissues were stored at —80°C immediately after harvest

until further use. The pathological diagnosis of the tissue adjacent
to each frozen tissue specimen was confirmed by at least two
independent pathologists.

RNA Extraction and Quantitative

Real-Time Polymerase Chain Reaction

Total RNAs were isolated from the tissues using TRIzol reagent
(Life Technologies, Carlsbad, CA, United States). Total mRNA
was subsequently reverse-transcribed to produce complementary
DNA (cDNA) using TaKaRa reverse transcription kit (TaKaRa
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FIGURE 3 | Intersection of target genes of hub miRNAs and corresponding DE-mRNAs. (A) DE-mRNAs between HB and normal liver samples in the GSE131329
dataset were visualized using volcano plot. Red points representing up-regulation; blue points indicating down-regulation; gray points representing normal
expression. The intersection of target genes of (B) upregulated or (C) downregulated hub miRNAs and corresponding DE-mRNAs. DE-mRNAs, differentially

Bio, Shiga, Japan). The SYBR Green fluorescence system (Roche,
IN, United States) was used, and mRNA qRT-PCR was performed
using a quantitative mRNA kit (TaKaRa Bio, Shiga, Japan).
Based on the 272AC method, the relative mRNA levels
were normalized to GAPDH mRNA levels. All primers were
synthesized by Sangon (Shanghai, China). The sequence of
primers is summarized in Supplementary Table 3.

Statistical Analysis

We conducted data analysis and visualization using R software
(version 3.6.3) and GraphPad Prism (version 8.0.1). The
expression levels of mRNAs or miRNAs between groups in the
datasets were compared via a moderated ¢-test. For differential
expression analysis of mRNAs or miRNAs in the datasets, a P
value < 0.05 and | log2FC| > 1 were considered statistically
significant. The mRNA expression levels of hub genes in HB and
matched normal liver tissues from our hospital were statistically
analyzed by a paired Student ¢ test, and P values below 0.05 were
considered significant.

RESULTS
Hub miRNAs Identification

The expression levels of fetal-type tumor and normal
liver samples in the GSE153089 dataset prior to and after
normalization are shown (Supplementary Figures 1A,B). PCA
results before and after removing outliers (GSM4633970,
GSM4633988, and GSM4633998) are also presented
(Supplementary Figures 1C,D). Based on the differential
expression analysis, we detected 41 upregulated DE-miRNAs and
36 downregulated DE-miRNAs, which are presented via volcano
plot in Figure 1A. In addition, these DE-miRNAs between
fetal-type tumor and normal liver samples were regarded as the
first cluster of DE-miRNAs.

The expression values of embryonal-type tumor and normal
liver samples in the GSE153089 dataset prior to and after
normalization are shown (Supplementary Figures 2A,B). PCA
results before and after removing outliers (GSM4633970

and GSM4633988) are also presented (Supplementary
Figures 2C,D). Through the differential expression analysis, we
detected 37 upregulated DE-miRNAs and 33 downregulated
DE-miRNAs, which are presented via volcano plot in Figure 1B.
Additionally, these DE-miRNAs between embryonal-type
tumor and normal liver samples were regarded as the second
cluster of DE-miRNAs.

Through the intersection of the aforementioned two clusters
of DE-miRNAs, a total of 33 upregulated DE-miRNAs and
12 downregulated hub miRNAs were obtained (Figures 2A,B).
Detailed information of respective hub miRNAs is also listed
(Supplementary Tables 4,5).

TFs and Target Genes Predicted by Hub

miRNAs

As for the upregulated hub miRNAs, the predicted TFs included
HNF4A, GTF2I, CEBPB, CREB1, MAZ, NR3B3, SHP, KLF4,
PKM, and EED (Figure 2C). Regarding the downregulated hub
miRNAs, the predicted TFs included NR3B3, SHP, CDKNI1A,
KLF3, USP7, and HSF2 (Figure 2D). Detailed information
of the TFs predicted for the upregulated or downregulated
DE-miRNAs is also listed (Supplementary Tables 6,7). Apart
from the predicted TFs, we also predicted 5,772 target genes
of the upregulated hub miRNAs and 5,600 target genes of
the downregulated hub miRNAs. Upregulated hub miRNA-
target gene network and downregulated hub miRNA-target gene
network are presented in Figures 2E,F, respectively.

DE-mRNAs Identification

The expression levels of all samples in the GSE131329
dataset before and after normalization are visualized in
Supplementary Figures 3A,B, respectively. PCA results prior
to and after excluding the outlier (GSM3770543) are also
shown (Supplementary Figures 3C,D). We then obtained 580
upregulated DE-mRNAs and 790 downregulated DE-mRNAs,
which are presented via volcano plot in Figure 3A. The
detailed information of these respective DE-mRNAs is listed
(Supplementary Tables 8,9). Subsequently, we intersected the
target genes of upregulated hub miRNAs and downregulated
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DE-mRNAgs, resulting in a total of 250 downregulated candidate
genes (Figure 3B). In addition, the intersection of target
genes of downregulated hub miRNAs and upregulated DE-
mRNAs resulted in 202 upregulated candidate genes (Figure 3C).
Detailed information of these downregulated and upregulated
candidate genes is also listed (Supplementary Tables 10, 11).

Functional Annotation Enrichment
Analyses

Biological process analysis indicated that enriched GO terms
for downregulated candidate genes included response to
nutrient levels, response to metal ion, small molecule catabolic
process, and steroid metabolic process (Figure 4A). CC analysis
showed that the candidate genes were markedly enriched
in collagen-containing extracellular matrix, mitochondrial
matrix, vesicle lumen, cytoplasmic vesicle lumen, secretory
granule lumen, and blood microparticle (Figure 4C). In the
process of MF analysis, the candidate genes were markedly
enriched in coenzyme binding, cytokine activity, heme binding,
tetrapyrrole binding, and oxidoreductase activity (Figure 4E).

The complex relationships between these candidate genes
and their related GO terms were visualized using the cnetplot
R package (Figures 4B,D,F). Moreover, KEGG analysis
identified complement and coagulation cascades, TNF signaling
pathway, mineral absorption, and valine, leucine and isoleucine
degradation as markedly enriched pathways (Figure 4G).
Besides, the enriched pathways and their associated candidate
genes were unveiled, which are shown as heatmap in Figure 4H.

We then conducted GO terms analysis based on the
upregulated candidate genes. BP analysis revealed that nuclear
division, organelle fission, mitotic nuclear division, and
chromosome segregation served as the top enriched GO
terms (Figure 5A). CC analysis identified chromosomal
region, spindle, microtubule, and condensed chromosome as
significantly enriched GO terms (Figure 5C). In addition, MF
analytic results revealed microtubule binding, single-stranded
DNA binding, DNA-dependent ATPase activity, DNA helicase
activity, and histone kinase activity as markedly enriched
GO terms (Figure 5E). The complex relationships between
the aforementioned enriched GO terms and their associated
candidate genes are also shown (Figures 5B,D,F). KEGG
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analysis identified cell cycle, cellular senescence and PI3K-AKT
signaling as significantly enriched pathways (Figure 5G), and the
associations of these pathways and their related candidate genes
were visualized using heatmap (Figure 5H).

PPl Network Construction and Hub

Genes Screening

The downregulated or upregulated candidate genes were
loaded into the STRING database, resulting in the construction
of respective PPI network. A total of 211 node pairs were
obtained for the downregulated candidate genes (Figure 6A),
while 157 node pairs were obtained for the upregulated
candidate genes (Figure 6C). The node pairs were input
into Cytoscape software to visualize genes in respective PPI
network. The respective top 10 hub genes were detected via
Cytoscape plugin CytoHubba (Figures 6B,D). Specifically,
the top 10 upregulated hub genes were CDK1, CCNBI,
KIF11, PLK1, NCAPG, TOP2A, AURKA, TP53, ASPM,
and TPX2, while the top 10 downregulated hub genes
included IL6, DECR1, EGFR, CXCL8, CAT, IGF1, IL1B,
F2, PTGS2, and FOS.

Hub Genes Verification via Oncopression

Database

Oncopression database was utilized to validate the expression
values of respective top 10 hub genes in the PPI network.
As shown in Figure 7, eight of the top 10 downregulated
hub genes (IL6, EGFR, CXCL8, CAT, IGF1, IL1B, PTGS2, and
FOS) had significantly lower expression levels in HB tissue
samples compared to normal liver tissue samples, while nine
of the top 10 upregulated hub genes (CDK1, CCNBI, KIF11,
NCAPG, TOP2A, AURKA, TP53, ASPM, and TPX2) had
markedly higher expression levels in HB tissues in comparison
to normal liver tissues.

Hub Genes Verification via qRT-PCR

Through literature search, we identified AURKA (Zhang Y.
et al., 2018; Tan et al,, 2020) and CDK1 (Tian et al., 2021)
as previously reported oncogenic genes in HB. In contrast,
the role of the other 15 hub genes in HB has not been
reported to date or remains controversial. Based on HB and
matched normal liver tissue samples in eight children with
HB, the mRNA expression levels of these 15 hub genes were
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validated by qRT-PCR. The expression levels of EGFR, CAT,
IGF1, IL1B, PTGS2, and FOS were significantly lower for
HB tissues when compared with normal liver tissues. On
the other hand, the expression values of CCNBI1, KIFl1l,
NCAPG, TOP2A, TP53, ASPM, and TPX2 in HB tissues
were significantly higher than those in the normal liver
tissues (Figure 8). Lastly, according to the predicted miRNA-
mRNA pairs and the final verification results, we constructed
the potential miRNA-mRNA interaction network involved in
HB (Figure 9).

DISCUSSION

The extreme rarity of HB has hindered our understanding of its
underlying molecular mechanisms, and the majority of potential
hub genes, DE-miRNAs and TFs in this study were reported
for the first time in HB pathogenesis. Therefore, our work may
serve as an important resource for future studies to unveil
the underlying mechanisms of these key biomarkers and/or
therapeutic targets involved in HB.

The dysregulation of miRNA-mRNA interaction network
in liver is associated with various liver diseases, such as liver
regeneration (Wang et al., 2019) and hepatocellular carcinoma
(Zhang and Du, 2017; Lou et al.,, 2019). In the context of HB,
previous studies have identified multiple miRNAs as promising
therapeutic targets (von Frowein et al., 2018; Cui et al., 2019a;
Liu et al, 2019). In order to provide an overall picture of
miRNA-mRNA interaction network in HB pathogenesis, we
performed a comprehensive bioinformatic analysis on the basis
of two independent GEO datasets. Among the TFs predicted for
DE-miRNAs in this study, COKN1A was reported to regulate
the G1/S transition and affect replication and damage repair
of DNA during mitosis (Tokumoto et al., 2003). In addition,
AP?2 negatively controls the growth of HepG2 HB cells through
CDKNI1A activation (Zeng et al., 1997). USP7, another predicted
TF in this study, was reported to promote proliferation, migration
and invasion of HB cell lines through activation of PI3K/AKT
signaling (Ye et al, 2021). Apart from CDKNI1A and USP7,
HNF4A was reported to be essential for Smad2/3 binding regions
in HepG2 HB cells, thus affecting transcription regulated by TGF-
B (Mizutani et al., 2011). Future studies are needed to validate
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FIGURE 9 | The potential mIRNA-mRNA interaction network involved in HB. HB: hepatoblastoma.

the molecular mechanisms of KLF4, PKM, and other TFs in the
pathogenesis of HB development.

In the process of functional annotation enrichment analyses,
GO-MF analysis on the basis of downregulated candidate genes
identified enriched terms relating to oxidative stress injury such
as oxidoreductase activity (Figure 4E). Similar to our findings,
previous study also reported that oxidative stress injury plays
an essential role in HB development (Tang et al., 2018). Our
KEGG analysis of the upregulated candidate genes revealed that
the PI3K/AKT pathway is another crucial pathway involved in
HB (Figure 5G). In human embryonal tumors, the PI3K/AKT
pathway is perhaps the most frequently reported pathway with
hyperactivation (Vivanco and Sawyers, 2002; Zhang et al., 2004;
Hartmann et al, 2006). In HB cells, it was reported that
additive anti-tumor effects can be achieved after combination
chemotherapy with PI3K inhibitors (Hartmann et al., 2009).

The cell cycle is composed of the interphase and the mitotic
phase. The interphase, including G1, S, and G2 phases, is
characterized by the synthesis of DNA and proteins (Norbury
and Nurse, 1992). Uncontrolled cell cycle is recognized as a
hallmark of tumor and, therefore, constitutes a major therapeutic
target for the development of anti-tumor agents. Our KEGG
enrichment analysis of the upregulated candidate genes identified
cell cycle as the most significantly enriched pathway in HB
(Figure 5G). For BP within the GO analysis, we found that the
upregulated candidate genes played vital roles in multiple cell
cycle events, including mitotic nuclear division and chromosome
segregation (Figure 5A). Cellular defects that affect chromosome
separation may increase aneuploidy, which in turn accelerate
tumor progression (Pines, 2006). Moreover, other key events that
interfere with the cell cycle were also observed in CC and MF
within the GO analysis (Figures 5C,E).

In addition to the functional annotation enrichment analyses,
almost all the upregulated hub genes obtained in this study,
including CCNBI1, KIF11, NCAPG, TOP2A, ASPM, and TPX2,
have been previously reported to be implicated in regulating
cell cycle progression. Indeed, the upregulated cell cycle-related
proteins can accelerate cellular proliferation in human tumors
(Malumbres and Barbacid, 2009). Moreover, the progression
through distinct cell cycle phases is monitored by checkpoints
that allow or prohibit the progression from one stage to another.
Abnormal cell cycle check point hampers the detection and
repair of genetic damage, leading to uncontrolled cell division
and tumorigenesis. The majority of tumor cells exhibit cell
cycle checkpoint defects, among which G1/S phase checkpoint
defect is the most typical one (Zhao et al., 2012). CCNBI is a
regulatory protein involved in the G2/M cell cycle transition,
and CCNBL1 overexpression promotes chromatin bridging by
suppressing separase activation (Nam and van-Deursen, 2014).
In addition, the proliferation of human HB cell line HepG2 is
suppressed by lycorine in a dose-dependent manner through
downregulating cyclin A, CCNB1 and CDK1 (Liu et al,, 2018).
Centrosome linker refers to the protein that concatenates
centrosomes during interphase. In the complex of mitotic
spindle assembly, the dissolution of the centrosome linker is
driven by KIF11 (Hata et al., 2019), a motor protein capable
of hydrolyzing ATP. Besides, TPX2 can also regulate mitotic
spindle assembly through kinetochore dependent microtubule
nucleation and AURKA localization (Moss et al., 2009). NCAPG
serves as the regulatory subunit of the condensin complex, which
is essential for the conversion between interphase chromatin
and mitotic chromosome in the presence of topoisomerases
(Kimura et al, 2001). TOP2A, one type of nuclear enzyme,
is critical for removing topological barriers left on DNA
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during mitosis (Linka et al., 2007). ASPM is implicated in the
regulation of mitotic spindle and the orchestration of mitotic
processes. Also, the microtubule dynamics at spindle poles are
modulated by ASPM with the help of the katanin complex
(Jiang et al., 2017).

TP53 is famous for its tumor suppressive role in a variety
of human tumors (Aubrey et al, 2018). Interestingly, our
results demonstrated that TP53 plays an oncogenic role in HB
development. Actually, there are two types of TP53, namely,
mutant TP53 (mutp53) and wild type TP53 (wtp53). Missense
mutation is the predominant form of mutp53 and expresses full-
length mutp53 protein (Olivier et al., 2004). Mutp53 cannot
activate the target genes of wtp53 or induce MDM2 expression,
leading to the accumulation of mutp53 proteins in HB (Yue et al.,
2017). Loss of heterozygosity (LOH) represents the phenomenon
that mutp53 may inhibit the function of wtp53 and provide
tumor cells with oncogenic functions (Baker et al., 1990). In
addition, gain of function (GOF) is defined as the effect of mutp53
on promoting proliferation, metastasis, and anti-apoptosis of
tumor cells. A greater number of metastatic tumors was observed
for mice expressing mutp53 when compared with TP53~/~ mice
(Lang et al., 2004; Olive et al., 2004). The expression of mutp53
has been associated with chemoresistance in certain tumors due
to GOF and the loss of wtp53 pro-apoptotic function (Yue et al.,
2017). Patients with Li-Fraumeni syndrome and mutp53 were
reported to have earlier development of tumors compared with
those with Li-Fraumeni syndrome and TP53 deletion (Bougeard
etal., 2008). Mutp53 can promote oncogenic cellular changes and
alter cellular transcriptional profile. Therefore, to the best of our
knowledge, the more likely scenario in this study was that most
of over-expressed TP53 proteins in HB may belong to mutp53,
thereby exerting oncogenic functions.

It is common that one dataset consists of a combination of
paired and independent observations, and the terminology for
this described scenario is “partially paired data” (Guo and Yuan,
2017). It should be noted that there are partially paired data
in both datasets used for the present study. However, we did
not take the inherent pairing structure into consideration in the
DE analyses, which can lead to suboptimal results (Kuan and
Huang, 2013). When analyzing partially paired data, the optimal
pooled ¢-test, the test based on the modified maximum likelihood
estimator, or the paired t-test, is to be recommended under
different conditions in order to improve the statistical power
(Guo and Yuan, 2017). Therefore, ignoring the matching for
partially matched samples is one of the limitations of this study.

In conclusion, our results identify a variety of DE-miRNAs,
TFs, and hub genes as potential regulators in the pathogenesis
of HB. In addition, the miRNA-mRNA interaction network,
PPI modules, and pathways may suggest putative diagnostic
biomarkers or therapeutic targets for future HB theranostics.
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