W) Check for updates

Received: 13 April 2023 Revised: 11 November 2023 Accepted: 17 December 2023

DOI: 10.1002/cne.25589
RESEARCH IN
SYSTEMS NEUROSCIENCE

RESEARCH ARTICLE THE JOURNAL OF COMPARATIVE NEURDLOGY WI LEY

Comparative analyses of the Smith—Magenis syndrome protein
RAI1 in mice and common marmoset monkeys

Ya-TingChang’? | Yu-JulLee“? | MinzaHaque’? | Hao-ChengChang’? |
Sehrish Javed®? | YuChenglin®? | YoobinCho%? | Joseph Abramovitz? |
GabriellaChin®? | AsmaKhamis®?> | ReeshaRaja’? | Keith K. Murait? |

Wei-Hsiang Huang'-?

1Department of Neurology and Neurosurgery,
Centre for Research in Neuroscience, McGill Abstract

Uni ity, Montréal, Québec, Canad . sy 2R . .
niversity, Montréal, Québec, Canada Retinoic acid-induced 1 (RAI1) encodes a transcriptional regulator critical for brain

2Brain Repair and Integrative Neuroscience
Program, The Research Institute of the McGill

University Health Centre, Montréal, Québec, autism spectrum disorder known as Smith—Magenis syndrome (SMS). The neu-
Canada

development and function. RAI1 haploinsufficiency in humans causes a syndromic

roanatomical distribution of RAI1 has not been quantitatively analyzed during the

Correspondence development of the prefrontal cortex, a brain region critical for cognitive function
Wei-Hsiang Huang, Department of Neurology

and Neurosurgery, Centre for Research in
Neuroscience, McGill University, QC H3G 1A3, ing SMS. Here, we performed comparative analyses to uncover the evolutionarily

Canada. Email: wei-hsiang.huang@mcgill.ca

and social behaviors and commonly implicated in autism spectrum disorders, includ-

convergent and divergent expression profiles of RAI1 in major cell types during pre-

Funding information frontal cortex maturation in common marmoset monkeys (Callithrix jacchus) and mice

Azrieli Centre for Autism Research; (Mus musculus). We found that while RAI1 in both species is enriched in neurons,
Smith-Magenis syndrome Research . . . . .
Foundation the percentage of excitatory neurons that express RAI1 is higher in newborn mice

than in newborn marmosets. By contrast, RAlI1 shows similar neural distribution in
adult marmosets and adult mice. In marmosets, RAI1 is expressed in several primate-
specific cell types, including intralaminar astrocytes and MEIS2-expressing prefrontal
GABAergic neurons. At the molecular level, we discovered that RAI1 forms a protein
complex with transcription factor 20 (TCF20), PHD finger protein 14 (PHF14), and
high mobility group 20A (HMG20A) in the marmoset brain. In vitro assays in human
cells revealed that TCF20 regulates RAI1 protein abundance. This work demonstrates
that RAI1 expression and protein interactions are largely conserved but with some

unique expression in primate-specific cells. The results also suggest that altered RAI1

Abbreviations: ANOVA, analysis of variance; Bdnf, brain-derived neurotrophic factor; CAMKII, Caz+/ca|modulin-dependent protein kinase Il; Cas9, CRISPR-associated protein 9; CRISPR,
clustered regularly interspaced short palindromic repeats; CTX, cortex, DAPI, 4’,6-diamidino-2-phenylindole; Gadé7, glutamate decarboxylase 67; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; GFAP, glial fibrillary acidic protein; HMG20A, high mobility group 20a; HRP, horseradish peroxidase; MECP2, methyl CpG binding protein 2; MEIS2, meis homeobox 2; NEUROD2,
neuronal differentiation 2; NR1, N-Methyl-D-aspartic acid receptor 1; PBS, phosphate-buffered saline; PHF 14, PHD finger protein 14; p-HH3, phosphor-Histone H3; PTLS, Potocki—Lupski
syndrome; RAI1, retinoic acid induced 1; RARq, retinoic acid receptor alpha; SMS, Smith—Magenis syndrome; TBS, Tris-buffered saline; TCF20, transcription factor 20; VZ, ventricular zone.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2024 The Authors. The Journal of Comparative Neurology published by Wiley Periodicals LLC.

J Comp Neurol. 2024;532:€25589. wileyonlinelibrary.com/journal/cne | 10f 19
https://doi.org/10.1002/cne.25589


https://orcid.org/0000-0002-8411-9433
mailto:wei-hsiang.huang@mcgill.ca
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/cne
https://doi.org/10.1002/cne.25589
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcne.25589&domain=pdf&date_stamp=2024-01-27

RESEAR

20f19 KR —
ot | WILEY

CHANGET AL.

THE JOURNAL OF COMPARATIVE NEUROLOGY

imbalance.

KEYWORDS

1 | INTRODUCTION

Human brain development and function are highly sensitive to the
expression levels of selective dosage-sensitive genes (Javed, Selliah,
Lee, & Huang, 2020). A prime example of this sensitivity is the genetic
haploinsufficiency of retinoic acid-induced 1 (RAI1) or a 17p11.2
microdeletion containing RAI1, which causes Smith—Magenis syn-
drome (SMS), a neurodevelopmental disorder associated with infantile
hypotonia, obesity, epileptiform electroencephalographic abnormal-
ities, and behavioral phenotypes characteristic of autism spectrum
disorders (Slageret al., 2003). SMS patients carrying RAI1 point muta-
tions or a 17p11.2 deletion share overlapping neurological and psychi-
atric symptoms, suggesting that RAI1 is the dose-sensitive gene that
determines the characteristic disease features of SMS. Duplication of
the SMS-causative 17p11.2 region results in RAI1 overexpression and
Potocki—Lupski syndrome (PTLS) (Potocki et al., 2000), which is a dis-
tinct neurodevelopmental disorder. In addition to its involvement in
syndromic autism, RAI1 is among the top 130 genes strongly associ-
ated with idiopathic autism (Trost et al., 2022). This clinical evidence
suggests that proper RAI1 levels are essential for brain development
and function.

Mouse Rail was first identified as a retinoic acid-inducible gene
in the P19 carcinoma cell line (Imai et al., 1995). The retinoic acid-
responsive transcriptional network is critical for regulating gene
expression, dendritic spine formation, and circuit connectivity in the
brain, particularly in the prefrontal cortex (Shibata et al., 2021). In
the human brain, RAI1 is enriched in the neurons residing in brain
regions important for cognitive and motor skills, including the cor-
tex, hippocampus, and cerebellum (Fragoso et al., 2015). Human and
mouse RAI1 proteins share 82% sequence identity (Huang et al., 2016),
and our current knowledge of RAI1 function relies heavily on studying
genetic mouse models. Deleting Rail from the mouse brain recapitu-
lates SMS-like features, including hyperphagia, repetitive rearing, and
abnormal social dominance behavior (Bi et al., 2005; Bi et al., 2007;
Huang et al., 2018; Rao et al,, 2017). In the mouse brain, RAI1 pro-
tein expression is enriched in neurons but not astrocytes (Huang et al.,
2016). The importance of RAI1 in neurons is further supported by
our work showing that deleting the Rail gene in glutamatergic or
GABAergic neurons (but not astrocytes) in mice recapitulates sev-
eral disease-related behavioral phenotypes resembling those observed
in SMS patients (Y. T. Chang et al., 2022; Huang et al., 2016; Javed
et al., 2023). We also showed that RAI1 function remains critical in
the adult brain, as evidenced by postnatal genetic Rail ablation in
mice, resulting in energy homeostasis defects and reduced expression
of brain-derived neurotrophic factor (Bdnf) mRNA (Javed etal., 2021).

Importantly, loss of RAI1 does not damage brain function irreparably.

abundance could contribute to disease features in disorders caused by TCF20 dosage

Callithrix jacchus, common marmoset, prefrontal cortex, RAl1, Smith—Magenis syndrome

Using the method of clustered regularly interspaced short palindromic
repeat (CRISPR) activation-mediated gene therapy, we increased Rail
mRNA levels, partially rescued Bdnf expression, and reversed selec-
tive disease-related behavioral phenotypes in SMS mice (H. C. Chang
et al., 2022). These data suggest that RAI1 regulates neural func-
tion in the developing and adult brains in a cell-type-specific manner.
Therefore, it is essential to carefully examine the cellular expression
profile of RAI1 during neocortical development and in adulthood. We
focused on the prefrontal cortex because SMS mice show decreased
dendritic spine density in the medial prefrontal region (Huang et al.,
2018). In humans, the prefrontal cortex shows the highest retinoic acid
concentration among different cortical regions (Shibata et al., 2021).
This suggests that retinoic acid-responsive genes, such as RAl1, play
potentially important roles in the prefrontal cortex.

A fundamental challenge in understanding human diseases using
mouse models lies in the paucity of face validity. For instance, the neu-
robehavioral phenotypes of Rail heterozygous mice are relatively mild
(Bi et al., 2005; Bi et al., 2007; Huang et al., 2018). This contrasts with
SMS patients’ severe cognitive, circadian, physiological, psychiatric,
and behavioral deficits (Smith et al., 1998). These discrepancies likely
stem from the considerable evolutionary distance between rodents
and primates, which results in divergent genetic and brain structures
(Geschwind & Rakic, 2013). To extend our knowledge of RAI1 function
to nonhuman primates, we characterized the spatiotemporal distri-
bution and molecular interactions of RAI1 in the common marmoset
(Callithrix jacchus), an emerging nonhuman primate model (Izpisua Bel-
monte et al.,, 2015; Miller et al., 2016). By performing comparative
immunocytochemistry analyses using marmosets and mice, we iden-
tified unique and shared patterns of RAI1 expression between these
species. Biochemistry experiments using marmoset and mouse brains
revealed that RAI1 forms a protein complex in both species with a
paralogous protein TCF20 and two other chromatin-binding proteins,
PHF14 and HMG20A. Using human cells, we found that TCF20 reg-
ulates the stability of RAI1. Our work reveals the developmental and
adult expression profile of RAI1 in marmoset brains and improves our

understanding of the cellular basis of SMS.

2 | METHODS

2.1 | Ethics statement

House mice (Mus musculus) and common marmosets (C. jacchus) were
housed and cared for following standard operating procedures at the
Research Institute of the McGill University Health Centre. All pro-
cedures were performed in accordance with the guidelines of the
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Canadian Council on Animal Care and the Montreal General Hospital
Facility Animal Care Committee, with appropriate approved protocols
for animal use. Four male and three female marmosets were used in this
study (imaging analyses and biochemistry): (1) newborns: three males
and two females; (2) adults: one male and one female. For mouse imag-
ing analyses, 17 mice were used: (3) newborns: n = 7; (4) adults: three
males and seven females. For biochemistry, more than 10 newborn
mice of unknown sexes were used, and for adult mice, both sexes were
used (n > 3/sex). The marmosets were continuously housed with family
members and allowed full contact. The mice were housed in groups on

a 12-h light/12-h dark cycle, with ad libitum access to food and water.

2.2 | Genome editing using the
CRISPR/CRISPR-associated protein 9 system

We took a dual sgRNA approach to delete TCF20 and RAI1 from human
HEK293A cells. A pair of gRNAs (“CAAACATGAGTGCAGCAAGG” and
“AGGGCCCACAGAGGTCCCCA") were used to delete human TCF20.
RAI1 knockout clones were generated using two independent guide
pairs as described previously (H. C. Chang et al., 2022). Guide-pair
sequences were cloned into a pCLIP dual vector and cotransfected with
a Lenti-Cas9-Blast vector into HEK293A cells, followed by puromycin
selection (1 ug/mL) for 3 days. Polyclonal populations were pelleted
to conduct a first-stage PCR test for the presence of the KO band
in the heterogeneous mixture. After confirming that deletions could
occur, single-cell sorting was performed, and monoclonal populations
were screened for deletions. Four RAI1 knockout clones and two TCF20
knockout clones were selected for downstream analyses.

2.3 | Brain tissue preparation and
immunocytochemistry

Marmoset brains were cryoprotected in 30% sucrose in phosphate-
buffered saline (PBS) solution for 3 days before being embedded in
Tissue Tek O.CT. Compound (Sakura Finetek), frozen, and sectioned
coronally (50 um) with a cryostat. Free-floating sections were col-
lected into a cryoprotectant solution containing sodium azide (0.3%
w/v), ethylene glycol (30%), and glycerol (20%) in 0.05 M phosphate
buffer (pH = 7.4) until processed for immunolabeling. Marmoset brain
slices were UV bleached for at least 17 h, then treated with 0.3% Triton
X-100/PBS solution for 30 min, blocked in 5% BSA and 2% normal don-
key serum/0.3% Triton X-100/PBS (blocking solution) for 2 h at room
temperature, and incubated overnight in primary antibodies for three
nights at the indicated dilutions (Table 1) in blocking solution at 4°C.
Marmoset brain slices were then rinsed three times for 10 minin PBST
and then incubated with fluorescent tagged-secondary antibodies in
a blocking solution for 2 h at room temperature. Slices were rinsed
three times in PBS and mounted using 4’,6-diamidino-2-phenylindole
(DAPI) Fluoromount-G mounting Medium (SouthernBiotech). Mouse
brain processing and immunostaining were performed as described

previously (Huang, 2022; Huang et al., 2012). To simultaneously detect
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RAI1 and TCF20 to determine the extent of colocalization, anti-RAI1
and anti-TCF20 antibodies (both derived from rabbits) were pre-
conjugated with fluorophores using APEX Antibody Labeling Alexa
555 and Alexa 647 kits according to manufacturer’s instructions
(Thermo-Fisher).

2.4 | Antibody characterization

The specificity of the in-house anti-RAI1 antibody was previously vali-
dated using western blots and immunostaining of Rail knockout mice
(Huang et al., 2016). The anti-TCF20 antibodies were characterized
in this project using western blots with CRISPR-mediated TCF20-
knockout cells. The list of primary antibodies and dilutions used is
provided in Table 1.

CaZ*/calmodulin-dependent protein kinase Il (CaMKII) antibody
(Abcam, ab22609) was characterized by the manufacturer using west-
ern blot analysis showing an expected major band of approximately
50 kDa using human, rat, and mouse brain tissues. This antibody has
been reported to recognize both phosphorylated and nonphosphory-
lated CamKlla (Jung et al., 2008). In our hands, the antibody labels cells
that are consistent with cortical excitatory neurons in terms of their
distributions in mouse and marmoset brains.

CD31/PECAM-1 antibody (R&D systems, AF3628) was character-
ized by the manufacturer using direct ELISA, flow cytometry, and
western blotting assays (130 kDa). Immunofluorescent analysis was
performed by the manufacturer using mouse embryo, rat heart, and
a bEnd.3 mouse cell line, which revealed specific immunoreactivity
consistent with endothelial cells.

FLAG antibody (Sigma, F1804) was characterized by the manufac-
turer in transiently transfected kidney epithelial cells using immunoflu-
orescence. We previously characterized this antibody using western
blotting analysis in FLAG-tagged Rail mice and found a major band of
approximately 250 kDa absent in wild-type mice that do not express
FLAG-tagged Rai1l (Huanget al., 2016).

Glutamate decarboxylase 67 (GAD67) antibody (Millipore,
MAB5406) was characterized by immunoblotting showing a sin-
gle band at 67 kDa in rat cortical homogenates (Fong et al., 2005).
According to the manufacturer, this antibody has no apparent
cross-reactivity with GAD65 using western blotting.

Consistent with our experience, glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) antibody (ProteinTech, 60004-1-lg) was char-
acterized by the manufacturer using western blotting experiments
showing a single band at 36 KDa in various samples, including HEK293
cells and mouse brain tissues.

Glial fibrillary acidic protein (GFAP) antibody (Abcam, ab4674) was
characterized by the manufacturer using flow cytometry of human
brain cells and showing a single band of approximately 50 kDa in west-
ern blotting experiments using rat whole brain lysates. In our hands,
this antibody specifically labels cells that coexpress S1008 (an astro-
cytic marker) but not NEUN (a neuronal marker) in the upper cortical
layers, with characteristic astrocytic morphologies in the mouse and

marmoset brains. GFAP also serves as a marker for radial glial cells
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TABLE 1 Primary antibodies used in this study.

Antibody Antigen

CaMKllI Full-length CamKII, clone 6G9

CD31 CD31/PECAM-1 (immunogen mouse Glu18-Lys590)

FLAG DYKDDDDK, clone M2

GAD67 Recombinant GADé67 protein, clone 1G10.2

GAPDH GAPDH fusion protein Ag0766, clone 1E6D9

GFAP Recombinant full-length human GFAP

HMG20A Human HMG20A amino acids 1-347

MEIS2 Human MEIS2 aa1-381, clone 1H4

NEUN Purified cell nuclei from mouse brain, clone A60

NEUROD2 Human NeuroD2 amino acids 23-37

NR1 Fusion protein containing sequence from the
intracellular loop between transmembrane regions
Il and IV of NR1, clone 54.1

PHF14 Human PHF 14, 16 amino acids from the N-terminal

Phospho-Histone
H3

half
Phospho-Histone H3 (Ser10), clone 6G3

RAI1 Mouse Rail amino acids 1738-1756

RAI1 Human RAI1 amino acids 1-100

RARa Recombinant Human RARq, clone 9a—9A6
REELIN Mouse Reelin amino acids 150-500, clone G10
S1008 Bovine brain S-1008, clone SH-B1

SOX2 SRY (sex determining region Y)-box 2

TBR1 T-box braintranscription factor 1

TCF20 Human TCF20 amino acids 1909-1958

GFAP Recombinant Protein corresponding to aal to 432

from human GFAP

Host and type Dilution Source, #cat, RRID

Mouse monoclonal 1:200 Abcam ab22609
1gG AB_447192

Goat polyclonal IgG 1:20 R&D systems

(marmoset)1:50
(mouse)

AF3628AB_2161028

Mouse monoclonal 1:1000 (WB) Sigma F1804
1gG AB_262044
Mouse monoclonal 1:500 Millipore MAB5406
1gG AB_2278725
Mouse monoclonal 1:1000 (WB) ProteinTech 60004-1-1g
18G AB_2107436
Chicken polyclonal IgY  1:1000 Abcam ab4674
AB_304558
Rabbit polyclonal IgG  1:1000 (WB) Thermo-Fisher 12085-2-AP
AB_2117587
Mouse monoclonal 1:200 Abnova HO0004212-M01
1gG AB_425545
Mouse monoclonal 1:500 Millipore MAB377
18G AB_2298772
Goat polyclonal IgG 1:500 St John'’s Lab STJ72554
AB_2927398
Mouse monoclonal 1:100 Thermo-Fisher 32-0500
18G AB_2533060
Rabbit polyclonal IgG ~ 1:1000 (WB) Millipore ABE1359-25UL
AB_2924888
Mouse monoclonal 1:100 Cell Signaling Technology
18G 9706
AB_331748
Rabbit polyclonal IgG ~ 1:200 (IF) In-houseAB_2921229
Rabbit polyclonal IgG ~ 1:1000 (WB) AbcamAB_1925378
Mouse monoclonal 1:500 Millipore 04-1545
18G AB_10615821
Mouse monoclonal 1:500 Abcam ab78540
1gG AB_1603148
Mouse monoclonal 1:500 Sigma S2532
1gG AB_477499
Rabbit polyclonal IgG  1:100 Thermo-Fisher
PA1-094AB_2539862
Chicken polyclonal 1:100 Millipore
antibodies AB2261AB_10615497
Rabbit polyclonal IgG  1:100 (IF) Millipore SAB2106444
AB_2921230
Polyclonalguinea pig 1:1000 Synaptic Systems
antiserum 173004

residing near the cortical ventricles, and we found coexpression of
GFAP with a proliferating cellular marker p-HH3.

High mobility group 20a (HMG20A) antibody (Thermo-Fisher,
12085-2-AP) was characterized by the manufacturer using west-

ern blotting analysis in Jurkat cells, showing an expected major

band of approximately 45 kDa. Immunofluorescent analysis per-
formed by the manufacturer also revealed nuclear immunoreactivity
in HepG2 cells, consistent with their previously known role in tran-
scriptional regulation (Gomez-Marin et al., 2022). In our hands, this

antibody detected a previously known interaction between HMG20A
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and TCF20 in mice using an immunoprecipitation assay (Zhou
etal, 2022).

Meis homeobox 2 (MEIS2) antibody (Abnova, HO0004212-M01)
was characterized by the manufacturer using western blotting anal-
ysis in Hela cells, showing an expected major band of approximately
50 kDa. The manufacturer also reported that immunoreactivity was
absent in 293T cells without MEIS2 overexpression. In our hands, these
antibody-labeled cells reside in layer Il of the newborn marmoset pre-
frontal cortex, consistent with reported single-cell RNA-sequencing
results using primate brains (Schmitz et al., 2022).

NEUN antibody (Millipore, MAB377) was validated as neuron-
specific using immunohistochemistry and immunoblotting analyses
(Mullenetal., 1992). In our hands, these antibody-labeled cells are con-
sistent with neurons but not cells expressing the glial marker GFAP in
mouse and marmoset brains.

Neuronal differentiation 2 (NEUROD?2) antibody (St Johns Labora-
tory, STJ72554) showed a cellular distribution in the nucleus in our
hands, consistent with the known distribution of basic helix-loop-helix
transcription factors. Widespread expression was detected in the cor-
tices of newborn mice and marmosets, consistent with the known
distribution of NEUROD2 (Ince-Dunn et al., 2006).

N-Methyl-D-aspartic acid Receptor 1 (NR1) antibody (Thermo-
Fisher, 32-0500) was characterized by the manufacturer using west-
ern blotting analysis in rat brain extract, showing an expected major
band of approximately 103 kDa. The manufacturer also reported the
loss of immunoreactivity in mouse liver protein extract, consistent with
known differential expression patterns in the brain and liver. This anti-
body also showed the expected cellular distribution in mouse primary
neurons overexpressing NR1 (She et al., 2012).

PHD finger protein 14 (PHF14) antibody (Millipore, ABE1359-
25UL) was characterized by the manufacturer using western blotting
analysis in HEK293 cells, showing an expected major band of slightly
below 100 kDa. Immunocytochemistry analysis performed by the man-
ufacturer also revealed nuclear immunoreactivity in HelLa cells, consis-
tent with the known role of PHF14 in gene regulation (Kitagawa et al.,
2012). Inour hands, this antibody detected a previously known interac-
tion between PHF 14 and TCF20 in mice using an immunoprecipitation
assay (Zhou et al., 2022).

Phospho-Histone H3 (Ser10) (p-HH3) antibody (Cell Signaling Tech-
nology 9706) was characterized by the manufacturer using western
blotting analysisin NIH/3T3 cells (untreated or treated with serum plus
Calyculin A [to induce phosphorylation of H3]). Immunocytochemistry
analysis performed by the manufacturer detected immunoreactivity in
NIH/3T3 cells and the subventricular zone region in mice, consistent
with an identity proliferating cell. In our hands, this antibody shows
immunoreactivity near the ventricles of marmoset and mouse cortices.

Retinoic acid receptor alpha (RAR«) antibody (Millipore, 04-1545)
was characterized by the manufacturer using western blotting analy-
sis in HL60 cells, showing an expected major band of approximately
58 kDa. Immunofluorescent analysis performed by the manufacturer
also revealed nuclear immunoreactivity in HelLa cells, consistent with
the previously known role of RARa in transcriptional regulation
(Laursen & Gudas, 2018). In our hands, this antibody labeled RAI1*

THE JOURNAL OF COMPARATIVE NEUROLOGY

cells in the marmoset brain, consistent with the known coexpression
of RAI1 and RAR« in the human brain (Fragoso et al., 2015).

RAI1 antibody (Abcam, ab86599) was characterized by the manu-
facturer using immunocytochemistry using human ovarian carcinoma
tissues and found a strong nuclear and weaker cytoplasmic signal.
Western blotting analysis from Hela cells found a strong band at
280 KDa but also some weaker bands at 230 KDa. We used this
antibody for western blotting throughout this manuscript.

REELIN antibody (Abcam, ab78540) was characterized by the man-
ufacturer using western blotting analysis in rat brain extract, showing
a strong band at 388 kDa. No immunostaining was observed in Reeler
mice lacking REELIN expression (Zhao et al., 2006). In our hands, this
antibody labeled layer | cells on the surface of the newborn marmoset
brain, consistent with the known distribution of REELIN* cells in the
superficial layer | of the mouse cortex (Lee et al., 2014).

S$100B antibody (Sigma, S2532) specifically reacts with the f-subunit
of S100 but not other members of the EF-hand family proteins (Namba
et al., 2005). Immunoblots with this antibody showed an expected sin-
gle band of approximately 10 KDa (Tanga et al., 2006). In our hands,
this antibody specifically labeled cells coexpressing GFAP (an astro-
cytic marker) but not NEUN (a neuronal marker), with characteristic
astrocytic morphologies in mouse and marmoset brains.

SOX2 antibody (Thermo-Fisher, PA1-094) was characterized by
the manufacturer using western blotting analysis using HelLa, NCCIT,
NTERA-2, and Cé6 cells, showing a strong band at 34-40 kDa.
Immunofluorescent analysis performed by the manufacturer also
revealed nuclear immunoreactivity in human-induced pluripotent stem
cells and NTERA-2 cells. In our hands, this antibody labeled cells near
the ventricular zones with characteristics of neural progenitor cells.

TBR1 antibody (Millipore-Sigma, AB2261) was characterized by
the manufacturer using immunofluorescent analyses using the mouse
frontal cortex, showing a strong nuclear pattern with moderate cyto-
plasmic staining. Western blotting analysis was also performed using
human fetal brain tissue lysate, showing a 68 KDa band.

2.5 | Characterization of anti-RAI1 and anti-TCF20
antibodies

For expression analysis, we used a rabbit anti-RAI1 antibody (devel-
oped in-house) (Huang et al., 2016) that recognizes a highly conserved
RPDGPADPAKQGPLRTSAR sequence in mouse RAI1 (aa 1738-1756),
human RAI1 (aa 1756-1774, 100% identical), and marmoset RAI1 (aa
1753-1771). Note that the third proline at aa 1760 in the mouse
epitope was replaced by leucine in marmoset RAI1. We previously
validated the specificity of anti-RAI1 antibody using western blotting
and immunofluorescent staining in the brains of Rail knockout mice
(Huang et al., 2016). For biochemistry, we used an anti-RAI1 antibody
from Abcam (see Section 2.3). For TCF20, we used a rabbit anti-TCF20
antibody (Sigma, sab2106444) that recognizes the HYPCAIDAD-
CLLHEENFSVRCPKHKPPLPCPLPPLQNKTAKGSLSTEQSE sequence,
which is identical in human TCF20 (aa 1909-1958), marmoset TCF20
(aa 1901-1959), and mouse TCF20 (aa 1936-1985). The specificities
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of the RAI1 and TCF20 antibodies were validated by our CRISPR-
mediated RAI1-KO and TCF20-KO cells. The specificities of all other
antibodies were tested by the suppliers.

2.6 | Cell culture and plasmid transfection
experiments

Human HEK293A cells (American Type Culture Collection, CRL-1573)
were cultured in Dulbecco’s Modified Eagle’s Medium with Glu-
taMAX Supplement (Gibco) supplemented with nonessential amino
acids, 10% Fetalgro, and 1% penicillin/streptomycin. Cells were split
every 2-3 days using 0.25% trypsin (Gibco). For transfection, PEI 25K
(Polysciences, 23966-1) was used according to the manufacturer’s

instructions.

2.7 | Immunoprecipitation and western blotting
assays

For immunoprecipitation using cell lysates, cells were harvested in
TNN lysis buffer (50 mM Tris-HCl at pH = 7.4, 250 mM NaCl, 5 mM
EDTA at pH = 8.0, 0.5% Nonidet P-40) with 1 mM Na3VO, (Fisher
AAJ60191AD), 50 mM NaF, and protease inhibitor cocktail (SIGMA
P8849). The lysates were then sonicated and clarified by centrifugation
at 14,000 rpm at 4°C. Following a BCA assay, the protein concentration
of the supernatant was measured, after which the samples were either
stored at —20°C or processed through the following steps. To pulldown
FLAG-tagged RAI1, control I1gG (Fisher 10500C), or FLAG antibody was
preincubated with protein A/G magnetic beads (Fisher PI88803) for 1 h
at 4°C and then incubated with protein lysates overnight at 4°C. The
beads were washed three times with TNN lysis buffer, once with 0.5 M
LiCl buffer, and washed two more times with TNN lysis buffer. The
beads were then boiled at 95°C in 4X SDS sample buffer and analyzed
by western blotting.

For immunoprecipitation using mouse and marmoset cortices, tis-
sues were lysed in radioimmune precipitation assay (RIPA) buffer
(50 mM Tris at pH = 8.0, 150 mM NaCl, 0.5% sodium deoxy-
cholate, 1% NP-40, and 0.1% SDS) with 1 mM NazVO, (Fisher
AAJ60191AD), 50 mM NaF, and protease inhibitor cocktail (SIGMA
P8849). The lysates were then sonicated and clarified by centrifu-
gation at 14,000 rpm at 4°C. Control IgG (Fisher 10500C), RAI1, or
TCF20 antibody was preincubated with protein A/G magnetic beads
(Fisher P188803) for 1 h at 4°C and then incubated with protein lysates
overnight at 4°C. The beads were washed three times with RIPA buffer,
once with 0.5 M LiCl buffer, and washed two more times with RIPA
buffer. The beads were then boiled at 95°C in 4X SDS sample buffer
and analyzed by western blotting with 10% input lysates prepared in
4X SDS sample buffer.

To perform a western blotting assay, an equal amount of pro-
tein lysates in 4X SDS sample buffer was denatured at 95°C for
5 min, fractionated by SDS-PAGE, and then electrotransferred to an

Immobilon-FL PVDF membrane. The membranes were blocked in 5%

milk in TBS for 30 min at room temperature and then incubated with
primary antibodies in TBS containing 0.05% Tween 20 (TBS-T) with
5% bovine serum albumin overnight at 4°C. The next day, the mem-
branes were washed with TBS-T and incubated with either horseradish
peroxidase (HRP) or fluorescent secondary antibodies for 1 h at room
temperature. Finally, membranes incubated with HRP-conjugated sec-
ondary antibody were developed with enhanced chemiluminescent
substrate and scanned using a Bio-Rad ChemiDoc imager. Membranes
incubated with fluorescent secondary antibodies were directly imaged
with the Bio-Rad ChemiDoc imager. GAPDH was used as a loading
control.

2.8 | Quantitative reverse transcription
polymerase chain reaction

To extract total RNA, cells were harvested in TRizol reagent (Thermo-
Fisher Scientific). Chloroform was added to the samples for phase
separation, leaving RNA in the aqueous phase. After transferring the
aqueous phase into a fresh Eppendorf tube, RNA was precipitated
by mixing with isopropyl alcohol. The precipitated RNA was washed
once with 75% ethanol and redissolved in nuclease-free water. The
total RNAs from three biological replicas were used. The mRNA was
reverse-transcribed with the SuperScript Il First-Strand Synthesis
System (Thermo-Fisher Scientific). Quantitative reverse transcription
polymerase chain reactions were conducted using SsoFast EvaGreen
Supermix (Bio-Rad) on a Real-Time PCR Detection System (Bio-rad).

2.9 | Image acquisition

Images were taken at 1024 x 1024 resolution using an Olympus FV-
1000 confocal laser scanning microscope with 20x and 40x (NA 0.85
and 1.3, respectively). Stacks were taken with a step size of 1.0 um, and
images were acquired as a stack with at least 11 optical sections. Fiji
ImageJ was used for image analysis and quantification. For most pro-
tein markers, the immunopositive cells from the whole field of 10 um
thick confocal images were manually counted. Binary and Analyze Par-
ticle functions were applied for NEUN staining (particle size greater
than 25 um?). For immunopositive cells in RAI1* triangle patches,
we counted the signals within the patch only (percentage of RAI1*
cells that express specific markers). To exclude nonspecific signals, we
compared images labeled with each antibody with images taken from
fluorescent spectrums without secondary antibody staining (for us to
evaluate autofluorescence background signals). For p-HH3 staining,
only signals above the ventricular zone that were colocalized with DAPI

were counted.

2.10 | Statistical analyses

All data were statistically analyzed using GraphPad Prism 10 soft-

ware, and p-values less than .05 were considered significant. The levels
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of significance are indicated as follows: * < .05; ** < .01; *** < .001;
and **** < ,0001. Statistical analysis was performed using Student’s t-
test or one-way analysis of variance (ANOVA). A p-value of < .05 was
considered statistically significant.

3 | RESULTS

3.1 | Neocortical distributions of RAI1 in newborn
marmosets and mice

Rodents and primates last shared a common ancestor 83 million
years ago (Mitchell & Leopold, 2015). Therefore, while RAI1 protein
sequences in marmosets and mice are remarkably similar (81% iden-
tity), their neural distributions have likely diverged during neocortical
evolution. The childhood onset of SMS symptoms suggests that the
distribution of RAI1 in the neonatal brain is relevant to disease mani-
festation. To test this conjecture, we performed immunocytochemistry
and compared the expression profiles of RAI1 in newborn marmosets
and mice (PO-P5) (Figure 1a, see Figure S1 for illustrations of neu-
roanatomical positions). We focused on the prefrontal cortex, given
that the retinoic acid-related genes are preferentially expressed in
this structure in developing fetal human and macaque brains (Shi-
bata et al., 2021), and our finding that Rai1 haploinsufficiency in mice
causes reductions in the dendritic spine density of prefrontal pyra-
midal neurons (Huang et al., 2018). We first examined the cortical
ventricular zone, where an abundance of dividing neural precursor cells
and radial glial cells reside, to determine whether marmoset RAI1 is
enriched in proliferating cells or postmitotic neurons. We performed
immunostaining using an anti-RAl1 antibody previously validated using
Rai1 knockout mice with western blots and immunostaining (Huang
et al.,, 2016). Immunostaining in newborn marmosets revealed that
only 10.5% (+ 1.4%) phospho-histone H3-positive (p-HH3") prolif-
erating cells near the ventricular zone show RAI1 immunoreactivity
(Figure 1a). Similarly, only 12.9% (+ 5.5%) of p-HH3* cells in the
newborn mouse brains are RAI1-positive (Figure 1b), suggesting that
most RAI1™ cells are post-mitotic. Previous findings showed that many
mitotic cells in newborn primate cortices express GFAP (Levitt et al.,
1981, 1983). We found that in the newborn marmosets, the majority
(85.3% [+ 6.2%)) of p-HH3™ cells coexpress GFAP and 18.4% (+ 4.9%)
of p-HH3™ cells coexpress a neural progenitor marker SRY-Box Tran-
scription Factor 2 (SOX2) (Figure S2a,b) (Graham et al., 2003). In mice,
we found that 22.6% (+ 7.0%) of p-HH3* cells coexpress GFAP and
30.0% (+ 4.0%) of p-HH3" cells coexpress SOX2 (Figure S2c,d). By
contrast, the p-HH3* cells do not coexpress an endothelial marker
CD31 (Figure S2a,c). These data suggest that the p-HH3" cells are
likely radial glial and neural progenitor cells (Homman-Ludiye et al.,
2012; McDermott & Lantos, 1989; Rash et al., 2019). The observation
of fewer proliferating GFAP™ cells in mice is consistent with the fact
that mouse GFAP is only expressed in radial glial cells during astroge-
nesis, while primate GFAP is additionally expressed in additional types
of mitotic cells including basal radial glial cells (Levitt & Rakic, 1980).

These findings are consistent with our previous observations that most

THE JOURNAL OF COMPARATIVE NEUROLOGY

proliferating cells that express p-HH3 in the embryonic mouse brain do
not express RAI1 (Huang et al., 2016).

To determine whether marmoset RAI1 is enriched in neurons,
we performed immunostaining and found that 54.6% (+ 5.8%) of
NEUNT neurons in the newborn marmoset prefrontal cortex and
78.9% (+ 3.4%) of NEUN* neurons in the newborn mouse prefrontal
cortex expressed RAI1 (Figure 1c,d k). A subset of RAI1T cells coex-
press astrocytic markers GFAP and S1008 in newborn marmosets and
mice (Figure 1e,f). Cell counts revealed that 15.7% (+ 6.5%) of S1008*
astrocytes in newborn marmosets and 8.3% (+ 4.1%) of S1003* astro-
cytes in newborn mice express RAI1 (Figure 1e/f)l). These data suggest
that during the neonatal stage, RAI1 is expressed in a higher percent-
age of neurons in mice than in marmosets. RAI1 is also more enriched
in neurons than in astrocytes in both species.

The enriched RAI1 expression in neurons led us to profile the
expression of RAI1 in excitatory and inhibitory neurons. Immunos-
taining using cell-type-specific markers revealed that in newborn
marmosets, 48.3% (+ 2.1%) of neuronal differentiation 2-expressing
(NEUROD2*) excitatory neurons (Figure 1g,m) and 44.5% (+ 4.3%)
of glutamate decarboxylase-expressing (GAD67+) GABAergic neurons
(Figure 1i,n) expressed RAI1. In newborn mice, 67.4% (+ 1.6%) of
NEUROD2* excitatory neurons (Figure 1h,m) and 51.6% (+ 2.3%) of
GAD67% GABAergic neurons (Figure 1j,n) expressed RAI1. Overall,
we found that the percentage of neurons expressing RAI1, especially
in excitatory neurons, is higher in newborn mice than in newborn

marmosets.

3.2 | RAI1 expression pattern in upper layers of
newborn marmoset prefrontal cortex

In newborn marmosets, we noticed higher expression levels of RAI1
in the upper cortical layers. Interestingly, we found patches of RAI1*
cells arranged in a reverse triangle pattern localized mostly within lay-
ers Il and Il (Figure 2a and Figure S3a), as shown by the costaining of
TBR1 that labels several cortical layers below layer | in the postnatal
cortex (Figure 2b) (Co et al., 2022; Englund et al., 2005). To exam-
ine whether or not RAI1* cells at the upper edges of these triangle
patches are localized within layer |, we costained REELIN to label corti-
cal layer | Cajal—Retzius cells (Ogawa et al., 1995). We found that some
RAI1+ cells near the upper edges of the triangle patches are inter-
mingled but are distinct from the REELIN-expressing Cajal—Retzius
cells (Figure 2c), suggesting that the majority of the RAI1* patches
are within layers II/11l. Quantification showed that 35.6% (+ 5.7%) of
RAI1* cells within the triangle patches coexpress N-Methyl-D-aspartic
acid receptor 1 (NR1) (Figure 2d,g). Within these triangle patches,
91.9% (+ 1.9%) of RAI1* cells coexpress a neuronal marker NEUN
and 9.5% (+ 4.0%) of RAI1* cells coexpress GFAP (Figure 2e,h). This
suggests that RAI1* cells within the layer II/11l triangle patches are
predominantly neurons. Rail was first identified as a retinoic acid-
inducible gene (Imai et al., 1995). We stained for RAR« and found that
42.1% (+ 10.1%) of RAI1* neurons within the triangles express RARa
(Figure 2f,i). These data suggest that the reverse triangle patches of
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FIGURE 1 Immunofluorescence staining showing the cortical distribution of RAI1 in newborn marmosets and mice. (a) Most p-HH3*
proliferating cells in the ventricular zones of neonatal marmoset cortices do not coexpress RAI1 (yellow arrows indicate a p-HH3™" cell that
coexpress RAI1; white arrows indicate a RAI1* cell that does not express p-HH3). (b) In the ventricular zone of newborn mice, most RAI1™ cells
(white arrows) do not express p-HH3. (c) In newborn marmosets, RAI1 is expressed in NEUN™ neurons (white arrows) and to a lesser extent,
GFAP™ astrocytes (yellow arrows). (d) In newborn mice, RAI1 is primarily enriched in NEUN* neurons (white arrowheads) but absent in most
GFAP™ astrocytes. (e) In newborn marmosets, RAI1 is expressed in a subset of S10038+/GFAP* astrocytes (white arrows). (f) In newborn mice, RAI1
is occasionally detected in the S1003+/GFAP™ astrocytes (white arrows). (g) In newborn marmosets, RAI1 is expressed in a subset of NEUROD2*
excitatory neurons (white arrows). (h) In newborn mice, RAl1 is expressed in a subset of NEUROD2t excitatory neurons (white arrows). (i) In
newborn marmosets, RAI1 is expressed in a subset of GAD67+ GABAergic neurons (white arrows). Female animals are in pink and animals without
identified sexes are in black. (j) In newborn mice, RAl1 is expressed in a subset of GAD67+ GABAergic neurons (white arrows). Scale bar: 20 um
(a—j). (k) Quantification shows that the percentage of NEUN* neurons expressing RAI1 is higher in newborn mice than in newborn marmosets
(shown are mean + SEM, unpaired t-test, *p = .01, n = 3—4 samples/species). () Quantification shows that the percentage of S1003* astrocytes
expressing RAI1 is similar in newborn mice and marmosets (shown are mean + SEM, unpaired t-test, p =.39, n = 3 samples/species). (m)
Quantification shows that the percentage of NEUROD2* excitatory neurons expressing RAI1 is higher in newborn mice than in marmosets (shown
are mean + SEM, unpaired t-test, **p =.001, n = 3—4 samples/species). (n) Quantification shows that the percentage of GAD67* inhibitory
neurons expressing RAI1 is similar in newborn mice and marmosets (shown are mean + SEM, unpaired t-test, p =.21, n = 3—4 samples/species).
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FIGURE 2 Immunofluorescence staining showing RAI1 distribution in the upper layers of newborn marmoset cortex. (a) RAl1 (magenta)
expression in the newborn marmoset prefrontal cortex. White arrowheads indicate clusters of RAI1* triangle patches. Scale bar: 200 um. (b) A
triangle patch of RAI1* cells (white dashed triangle, scale bar: 100 um) located in the TBR1-expressing domain right below layer | in the newborn
marmoset prefrontal cortex. (c) At the upper edges of the RAI1* triangle patches, RAI1 (white arrows) is largely absent from the REELIN™
Cajal—Retzius cells (yellow arrows). Scale bar: 20 um. (d) A single optical plane showing that within the RAI1* triangle patches, some RAI1* cells
show colocalization with NR1. Scale bar: 20 um. (e) Within the RAI1* patches, RAI1 mostly colocalizes with NEUN but not GFAP, consistent with a
neuronal identity. Scale bar: 20 um. (f) Within the RAI1* patches, RAl1 shows some colocalization with RARa-expressing cells. Scale bar: 20 um. (g)
Quantification shows the percentage of RAI1* cells within triangle patches that express NR1 in newborn marmosets. (h) Quantification shows the
percentage of RAI1* cells within triangle patches that express NEUN or GFAP in newborn marmosets. (i) Quantification shows the percentage of
RAI1* cells within triangle patches that express RARa in newborn marmosets.

cells near the cortical surface comprise RAI1* neurons, some coex-
press RARg, likely resulting from the high retinoic acid concentration
in the medial prefrontal cortex.

The primate plexiform layer contains GFAP* interlaminar astro-
cytes, which represent a group of distinct primate-specific glial cells
characterized by their long, fine, unbranched processes (often greater
than 300 um in length) extending toward layers II-IV (Falcone et al.,
2019; Munoz et al., 2021; Oberheim et al., 2009). We found that 30.1%
(+ 4.6%) of GFAP* interlaminar astrocytes express RAI1, with their

somas juxtaposed to, and their long processes extending away from,

the pial surface (Figure 3a; areconstructed RAI1*/GFAP™ interlaminar
astrocyte is shown on the left). Another group of primate-specific cells
enriched in the prefrontal cortex are the lateral ganglionic eminence-
derived MEIS2+ GABAergic neurons, which are absent from the
corresponding regions in mice (Kita et al., 2021; Schmitz et al., 2022).
We found that 68.7% (+ 2.1%) of MEIS2* neurons in layers II/IIl of
newborn marmoset prefrontal cortices express RAI1 (Figure 3b), in
stark contrast to the absence of RAI1*/MEIS2* neurons in the same
region in newborn mice (Figure 3b). Compared to the more selective

RAI1 expression pattern in newborn marmosets, RAI1 expression is
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FIGURE 3

Immunofluorescence staining showing expression of RAI1 in primate-specific cell types in newborn marmosets. (a) GFAP and RAI1

expression (middle) and a reconstructed GFAP*/RAI1" interlaminar astrocyte (left, soma indicated by a yellow arrow) localized within the
superficial prefrontal layer of a newborn marmoset. Quantification is shown on the right. Scale bar: 100 um. (b) Within layers [I/111 of a newborn
marmoset, primate-specific MEIS2+ GABAergic neurons express RAI1 (top panel, white arrowheads indicate double-positive cells). By contrast,

newborn mice lack MEIS2+ GABAergic neurons in the corresponding brain region (bottom panel). Quantification is shown on the right. Scale bars:

20 um. (c) In the prefrontal cortex of newborn mice, RAI1 is distributed throughout the cortical layers (upper panel DAPI in gray at the lower

panel). CTX, cortex; VZ, ventricular zone. Scale bars: 20 um.

more uniformly distributed across all cortical layers in newborn mice
(Figure 3c), adult marmosets (Figure S3b), and adult mice (Figure S3c).
These data suggest that in prefrontal layers 1l/1ll of newborn mar-
mosets, RAI1 is expressed in more selective groups of cells, including

several primate-specific cell types without mouse homologs.

3.3 | Neocortical distributions of RAI1 in adult
marmosets and mice

In previous work, we found that continuous RAI1 function is required
in the adult mouse brain (Javed et al., 2021). Therefore, we charac-
terized the expression pattern of RAI1 in the prefrontal cortices of
adult marmosets (5-year-old) and adult mice (8-week-old). In adult
marmoset cortices, 86.4% (+ 1.2%) of NEUNT neurons (Figure 4a,i)
and 8.4% (+ 4.3%) of S1003* astrocytes express RAI1 (Figure 4c,j).
Among neurons, RAI1 is detected in 57.1% (+ 10.0%) of CAMKII*
excitatory neurons (Figure 4ek) and 36.5% (+ 6.8%) of GAD67+
inhibitory neurons (Figure 4g)). In the adult mouse brain, we found
that 77.8% (+ 3.9%) of NEUN* neurons (Figure 4b,i) and 9.6% (+ 1.3%)
of S100B* astrocytes (Figure 4d,j) express RAI1. Cell counts revealed
that RAI1 is expressed in 57.5% (+ 1.8%) of CAMKII* excitatory neu-
rons (Figure 4fk) and 44.3% (+ 2.4%) of GAD67" inhibitory neurons
(Figure 4h,l). These data indicate that excitatory and inhibitory neu-

rons in adult marmosets and mice show a similar RAI1 expression
profile. Interestingly, we found a significant difference in the mean per-
centages of RAI1T/NEUNTY (double-positive) neurons across species
and age groups (p = .0131, Welch’s ANOVA). The percentage of neu-
rons that express RAI1 increased by 31.75% in adult marmosets when
compared to newborn marmosets (p = .027, Dunnett’s T3 multiple
comparisons test). This pattern of increased RAI1 expression during
neural maturation was not observed in excitatory neurons (Welch'’s
ANOVA).

3.4 | RAI1 forms an evolutionarily conserved and
developmentally stable protein complex with TCF20,
PHF 14, and HMG20A in mouse and marmoset
cortices

RAI1 is structurally paralogous to TCF20, a chromatin-binding protein
that potentially originated from a duplication event of the ancestral
Rail gene in early vertebrate evolution after vertebrates branched off
from insects (Darvekar et al., 2013). In humans, pathogenic variants
or deletion of TCF20 causes TCF20-associated neurodevelopmental
disorder, which is characterized by multiple phenotypes resembling
those seen in SMS, including delayed motor reactions, autism, intellec-
tual impairment, seizures, and sleep disturbances (Babbs et al., 2014;
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Immunofluorescence staining showing the cortical distribution of RAI1 in adult marmosets and mice. (a) In adult marmosets, RAI1

is expressed in most NEUN™ neurons (white arrows) but absent in most GFAP* astrocytes. (b) In adult mice, RAI1 is expressed in most NEUN*
neurons (white arrows) but absent in most GFAP* astrocytes. (c) In adult marmosets, RAI1 is largely absent in S1003+/GFAP astrocytes (white
arrows). (d) In adult mice, RAI1 is absent in S1008*/GFAP* astrocytes (white arrows). (e) In adult marmosets, RAI1 is expressed in a subset of
CAMKIIT excitatory neurons (white arrows). (f) In adult mice, RAI1 is expressed in a subset of CAMKII* excitatory neurons (white arrows). (g) In
adult marmosets, RAI1 is expressed in a subset of GAD671 GABAergic neurons (white arrows). (h) In adult mice, RAI1 is expressed in a subset of
GAD67% GABAergic neurons (white arrows). Scale bars: 20 um (a—h). (i) Quantification shows that the percentage of NEUN* neurons expressing
RAI1 in adult mice and marmosets is similar (shown are mean + SEM, unpaired t-test, p = .07). Male animals are in blue and female animals are in
pink. (j) Quantification shows that the percentage of S1008* astrocytes expressing RAI1 in adult mice and marmosets is similar (shown are

mean + SEM, unpaired t-test, p = .82). (k) Quantification shows that the percentage of CAMKII* excitatory neurons expressing RAI1 in adult mice
and marmosets are similar (shown are mean + SEM, unpaired t-test, p = .96). (I) Quantification shows that the percentage of GAD677 inhibitory
neurons expressing RAI1 in adult mice and marmosets are similar (shown are mean + SEM, unpaired t-test, p =.18).

Lelieveld et al., 2016; Schafgen et al., 2016; Torti et al., 2019; Upadia
et al., 2018; Vetrini et al., 2019). In addition, de novo 22q13.2 dupli-
cation containing TCF20 causes a neurodevelopmental disorder with
disease traits mirroring patients carrying TCF20 deletions (Levy et al.,
2021). These findings highlight the importance of TCF20 dosage for
brain function. Using immunolabeling, we first tested whether RAI1
and TCF20 are coexpressed in the cortices of marmosets and mice.
Quantification revealed that in marmoset cortices, 71.2% (+ 1.8%)
of RAI1* cells express TCF20 and 78.9 (+ 6.1%) of TCF20* cells
express Rail (Figure 5a,c). Similarly, in mouse cortices, 70.7% (+ 11.4%)
of RAI1* cells express TCF20 and 74.8% (+ 8.8%) of TCF20* cells

express Rail (Figure 5b,c). The coexpression profiles of RAI1 and
TCF20 prompted us to test their molecular interactions in vivo. It was
previously reported that RAI1 forms a protein complex with TCF20
and two other chromatin-interacting proteins, PHF14 and HMG20A,
in human cells (Eberl et al., 2013; Hein et al., 2015) and adult mouse
brains (Zhou et al., 2022). To study the endogenous interaction of RAI1
and TCF20 in newborn mouse cortices, we used a previously generated
mouse model that expresses RAI1-FLAG fusion protein (Huang et al.,
2016). Immunoprecipitation using an anti-RAI1 antibody revealed that
endogenous RAI1 interacts with TCF20 in newborn mouse cortices

(top panel, Figure 5d). The successful pull-down of RAI1 was validated
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FIGURE 5 RAI1and TCF20 are highly colocalized and form an evolutionarily conserved protein complex in the cortex. (a)

Immunofluorescence staining shows that RAI1 and TCF20 are highly colocalized throughout all layers in the adult marmoset prefrontal cortex.
Scale bars: 20 um. (b) Immunofluorescence staining shows that RAI1 and TCF20 are highly colocalized throughout all layers in the adult mouse
prefrontal cortex. Scale bars: 20 um. (c) Quantification shows that more than 70% of TCF20* cells express RAI1 (top) and that more than 70% of
RAI1* cells express TCF20 (bottom). (d) Top panel: immunoprecipitation using an anti-RAI1 antibody identifies RAI1-TCF20 interaction in cortical
extracts of newborn Rai1-FLAG mouse. Bottom panel: western blotting using an anti-FLAG antibody confirms the successful pull-down of RAI1. (e)
Immunoprecipitation experiments using an anti-TCF20 antibody show that TCF20 interacts with RAI1-FLAG (top panel), PHF 14 (middle panel),
and HMG20A (bottom panel) in cortical extracts of newborn Rai1-FLAG mice. Western blotting using an anti-TCF20 antibody confirms a
successful pull-down of TCF20. (f) Immunoprecipitation experiments using an anti-TCF20 antibody show that TCF20 interacts with RAI1-FLAG
(top panel), PHF 14 (top panel), and HMG20A (bottom panel) in cortical extracts from adult Rai1-FLAG mice. Western blotting using an anti-TCF20
antibody confirms a successful pull-down of TCF20. (g) Immunoprecipitation experiments using an anti-TCF20 antibody show that TCF20 interacts
with RAI1 (top panel), PHF14 (middle panel), and HMH20A (bottom panel) in cortical extracts of newborn marmosets. Western blotting using an
anti-TCF20 antibody confirms a successful pull-down of TCF20. (h) Immunoprecipitation experiments using an anti-TCF20 antibody show that
TCF20 interacts with RAI1 (top panel), PHF 14, and HMG20A (bottom panels) in cortical extracts of adult marmosets. Western blotting using an
anti-TCF20 antibody confirms a successful pull-down of TCF20. The positive bands of the immunoprecipitation reactions are marked with red
asterisks and the input bands are marked with green asterisks (*). All immunoprecipitation experiments were performed two to three times (also
see Figure S4). Note that some proteins showed increased molecular weight after IP enrichment, which is not uncommon in IP experiments. A
potential explanation includes the enrichment of post-translationally modified proteins.
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with an anti-FLAG antibody (bottom panel, Figure 5d). This suggests
that RAI1 and TCF20 interact during early cortical development. How-
ever, the same anti-RAI1 antibody was unable to pull down RAI1 from
the adult mouse or marmoset brains. Therefore, an anti-TCF20 anti-
body was used to pull down the RAI1 protein complex from mouse
and marmoset brains. We then performed the reciprocal experiment by
pulling down endogenous TCF20 and found that TCF20 interacts with
RAI1, PHF14,and HMG20A in newborn mouse cortices (Figure 5e). We
also confirmed the presence of the RAI1-TCF20, PHF 14, and HMG20A
protein complex in adult mouse cortices (Figure 5f). Importantly, by
performing TCF20 pull-down followed by western blotting assays, we
demonstrated that RAI1, TCF20, PHF14, and HMG20A form a protein
complex in newborn (Figure 5g) and adult (Figure 5h) marmoset cor-
tices (also see Figure S4). These experiments extend previous findings
and provide in vivo evidence that RAI1 forms a protein complex with
TCF20, PHF14, and HMG20A in both mouse and marmoset cortices

throughout development.

3.5 | Deletion and overexpression assays identify
human TCF20 as a regulator of human RAI1 protein
abundance

In a heteromeric protein complex, the protein abundance of each
subunit is often coordinated (Taggart et al., 2020). To test if RAI1
maintains TCF20 abundance (and vice versa), we generated RAI1 and
TCF20 knockout human 293A cells using the CRISPR gene editing
technique. Specifically, two single guide (sg) RNAs were coexpressed
with the CRISPR-associated protein 9 (Cas9) to induce RAI1 or TCF20
deletions (Figure 6a). In RAI1 knockout (RAI1-KO) clones, western blot-
ting confirmed that RAI1 protein levels were dramatically decreased
(Figure 6b). However, the protein levels of TCF20 and two other RAI1-
interacting proteins, PHF14 and HMG20A, remained unchanged upon
RAI1 deletion (Figure 6b,c). This suggests that RAI1 does not regulate
the abundance of its interacting proteins, including TCF20, PHF 14, and
HMG20A in human cells.

We then deleted TCF20 using a pair of sgRNAs (Figure 6d)
and confirmed that TCF20 protein levels were significantly reduced
(Figure 6e). Interestingly, RAI1 (but not PHF14 or HMG20A) protein
levels were significantly reduced in TCF20-KO cells (Figure ée,f). We
found that RAI1 mRNA levels were slightly increased in both TCF20-
KO clones (Figure 6g), suggesting that TCF20 ablation reduces the
stability of RAI1 protein without reducing RAI1 transcription. Finally,
we showed that overexpression of TCF20 significantly increased RAI1
protein abundance (Figure 6h). By contrast, TCF20 overexpression did
not affect the protein abundance of PHF14 or HMG20A (Figure 6i).
Together, these data suggest that the stability of RAI1 protein is

maintained by TCF20 but not vice versa.

4 | DISCUSSION

Mutations in genes that encode chromatin-interacting proteins have
been frequently implicated in neurodevelopmental disorders (De

Rubeis et al., 2014). This study delineates how the expression patterns
and molecular interactions of RAI1, a chromatin-interacting protein
mutated in SMS, have remained conserved or diverged during neo-
cortical evolution. Notably, the results show that (a) in layers I1I/11l of
the prefrontal cortex in newborn marmosets, RAI1l-expressing neu-
rons show 40% colocalization with RARa and show a patchy expression
pattern; (b) a higher percentage of excitatory neurons in newborn
mice express RAI1 compared to excitatory neurons in newborn mar-
mosets; (c) RAI1 is expressed in primate-specific cell types, including
interlaminar astrocytes and MEIS2* GABAergic neurons within the
superficial layers of the prefrontal cortex; (d) RAI1 forms an evolution-
arily conserved protein complex with TCF20, PHF 14, and HMG20A in
the marmoset brain; and (e) TCF20 regulates RAI1 protein abundance
but not vice versa. Collectively, these findings suggest that the expres-
sion pattern of RAI1 in the neocortex is more restricted in newborn
primates than in newborn mice, and that the interaction of RAI1 with
TCF20, PHF14, and HMG20A is highly conserved.

4.1 | Cellular distribution of RAI1 in primate and
mouse prefrontal cortices

Human and mouse RAI1 are widely distributed within and outside
the nervous system and yet, neurocognitive problems are among the
most prominent features in SMS patients and Rai1*/~ mice. For exam-
ple, the majority of SMS patients show autistic features including
social dysfunction at some point of their lives (Laje et al., 2010), while
Rai1*/~ mice show impaired social dominance in the tube test (Huang
et al., 2018; Rao et al,, 2017). Among the candidate brain regions
impacted by RAI1 loss, the prefrontal cortex stands out given its roles
in social dominance, recognition, and motivation (Chini & Hanganu-
Opatz, 2021; C. Zhang et al., 2022). Our previous work revealed that
Rai1*’~ mice show decreased dendritic spine density in the medial
prefrontal cortex, and that reduced social dominance in Rai1*/~ mice
can be partially rescued by optogenetically stimulating the same brain
region (Huang et al., 2018). We previously performed 8Fluoro-2-
deoxyglucose positron emission tomography/computed tomography
and found that mice with brain-specific Rail ablation show reduced
metabolic activity in the frontal cortex compared to control littermates
(Y. T. Chang et al., 2022). Together, the data from clinical and animal
studies suggest that loss of Rail leads to dysfunction of the prefrontal
cortex.

This study showed that in the adult marmoset and mouse prefrontal
cortex, most neurons (> 70%) express RAI1. Quantification revealed
that RAI1 is expressed in a similar percentage of adult excitatory and
inhibitory neurons in both species. While the function of neuronal RAI1
in primates remains to be determined, we have demonstrated that in
mice, neuron-specific RAI1 loss induces SMS-like behavioral pheno-
types (Huang et al., 2016). By contrast, we found that only ~9% of
astrocytes in adult mice or marmosets express RAI1. Previous work
showed that deleting Rail from GFAP* astrocytes did not induce any
detectable SMS-like disease features in mice (Huang et al., 2016),

supporting the notion that RAI1 function is most critical in neurons.
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FIGURE 6 Human TCF20 bi-directionally regulates human RAI1 protein abundance. (a) lllustrations show two independent pairs of sgRNAs
used to induce genetic deletion of human RAI1. (b) Four independent RAI1-knockout (KO) clones of human 293A cells were generated using two
pairs of sgRNAs (guide-pairs). KO1 and KO2 were generated by guide-pair 1, while KO3 and KO4 were generated by guide-pair 2. Representative
western blotting data show that RAI1 protein levels decrease in KO clones 1-4. By contrast, TCF20, PHF 14, and HMG20A protein levels remain
unchanged. (c) Quantification shows that in four different RAI1-KO clones, the protein levels of RAI1 (but not the other three RAl1-interacting
proteins) decrease. N = 6 independent replications for each clone. ns: not significantly different, one-way ANOVA. (d) Illustration shows a pair of
sgRNAs that induce TCF20 deletion in human cells. (€) Western blotting assays show that endogenous TCF20 protein levels significantly decrease
in two independent TCF20-KO clones, confirming successful TCF20 knockout. RAI1 protein levels decrease, while PHF 14 and HMG20A protein
levels remain unchanged. (f) Quantification shows that in two independent TCF20-KO clones, the protein levels of RAI1 (but not PHF14 or
HMG20A) decrease. N = 3 independent replications for each clone. *p < .05, one-way ANOVA. (g) Quantitative RT-PCR shows that RAI1 mRNA
levels are slightly upregulated in TCF20-KO clones. *p < .05, one-way ANOVA. (h) Left: western blotting data show that TCF20 overexpression
increases RAI1 protein abundance. Right: quantification shows significantly increased RAI1 protein levels upon TCF20 overexpression. Three
independent biological replicates, *p < .05, unpaired t-test. (i) Western blotting shows that overexpressing TCF20 increases RAI1 protein levels but
not PHF14 or HMG20A.
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Given that adult Rail deletion in mice impacts metabolic functions,
RAI1 may be continuously required in adult marmoset brains. While
RAI1 expression profiles are similar in adult mice and marmosets, in
newborn marmosets, RAI1 is detected in significantly fewer neurons,
specifically excitatory but not inhibitory neurons. Comparative analy-
ses found highly similar proportions of inhibitory neuronal subclasses
and connectivity in mice, marmoset, and human cortices (Bakken et al.,
2021; Kim et al., 2023). By contrast, glutamatergic neurons in humans
and marmosets share more markers with each other than with mice
(Bakken et al., 2021). The 30% increase of RAI1 expression observed
at the transition from newborn to adult stage in marmoset, which
eventually becomes similar to mice, could potentially be attributed
to several factors. RAI1 is more enriched in differentiated neurons,
and the primate prefrontal brains mature significantly slower than in
mice (Semple et al., 2013), the lower proportion of RAI1 expression
in newborn marmosets could be explained by the relatively imma-
ture developmental status of the newborn marmosets. Alternatively,
retinoic acid signaling during the development of the prefrontal cor-
tex is more similar in humans and macaques than in mice (Shibata et al.,
2021), which could translate into different timing in RAI1 expression.
Moreover, RAI1 expression is detected in 15% of newborn marmoset
astrocytes, an observation corroborated by an RNA-sequencing study
that found higher levels of RAI1 mRNA expression in fetal rather than
mature human astrocytes (Y. Zhang et al., 2014). While RAI1 loss from
neurons is likely the primary driver of disease features in SMS, the
contribution of astrocytic RAI1 in newborn primate brains warrants
further investigation.

Structural abnormalities, such as altered neuron/astrocyte ratios
(Falcone et al., 2021) and increased variability in axonal trajectories
(Trutzer et al., 2019), have been identified in the upper layers of
the prefrontal cortex in individuals with autism. Compared to mice,
the developing prefrontal cortices of primates show an expansion of
retinoic acid synthesizing enzymes and increased retinoic acid levels
(Shibata et al., 2021). We found that higher RAI1 expression in patches
of neurons in cortical layers II/Ill of newborn marmosets coexpress
NEUN, consistent with a neuronal identity. In addition, 40% of these
populations express NR1 or RARa. By contrast, RAI1 in newborn mice,
adult mice, and adult marmosets show a broader expression pattern
across cortical layers. While the mechanism that induces patchy RAI1
expression in newborn marmosets remains unclear, this pattern could
imply a more restricted role for RAI1l. RAI1 expression in other cor-
tical regions and brain structures in the marmoset also awaits future
investigation.

We found marmoset RAI1 expression in primate-specific cell types,
including the interlaminar astrocytes that abundantly populate the
superficial cortical layers. While the function of these astrocytes
remains unclear, their long processes could potentially support the
propagation of calcium waves (Oberheim et al., 2009). In addition,
RAI1 is also expressed in primate-specific MEIS2t GABAergic neurons
residing in the superficial layers of the marmoset prefrontal cortex,
which in mice reside in deeper white matter (Tasic et al., 2018). Like
RAI1, MEIS2 is induced by retinoic acid in primate organoids and

reduced by retinoic acid receptor antagonists (Shibata et al., 2021),

suggesting that both genes are part of the retinoic acid signaling
pathway in newborn primate brains.

4.2 | Molecular interaction of RAI1 in the
marmoset brain and human cells

Eukaryotic transcription factors commonly form protein complexes
with members of the same gene family (Amoutzias et al., 2008), and
such assemblies may help stabilize the protein complex to coopera-
tively regulate gene expression (Raab et al., 2015). In our study, RAI1
and TCF20 were highly coexpressed throughout neocortical develop-
ment in marmosets and mice. Moreover, RAI1 interacted with TCF20,
PHF14, and HMG20A in the developing and adult mouse and mar-
moset cortices, highlighting the importance of this protein complex
during brain development and evolution. Importantly, we did not com-
pare the strength of interaction between different subunits of the RAI1
protein complex because factors unrelated to the strength of protein
interaction (i.e., different affinity of antibodies) could complicate the
interpretation of immunoprecipitation and/or western blotting experi-
ments. In the future, quantitative affinity purification followed by mass
spectrometry studies could be performed.

The functional interaction between RAI1 and TCF20 could affect
protein abundance, which may have important clinical implications.
Indeed, clinical evidence shows that an increase in RAI1 or TCF20
dosage is detrimental to brain function. Reciprocal duplication of the
SMS 17p11.2 region causes PTLS (Potocki et al., 2000), a distinct neu-
rodevelopmental disorder that exhibits many traits mirroring those
of SMS. The smallest region common to PTLS individuals carrying
different 17p11.2 duplications is a 125-kb region that contains only
RAI1 (F. Zhang et al., 2010), suggesting that RAI1 duplication underlies
PTLS. Moreover, patients with neurodevelopmental disorders caused
by TCF20-containing 22q13.2 microduplications were recently identi-
fied (Levy et al., 2021). We found that overexpressing TCF20 increases
RAI1 abundance (but not vice versa), suggesting that increased RAI1
levels could contribute to disease features in patients carrying TCF20
duplications. Interestingly, TCF20-KO cells show reduced RAI1 protein
abundance but slightly increased RAI1 mRNA levels, suggesting that
a potential positive transcriptional feedback loop attempts to balance
the mRNA levels among the protein complex subunits. A previous study
reported similar findings, in which knocking down PHF 14 reduced pro-
tein levels for HMG20A but slightly higher mRNA levels (Gomez-Marin
et al., 2022). A recent study showed that mouse methyl CpG bind-
ing protein 2 (MECP2, the causal gene for Rett syndrome) interacts
with TCF20 and that reducing TCF20 rescues neuronal, morphologi-
cal, and behavioral deficits caused by genetic Mecp2 overexpression in
mice (Zhou et al., 2022). Together with our data, these findings sug-
gest that chromatin-interacting proteins involved in clinically distinct
neurodevelopmental disorders could form protein complexes with a
defined stoichiometry. Each subunit could regulate the abundance of
the other subunits, and any imbalances in the composition of subunits
could drive disease or modify disease progression. In the future, it

would be interesting to identify protein-interacting domains between
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RAI1 and TCF20, which could provide further insights into how their
protein stability is regulated.

5 | CONCLUSIONS

This study characterized the cell type-specific distributions and molec-
ular interactions of the SMS protein RAI1 in the prefrontal cortices of
common marmosets and mice. Marmoset RAI1, expressed in primate-
specific cell types, shows a more restricted expression pattern than
mouse RAI1 during early cortical development. At the molecular level,
RAI1 forms an evolutionarily conserved protein complex with three
other chromatin-binding proteins: TCF20, PHF14, and HMG20A. In
human cells, TCF20 bidirectionally regulates RAI1 abundance, suggest-
ing that imbalanced RAI1 levels could contribute to disorders caused

by TCF20 dosage imbalance.
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