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Gain and loss of function variants in EZH1 disrupt neurogenesis and
cause dominant and recessive neurodevelopmental disorders
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Supplementary Figure 1
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Supplementary Figure 1: Photos and brain MRIs of affected individuals carrying EZH1 heterozygous
and biallelic variants.

a, Face and body photos of patients with EZH1 heterozygous missense variants at various ages. b, Brain
MRIs, sagittal (up) and axial (down), of three patients with the indicated heterozygous variant. Red arrows
point to the corpus callosum, while the yellow asterisks mark the enlarged lateral ventricles in P8 MRI.
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Supplementary Figure 2: Chromatograms and qPCRs of cells carrying EZH1 variants. a, Sanger
sequencing of three hPSC clones carrying the EZH1 p.E485X variant in homozygosity (EZH1E485E485) and
their isogenic controls (EZH1**) generated by CRISPR/Cas9 editing (left). Graphs show mean +/-SD of
relative EZH1/GAPDH and EZH2/GAPDH levels obtained from RT-gPCR of n=3 independent clonal hPSC
lines, which highlight the significant reduction of EZH1 levels and intact EZH2 in EZH1E485E485 hPSCs
compared to isogenic controls. ns=non-significant. Two-sided unpaired t-test. (right). b, IGV screenshot
depicting exon sequencing reads corresponding to EZH1 exon 7-13 in the genomic DNA of father, mother
and the only affected individual (P12) of a non-consanguineous family. The mother and the affected child
(P12) show half number of reads covering exon 8-12, which suggests a monoallelic deletion of this region
in the mother that was transmitted to the affected child. The arrow points to the de novo splice variant in
the affected child (P12). ¢, Sanger sequencing of the genomic DNA extracted from the father, mother, and
P12 showing the splice ¢.932-1G>A variant only in the affected child, thus suggesting a de novo origin.
Note that the variant falls within the region deleted in the alternate allele. d, Graphs show mean +/-SD of
relative EZH1/GAPDH and EZH2/GAPDH levels obtained from RT-qPCR of n=3 independent cell cultures,



which highlight the significant reduction of EZH1 levels in P12 hPSCs and lymphoblastoid cells (LCL)
compared to unrelated wild type (WT) controls. EZH?2 levels are variable between hPSC and LCL, and P12
and control lines. ns=non-significant. One-way ANOVA with Tukey’s post hoc analysis test for multiple
comparisons. e, Sanger sequencing of genomic DNA extracted from the father, mother and affected child
(P3) showing the ¢.1835A>T variant in heterozygosity in P3 and detected at low frequency in the father,
who is likely mosaic for the variant. Source data are provided as a Source Data file.
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Supplementary Figure 3: Missense EZH1 variants affect conserved residues and likely impact the
interaction of EZH1 with H3K27, SAM or nucleosomes. a, Alignment of human EZH1 and EZH2 protein
sequences and their orthologs show that missense variants identified in affected individuals in this study
affect residues conserved from zebrafish to humans. b, Molecular modeling of missense EZH1 variants
(red) overlapped with the native residue (green) on the experimental 3D structure of EZH1 bound (7KSO)
and unbound (7KSR) to nucleosomes for E438D, K612M and A678G or on the computationally predicted
EZH1 structure modeled using the experimental structure of EZH2 (PDB: 5HYN) as a template for E438D,
K612M, A678G, R728G, Q731E, and L735F variants. The yellow structure in A678G image (on EZH1
model) represents the K27 in the histone tail. The orange structure in the L735F image represents the
methyl donor molecule SAM. Note that R406 falls within gaps in all EZH1 structures and R728, Q731 and
L735 fall within gaps in the EZH1 experimental 3D structures (7KSO and 7KSR).
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Supplementary Figure 4: EZH1 missense variants do not affect EZH1 or EZH2 expression. a, Graphs
showing mean +/-SD of relative EZH1/ACTB and EZH2/ACTB levels quantified by WB band densitometry
of n=3 independent ReNcell transductions with wildtype EZH1 or indicated variants. ns=non-significant.
One-way ANOVA with Dunnett’s post hoc analysis test for multiple comparisons. b, Enrichment plots
showing average signal of H3K27me3 in ChlPseq peaks (top) and heatmaps showing normalized
H3K27me3 ChlPseq intensities (bottom) +5kb around the center of the peak in the three replicates of EZH1
or A678G overexpressing ReNcells shown combined in Fig 3c. Each replicate is derived from an
independent transduction of ReNcells. ¢, Sanger sequencing of hPSCs edited with CRISPR/Cas9 to carry
the indicated missense EZH1 variants in heterozygosity. The isogenic control for EZH1*/A678C carry two
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synonymous variants in homozygosity (EZH1*5*S) introduced during CRISPR/Cas9 editing, whereas the
control for EZH1*973'€ js an unedited clone isolated during the editing process. d, WB analysis of EZH1,
EZH2 and H3K27me3 in P4 and unrelated control fibroblast lysates. ACTB or H4 are shown as loading
controls. Graphs show mean +/-SD of relative EZH1/ACTB, EZH2/ACTB and H3K27me3/H4 levels
quantified by WB band densitometry in n=3 independent cell cultures. ns=non-significant. Two-sided paired
t-test. e, WB analysis of H3K27me3 in hPSCs carrying heterozygous A678G (+/G) or Q731E (+/E) variants
in heterozygosity and their isogenic controls. H4 is shown as loading control. Graphs show mean +/-SD of
relative H3K27me3/H4 levels quantified by WB band densitometry in n=3 independent cultures. ns=non-
significant. Two-sided paired t-test. f, WB analysis of EZH1 and EZH2 levels during hPSC to neuronal
differentiation, showing a decrease of EZH2 expression beginning at 2 weeks of neuronal differentiation
from NPCs. ACTB is shown as loading control. g, WB analysis of EZH1 and EZH2 in hPSC and 1-month-
old neurons carrying heterozygous A678G (+/G) or Q731E (+/E) variants (M) and their isogenic controls
(WT). ACTB is shown as loading control. Graphs show mean of relative EZH1/ACTB and EZH2/ACTB
levels quantified by WB band densitometry in n=6 WT and M hPSC and n=2 WT and M independent
neuronal cultures. Statistical comparisons are not shown due to small sample size. Source data are
provided as a Source Data file.
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Supplementary Figure 5: Electroporation of shEZH1 reduces EZH1 in the neural tube without
affecting survival and mitosis of neural cells. a, Images of EZH1 immunostained neural tubes
electroporated with a DNA plasmid encoding EGFP and a scramble shRNA (Scrb) or two different EZH1
shRNAs (shEZH1) 48h before. Graph show mean +/-SD of the ratio of EZH1 stained area between the
electroporated (EP side) and non-electroporated sides (C side) of the neural tubes from n=4 embryos. One-
way ANOVA with Dunnett’s post hoc analysis test for multiple comparisons. b, Images of active Caspase 3
(aCASP3) immunostained transverse neural tube sections 48h after electroporation with Scrb or shEZH1.
Graph shows mean +/-SD of n=5 Scrb and n=6 shEZH1 embryos. ns=non-significant. Two-sided Man-
Whitney U test. ¢, Images of phosphorylated Histone H3 (pH3) mitosis marker in transverse neural tube
sections, 48h after electroporation with Scrb or shEZH1. Graph shows mean n=2 Scrb and n=4 shEZH1
embryos. Statistical comparisons are not shown due to small sample size. d, e, Representative image
aCASP3 (d) and pH3 mitosis marker (e) in transverse neural tube sections 48h after electroporation with
control or EZH1 encoding plasmids. Graphs show mean +/-SD of n=5 Ctrl, n=6 EZH1 (d), and n=6 Ctrl and



n=5 EZH1 (e) embryos. ns=non-significant. Two-sided Man-Whitney U test. Source data are provided as a
Source Data file.
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Supplementary Figure 6: Human brain EZH71 expression and validation of hPSC editing and
differentiation. a, EZH1 and EZH?2 expression levels (median TPM) on the indicated regions of the adult
human brains. Data mined from mRNA-sequencing datasets in GTEX. b, Results from CNV analysis of the
parental H9 hPSCs, non-edited H9 clone, H9 edited to carry EZH1 synonymous variants, two clones
carrying EZH1 LOF variant (EZH17") and one of the patients’ GOF variants (EZH1%/A678G) ¢, Sanger
sequencing chromatograms showing EZH1 variants in edited hPCS clones. d, Bright field images and
immunostainings for pluripotency markers OCT4 and SSEA4 of hPSCs carrying EZH1 LOF or GOF variants
introduced by CRIPSR/Cas9 genome editing representative of at least two independently immunostained
cultures. e, Images of hPSC-derived neural progenitor cells immunostained for PAX6 and NESTIN (NPC
markers) representative of at least two independently immunostained cultures. f, Western blot analysis of
EZH1 and EZH2 in hPSCs showing undetectable levels of EZH1 in hPSCs carrying a homozygous loss of
function variant (EZH1-") and intact levels in hPSCs carrying a gain of function variant (EZH1*/A678G)  EZH2
levels are similar between genotypes. ACTB is shown as loading control. Graphs show mean +/-SD of n=3
independent cultures. ns=non-significant. One-way ANOVA with Dunnett's post hoc analysis test for
multiple comparisons. Source data are provided as a Source Data file.
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Supplementary Figure 7: Flow cytometry gating and hPSC RNAseq analysis. a. Plots illustrating the
gating strategy used for Fig 5¢ and d flow cytometry analysis. The starting live cells were selected using
Forward Side Scatter-Area (FSC-A) and Side Scatter-Area (SSC-A) and duplets were excluded by selecting
singlet cell population within the indicated FSC-A and FSC-Width coordinates. b, PCA plot of RNAseq
analysis performed on EZH1** (+/+), EZH1" (-/-) and EZH1*A878G (+/G) 2-month-old neurons. Two clones
per genotype, each differentiated twice (for a total of 4 replicates) were analyzed. ¢, Gene ontology analysis
for Biological Process of genes differentially expressed in -/- or +/G compared to +/+. Adjusted p-values
(pAdj) were computed from the Fisher exact test with Benjamini-Hochberg adjustment for multiple
comparison. Differentially expressed genes were defined as those with absolute logz (FoldChange>1) and
padj<0.05 with the Wald test with Benjamini-Hochberg method for multiple comparison. d, Heatmap
showing the expression level (read counts) of genes contributing to the leading edge of neural stem cell
(NSC) gene set in -/- vs +/+ and the leading edge of late-born neuron gene set in +/G vs +/+ in GSEA
analysis.
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Supplementary Figure 8: Forebrain organoids derived from EZH1 LOF show slightly reduced TBR1*
deep layer neuron population and normal levels of cell death.

a, Images of 60-day old forebrain cortical organoid sections immunostained for TBR1 (layer VI early born
neuron marker) and SOX2 (neural progenitor marker). Graph shows mean +/-SD of the number of TBR1*
cells over SOX2* cells in n=12 organoids. ns=non-significant. Two-sided unpaired t-test with Holm-Sidak
post hoc analysis test for multiple comparisons. b, Representative images of 60-day old forebrain cortical
organoid sections immunostained for aCasp3 and SOX2. Graph shows mean +/-SD of the number of
aCasp3* cells over SOX2* cells for n=12 organoids from two independent batches. ns=non-significant. Two-
sided unpaired t-test. Source data are provided as a Source Data file.






sesed Aeay | siuesed Ayeay sweed Aueay
Boool Boool Booor Booos Booo Booor Booor oexg oexg n._ﬁ_SSh nﬂi_.ssa 80004 20 B0t 000 000120 00012 Bo00s n._is =
jo wous) o wous) o Wous) 0 Qywoud 10 Qywoud) 0 gywoud » wou) 10 Qywous) | ul punoj Ja1LIed | Ul punoj Ja11ed
,.,._Mﬁm n“wsm nnﬂxm ‘oexa e ‘oo n%ﬁm wwwws?éaw ! 1 '9000} : 1 '90004 XQeusoul | X@eueoul |Qvwous 'Dex3|Qywous “0exa|gywous ‘0ex3 | Qvous ‘0ex3| Qywous OBX3|ywous ‘Oex3| X@eueo ul | Aouenbeuy jueeA
usas 6000} J0 | uses ‘6000 40 [ UIPUNOJION | UIPUNOJION | UIPUNOJION | UIPUNOJION | UIPUNOJION | UIPUNOJION | uaes ‘Boool o
ui © ul 10| ul 10| ui ul 10 ul 101 ul ui ul
1 puno} oN PunojioN | UIpunojION | UIPUNO}ON | uIpuNojjoN | uIPUNOjION | Ul puno}ON 1 Punoj oN B N e | i o sl
UIpUnojION | U1 punoj 1oN U punoj oN
€ 6 66 6 6 6€ 6 SE S [ [ & B3 3 Z 3 SVer 662 81095 AAVO
[ Busnes | (Busnes | (Busnes | (Busnes | (Busnes | (Busnes | (Buisneo (Bursnes Buisnes {Bursnes (Buisnes (Bursnes Busnes (Buisnes {Bujsnes (Bursnes (Buisnes |sned [ —
oseosp)g | eseesp)g | eseesp)g | eseesp)g | eseosp)g | eseesp)g | eseesp)g oseosip)g | eseasp)g | eseasp)zz | eseosp)zz | eseesp)ez | eseesip)cz) | eseosp)czl | eseesp)0g | eseesp)gp | eseesp)oy | esessp) 6z
Buibeweq Buibeweq BuBewep Buibeweq Bubeweq Buibeweq BuBewep o Bubewep ueydkiod
Aigeqoid 660 | A19eqoid 2660 | AIQIssod 9160 | 19eqoid 000') | A19eqoid 000°) | AIGeaoid 000t | AIgegoid 000 Aiqeqoid 086'0
{owopeww) |
wesopu 970 | wespn g0 | wenoLiszo [ e ! ot WOl | wespuiszo | wempmso [ Heo! o_nnnﬂ.--hoh
ABiHZLO | AMBIHZLIO | AMBIH 900 ABIHZLO PR,
SNOBAZO 0P}
> _So_._ Bk R 6k R KusoBkz
ujeb doig ureb doig ueb doig ueb dojg uieb dojg upeb dojg ueb doig ?.oia!ﬂ.“%_ao umeb doig umeb dojg e d e aue aBueg SBUBD s a0 e @ouanbesuo)
OVI<OVO | OVI<OVO | OVI<OVO | OVI<OVO | OVI<OVO | OVI<OVO | OVI<OvO OVI<O0L | OVI<OOL | OII<0I0 | OLI<0L0 | WWOWO | ©99<00V | 999<00V | I99<100 | OIV<OW | OVO<WO | OVI<0D0 | ebueqduopod
z1woxg €1 uoxg €1 uox3 €1 voxg €1 uoxg £} uoxg £l uog z1-guoxg 6uoxg 6uoxg 1Zuoxg 1Zuox3 1Zuoxg 0z wox3 0z voxg 61 uoxg 91 vox3g z1vox3 Z1voxg ta,_..n_.”nmﬁm
90 90 SZ0 V0 710 900 820 S0 Zh0 SPINP
abBuey
Xelwod xsgyad xsgyad xggyad xsgyad xsgyad xsgyad ¢d xgseyd xeszyd 4ge.7d 45eL7d EI ogzLyd ogzLyd 08.9vd We19d ageyad HIOPY | o onbeg ..n_...o&
<wﬁu (€'166100 WN)
LoD [ 1<OBGMD | L<OBSHLD | L<OfGMD | L<OPSHLD [ L<OfSMd | LeOBSHLD | oo L | L<O2ud L1<0zisd | 1<Of0ZZo | L<0E0ZZ0 | ©<OMBIZD | O<wesIZd | O<weBlzd | ©<0ee0z0 | Ll<vsestd | O<wpield | v<ouzLd obueyd
599 1 +400]0 eouenbeg Bujpon
1<0
V<o V<o V<o V<o V<0 V<0 v<0 Soﬁwontzu V<ol V<ol v<o V<o 9<% 9<L o<1 2<© el o<1 . uxwvﬂ._ o
o . il _ ; 3 ;s s s il J
| Lv980Y L V| o azzisg0p, |EP0LB0YLIMO 90/80VLL O Ly LAy Ly Ly Ly (o L) (t B onmeod
~L0EY980Y:LIMO
(Bunais
pajoayeun
6u
x 159) joued E ) ueyen
awoxg awoxgz |woxz opPs Jebueg awoxg Jebueg Jobueg QWoX3z ol awoxgy awoxgy paseq awoxgy |wox3z swoxg awoxg swoxg . . awoxg |woxg swoxg 30 poyew
pue Butouanbeg
awox3 oL
| TN 8id_ Zid [ S [ wid £id od | vd O | 8 [ z& [ 8d [ s [ ¥4 € |z [ v [ anwmed |
$94njea) JUBLIBA | 9|qel AJejuswa| S




Supplementary Table 2: RT and PCR primers

Primer Name

Sequence (5'->3")

Note

Targeted RT-Splice EX20-21

GCTTGGCTGTACCTGTAATCAAAG

For targeted retrotranscription: targets 5' end of exon 21_3' end of exon 20

Targeted RT-GAPDH EX8-9

CGTTGTCATACCAGGAAATGAGC

For targeted retrotranscription: targets 5' end of exon 9_3' end of exon 8

RTPCR Splice Exon 9 FW

CCTCAGTGCACACCCAACA

For RT-PCR Exon 9

RTPCR Splice Exon 10 RV

GCAGTCTGTGCCACATGGTTCTGG

For RT-PCR Exon 10

RTPCR Splice Exon 11 RV

GCCCAGTCATTGCCTGTGTCCC

For RT-PCR Exon 11

RTPCR GAPDH FW GGATTTGGTCGTATTGGG For RT-PCR Exon 2
RTPCR GAPDH RV GGAAGATGGTGATGGGATT For RT-PCR Exon 3
qRTPCR hEZH1 3" FW GTAGTGGATGCTACTCGGAAAG For gqRTPCR Targets 3' end
qRTPCR hEZH1 3' RV AGCTTGGCTGTACCTGTAATC For gRTPCR Targets 3' end
qRTPCR hGAPDH FW CCATGGGGAAGGTGAAGGTC For gRTPCR Exon 2
gRTPCR hGAPDH RV TGGAATTTGCCATGGGTGGA For qRTPCR Exon 4

Supplementary Table 3: Oligonucleotides used for hPSC editing and testing

Cell line (genotype) Oligonucleotide sequence targeted exon
sgRNA cctgaatcagtactcagatg Exon 7
EZH1-/- sequencing primer F accactgctcatctttcgaatc
sequencing primer R acgtaccttcaatagcatgtcg
sgRNA gtagtggatgctactcggaa Exon 19
and silent mutations 9 og gatlig g'd
cccaac
EZH1+/A678G
tgtgcttatggttttcctigatttactttat ttttgtagtggatggt
ssODN_silent mutations clgigctatggttiicciigatitacitiatacagatitigiagiggalag
| acacgaaaaggaaacaaaattcgatttgcaaatcattcagtgaat
only cccaac
sequencing primer F ctgagaagctgtggaattge
sequencing primer R tcacagtaaagaggcatccatc
sgRNA cgtacttgagagcatcagcet Exon 21
ssODN_patient mutation agtcatgagagtaacctggttcctcttcectgcetetgggacaggtaca
- X gcgaagctgatgctctcaagtacgtggggatcgagagggagacc
EZH1+/Q731E and silent mutations gacgtectita
sequencing primer F tttgtgcectctggacatgg
sequencing primer R tagatttgggggctcaggga
sgRNA gggttcatgagctcatctgt Exon 13

EZH1 E485X/E485X

ssODN_patient mutation
and silent mutations

tctttcagtitgcagtcaaagaatcacttatcctgaagcetgccaactg
attagctcatgaacccctcacagaagaagaaaagaaagcacag

gcaagaaggg

sequencing primer F

cacccagctgggcecacttac

sequencing primer R

ggcagatgggaactccaaggg




