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SUMMARY
Myelin transcription factor 1 like (MYT1L) is a neuronal transcription factor highly expressed in the developing and adult brain, and,

while pathogenicMYT1Lmutations cause neurodevelopmental disorders, these have not been characterized in humanmodels of neuro-

development. Here, we modeled the consequences of pathogenic MYT1L mutation using human stem cell-derived cortical neurons,

demonstrating that MYT1L mutation alters the differentiation trajectory, increasing neuronal gene expression, morphological

complexity, and synapse production. We also examined consequences of MYT1L mutation in mature cortical interneurons, identifying

hallmarks of impaired neuronal identity andmaturation and correspondingly altered channel expression and electrophysiological prop-

erties. Finally, by definingMYT1L genome-wide occupancy in cortical interneurons, we identified direct MYT1L targets likely to mediate

these phenotypes. Together, this work elucidates new MYT1L requirements for human cortical interneuron development and demon-

strates how pathogenic MYT1L mutation perturbs this developmental program, contributing to the etiology of neurodevelopmental

disorders.
INTRODUCTION

Neurodevelopmental disorders (NDDs), including autism

spectrum disorder (ASD), intellectual disability (ID), and

attention deficit hyperactivity disorder (ADHD), frequently

co-occur inpatients andare often characterizedby impaired

social interaction, impaired communication, and repetitive

behaviors. In recent years, genetic contributors to NDDs

have been extensively profiled, identifying both de novo

and inherited mutations in several hundred genes as con-

tributors to NDD pathology (Gaugler et al., 2014; Havdahl

et al., 2021; Zhou et al., 2022). However, only a small num-

ber of these genes have been studied in human stem cell

and/or animal models to ascertain how mutations in these

genes contribute to NDDs (Khodosevich and Sellgren,

2023). Among these understudied NDD-associated genes

is the pro-neuronal transcription factor (TF) Myelin tran-

scription factor 1 like (MYT1L).

PathogenicMYT1L variants have been associatedwith an

NDD syndrome (MYT1L syndrome) primarily character-

ized by ID, behavioral disorders, and obesity (Blanchet

et al., 2017; Windheuser et al., 2020; De Rocker et al.,

2015; Mansfield et al., 2020). Pathogenic mutations have

been reported throughout the gene and include nonsense,

frameshift, and missense mutations and rare cases of copy-

number variants involving gene deletion, all of which are

associated with NDDs (Coursimault et al., 2022), while

MYT1L duplication is instead associated with increased
Stem Cel
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risk of schizophrenia (Lee et al., 2012). Together, these find-

ings link loss of MYT1L function to NDD etiology.

MYT1L is a TF and member of the neural-specific myelin

transcription factor 1 family of zinc-finger TFs (Manukyan

et al., 2018). While multiple studies have defined a role for

MYT1L in promoting neuronal differentiation (Vierbuchen

et al., 2010;Mall et al., 2017; Romm et al., 2005; Kepa et al.,

2017), it has not been determined how NDD-associated

MYT1L mutations contribute to disease etiology. MYT1L

expression peaks in post-mitotic neurons during late fetal

development and continues throughout life (Kepa et al.,

2017; Chen et al., 2021; Kim et al., 2022), further support-

ing a role for MYT1L in brain development.

Several studies inmousemodels have recently character-

ized the consequences of MYT1L loss-of-function (LOF)

mutation or deletion (Chen et al., 2021; Kim et al., 2022;

Wöhr et al., 2022; Weigel et al., 2023). These studies reca-

pitulated some common human clinical phenotypes asso-

ciated with MYT1L syndrome, including hyperactivity,

impaired social interaction, repetitive activities, anxiety,

and obesity. In examining the cellular underpinnings of

these phenotypes, two models exhibited precocious

neuronal differentiation, disrupted neuronal maturation,

and decreased synaptic gene expression (Chen et al.,

2021;Weigel et al., 2023). Other heterozygous LOFmodels

did not exhibit precocious differentiation but instead re-

sulted in decreased expression of synapse-related genes

(Kim et al., 2022) or unaltered neurogenesis (Wöhr et al.,
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Figure 1. Transcriptomic analysis of hPSC-derived MYT1L S707QfsX56 variant cortical interneurons
(A) MYT1L expression was defined by RT-qPCR in cINs from the models shown.
(B) MYT1L protein levels were defined by western blotting cIN protein lysates using a MYT1L-specific antibody (GAPDH as loading control).
(B0) MYT1L protein levels, normalized to loading control. All four replicates are in Figure S3D.
(C) Principal-component analysis plots visualize RNA-seq data for each model.
(D) Expression levels of differentially expressed genes (DEGs) across 4 replicates of each of cINs from these models. Red, higher and blue,
lower expression.

(legend continued on next page)
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2022). Given these inconsistencies, which could also

relate to differences between the models and analyses

performed in these studies, it remains critical to assess

how pathogenicMYT1Lmutations affect human neuronal

development.

Here, we generated and characterized the first human

pluripotent stem cell (hPSC) models of MYT1L pathogenic

mutation, employing a wide range of cellular, molecular,

and functional assays to understand how pathogenic

MYT1L mutation alters neuronal development. Focusing

predominantly on the development of cortical GABAergic

inhibitory interneurons (cINs) as a neuronal cell type high-

ly sensitive to NDD mutation-related perturbation (Lewis

and Kroll, 2018), we defined howpathogenicMYT1Lmuta-

tion altered cIN development.We used novel genome-wide

occupancy data forMYT1L in cINs to identifyMYT1L direct

target genes in human cINs and correlated altered expres-

sion of these genes upon MYT1L mutation with cellular

phenotypes related to neuronal differentiation and matu-

ration. Ultimately, this work defined core aspects of altered

neurodevelopment and function resulting from patho-

genic MYT1L mutation, which constitute likely contribu-

tors to patient NDD phenotypes.
RESULTS

MYT1L S707Q mutation results in haploinsufficiency

We focused on an index proband subject with pathogenic

MYT1Lmutation and clinical characteristics ofMYT1L syn-

drome, primarily developmental delay, speech delay, mod-

erate ASD, ID, and obesity (Table S1). The subject carries a

heterozygous single-nucleotide duplication in the portion

of the gene encoding the MYT1L domain, converting

serine 707 to glutamine and predicted to result in frame-

shift and apremature stop codon (S707QfsX56; Figure S1A).

To characterize the consequences of this mutation, we

derived hPSCs from the proband (proband derived; PD)

and corrected the mutation using CRISPR genome engi-

neering (corrected; proband derived corrected [PDC]). To

examine the effect of this mutation devoid of the patient-

specific genetic background, we also engineered a variant

knockin model (VKI) by inserting the same mutation into

wild-type (WT) hPSCs. The presence of the S707Q muta-

tion was validated by Sanger sequencing (Figure S1B), and
(E) Venn diagram shows common significant DEGs for both VKI1-WT
(F–H) Gene Ontology (GO) analysis of enriched (F) biological process
(H) biological processes for downregulated DEGs common to the PD2
(I) Network of upregulated DEGs under the neuronal differentiation
ferentiation; orange nodes, synaptic signaling; and gray nodes, comm
In all figures and panels, significance was calculated from 3 to 4 bio
unpaired t test, and quantitative data are shown as mean ± SEM (metho
panels, actual values are in Table S3.
all models had a normal karyotype (Figure S1C), normal

hPSC colony morphology, and expression of markers of

pluripotency (Figure S1D).

To characterize the consequences of pathogenic MYT1L

mutation, all models were specified as cortical inter-

neuron neural progenitor cells (cINPCs, day [D] 15),

differentiated into cINs (D30) and then further into

matured cINs (m-cINs, D60), (Meganathan et al., 2017,

2023). As we observed no significant differences in cINPC

specification upon MYT1L mutation (Figure S2), MYT1L is

expressed in the developing human brain from neurogen-

esis in vivo (Figure S3A), and our previously published

RNA sequencing (RNA-seq) data (Meganathan et al.,

2017; Chapman et al., 2024; Sanders et al., 2022) suggest

that MYT1L is largely expressed from the time of neuronal

differentiation (Figure S3B), we chose to focus our studies

primarily on differentiation of cINs and their maturation

to m-cINs.

During the early differentiation from cINPCs to cINs

(D21), we observed no change in neurosphere size between

MYT1L variants and controls (Figures S3C and S3C0). How-

ever, relative to control models (PDC/WT), PD and VKI

cINs exhibited significantly decreased MYT1L levels, as

measured by mRNA (Figure 1A) and protein (Figures 1B,

1B0, and S3D). Furthermore, we did not observe a truncated

protein product (predicted size 83.9 kDa), suggesting that

the truncated MYT1L transcript predicted to result from

S707Q mutation was eliminated by nonsense-mediated

decay and thus likely reflects MYT1L haploinsufficiency.
Pathogenic MYT1L mutation causes upregulation of

neuronal and synaptic gene expression

To investigate how theMYT1L S707Q LOF mutation alters

gene expression, we performed RNA-seq on cINs derived

from both mutant (PD, VKI) and control (PDC, WT)

models. While genetic background had a significant effect

across these samples with PD/PDC and VKI/WT samples

clustering distinctly, the S707Q mutation produced a

similar effect across both mutant versus isogenic control

comparisons (Figures 1C, S4A, and S4B; Datasets S1A and

S1B). Identifying differentially expressed genes (DEGs) be-

tween isogenic pairs (PD/PDC and VKI/WT), we defined

852 DEGs in the PD-PDC and 1,778 DEGs in the VKI-WT

comparison (Datasets S1C and S1D). In the PD-PDC
and PD2-PDC comparisons.
es and (G) molecular functions for upregulated DEGs and enriched
and VKI1 models. The number of enriched genes is in parentheses.
and synaptic signaling GO terms in (F). Green nodes, neuronal dif-
on genes.

logical replicate experiments. Statistics were defined by two-tailed
ds), with *p < 0.05, **p < 0.01, and ***p < 0.001; for all figures and
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comparison, a similar number of DEGs were up- (455)

versus downregulated (397) in the PD samples, while, in

the VKI-WT comparison, a larger number of DEGs were

downregulated (1,319) in the VKI samples (Figures S4C

and S4D; Datasets S1F and S1G). Comparing the

gene expression changes between models, we identified

263 common DEGs (122 up- and 141 downregulated,

Figures 1D and 1E; Datasets S1E and S1H). Gene Ontology

(GO) enrichment analysis of upregulated DEGs in the PD,

VKI, or common datasets showed a similar enrichment for

biological processes related to neuronal differentiation

and synaptic signaling (Figures 1F, S4E, and S4F; Datasets

S2A–S2C) and an enrichment for genes that function as

TFs or as mediators of neuronal function (Figures 1G,

S4E, and S4F; Datasets S2A–S2C). By contrast, downregu-

lated DEGs across these comparisons were enriched for

gene involved in early embryonic development (Figure 1H;

Datasets S2D–S2F).

As many DEGs upregulated uponMYT1Lmutation were

associated with neuronal differentiation and synaptic

signaling, we performed network analysis on genes associ-

ated with these GO terms, defining related gene networks

(Figures 1I, S4G, and S4H). These data indicate that patho-

genic MYT1L mutation causes upregulation of genes asso-

ciated with axon development and synaptic signaling. We

confirmed the upregulation of a subset of the ‘‘neuron dif-

ferentiation’’- and ‘‘synaptic signaling’’-related genes

identified by our RNA-seq analysis (Figures 2A and 2B)

using quantitative reverse-transcription PCR (RT-qPCR)

(Figures 2C and 2D). Together, these data demonstrate

thatMYT1L haploinsufficiency results in the upregulation

of suites of neuronal gene expression.

Altered cell-cycle exit, morphology, and

synaptogenesis in MYT1L pathogenic variant models

As the increased neuronal and synaptic gene expression

we identified in the MYT1L LOF models was likely to

reflect altered cIN development, we next assessed changes
Figure 2. MYT1L variant alters the neuronal differentiation and s
(A and B) DEGs involved in (A) neuronal differentiation and (B) syn
(bottom). Fold differences in expression of significant DEGs are repres
reads (RPKM).
(C and D) Relative expression of the genes shown was defined by RT-
(E) Ki67 expression, detected by RT-qPCR.
(F) Ki67 immunostained cINs (scale bar, 100 mM). (F’) percentage of
(G) Enlarged images from Figure S6J show MAP2-stained cINs, with t
(H and I) (H) Primary and (I) secondary neurites were counted in cI
model.
(J) Enlarged images from Figure S6K of MAP2, SYN I, and PSD95 im
puncta.
(K) Quantification of colocalized SYN I/PSD95 puncta per MAP2-stain
Significance was calculated by two-tailed unpaired t test as mean ±
in cIN progenitor proliferation and cell-cycle exit accom-

panying differentiation. Both the PD and VKI models ex-

hibited significantly reduced expression of the prolifera-

tive cell marker Ki67 (Figure 2E) and a �50% decrease in

the Ki67-immuno-positive cell fraction at D30 of differen-

tiation (Figures 2F, 2F0, S5B, and S5E). However, inclusion

of DAPT in the differentiation protocol used to generate

these samples raised questions as to the origin of this

phenotype; therefore, we repeated these experiments

either excluding DAPT or also including the CDK4/6 in-

hibitor PD0332997 (PD) to facilitate more efficient

neuronal differentiation after Chapman et al., 2024. We

confirmed a higher efficiency of cell-cycle exit in the PD

and DAPT + PD differentiation protocols by examining

NESTIN and Ki67 expression from D30–D60, finding a

nearly complete loss of proliferating cells by D60 under

those conditions (Figures S5A–S5E and S6). In these exper-

iments, differentiation with the addition of no small mol-

ecules or DAPT only produced a similar result to that

observed in our original experiments (Figures S5A and

S5B); however, differentiation in the presence of PD or

DAPT + PD instead yielded a very low fraction of Ki67-pos-

itive cells (�2%) on D30, such that further reduction re-

sulting from the MYT1L variant could not be assessed

(Figures S5A–S5E and S6). Together, these findings indicate

thatMYT1Lmutation reduces the fraction of proliferating

cells, coincident with the increased expression of neuronal

and synapse-related genes described earlier.

As our findings suggested that MYT1L S707Q mutation

affected the efficiency of progenitor cell-cycle exit, we

nextwanted to assess if this affected neuronalmorphology.

Analyzing cellular morphology in cINs with bright-field

imaging, we found that most control cINs exhibited bipo-

lar morphology, while PD and VKI neurons more often ex-

hibited a multipolar morphology (Figures S5F and S5G).

Secondary neurites also increased in PD and VKI cINs

(Figures S5F and S5H), with PD cell soma also being signif-

icantly larger than controls (Figure S5I). To further validate
ynaptic signaling gene expression and neuronal morphology
aptic signaling in the PDC-PD2 models (top) and WT-VKI1 models
ented as average reads per kilobase of transcript per million mapped

qPCR in cINs.

Ki67-positive cells (extended images in Figure S6).
racing of cell soma, primary, and secondary neurites.
Ns across 3 biological replicates and 40 cINs per replicate for each

munostained cINs. Arrows indicate SYN I, PSD95, and colocalized

ed area, quantified with Imaris image analysis software.
SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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these findings, we performed a similar quantification in

MAP2 immunostained cINs, obtaining similar results

(Figures 2G–2I and S5J). From these data, we concluded

that MYT1L LOF mutation coincidently altered the effi-

ciency of cell-cycle exit accompanying differentiation

and neuronal morphology, as characterized by increased

neuronal morphological complexity in the mutant lines.

Finally, to assess the effect of these changes on synapse

production, we examined whether the increased morpho-

logical complexity seen earlier was accompanied by

increased synapse production, as measured by the pre-syn-

aptic marker Synapsin I (SYNI) and post-synaptic marker

Post-synaptic Density Protein 95 (PSD95). Performing

immunohistochemistry for these markers across three

time points (D30, D45, and D60), we found these markers

were significantly more abundant in m-cINs after 60 days

of differentiation (Figures 2J, 2K, and S5K–S5M). Therefore,

we assessed changes in the production of these markers in

m-cINs in the PD and VKI models, finding an increase

in SYN1 and PSD95 puncta and a concomitant increase

in SYN1 and PSD95 colocalized puncta (Figures 2J, 2K,

and S5K–S5M). Together, these data indicate that the

MYT1L S707Q mutation results in more efficient progeni-

tor cell-cycle exit, accompanied by increased morpholog-

ical complexity and synapse formation.

MYT1L deficiency in the variant models impairs

acquisition of neuronal and cortical interneuron

identity

As we observed molecular alterations characteristic of

altered cIN differentiation in the MYT1L LOF models,

we next examined markers associated with neuronal

and cIN identity. We found that MYT1L variant cINs ex-

hibited significantly reduced expression of the pro-

neuronal marker ASCL1, cIN migration marker DLX2,

cIN markers calbindin 1 (CALB1), CALB2 (calretinin),

and SST, and pan-GABAergic neuron markers GAD1 and

GAD2 (Figures 3A–3C). We further validated these find-

ings by immunostaining, finding that the CALB1-im-

muno-positive cell fraction was also significantly reduced

in the variant models (Figures 3D and 3D0), which indi-

cated that cortical interneuron and GABAergic neuron

marker expression was impaired in the MYT1L variant

model cINs. Since MYT1L was highly expressed in both

cINs and cortical excitatory neurons (cExNs), we also as-

sessed whether the mutation affected NGN2-mediated

hPSC reprogramming to cExN-like neurons and found

that expression of both MYT1L and the pan-neuronal

markers MAP2 and b-III TUBULIN was significantly

reduced in the variant models (Figures S7B and S7C),

indicating that this variant similarly affected neuronal

gene expression in cExNs derived by NGN2-mediated

hPSC reprogramming.
6 Stem Cell Reports j Vol. 20 j 102421 j March 11, 2025
MYT1L CRISPRi knockdown compromises neurite

outgrowth and expression ofmature neuronal and cIN

markers

To establish if the phenotypes we observed were due to

MYT1L LOF or were instead due to specific effects associ-

ated with the S707Q mutation, we generated two CRISPR

inhibition models targeting MYT1L (gRNA G1/G2). We

differentiated these models into cINs in parallel with WT

control cells expressing the Cas9-KRAB fusion protein but

no gRNA (KRAB) to directly assess the consequences of

MYT1L knockdown (KD). Both gRNAs reduced MYT1L

mRNA expression more substantially than the S707Q mu-

tation (Figure 4A). Furthermore, unlike our PD andVKI LOF

models, we observed significantly reduced neurite

outgrowth from plated cINPC spheres at D20 of differenti-

ation versus the KRAB controls (Figures 4B and 4B0). How-

ever, reminiscent of the PD and VKI LOF models, both

KD models exhibited significantly reduced expression of

markers of neuronal and cIN identity, including the pan-

neuronal markers MAP2 and b-III TUBULIN, and of the

cIN differentiation markers DLX2 and DCX, and CALB1,

CALB2, SST, GAD1, and GAD2 (Figures 4C and 4D). These

results were further confirmed by assessing the cell frac-

tions immuno-positive for MYT1L, b-III TUBULIN, MAP2,

and SST, which were all significantly reduced in both KD

cIN models (Figures 4E and 4E0). These data indicate that

MYT1L deficiency impairs the expression of general

neuronal, cIN, and GABAergic neuron markers, which

may compromise cIN maturation or identity.

MYT1L variant results in impaired cortical

interneuron maturation

Weobserved reducedcINmarker expressionassociatedwith

both the S707Q MYT1L mutation and CRISPRi-mediated

KD of MYT1L in cINs, while MYT1L expression continues

to increase as GABAergic neurons mature (Figures S3A and

S3B). Therefore, we next assessed whether MYT1L defi-

ciency also affected cIN maturation. MYT1L expression

levels were reduced by 50% in m-cINs derived from PD

andVKImodels, relative to controls (Figure 5A). Examining

the expression of pan-neuronal markers and GABAergic

neuron-specific markers, we observed reduced expression

of the neuronal markers MAP2 and b-III TUBULIN (Fig-

ure 5B) and similarly reduced expression of the cINmarkers

CALB1, CALB2, SST, GAD1, andGAD2 (Figures 5C and 5D).

Todetermine if these changes ingeneexpressionweredue

to altered fractions of cells expressing neuronalmarkers, we

conducted immunocytochemistry forMYT1L andMAP2 in

D60m-cINs.We found a reduction in cell proportion scored

asMYT1L immuno-positive in both the PD andVKImodels

and a similar reduction in the proportion of MAP2-positive

cells. Further analysis also showed a significant reduction of

MYT1L and MAP2 double immuno-positive cells in both



Figure 3. Expression of pro-neuronal and cortical interneuronmaturationmarkers is diminished in cINs carrying theMYT1L variant
(A–C) Expression of the (A) pro-neuronal and (B and C) mature cortical interneuron markers shown, assessed by RT-qPCR in cINs.
(D) Representative images of cINs immunostained for CALB1 and DAPI counterstained. Box panels display a magnified image corre-
sponding to the areas shown, with arrow indicating the CALB1+ and nuclei cells (scale bar, 100 mM). (D0) Percentage of CALB1-positive
cells, relative to DAPI-positive nuclei.
Significance was calculated by two-tailed unpaired t test as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
the PD and VKImodels (Figures 5E, 5E0, and S6E). Together,

these data highlight that MYT1L LOF due to S707Q muta-

tion results in a failure of GABAergic neurons to maintain

expression of key neuronal and cIN markers.

Electrophysiological function and channel gene

expression and activity are disrupted in MYT1L

variant interneurons

To assess whether the MYT1L LOF mutation affected the

function of GABAergic neurons, we next conducted elec-
trophysiological recordings of VKI andWTGABAergic neu-

rons (Figure 6). Under whole-cell voltage clamp, both the

VKI and WT models could be induced to elicit an inward

tetrodotoxin (TTX)-sensitive sodium (Na) current and out-

ward 4-aminopyridine (4-AP)- and tetraethylammonium

(TEA)-sensitive potassium (K) currents (Figure 6A). Howev-

er, VKI GABAergic neurons exhibited significantly reduced

voltage-gated currents, including diminished sodium cur-

rent and both transient and sustained potassium currents

(Figures 6A–6F and Table S3). In addition, VKI GABAergic
Stem Cell Reports j Vol. 20 j 102421 j March 11, 2025 7



Figure 4. MYT1L knockdown compromises neurite outgrowth and neuronal differentiation and maturation marker expression
(A) MYT1L expression defined by RT-qPCR in cINs expressing dCas9-KRAB (KRAB control) +/� gRNAs.
(B) Representative images of neurite outgrowth in plated D22 spheres. Scale bar, 200 mM. Neurite outgrowth is highlighted with dotted
lines. (B0) Quantification, with 14 spheres assayed per replicate.
(C and D) Expression of the markers shown, defined by RT-qPCR for the same samples.

(legend continued on next page)
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neurons displayed a slightly more negative potential for

steady-state current reversal (Figure 6G and Table S3). These

functional changes may reflect impaired cIN identity

and/or maturation and could be relevant to the etiology

of neuronal circuit dysfunction associated with MYT1L

syndrome.

To identify gene expression changes that may underlie

this altered GABAergic neuron function, we examined

changes in sodium and potassium ion channel expression

in our cIN RNA-seq data (Dataset S2F). This analysis identi-

fied 358 genes, 39 of which were significantly downregu-

lated in VKI cINs (Figures 6H and 6I; Datasets S1G and

S2F). Therefore, reduced sodium and potassium channel

expression was also associated with MYT1L LOF and is a

potential driver of the decreased voltage-gated currents

seen in electrophysiological profiling of VKI GABAergic

neurons.

MYT1L binds to and regulates the promoters of

neuronal genes

Todeterminewhich transcriptomic changesmaybedirectly

due to loss of transcriptional regulation byMYT1L, we used

cleavage under targets and release using nuclease (CU-

T&RUN) to assess MYT1L genome-wide occupancy in

cINs.We identified reproducibleMYT1Lbinding sites across

four biological replicate experiments (Figure 7A; Dataset

S3A) and found that most sites were in gene promoters,

distal intergenic regions, or introns, all sites often associated

with regulatory element functions (Figure 7B). Assessing

the chromatin state of MYT1L cIN binding sites using our

previously published chromatin state atlas (Chapman

et al., 2024), we found that MYT1L binding sites were pri-

marily (60%) associated with active (H3K27ac and

H3K4me3) marked chromatin (Figures 7C and 7D; Data-

set S3B).

Performing GO enrichment analysis of the genes associ-

ated with aMYT1L binding site revealed an enrichment for

other TFs, suggesting that MYT1L may act in part by con-

trolling the expression of a suite of other TFs (Figure 7E;

Dataset S3C). We also observed an enrichment for genes

associated with neuronal differentiation and synapse for-

mation (Figures 7F and 7G; Dataset S3C), suggesting that

MYT1L may also affect neuronal function directly by regu-

lating key genes involved in these processes. Integrating

our MYT1L binding data with our transcriptomic data, we

defined 196 PD and 558 VKI DEGs associated with a

MYT1L binding site, of which 54.08% of PD and 16.8%

of VKI DEGs were upregulated in the mutant cINs (Fig-
(E) Representative 20X images of cINs immunostained for MYT1L and b
100 mM.
Data shown were obtained from three biological replicate experimen
quantitative data shown as mean ± SEM. p values: *p < 0.05, **p < 0
ure 7H; Dataset S4A). These were enriched for neuronal dif-

ferentiation and synapse-related genes (Figures 7I and 7J;

Datasets S4B–S4D), with the top 25 upregulated genes

with the greatest fold change shown in heatmap view (Fig-

ure 7K; Dataset S4E). We also examined DEGs common to

the PD and VKI models (Figure 1E), 63 of which were asso-

ciated with MYT1L promoter-specific binding (Dataset

S4F), with four examples shown as browser tracks (Fig-

ure 7L). Collectively, these data suggest that MYT1L may

function to directly repress these gene classes.

Finally, to define the most likely NDD contributory

MYT1L direct targets, we assessed which MYT1L-bound

DEGs were high-confidence ASD (Simons Sfari; 1,076

genes; 07-20-2022 release; Dataset S4G) or epilepsy genes

(EpilepsyGene; 499 genes; 05-22-2023 download; Dataset

S4G), as these are common comorbidities in individuals

with MYT1L syndrome. This analysis showed that both

up- and downregulated MYT1L direct target DEGs were en-

riched for high-confidence ASD and/or epilepsy genes

(Figures S7D and S7E, Dataset S4I), with many of these

genes having known roles in neurodevelopment. These

data indicate that MYT1L is required for transcriptional

control of a network of downstream genes, some of which

are involved in neuronal maturation and function, which

likely contribute to phenotypes in individuals who carry

pathogenicMYT1Lmutation. In summary, these data indi-

cate that MYT1L pathogenic mutation affects interneuron

differentiation, maturation, and function (Figure S7F), ef-

fects that may relate to a requirement for MYT1L-mediated

direct regulation of NDD-relevant genes, with disruption of

this regulation potentially contributing to MYT1L syn-

drome-related disease pathology.
DISCUSSION

In this study, we generated the first human cellular models

of pathogenic MYT1L mutation, using both genetic engi-

neering and induced pluripotent stem cell paradigms and

demonstrating that the MYT1L S707Q mutation resulted

in haploinsufficiency. Differentiating these models into

cortical interneurons, we found that increased neuronal

and synapse-related gene expression corresponded with

enhanced cell-cycle exit of progenitors and more complex

neuronal morphology. As the cortical interneurons aged,

we also found an associated increase in the formation of

pre- and post-synaptic puncta; however, this was coupled

with reduced expression of markers of mature neuronal
-III TUBULIN or SST and MAP2 and DAPI counterstained. Scale bar,

ts with significance calculated by two-tailed unpaired t test and
.01, and ***p < 0.001.
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and cortical interneuron identity. Functional assessments

of these MYT1L mutant neurons revealed reduced ion-

channel currents likely caused by reductions in the expres-

sion of key channel genes. Finally, we profiledMYT1L bind-

ing in cortical interneurons and integrated these and our

transcriptomic findings, highlighting a role for MYT1L in

directly regulating neuronal and synaptic genes, including

many NDD-related genes.

Recent work in mouse models has also focused on

the analogous MYT1L mutation profiled in this study

(c.2117dupG; MYT1L S707fsX), finding that this resulted

in MYT1L haploinsufficiency and severe loss of MYT1L

genome-wide binding in the developing mouse brain

(Chen et al., 2021). Other recent studies have assessed

Myt1l LOF in mouse models (Wöhr et al., 2022; Weigel

et al., 2023; Kim et al., 2022). While differences in the an-

alyses and time frames conducted preclude comprehensive

comparisons between our human and these previously

published mouse studies, both similarities and differences

were observed. Distinct consequences for neurogenesis

are reported in mouse models, with Chen et al., 2021 re-

porting that Myt1l homozygous LOF increased neuronal

differentiation and expression of immature neuronal

markers, while depleting stem cell and proliferative marker

expressing cells in embryonic day (E)14.5 cortex (Chen

et al., 2021). However, in other studies, Myt1l deficiency

increased expression of the neural stem cell marker Sox2,

corresponding with reduced cortical thickness and suggest-

ing impaired neurogenesis (Weigel et al., 2023). A final

study found no effects on neurogenesis associated with

Myt1l LOF at E18.5 (Wöhr et al., 2022).

Beyond the effects on neurogenesis, mouse studies also

found that reduction of neuron projection- and potassium

ion transport-related genes was associated with loss of

Myt1l function in the prefrontal cortex of adult mice

(Chen et al., 2021), congruent with our findings. Likewise,

heterozygousMyt1l knockout decreased striatal and hippo-

campal expression of synaptic genes specifically in adult

mice (Kim et al., 2022), suggesting that these effects may

have a later onset in murine models. Studies across Myt1l

mouse models did also show some shared behavioral phe-

notypes at later time points including hyperactivity

(Chen et al., 2021;Weigel et al., 2023). Overall, our findings

here are reminiscent of the results presented by Chen et al.,

2021 suggesting that loss of MYT1L expression results in

increased neuronal differentiation at the expense of pro-
Figure 5. Expression of markers of neuronal and cortical intern
m-cINs
(A–D) Expression of genes shown was defined by RT-qPCR in m-cINs.
(E) Representative images of m-cIN immunostained for MYT1L and MA
MYT1L, MAP2, and MYT1L + MAP2 (double)-positive cells, with signifi
*p < 0.05, **p < 0.01, and ***p < 0.001.
genitor proliferation, followed by impaired neuronal iden-

tity and maturation.

Our results are also consistent with the known role of

MYT1L in human development as a regulator of neuronal

differentiation, with MYT1L expression initiated during

the cell-cycle exit accompanying neuronal differentiation

and peaking in the fetal and early postnatal brain (Kepa

et al., 2017; www.brainspan.org). Prior work in cellular

models demonstrated that Myt1l overexpression could

promote neuronal conversion and maturation, while

short hairpin RNA KD reduced neurite outgrowth and

neuronal maturation (Vierbuchen et al., 2010; Mall et al.,

2017; Kepa et al., 2017). Similarly, we found that

CRISPRi-mediated MYT1L deficiency during cIN differen-

tiation hampered neurite outgrowth and reduced the

expression of pan-neuronal, cIN, and GABAergic neuron

markers. By contrast, pathogenic MYT1L mutation had

no effect on early cIN differentiation but resulted in

enhanced complexity of neuronal morphology at later

stages, suggesting that these phenotypes may be highly

MYT1L dose dependent. However, in both the CRISPRi

andmutation models, cortical interneuron marker expres-

sion was diminished, suggesting a core role for MYT1L in

maintaining cIN identity. While broadly consistent with

previously published studies, these results suggest a spe-

cific and more nuanced roll for MYT1L during cortical

interneuron development.

While functional consequences of MYT1L mutation

remain largely uncharacterized in human models, a recent

study assessed altered function in cortical excitatory-like

neurons generated by NGN2 overexpression-mediated re-

programming in the context of MYT1L haploinsufficiency

(Weigel et al., 2023). This study reported an upregulation of

synaptic gene expression, while these neurons exhibited

decreased expression of neuronal-related genes and

neuronal hyperactivity (Weigel et al., 2023). Therefore,

our results for GABAergic neuron development are at least

partially congruent with their findings for cortical glutama-

tergic versus neurons, although a direct comparison is chal-

lenging given the distinct models and differentiation pro-

tocols utilized. Therefore, it remains important for future

studies to compare the effects of MYT1L LOF across

neuronal subtypes using similarmodels and differentiation

paradigms.

While we present the first MYT1L genome-wide binding

data from human stem cell-derived cortical interneurons,
euron maturation and identity is diminished in MYT1L variant

P2 and DAPI counterstained (scale bar, 100 mM). (E0) Percentage of
cance calculated by two-tailed unpaired t test as mean ± SEM.
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Figure 6. MYT1L variant m-cINs exhibit
altered voltage-gated currents
(A) Inward and outward currents evoked by
voltage step from �80–0 mV in neurons
differentiated from WT (blue) and VKI1
(green).
(B–G) VKI1 cells had (B) reduced tetrodo-
toxin (TTX)-sensitive inward sodium (Na)
current, (D) reduced tetraethylammonium
(TEA)-sensitive steady-state outward po-
tassium (K) current, and (C and E) reduced
normalized current densities. In addition,
VKI1 cells displayed (A and F) less
4-aminopyridine (4-AP; a potassium chan-
nel antagonist)-sensitive transient outward
current and (G) less negative reversal po-
tential for steady-state current.
(H and I) DEGs in VKI1-WT comparisons
under the GO terms (H) potassium ion
transport and (I) regulation of sodium ion
transport.
Significance was calculated by two-tailed
unpaired t test as mean ± SEM. *p < 0.05
with actual values in Table S3.
previous studies have examined MYT1L binding in mouse

cortical neurons (Mall et al., 2017; Chen et al., 2023). These

studies also found that Myt1l binding was predominantly

associated with active histone marks found at gene promo-

tors and putative enhancers (Mall et al., 2017; Chen et al.,

2023). Consistent with our work, these studies also found

that direct targets of Myt1l that were downregulated

upon Myt1l LOF were enriched for NDD-associated genes,

particularly those involved in synapse formation and func-

tion. Future studies may focus on these MYT1L targets as

potential leads for the generation of novel interventions

to treat MYT1L syndrome.

While we showed that the MYT1L S707Q mutation re-

sulted in haploinsufficiency consistent with the analogous

mouse model (Chen et al., 2023), it also remains to be seen

whether all pathogenicMYT1Lmutations function by hap-

loinsufficiency. We established aspects of altered neuronal

development and function that may underlie patient

NDD phenotypes, including upregulation of synaptic and

neuronal gene expression during differentiation, followed
12 Stem Cell Reports j Vol. 20 j 102421 j March 11, 2025
by impaired maturation and altered neuronal function.

However, it remains critical for future studies to assess addi-

tional MYT1L pathogenic mutations in the paradigms uti-

lized for this study and to compare the effects, to identify

core phenotypes associated with MYT1L syndrome that

may function as endophenotypes for the development of

novel treatment strategies.
METHODS

Human PSC model generation

Subjects were consented for induced pluripotent stem cell

(iPSC) line generation by the Washington University

Institutional review board of the Human Research Protec-

tion office under human studies protocol #20163131 (Dr.

Kristen L. Kroll), and all embryonic stem cell work was

conducted under protocol 12-002 approved by the Wash-

ington University Embryonic Stem Cell Research Over-

sight (ESCRO). Proband-derived induced pluripotent



Figure 7. Genome-wide MYT1L occupancy and integration with differential gene expression in variant cortical interneurons
(A) Deep tools visualizations of MYT1L-bound peaks and immunoglobulin G (IgG) signal at the same locations (n = 4 [MYT1L], n = 3 [IgG]
replicates).
(B and C) (B) MYT1L peak annotations and (C) chromatin states, defined by ChromHMM partitioning, based upon aggregate enrichment for
four histone modifications from D0–D60; heatmap shows emission probabilities for the 7 clusters.
(D) MYT1L-bound peaks associated with each chromatin state.
(E–G) GO enrichment of MYT1L-bound genes.
(H) Overlap between MYT1L-bound genes and significant DEGs.

(legend continued on next page)
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stem cell models (PD-iPSC) with MYT1L S707Q mutation

and isogenic corrected iPSC lines were generated by

the Washington University Genome Engineering and

Stem Cell Center (GESC). Briefly, the patient’s peripheral

blood mononuclear cells were reprogrammed using

CytoTune-iPS 2.0 Sendai reprogramming kit (Thermo

Fisher Scientific), two iPSC heterozygous clones (PD1/2)

were selected, PD clones were mutationally corrected to

obtain isogenic PDC models, and models were Sanger

sequenced to validate the mutation and correction. Lines

were authenticated by STR profiling. In parallel, GESC

derived hPSC models with knockin of the same variant,

by genome engineering wild-type H1 (male) human em-

bryonic stem cells (hESCs) using CRISPR-mediated

genome editing.

hPSCs clonal lines were grown and maintained under

feeder-free conditions in mTeSR plus medium (STEMCELL

Technologies, #100-0274/75) on matrigel-coated plates at

5% CO2 and 37�C. During standard maintenance, any

hPSC colonies with morphological changes suggestive of

differentiation were manually removed, hPSCs were

passaged manually or using ReLeSR (STEMCELL Technolo-

gies, #100–0483), and mycoplasma testing was regularly

performed (MycoAlert mycoplasma detection kit [Lonza,

#LT07-118]). All lines were ensured free of bacterial and

fungal contamination during stock derivation, mainte-

nance, and experimental conditions. Clonal lineswere sub-

mitted to WiCell for banking as WU-PD-MYT1L-S707Qfs

(PD1 clone), WU-PDC-MYT1L-CRT (PDC), and WU-

VKI_MYT1L-S707Qfs (VKI1). Cytogenetic analysis was per-

formed by GTWbanding, counting 20metaphase cells and

ensuring that all 20/20 cells for each clonal line (PDC, PD1,

PD2, VKI1, andVKI2) had a normal karyotype (Figure S1C).

hPSC and cINPC characterization and differentiation were

done between passage numbers 1–7.

hPSC specification as cINPCs

Medial ganglionic-like neural progenitor cell (cINPC)

specification was performed as previously described (Kesa-

van Meganathan et al., 2023). In brief, hPSC clones were

dissociated with Accutase (Gibco, A11105-01) and formed

into embryoid bodies (EBs) by seeded in V-bottom 96-well

plates in Neurobasal complete medium (NBM: Neurobasal

A 1X, Pen/Strep 1X, GlutaMAX 1X, B27 without vitamin

A 1x, nonessential amino acid 1X, and 2-mercaptoethanol

1X) with small molecules (0.1 mM LDN193189 [LDN],

10 mM SB431542 [SB], 2 mM XAV939 [XAV], and 0.1 mM

SAG) followed by centrifugation (200 3 g, 5 min). EBs
(I and J) GO analysis of genes associated with MYT1L-bound peaks an
(K) Heatmap shows the average (RPKM) expression levels of the top 25
higher and blue, lower expression
(L) Browser tracks show MYT1L promoter-bound peaks, with associate
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were maintained in NBM supplemented with LDN, SB,

SAG, and XAV in V-bottom 96-well plates with feeding

by 1/2 media replacement every day until D4 at which

point EBs were transferred to a non-adherent plasticware

and incubated at 37�C and 5% CO2 on an orbital shaker

while continuing to be fed by 1/2 media replacement every

2 days. On D10, EBs were plated on Matrigel- and Lami-

nin (5 mg/mL each)-coated plasticware and were main-

tained in NBM supplemented with LDN, SB, SAG, and

XAV until D15 at which point cells were considered

cINPCs and were maintained for up to 5 passages.

Passaging of cINPC was conducted using Accutase, and

cells were maintained in NBM supplemented with LDN,

SB, SAG, and XAV on Matrigel- and Laminin (5 mg/mL

each)-coated plasticware.

cINPCs differentiation into cINs/m-cINs

For cINPC differentiation into immature cINs, cells were

generated as previously described (Meganathan et al.,

2017), and neurospheresweremade by dissociating cINPCs

with Accutase, seeding in a V-bottom plate in NBM supple-

mented with 10mM Y-27632 followed by centrifugation

(200 3 g, 5 min). Neurospheres were maintained in NBM

with feeding by 1/2 media replacement every day until

D19 at which point EBs were transferred to a non-adherent

plasticware and transferred to an orbital shaker. On D21,

spheres were transferred to Matrigel- and Laminin-coated

plasticware in NBM. Cells were fed by 1/2 media changes

every 2 days using NBM supplemented with DAPT

(10 mM) from D22–D25, and with cyclic AMP (cAMP)

(200 mM), ascorbic acid (AA: 200mM), and BDNF (20 ng)

from D26–D30. Cells were considered cINs at D30 of

differentiation.

m-cINsweregeneratedusingamodifiedprotocolwhereby

NBM was supplemented with BDNF from D22–D26, with

AA, DAPT, PD0332991 (PD, 2 mM) and BDNF from D26–

D32 and AA, cAMP, and BDNF from D32–D36. On D36,

NBM was replaced with BrainPhys neuronal culture me-

dium (STEMCELL Technologies #05790) supplemented

with added AA, cAMP, and BDNF. GABA (300 mM) and

cytarabine (1 mM)were included fromD40–D60 to promote

optimal neuronal maturation and prevent unwanted glial

proliferation. For experiments that tested the consequences

of DAPT and/or PD treatment regimens for induction of

cell-cycle withdrawal (Figures S6A–S6E), we added neither

DAPT or PD, DAPT only on D22–D25, PD only on D22–

D30, or PD + DAPT on D22–D30 with all samples assessed

on D30.
d significantly upregulated in variant cINs.
genes, with MYT1L-bound and upregulated genes shown in (H). Red,

d histone modification state and expression levels shown in (K).



Generation of induced neurons from hPSCs

Induced neurons were generated as previously described

(Schafer et al., 2019). Briefly, a construct for doxycycline-

inducible overexpression of NGN2 (Addgene #127288)

was stably transduced into the PDC, PD2, WT, and VKI1

hPSC models (see supplemental methods) and selected

with 0.5 mg puromycin. To induce excitatory iNeurons,

hPSC models were dissociated with Accutase and seeded

ontoMatrigel-coated plasticware inmTeSR plus media sup-

plemented with Y-27632 and puromycin. From D0–D4,

cells were fed daily with mTeSR plus containing doxycy-

cline (DOX, 4 mg) and puromycin. On D4, media was re-

placed with N2B27+ (Neurobasal A [33.3%], DMEM/F-12

[66.6%], B27 supplemented with vitamin A 1X [Gibco

A35828-01], N-2 supplement [Gibco 17502-048] 1X, Pen/

Strep 1X, GlutaMAX 1X, nonessential amino acid 1X,

and 2-mercaptoethanol 1x) supplemented with DOX

and puromycin. Cultures were fed onD5withN2B27+ sup-

plemented with DOX, puromycin, and Cytarabine (1 mM).

On D6, the cells were dissociated with Accutase and seeded

on poly-D-Lysine (10 mg/mL)- and laminin (5 mg/mL)-

coated plasticware. Cells continued to be fed by 1/2 media

change with N2B27+ supplemented with cytarabine

from D6–D14 and BDNF from D8–D14. On D14, the cells

were harvested, processed as described in supplemental

methods.

Statistical analysis

Where appropriate, statistical analysis was carried out using

a combinationofGraphPadPrismversion9 (GraphPadSoft-

ware; La Jolla, CA,USA, available fromwww.graphpad.com)

and RStudio version 3.5.1 (RStudio: Integrated develop-

ment environment for R; Boston, MA, USA, available from

www.rstudio.org). All technical replicates were averaged

before statistical analysis, and statistical tests used for each

data analysis are detailed in the figure legends or in the Sup-

plemental Methods section for specific analysis paradigms

includingdifferential gene expressionanalysis. Aminimum

of 3 independent differentiations were used for each time

point or biological conditionwith the number of differenti-

ations used for each sample listed in figure legends as n. The

results in figures are presented as groupmeanwith standard

error of themean (SEM) unless otherwise specified in figure

legends. Statistical significance is indicated with asterisks as

follows: ns, no significance; *, p < 0.05; **, p < 0.01; ***, and

p<0.001unlessotherwise specified infigure legendswithall

original p values shown in Table S3.

RESOURCE AVAILABILITY

Lead contact
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Materials availability

Allunique/stable reagentsgenerated in this studyareavailable from

the lead contact with a completed Materials Transfer Agreement.
Data and code availability

All raw data and processed files for RNA-seq and CUT&RUN have

been deposited in NCBI/Gene Expression Omnibus database

(https://www.ncbi.nlm.nih.gov/geo/) as GSE244185 and GSE24

4189. This paper does not report original code. Any additional in-

formation required to reanalyze these data reported is available

from the lead contact upon request.
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