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In vitro studies indicate the neurodevelopmental disorder gene myelin transcription factor 1-like (MYT1L) suppresses non-

neuronal lineage genes during fibroblast-to-neuron direct differentiation. However, MYT1L’s molecular and cellular func-

tions in the adult mammalian brain have not been fully characterized. Here, we found that MYT1L loss leads to up-regulated

deep layer (DL) gene expression, corresponding to an increased ratio of DL/UL neurons in the adult mouse cortex. To

define potential mechanisms, we conducted Cleavage Under Targets & Release Using Nuclease (CUT&RUN) to map

MYT1L binding targets and epigenetic changes followingMYT1L loss in mouse developing cortex and adult prefrontal cortex

(PFC). We found MYT1L mainly binds to open chromatin, but with different transcription factor co-occupancies between

promoters and enhancers. Likewise, multiomic data set integration revealed that, at promoters, MYT1L loss does not change

chromatin accessibility but increases H3K4me3 and H3K27ac, activating both a subset of earlier neuronal development

genes as well as Bcl11b, a key regulator for DL neuron development. Meanwhile, we discovered that MYT1L normally repress-

es the activity of neurogenic enhancers associated with neuronal migration and neuronal projection development by closing

chromatin structures and promoting removal of active histone marks. Further, we showed that MYT1L interacts with

HDAC2 and transcriptional repressor SIN3B in vivo, providing potential mechanisms underlying repressive effects on his-

tone acetylation and gene expression. Overall, our findings provide a comprehensive map of MYT1L binding in vivo and

mechanistic insights into howMYT1L loss leads to aberrant activation of earlier neuronal development programs in the adult

mouse brain.

[Supplemental material is available for this article.]

Neuronal development is a continuous process starting early dur-
ing embryogenesis and lasting well into the postnatal ages (Stiles
and Jernigan 2010; Kroon et al. 2019). Originating from asymmet-
ric divisions of neural progenitors in the ventricular zone (VZ),
neurons undergo earlier neuronal development programs, in-
cluding migration and projection development, followed by later
maturation processes, including synaptic development and refine-
ment, to gain their locational and functional identities in different
layers of the cortex (Campbell 2005; Götz and Huttner 2005; Luo
and O’Leary 2005). These steps are finely tuned by a sophisticated
network of cis-regulatory elements (e.g., promoters and enhanc-
ers), trans-regulatory factors (e.g., transcriptional factors [TFs]
and histone modifying complexes), as well as epigenetic regula-
tion (e.g., changes in chromatin accessibility and histone modifi-
cations) (Olson et al. 2001; Dixit et al. 2014; Lomvardas and
Maniatis 2016; Nitarska et al. 2016; Trevino et al. 2020; Yousefi
et al. 2021). Thus, proper activation and repression of those early
neuronal development programs in a timely manner is crucial
for both neuronal generation and later maturation and fate speci-
fication (Yuan et al. 2022). TFs, especially proneuronal basic helix-
loop-helix (bHLH) TFs, are key components that orchestrate these
programs (Olson et al. 2001; Dixit et al. 2014; Tutukova et al.
2021). Several master bHLHs, such as NEUROG2 and NEUROD1,
are expressed at different developmental stages and are responsible
for facilitating neuronal fate progression by modulating pro-

moters, enhancers, and thus expression of corresponding genes
(Dixit et al. 2014; Pataskar et al. 2016; Noack et al. 2022).
Although multiomics data set integration has helped identify
many of these cis- and trans-regulatory elements involved in
neuronal development, how their activities are precisely con-
trolled to produce mature neuronal cell types remains poorly
understood.

In addition to bHLHs, other TFs, including TBR1 and
BCL11B, are also developmentally expressed in a cell type–specific
manner and play indispensable roles in neuronal development
(Arlotta et al. 2008; Bedogni et al. 2010). Myelin transcription fac-
tor 1-like (MYT1L), a proneuronal TF expressed primarily in post-
mitotic neurons, appears to be one such key factor participating
in neuronal fate specification and maturation (Mall et al. 2017;
Heavner et al. 2020; Chen et al. 2021). For example, in vitro studies
by shRNA knockdown suggest that MYT1L loss increases the ratio
of deep layer (DL) to upper layer (UL) cortical neurons (Heavner
et al. 2020). Furthermore, overexpressing MYT1L, along with
ASCL1 and POU3F2 (also known as BRN2), can directly reprogram
mouse embryonic fibroblasts (MEFs) into functional neurons,
demonstrating its potent roles in promoting neuronal differentia-
tion (Vierbuchen et al. 2010). Utilizing the same reprogramming
system, Mall and colleagues mapped MYT1L targets by chromatin
immunoprecipitation followed by deep sequencing (ChIP-seq)
and measured target gene expression by RNA-seq (Mall et al.
2017). In this system, MYT1L mainly acts as a transcriptional
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repressor that silences non-neuronal gene expression to facilitate
neuronal differentiation (Mall et al. 2017). Meanwhile, other in vi-
tro studies revealed that MYT1L can function as both a transcrip-
tional activator and repressor, probably through distinct protein
domains. For example, truncation experiments have shown the
N-terminal domain activates gene expression in reporter assays,
whereas a central zinc-finger containing domain suppresses ex-
pression (Manukyan et al. 2018). However, in the transdifferentia-
tion system, the N-terminus, together with central zinc-finger
domains, recruits cofactors including SIN3B and is sufficient for
neuronal reprogramming (Mall et al. 2017). SIN3B is thought to
then recruit histone deacetylases (HDACs) (Bainor et al. 2018), al-
though direct interactions between MYT1L, SIN3B, and HDACs
have not been shown in vivo, nor has MYT1L’s impact on histone
modifications been examined. Overall, despite widespread usage
of MYT1L in neuronal transdifferentiation, the molecular mecha-
nisms underlying MYT1L’s proneuronal activities during normal
brain development remain poorly defined. Additionally, it is un-
clear whether MYT1L influences epigenetic landscapes to regulate
gene expression.

RecentlyMYT1Lhas also been implicated in humanneurode-
velopmental disorders (NDDs), with the spectrum of symptoms
caused byMYT1L loss of function (LoF)mutations now recognized
as MYT1L Syndrome (Blanchet et al. 2017; Coursimault et al.
2022). To understand MYT1L’s functions in vivo and how
MYT1L mutations lead to human disease pathology, several in
vivo models have been established (Blanchet et al. 2017; Mall
et al. 2017; Chen et al. 2021; Wöhr et al. 2022). Knockdown of
MYT1L homologs (myt1la and myt1lb) in zebrafish by antisense
morpholinos reduces oxytocin and arginine vasopressin mRNA
abundance in the hypothalamus, suggesting MYT1L is important
for neuroendocrine system development, and/or neuronal matu-
ration, as peptide expression develops relatively late postnatally
(Almazan et al. 1989; Blanchet et al. 2017). Furthermore, Myt1l
shRNA knockdown by in utero electroporation impairs neuronal
migration in the developing mouse cortex, echoing its roles in fa-
cilitating neuronal development (Mall et al. 2017). As MYT1L
Syndrome patients harbor de novo heterozygous mutations of
MYT1L, more recently a Myt1l germline knockout (KO) mouse
line was generated to mimic human patient genetics (Chen et al.
2021). This study shows thatMyt1l heterozygous (Het) KOmice re-
capitulatemany phenotypes reminiscent of the human syndrome,
including obesity, hyperactivity, and social deficits. Key pheno-
types, like obesity and hyperactivity, are replicated in two addi-
tional Myt1l haploinsufficiency mouse models (Kim et al. 2022;
Wöhr et al. 2022). In the initial Myt1l germline KO mouse line, it
is also shown that MYT1L loss results in insufficient cell prolifera-
tion in embryonic mouse cortex (Chen et al. 2021). Further inves-
tigation leveraging existing ChIP-seq data (albeit from in vitro
binding experiments [Mall et al. 2017]), along with in vivo
ATAC-seq and RNA-seq data sets, reveals MYT1L has a role in acti-
vating cell proliferation programs but suppressing early neural dif-
ferentiation programs. In contrast with predictions of the
transdifferentiation system, no obvious activation of non-neuro-
nal lineage genes is found in Het mice (Chen et al. 2021). Yet,
one limitation of these analyses is they are based on ChIP-seq
data from an orthogonal system. Because ectopic overexpression
of MYT1L during transdifferentiation might disrupt normal
MYT1L binding activity, high-quality binding profiles of MYT1L
in vivo are needed to better understand its functions in physiolog-
ical conditions. In addition, even though there is sustained expres-
sion ofMYT1L in the adult brain (Chen et al. 2021), little is known

about its functions and binding in later stages of neuronal develop-
ment, and the long-term consequences of MYT1L loss have not
been assessed.

Therefore, we adopted CUT&RUN technology to define
MYT1L binding targets in the cortex and investigated itsmolecular
functions through epigenetic profiling and further neuroanatom-
ical studies in vivo. With increased sensitivity from CUT&RUN
compared to ChIP-seq (Skene and Henikoff 2017), we aim to pro-
vide a comprehensive map of MYT1L binding in the mammalian
brain and define long-term consequences ofMYT1L loss onmolec-
ular and cellular levels.

Results

MYT1L loss alters the ratio of deep/upper layer neurons

in mouse cortex

A previous in vitro study has shown that Myt1l knockdown in-
creased the ratio of DL/UL neurons (Heavner et al. 2020). Thus,
we first investigated whether Myt1l constitutive heterozygous
(Het) KOs, which mimic MYT1L Syndrome patients’ gene dose,
can also result in similar phenotypes inmice. First, we re-evaluated
the RNA-seq data set from Myt1l mutant (Het and homozygous
KO) embryonic day 14 cortex (E14 CTX) and Myt1l Het PFC
(Chen et al. 2021). With gene set enrichment analysis (GSEA),
we found there is a significantly increased expression ofDLneuron
signature genes inmutant E14CTXcomparedwithwild-type (WT)
(Fig. 1A). Expression of the UL neuron signature genes is un-
changed (Fig. 1B); however, as UL genes are not yet highly ex-
pressed by E14, this finding may not be conclusive. Therefore,
we also examined adult PFCwhen both neuronal subtypes are pre-
sent. In the adult Het PFC, the expression of DL genes is evenmore
significantly up-regulated (Fig. 1C), and UL genes again show no
significant down-regulation (Fig. 1D), suggesting that the impact
of MYT1L loss on DL gene expression is not a transient effect. As
DL neurons are in an earlier neuronal development trajectory
than UL neurons, up-regulation of DL neuron genes on MYT1L
loss is consistent with the hypothesis that normal MYT1L levels
are needed to facilitate neuronal maturation.

One possible explanation for the adult RNA-seq pattern is
that Hets have more DL neurons than WT controls. Thus, to test
this hypothesis and examine MYT1L’s role in regulating neuronal
localization in vivo, we stained the postnatal day 60 (P60) Het cor-
tex (Fig. 1E,F) with UL and DLmarkers. As expected, we replicated
the finding that Het mice have reduced brain weights compared
with WT littermates (Fig. 1G; Chen et al. 2021). Consistent with
our hypothesis, we found Het cortices have increased DL neuron
density (labeled by BCL11B [also known as CTIP2] counted from
cortical layer V-VI) compared with WT littermates (Fig. 1E,H).
On the other hand, UL neurons (labeled by POU3F2 [also known
as BRN2] counted from cortical layer I-IV) did not show altered
density in Het cortices (Fig. 1F,I). Together, both RNA-seq and im-
munochemistry validation experiments showed MYT1L loss al-
tered the ratio of DL/UL neurons in the mouse cortex.

CUT&RUN identifies MYT1L binding targets in the mouse

embryonic cortex

To understand how MYT1L regulates the DL/UL neuron ratio, as
well as the altered transcriptional profile we previously observed
(Chen et al. 2021), we next investigated MYT1L genomic binding
targets in vivo. MYT1L has peak protein expression between E14
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and P1 in the mouse brain (Chen et al. 2021). In order to map
MYT1L targets in vivo, we optimized CUT&RUN on E14 mouse
cortex because we had the benchmark multiomics data for poten-
tial integration from previous studies (Fig. 2A; Skene and Henikoff
2017; Chen et al. 2021). First, leveraging the Myt1l germline KO
(S710fsX) mouse line (Chen et al. 2021), we validated
CUT&RUN and antibody specificity on Myt1l KO samples. These
S710fsX KO mice do not produce any MYT1L protein and thus
can serve as a gold-standard control (Chen et al. 2021). Indeed,
we identified 560 MYT1L peaks in WT E14 mouse cortex, whereas
no peakwas called in KO samples (Fig. 2B; Supplemental Table S1),
indicating excellent antibody specificity. In addition, in de novo
motif finding, the known MYT1L core binding motif AAGTT
(Jiang et al. 1996; Mall et al. 2017) was significantly enriched in
all 560 peaks (100% of targets, P=1 ×10−11) (Supplemental Fig.
S1A). These results suggest CUT&RUN can be applied to profile
MYT1L binding activities in the mouse cortex with great specific-
ity. Because MYT1L binding profiles have not been well character-
ized in postnatal brains, we next conducted CUT&RUN on the
adult mouse brain. The E14 brain has relatively few MYT1L-ex-
pressing cells (postmitotic neurons) (Chen et al. 2021), thus the
adult brain with its higher neuron proportion may map MYT1L
binding in a more efficient way.

Using adult mouse prefrontal cortex improves CUT&RUN

sensitivity on MYT1L profiling

To better compare with existing multiomics data sets and human
phenotypes, we chose adult mouse PFC as the target region for
MYT1L CUT&RUN. This brain region is associated with attention
deficit and hyperactivity disorder (ADHD) (Yasumura et al. 2019),
which is observed in MYT1L Syndrome human patients, and hy-
peractivity is found in the mouse models. First, we identified
28,798 reproducible MYT1L-bound peaks across three biological
replicates of WT mouse PFC (Fig. 2C; Supplemental Table S1).

The MYT1L core binding motif AAGTT is significantly enriched
via de novo motif finding (76.37% of targets, P=1 ×10−3125)
(Supplemental Fig. S1B). Overall, manymore peaks were identified
from the adult PFC CUT&RUN experiments compared with
E14 cortex, and the majority of the E14 peaks were also recovered
in PFC CUT&RUN (Supplemental Fig. S1C,D), suggesting
CUT&RUN on adult PFC might be more efficient than E14 or
MYT1L might have more binding activities in adults. In addition,
we compared ourMYT1LCUT&RUN targetswithMYT1LChIP-seq
data from both E14 brain and MEFs overexpressing MYT1L,
POU3F2, and ASCL1 (Mall et al. 2017). We did not see significant
overlap between MYT1L CUT&RUN and either of the ChIP-seq
data sets (Supplemental Fig. S2A–H). However, for the targets
that overlap between PFC CUT&RUN and E14 mouse brain
ChIP-seq, they tend to have higher peak enrichment scores com-
pared to non-overlapped targets (Supplemental Fig. S2I,J), and
their peak enrichment scores also have subtle but significant pos-
itive correlation (Supplemental Fig. S2K). Therefore, both
CUT&RUN and ChIP-seq can identify some common strong
MYT1L binding activities in the genome. However, targets that
overlap between PFC CUT&RUN and MEF ChIP-seq only showed
significantly higher peak enrichment in the CUT&RUN data but
not in ChIP-seq (Supplemental Fig. S2L,M), and they failed to
show any correlation between two techniques (Supplemental
Fig. S2N). Considering themouse PFC ismore related to E14mouse
brains than to MEFs, these results suggest MYT1L binding might
be context dependent with different binding in different cell types
and developmental time points. Thus, MYT1L likely does not
serve as a pioneer factor that opens the chromatin of its targets
in any cellular context. Meanwhile, both MYT1L CUT&RUN and
ChIP-seq on the embryonic mouse brain identified a limited num-
ber of MYT1L targets, making it challenging to perform a well-
powered comparison. A more sensitive and efficient profiling
method is needed for detecting MYT1L binding during early brain
development. Because data from PFC have more peaks and better
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Figure 1. MYT1L controls cortical neuron layer specification. (A) GSEA showed an up-regulation of DL genes in Myt1l mutant E14 CTX. (B) UL genes
showed no significant change inMyt1lmutant E14 CTX. (C) GSEA showed an up-regulation of DL genes inMyt1l Het P60 PFC. (D) UL genes showed subtle
but not significant down-regulation inMyt1l Het P60 PFC. (E) Representative images of DL neuronal marker BCL11B staining on the P60 mouse cortex. (F )
Representative images of UL neuronal marker POU3F2 staining on the P60mouse cortex. (G)Myt1lHet mice had reduced brain weights compared toWTs.
(H)Myt1lHetmice had increased BCL11B+ neuron density in cortex. (I) POU3F2+ neuron density remains the same betweenHets andWTs. (∗) P<0.05, (∗∗)
P<0.01. Data were represented as Mean± SEM. Scale bar, 100 µM.
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MYT1L motif enrichment significance compared to E14
CUT&RUN, we focused on the 28,798 MYT1L binding targets
as well as epigenetic profiles identified from adult PFC

CUT&RUN for the downstream analysis to understand MYT1L’s
functions in the adult brain and the long-term consequences of
MYT1L loss.
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Figure 2. CUT&RUN identifies MYT1L-specific binding targets in E14 mouse cortex and adult mouse PFC. (A) Workflow of CUT&RUN experiments on
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MYT1L co-occupies its binding sites with different transcription

factors at promoter and enhancer regions

Previous ChIP-seq experiments have shown that MYT1L mainly
binds to the promoter regions when overexpressed during repro-
gramming of MEFs (Mall et al. 2017). To test if this is also true in
vivo, we annotatedMYT1L targets from adultmouse PFC. Analysis
of MYT1L colocalization at these regions showed that MYT1L
tends to bind open chromatin regions (95.3%, 27,450/28,798)
with enhancers being themost common category when compared
to all open chromatin regions (Fig. 2D–F; Supplemental Table
S2). Meanwhile, we used nuclei from the same animals to perform
CUT&RUNon several histonemodifications, includingH3K4me3,
H3K4me1, and H3K27ac (Fig. 2A). Leveraging these histone mod-
ification profiles, we further categorized enhancers (Supplemental
Table S3) into poised (H3K4me1+/H327ac−) and active
(H3K4me1+/H3K27ac+) enhancers as previously described (Fig.
2C,F; Creyghton et al. 2010). To understand sequence preferences
of MYT1L at promoters, poised enhancers, and active enhancers,

we performed motif analysis using monaLisa to compare de
novo binding motifs and predicted TF co-occupancies between
the three (Machlab et al. 2022). To control baseline abundance
of certain TFmotifs at promoters or enhancers, we used all promot-
ers, poised enhancers, and active enhancers detected in the PFC as
the motif analysis background for the corresponding genomic re-
gions bound by MYT1L (e.g., MYT1L+ promoters over all promot-
ers). We found motifs for TFs that behave as transcriptional
activators (e.g., SP1 and ELK1) to be enriched in MYT1L-bound
promoters, whereas neurogenic TF (e.g., MEF2A and NEUROD1)
and activity-dependent TF (e.g., JUNB) motifs were specifically en-
riched in MYT1L-bound enhancers (Fig. 3A), even when control-
ling for the differential baseline frequency of these TF motifs at
promoters, poised enhancers, and active enhancers, respectively.
Furthermore, differential motif usage is not driven by the MYT1L
core bindingmotif AAGTT because bothMYT1L-bound promoters
and enhancers are significantly enriched for AAGTT (Fig. 3B).

In order to investigate if thesemotif abundances reflect actual
TF co-occupancy, we compared MYT1L CUT&RUN targets with
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Figure 3. MYT1L co-occupies with different sets of TFs at promoter and enhancer regions. (A) monaLisa motif analysis revealed that MYT1L co-occupies
with transcriptional activators such as ELK1 at promoter regions, whereas it co-occupies with neurogenic TFs such as MEF2A at enhancer regions. (B) Both
MYT1L-bound promoters and enhancers were significantly enriched for MYT1L core binding motif, AAGTT. (C) Overlapping between MYT1L CUT&RUN
targets and TFs ChIP-seq peaks showed that more MYT1L promoter targets were also bound by transcriptional activators like SP1 and (D) ELK1 than en-
hancer targets, whereas more enhancer targets were bound by (E) the neurogenic TF MEF2A and (F) activity-dependent protein JUNB. (G) NEUROD1 and
(H) NEUROD2 had stronger presence at MYT1L promoter targets than enhancer targets.
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published TF ChIP-seq data. As expected, compared to MYT1L-un-
bound regions (MYT1L−), ChIP-seq peaks of candidate TFs, includ-
ing SP1, ELK1, MEF2A, JUNB, NEUROD1, and NEUROD2, are
significantly enriched in MYT1L-bound (MYT1L+) genomic
regions (Supplemental Fig. S3A–G), suggesting these TFs are fre-
quently found at MYT1L-bound peaks. Next, we compared TF
ChIP-seq enrichment between the MYT1L+ promoters and the
MYT1L+ enhancers because the motif presence does not necessar-
ilymean actual TF binding. Echoing themotif analysis,MYT1Lhas
significantly higher co-occupancy with SP1 and ELK1 in promoter
regions than in enhancer regions (Fig. 3C,D; Supplemental Fig.
S3G). Likewise, MEF2A and JUNB prefer bindingMYT1L enhancer
targets over promoter targets (Fig. 3E,F; Supplemental Fig. S3G).
However, in contrast to themotif analysis, a much higher percent-
age of bHLH TFs NEUROD1 and NEUROD2 ChIP-seq peaks are at
MYT1L-bound promoter targets than at MYT1L-bound enhancers
(Fig. 3G,H; Supplemental Fig. S3G), suggesting relative motif en-
richment will not always predict the corresponding TF binding,
or that a different protein which shares similar binding motif
might be binding this sequence at enhancers. Meanwhile,
MYT1L does not appear to block the binding of NEUROD1 and
NEUROD2 at enhancers because no obvious depletion of TF bind-
ing in MYT1L+ enhancers was observed (Supplemental Fig. S3E,F).
Overall, such differential TF co-occupancy suggests MYT1L might
play different roles at promoters and enhancers by cooperating
with different cofactors.

MYT1L directly binds to promoters of genes involved in earlier

neuronal development

To understand molecular functions of MYT1L binding, we first fo-
cused onMYT1L-bound promoters because they can be directly as-
sociated with nearby genes, thus allowing functional inferences of
downstream consequences. Chromatin accessibility is closely cor-
related with gene expression, in which open chromatin indicates
active gene expression, whereas closed chromatin indicates gene
repression. Therefore, we compared MYT1L binding data with As-
say of Transposase Accessible Chromatin sequencing (ATAC-seq)
on P60 mouse PFC (Het vs. WT) (Chen et al. 2021) to see whether
MYT1L binding changes chromatin structure at promoters. We
found that MYT1L haploinsufficiency indeed reduces overall
MYT1L binding activity, but does not affect chromatin accessibil-
ity at promoter targets (Fig. 4A,B; Supplemental Fig. S4A,B). His-
tone modifications are also closely correlated with gene
expression, with H3K4me3 and H3K27ac thought to be marks of
active gene expression (Heintzman et al. 2009; Black et al. 2012).
Thus, we investigated how the histone landscape changes at pro-
moter regions on MYT1L loss. We found there were more
H3K4me3 and H3K27ac modifications in Het PFC at MYT1L pro-
moter targets compared with WT (Fig. 4C,D; Supplemental Fig.
S4C,D), indicating MYT1L’s role is normally to suppress gene ex-
pression by facilitating the removal of these marks. Previous in vi-
tro studies have shownMYT1L canbind to SIN3B, a transcriptional
repressor that recruits histone deacetylase (HDAC1/2) and deme-
thylase (KDM5A) (Naruse et al. 1999; Romm et al. 2005; Hayakawa
et al. 2007; Nishibuchi et al. 2014; Bainor et al. 2018). To explore
potential mechanisms underlying MYT1L modifying chromatin
landscapes, we screened several MYT1L cofactor candidates using
coimmunoprecipitation (Co-IP) according to previous studies
(Romm et al. 2005; Mall et al. 2017) and motif analysis. We found
MYT1L interacts with SIN3B as well as HDAC2 in the mouse cor-
tex, whereas no direct interaction between MYT1L and HDAC1,

HDAC3, HDAC4, or MEF2A was observed (Fig. 4E). These results
suggest that although MYT1L has minimal effects on chromatin
accessibility at its bound promoters, it can facilitate the removal
of active histone marks at promoters, potentially via interacting
with the SIN3B repressor complex.

We next sought to determine the impact of these epigenetic
changes at promoters on gene expression. By looking at adult
Het PFC RNA-seq fold changes of genes whose promoters are
bound by MYT1L, we saw a subtle but significant up-regulated
expression of thoseMYT1L promoter targets in Het (Fig. 4F), echo-
ing MYT1L’s role as a transcriptional repressor in reprogramming
neurons (Mall et al. 2017). Then, we specifically looked at differen-
tially expressed genes (DEGs). Among 309 down-regulated genes
(dDEGs) and 223 up-regulated genes (uDEGs) in MYT1L Het
PFC, we saw an unbiased distribution of MYT1L promoter targets,
with 106 dDEGs’ and 85 uDEGs’ promoters bound byMYT1L (Fig.
4G). Meanwhile, there was no significant overlap betweenMYT1L
promoter targets and dDEGs or uDEGs, indicating the majority of
transcriptomic changes were caused by indirect effects of MYT1L
loss (Fig. 4G). Gene Ontology (GO) analysis on these overlapped
genes revealed that MYT1L promoter targets up-regulated in Hets
are significantly enriched in chromatin modification (e.g.,
Hdac4, Supplemental Fig. S4E) and neuron projection develop-
ment (e.g., Lingo1 and Cit) pathways (Fig. 4H). Notably, promoters
of several key regulators of neuronal migration (e.g., Ctnnd2,
Supplemental Fig. S4F) and deep cortical layer identity genes are
directly bound by MYT1L, and the corresponding genes were up-
regulated in Het PFC, including Bcl11b, a master regulator of DL
neuronal fate (Fig. 4I; Arlotta et al. 2005). However,mature neuron
functional pathways, like synaptic transmission and ion transport,
which were down-regulated in Het PFC (Chen et al. 2021), are not
enriched in MYT1L promoter targets (Supplemental Table S4), in-
dicating their dysregulation is likely an indirect effect of MYT1L
loss. Together, these findings suggest that MYT1L directly sup-
presses earlier neuronal development programs like neuronal mi-
gration and projection by altering corresponding promoters’
epigenetics in the adult mouse PFC. In addition, MYT1L loss in-
creases H3K4me3 and H3K27ac at the promoter of DL marker
gene, Bcl11b, and up-regulates its expression, providing a molecu-
lar mechanism underlying the increased DL neuron numbers.

MYT1L represses enhancers that control earlier neuronal

development programs

Previous studies have shown enhancers are crucial for controlling
neurodevelopmental programs as well as neuronal functions
(Malik et al. 2014; Lu et al. 2020). Given enhancers have spatio-
temporal activities throughout development (Carullo and Day
2019), and most MYT1L targets identified in PFC are enhancers,
we investigated how MYT1L binding influences enhancer epige-
netics. After categorizing enhancers into active and poised
stages by H3K27ac enrichment (Fig. 3C), we found MYT1L prefer-
entially binds to activated enhancers compared to poised enhanc-
ers in the adult mouse PFC (Fig. 3E), and that the Het PFC has
reduced MYT1L binding at both active and poised enhancers
(Supplemental Fig. S5A). Next, we explored how MYT1L-bound
enhancers are developmentally regulated. By integrating the his-
tone CUT&RUN data from E14 CTX, we defined all active and
poised enhancers, regardless of MYT1L binding, in E14 CTX and
compared thosewith all adult PFC enhancers. Out of 13,050 active
enhancers bound by MYT1L in adult PFC, 80% (10,443/13,050)
are adult-specific active enhancers (PFC-specific), and only 20%
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are characterized as active enhancers at both developmental time
points (E14 CTX/PFC Overlapped, Fig. 5A,B). Furthermore,
24.8% (2593/10,443) of those adult-specific active enhancers
bound by MYT1L were poised in E14 CTX (Supplemental Table
S2), suggesting MYT1L might also guide the activation of a small
subset of poised enhancers during development. On the other
hand, out of 3077MYT1L targets annotated as E14 CTX active en-
hancers, only 21.3% (656/3077) of themwere E14CTX-specific ac-
tive enhancers (Supplemental Table S2). This suggests thatMYT1L
occupancy at active enhancers is more prevalent in the adult stage,
consistent with its major expression pattern in postmitotic neu-
rons (Chen et al. 2021).

Next, we examined chromatin structure and histone land-
scape alterations atMYT1L-bound enhancers in Het PFC to under-
stand how MYT1L regulates enhancer activity. Unlike MYT1L-
bound promoters which showed no ATAC differences, MYT1L-
bound active enhancers showed increased chromatin accessibility
in Hets, compared toWTs (Fig. 5C; Supplemental Fig. S5B), where-
as MYT1L-bound poised enhancers have no change (Fig. 5C;
Supplemental Fig. S5B). When looking only at differential accessi-
ble regions (DARs, defined in Chen et al. [2021]) annotated as
active enhancers, up-regulated DARs (DARs with increased chro-
matin accessibility in Hets) have a higher percentage in MYT1L-

bound active enhancers than in MYT1L-active enhancers
(Supplemental Fig. S5C). DARs annotated as poised enhancers
showed the same pattern (Supplemental Fig. S5D). This shows
that, at least on the chromatin accessibility level, MYT1L tends
to close the chromatin of its bound enhancers, and many DARs
are direct effects. To better understand the enhancer activities,
we looked into active histone marks, including H3K4me1 and
H3K27ac. MYT1L-bound active enhancers have increased
H3K4me1 levels in Hets compared toWTs, whereasMYT1L-bound
poised enhancers showed unchanged H3K4me1 (Fig. 5D;
Supplemental Fig. S5E). Notably, both MYT1L-bound active and
poised enhancers displayed increased enrichment of H3K27ac, a
histone modification marking enhancer activation in Het PFC
(Fig. 5E; Supplemental Fig. S5F), suggesting MYT1L loss can acti-
vate both its bound poised and active enhancers. Together, these
results indicate that MYT1L normally facilitates repression of its
bound enhancers, and MYT1L loss leads to aberrant enhancer
opening and activation.

Enhancers are important cis-regulatory elements for gene ex-
pression. Therefore, we again leveraged our RNA-seq data sets to
understand howMYT1L together with enhancers control gene ex-
pression and to define the transcriptional consequences ofMYT1L
loss at enhancers. To find enhancer–gene pairs (“enhancer
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targets,” Supplemental Table S5), we used EnhancerAtlas 2.0, a
consensus enhancer prediction database based on multiple high-
throughput data sets, including histone modifications, ATAC-
seq, ChIA-seq, etc. (Gao and Qian 2020). We focused only on ac-
tive enhancers because they are MYT1L’s major targets, and we
identified a total of 1806 active enhancer targets. Although
MYT1L E14 CTX/PFC overlapped enhancer targets showed no sig-
nificant expression change, MYT1L PFC-specific active enhancer
targets had a subtly increased expression compared to all other
genes that are not regulated by MYT1L, consistent with their in-
creased active histone marks (Fig. 5F). When overlapping with
DEGs, there are fewDEGs associatedwithMYT1L-bound active en-
hancers (Fig. 5G). We further looked into functions of those DEGs
whose enhancers are bound byMYT1L.We found down-regulated
MYT1L active enhancer targets in Hets tend to be associated with
synaptic transmission (e.g., Ndfip1, Kctd13, and Mpnd), whereas
up-regulated MYT1L active enhancer targets are likely associated
with earlier neuronal development (e.g., Runx1t1, Pbx1, and
Cobll1, Fig. 5H,I). These results indicate that the neuronal immatu-
rity seen in the adult Het PFC (Chen et al. 2021) might also be
directly associated with disrupted activities of MYT1L-bound ac-
tive enhancers.

However, with a limited number of overlaps between MYT1L
active enhancer targets andDEGs, we could not use GO analysis to
have a broader view of MYT1L-bound enhancers’ functions.
Therefore, we performed GO analysis on all MYT1L active en-
hancer targets regardless of corresponding gene expression. GO
analysis on MYT1L E14 CTX/PFC overlapped active enhancer tar-
gets displayed enrichment of cytoskeleton pathways and respons-
es to nutrients (Fig. 5J). This is consistent with cytoskeleton and
nutrient intake related biological processes being constantly re-
quired from early development to adulthood. Meanwhile, PFC-
specific active enhancer targets showed significant enrichment
of neuronal migration and projection pathways (e.g., Dcx, Fig.
5K,L), indicating the activation of earlier neuronal development
programs in Het PFC seen at promoters can also be further exacer-
bated by dysregulation of MYT1L-bound active enhancers.

MYT1L loss alters histone modification landscapes at specific

target loci

The above sections revealed that MYT1L might play an important
role in shaping histone modification landscapes in the adult
mouse PFC. To further pinpoint specific loci influenced by
MYT1L binding and histone changes, we performed differential
enrichment analysis on H3K4me3, H3K4me1, and H3K27ac, and
identified genomic regions displaying differential enrichment for
these histone marks. We first looked at H3K4me3, the active his-
tone mark for promoters. We identified 1110 differentially en-
riched H3K4me3 peaks (diff-H3K4me3 peaks) in Het PFC, and
41.0% of them (455/1110) are bound by MYT1L (MYT1L+)
(Supplemental Fig. S6A,B). Notably, compared to non-MYT1L
(MYT1L−) diff-H3K4me3 peaks, MYT1L-bound diff-H3K4me3
peaks have a higher percentage of up-regulated peaks than
down-regulatedpeaks (Supplemental Fig. S6B), suggesting a prima-
ry repressive role ofMYT1L onH3K4me3. GO analysis on genes as-
sociated with MYT1L-bound diff-H3K4me3 peaks revealed a
potential down-regulation of neurotransmitter secretion and cell
cycle pathways and an up-regulation of earlier neuronal develop-
ment pathways (Supplemental Fig. S6C,D), echoing published
RNA-seq findings (Chen et al. 2021). In addition, no ATAC-seq sig-
nal change was found in MYT1L-bound diff-H3K4me3 regions in

Het PFC, again indicatingMYT1L loss likely does not drastically af-
fect chromatin accessibility at its bound promoters (Supplemental
Fig. S6E,F). After mapping to DEGs, we found the cell proliferation
gene, Fbxo2, shows down-regulation in both H3K4me3 enrich-
ment and RNA-seq, whereas earlier neuronal development genes
(e.g., Dlx2) show up-regulation in both data sets (Supplemental
Fig. S6G,H). These results suggest MYT1Lmainly functions as a re-
pressor on H3K4me3 to regulate earlier neuronal development
programs.

Next, we performed the same analysis on H3K4me1, the his-
tone modification that marks enhancers. Similarly, among 5611
differentially enriched H3K4me1 (diff-H3K4me1) peaks in Het
PFC (Supplemental Fig. S7A), MYT1L-bound diff-H3K4me1 peaks
have a higher percentage of up-regulated peaks in Hets compared
to MYT1L− diff-H3K4me1 peaks (Supplemental Fig. S7B).
However, GO analysis only resulted in generic biological process
pathways associated with MYT1L-bound diff-H3K4me1 peaks
(Supplemental Fig. S7C,D), and ATAC-seq signals remain un-
changed in these regions (Supplemental Fig. S7E,F). When inte-
grating with DEGs, there are several cytoskeleton genes (e.g.,
Plekho1) that showed significant changes in both H3K4me1 en-
richment and gene expression (Supplemental Fig. S7G,H). This
suggests that MYT1L also tends to primarily act like a repressor
onH3K4me1, but the downstream consequences are inconclusive.
Therefore, we next sought to investigate enhancer activities in a
more sensitive way by assessing differential enrichment of
H3K27ac, a histone modification that marks active enhancers.
We defined 3487 differentially enriched H3K27ac (diff-H3K27ac)
peaks with 30.6% (1066/3487) bound by MYT1L (Fig. 6A,B).
Again, the majority of MYT1L-bound diff-H3K27ac peaks are up-
regulated in Het PFC (Fig. 6B), emphasizingMYT1L’s repressive ef-
fects on H3K27ac reported in previous metagene analysis.
Meanwhile, both down- and up-regulated MYT1L-bound diff-
H3K27ac peaks are associated with neuronal differentiation and
ion homeostasis pathways (Fig. 6C,D), and there were no ATAC-
seq signal differences between WT and Het (Fig. 6E,F). Although
no MYT1L-bound down-regulated DEGs were found to have sig-
nificantly less H3K27ac enrichment, we identified multiple
MYT1L-bound up-regulated DEGs displaying more enriched
H3K27ac in Het PFC. These genes are associated with cytoskeleton
patterning (e.g., Plekho1) and earlier neuronal development pro-
grams (e.g., Pbx1 and Cobll1) (Fig. 6G). It was unsurprising to see
anup-regulation of cytoskeletal programs alongwith elevated neu-
ronal projection programs because the cytoskeleton is indispens-
able for neuronal projection development (Kawauchi and
Hoshino 2008; Heng et al. 2010). These results again suggest
MYT1L normally can suppress earlier neuronal development pro-
grams via decreasing H3K27ac. By leveraging differential enrich-
ment analysis on histone modifications, we further defined that
MYT1L more often functions as a repressor on H3K4me3,
H3K4me1, and H3K27ac. Furthermore, we showed histone land-
scape changes might be directly implicated in the aberrant activa-
tion of earlier neuronal programs upon MYT1L loss in the adult
mouse brain.

Discussion

Here, we used a Myt1l germline KO mouse model to investigate
MYT1L’s role in neuronal maturation and the underlying molecu-
larmechanisms.We first found thatMYT1L loss increases the ratio
of DL to UL neurons in the adult mouse cortex, consistent with
the increase in expression of known DL genes observed in bulk
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RNA-seq. To understand how MYT1L might mediate this shift in
neuronal proportion, and to understand the consequences of
MYT1L loss on both gene expression and epigenome marks, we
mapped high confidenceMYT1L binding targets as well as histone
landscapes using CUT&RUN on mouse brain samples. Integrating
CUT&RUN data with existing ATAC-seq and RNA-seq data sets, we
identified that MYT1L directly binds to a master regulator of DL
fate,Bcl11b (Arlotta et al. 2005), and this genewas up-regulated fol-
lowingMYT1L loss in Het animals.With integrative investigations
on MYT1L binding, chromatin accessibility, histone modifica-
tions, and gene expression, we also defined a novel role for
MYT1L in the adult mouse brain in suppressing earlier neuronal
development programs by closing chromatin structures and eras-
ing active histone markers at binding sites, potentially via interac-

tions with SIN3B and HDAC2. Our findings unravel MYT1L’s role
in repressing earlier neuronal development programs in the adult
mouse brain and provide insights into long-term consequences of
MYT1L loss during normal brain development.

MYT1L has been shown to repress non-neuronal genes to
facilitate neuronal differentiation in MEF reprogramming.
Integrating MYT1L CUT&RUN and multiomics data, we defined
a novel role for MYT1L in repressing earlier neuronal development
programs in the adult mouse cortex. We proposed that MYT1L
normally binds to both promoter and enhancer regions in postmi-
totic neurons, recruits the SIN3B repressor complex containing
HDAC2, and erases active histone marks to suppress earlier neuro-
nal development genes (Fig. 7). Shutting down earlier neuronal
programs may ensure postmitotic neurons maintain mature
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neuronal identity. Indeed, MYT1L Het PFC showed aberrant acti-
vation of promoters, enhancers, and thus gene expression associ-
ated with earlier neuronal development (Figs. 4–6; Supplemental
Figs. S4–S7), suggesting neurons are trapped in an immature stage.
This epigenetic alterationmay explain the disrupted transcription-
al, morphological, and electrophysiological properties previously
observed (Chen et al. 2021).

In this study, CUT&RUN served as a powerful tool to profile
MYT1L binding in vivo. Although promoters remain frequent tar-
gets of MYT1L, we found 56% of MYT1L targets are enhancers,
which is a much higher percentage than in previously published
ChIP-seq data (Mall et al. 2017). CUT&RUN is thought to have
higher sensitivity and yield lower background signals compared
with traditional ChIP-seq (Skene andHenikoff 2017). Thismay ex-
plain the larger number of MYT1L-bound enhancers detected here
than prior ChIP-seq. In addition, theMYT1L KO samples provided
key controls for optimizing the protocol and were not available at
the time of the ChIP-seq experiments. MYT1L peaks identified by
CUT&RUN were not present in KOs, suggesting CUT&RUN with
this antibody was very specific for MYT1L (Fig. 2C). Consistent
with this, the MYT1L core binding motif AAGTT has greater pres-

ence in peaks from CUT&RUN than ChIP-seq (76.4% vs. 32.1%).
Meanwhile, CUT&RUN also exhibited different sensitivity be-
tween embryonic cortex and adult PFC, with many more MYT1L
peaks called and more significant AAGTT motif enrichment from
PFC (Supplemental Fig. S2D,E). Although most of the E14 peaks
from both peak calling methods can be recovered in PFC experi-
ments (Supplemental Fig. S2C,E), it is hard to tell if the unique
peaks from two developmental time points are derived fromdiffer-
ential bindings of MYT1L at the different ages, or rather a
CUT&RUN sensitivity difference. CUT&RUN on more homoge-
nous cell populations or single-cell TF-DNA interaction profiling
assays (Cammack et al. 2020; Moudgil et al. 2020) will be needed
to differentiate these two possibilities in the future. Likewise,
how MYT1L influences histones and chromatin accessibility at
its bound sites in E14 cortex requires further investigation.

MYT1L is a proneuronal TF that has been shown to regulate
neuronal differentiation in many in vitro studies (Vierbuchen
et al. 2010; Mall et al. 2017; Heavner et al. 2020). Here, utilizing
Myt1l germline KO mice, we explored long-term consequences of
MYT1L loss on neuronal molecular maturation in vivo. We found
MYT1L levels influence neurons’ layer specific identity in the adult
brain, whereas MYT1L mutation leads to increased DL neuron
numbers and an up-regulation of the corresponding genes. This
is consistent with the phenotype from aMyt1l shRNA knockdown
study on primary cortical neuron cultures (Heavner et al. 2020).
AnotherMyt1l shRNA knockdown experiment by in utero electro-
poration also showed that neurons withMYT1L loss fail tomigrate
into upper cortical layers during mouse embryonic development
(Mall et al. 2017), which might eventually result in increased DL
neuron numbers in the adult brain. CUT&RUN experiments re-
vealed that MYT1L directly binds to genomic regions associated
with earlier neuronal development, including neuronal migration
and projection development, as well as the DL gene Bcl11b. Com-
bining RNA-seq and ATAC-seq data sets, we proposed a role for
MYT1L in providing proper suppression of these earlier neuronal
development programs (ENDPs). We believe this can explain
how MYT1L loss can simultaneously lead to precocious neuronal
differentiation in embryos (and thus later microcephaly), yet pro-
longed neuronal immaturity in adults. Specifically, in embryos,
MYT1L could normally help prevent premature expression of
ENDPs. Thus, inmutant embryos, there is a bias in the progenitors
tomove too quickly fromproliferation into earlier neuronal differ-
entiation (Chen et al. 2021). Yet, once the animals pass the age at
which these ENDPs are needed at a high level, they are also unable
to recruit sufficient SIN3B and downstream HDACs to deacetylate
many of these promoters and enhancers, and thus turn down the
ENDPs to allow the neurons to complete theirmaturation. It is also
possible that in addition to any effects of BCL11B on DL number
directly, increased DL neuronal gene expression pattern might
represent another aspect of the precocious differentiation and im-
maturity because DL neurons belong to an earlier neurodevelop-
mental trajectory than UL neurons in the cortex, which forms in
an inside-out pattern during development (Shepherd and Rowe
2017).

Despite consensus findings on MYT1L’s role in facilitating
neuronal differentiation both in vitro and now in vivo, how
MYT1L does so remains poorly understood. Unlike the repressive
effects ofMYT1L overexpression on non-neuronal genes described
in the transdifferentiation system (Mall et al. 2017), we saw no ob-
vious activation of non-neuronal genes onMYT1L loss (Chen et al.
2021). Likewise, we observed no obvious MYT1L binding at pro-
moters of non-neural genes (e.g., liver, fibroblasts) in the

Figure 7. Themodel forMYT1L repressing earlier neuronal development
programs to facilitate neuronal maturation.
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CUT&RUN in vivo, in contrast to the ChIP-seq data in transdiffer-
entiating cells (Mall et al. 2017). In addition, when overlapping
MYT1L CUT&RUN targets with ChIP-seq targets from MEFs over-
expressing MYT1L, we saw minimal shared hits between the two.
Identical effects on different targets between in vitro and in vivo
systems indicate MYT1L’s repressive functions are context depen-
dent, and ectopic expression ofMYT1Lmight change its functions
from those under physiological conditions. Likewise,MYT1L adult
PFC CUT&RUN targets do not perfectly overlap with E14 CTX
CUT&RUNorChIP-seq targets butwith shared strong hits (Supple-
mental Figs. S1, S2), suggesting an age-dependent binding activity
of MYT1L.

In addition to functioning as a transcriptional repressor, evi-
dence has been accumulated to suggest MYT1L can also activate
transcription. We found MYT1L loss decreases its bound promot-
ers’ accessibility via ATAC-seq when defining targeting using the
older ChIP-seq in vitro data (Mall et al. 2017; Chen et al. 2021),
consistent with loss of an activator. However, when conducting
the ATAC-seq integration with the CUT&RUN defined MYT1L
peaks, the data were more consistent with loss of a repressor (Fig.
5D). Yet, whereas on average the DARs andDEGs atMYT1L-bound
genes tended to indicate it acts more often a repressor inWT brain,
many individual loci showed a response in mutants more consis-
tent with a loss of an activator (Figs. 4F–G, 5F–H; Supplemental
Figs. S6G, S7G). Indeed, the N-terminus of MYT1L alone is suffi-
cient to activate transcription in the luciferase reporter assay in vi-
tro (Manukyan et al. 2018). We found those down-regulated loci
are closely associated with mature neuronal functions, like ion
channels and synaptic transmission (Fig. 5H; Supplemental Fig.
S6C), suggestingMYT1L can also directly activatemature neuronal
function genes. To explain these two faces of MYT1L, a “ready-set-
go” model has been proposed, in which MYT1L cooperates with
different cofactors to control neuronal gene transcription (Chen
et al. 2022). Our study identified several cofactor candidates for
MYT1L in vivo, including both transcriptional activators (SP1
and ELK1) and repressors (SIN3B), providing important hints for
developing future models of howMYT1L tunes neuronal gene ex-
pression at different gene classes. High-throughput techniques, in-
cluding massive parallel reporter assays (MPRA) (Mulvey et al.
2021), can be leveraged in the future to further examine the motif
and cofactor requirements at MYT1L targets for repression and ac-
tivation, respectively.

We also noticed that not all targets bound by MYT1L re-
sponded with a uniform magnitude to Myt1l heterozygosity,
which may shed some light on the phenotype in Myt1l Het mice
and haploinsufficient patients. Determining why certain
MYT1L-bound genes are specifically sensitive to MYT1L levels is
another important future direction. We noted that neurite out-
growth genes, which are often disrupted on MYT1L loss (Figs.
5H, 6C), may be more dependent on neural activity-dependent
gene expression than other processes. Given MYT1L is often
cobinding with activity-dependent genes like FOS and JUN at en-
hancers, itmay be thatMYT1L is needed to turn off activity-depen-
dent signals after their activation. If so, this would fit with an
earlier theory suggesting intellectual disability (ID) and autism
spectrum conditions (ASCs) may be a general consequence of mis-
timed activity-dependent gene expression (Ebert and Greenberg
2013), though this would require further manipulations to assess
in MYT1L Syndrome models.

Collectively, we mapped MYT1L binding targets via
CUT&RUN and defined a function in suppressing ENDPs in the
adult mouse brain. In addition, the data here should provide a

foundation to study how cobinding partners and/or neural activi-
ty might influence the function of MYT1L in gene expression and
histone modification. Such detailed investigations on MYT1L
functions both in theWT and theMYT1L Syndromemousemodel
could advance our understanding of the complicated progression
of neuronal development in both physiological and pathological
conditions.

Methods

Animal models

All procedures using mice were approved by the Institutional Care
andUseCommittee atWashingtonUniversity School ofMedicine.
All mice used in this study were bred and maintained in the vivar-
ium atWashingtonUniversity in St. Louis in individually ventilat-
ed (36.2 ×17.1 ×13 cm) or static (28.5 ×17.5 ×12 cm; postweaning
behavior only) translucent plastic cages with corncob bedding and
ad libitum access to standard laboratory diet and water. Animals
were kept at 12/12 h light/dark cycle, and room temperature
(20°C–22°C) and relative humidity (50%) were controlled auto-
matically. For all experiments, adequate measures were taken to
minimize any pain or discomfort. Breeding pairs for experimental
cohorts comprised Myt1l Hets and WT C57BL/6J mice (JAX Stock
No. 000664) to generate male and femaleMyt1lHet andWT litter-
mates. For embryonic CUT&RUN, Myt1l Het × Het breeding pairs
were used to generate Myt1l WT and homozygous mutant litter-
mates. Animals were weaned at P21, and group-housed by sex
and genotype, until tissue harvest at P60 of age. Biological repli-
cates for all experiments were sex and genotype balanced.

Gene set enrichment analysis (GSEA)

GSEAwas performed as described before (Subramanian et al. 2005)
using GSEA v4.2.3 (https://www.gsea-msigdb.org/gsea/index.jsp).
Deep layer neuron and upper layer neuron gene lists were obtained
from Heavner et al. (2020). RNA-seq data sets on Myt1l germline
KO mice were obtained from Chen et al. (2021). All analysis
was performed with “gene_set” as permutation type and 1000 per-
mutations. Significant enrichment was determined by FDR<0.05
cutoff.

Histopathology

Mice (5WTs and 5 Hets for POU3F2 staining, 7WTs and 6 Hets for
BCL11B staining, sex balanced, at the age of P60)were deeply anes-
thetized and transcardially perfused with 4% paraformaldehyde in
PBS.Whole brains were weighed and serially sectioned in the coro-
nal plane at 75 μm using a vibratome and immunolabeled for ei-
ther BCL11B (a marker for cortical layers V/VI) or POU3F2 (a
marker for cortical layers II-IV). For each antibody, a set consisting
of every eighth section was isolated and slide mounted. After dry-
ing overnight, antigen retrieval was performed by immersing in
citrate buffer (pH 6.0) and pressure cooking for 10 min. The slides
were then quenched in 3% hydrogen peroxide in absolute metha-
nol for 10min, immersed for 1 h in a blocking solution (2%bovine
serum albumin, 0.2% drymilk, 0.8% Triton X-100 in PBS), and in-
cubated overnight with a 1:500 dilution of either BCL11B (Abcam
ab18465) or POU3F2 (Santa Cruz sc-393324). The next morning,
BCL11B or POU3F2 incubated sectionswere reactedwith appropri-
ate biotinylated secondary antibody for 1 h (Sigma-Aldrich B7139;
1:200 or Vector Labs BA-9200; 1:200, respectively). The sections
were then reacted with an avidin-biotin conjugate (ABC kit) for 1
h and visualized using the chromogen VIP (Vectastatin Elite ABC
kit and Vector VIP kits; Vector Labs).
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Stereology

After immunolabeling, BCL11B or POU3F2 positive neurons were
stereologically quantified using Stereoinvestigator Software
(v 2019.1.3, MBF Bioscience) running on a Dell Precision Tower
5810 computer connected to a QImaging 2000R camera and a
Labophot-2 Nikon microscope with electronically driven motor-
ized stage. A rater, blind to treatment, stereologically quantified
the number of positively stained cells using the unbiased optical
fractionator method. To restrict counting to cortical regions with
six layers, cell countswere performed on sectionswhere the corpus
callosum was visible and only in the neocortex (this excludes the
allocortex, piriform, entorhinal, and retrosplenial cortices).
Because each antibody labels specific cortical layers, volumes
were calculated for only layers V-VI for BCL11B and I-IV for
POU3F2 (POU3F2 did label cells in layers V-VI but these were
not counted). Finally, a densitywas calculated by dividing the total
number of positive cells by total volume for each antibody.
Because maternal care, litter size, and other factors can cause litter
effects, datawere normalized by dividing each value by the average
of the WT animals within each litter.

CUT&RUN on embryonic and adult prefrontal cortex

CUT&RUN was performed on the embryonic and adult prefrontal
cortex as previously described (Skene and Henikoff 2017; Brodie-
Kommit et al. 2021). Three biological replicates were included
for each age and genotype. Briefly, E14 mouse embryonic cortex
or P60 mouse prefrontal cortex were dissected out, and nuclei
were isolated using Nuclei EZ Prep Buffer (Sigma-Aldrich
4432370) and counted on cell cytometer. 300k nuclei were bound
to the Concanavalin A-coated beads for each CUT&RUN reaction.
Then, each aliquot of bead/nuclei were incubated with a primary
antibody, including Rb-MYT1L (0.5 µg, Millipore ABE2915), Rb-
H3K4me1 (1 µg, Abcam ab8895), Rb-H3K4me3 (1 µg, Active
Motif 39159), Rb-H3K27ac (1 µg, Active Motif 39133), and Rb
IgG (1 µg, Jackson ImmunoResearch 011-000-003), at 4°C on the
nutator overnight. Next, to bind pAG-MNase fusion protein to
the antibodies, beads were incubated with diluted CUTANA
pAG-MNase (1:20, EpiCypher 15-1016) on the rotator at 4°C for
1 h. Chromatin digestion was performed at 0°C with the addition
of CaCl2 (100 mM) for 30 min. To digest the RNA and release the
cleaved DNA fragments, reactions were incubated with Stop Buffer
at 37°C for 30min in the thermocycler. Magnetic stands were used
to bind beads afterwards, and supernants containing DNA frag-
ments were retrieved for sequencing library preparation.

CUT&RUN library preparation and Illumina sequencing

DNA fragments were extracted from CUT&RUN experimental
supernatants by Phenol/Chloroform/Isoamyl Alcohol (pH 7.9)
mix (Skene and Henikoff 2017). KAPA HyperPrep Kit (Roche
KK8504) was used to generate dual-indexed sequencing libraries.
Generated libraries were then purified using Mag-Bind beads.
Finally, a robust nucleosome peaks pattern was confirmed as a
quality control using an Agilent TapeStation and HS D1000 tapes.
Finally, libraries were submitted to GTAC@MGI at Washington
University School of Medicine for Illumina sequencing using a
NovaSeq instrument, with a targeted read depth of 50 M reads
per MYT1L and IgG library and 10 M reads per histone library.

CUT&RUN data analysis

Raw reads were trimmed by Trimmomatic software to remove
adapter sequence. FastQC was used to check read quality before
and after trimming. Then reads were mapped to the mm10 ge-

nome by Bowtie 2 (Langmead and Salzberg 2012). Mitochondrial
reads (SAMtools), PCR duplicates (Picard, https://broadinstitute
.github.io/picard/), non-unique alignments (MAPQ>30), and un-
mapped reads (SAMtools) (Li et al. 2009) were filtered out. MYT1L
peaks were called from both individual biological replicates (q <
0.05) as well as from merged BAM files (merged by genotype, q <
0.01)MACS2 using IgG as background. Histones’ peaks were called
frommerged BAM files byMACS2 (q<0.05) (Zhang et al. 2008) us-
ing down-sampled IgG as background. With MYT1L peaks called
from individual biological replicates (high stringency), BEDTools
(Quinlan and Hall 2010) was used to find intersecting peaks
among 3 replicates, which allowed us to identify 560 peaks from
E14 and 28,798 peaks from adult PFC CUT&RUN (Supplemental
Table S1). With MYT1L peaks called from merged BAM files (low
stringency), BEDTools was also used to exclude the 208 peaks
found in KO samples, and this method resulted in 20,305 peaks
from E14 CTX and 115,159 peaks from PFC CUT&RUN
(Supplemental Table S1). Quality control analysis was performed
to compare two peak calling methods, including peak enrichment
distribution and HOMER de novo motif finding (Heinz et al.
2010). Due to better peak enrichment and MYT1L motif enrich-
ment, only peaks from intersecting biological replicates were
used for the downstream analysis, and both peak sets were provid-
ed in Supplemental Table 1. Next, these peaks were annotated by
HOMER and then grouped into subcategories as described in the
next section. Peak heatmaps were generated by the BEDTools
plotHeatmap function. Genome track graphswere generated using
Integrative Genomics Viewer (IGV; https://igv.org/) (Robinson
et al. 2011). In order to compare changes of histone levels between
WT and Het PFC, read counts within MYT1L CUT&RUN peaks
were derived from individual histone CUT&RUN BAM files using
BEDTools. Then, read counts were normalized to corresponding li-
brary sequencing depth and the average coverage was calculated
from biological replicates within the genotype.

Differential enrichment analysis for histone modifications

For each histone peak called, read counts were obtained by
deepTools v3.5.0 (Ramírez et al. 2016) from individual biological
replicates. Read counts were normalized by R package RUVSeq
(r = 1) to remove unwanted variables and batch effects (Risso
et al. 2014). Then, edgeR (Robinson et al. 2010) was used to per-
form differential enrichment analysis for histone peak read counts
between WT and Het samples. Peaks showing FDR<0.1 were de-
fined as differentially enriched regions for the specific histone
modification. Full results can be found in Supplemental Table S6.

Definition of active and poised enhancers

Active and poised enhancers were defined as previously described
(Creyghton et al. 2010). Briefly, enhancers were defined as
H3K4me1 peaks located outside of the promoter regions (TSS±1
kb), with an absence of H3K4me3. Enhancers that overlap with
H3K27ac peaks were categorized as active enhancers, and those
without H3K27ac were defined as poised enhancers.

Motif analysis

De novo motif discovery was performed using both HOMER and
monaLisa (Machlab et al. 2022). For HOMER usage, full-length
peaks were fed into the software, and ATAC-seq peaks from the
same brain region and the same age were used as background.
For monaLisa usage, promoter, active enhancer, and poised en-
hancer targets were grouped into separate bins and tested individ-
ually. To avoid length bias, peaks were resized into fixed-size
regions around the peak midpoint before running the analysis.
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Then, the k-mer enrichment analysis was performed using
monaLisa to examine the MYT1L core binding motif enrichment
using 5 as unbiased motif length and ATAC-seq peaks as back-
ground. Finally, known motif finding was performed using
monaLisa and the JASPAR2020 motif database on MYT1L-bound
peaks. plotMotifHeatmaps was used to visualize significantly en-
riched known motifs with FDR<1×10−5, and with TFs showing
expression in PFC RNA-seq data set were plotted in the heatmap
(Fig. 4A). To validate the motif analysis, different TFs’ ChIP-seq
data from most relevant tissue types were acquired from the
ChIP-Atlas (https://chip-atlas.org/) (Oki et al. 2018). Specifically,
SP1 ChIP-seq on striatal neurons, ELK1 ChIP-seq on striatal neu-
rons, JUNB ChIP-seq on activated cortical neurons, MEF2A ChIP-
seq on PFC, NEUROD1 ChIP-seq on striatal neurons, and
NEUROD2 ChIP-seq on striatal neurons cortex were fed into
ChIPpeakAnno Package (Zhu et al. 2010) to overlap with MYT1L
CUT&RUN data with a maximum gap of 200 bp.

Predicting enhancer–gene pairs

Enhancer–gene pairs were predicted using EnhancerAtlas 2.0 (Gao
and Qian 2020) (http://www.enhanceratlas.org/). Specifically,
E14.5 Brain, Brain, and Neuron database were selected to annotate
different subgroups of enhancers with their putative targeting
genes.

Gene Ontology (GO) analysis

GO analysis was performed using the BiNGO app in Cytoscape.
P-values were adjusted by Benjamini–Hochberg FDR correction,
and FDR<0.05 cutoff was used to determine significant enrich-
ments. Full GOanalysis results canbe seen in Supplemental Table S4.

Integration of CUT&RUN and ATAC-seq data sets

ATAC-seq data sets, including peak files and differential accessible
region analysis results, were obtained from Chen et al. (2021). The
ChIPpeakAnnopackagewas used to find overlapping peaks among
MYT1L CUT&RUN, histones’ CUT&RUN, and ATAC-seq data sets.
The maxgap value was set as 0. Then, fold change values for his-
tone enrichments and ATAC-seq signals were retrieved for
MYT1L-bound and -unbound regions, respectively. Boxplots
were generated using R built-in functions.

Coimmunoprecipitation

WT C57BL/6J P1 mouse cortex was dissected out in cold PBS and
put into the lysis buffer (150 mM NaCl, 50 mM Tris, 1% Triton
X-100) with protease inhibitors for homogenization. Brain lysates
were centrifuged at 15,000×g for 10min at 4°C. Then, supernatants
were precleared with Protein A or G Dynabeads (Invirtogen
10006D) for 1 h at 4°C. Precleared lysateswere used as immunopre-
cipitate inputs. To bind antibodies to beads, 1–5 μg Rb-MYT1L an-
tibody was added into a 200 μL lysis buffer with 20 μL Dynabeads
and rotated for 20 min at RT. Rabbit anti MYT1L (Proteintech
25234-1-AP) and Rabbit IgG (Jackson ImmunoResearch 011-000-
003) were used for immunoprecipitation. The bead-antibody com-
plex was washed twice with lysis buffer and then incubated with
100 μL of precleared brain lysates rotated at 4°C overnight. The
bead-antibody-antigen complex then was washed four times
with lysis buffer and resuspended in 15 μL lysis buffer plus 15 μL
2× sample buffer. Themixture was boiled for 10min, and superna-
tants were separated from beads using a magnetic stand.
Supernatants were then subjected to immunoblotting experi-
ments for detecting candidate cofactors as described (Chen et al.
2021). Ms-SIN3B (Santa Cruz sc-13145), Ms-HDAC1 (Santa Cruz

sc-81598), Ms-HDAC2 (Santa Cruz sc-9959), Ms-HDAC3 (Santa
Cruz sc-376957), Ms-HDAC4 (Santa Cruz sc-46672), Ms-MEF2A
(Santa Cruz sc-17785), and Rb-MYT1L (Proteintech 25234-1-AP)
for primary antibody blotting. Full blot images were provided in
Supplemental Figure S8.

Statistical analysis

Statistical analyses and data graphing were performed using
GraphPad Prism (v.8.2.1), and R (v.4.0.0) (R Core Team 2023).
Prior to analyses, data was screened for missing values and for
the fit of distributions with assumptions underlying univariate
analysis. Means and standard errors were computed for each mea-
sure. Analysis of variance (ANOVA), including repeated measures
or mixed models, was used to analyze data where appropriate.
One-sample t-tests were used to determine differences from
chance. For data that did not fit univariate assumptions, nonpara-
metric tests were used or transformations were applied. Fisher’s ex-
act tests were used to assess MYT1L-bound and -unbound DAR
distributions. Mann–Whitney U test was used to examine gene ex-
pression, ATAC-seq signal, and histone enrichment differences
among groups. Multiple pairwise comparisons were subjected to
Bonferroni correction or Dunnett correction. Figure schematics
were generated using BioRender. All statistical data can be found
in Supplemental Table S7.

Data access

The CUT&RUN raw reads as well as counts data from this study
have been submitted to the NCBI Gene Expression Omnibus
(GEO; https://www.ncbi.nlm.nih.gov/geo/) under accession num-
ber GSE222072. The code for analyzing Illumina sequencing,
ATAC-seq, and RNA-seq data generated in this study is available
as Supplemental Code and at Bitbucket (https://bitbucket.org/
jdlabteam/myt1l-cut-run-paper/src/master/).
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