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Abstract

Autism spectrum disorder (ASD) is characterized by neurocognitive dysfunctions, such as
impaired social interaction and language learning. Gene-environmental interactions play a pivotal
role in ASD pathogenesis. Nuclear receptor corepressors (NCORs) are transcription co-regulators
physically associated with histone deacetylases (HDACs) and many known players in ASD
etiology such as transducin B-like 1 X-linked receptor 1 (TBL1XR1) and methyl-CpG binding
protein 2 (MECP2). The epigenome-modifying NCOR complex is sensitive to many ASD risk
factors, including HDAC inhibitor valproic acid (VPA) and a variety of endocrine factors,
xenobiotic chemicals, or metabolites that can directly bind to multiple nuclear receptors. Here we
review recent studies of NCORs in neurocognition using animal models and human genetics
approaches. We discuss functional interplays between NCORs and other known players in ASD
etiology. It is conceivable that the NCOR complex may bridge the /in utero environmental risk
factors of ASD with epigenetic remodeling and can serve as a converging point for many gene-
environment interactions in the pathogenesis of ASD and intellectual disability.
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Introduction

Autism spectrum disorders (ASDs) are neurodevelopmental conditions characterized by
abnormal social interaction, repetitive behaviors, impaired language learning, and other
cognitive dysfunctions. ASD affects about 1% of the general global population [1], and 45%
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of ASD cases are associated with intellectual disability [2]. Syndromic ASDs include fragile
X syndrome, Rett syndrome (RTT), Phelan—-McDermid syndrome, and Timothy syndrome,
which are caused by specific genetic alternations [3]. However, most ASD cases are of
unknown causes and display highly heterogeneous clinical phenotypes.

The gene-environmental interaction and epigenetic mechanisms are believed to play a
critical role in the pathogenesis of ASD [4]. Major environmental factors include maternal
exposure to dietary, xenobiotic chemicals, and endocrine factors during pregnancy [5]. Many
endocrine factors, metabolic intermediates derived from diet or xenobiotics can serve as
ligands for nuclear receptors, a family of transcription factors. Nuclear receptors recruit
nuclear receptor coactivators (NCOAS) or nuclear receptor repressors (NCORS) in a ligand-
dependent manner, which further recruit epigenome-modifying enzymes such as histone
acetyltransferases (HATS) and histone deacetylases (HDACS) [6]. Thus, nuclear receptor co-
regulator complexes bridge the environmental risk factors of ASD with epigenetic
remodeling, which offers a clue for general ASD etiology.

NCOR1 and its homolog NCOR?2 (also known as silencing mediator for retinoid and thyroid
hormone receptors, SMRT) are scaffolds for the multi-protein corepressor complex known
as the NCOR complex [7]. Three repression domains (RD1, RD2, and RD3) at the N
terminus can interact with epigenome-modifying enzymes and chromatin remodelers, while
two interaction domains (ID1 and ID2) at the C terminus can interact with different nuclear
receptors including thyroid hormone receptor (TR), estrogen receptor (ER), androgen
receptor (AR), progesterone receptor (PR), glucocorticoid receptor (GR), retinoid X receptor
(RXR) and orphan receptor Rev-erb [8] (Figure 1). HDACS3, a class | HDAC, is the major
HDAC that confers the deacetylase enzyme activity to the NCOR complex. The enzyme
activity of HDAC3 is dependent on binding to the deacetylase activating domain (DAD) on
the N-terminus of NCOR1/2 [9] (Figure 1). Such binding causes a conformational change in
HDACS3 protein, which opens its catalytic channel for substrate access [10]. Purified
HDACS3 protein shows minimal enzyme activity in the absence of DAD [11]. In addition to
DAD, a region near the C-terminus of NCOR1/2 can also interact with HDAC3 without
affecting HDAC3 enzymatic activity [12]. Class Ila HDACs (HDAC4, HDACS5, HDAC?7,
and HDACD9) are also associated with the NCOR complex, but they have no intrinsic
deacetylase enzymatic activity. As a result, their enzymatic activities are dependent on
HDAC3[13]. The HDACs are implicated in neuronal functions in brain development, axon
regeneration, memory and cognition, and neurodegeneration [14-18].

NCORs in intellectual disability

The NCOR complex plays a vital role in neurocognition with implications in autism [19].
NCOR1~~ and NCOR2™/~ mice are embryonic lethal, preventing the characterization of
neurobehavioral phenotype [20, 21]. In a whole-body knock-in mouse model with mutations
in the NCOR1/2 DADs that disrupt their binding to HDAC3 (NS-DADm mice), HDAC3
enzymatic activity is abolished in the brain [19]. These mice display social interaction
deficits, impaired spatial learning and recognition memory, reduced anxiety, and enhanced
locomotor coordination (Table 1). Gene expression profiling reveals altered expression of
genes encoding GABA receptor subunits, along with several ASD-related genes such as
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SH3 and multiple ankyrin repeat domains protein 3 (Shank3), Forkhead box protein P2
(Foxp2), and myocyte-specific enhancer factor 2¢ (Mef2c). Depletion of NCOR1/2
specifically in GABAergic neurons with Vgat-Cre (NS-V mice) is sufficient to cause
learning and memory deficits [19]. The electrophysiological analysis identifies the
hyperexcitability of GABAergic neurons in the lateral hypothalamus (LH) in NS-V mice.
This hypothalamic excitatory/inhibitory (E/I) imbalance impairs synaptic plasticity in the
hippocampus CA3 region through a monosynaptic LHGABA-to-CA3 neural projection,
which accounts for the neurocognitive dysfunction in NS-V mice [19]. Injection of siRNA
targeting Ncorl into the amygdala of rats at 12 h or 28 h after birth reveals that Ncorl
knockdown increases juvenile social play behaviors in males and anxiety-like behaviors in
both males and females. However, social interaction in the three-chamber assay is normal in
these rats [22]. HDACS3 depletion specifically in mice hippocampal CA1 region does not
impair memory but enhances long-term memory formation [23]. These results are in line
with that the loss-of-function (LOF) for NCORs and HDAC3 in the hypothalamus account
for cognitive dysfunction in NS-DADm and NS-V mice [19].

In addition to mouse models, several de novo genetic variants in NCOR1, NCORZ, and
HDAC3are found in pediatric patients with intellectual disabilities or ASD (Table 2). A
heterozygous 152 kb deletion affecting the NCORI gene is found in a 10-year-old boy with
ASD [19]. He shows no language expression, intellectual disability, poor motor
coordination, stereotyped hand, and head movements, and auto-aggressive attitude. Another
8-year-old boy with ASD harbors a de novo NCORI heterozygous variant at canonical
splice donor site (c.2182+ 2T>G) [19]. He displays global developmental delay, learning
difficulties, epilepsy, absences and drop attacks, tip-toe walking, and double incontinence.
Interestingly, an adjacent variant (c.2182 + 1G > T) affects the same splice site is identified
in a 3-year-old girl with ASD [24]. The girl displays ASD with stereotypical and compulsive
behaviors, narrowed interests, and communication defects such as poor eye contact. She also
has mild developmental delay, thoracic scoliosis, slightly tented mouth, and bifid uvula.
Both mutations are predicted to cause exon skipping and reading frameshift, which would
produce a truncated NCORL1 protein or reduced protein production from the allele due to
nonsense-mediated MRNA decay. If a truncated protein is produced, it is predicted to lack
the RD3 and all ID domains on the C-terminus. Another study identifies de novo missense
[c.3122C>T (P1025L)] and splice-acceptor (¢.3449-1G>C) NCORI variants from two ASD
probands, respectively [25]. In addition to NCORI, two other pediatric patients with
learning difficulties carry de novo variants in NCORZ2[c.6887G> A (R2296Q)] and HDAC3
[c.797T> C (L266S)] respectively [19]. A heterozygous NCORZ2 missense variant
[c.1940C>T (S647L)] is found in atypical RTT patients with no MECP2 mutation [26]. A
patient with RTT-like microcephaly and severe intelligence disability carries compound
heterozygous variants [c.3983A>G (E1328G)] and [¢.1399G>A (V4671)] of NCORZ2[27].

The NCOR complex is unique in many ways in the context of ASD (Figure 2). (1) The
NCOR complex is directly involved in the action of steroid hormones that are critical in
maintaining /n utero environment during the prenatal neurodevelopment. (2) It directly
interacts with multiple canonical epigenomic factors closely related to autism and, therefore,
provides a converging point for different epigenomic factors to interplay. The NCOR-
binding region of MECP?2 is a hotspot for disease-causing mutations [28, 29]. TBL1XR1
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(also known as TBLR1), a stable component of the NCOR complex, is among the top
candidate genes associated with ASD identified by multiple studies [30, 31]. (3) The NCOR
complex is druggable. Unlike most transcription factors, nuclear hormone receptors can
directly interact with diverse small-molecule ligands and metabolites, which provides many
opportunities for drug targeting [6, 32, 33]. Besides, HDACs are the crucial components of
the NCOR complex and rely on NCORs for their deacetylase enzymatic activity [11]. Many
small-molecule HDAC inhibitors are being tested for treating a variety of diseases, including
ASD [34-36]. Below we discuss the relevance of NCORs-mediated cognitive regulation in
the context of different ASD etiologies.

NCORs in MECP2-mediated cognitive regulation

RTT is traditionally an X-linked syndromic ASD caused by mutations in MECP2[37].
MECPZ mutations are also found in non-RTT autistic patients. MECP2 can recruit the
NCOR complex to repress gene expression [38]. Accumulating evidence suggests that
disruption of the NCOR complex contributes to ASD pathogenesis caused by some MECP2
LOF mutations. (1) Trichostatin A (TSA), an HDAC inhibitor, inhibits transcription
repression by MECP?2 in a reporter gene assay in mouse fibroblasts expressing GAL4 DNA-
binding domain fused with MECP2 amino acids 207-492 [39]. This finding indicates that
the HDAC enzyme activity is required for MECP2-mediated transcriptional repression. (2)
A subset of RTT-causing MECPZ2LOF mutations disrupt the MECP2-NCOR interaction. A
radically truncated MECP2 protein that only retains the methyl-CpG binding domain (MBD)
and NCOR/SMRT interaction domain (NID), when expressed in the brain of Mecp2
knockout (KO) mice, is able to extend survival and improve behavioral abnormalities in
tremor, gait, and activity [40]. This finding suggests that NID and MBD are critical regions
for the function of MECP2. Missense mutations within NID of MECP2, including P302R,
K304E, K305R, and R306C, disrupt the MECP2-NCOR interaction [29], leading to reduced
transcriptional repression function of MECP2 (Figure 1). MECPZR306C accounts for 5% of
classical RTT cases. Mecp2R306C knock-in mice demonstrate hindlimb clasping,
compromised mobility, and impaired motor coordination [29]. Phosphorylation of MECP2
at T308 impairs the MECP2-NCOR interaction and transcriptional repression ability of
MECP2 [28]. Mecp2"308A disrupts activity-dependent MeCP2 phosphorylation in neurons,
and its knock-in mice have RTT-like phenotypes such as lower brain weight, seizures,
hindlimb clasping, and motor abnormalities [28]. These findings suggest that the MECP2-
NCOR interaction is delicately regulated since too much (Mecp2"308A) or too little
interaction (MecpZR396Cy can lead to RTT-like phenotypes. In addition to RTT, MECP2
variants identified in idiopathic autistic disorder patients can also alter the MECP2-NCOR
interaction. MECP2R294X, a nonsense de novo mutation previously found in RTT, also
exists in non-RTT autistic patients and leads to a truncated MECP2 protein lacking the
NCOR-binding regions (Figure 1) [41]. (3) MECP2 depletion disrupts HDAC3 or NCOR
chromatin binding. Chromatin immunoprecipitation (ChlP) assays reveals that HDAC3
binding at transcription start sites (TSS) of several lipogenic genes is decreased in the
MECP2-depleted mouse liver compared to the control [42]. The elevated histone acetylation
on H3K27 is also consistent with suppressed HDAC3 binding and activity. ChIP-seq
demonstrates decreased HDAC3 binding at promoters of Arrdc2, Dusp4, KIf10, Tlel, Banf,
and Nr4al in the hippocampus at postnatal day 45 in Mecp2-KO mice [43]. MECP2
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enrichment at these promoter regions remains unchanged in hippocampal CA1 neurons in 3-
month-old mice with HDAC3 depleted in forebrain excitatory neurons [43]. MECP2-
dependent HDAC3 genomic recruitment in the hippocampus is abolished by R306C
mutation [43], indicating that the MECP2-NCORs interaction is critical for HDAC3
genomic recruitment at these genes. (4) There are similarities in behavioral phenotype, gene
expression changes, and neuronal activity changes between mouse models for MECP2 LOF
and NCOR/HDACS3 LOF (Table 1). It is described in more detail below.

Whole-body Mecp2-KO mice [44-46] and mice with whole-body NCOR1/2 DAD mutation
knock-in (NS-DADm mice) [19] exhibit similar deficits in anxiety, social interaction, and
explicit memory. There are also some phenotypic differences. Unlike Mecp2-KO mice, NS-
DADm mice have normal brain weight, hindlimb activity, and breathing patterns (Table 1).
They can also survive for over a year. However, NS-DADm mice display hyperactivity,
superior locomotor coordination, and better motor learning, while Mecp2-KO mice
demonstrate defects in locomotor coordination [45, 47-51]. GABA neurons play an
important role in the behavioral phenotype caused by both MECP2 LOF and NCOR1/2
LOF. Vyat (also known as Viaal) promoter can restrict Cre recombinase expression within
GABAergic neurons. Vgat-Cre; Mecp2°%Pl¥ mice display normal anxiety levels but
impaired spatial memory [52]. This is similar to NS-V ( Vgat-Cre; Ncor1/0xP/loxp.
Ncor2oxPI1oxPy mice [19]. However, Vgat-Cre; MecoA°*PlY mice have increased social
interest, which is opposite to NS-V mice.

In addition to the neuron type, different brain regions also play different roles in MECP2 and
NCOR/HDAC3 LOF. HDAC3 depletion in neural progenitor cells using the Nestin-Cre
mouse line causes lethality within 16 hours after birth [14], while MECP2 depletion using
the Nestin-Cre can survive for ten weeks [53]. Depletion of HDAC3 or MECP?2 in forebrain
neurons using the Camk2-Cre line causes similar phenotypes, including hindlimb clasping
and deficits in motor coordination, social interactions, and cognition [14, 43, 53, 54].
Stereotaxic injection of adenovirus or adeno-associated virus (AAV) expressing Cre in
Hdac3°xP/1oxP mice leads to region-specific depletion of HDAC3 in the brain. Depletion of
HDACS3 in the hippocampal CAL1 region enhances long-term memory formation as measured
by location-dependent object recognition memory [23]. In contrast, HDAC3 depletion in the
hippocampal CA3 region does not influence learning or memory in novel object recognition
or Morris water maze tests [19] (Table 1). Stereotaxic injection of AAV delivering ShRNA
targeting MecpZ into the dorsal hippocampus leads to impaired long-term object location
memory but normal short-term memory [55]. Hippocampus-specific knockdown of Mecp2
also impairs cued fear conditioning but not contextual fear conditioning [55]. Besides
hippocampus, depletion of MECP?2 in the hypothalamus in SimI-Cre,; Mecp2%P mice
demonstrates increased anxiety in open field test and increased aggression. Learning and
memory is normal in these mice as measured by conditioned fear [56]. By comparison,
HDACS3 depletion in the lateral hypothalamus through AAV-Cre leads to robust memory
deficits [19]. These studies suggest that the phenotypic outcome of the altered MECP2-
NCORs interaction is modulated by brain region-specific factors.

Gene expression changes show some similarities between MECP2 and NCOR LOF mouse
models. Expression of y-aminobutyric acid receptor subunit a-2 (Gabra2) and neuromedin
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B receptor (Nmbr), genes related to synapses and neurotransmission, is suppressed in the
NS-DADm, NS-V, and Mecp2-KO hypothalamus compared to their respective control [19,
57, 58]. However, brain-derived neurotrophic factor (Banf), glutamate decarboxylase 1
(Gad1)and glutamate decarboxylase 2 (GadZ2) are altered in the Mecp2-KO hypothalamus
but keep unchanged in the NS-DADm hypothalamus. ChIP-gPCR shows that both MECP2
and NCOR1 bind to the promoter region of Mef2c in the hypothalamus. However, Mef2c
expression is downregulated in the NS-DADm hypothalamus and upregulated in the Mecp2-
KO hypothalamus [19, 57, 58]. The expression of genes related to synapses and
neurotransmission (such as Chrna4), synapses and dendrites (such as 7anci), cognition
(such as Adcy1, Egrl, and Foxp2) and neurogenesis (such as Cit, Gapds, MefZc, and Ningl)
are downregulated in Mecp2-KO hippocampus and NS-DADm hypothalamus as compared
to their respective wild-type control [19, 59]. Forebrain-specific HDAC3 depletion in
Camk2-Cre; Hadac3°XP1oxP mice leads to downregulation of hippocampal genes that are also
downregulated in Mecp2-KO mice (37 overlapping genes) or hESC-derived MECP2-KO
neurons (81 overlapping genes) [43].

Dysfunction of the GABA signaling is implicated in ASD. Dysregulation of GABAp
receptor subunits is found in the cortex, hippocampus, and cerebellum of post-mortem brain
tissues from ASD patients [60], which suggests reduced GABAergic signaling and the
increased ratio between excitation and inhibition in ASD. Reduced GABA level is also
found in the frontal lobe and perisylvian region of the left hemisphere by proton magnetic
resonance spectroscopy in ASD patients [61]. Reduced expression of GABAA receptors in
the frontal cortex and limbic areas is detected by single-photon emission computed
tomography and positron emission tomography in the superior and medial frontal cortex,
frontotemporal cortex, and limbic areas[60, 62—64]. Knockout of the ASD risk gene
Engrailed-2 results in autism-like behaviors and reduced GABAergic neurons [65].
GABAergic system is also disturbed in fragile X syndrome and RTT mouse models and RTT
patients. Pharmacological intervention on GABAergic system deficits could ameliorate
fragile X syndrome and RTT-like phenotypes in Drosophila and mice models [66].

Electrophysiological changes and excitatory/inhibitory (E/I) imbalance are observed in
MECP2 and NCORs LOF mouse models (Table 1). Multiple GABA, receptor subunits are
downregulated in NS-DADm mice [19]. This downregulation plays a causative role in the
behavioral phenotype because diazepam, a positive modulator of the GABA, receptor,
rescues the behavior abnormalities of NS-DADm mice. The downregulation of GABAA
receptor subunits leads to hyperexcitability in lateral hypothalamus GABA neurons. Such an
E/I imbalance inhibits long-term potentiation (LTP) formation in the hippocampus through a
monosynaptic LHGABA > CA3 projection [19]. In RTT mouse models, Mecp2-KO and
Mecp2A140V mutation cause E/I imbalance and hyperactivity of hippocampal CA3 or CA1
pyramidal neurons [67, 68]. Increased E/I ratio is also observed in the brainstem of MecpZ2-
KO mice [69]. In contrast, reduction in miniature excitatory postsynaptic currents (MEPSC)
amplitudes in the Mecp2-KO cortex leads to a decreased E/I ratio [70]. In VgatCre;
Mecp2°%Ply mice, the amplitude of miniature inhibitory postsynaptic currents (mIPSCs) of
pyramidal neurons and striatal GABAergic neuron is dramatically reduced with no
alterations in frequency [52]. In summary, some similarities exist in electrophysiological
characters between MECP2 LOF and NCORs LOF mouse models. Disrupted E/I balance
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and altered GABA receptors are observed in some brain regions and neuron types in both
cases.

In addition to GABA receptors, the expression of NMDA receptor GrinZc and glutamate
receptor mGIluR4 (Grm4) is also decreased in the hypothalamus of NCOR LOF NS-DADm
mice. The frameshift mutation in GRIN2C has been identified in ASD cases [71]. Whole-
body GrinZc knockout in mice leads to cognitive deficits [72]. Grm4 expression is decreased
in the caudate putamen and nucleus accumbens of an ASD mouse model with mu opioid
receptor deficiency (Oprm1~/") [73]. The mGIluR4 allosteric modulator VU0155041
alleviates behavioral changes of Oprm1~~ mice in social interaction, anxiety, stereotyped
grooming and circling, and marble burying. However, mGluR4 knockout mice demonstrate
improved short-term and long-term memory and long-term potentiation (LTP) of
hippocampal CA1 [74]. MECP2 LOF also leads to dysregulation of glutamate receptors in
the brain. Microarray analysis shows that the glutamate system-related genes such as
Grin2d, Grin3a, Grik2, Grik5, and GrmZ2are upregulated in the hypothalamus of Mecp2-
transgenic (Tg) mice (a MECP2 gain-of-function model) and downregulated in Mecp2-KO
mice as compared to the WT control [57]. The results of NMDA receptors Grin2d and
MGIuUR2 (Grm2) are further confirmed by RNA-seq [58]. In the hippocampi of Mecp2-KO
mice, the expression of glutamate receptors including Grin2a, Grin3a, Grm2, and Grm3is
significantly decreased [59]. Taken together, dysfunction of glutamate system may also
contribute to the phenotypes in mouse models of NCOR LOF and MECP2 LOF.

Both NCORs and MECP?2 are traditionally considered as transcriptional repressors.
However, nonbiased transcriptome profiling has identified prominent gene downregulation
in both NCORs LOF and MECP2 LOF conditions. While 225 genes are downregulated in
the hypothalamus of NS-DADmM mice compared to the control, only 50 are upregulated [19].
The downregulated genes are highly enriched in neurotransmission or synapse function,
while the upregulated genes are enriched in seemingly unrelated biological processes such as
chondrocyte differentiation or insulin secretion. ChIP analyses confirmed the binding of
HDAC3 on downregulated genes such as GabraZ, Gabra4, and Gabrd, suggesting that the
NCOR/HDAC3 complex may directly activate these genes, although an indirect or
compensatory mechanism cannot be ruled out at this point [19]. These results are consistent
with other studies about HDAC3 and MECP2 [43, 57, 75, 76]. Among the 300 genes
differentially expressed in the hippocampus CA1 region of Camk2-Cre; Haac3°xP1oXP mice
compared to WT control, around 200 are downregulated while only 100 are upregulated.
Gene ontology analysis reveals that downregulated genes are associated with brain functions
including nervous system development, synaptic transmission, and neuron projection, which
are not observed in upregulated genes [43]. For MECP2, over 2,000 genes are
downregulated in the hypothalamus of Mecp2-KO mice or upregulated in Mecp2-Tg mice,
as compared to their respective WT control mice [57]. In contrast, less than 400 genes are
upregulated in Mecp2-KO mice or downregulated in Mecp2-Tg mice in the hypothalamus.
Compared to MECP2-repressed genes, MECP2-activated genes in the hypothalamus are
more enriched in neuron-related biological processes such as neurotransmitter biosynthetic
process, neurotransmitter transport, fear, and memory. Similar results are obtained in the
cerebellum, with nearly 800 genes upregulated but only a little over 400 genes
downregulated in Mecp2-Tg mice compared to WT, and more than 800 genes downregulated
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but less than 300 genes upregulated in Mecp2-KO mice [75]. Cerebellar MECP2-activated
genes are enriched in neuropeptide hormone activity and excitatory ion channel activity,
while MECP2-repressed genes are enriched in protein dimerization activity, protein domain
specific binding, olfactory receptor activity, and phospholipase C activity. In addition to
mouse models, MECP2 KO in hESC-derived neurons results in downregulation of genes that
are more than 10 times over the number of genes that are upregulated [76]. In summary,
more genes are activated by the NCOR complex or MECP2 in the brain, directly or
indirectly, as compared to genes that are repressed, especially for those genes associated
with neuronal functions.

In contrast to the canonical view on transcription repressors and activators, accumulating
evidence suggests that transcription regulators are versatile and the repressor/activator
function is highly dependent on the chromatin context [77-84]. The molecular mechanisms
underlying the switch between repressor and activator functions are diverse and not
completely understood. For example, NCOR/HDAC3 LOF can repress gene expression by
reducing DNA-binding activities of FOXO3 through increasing the acetylation on FOX03
[43]. Rpd3, the yeast ortholog of HDAC3, can function as a histone chaperone and prevent
histone eviction from the nucleosome in a deacetylase-independent manner, leading to
chromatin stabilization and gene repression [85]. Rpd3-mediated histone deacetylation also
facilitates nucleosome displacement, which enhances transcription factors binding to the
DNA and promotes gene activation in response to stress [86, 87].

In addition to MECP2 LOF as described above, MECP2 gain-of-function (GOF) also causes
diseases. Excess MECP2 protein expression causes MECP2 duplication syndrome
characterized by intellectual disability and impaired motor function [88]. Homozygous
Mecp2 overexpression from the Mapt ( 7au) locus ( 7Tau-MeCP2) is lethal. Heterozygous 7au-
MeCPZ2 mice display reduced body weight and irregular breathing without changes in
anxiety, motor coordination, or lethality [89]. MECP2R306C 3 mutant unable to bind NCOR,
does not induce lethality and other abnormalities when overexpressed at the same level as
wild-type MECP2 [89]. Meanwhile, overexpression of MECP2T158M or MECP2R133C
mutants with disrupted DNA binding activities and reduced MECP2 protein stability, causes
hindlimb clasping but do not affect survival. This study suggests that interaction with
NCORs seems more critical for MECP2 GOF toxicity compared to its DNA binding activity.
However, overexpression of MECP2 in the NS-DADm mice lacking HDAC3 enzymatic
activity causes similar phenotype as its overexpression on the wild-type mice [89],
suggesting that the toxic effect of MECP2 GOF does not rely on HDAC3 enzymatic
activities. NCORs may have HDAC3-independent functions in the context of MECP2 GOF.

NCORs and TBL1XR1 in neurodevelopmental disorders

TBL1XR1 has about 86% identity with Transducin B-Like 1 (TBL1) based on the amino
acid sequence. Both TBL1 and TBL1XR1 have six WD-40 domains and are essential
components of the NCOR complex [90]. They interact with NCORs through the N terminal
region and C terminal WD-40 repeats[91, 92] (Figure 1). Conversely, NCORs interact with
TBL1/TBL1XR1 through its N-terminal RD1 region and a C terminal region (amino acid
1801-1965 in NCOR1) [51]. GST pull-down assay shows that TBL1/TBL1XR1 interacts
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with core histones H2B and H4 [92]. Simultaneous knockdown of 7BL1and 7TBL1XR1
attenuates thyroid hormone receptor (TR)-mediated repression of a luciferase reporter gene
in HelLa cells [58]. ChIP assay reveals that 7BL1/TBL 1XR1 deficiency leads to decreased
NCORs chromatin binding on the promoter of dejodinase 1 (D1I), a gene repressed by
unliganded TR [93]. TBL1XR1 selectively mediates the exchange of NCOR for NCOA
upon nuclear receptors (NRs) binding to the ligand, which is required for ligand-induced
transcriptional activation [94]. In addition to the NCOR/NCOA switch, TBL1/TBL1XR1
also targets NCORs for ubiquitination and degradation after NRs ligand binding [94].
Therefore, TBL1/TBLXR1 regulates the chromatin occupancy of NCORs both positively
and negatively, depending on the absence or presence of the ligand for the NRs that recruit
the NCOR complex. Pull-down assay using biotin tagged NCOR interaction domain (NID)
peptide of MECP2 demonstrates its efficient binding with NCOR1 fragment (residues 227—
490), which is abolished by NID of MECP2 K305R mutation. Co-immunoprecipitation (co-
IP) assay shows that NCORs use similar regions for interaction with TBL1/TBL1XR1 and
MECP?2. The correlation of pull-down efficiency of NCOR1 fragments with MECP2 and
TBLL/TBL1XR1 suggests that MECP2 and NCORs interaction can be bridged by TBL1/
TBLXR1 [90]. Consistent with this notion, MECP2 interacts with the WD40 domain of
TBL1/TBL1XR1 directly through NID, and this interaction is abolished by RTT-causing
mutations (K304E, K305R, R306C, and R209X) as shown by pull-down assay [90]. In
summary, TBL1/TBL1XR1 are stable components of the NCOR complex and are essential
for its transcriptional function. TBL1/TBL1XR1 are also involved in the physical interaction
between NCORs and MECP2.

TBL1/TBL1XR1 expression and activity are tightly regulated by several signaling pathways.
Toll-like receptor 2 (TLR2) activation recruits calcium/calmodulin-dependent protein kinase
2 vy (CaMK27y) to the NCOR complex, leading to TBL1XR1 phosphorylation and NCOR
clearance from the promoters of inflammatory genes [95]. SUMOylation of TBL1/TBLR1
upon Whnt activation leads to their dissociation from the NCOR complex and increased
binding of B-catenin to the promoter of Wnt target genes to facilitate their transcription [96].

TBL1 deficiency was originally found in cases with sensorineural deafness related to ocular
albinism [97]. In the nervous system, Drosgphila TBL1 homolog ebi forms a complex with
transcriptional factor AP-1 and SMRTER (Drosophila counterpart of NCOR1/2) and is
required for photoreceptor neuron survival by regulating anti-apoptotic gene Aid expression
[98]. TBL1XR1 is critical for brain development, and its de novo mutations have been
identified in neurological disorders (Table 2). Targeted sequencing of over 200 genes in
>11,730 cases of ASD, intellectual disability, seizure, microcephaly, or macrocephaly and
>2,867 controls identifies 13 cases carrying disruptive mutations in 7BL1XR1[31].
Targeted sequencing of 2,446 ASD probands suggests that 7BL1XRI is one of the six genes
with recurrent disruptive mutations that collectively contribute to 1% of sporadic ASDs [30].
Another study did not find 7BL1XR1among ASD risk genes [99]. However, many
individual cases suggest a causative role of 7BL1XR1 mutations in ASD (Table 2). Deletion
of 1.6Mb (175,507,453-177,095,072) in the 3926.31926.32 region or 1.3 Mb deletion in the
3026.32 (176,025,379-177,377,006) region that includes 7BL1XR1 gene causes intellectual
deficiency [100, 101]. A girl with 708Kb microdeletion on chromosome 3g26.32
(176,221,801-176,929,584 ) encompassing only 7BL1XR1 has an intellectual disability and
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brain malformation [102]. 309Kb and 521Kb microduplications of 7BL1XR1 leads to
developmental delay, intellectual disability, ASD, and hearing loss[103]. De rnovo missense
TBL 1XR1 mutation [c.209 G>A (G70D)] is identified in a Japanese girl with West
syndrome and ASD features [104]. Whole-exome sequencing of Pierpont syndrome patients
identifies Y446C, C325Y and Y446H variants in 7BL1XR1 as potentially disease-causing
[105-107]. TBL1XR1 variant Y446S is also detected in autosomal dominant mental
retardation 41 [108]. A de novo missense mutation (L282P) and a frameshift mutation
(1397SfsX19) are associated with ASD [30]. Six de novo mutations of 7TBL1XR1 (H441R,
D370Y, D328G, P444R, H213Q, and 1269YfsTer8) lead to global developmental delay in
the Deciphering Developmental Disorders (DDD) study [109]. Among them, three variants
(P444R, H213Q, and 1269YfsTer8) cause ASD phenotypes. All six mutations are located
within the first 3 WD-40 repeats (amino acids 200-500) of TBL1XR1, a region essential for
its direct interaction with the NCOR complex (Figure 1). Therefore, TBL1XR1 and NCORs
variants found in ASD patients likely cause neurological and behavioral abnormalities by
abolishing their direct physical interactions. It has not been tested experimentally in
mammals whether TBL1/TBL1XR1 mutations indeed cause neurological disorders and, if
so, whether it is mediated by disrupting the function of NCOR complex.

Valproic acid, histone deacetylase inhibitor, and NCORs

Valproate is an antiepileptic drug. Population-based study reveals that prenatal exposure
VPA increases the risk of ASD and attention-deficit/hyperactivity disorder (ADHD) [110-
112]. Studies in rodent models and non-human primates show that VVPA in utero treated
animals show behavior and electrophysiological deficits analogous to ASD children,
supporting the causative role of prenatal VPA in ASD [113-116]. Although only a fraction
of ASD cases in human are related to prenatal exposure to VPA [117], the VPA animal
model remains a valuable research tool to probe gene-environmental interactions in ASD
etiology, especially in the context of epigenomic modifications. Exposure to VPA at the
embryonic stage by single intraperitoneal injection at a dose of 500 mg/kg leads to autism-
like behavioral phenotypes in rats and mice [118]. Social interactions deficits are identified
by three-chambered social approach task and ultrasonic vocalizations. Evaluation of
behaviors like self-grooming, marble-burying, digging, and the Y-maze test demonstrates
increased repetitive behaviors [117, 118]. Maternal exposure to VPA in non-human primates
also impairs social interaction and stereotypies phenotype in juvenile offspring, indicating an
evolutionary conserved pathogenic mechanism for VPA-induced ASD [119].

VPA can act as an HDAC inhibitor (HDI) and is known to inhibit HDAC3 [120]. Prenatal
exposure to VVPA causes hyperacetylation of histone H3 and H4 of the embryonic brain
[120]. Valpromide, a VPA analog lacking HDI activity, does not affect histones acetylation
and mice behaviors, indicating that /n utero HDAC inhibition contributes to ASD
pathogenesis. Treatment with another HDI TSA in utero also elevates histone H3K9 and
H4Ka8 acetylation in embryonic brain and similarly causes abnormal social and repetitive
behaviors, as measured by ultrasonic vocalization, olfactory motivation, three-chamber
sociability, grooming, and digging [121]. These studies suggest that HDAC inhibition may
underlie the neurological abnormalities upon /n utero \VPA treatment.
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It is conceivable that inhibition of HDAC3 could contribute to VPA-induced autism
behaviors, considering the following findings. (1) There are similarities in behavioral
phenotypes between NCOR/HDAC3 LOF mouse models and prenatal VPA treatment (Table
1). HDAC3 enzymatic activity is suppressed in all tested brain regions in NS-DADm mice,
which mimics what VPA does [19]. In line with this, neuronal depletion of HDAC3 using
Camk2-Cre in mice impairs locomotor coordination, sociability, and cognition [43]. (2) The
E/l imbalance is detected in NS-V mice and VPA rodent models. NCORs depletion causes
hyperexcitability of lateral hypothalamus (LH) GABA neurons, with a decreased amplitude
of mIPSCs and increased E/I ratio. In the hippocampal CA3 region of the NS-V mice, the
E/l ratio is decreased. Rats prenatally exposed to VPA show enhanced local recurrent
connectivity and decreased parvalbumin (PV)-positive GABAergic inhibitory interneurons
in the cortex [122, 123]. The frequency and amplitude of mMEPSCs increase significantly in
the lateral nucleus (LA) neurons from the amygdala in rats prenatally exposed to VPA [124].
(3) There are similarities in dysregulated gene expression between the VPA animal model
and the NS-DADm mouse model. Shank3and MefZc are two ASD-related genes
downregulated in NS-DADm mice in the hypothalamus [19]. Similarly, TSA treatment at
E12.5 decreases Shank3expression in cortical neurons [125]. Treated with VPA at E12.5
decreases protein level of MEF2C in the prefrontal cortex in rats [126].

In addition to acting as an HDI, other mechanisms can also contribute to VPA-induced
autism-like phenotypes. For example, VPA can activate Wnt and Ras-ERK-p21 signaling, as
well as elevate GABA levels [127]. The role of HDACs or HDI in autism is complex and not
completely understood. It is unknown whether histone hyperacetylation exists during the
juvenile or adult stage with embryonic exposure to VPA in most animal models. As a matter
of fact, VPA intraperitoneal injection of cynomolgus monkeys (Macaca fascicularis) on
gestational day 26 and 29 induces decreases, rather than increases, H3K27 acetylation in the
prefrontal cortex of the offspring [119]. In VPA-induced autism-like rodents, HDIs such as
pentyl-4-yn-VPA, SAHA, and MS-275 can ameliorate social cognition deficits [128, 129].
Pharmacological inhibition of class | HDAC or RNAI knockdown of Hdac2 rescues social
deficits in Shank3-deficient mouse models [35]. Of note, HDIs are used on animals after
birth as therapeutics in these studies, while VPA is used at the embryonic stage to induce
ASD. It is possible that HDACs play opposite roles in neurocognition at different
developmental stages. Future studies with accurate profiling of the expression and activities
of HDAC: in different developmental stages in the VPA animal model will help clarify the
interrelationships among VPA, HDACs, and ASD.

SHANKSs and NCORs

SH3 and multiple ankyrin repeat domains protein (SHANK) family have several members in
mammals (SHANKZ1, SHANKZ2, and SHANK3) and are major scaffold proteins interacting
with glutamate receptor complexes, anchoring proteins, and actin cytoskeleton at the
excitatory synapse [130]. They play crucial roles in regulating synaptic development,
function, and plasticity. Deletions or de novo single nucleotide variant (SNV) mutations can
lead to SHANK haploinsufficiency and contribute to approximately 1% of all ASD cases
(SHANK1 mutation 0.04%, SHANKZ mutation 0.17%, SHANK3 mutation 0.69%) [131].
Shank3 deficiency or knock-in mouse models demonstrate defective social interaction,
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repetitive behaviors, and impaired synapse function [130, 132-136] (Table. 1). Restoring
Shank3 expression from adulthood in Shank3-knockout mice ameliorates autism-like
phenotypes [137]. The autism-like morphological, behavioral and electrophysiological
abnormalities in Shank3 deficient mice can also be rescued by manipulation of the mGIuR5
activity or targeting actin regulators such as cofilin, Racl, and PAK [138, 139]. Impaired
novel object recognition and performance in Morris water maze are observed in two Shank3
mutant lines, exons 4-9B/ANK repeat deletion (Aex4-9B) and exons 4-9J/ANK repeat
deletion (Aex4-9J) [132]. The electrophysiological analysis reveals that Shank3 deficiency
leads to decreased mEPSC amplitude in the hippocampal CA1 region and striatum.
SHANKS depletion in GABAergic neurons leads to enhanced anxiety and repetitive
behaviors, decreased courtship ultrasonic vocalizations, and increased direct social
interactions while three-chamber social interaction is indistinguishable from the wild-type
control [140]. E/I balance in dorsolateral striatal neurons is disrupted as the frequency and
amplitude of MEPSC are decreased and mIPSCs keep unchanged[140]. Shank mutant
(Aex14-15) mice demonstrate altered synaptic protein expression, decreased mEPSC
frequency in the hippocampal CA1 region, and impaired social interaction [132]. Impaired
memory and social interaction are also observed in Shank2 mutant (Aex6—7 of ShankZa)
mice [141].

SHANK gene expression is regulated by epigenetic mechanisms including histone
acetylation. Prenatal exposure to HDAC inhibitor TSA decreases Shank2and Shank3
expression in cortical neurons [125]. 7he Shank3expression is reduced in the hypothalamus
of NS-DADm mice [19]. Conversely, SHANK3 can also modulate HDAC expression and
activities. The expression of HdacZ2is upregulated in the prefrontal cortex of Shank3
deficient mice [35]. HDAC inhibitors MS-275 and romidepsin or RNAi-mediated
knockdown of HdacZ rescue social deficits in Shank3 deficient mice [35, 36]. Therefore,
HDAC inhibition could be a therapeutic strategy for ASD induced by SHANK3 mutations.
Interestingly, both SHANK3 GOF and LOF can activate HDAC activity, which seems to
contribute to the neurotoxic effect. Shank3 overexpression transgenic mice demonstrate
manic-like behavior, decreased sociability, and defective ultrasonic vocalization [142]. The
manic-like behaviors can be rescued after VPA treatment. These studies suggest that the
expression of SHANK3 should be fine-tuned to maintain proper HDAC activity for normal
neurodevelopment. It is not clear whether and how SHANK1 and SHANK?2 can modulate
HDACS. It is conceivable that SHANKS may contribute to the NCOR/HDAC3 complex-
mediated cognitive regulation and vice versa, considering the phenotypic similarities
between some SHANK LOF mouse models and the NCOR/HDAC3 LOF mouse models in
terms of impaired social interaction, cognition dysfunction, and electrophysiological
abnormalities [19, 132, 137-139, 141].

FOXP2 and NCORs

Forkhead box protein P2 (FOXP2) is a transcription factor associated with inherited
language or speech disorder [143]. FOXPZ2 genetic variants are associated with verbal,
linguistic and grammatical difficulties [144-146]. Studies on Foxp2 KO (Foxp2™'~) mice
demonstrate that FOXP2 controls synaptogenesis and vocalization [147]. FOXP2 is vital for
the function of the mirror neuron system (MNS), a class of visuomotor neurons that fire in
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monkeys when they do object-directed actions or observe others performing similar
behaviors [148]. Mirror neurons are crucial for action understanding, imitation, language,
mentalization, social communication, empathy, and social cognition. MNS dysfunction is
found in children with ASD [149]. Although there are some controversial reports, large-
scale analysis using a novel approach of homozygous haplotype mapping of genetic
heterogeneous ASD cases identifies FOXP2as an ASD candidate gene [150]. FOXP2 SNP
rs1456031 is found to be significantly associated with ASD in the Chinese population [151].

Whole-body knockout of Foxp2in mice causes motor impairment, premature death, and
impaired social communication as indicated by the absence of ultrasonic vocalizations [152]
(Table 1). FoxpZ™'~ mice die at postnatal day 21 while Foxp2*'~ mice are viable [152, 153].
Reduced body weight is observed in Foxp2homozygous and heterozygous KO mice [152].
However, Foxp2*~ mice perform similarly as wild-type mice in the Morris water maze test
[152]. Nex-Cre; FoxpAoXPNoXP mice with cortical Foxp2 deletion show behavior
abnormalities in social interaction [154]. In addition to FOXP2, two additional FOXP family
members including FOXP1 and FOXP4, are expressed in the brain, which can form
heterodimers to regulate gene transcription [155]. FOXP1 variants are found in ASD patients
[156]. Foxpland Foxp4 knockout in mice leads to embryonic lethality [155].

FOXP2 regulates the expression of many ASD-related genes, including CNTNAPZ, MET,
and SRPX2[157-159]. In the VPA-induced ASD model, the number of FOXP2 positive
neuron increases in the cerebral cortex layer V, but decreases in layer VI, suggesting that
FOXP2 expression is regulated by HDACSs and histone acetylation [160]. FOXPZ2 expression
is decreased in the hypothalamus of the NS-DADm mice [19], suggesting that the NCOR
complex is an upstream regulator of FOXP2. It is possible that FOXP2 LOF contributes to
some of the behavioral phenotypes in the NCOR LOF mouse models.

MEF2C and NCORs

Four myocyte-specific enhancer factor 2 (MEF2) members (MEF2A-D) are expressed in
various brain regions, including cortex, hippocampus, thalamus, and striatum [161]. MEF2s
share highly conserved N-terminal DNA binding/dimerization domains and C-terminal
transcription regulation regions. MEF2s can associate with class Ila HDACs or HATS to
regulate neuronal gene expression in an activity-dependent manner. MEF2s are important for
neuronal survival, differentiation, migration, axon guidance, dendrite formation, and synapse
plasticity. MEF2A and MEF2D regulate the expression of ASD-related genes, including
Ube3A, SIc9A6, Pcdhl0, and C3orf58[162]. Knockdown of Mef2aand Mef2d in cultured
rat hippocampal neuron increased excitatory synapses number and mEPSC frequency [163].
Patients carrying 318 kb or 1.1 Mb deletions flanking MEF2C have severe mental
retardation, ASD, and epilepsy [164]. Mef2c*/~ mice demonstrate neurobehavioral deficits,
E/I imbalance, neuronal death, and decreased neurogenesis due to haploinsufficiency effects
[165]. MEF2C depletion in Nestin-Cre; Mef2d°*P- mice leads to deficits in neuronal
differentiation, decreased E/I ratio, altered anxiety, impaired memory and paw clasping
[166] (Table 1). AGFAP-Cre; Mef2d*P!- mice demonstrate efficient MEF2C depletion in
neurons and glial cells derived from radial glial cells [167]. They are slightly smaller than
wild-type and display hind/forelimb clasping behaviors, but with normal brain architecture,
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locomotion, and anxiety. Contextual dependent learning is impaired while cue-dependent
learning is normal in these mice, as measured in the fear conditioning paradigm. The
frequency of mEPSCs in the dentate gyrus granule neurons is increased while the amplitude
keeps unchanged. MEF2C depletion in differentiated forebrain excitatory neurons of £mxI-
Cre; MefAoxPlloxP mjce leads to E/I imbalance and downregulation of several ASD-related
genes such as Ning1, Nignl, Nrxnl, Nrxn3, Pcdhl9, Shank2, Shank3, Pten, and Htrlb. They
demonstrate autism-like behaviors including fewer ultrasonic vocalizations, impaired social
interaction, increased repetitive jumping behavior and repetitive fine motor movements, and
deficits in learning and memory [168]. Camk2-Cre; Mef2d°xPNoXP mice with Mef2c deletion
in postnatal forebrain regions show increased spine numbers in the hippocampus,
hyperactivity, abnormal motor coordination, hindlimb clasping [169]. However, there is no
change in learning and memory, long-term potentiation in the hippocampus CA1 region
induced by theta-burst stimulation, and social interactions.

The expression of MEF2C is potentially regulated by NCORs/HDAC complex. In the
hypothalamus of NS-DADm mice with abolished HDAC3 enzymatic activity, the Mef2c
expression level is decreased [19]. In line with this, MEF2C transcription is induced in rat
striatum by cocaine treatment, which requires phosphorylation of HDACS by salt-inducible
kinase SIK1 [170]. HDACS is class lla HDAC and gains its enzyme activity by interacting
with the NCOR complex and recruiting HDAC3 [13]. HDAC4, HDAC5, HDAC7, and
HDACS stimulate SUMOylation of MEF2C and further inhibit its transcriptional activity
[171]. In addition to being regulated by HDACs, MEF2C can also bind to HDAC4 and
HDACS to suppress miR-9 expression, which is critical for neurogenesis, neuronal
differentiation, and neurite elongation [172, 173]. In addition to MEF2C, MEF2D can be
deacetylated by the NCOR/HDAC3 complex, which contributes to MEF2D-mediated
repression of downstream target genes in HEK293 cells [174]. Thus, NCORs regulates
MEF2 function at both transcriptional and post-translational levels.

This raises the possibility that MEF2s dysregulation may contribute to the cognitive
dysfunction in the NCOR/HDAC3 LOF scenario. In line with this thought, NS-DADm and
NS-V showed observed E/I imbalance, reduced anxiety, hyperactivity, deficits in cognition
and social interactions, which resembled multiple Mef2c LOF mouse models including
Mef2c*~, Nestin-Cre, Mef2c°Pl-, hGFAP-Cre, Mef2c°*P!-, Emx1-Cre; Mef2c®P1oXP and
Camk2-Cre; Mef2doxP/1oxP mice [19, 164-168] (Table 1). However, hindlimb clasping,
motor coordination is normal in NS-DADm mice. It is conceivable that MEF2C functionally
interplays with other NCORs-target genes, which collectively contributes to NCOR-
mediated cognitive regulation. It is also possible that MEF2A and MEF2D can compensate
for MEF2C dysregulation in the context of NCORs LOF.

Conclusion

The critical role of the NCOR complex in intellectual disability and ASD starts to gain
recognition recently. (1) The NCOR complex physically interacts with MECP2 and
TBL1XR1, proteins closely related to ASD and intellectual disability from human genetics
studies. Dysfunction of the NCOR complex may contribute to ASD pathogenesis in the
presence of disease-associated MECP2or TBL1XRI genetic variants. (2) Multiple de novo
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genetic variants in NCOR1, NCORZ, and HDAC3 are associated with ASD and intellectual
disability. (3) Studies on mouse models of NCORs and HDAC3 support a role of the NCOR
complex in neurocognitive functions and ASD-like behaviors. (4) The NCOR-associated
HDAC activity is sensitive to VPA, an environmental risk factor of ASD when exposed
prenatally. NCOR-associated HDAC activity is also amenable for pharmaceutic
manipulation by HDAC inhibitors, which show some therapeutic values against a variety of
neurological diseases under certain conditions. (5) The NCOR complex is directly involved
in the epigenetic effects of many hormones, metabolites, and xenobiotic chemical that can
serve as ligands or antagonists for a variety of nuclear receptors, which are critical in
maintaining an /n utero environment during the prenatal neurodevelopment. Further
investigations are warranted to dissect the role of the NCOR complex in neurocognition,
which will not only provide mechanistic insights into the ASD etiologies but also lay
intellectual foundations for treatment or prevention of many neurological diseases.
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Figure 1. [llustration of protein-protein interactions between NCOR, TBL1XR1, and MECP2.

RD

, repression domain; DAD, deacetylase activating domain; ID, interaction domain; MBD,

methyl-CpG-binding domain; NID, NCOR/SMRT interaction domain. The amino acid
numbers are based on human proteins.
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Figure 2. A working model for NCOR functionsin the brain.
The NCOR complex is recruited to the genome either by DNA-binding nuclear receptors

(NRs), other transcription factors (TFs), or MECP2 that recognizes methylated DNA
regions. The NCOR complex is sensitive to hormones, metabolites, xenobiotics, and
chemicals that can function as NR ligands or HDAC inhibitors. The NCOR complex
regulates the transcription of multiple genes involved in neurotransmission and synaptic
plasticity.
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