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SUMMARY

The heterogeneous family of complexes comprising Polycomb repressive complex 1 (PRC1) is instrumental
for establishing facultative heterochromatin that is repressive to transcription. However, two PRC1 species,
ncPRC1.3 and ncPRC1.5, are known to comprise novel components, AUTS2, P300, and CK2, that convert
this repressive function to that of transcription activation. Here, we report that individuals harboring muta-
tions in the HX repeat domain of AUTS2 exhibit defects in AUTS2 and P300 interaction as well as a develop-
mental disorder reflective of Rubinstein-Taybi syndrome, which is mainly associated with a heterozygous
pathogenic variant in CREBBP/EP300. Moreover, the absence of AUTS2 or mutation in its HX repeat domain
gives rise to misregulation of a subset of developmental genes and curtails motor neuron differentiation of
mouse embryonic stem cells. The transcription factor nuclear respiratory factor 1 (NRF1) has a novel and in-
tegral role in this neurodevelopmental process, being required for ncPRC1.3 recruitment to chromatin.

INTRODUCTION DNA replication, pointing to their role in preserving a given cell

identity during cell division (Escobar et al., 2019, 2021a,

Establishment, maintenance, inheritance, and regulated dissolu-
tion of facultative heterochromatin (Trojer and Reinberg, 2007)
are key for attaining the distinctive gene expression profiles
that arise during differentiation in multicellular organisms. In
contrast to chromatin domains engaged in transcription, our pre-
vious findings demonstrate that it is the repertoire of repressive
chromatin domains that is conveyed to daughter cells upon

2021b). Formation of facultative heterochromatin during devel-
opment and its integrity in adulthood depend on the activities
of the Polycomb group (PcG) of proteins (Bonasio et al., 2010;
Margueron and Reinberg, 2011; Di Croce and Helin, 2013).
Two multisubunit complexes, Polycomb repressive complex 1
and 2 (PRC1 and PRC2, respectively) act in concert to establish
facultative heterochromatin (Schuettengruber et al., 2017).
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PRC2 comprises EZH1/2, the sole activity that catalyzes mono-,
di-, and trimethylation of histone H3 at lysine 27 (H3K27mef1,
H3K27me2, and H3K27me3, respectively), with chromatin do-
mains comprising H3K27me2/me3 providing the platform for
chromatin compaction (Lau et al., 2017; Oksuz et al., 2018; Yu
et al, 2019; Kim and Kingston, 2020). PRC1 complexes
comprise other subsets of the PcG protein family. We and others
have previously characterized at least six heterogeneous PRC1
subcomplexes (PRC1.1-PRC1.6), each of which comprise one
of the six PcG ring finger (PCGF1-6) components and all of which
comprise RING1A and/or RING1B (Gao et al., 2012; Tavares
et al.,, 2012; Hauri et al., 2016). This array of complexes was
broadly classified into two major PRC1 subcomplexes, canoni-
cal and non-canonical PRC1, which network with PRC2 in
distinct manners.

Canonical PRC1 (cPRC1) comprises one of several CBX pro-
teins that bind to chromatin containing nucleosomes decorated
with H3K27me3, resulting in chromatin compaction and, thus,
transcription repression (Min et al., 2003; Francis et al., 2004;
Gao et al., 2012; Lau et al., 2017; Kim and Kingston, 2020). On
the other hand, the RYBP or YAF2 components of noncanonical
PRC1 (ncPRC1) stimulate RING1-mediated catalysis of mono-
ubiquitination of lysine 119 of histone H2A (H2AK119ub1)
(Rose et al., 2016), which correlates with transcription inhibition
(Stock et al., 2007; Zhou et al., 2008). ncPRC1 coordinates
with PRC2 through the PRC2 accessory protein Jarid2, which in-
teracts with H2AK119ub1 (Kasinath et al., 2021) and also stimu-
lates PRC2 activity (Li et al., 2010; Pasini et al., 2010). Although
the joint recruitment of PRC2 with cPRC1 or ncPRC1 is distinct,
both versions of PRC1 are found in proximity at select genome-
wide regions (Gao et al., 2012; Scelfo et al., 2019). Most impor-
tantly, this PRC2/PRC1 network is paramount for fostering the
appropriate profiles of facultative heterochromatin evident dur-
ing development and in adulthood (Margueron and Reinberg,
2011; Aloia et al., 2013; Schuettengruber et al., 2017).

Our previous characterization of PRC1 complexes revealed
that a subset of ncPRC1 that comprises PCGF3 (ncPRC1.3) or
PCGF5 (ncPRC1.5) unexpectedly contains three non-PcG pro-
teins: AUTS2, casein kinase 2 (CK2), and P300 (Gao et al.,
2012, 2014). Remarkably, these factors act in concert to not
only subvert the repressive function of ncPRC1.3 or ncPRC1.5
but to convert the respective complex into a transcriptional
activator (Gao et al., 2014). Specifically, CK2 phosphorylates
the RING1A/B subunit of PRC1, inhibiting its catalysis of
H2AK119ub1 and, thus, thwarting repression. AUTS?2 interacts
with PCGF3/5 and, importantly, recruits P300/CREB binding
protein (CBP), a known transcriptional co-activator that conveys
histone acetyltransferase activity (Bannister and Kouzarides,
1996; Ogryzko et al., 1996). These findings point to AUTS2 hav-
ing a profound effect on gene expression in the context of
defined aspects of development. Indeed, AUTS2-ncPRC1.3 is
important during development of the central nervous system
(CNS) as well as in the post-developmental stage (see below).
In contrast, AUTS2-ncPRC1.5 appears to function during
establishment and maintenance of other cell lineages (unpub-
lished data).

The gene encoding AUTS2 was designated as such based on
identification of its translocation in a pair of monozygotic twins
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who were diagnosed with autism (Sultana et al., 2002), but its
role in autism spectrum disorders (ASDs) is still putative. The
role of AUTS2 in neurodevelopment has been established
more widely by identification of variants in AUTS2 that are asso-
ciated with various neurological diseases, including intellectual
disability (ID), epilepsy, bipolar disorder, and others (Hattori
et al., 2009; Mefford et al., 2010; Elia et al., 2010; Oksenberg
and Ahituv, 2013; Beunders et al., 2013; Kapoor et al., 2013;
Hori and Hoshino, 2017). A thorough and informative report
analyzing AUTS2 chromatin immunoprecipitation sequencing
(ChlP-seq) in embryonic day 16.5 (E16.5) mouse forebrain re-
veals AUTS2 occupancy at gene promoters and enhancers
whose function appears to be important during neurodevelop-
ment (Oksenberg et al., 2014) and points to its substantive role
in activating genes required for appropriate CNS development
and function.

Here we report heterozygous de novo variants of AUTS2 in in-
dividuals who exhibit a severe phenotype overlapping that of
Rubinstein-Taybi syndrome (RSTS), a neurodevelopmental dis-
order characterized by distinctive facial features, short stature,
and ID (Stevens, 1993; Ajmone et al., 2018). Given that AUTS2
interacts with P300, converting ncPRC1.3 into a transcriptional
activator, it is notable that RSTS is mainly associated with het-
erozygous pathogenic variants in EP300 or CREBBP. Strikingly,
we found that the AUTS2 variants are defective in P300 interac-
tion, underscoring the biological relevancy of P300 incorporation
into AUTS2-ncPRC1.3 with respect to appropriate neurodevel-
opment and brain function in human.

We further determined the means by which AUTS2-ncPRC1.3
accesses specific chromatin sites in the brain to facilitate tran-
scription and identified the transcription factor nuclear respira-
tory factor 1 (NRF1) as being instrumental in this process. Previ-
ous studies have implicated NRF1 in mitochondrial biogenesis
(Scarpulla, 2011) and retinal development (Hsiao et al., 2013;
Kiyama et al., 2018). We found that NRF1 mediates AUTS2-
ncPRC1.3 recruitment to a subset of neurodevelopmental genes
during differentiation of mouse embryonic stem cells to motor
neurons as well as in the mouse brain during early development.
These findings expose a novel and key role of NRF1 in facilitating
appropriate AUTS2-ncPRC1.3-mediated activation of genes
involved in neurodevelopment as a consequence of AUTS2-
mediated recruitment of P300.

RESULTS

ncPRC1.3 occupies active genes during early
development in the mouse brain

The Auts2 gene encodes 2 major AUTS2 isoforms in the mouse
brain (Hori et al., 2014). The long isoform (AUTS2_L, aa 1-1,261;
Figure 1B) arises from the full-length (FL) mouse Auts2 transcript
(Auts2-1; Figure 1A), which includes 19 exons. The short isoform
(AUTS2_S, aa 458-1,261; Figure 1B; Hori et al., 2014) arises from
an Auts2 transcript (Auts2-2; Figure 1A), which initiates from a
transcriptional start site near exon 7 and comprises a transla-
tional start site in the middle of exon 8. Both AUTS2 isoforms
contain a PY motif (PPPY amino acids) and an HX repeat that
are located, in the case of AUTS2-L, within its N terminus be-
tween two proline-rich regions (PR1 and PR2) (Figure 1B). The
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Figure 1. AUTS2-ncPRC1.3 targets active
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PY motif is a potential WW domain-binding region in various acti-
vating transcription factors (Yagi et al., 1999; Lin et al., 2019). The
HX repeat (aa 525-542) comprises alternating HQ (x6) or HT
(x3) residues, mutations of which in two other genes (ATN1
and RERE) are related to neurodevelopmental disorders (see
Jordan et al., 2018, and Palmer et al., 2019, respectively).

To investigate the role of AUTS2 in brain development, specif-
ically in the context of the ncPRC1.3/1.5 complex, we examined
its expression and that of the core PRC1 components in the
mouse brain throughout early development. Western blot anal-
ysis of whole-mouse-brain lysates using an antibody against
the AUTS2 C terminus (aa 1,160-1,259 aa of the human
AUTS2 protein; Gao et al., 2014) detected the FL (~170 kDa)
and shorter (~95 kDa) isoforms of AUTS2, with the latter being
predominant (Figure 1C). Expression of both isoforms decreased
gradually throughout early development (Figure 1C). In accor-
dance with this, expression of RING1B and PCGF3 subsided
dramatically from post-natal day 5 (P5) (Figure 1C), as did that
of PCGF5 (Figure 1C; see also below).

Because AUTS2 is incorporated into ncPRC1.3 comprising PCGF3
and ncPRC1.5 comprising PCGF5 in 293 T-REx cells (tetracycline-
controlled Tet-On gene expression systems, Gao et al., 2012), we
examined expression of PCGF3 and PCGF5 in whole-brain lysates at
P1. RNA sequencing (RNA-seq) data revealed that Pcgf3, but not
Pcgf5, was expressed predominantly in the mouse brain (Figure 1D).
Following co-immunoprecipitation (colP) experiments using an
AUTS2 antibody and whole-brain lysate, mass spectrometry (MS) re-

PCGF3, P300, H3K27ac, H3K4me3, H3K27me3,
H2AK119ub1, and RNA Pol Il ChiIP-seq signals
centered on AUTS2-bound regions (+5 kb). ChIP-
seq was performed in whole-brain lysate at P1.

ol
NH
S
on
‘“H
S

vealed considerably more peptides from PCGF3 than from PCGF5 (Fig-
ure 1E). Two other ncPRC1.3 components, RING1A/B and CK2, were
also observed (Figure 1E), as reported previously (Gao et al., 2014).
Importantly, brain-specific conditional knockout of Pcgf3 (Pcgf3 @10
Nes®™) caused lethality (data not shown), suggesting a critical role of
AUTS2-ncPRC1.3 during early brain development.

We next characterized the genomic localization of AUTS2,
P300, and the RING1B, RYBP, and PCGF3 components of
ncPRC1.3 using ChIP-seq in whole-brain lysate at P1. Consis-
tent with our previous ChIP-seq data of the mouse brain (Gao
et al., 2014), AUTS2 associated with ncPRC1.3 components,
including P300 in the promoter of active genes that were devoid
of histone post-translational modifications (hPTMs) associated
with transcription repression, and instead exhibited strong sig-
nals for those associated with active transcription; e.g.,
H3K27ac and H3K4me3 (Figure 1F). Genome-wide analysis (Fig-
ure 1G) corroborated this finding and provided strong evidence
that AUTS2-ncPRC1.3 is involved in active transcription in the
mouse brain. Gene ontology (GO) analysis revealed that terms
related to RNA processing and neuronal development were en-
riched in genes within AUTS2-bound regions (Figure S1).

Individuals with mutations in the AUTS2 HX repeat share
features with RSTS

We reported previously that a truncated form of AUTS2 (aa
404-913) is sufficient to mediate transcription activation through
its recruitment of P300 (Gao et al., 2014). However, the AUTS2
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Figure 2. Individuals with mutations in the
AUTS2 HX repeat have features overlapping
those of RSTS

(A) Schematic illustrating mutations in the AUTS2
gene from individuals as identified through trio-
based exome sequencing. Mutations resulting in
similar clinical features are labeled with same
color.

(B) Clinical features of individuals with mutations
in the AUTS2 PY motif and HX repeat domain.
Frontal photos of our original proband (LR0O5-
007 with p.Thr534Pro mutation) at ~1 (i) and 13
(i) years show reflexive eye closure with smiling
as well as a low hanging columella, features
often seen in RSTS (i and ii). A photo of his right
hand shows severe symphalangism of the right
third finger (iii). Frontal (iv) and profile (v) photos
of a boy (LR15-003 with p.His535_Thr542 del) at
17 years show thick horizontal eyebrows with
synophrys, a prominent (high) nasal bridge, a
broad nose with a mildly low columella, and a

posteriorly rotated left ear. Photos of his feet show mildly broad halluces (vi). Frontal (vii) and profile (viii) photos of a girl (LR15-004 with p.Pro517Leu)

show a normal facial appearance.

(C) Magnetic resonance images from 5 individuals with missense variants in AUTS2 exon 9 and a normal control. The three midline sagittal images in the top row
from a normal control (i), a girl with a missense variant (p. Pro517Leu) (i), and a boy with the recurrent insertion or deletion (indel) (p.His535_Thr542 del, iii)
respectively, show normal midline structures. The three midline sagittal images in the bottom row are from a boy with a missense mutation (p.Thr534Pro, iv) and
two boys with the recurrent indel (p.His535_Thr542 del, v and vi). All three show a thin and dysplastic CC and small cerebellar vermis (arrows and asterisks,
respectively, in iv—vi). The horizontal white or black lines mark the level of the obex, the usual lower extent of the vermis.

residues key for its interaction with P300 and the physiological
relevance of this interaction during brain development have re-
mained largely unexplored. In this regard, and as part of an
ongoing effort to identify genetic variants associated with devel-
opmental brain disorders (Aldinger et al., 2019), we discovered a
novel de novo missense variant in AUTS2. This missense variant
was detected in a boy with multiple congenital anomalies and a
proposed diagnosis of RSTS. His phenotype was more severe
than the syndrome reported previously among individuals with
heterozygous AUTSZ2 deletions (Beunders et al., 2013). To inves-
tigate the clinical phenotype associated with AUTS2 mutations,
we identified 6 additional individuals with de novo intragenic var-
iants clustered in exon 9 of AUTS2 (GenBank: NM_015570.2)
(Figures 2A and S2; Table S1). All 7 individuals displayed dys-
morphic features and feeding difficulties in infancy, and most
had moderate to severe ID and hypotonia (Table S1). Impor-
tantly, 5 of these individuals had severe phenotypes (Table S1)
and harbored mutations within the HX repeat domain (aa 525-
542), which comprises alternating HQ (x6) or HT (x3) residues.
Our original proband (LR05-007) had a missense mutation,
p.Thr534Pro, whereas the remaining four individuals (LR15-
003, LR18-404, LR19-314, and LR19-506) had an identical
recurrent small deletion within exon 9: p.His535_Thr542del
(Figure 2A).

All 5 individuals with mutations in the HX repeat of AUTS2 had
a dysmorphic facial appearance dominated by features seen in
RSTS, although less severe than classic RSTS (Table S1).
RSTS is a complex multiple congenital anomaly syndrome char-
acterized by short stature, distinctive facial features, and varying
degrees of ID (Rubinstein and Taybi, 1963; Wiley et al., 2003). A
clinical diagnosis of RSTS was suggested for 2 of the 5 individ-
uals prior to genetic testing (Figure 2B; Table S1). The two other
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individuals with mutations outside of the HX repeat domain did
not exhibit a phenotype overlapping that of RSTS (Figure 2B;
Table S1) but instead displayed other neurological defects.
Moreover, neuroimaging studies from 4 of the 5 individuals
with mutations in the HX repeat showed hypoplasia of the corpus
callosum (n = 3), cerebellar hypoplasia and a small posterior
fossa (n = 4), and Chiari malformation type 1 (n = 1) (Figure 2C;
Table S1). Such brain malformations are also reported in individ-
uals with classic RSTS (Cantani and Gagliesi, 1998; Ajmone
et al., 2018). Given that RSTS in most individuals is associated
with mutations in CREBBP or EP300 or a microdeletion of
16p13.3 that includes CREBBP (Stevens, 1993), we hypothe-
sized that the HX repeat in AUTS2 coordinates with CBP/P300
in regulating proper gene expression in the brain.

Integrity of the HX repeat in AUTS2 and ncPRC1.3/1.5 is
required for P300 recruitment and transcription
activation

That AUTS2 interacts with P300 in the context of ncPRC1.3 and
that mutations in the AUTS2 HX repeat or CBP/P300 are associ-
ated with RSTS pointed to AUTS2-HX mutants being defective in
P300 interaction. To examine this possibility, we initially ex-
pressed FLAG-tagged AUTS2, wild-type (WT) or mutant forms
derived from affected individuals, including two variants within
the HX repeat (T534P and aa 535-542 deletion) and one outside
of this region (P517L within the PY motif), in 293 T-REx cells (Fig-
ures 3A and 2A). Strikingly, colP experiments using FLAG-WT or
FLAG mutant AUTS2 revealed that both mutations within the HX
repeat (T534P and aa 535-542 deletion), but not P517L, disrup-
ted interaction with P300 (Figure 3B). This finding is in accor-
dance with the clinical diagnosis of RSTS for individuals
harboring mutations within the HX repeat but not the P517L
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Figure 3. The HX repeat domain and
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mutation (Table S1). The WT and all AUTS2 variants interacted
stably with RING1B (Figure 3B), suggesting that AUTS2 regions
outside of the PY motif and HX repeat could mediate AUTS2
incorporation into ncPRC1. Importantly, reciprocal colP experi-
ments against endogenous P300 confirmed that AUTS2 mutated
in its HX repeat disrupted P300 interaction (Figure 3C). Similar re-
sults were observed using a more biologically relevant system:
cells undergoing differentiation into motor neurons (see below).

Because P300 is required for AUTS2-mediated transcriptional
activation (Gao et al., 2014), we tested AUTS2 HX mutants for the
ability to activate transcription. GAL4-AUTS2, WT or mutant in
the PY motif or the HX repeat, or GAL4 alone were inducibly ex-
pressed in 293 T-REx cells containing an integrated luciferase
reporter with an upstream activating sequence (UAS) element
compirising five consecutive GAL4 DNA binding sites (Figure 3D).
Indeed, the GAL4-AUTS2 mutants in the HX repeat exhibited a
severe defect in doxycycline-mediated induction of luciferase
activity compared with the WT (Figure 3E). Although the mutation
in the PY motif did not appear to affect AUTS2-P300 interaction
(Figures 3B and 30C), it did attenuate AUTS2-mediated transcrip-
tional activation (Figures 3D and 3E). Because the PY motif asso-
ciates with WW domain-containing proteins to facilitate tran-
scriptional activation (Yagi et al., 1999; Lin et al., 2019), the
integrity of the PY motif and the HX repeat may be required for
AUTS2-induced gene activation.

To corroborate the critical role of the HX repeat domain in
mediating AUTS2-P300 interaction, we sought a more relevant
system: in vitro neuronal differentiation (see below). We geneti-

cally modified mouse embryonic stem cells (MESCs) to harbor
one of two mutations derived from affected individuals in the
HX repeat of the endogenous Auts2 locus (T534P or aa 535-
542 deletion; Figures S3A and S3B, respectively), which could
then be differentiated toward motor neurons (see Figure 5A for
more details). Expression levels of AUTS2 were unaffected by
either mutation (Figure S3C). Consistent with our observations
in 293T cells, both mutations of the HX repeat domain of
AUTS2 disrupted its interaction with P300 but not its incorpora-
tion into the ncPRC1 complex (Figures 3F and 3G).

Because AUTS2 associates with ncPRC1.3/1.5 core compo-
nents and with P300 (Gao et al., 2012, 2014), we wondered
whether PRC1 core components are required for efficient P300
recruitment and transcription activation. Indeed, shRNA-medi-
ated silencing of PCGF3 and PCGF5 (Figure S3D) led to a dra-
matic loss in GAL4-AUTS2-mediated activation of the luciferase
reporter (Figure 3H) and recruitment of P300 to the promoter of
the reporter (Figure 3l). These results establish that the AUTS2
HX repeat domain and ncPRC1.3/1.5 core components engage
in efficient P300 recruitment for transcription activation.

Our results so far underscore that the context in which P300
functions (i.e., ncPRC1.3) is of prime importance and likely rele-
vant in the case of individuals who express the AUTS2 HX repeat
mutants reported above and exhibit RSTS, a syndrome associ-
ated previously with CBP/P300 mutations (Stevens, 1993). As
shown above, these AUTS2 mutants thwart P300 interaction,
essentially rendering ncPRC1.3 target genes defective in
P300-mediated activation. To understand the role of ncPRC1.3
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Figure 4. The TF NRF1 colocalizes with
AUTS2 on chromatin and interacts physi-
cally with AUTS2 in the mouse brain

(A) Top 5 enriched motifs identified in AUTS2-
bound regions in mouse brain using HOMER.

(B) Heatmap showing AUTS2 and NRF1 ChiIP-seq
signals centered on AUTS2-bound regions (+5 kb)
with two replicates. ChlP-seq was performed in
whole-brain lysate at P1.

(C) Venn diagram showing the extent of overlap for
AUTS2- and NRF1-bound regions revealed by
ChlIP-seq from (B).

(D) Reciprocal colP and western blot analyses
demonstrating AUTS2 and NRF1 interaction in
whole-brain lysate at P1.

(E) Expression of CBP, P300, AUTS2, and NRF1 in
the mouse brain. Immunoblotting was performed
with whole-brain extracts at various develop-
mental stages, as indicated.
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in fostering appropriate P300 activity during neurodevelopment,
we next sought the means by which ncPRC1.3 accesses its
target genes and the importance of this process for appropriate
neurodevelopment.

AUTS2 and NRF1 co-localize within chromatin and
interact in the mouse brain

To identify the factor(s) involved in the key process by which
AUTS2 accesses chromatin, we first determined the motifs of
transcription factors (TFs) enriched in AUTS2-bound sites in
the mouse brain and identified an overrepresentation for that
of NRF1 (Figure 4A). NRF1 is a TF involved in mitochondrial
biogenesis (Scarpulla, 2011), which binds to GC-rich DNA ele-
ments in the promoters of many mitochondrial biogenesis-
related genes (Evans and Scarpulla, 1990; Gleyzer et al., 2005).
NRF1 is also associated with regulation of neurite outgrowth
(Chang et al., 2005; Tong et al., 2013) and has essential roles
in retinal development (Hsiao et al., 2013; Kiyama et al., 2018),
but its function and regulation in the CNS are largely unknown.
To validate our computational prediction, we performed ChIP-
seq for NRF1 using 2 different antibodies and lysates from whole
mouse brain and ascertained that the majority of AUTS2 peaks
(1,545 of 2,005 total peaks) were associated with NRF1 binding
(Figures 4B and 4C).

Based on this high overlap between chromatin-bound AUTS2
and NRF1, we next tested the possibility that NRF1 might phys-
ically interact with AUTS2. Reciprocal colP assays using nuclear
extracts from whole mouse brain revealed that, indeed, endoge-
nous NRF1 and AUTS2 were associated physically (Figure 4D).
Notably, the core component of AUTS2-ncPRC1.3, PCGF3,
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dent of the AUTS2 HX repeat domain (Fig-

ure S3E). Interestingly, expression of
NRF1 recapitulated the pattern of AUTS2-ncPRC1.3 and CBP/
P300 expression during early brain development (Figures 4E
and 1C). These data strongly suggest that NRF1 contributes to
recruitment of AUTS2 and its associated ncPRC1 complex,
although it is also clear that both have independent targets, likely
because of their additional functions and partnership with other
factors.

AUTS2 and NRF1 colocalize with ncPRC1.3 at actively
transcribed loci in motor neurons
We next gauged the profile of chromatin binding and transcrip-
tion regulation inherent to AUTS2-ncPRC1.3 and NRF1 in the
context of a system by which differentiated motor neurons
(MNss) are attained (Wichterle et al., 2002; Mazzoni et al., 2013;
Narendra et al., 2015). Under these conditions, expression of
AUTS2 and PCGF3 was upregulated significantly in MNs,
whereas that of NRF1 decreased by half at the protein (Figure 5A)
and RNA levels (Figure S4A). In contrast, the overall levels of the
PRC1 complex as reflected by that of RING1B were downregu-
lated (Figures 5A and S4A), consistent with its essential role in
maintaining mESC identity (Endoh et al., 2008). To complement
our previous ChIP-seq for RNA polymerase Il (RNA Pol Il) in
mESCs and MNs (Narendra et al., 2015; LeRoy et al., 2019),
we performed similar ChlP-seq for AUTS2 and NRF1. The major-
ity of regions that gained AUTS2 binding upon MN differentiation
also accumulated NRF1 binding (Figure 5B). Importantly, these
regions became actively transcribed during differentiation, as
evidenced by increased RNA Pol Il binding (Figure 5B).

To examine whether AUTS2 cooperates with ncPRC1.3 for
active transcription in MNs, we analyzed the genome-wide
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Figure 5. NRF1 is crucial for AUTS2-ncPRC1.3-associated active transcription in MNs

(A) The schematic at the top depicts the protocol for differentiation of mouse embryonic stem cells (NESCs) into motor neurons (MNs) using retinoic acid (RA) and
smoothened agonist (SAG). EB, embryoid body. Bottom: western blot showing expression of AUTS2, NRF1, PCGF3, and RING1B in mESCs and MNs.

(B) Heatmap showing AUTS2, NRF1, and RNA Pol Il ChiP-seq signals centered on AUTS2-bound regions identified in WT MNs (+5 kb).

(C) k-means clustering of RING1B, H2AK119ub1, H3K27me3, H3K27ac, H3K4me3, RNA Pol Il, RYBP, AUTS2, and NRF1 ChIP-seq signals from WT MNs
centered on RING1B-bound regions identified in WT MNs (5 kb).

(D) Violin plot of the log,(TPM) of genes assigned to each cluster (as indicated in C), quantified from RNA-seq of WT MNs.

(E) Average density profiles (top) and heatmap (bottom) showing AUTS2 ChlP-seq signals from WT, Auts2 KO, and Nrf1 KO MNs centered on AUTS2-bound
regions identified in WT MNs (5 kb).

(F) Average density profiles (top) and heatmap (bottom) showing NRF1 ChiP-seq signals from WT, Nrf1 KO, and Auts2 KO MNs centered on NRF1-bound regions
identified in WT MNs (+5 kb).

(G) Venn diagram showing the extent of overlap for RING1B-bound regions in WT MNs, RING1B cluster 3 regions (as indicated in C), and RING1B-bound regions
in Nrf1 KO MNs revealed by ChlIP-seq.

(legend continued on next page)
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distribution of a set of hPTMs (H2AK119ub1, H3K27me3,
H3K27ac, and H3K4me3) and the core ncPRC1 subunits
RING1B and RYBP. Consistent with studies in other systems
(Kloet et al., 2016; Cohen et al., 2018; Loubiere et al., 2020),
k-means clustering revealed three discrete classes of RING1B-
bound regions in MNs (Figure 5C). In cluster 1, we observed
strong and broad ChIP-seq signals for RING1B, H2AK119ub1,
and H3K27me3 and absence of signals for H3K27ac,
H3K4me3, RNA Pol Il, and the ncPRC1 component RYBP/
YAF2 (RYBP antibodies do not distinguish RYBP and YAF2),
suggesting that these regions are co-repressed by PRC2
and cPRC1. The second cluster exhibited lower levels of
H2AK119ub1 and H3K27me3 and increased levels of H3K27ac
and H3K4me3, mostly abundant at the peak center, suggesting
that these RING1B-bound regions featured bivalency (Bernstein
et al., 2006; Voigt et al., 2013). The third cluster exhibited
H3K27ac- and H3K4me3-marked active regions enriched for
developmental GO terms (Figure S4B). AUTS2 and NRF1 binding
were enriched specifically in cluster 3, which also exhibited
elevated levels of the ncPRC1 components RYBP/YAF2 (Fig-
ure 5C). Accordingly, genes flanking cluster 3 regions were ex-
pressed at levels significantly higher than those in clusters 1
and 2 (Figure 5D). These data strongly suggest that NRF1 asso-
ciates with AUTS2-ncPRC1 to facilitate transcription in MNs.

NRF1 directs AUTS2-ncPRC1 chromatin binding

To ascertain whether AUTS2 binding to chromatin is dependent
on NRF1 or vice versa, we first performed ChIP-seq for the pres-
ence of AUTS2 or NRF1 as a function of NRF1 or AUTS2 deple-
tion, respectively. Exon 9 of the Auts2 gene was targeted by
CRISPR-Cas9 to remove the long and short forms of the protein
(Figures S4C-S4E; Table S2), whereas exon 4 of the Nrf1 gene
was targeted by CRISPR-Cas9 to remove NRF1 protein (Figures
S4F-S4H; Table S2) in mESCs from which MNs were then
derived. As a consequence of NRF1 depletion, AUTS2 binding
at most of its targets was decreased in MNs (Figures 5E and
S5A). However, NRF1 ChlIP-seq signals remained largely unal-
tered upon AUTS2 depletion (Figures 5F and S5B), demon-
strating that, although AUTS2 binding is NRF1 dependent,
NRF1 binding to chromatin is AUTS2 independent.

We next probed how NRF1-directed AUTS2 binding might
modulate ncPRC1.3-associated active transcription. Under
NRF1-depleted conditions, we performed ChIP-seq for RING1B
and a set of hPTMs (H2AK119ub1, H3K27me3, and H3K27ac),
followed by k-means clustering analysis. Remarkably, Ring1B
binding in the NRF1 knockout (KO) MNs was lost at the majority
of cluster 3 regions (1,030 of 1,171 peaks) found in the WT (Fig-
ure 5G). Moreover, we did not recover the cluster of RING1B-
bound active regions (labeled by H3K27ac but not by
H3K27me3 or H2AK119ub1) relative to the control (Figures 5H
and 5C), strongly suggesting that the absence of NRF1 was
detrimental to ncPRC1.3-mediated active transcription. As
evident in Figure 5C, the H3K27ac signal at cluster 3 regions

Molecular Cell

was reduced dramatically in NRF1-KO MNs, whereas the
H3K27me3 signal was increased (Figure 5I). Collectively, these
data demonstrate a pivotal role of NRF1 in facilitating
ncPRC1.3-associated active transcription by directing AUTS2
binding to chromatin in MNs.

We attempted to delete NRF1 in the mouse brain from the em-
bryonic stage to validate the NRF1-mediated AUTS2 recruitment
we observed in cell culture, but such embryos did not survive,
consistent with a previous report showing that Nrf7-null mouse
embryos die between E3.5 and E6.5 (Huo and Scarpulla,
2001). Instead, we chose the Tbr1°®tF™2 |ine to strategically
delete Nrf1 in the adult mouse brain to examine its role in the
CNS (Figures S6A-S6C, see STAR Methods for details). Impor-
tantly, we noticed several histological anomalies in these mutant
mice (Tbr1CeERT2/: Nrf1™%: Pou4f1°K°’+) compared with con-
trol mice (Thr1®ERT2+: Nrf1%/*: Pou4f1°%°’*), including a reduc-
tion in the size of the hippocampus and the width of the corpus
callosum as well as an enlarged lateral ventricle, indicating
neuronal loss in the cortex and hippocampus (Figures S6D and
S6E). A significant loss of retinal ganglion cells (RGCs) was
observed in retinas collected from these mutant mice (Figures
S6F and S6G), consistent with its previously elucidated function
in retinal development (Kiyama et al., 2018).

The HX repeat in AUTS2 and NRF1-directed binding is
required for PNP-to-MN differentiation

That AUTS2 and NRF1 might coordinately regulate the process
of neuronal differentiation has not been recognized previously.
Thus, we next characterized gene expression profiles during
the transition from multipotent posterior neural progenitors
(PNPs) to terminally differentiated MNs as a function of the pres-
ence of AUTS2 or NRF1. We performed single-cell RNA-seq
(scRNA-seq) on MNs differentiated from mESCs under condi-
tions of Auts2 KO, mutations in the AUTS2 HX repeat (Auts2-
HX*, aa 535-542 deletion), or Nrfi KO (STAR Methods)
compared with the WT. We obtained 816 high-quality (cells
with more than 3,000 detected genes) single-cell transcriptomes
from all samples (WT, 228 cells; Auts2 KO, 221 cells; Auts2-HX*,
184 cells; Nrf1 KO, 183 cells) for in-depth analyses (Figures 6A
and S7A). To identify major cell types, we performed unsuper-
vised clustering on a graph-based representation of the cellular
transcriptomes. 5 major clusters were visualized in uniform
manifold approximation and projection (UMAP) embedding (But-
ler et al., 2018; Becht et al., 2018), as represented by color-
coded dashed circles (Figure 6A). Clusters were annotated ac-
cording to known markers and previously established lineage
information (Wichterle et al., 2002; Briggs et al., 2017); i.e.,
PNPs expressing Sox3, posterior and ventral neural progenitors
(PVNPs) expressing Hoxd4, newborn MN (NMNs) expressing
Neurog2, and MNs expressing Mnx1 and Chat (Figures S7B
and S7C). Importantly, cells from all samples were clustered by
cell type identity rather than sample identity (Figure 6A), indi-
cating little or no batch effect. Auts2 and Nrf1 were highly

(H) k-means clustering of RING1B, H2AK119ub1, H3K27me3, H3K27ac, AUTS2, and NRF1 ChIP-seq signals from Nrf1 KO MNs centered on RING1B-bound

regions identified in Nrf1 KO MNs (+5 kb).

(l) Violin plot of the logs(normalized counts), quantified from H2AK119ub, H3K27me3, and H3K27ac ChlP-seq signal at RING1B cluster 3 regions (as indicated in

C) in WT and Nrf1 KO MNs.
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colored by sample identity (WT, 228 cells; Auts2
KO, 221 cells; Auts2-HX*, 184 cells; Nrf1 KO, 183
cells). Five cell classes revealed by unsupervised
clustering of cellular transcriptomics are repre-
sented by color-coded circles of dashed lines and
annotated based on marker gene expression. The
colors of the dashed lines match those for the cell
types shown at the top.

(B) Proportional stacked area graph showing the
abundance of each cell type in MNs differentiated
from WT, Auts2 KO, Auts2 HX mutant (aa 535-542
deletion), and Nrf1 KO ESCs. The percentages of
MNs (MN and NMNs) and PNPs in each sample are
labeled.

(C) The top 500 DEGs were identified by comparing
Auts2 KO MNs with WT MNs. Expression of these
DEGs across WT PNPs, WT MNs, Auts2 KO MNs,
Auts2 HX mutant MNs, and Nrf1 KO MNs is shown
by a heatmap. The color scale represents the
averaged and scaled expression values from each
cell population. Labeling of clusters (C1, C2, and
C3) on left is based on gene expression differences
in WT PNPs, WT MNs, and Auts2 KO MNs. Labeling
of clusters (C1, C2, and C3) on the right is based on
gene expression differences in WT MNs, Auts2 KO
MNSs, and Nrf7 KO MNs.

(D) Bar plot summarizing results of GO analysis for genes downregulated in Auts2 KO MNs versus WT MNs.
(E) Scatterplot of logs(normalized expression of AUTS2-NRF1 co-targeted genes) in WT and Auts2 HX mutant MNs from scRNA-seq.

expressed in all cell types (Figure S7C), suggesting their involve-
ment in all of the different stages of differentiation.

To pursue the potential functional requirement of the intact HX
repeat in AUTS2 and of NRF1 for proper MN differentiation, we
first compared the percentage of MNs (including NMNs and
MNSs) and PNPs under WT, Auts2 KO, Auts2-HX*, and Nrf1 KO
conditions. The percentage of PNPs was retained at a much
higher level in the case of either mutant (52% in the WT
compared with 67% in Auts2 KO, 60% in Auts2-HX*, and 68%
in Nrf1 KO; Figure 6B). Moreover, we observed a slight decrease
in the percentage of MNs in Auts2 KO and Auts2-HX* (32% in the
WT, 26% in Auts2 KO and Auts2 HX*) and a more severe defect
in Nrf1 KO (32% to 16%) (Figure 6B). The lower percentage of
MNs under these mutant conditions was not due to apoptosis
(Figure S7D) but, instead, pointed to a defect in PNP differentia-
tion into MNs. To gain more insight into the molecular mecha-
nism by which AUTS2 and NRF1 contribute to the transition
from PNPs to MNs, we further analyzed the differentially ex-
pressed genes (DEGs) specifically in the MN population from
WT or Auts2 KO (STAR Methods). Among the top 500 DEGs,
458 genes were downregulated in Auts2 KO (Figure 6C). Strik-
ingly, 405 of these 458 genes were also downregulated in

Auts2-HX mutant MNs, in accordance with the critical role of
the HX repeat domain in mediating AUTS2-P300 interaction
and transcriptional activation (Figures 6C and 3B-3G). Further-
more, about half of these 458 genes (205 of 458) were also down-
regulated in Nrf1 KO MNs compared with WT MNs (C1, C2, and
C3 labeled on the right in Figure 6C). To confirm whether NRF1-
directed AUTS2 binding is required for transcriptional activation
of AUTS2-ncPRC1.3-associated active genes (cluster 3 region;
Figures 5C and 5H), we compared the DEGs in Nrf1 KO MNs
with the genes located in the cluster 3 and cluster 1 regions
from the RING1B ChIP-seq. Consistent with KO of Nrf1 leading
to loss of AUTS2-ncPRC1 binding to active genes (Figures 5C,
5G, and 5H), genes located in cluster 3 regions were enriched
in the downregulated category in Nrf1 KO MNs (Figure S8). In
contrast, very few of the genes located in the cluster 1 region
(co-repressed by cPRC1 and PRC2) were affected in Nrf1 KO
MNs (Figure S8). These results strongly suggest that AUTS2
and NRF1 function coordinately in regulating transcriptional acti-
vation (Figures 5C and 5H).

We next asked whether the genes that were downregulated in
Auts2 KO MNs reflected those associated with the transition
from PNPs to MNs. Indeed, 186 of the 458 genes were
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upregulated normally during PNP-to-MN differentiation in the
WT but were defective in activation in Auts2 KO (C1, C2, and
C3 labeled on the left in Figure 6C). For example, upregulation
of Asic2, a member of the sodium channel superfamily that reg-
ulates synaptic function (Zha et al., 2009), and of Pnpla6, a phos-
pholipase that functions in neurite outgrowth (Guerreiro et al.,
2015), was attenuated significantly under conditions of AUTS2
depletion. Finally, genes that were downregulated in Auts2 KO
MNs were enriched for GO terms related to neuronal differentia-
tion and function (Figure 6D).

We demonstrated that the AUTS2-HX repeat domain and
NRF1 are required for AUTS2-mediated transcription activation
in the context of ncPRC1.3. Comparison of the expression levels
of AUTS2-NRF1 co-targeted genes demonstrated that the vast
majority of NRF1/AUTS2 co-targets (674 of 837 genes) were
downregulated in AUTS2 HX mutant MN compared with the
WT (Figure 6E). These data demonstrate that AUTS2 and NRF1
function coordinately to foster appropriate differentiation of
PNPs to MNs by directly binding to and activating a subset of
the relevant genes.

DISCUSSION

Our findings support a model in which NRF1 directs AUTS2-
ncPRC1.3 binding to a subset of neuronal differentiation-related
genes that are subjected to activation by P300 through its
interaction with the AUTS2 HX repeat domain (Figure 7). Given
the existence of ncPRC1.3, in which AUTS2 conveys transcrip-
tion activation, along with the reported association of AUTS2
haploinsufficiency in AUTS2 syndrome (Beunders et al., 2013)
and possibly in ASD (Sultana et al., 2002), AUTS2 appeared to
be key for regulating appropriate neurodevelopment. Here we
identified the critical role of its HX repeat domain by interrogating
mutations found in individuals exhibiting a distinct and severe
neurodevelopmental syndrome that overlaps with RSTS.
Although RSTS is largely associated with pathogenic variants
in the EP300/CREBBP genes, the AUTS2-HX mutants associ-
ated with affected individuals reported here essentially reflect a
defect in P300 function. Our in vitro and cell-based studies
demonstrated that RSTS-associated AUTS2 mutations in the
HX repeat domain disrupt AUTS2-P300 interaction and atten-
uate AUTS2-mediated active transcription. A recent study re-
ports an individual with a syndromic neurodevelopmental disor-
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Figure 7. Model: AUTS2-ncPRC1.3 acti-
vates its targeted genes for brain develop-
ment through NRF1-mediated recruitment
and HX repeat-mediated P300 interaction
Mutations or deletions of CBP or P300 impede
neuronal differentiation during early brain devel-
opment and result in malformation of several brain
regions, including the CC and cerebellum, in in-
dividuals with RSTS. As shown here, mutations in
the AUTS2 HX repeat domain impair AUTS2
interaction with P300 in the context of ncPRC1.3,
effectively disabling transcription activation. We
speculate that such disruptions of appropriate
gene activation lead to a defect in brain develop-
ment that overlaps with RSTS.

Reduced size of

=)

S

der harboring a different mutation (aa 532-541 deletion) in the
AUTS2 HX repeat domain (Martinez-Delgado et al., 2021), further
pointing to its critical role in normal brain function. Moreover, mu-
tations within exon 9 outside of the HX repeat, such as the PY
motif, as well as a mutation at residue 495, result in individuals
who display severe behavioral phenotypes, such as epilepsy,
in lieu of RSTS (Table S1), further stressing the role of AUTS2
in normal brain function. Interestingly, a recent report shows
that AUTS2 controls neuronal differentiation in a PRC1-indepen-
dent manner through BMP inhibition, pointing to the multifaceted
actions of AUTS2 in neurodevelopment (Geng et al., 2021).

Our study directs attention to NRF1 in facilitating chromatin
access by AUTS2, key for its role at the appropriate target
genes. We found that most AUTS2 binding events require
NRF1, whereas most NRF1 binding is AUTS2 independent.
A previous report also noted that the motif of NRF1 is enriched
significantly in AUTS2-bound regions (Oksenberg et al., 2014),
although the enrichment is less dramatic than observed here.
On the other hand, a recent study identified the TF USF1/2 as
being key for PCGF3 chromatin binding in mESCs (Scelfo
et al., 2019), but the motif corresponding to USF1/2 was not
recovered in our study, suggesting that cell type/tissue-
specific mechanisms might dictate ncPRC1.3 recruitment to
chromatin.

Our previous mechanistic findings resolved the means by
which the function of ncPRC1.3/1.5 comprising AUTS2, P300,
CK2, PCGF3 or PCGF5, RING1A and/or RING1B, and RYBP or
YAF2 is converted from a typical PRC1 that facilitates transcrip-
tion repression to that of a transcriptional activator (Gao et al.,
2014). This conversion involves AUTS2-mediated recruitment
of P300 and CK2-mediated phosphorylation of serine 168 of
the integral PRC1 subunit RING1, which thwarts its catalysis of
H2AK119ub1 (Gao et al., 2014). Given that RYBP/YAF2 in other
ncPRC1 complexes stimulate such RING1A/RING1B-mediated
ubiquitination, their presence in ncPRC1.3 may indicate addi-
tional function(s) of these components. Distinct ncPRC1.3/1.5
complexes comprise another non-PcG protein, FBRSL1, which
shares a high degree of sequence similarity with AUTS2 (Gao
et al., 2012). Interestingly, AUTS2 and FBRSL1 bind competi-
tively to the respective PCGF subunit of ncPRC1.3/1.5 (Gao
et al., 2014). Consistent with our data supporting the importance
of ncPRC1.3 in neurodevelopment, mutations in FBRSL1 are
also associated with a neurodevelopmental syndrome (Ufartes
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et al., 2020). However, it has yet to be determined whether
FBRSL1-ncPRC1.3 acts in a repressive or activating manner.

As shown here, AUTS2 interacts with P300 through its HX
repeat domain, and NRF1 associates with AUTS2, but, intrigu-
ingly, AUTS2 and P300 convey efficient transcription activation
only in the context of ncPRC1.3/1.5. We speculate that
ncPRC1.3 provides a conformational context in which P300
recruitment is facilitated or stabilized and/or its activity is opti-
mized. Perhaps this module exposes an interacting surface(s)
for NRF1 as well. The characterization of NRF1 performed by
others demonstrates its ability to dimerize and its phosphoryla-
tion at several serine residues within its amino terminus (Gugneja
and Scarpulla, 1997). These phosphorylation events do not regu-
late NRF1 dimerization; instead, mutation of these sites compro-
mises NRF1 DNA binding activity (Gugneja and Scarpulla, 1997).
The study also indicates that CK2 could stimulate the DNA bind-
ing activity of NRF1 in vitro. Because CK2 is an integral compo-
nent of ncPRC1.3 that inhibits its repressive activity by phos-
phorylating its RING1A/B component (Gao et al., 2014), CK2
might also promote ncPRC1.3-mediated transcription activation
by enhancing NRF1 binding activity in vivo, resulting in optimal
activation of ncPRC1.3-AUTS2 target genes in the brain.

Evidence involving NRF1 has highlighted its importance in
mitochondrial biogenesis (Scarpulla, 2011) and retinal develop-
ment (Hsiao et al., 2013; Kiyama et al., 2018). Intriguingly, path-
ways fostering mitochondrial integrity might be critical for those
regulating distinct developmental pathways. It is important to
emphasize that the reduced volume of the corpus callosum
observed in Nrf! mutant (Tbr1CeERT2/+: Nrf1™%: poy4f1cKO)
mice (Figure S6) is a key syndromic feature observed in individ-
uals with RSTS (Cantani and Gagliesi, 1998) as well as in those
harboring mutations in the AUTS2 HX repeat domain reported
here, strongly supporting that NRF1 and AUTS2 function coordi-
nately in regulating brain development. The corpus callosum
(CC) connects the cerebral hemispheres and is the largest fiber
tract in the brain (Edwards et al., 2014). During development,
defects in neurogenesis, telencephalic midline patterning,
neuronal migration and specification, axon guidance, and
post-guidance development can interrupt CC formation (De
Ledn Reyes et al., 2020).

As shown here, ablation of NRF1 or AUTS2 led to defective
progenitor-to-MN differentiation in vitro. Deletion of NRF1 in
the mouse brain and mutations in the AUTS2 HX repeat domain
in humans show CC malformation, a common feature of individ-
uals with RSTS (Figure 7). The precise mechanisms by which
NRF1 and AUTS2-ncPRC1.3 coordinately regulate gene expres-
sion, neuronal differentiation, and, thus, mouse and human brain
development and function in postnatal individuals require further
investigation. Alternate approaches are needed because dele-
tion of NRF1 or AUTS2 (long and short isoforms) leads to early
embryonic lethality. Generation of mouse models carrying muta-
tions in the AUTS2 HX repeat domain might expedite future
studies should they recapitulate the RSTS phenotype or other
neurological diseases.

Limitations of the study
The data presented here use homozygous mutations/KO cellular
models because of the lack of appropriate materials from indi-

¢ CellP’ress

viduals who exhibit heterozygous mutations in AUTS2. This lim-
itation of our study awaits future determination regarding
whether the function of the AUTS2 HX repeat domain is essential
for brain development in vivo. We generated homozygous
knockin mutations in the HX repeat domain of AUTS2 in mESCs,
which were then differentiated to MNs to study how the muta-
tions found in affected individuals might affect neurodevelop-
ment. However, the individuals reported in this study harbor het-
erozygous mutations. Thus, future functional studies based on
human induced pluripotent stem cells (iPSCs) or mouse model(s)
will provide further conceptual advances toward understanding
the etiology of RSTS. Another limitation is that identification
of NRF1-mediated AUTS2-ncPRC1.3 recruitment arises from
ChIP-seq analyses of AUTS2 and NRF1 in whole-brain extract
having assorted cell type specificities. Although NRF1 expres-
sion is high in the hippocampus and low in other brain regions
(e.g., the cortex), the levels of AUTS2 and PCGF3 are abundant
in these NRF1-deficient regions. Thus, our studies are limited to
the brain regions having NRF1 expression. Factors other than
NRF1 (e.g., USF1/2) likely contribute to AUTS2-ncPRC1.3
recruitment in brain regions deficient in NRF1 expression.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-AUTS2 Gao et al., 2014 N/A

Rabbit anti-PCGF3 Abcam Cat# ab201510

Rabbit anti-PCGF5 Abcam Cat# ab201511

Rabbit anti-Ring1B
Rabbit anti-RYBP
Rabbit anti-NRF1
Mouse anti-NRF1
Mouse anti-P300
Rabbit anti-CBP
Goat anti-Oct4
Mouse anti-HB9

Rabbit anti-H3

Rabbit anti-H2AK119ub1

Rabbit anti-H3K27me3

Rabbit anti-H3K27ac

Rabbit anti-H3K4me3

Rabbit anti-Flag

Rabbit anti-Gal4

Rabbit anti- Cleaved Caspase-3
Rabbit anti-Vinculin

Rabbit anti-GAPDH

Bethyl Laboratories
Sigma

Abcam

Abcam

Active motif

Cell Signaling Technology
Santa Cruz Biotechnology

Developmental Studies
Hybridoma Bank

Abcam

Cell Signaling Technology
Cell Signaling Technology
Abcam

Abcam

Proteintech
MilliporeSigma

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cat# A302-869A, RRID:AB_10632773
Cat# PRS2227, RRID:AB_1847589
Cat# ab34682, RRID:AB_2236220
Cat# ab55744, RRID:AB_2154534
Cat# 61401, RRID:AB_2716754

Cat# 7389, RRID:AB_2616020

Cat# sc-8628, RRID:AB_653551

Cat# 81.5C10, RRID:AB_2145209

Cat# ab1791, RRID:AB_302613

Cat# 8240; RRID: AB_10891618

Cat# 9733; RRID: AB_2616029

Cat# ab4729; RRID: AB_2118291

Cat# ab8580; RRID: AB_306649

Cat# 20543-1-AP; RRID: AB_11232216
Cat# 06-262; RRID: AB_310083

Cat# 9664; RRID: AB_2070042

Cat# 13901; RRID: AB_2728768

Cat# 5174; RRID: AB_10622025

Rabbit anti-Drosophila-specific H2Av Active motif Cat# 39715, RRID:AB_2793318
Bacterial and virus strains

Rosetta (DE3) Competent Cells Novagen Cat# 70954

One-Shot StbI3 chemically competent cells Invitrogen Cat# C7373-03

DH10Bac

Thermo Fisher Scientific

Cat# 10361012

Chemicals, peptides, and recombinant proteins

Lipofectamine 2000

Retinoic Acid

Smoothened Agonist, SAG
Anti-FLAG M2 affinity gel
FLAG® Peptide

Leukemia inhibitory factor
CHIR99021

PD0325901

Dynabeads protein G beads
SYBR-Gold Nucleic Acid Gel Stain
Agencourt AMPure XP Beads
RNase Inhibitor

Poly Ethylene Glycol (PEG) 8000
GTP

Calcein_AM

Thermo Fisher Scientific
Sigma

EMD/ Calbiochem
Sigma

Sigma

Reinberg lab

Tocris

Sigma

Thermo Fisher Scientific
Thermo Fisher Scientific
Beckman Coulter

NEB

Sigma

Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# 11668027
Cat# R2625
Cat# 566660
Cat# A2220
Cat# F3290
N/A

Cati# 4423
Cat# PZ0162
Cat# 10003D
Cat# S11494
Cat# A63882
Cat# M0314L
Cat# 89510-250G-F
Cat# R1461
Cat# C1430
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REAGENT or RESOURCE SOURCE IDENTIFIER

Ethidium homodimer-1 Sigma Cat# 46043-1MG-F

Tamoxifen Sigma Cat #T5648

Critical commercial assays

Agilent High Sensitivity DNA Kit
Nextera XT DNA Library Preparation Kit
Maxima H Minus Reverse Transcriptase

Agilent Technologies
illumina
Thermo Fisher

Cat# 5067-4626
Cat# FC-131-1024
Cat# EP0751

KAPA HiFi Hotstart PCR kit Roche Cat# KK2502

Phusion High-Fidelity DNA Polymerase NEB Cat# M0530L

Quant-iT PicoGreen dsDNA Assay Kit Thermo Fisher Cat# P7589

RNEasy plus Mini Kit QIAGEN Cat# 74134

MinElute PCR Purification Kit QIAGEN Cat# 28006

BCA Protein Assay Kit Thermo Scientific Cat# 23225

Luciferase Assay System Promega Cat# E1500

End-It DNA End-Repair Kit Lucigen Cat# ER81050

Klenow Fragment (3’ =5’ exo-) NEB Cat# M0212L

T4 DNA Ligase (Rapid) QIAGEN Cat# 50-305-905

Q5® High-Fidelity DNA Polymerase NEB Cat# M0491L

Deposited data

Deposited raw imaging data This paper Mendeley Data: https://doi.org/10.17632/
69vsfxr2n6.1

Mouse brain AUTS2, NRF1, RYBP, PCGF3 This study GEO: GSE161808

ChIP-Seq

E14_ESC AUTS2, NRF1 ChIP-Seq This study GEO: GSE161808

Motor neuron AUTS2, NRF1, Ring1B, RYBP, This study GEO: GSE161808

H2AK119ub, H3K27me3, and H3K27ac ChIP-Seq

Mouse brain, E14_ESC and Motor neuron This study GEO: GSE161808

RNA-Seq

Motor neuron scRNA-Seq This study GEO: GSE161808

Mouse brain input, AUTS2, P300, H2AK119ub,
H3K27me3, H3K27ac, H3K4me3, Ring1B and
Pol Il ChIP-Seq

E14_ESC input, Pol Il ChIP-Seq
Motor neuron Pol Il, H3K4me3 ChIP-Seq

Gao et al., 2014

LeRoy et al., 2019
Narendra et al., 2015

GEO: GSE60411

GEO: GSE117155
GEO: GSE60240

Experimental models: Cell lines

Human: HEK293 T-REx Reinberg lab N/A
Human: HEK293T 5XGal4TK-Luc Reinberg lab N/A
Human: HEK293T 5XGal4TK-Luc GAL4-AUTS2 Reinberg lab N/A
Human: HEK293T 5XGal4TK-Luc GAL4- Reinberg lab N/A
AUTS2 P517L

Human: HEK293T 5XGal4TK-Luc GAL4- Reinberg lab N/A
AUTS2 T534P

Human: HEK293T 5XGal4TK-Luc GAL4-AUTS2 Reinberg lab N/A
535-542 aa deletion

Human: HEK293T 5XGal4TK-Luc GAL4-AUTS2 Reinberg lab N/A
sh-PCGF3/5

Mouse: ES cell line E14 Reinberg lab N/A
Mouse: ES cell line E14 Auts2 —/— This study N/A
Mouse: ES cell line E14 Nrf1 —/— This study N/A
Mouse: ES cell line E14 Auts2 T534P This study N/A
Mouse: ES cell line E14 Auts2 535-542 aa deletion This study N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

Mouse: C57BL/6J Jackson Laboratory Strain 000664
Mouse: Nrf1-CKO Kiyama et al., 2018 N/A

Mouse: Nrf1-LacZ Kiyama et al., 2018 N/A

Mouse: Tbr1-TauGFP-IRESCreERT2 Kiyama et al., 2019 N/A

Mouse: Pou4f1-CKOAP Badea et al., 2009 Strain 010558
Oligonucleotides

SgRNA and ssODN for Auts2, Nrf1 knockout, Auts2 This study See Table S2
HX mutant knock-in; shRNA targeting human

PCGF3/5

Oligonucleotides, Barcode sequence for This study See Table S3
scRNA-Seq

Recombinant DNA

pSpCas9(BB)-2A-GFP Addgene Cat # 48138
pSpCas9(BB)-2A-GFP-Auts2-KO-sgRNA This study N/A
pSpCas9(BB)-2A-GFP-Auts2-T534P-sgRNA This study N/A
pSpCas9(BB)-2A-GFP-Auts2-535-542-del-sgRNA This study N/A
pSpCas9(BB)-2A-GFP-Nrf1-KO-sgRNA This study N/A

PLKO.1 sh-hPCGF3 This study N/A

PLKO.1 sh-hPCGF5 This study N/A
pINTO-NFH(empty vector) Reinberg lab N/A
pINTO-NFH-AUTS2 This study N/A
pINTO-NFH-AUTS2-P517L This study N/A
pINTO-NFH-AUTS2-T534P This study N/A
pINTO-NFH-AUTS2-535-542 del This study N/A
pINTO-Gal4(empty vector) Reinberg lab N/A
pINTO-Gal4-AUTS2 This study N/A
pINTO-Gal4-AUTS2- P517L This study N/A
pINTO-Gal4-AUTS2-T534P This study N/A
pINTO-Gal4-AUTS2-535-542 del This study N/A

Software and algorithms

Bowtie2 v2.4.1
STAR v2.6.1d
MAC2 v2.1.1
GSEA

Fgsea

BEDTools v2.27.1
Picard v2.18.11
HOMER v4.10
deepTools v3.2.1
Samtools v1.9
ChlPseeker v1.8.6
Integrative Genomics Viewer (IGV)
Prism

Benchling
SRA Toolkit
RStudio

Langmead and Salzberg, 2012
Dobin et al., 2013

Zhang et al., 2008
Subramanian et al., 2005
Korotkevich et al., 2019
Quinlan and Hall, 2010
Broad Institute

Heinz et al., 2010
Ramirez et al., 2016

Li et al., 2009

Yu et al., 2015

Broad Institute
GraphPad Software

Benchling.com
NCBI
RStudio

https://github.com/BenLangmead/bowtie2
https://github.com/alexdobin/STAR
https://github.com/macs3-project/ MACS
https://www.gsea-msigdb.org/gsea/index.jsp
https://github.com/ctlab/fgsea
https://github.com/arg5x/bedtools
https://github.com/broadinstitute/picard
http://homer.ucsd.edu/
https://github.com/deeptools/deepTools
https://github.com/samtools/
https://github.com/YuLab-SMU/ChIPseeker
https://www.broadinstitute.org/igv/

https://www.graphpad.com/scientific-
software/prism/

https://www.benchling.com/
https://github.com/ncbi/sra-tools
httpss://www.rstudio.com/
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

R V4.0.0 R-project https://www.r-project.org/

featureCounts v1.6.3 Liao et al., 2014 https://github.com/torkian/subread-1.6.1
ComplexHeatmap Gu et al., 2016 https://github.com/jokergoo/ComplexHeatmap
Seurat v3.1.4 Butler et al., 2018 https://github.com/satijalab/seurat

zUMIs v2.9.4 Parekh et al., 2018 https://github.com/sdparekh/zUMIs

Presto Korsunsky et al., 2019 https://github.com/immunogenomics/presto

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Danny
Reinberg (danny.reinberg@nyumc.org).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.

Data and code availability
® The accession numbers for the raw data FASTQ files and processed files for all sequencing data are deposited in NCBI GEO are
GEO: GSE161808. Original gel imaging data can be accessed from Mendeley Data: DOI: https://doi.org/10.17632/
69vsfxr2n6.1.
® This paper does not report original code.
@ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

We did not observe any sex/gender influence on results derived from mice or patients. All mice were housed with a 12 hour light-dark
cycle. Mixed cohorts of female and male mice were used for all experiments to minimize gender effects. Mice used for ChIP-Seq and
biochemical assays were from various developmental stages as indicated in Figure legend. Mice used for Tamoxifen injection to
delete NRF1 were 2 to 3 months old. All animal procedures followed the US Public Health Service Policy on Humane Care and
Use of Laboratory Animals and were approved by the Animal Welfare Committee at New York University and the University of Texas
McGovern Medical School at Houston.

Cell lines and culture condition
Al ESC lines (E14 and derivatives) were grown in DMEM supplemented with 15% FBS, L-glutamine, penicillin/streptomycin, sodium
pyruvate, non-essential amino acids, 0.1 mM B-mercaptoethanol, LIF, and 2i inhibitors, which include 1 uM MEK1/2 inhibitor
(PD0325901) and 3 uM GSK3 inhibitor (CHIR99021) on 0.1% gelatin coated plates.

HEK293 T-Rex and HEK293T 5XGal4TK-Luc cells were cultured in standard DMEM supplemented with 10% FBS, 100 U/mL peni-
cillin-streptomycin.

WT and mutant NFH-AUTS2 inducible cell lines were obtained by transfecting each pINTO-NFH plasmid into 293 T-Rex cells, and
WT and mutant Gal4-AUTS2 inducible cell lines were obtained by transfecting each pINTO-Gal4 plasmid into HEK293T 5XGal4TK-
Luc cells. Transfected cells were seeded at limiting dilutions, and isolated clones were screened by western blot.

Clinical Cohort

The initial proband (LR05-007) was identified through trio-based exome sequencing in a cohort of 100 individuals with cerebellar
malformations (Aldinger et al., 2019). We recruited 6 additional individuals with de novo pathogenic or likely pathogenic variants
in AUTS2 by sharing data through GeneMatcher (Sobreira et al., 2015) or through collaboration with colleagues. The 7 individuals
in this cohort (2 females, 5 males) were 1 to 15.5 years of age at the time of their most recent evaluation. We obtained clinical
data for all patients, including features tabulated in a reported AUTS2 clinical severity score (Beunders et al., 2013, 2015, 2016).
Written informed consent was obtained from all participants through protocols approved by Institutional Review Boards at the local
institution or at Seattle Children’s Hospital.
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METHOD DETAILS

Immunoprecipitation and Proteomics

Cell pellets were prepared from cell culture plates or mouse brain. Nuclei were extracted using HMSD buffer (20 mM HEPES, pH 7.5
at 4°C, 5 mM MgCl,, 250 mM sucrose, 25 mM NaCl, 1 mM DTT) supplemented with protease inhibitors (0.2 mM PMSF, 1 ng/mL
Pepstatin A, 1 pg/mL Leupeptin, and 1 ug/mL Aprotinin) and phosphatase inhibitors (10 mM NaF and 1 mM NazVQO,), and incubated
on ice for 5 min. Lysates were pelleted at 3,000 rpm for 5 min at 4°C and nuclei pellets were washed one more time with HMSD buffer.
The resulting nuclei pellets were resuspended in BC420 high salt buffer (20 mM Tris-HCI at pH 7.9, 1.5 mM MgCl,, 0.42 M NaCl,
0.5 mM DTT, 0.2 mM EDTA) supplemented with protease inhibitors and phosphatase inhibitors for lysing at 4°C for 1 hr with occa-
sional pipetting. Lysates were then pelleted at 20,000 x g for 15 min at 4°C. Finally, supernatants were collected and subjected to
dialysis in Buffer D (20 mM HEPES, 150 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, and 5% glycerol) overnight at 4°C. Prior to any
subsequent applications, nuclear extracts were centrifuged again at 20,000 g for 10 min at 4°C to remove any precipitate. Superna-
tants were collected, and protein concentrations were quantified via bicinchonic acid (BCA) assay. For immunoprecipitation, 1-2 mg
of nuclear extract was incubated with 1~3 ng of antibody. After incubation at 4°C for 2 hr, 30 ul of protein G beads were added for
incubation at 4°C overnight. Beads were washed three times with Buffer D (20 mM HEPES, 150 mM NaCl, 1.5 mM MgCl,, 0.2 mM
EDTA, and 5% glycerol), and eluted with 0.2 M glycine (pH 2.6) or 1 x SDS loading buffer. Proteins from immunoprecipitation were
separated by SDS-PAGE, using 4%-12% NuPAGE Novex Bis—Tris gels and then stained with Coomassie Blue. Bands were excised
from gels and digested with trypsin, followed by standard LC-MS/MS procedure.

Whole cell extract and western blotting

Cells were harvested and lysed with CHAPS-Urea buffer (50 mM Tris-HCI, pH 7.9, 8M Urea, and 1% CHAPS) containing protease
inhibitors and phosphatase inhibitors as mentioned above. The cell suspension was briefly sonicated (40% amplitude, 5 strokes)
and centrifuged at 20,000 x g at 4°C for 20 min. The supernatant was collected and protein concentrations were quantified via bi-
cinchonic acid (BCA) assay. Proteins were separated using a 6%-12% SDS-PAGE gel, and transferred onto a PVDF membrane.
Membranes were blocked with 5% milk in PBST at RT for 1 hr and incubated with primary antibody overnight at 4°C. Membranes
were washed 3 times with PBST and then incubated with HRP-conjugated secondary antibodies for 1 hr at RT, followed by exposure.

shRNA-mediated genome editing

Oligos designed for knockdown (see Table S2) were annealed and cloned into PLKO.1-shRNA vector using Age1 and EcoR1 restric-
tion sites. The resulting plasmids were transfected into 293TRex cells using Neon Transfection System with parameter: 1500V, 1
pulse of 30ms. The cells were subject to puromycin selection at 1 ug/ml for 4 days. The efficiency of knockdown was confirmed
by western blot.

CRISPR-mediated genome editing
To generate stable Auts2 and Nrf1 KO cell lines, sgRNAs were designed using CRISPR design tool in https://benchling.com/faq.
sgRNAs in Table S1 were cloned in pSpCas9(BB)-2A-GFP (PX458, a gift from Feng Zhang, Addgene plasmid #48138) and trans-
fected into mESCs, using Lipofectamine 2000 (Life Technologies). GFP-positive cells were sorted 48 hr after transfection and
20,000 cells were plated on a 15 cm dish. Single mESC was allowed to grow to a colony for ~5 days and then was picked, trypsinized
in Accutase for 5 min, and split into two individual wells of two 96-well plates for genotyping and culture, respectively. Genomic DNA
was extracted using lysis buffer (50 mM Tris-HCI, pH 8, 2 mM NaCl, 10 mM EDTA, 0.1% SDS) supplemented with protease K, and
genotyping PCRs were performed using primers (Table S2) surrounding the target site. The resulting PCR products were sent for
sequencing to determine the presence of a deletion or a mutation event. Clones were further confirmed by western blot.

For endogenously knock-in the mutations in AUTS2 HX repeat in mESC, a ssODN donor used for homology directed repair and
CRISPR/Cas9 plasmid (px458) with designed sgRNA (see Table S2 also) were co-transfected into mESCs, using Lipofectamine
2000. The following FACS, colony picking and characterization are the same as generating KO lines described above.

Motor Neuron Differentiation

E14 mouse embryonic stem cells (NESCs) were cultured in standard medium supplemented with LIF, and 2i conditions as described
above. For motor neuron (MN) differentiation, the previously described protocol was applied (Narendra et al., 2015). Briefly, about 4
million mESCs were plated in a 500 cm? square dish and differentiated into embryoid bodies in AK medium (250 mL advanced
DMEM/F12, 250 mL neurobasal medium, 75 mL knockout serum, L-glutamine, penicillin/streptomycin, 0.1 mM B-mercaptoethanol)
for 2 days. Embryoid bodies were then diluted by 1:4 and further patterning was induced by freshly adding 1 uM all-trans-retinoic acid
(RA) and 0.5 uM smoothened agonist (SAG) for an additional 4 days. Fresh medium was added after 2 days to support motor neuron
survival.

Luciferase reporter assay

HEK293T 5XGal4 TK-Luc cells stably transfected with pINTO-GAL4 vector control or with inserts of interest were treated with 100 ng/
ml doxycycline. Cells were lysed by adding 250 ul of ice-cold lysis buffer (0.2% Triton X-100, 100 mM potassium phosphate, pH 7.8,
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and 1 mM DTT) and shaking for 10 min at 4°C. The cell lysate was centrifuged at 20,000 g for 10 min and the protein concentration of
the resulting supernatant was determined by bradford Assay. 30 ug of the supernatant was assayed for luciferase activity using lucif-
erase assay substrate (Promega).

X-gal staining

Mouse brain was fixed by perfusion with 10% neutral buffered formalin. Extracted brain was embedded in OCT compound then
sectioned into 50 um thickness. Sections were dried at RT for 3 hr and then washed with wash buffer (0.1 M sodium phosphate con-
taining 2 mM MgCl,, 0.01% deoxycholate, and 0.02% Nonidet P-40, pH 7.3). LacZ color reaction was performed in wash buffer con-
taining 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, and 1 mg/ml X-gal at 37°C overnight. Color reaction was termi-
nated by incubation in 10% formalin for 10 min. Post-fixed sections were washed, dehydrated, and mounted with Cytoseal 60
(Thermo Fisher Scientific). Images were collected with a Canon EOS 10 digital camera (Melville, NY) mounted on an Olympus
IX71 microscope.

Immuno-histochemical analysis

Mouse brain was fixed by perfusion with 10% neutral buffered formalin. Extracted brain was embedded in OCT compound, and then
sectioned into 100 um thickness. Sections were incubated with anti-GFP (1:1000, Invitrogen) antibody. Alexa 488 conjugated sec-
ondary antibody was used in 1:800 dilution (Jackson Immuno-reserach).

Alkaline phosphatase (AP) staining

Tbr1CreERT2 :Nrf1%+:Poudf19%C"+ and Tbr1CeERT2/*:Nrf1™™:Pou4f1°KC* mice (2 to 3 months old) were intraperitoneally injected
with tamoxifen (5 consecutive daily injections of 100 ug/g body weight), and then used for AP staining 3 months after tamoxifen in-
jection. Brains were fixed by perfusion with 10% neutral buffered formalin. Fixed brain was embedded in OCT compound and
sectioned into 100 um thickness. Retinal flat-mounts were fixed in 10% neutral buffered formalin for 10 min at RT. Brain sections
and retinas were incubated in heated PBS for 30 min in a 65°C water bath to inactivate endogenous AP activity. AP color reaction
was performed in 0.1 M Tris, pH 9.5, 0.1 M NaCl, 50 mM MgCl,, 0.34 g/ml nitroblue tetrazolium and 0.175 g/ml 5-bromo-4-
chrolo-3-indolyl-phosphate for overnight at RT. Stained tissues were washed three times in PBS, post-fixed with 10% neutral buff-
ered formalin, dehydrated with a series of ethanol, then cleared with 2:1 benzyl benzoate/benzyl alcohol. Tiled images were collected
using a Zeiss Axio Imager 2 microscope (Carl Zeiss).

ChlP-seq library preparation

For cross-linking, ESCs were fixed in 1% formaldehyde for 10 min at RT directly on plates and quenched with 125 mM glycine for
5 min at RT. For cross-linking of MN, ESC-derived motor neuron cultured for 6 days were dissociated with 0.05% trypsin, neutralized,
fixed in 1% formaldehyde for 15 min at RT and then quenched with 125 mM glycine for 5 min at RT. For cross-linking of mouse brain,
mouse whole brains were quickly dissected at postnatal day one and homogenized with a glass douncing homogenizer using first a
loose, then a tight pestle. The cell homogenate was fixed with a final concentration of 1% formaldehyde for 10 min at RT and the
reaction was quenched with 0.125 M glycine for 5 min at RT.

Cell pellets were washed twice in PBS and nuclei were isolated using buffers in the following order: LB1 (50 mM HEPES, pH 7.5 at
4°C, 140 mM NaCl, 1 mM EDTA, 10% Glycerol, 0.5% NP40, 0.25% Triton X; 10 min at 4°C), LB2 (10 mM Tris, pH 8 at 4°C, 200 mM
NaCl, 1 mM EDTA, 0.5 mM EGTA; 10 min at 4°C), and LB3 (10 mM Tris, pH 7.5 at 4°C, 1 mM EDTA, 0.5 mM EGTA, and 0.5% N-Laur-
oylsarcosine sodium salt). Chromatin was fragmented to an average size of 250 bp in LB3 buffer using a Diagenode Bioruptor. 200 pg
sonicated chromatin, 4 ug antibody and 20 ul Dynabeads were used in each ChIP reaction supplemented with 0.5x volumn of incu-
bation buffer (3% Triton X, 0.3% Na Deoxycholate, 15 mM EDTA). 1 png of Drosophila chromatin and 0.2 pg of anti-Drosophila H2A.X
antibody were added in each ChIP reaction as spike-in references, except 3 pug of Drosophila chromatin was used for H3K27ac and
H2AK119ub ChlIP. After 5 consecutive washes with RIPA buffer (50 mM HEPES, pH 7.5 at 4°C, 0.7% Na Deoxycholate, 1 mM EDTA,
1% NP40, 500 mM LiCl) and one wash with TE+50 mM NaCl, the beads-bound DNA was eluted in freshly prepared elution buffer
(50 mM Tris, pH 8, 10 mM EDTA, 1% SDS) at 65°C for 20 min. Eluted DNA was de-crosslinked at 65°C overnight, followed by pro-
tease K and RNase A treatment.

For Library preparation, IP’ed DNA (~1-30 ng) was end-repaired using End-It Repair Kit, tailed with deoxyadenine using Klenow
exo-, and ligated to custom adapters with T4 Rapid DNA Ligase (Enzymatics). Fragments of 200-600 bp were size-selected using
Agencourt AMPure XP beads (0.5X and 0.3X), and subjected to PCR amplification using Q5 DNA polymerase. Libraries were
size-selected using Agencourt AMPure XP beads (0.75X), quantified by Qubit dsDNA HS Assay Kit and quality checked by High
Sensitivity D1000 ScreenTape. Libraries were sequenced as 50 bp single-end reads on the lllumina HiSeq 4000 platform.

RNA-seq library preparation

Total RNA was isolated with Tripure isolation reagent and gDNA was removed by RNeasy Plus mini kit. PolyA+ RNA was isolated from
5 ug total RNA using Dynabeads Oligo(dT),s, fragmented with Mg?* contained in the 15! strand buffer at 94°C for 15 min, and reverse
transcribed using Superscript lll and random hexamers to synthesize the first strand cDNA. Single strand cDNA was precipitated
and dTTP was removed by phenol/chloroform/isoamyl alcohol extraction and ethanol precipitation. Second strand cDNA was
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synthesized with dUTP to generate strand asymmetry using DNA Pol | and E. coli ligase, and then purified by MinElute PCR Purifi-
cation Kit. Double-stranded DNA was end-repaired, A-tailed, and ligated to custom barcode adapters as described above. RNA-seq
libraries were sequenced as 50 bp paired-end reads on the lllumina HiSeq 4000 platform or NovaSeq 6000 platform.

Single cell RNA-seq library preparation

For single cell RNA-seq library preparation, we chose the newly developed Smart-seg3 technique (Hagemann-Jensen et al., 2020a,
2020b), an improved version of Smart-seg2 with a 5’-unique molecular identifier RNA counting strategy and a much higher sensitivity
that detects thousands more transcripts per cell. The library was generated according to the published protocol (Hagemann-Jensen
et al., 2020a, 2020b), with the following modifications. ESC-derived motor neuron cultured for 6 days were dissociated with 0.05%
trypsin and stained with 0.2 uM Calcein AM and 8 uM Ethidium homodimer-1 at RT for 15 min. Single viable cells were sorted using
Fluorescence Activated Cell Sorting to single wells of 96-well fully-skirted Eppendorf PCR plates in 3 uL lysis buffer (5% PEGS8000,
0.1% Triton X-100, 0.5 unit/ul RNase Inhibitor, 0.5 uM OligodTzoVN, 0.5 mM dNTP in nuclease free water). The plates were imme-
diately covered, spun at 2000 rpm for 1 min at 4°C, and stored at —80°C until further analysis. In each plate, well A1 was left empty
and 100 cells were sorted to well H1 for quality control and they were excluded for downstream analysis.

Plates were incubated at 72°C for 10 min for lysing the cells and denaturing the RNA. Next, 1 pl of reverse transcription mix (25 mM
Tris-HCI, pH 8, 30 mM NaCl, 1 mM GTP, 2.5 mM MgCl,, 8 mM DTT, 0.5 unit/ul RNase Inhibitor, 2 uM Smart-seq3 TSO, 2 unit/ul
Maxima H-minus reverse transcriptase enzyme) was added to each well for reverse transcription and template switching at 42°C
for 90 min followed by 10 cycles at 50°C for 2 min and at 42°C for 2 min and the reaction was inactivated at 85°C for 5 min.
cDNA pre-amplification was performed by adding 6 pl of PCR mix (1 x Kapa HiFi HotStart buffer, 0.02 unit/ul KAPA HiFi DNA po-
lymerase, 0.5 mM MgCl,, 0.3 mM dNTPs, 0.5 uM Smartseg3 forward PCR primer and 0.1 uM Smartseq3 reverse PCR primer) with
the following protocol: 3 min at 98°C for initial denaturation, 18-24 cycles of 20 s at 98°C, 30 s at 65°C and 6 min at 72°C, followed by
a final elongation for 5 min at 72°C. PCR cycles were determined for each cell type by prior experiments and 19 cycles were used for
motor neuron to obtain ~10 ng purified cDNA.

Pre-amplified cDNA was purified by 0.6x volume of AMpure XP beads, eluted in 14 ul nuclease free water, quantified using the
Quant-iT PicoGreen dsDNA Assay Kit and size distributions were checked on a high-sensitivity DNA chip. cDNA was then diluted
to 200 pg/ul, and 1 ul was used for tagmentation by mixing with 1 pl of tagmentation reaction mixture (10 mM TAPS, pH 8.5,
5 mM MgCl,, 8% PEG8000, 0.08 ul Tn5 mix (illumina)). The reaction was performed at 55°C for 7 min, followed by heat inactivation
at 80°C for 5 min. Library amplification of the tagmented samples was performed using custom-designed index primers and by add-
ing 5 ul of PCR mix (1 x Phusion High-Fidelity buffer, 0.01 unit/ul Phusion High-Fidelity DNA Polymerase, 0.2 mM dNTPs, 0.1 uM
forward indexed primer and 0.1 uM reverse indexed primer). Amplification was performed as follows: 3 min 72°C; 30 s at 95°C;
12 cycles of (10 s at 95°C; 30 s at 55°C; 30 s at 72°C); and 5 min at 72°C. Samples from one 96-well plate were pooled, and then
purified with 0.6x volume of Ampure XP beads. Libraries were quantified by Qubit dsDNA HS Assay Kit and quality checked on a
high-sensitivity DNA chip. The size averaged at ~1 Kb should be expected. scRNA-seq libraries were sequenced as 50 bp
paired-end reads on the lllumina NovaSeq 6000 platform and importantly, ~20% phiX spike-in was added to resolve the low
complexity issue in the first 20 bps. All oligos used are listed in Table S3.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq data analysis

Reads were aligned to the mouse reference genome mm10 using STAR with parameters:—outFilterMismatchNoverLmax
0.2-outFilterMultimapNmax 1-outSAMstrandField intronMotif-outSAMmapqUnique 60-twopassMode Basic—outSJfilterReads
Unique—outFilterintronMotifs RemoveNoncanonical. Gene counts were calculated using featureCounts with parameters: -p -s 2 -t
exon, and RefSeq mm10 annotation downloaded from GENCODE. The output gene count tables were used as input into DeSeqg2
for normalization and differential expression analysis. For comparing the expression level of different genes within a sample, TPM
(transcripts per kilobase million) is calculated as: TPM = (CDS read count * mean read length * 10%) / (CDS length * total tran-
script count)

ChIP-seq data analysis

Reads were aligned to the mouse reference genome mm10 and dmé6 for spike-in samples, using Bowtie2 with default parameters.
Reads of quality score less than 30 were removed using samtools and PCR duplicates were removed using picard. Regions in
mm10 genome blacklist was removed using bedtools and bigwig files were generated using deeptools and parameters:-binSize
50-normalizeUsing RPKM-ignoreDuplicates—ignoreForNormalization chrX-extendReads 250 for visualization in IGV. Peaks were
called using MACS2 with parameters: -g mm-keep-dup 1-nomodel-extsize 300. Genomic peak annotation was performed with
the R package ChlPseeker considering the region + 3 kb around the TSS as the promoter. Peak overlapping analysis was performed
using the Python package Intervene and visualized using the Python package Matplotlib. Motif discovery was performed using
narrowPeak files generated by MACS2 and findMotifsGenome.pl function from HOMER with default parameters: mm10 -size
given -mask —preparse.
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For visualization of ChIP-seq, uniquely aligned reads mapping to the mouse genome were normalized using dm6 spike-in as
described previously (Orlando et al., 2014). Heatmaps were performed using the functions computeMatrix followed by plotHeatmap
and plotProfile from deepTools. All ChIP-Seq files presented in Figures 5C and 5H were used as input to computeMatrix and plo-
tHeatmap for K-means clustering. Violin plots for ChIP-Seq signal were prepared by multiBigwigSummary in BED-file mode from
deepTools using as bed file the regions corresponding to Ring1B cluster 3 regions. The resulting tab-delimited raw-count file was
used as input to ggplot2 for Violin plot.

scRNA-seq data analysis

Raw non-demultiplexed fastq files were processed using zUMIs with STAR to generate expression profiles for both the 5" ends
containing UMIs as well as combined full-length and UMI data. The parameters: find pattern. ATTGCGCAATG, UMI (12-19),
cDNA (23-50) were specified for Read 1. The UMI count table containing both intron and exon reads was used by Seurat for down-
stream analysis. Cells with more than 3000 genes detected and less than 5% of reads mapping to mitochondrial genome were re-
tained. Data were normalized (scTransform) and used for principal component analysis dimensionality reduction, followed by louvain
clustering and UMAP dimensionality reduction. Major cell types were readily identifiable by common marker genes: posterior neural
progenitor (PNP) expressing Sox3, posterior and ventral neural progenitor (PVNP) expressing Hoxd4, newborn motor neuron (NMN)
expressing Neurog2, and motor neuron (MN) expressing Mnx1 and Chat. The percentage of each cell type from each sample was
used as input to ggplot2 for stack area plot.

Differential gene expression analysis between defined cell clusters was performed using R package presto. The top 500 DEGs
were ordered by p value. Averaged expression among the defined cell clusters was scaled by row and used as input to R package
ComplexHeatmap for visualization. Regions of AUTS2-PRC1 and NRF1 co-localization were identified using peak files generated by
MACS2 and bedtools intersect function with default parameters. Co-targeted genes with its promoter located in the overlapped re-
gions were identified by R package ChlPseeker with default parameters. The normalized expression of those genes in MN population
was calculated using R package presto and used as input to ggplot2 for scatterplot.
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