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35 Extended Data Fig. 8. (a) UMAP showing the timecourse expression data of hiPSCs, NPCs and induced neurons. (b-e) UMAPs showing
36 the results of the scDoRI analysis with the activation (b, c) or repression (d, e) of genes regulated by TCF4 (left) or ZEB1 (right).
37
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Fig. 6. TCF4 and ZEB1 activity modulate neurodevelopmental timing. (a) Schematic of the bulk ATAC-seq experiment with hiPSC-
derived NPCs and induced neurons following TCF4- or ZEB1-OE. CRISPRa-NGN2 hiPSCs were transduced with three gRNAs targeting
the TSS of either TCF4 or ZEB1 or with NT-ctrl gRNAs at a low MOI (~0.2). After selection and recovery, hiPSCs were either differentiated
into NPCs (via dual SMADI) or into glutamatergic neurons (via NGN2 overexpression). Seven days after induction, NPCs and neurons
were collected, and their nuclei were isolated for subsequent ATAC-seq library preparation. (b) HOMER motif enrichment results in NPCs
following CRISPRa of TCF4 (top) or ZEB1 (bottom). Top four enriched TF motifs are shown with their significance (bar plot; -log1o(p-val)).
(c, d) Expression of TCF4-OE (c) and ZEB1-OE (d) signature genes in hiPSCs, NPCs and induced neurons from the timecourse multiome
experiment. Signature genes were selected using the most accessible promoter and exon regions in NPCs following TCF4 or ZEB1
overexpression (logz.FoldChange > 1, comparison to NT-ctrl NPCs). Aggregated expression for each cell type is shown as dots. (e)
Relative expression of MCRS1, TCF4, and ZEB1 in control cells (NT-ctrl) and following CRISPRi of MCRS? in hiPSCs. Relative
expression levels were measured via gPCR following the AACt method, normalized to GAPDH and ACTB and experimental control (NT-
ctrl). Bar plots show mean * s.e.m. (n = 4 independent replicates). (f) Genomic tracks at the ZEB1 locus on chromosome 10 of DAXX
(data retrieved from ChiIP-Atlas SRX1021630), HDAC2 (ChiIP-Atlas SRX19212560), and MCRS1 (ChIP-Atlas SRX3445802). (g)
Proposed model of the regulatory function of MCRS1 on ZEB1 expression and the associated acceleration of cell states along the neural
differentiation trajectory: MCRS1 co-localizes with transcriptional repressors (e.g., DAXX, HDAC) and controls ZEB1 expression. In this
role, MCRS1 function could be considered as a “barrier”, restraining cells in the proliferative NPC state (top schematic). CRISPRi of
MCRS1 leads to the increased expression and activity of ZEB1 in hiPSCs. (h) Proposed model of altered neurodevelopmental trajectories
and timing following the loss-of-function of schizophrenia implicated genes. Neurodevelopmental delay is the consequence of the
mechanistic convergence of risk TFs and CRs in modulating the capacity of cells to repress non-neuronal transcriptional programs. On
the other hand, the precocious activation of ZEB1 facilitates the fate switch and results in accelerated neurodevelopment.
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Extended Data Figure 9
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Extended Data Fig. 9. (a) relative expression of TCF4 (left) or ZEB1 (center), and PAX6 (right) in control cells (NT-ctrl) and following
CRISPRa of TCF4 or ZEB1 in hiPSCs (left and center panels) and NPCs (right). (b, c¢) Log ratio vs. average (MA) plots showing the
significantly differentially accessible chromatin regions (DARs) following TCF4-/ZEB1-OE vs. controls in NPCs (b) and induced neurons
(c). (d, e) Overrepresentation analysis of genes linked to differentially more accessible chromatin regions following CRISPRa of ZEB1 in
NPCs with ontology terms derived from MSigDB (Hallmark category), the KEGG, Reactome, Wikipathways (WP) and Gene Ontology
(GO) databases (d) or with traits from the GWAS catalog (e). Significant terms are shown (FDR < 0.05). (f) HOMER motif enrichment
results in induced neurons following CRISPRa of TCF4 (top) or ZEB1 (bottom). Top four enriched TF motifs are shown with their
significance (bar plot; -logio(p-val)). (g) Relative expression of TCF4, ZEB1, and MCRS1 in control cells (NT-ctrl) and following CRISPRi
of TCF4 or ZEB1 in NPCs. In (a) and (g), relative expression levels were measured via gPCR following the AACt method, normalized to
GAPDH and ACTB and experimental control (NT-ctrl). Bar plots show mean + s.e.m. (n = 3 independent replicates).

27


https://doi.org/10.1101/2025.06.13.659629
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.06.13.659629; this version posted June 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

980 Methods
981 In-silico selection of candidate risk genes of schizophrenia

982  Using metadata derived from PsychENCODE datasets®*?°, 55 putative TFs and CRs were
983  selected that showed an association with reduced expression and activity in post-mortem brain
984 samples derived from schizophrenia patients. Next to the meta-analysis, differential gene
985 expression, differential transcription factor activity and gene regulatory network analysis was
986  performed on 430 bulk RNA-seq and 290 matched ATAC-seq samples to prioritize risk TFs and
987 CRs, employing BrainGVEX data (Synapse ID: syn4590909). Through literature research, the list
988  of schizophrenia-implicated genes was complemented totaling in 65 selected risk genes. The
989  additional target genes included three positive control genes that show a strong association for
990 disease risk (DISC1®®, SETD1A?, NRXN71**) as well as seven non-TF coding risk genes
991 (DGCRS8®, PCCB®', MSRA®', RPTOR®, SF3B1%*, SLC45A 132, THOC7%).

992  Molecular Cloning

993 To introduce different dCas9 expression cassettes into the CLYBL donor plasmid (pC13N-
994  iCAG.copGFP?*, Addgene #66578), the parental plasmid was linearized via restriction digest with
995  Mlul-HF and BsrGI-HF (CutSmart, 37° C; New England Biolabs; R3198/R3575) and the resulting
996 10,205 bp fragment was isolated via gel electrophoresis and following the QlAquick Gel Extraction
997  Kit (Qiagen; 28704). The linearized plasmid was ligated with PCR fragments coding for dCas9-
998 KRAB-MeCP2* (derived from Addgene #110821; FW primer: 5-
999 TCTGATGTACAGCCACCATGGACAAGAAGTA-3, RV primer: 5’-
1000 ATGAACGCGTTATGAGACTCTCTCAGTCACG-3’) or dCas9-VP64'% (derived from Addgene
1001  #61425; FW primer: 5-TCTGATGTACAGCCACCATGAAAAGGCCGGC-3, RV primer: 5-
1002 ATGAACGCGTTTACAGCATGTCCAGGTCGAAATC-3’) at a molar ratio of 1 to 4 using 400 units
1003 T4 DNA ligase (New England Biolabs; M0202) at 16° C for 16 hours. After ligation, 2 pl of the
1004 mixture was added to chemically competent bacteria (Stbl3 E. coli; Thermo Fisher Scientific;
1005 C7373-03) following the manufacturer’s instructions. Transformed bacteria were plated on LB-
1006  Agar plates containing Carbenicillin and incubated overnight (37° C). Small-scale liquid bacterial
1007  cultures (~2.5 ml) were picked from the LB-Agar plates and incubated on a shaking device for
1008  approximately 10 hours (37 °C). Plasmid DNA was extracted using the Quick-DNA Miniprep Plus
1009 Kit (Qiagen; 27106) and plasmids were sequence verified (Sanger sequencing service from
1010  Eurofins Genomics) using primer flanking the insertion sites. Large bacterial liquid cultures were
1011  generated (~250 ml) for sequence-verified bacterial clones and plasmid DNA purified following the
1012  NucleoBond® Xtra Midi EF kit (Macherey-Nagel; 740424.10).
1013 The original pUCM-AAVS1-TO-hNGN2* plasmid (Addgene #105840) was modified to exchange
1014  the puromycin resistance coding sequence for a blasticidin-S-deaminase (BSD) sequence. Briefly,
1015 the parental plasmid backbone was cut via restriction enzyme digestion with Pmel (New England
1016 Biolabs; R0560) and Dralll-HF (New England Biolabs; R3510) at 37 °C in CutSmart buffer. The
1017  backbone was purified via gel extraction as described above and ligated with a dsDNA gene
1018  fragment with complementary overhangs (5-
1019 AAACGGGCCCTCTAGATTAGCCCTCCCACACATAACCAGAGGGCAGCAATTCAC
1020 GAATCCCAACTGCCGTCGGCTGTCCATCACTGTCCTTCACTATGGCTTTGATCCCA  GGA
1021 TGCAGA TCGAGAAGCACCTGTCGGCACCGTCCGCAGGGGCTCAAGA TGCCC
1022 CTGTTCTCATTTCCGATCGCGACGATACAAGTCAGGTTGCCAGCTGCCGCAGCAG
1023 CAGCAGTGCCCAGCACCACGAGTTCTGCACAAGGTCCCCCAGTAAAATGATATAC
1024 ATTGACACCAGTGAAGATGCGGCCGTCGCTAGAGAGAGCTGCGCTGGCGACGCT
1025 GTAGTCTTCAGAGATGGGGATGCTGTTGATTGTAGCCGTTGCTCTTTCAATGAGG
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1026 GTGGATTCTTCTTGAGACAAAGGCTTGGCCATCTCGAGCCTAGGGCCGGGATTCT

1027 CCTCCACGTCACCGCATGTTAGAAGACTTCCTCTGCCCTCTCCGCTGCCAGATCTC

1028 TCGAGGCCCTGTGGGAGGAAGAGAAGAGGTCAGAAGCTTATAACTTCGTATAAT

1029 GTATGCTATACGAAGTTATTGCCCCACTGTGGGGTGGAGGGGACAGATAAAAGT

1030 ACCCAGAACCAGAGCCACATTAACCGGCCCTGGGAATATAAGGTGGTCCCAGCT

1031 CGGGGACACAGGATCCCTGGAGGCAGCAAACATGCTGTCCTGAAGTGGACATAG

1032 GGGCCCGGGTTGGAGGAAGAAGACTAGCTGAGCTCTCGGACCCCTGGAAGATGC

1033 CATGACAGGGGGCTGGAAGAGCTAGCACAGACTAGAGAGGTAAGGGGGGTAGG

1034 GGAGCTGCCCAAA TGAAAGGAGTGAGAGGTGACCCGAA TCCACAGGAGAACGG
1035 GGTGTCCAGGCAAAGAAAGCAAGAGGATGGAGAGGTGGCTAAAGCCAGGGAGA

1036 CGGGGTACTTTGGGGTTGTCCAGAAAAACGGTGATGATGCAGGCCTACAAGAAG

1037 GGGAGGCGGGACGCAAGGGAGACATCCGTCGGAGAAGGCCATCCTAAGAAACG AGAGA
1038 TGGCACAGGCCCCAGAAGGAGAAGGAAAAGGGAACCCAGCGAGTGAAG ACGGCA
1039 TGGGGTTGGGTGAGGGAGGAGAGA TGCCCGGAGAGGACCCAGACACG
1040 GGGAGGATCCGCTCAGAGGACATCACGTG-3') as described. Plasmid amplification was
1041  performed using chemocompetent bacteria as described. Successful cloning was verified via
1042  Sanger sequencing using sequencing primers that were spanning the editing sites.

1043  For better estimation of the lentiviral titer, the CROP-seqg-opti lentivector (Addgene # 106280) was
1044  modified via restriction digest with Rsrll (New England Biolabs; R0501) and Mlul-HF (CutSmart,
1045  37° C). The linearized backbone (9,740 bp) was purified and ligated to a gene fragment coding
1046  for puromycinR-T2A-tagBFP sequence (5’-GACCGCCACA
1047 TCGAGCGGGTCACCGAGCTGCAAGAACTCTTCCTCACGCGCGTCG GGCTCGACA
1048 TCGGCAAGGTGTGGGTCGCGGACGACGGCGCCGCCGTGGCGGTCT

1049 GGACCACGCCGGAGAGCGTCGAAGCGGGGGCGGTGTTCGCCGAGA TCGGCCCGC GCA
1050 TGGCCGAGTTGAGCGGTTCCCGGCTGGCCGCGCAGCAACAGA TGGAAGGCC
1051 TCCTGGCGCCGCACCGGCCCAAGGAGCCCGCGTGGTTCCTGGCCACCGTCGGAGT

1052 CTCGCCCGACCACCAGGGCAAGGGTCTGGGCAGCGCCGTCGTGCTCCCCGGAGT

1053 GGAGGCGGCCGAGCGCGCCGGGGTGCCCGCCTTCCTGGAGACCTCCGLCGLCCCG

1054 CAACCTCCCCTTCTACGAGCGGCTCGGCTTCACCGTCACCGCCGACGTCGAGGTG

1055 CCCGAAGGACCGCGCACCTGGTGCA  TGACCCGCAAGCCCGGTGCCGGA  TCGGGA
1056 GAGGGCAGAGGAAGTCTGCTAACATGCGGTGACGTCGAGGAGAATCCTGGCCCA

1057 CCGGTCGCCACCAGCGAGCTGATTAAGGAGAACATGCACATGAAGCTGTACATG

1058 GAGGGCACCGTGGACAACCA TCACTTCAAGTGCACA TCCGAGGGCGAAGGCAAG
1059 CCCTACGAGGGCACCCAGACCATGAGAATCAAGGTGGTCGAGGGCGGCCCTCTC

1060 CCCTTCGCCTTCGACATCCTGGCTACTAGCTTCCTCTACGGCAGCAAGACCTTCAT

1061 CAACCACACCCAGGGCA TCCCCGACTTCTTCAAGCAGTCCTTCCCTGAGGGCTTC
1062 ACATGGGAGAGAGTCACCACATACGAAGACGGGGGCGTGCTGACCGCTACCCAG

1063 GACACCAGCCTCCAGGACGGCTGCCTCATCTACAACGTCAAGATCAGAGGGGTG

1064 AACTTCACA TCCAACGGCCCTGTGA TGCAGAAGAAAACACTCGGCTGGGAGGCC
1065 TTCACCGAGACGCTGTACCCCGCTGACGGCGGCCTGGAAGGCAGAAACGACATG

1066 GCCCTGAAGCTCGTGGGCGGGAGCCATCTGATCGCAAACATCAAGACCACATAT

1067 AGATCCAAGAAACCCGCTAAGAACCTCAAGATGCCTGGCGTCTACTATGTGGACT

1068 ACAGACTGGAAAGAATCAAGGAGGCCAACAACGAGACCTACGTCGAGCAGCAC

1069 GAGGTGGCAGTGGCCAGATACTGCGACCTCCCTAGCAAACTGGGGCACAAGCTT

1070 AATTAAA-3’) incubating with T4 DNA ligase overnight (400 units, 16° C, 16 hours, 1:4 ratio of
1071  backbone to insert). Plasmids were amplified in competent bacteria, and sequence verified via
1072 Sanger sequencing as described above.

1073  Cloning of gRNAs targeting individual genes
29
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1074  For the insertion of gRNAs into the modified CROP-seq (CRISPRI) or the pXPR_502 (CRISPRa;
1075  Addgene #96923) backbone, the plasmids were linearized via BsmBl (New England Biolabs;
1076  R0580) restriction digestion (NEBuffer 3.1, 55° C), and gel purified. For oligonucleotide annealing,
1077 100 uM of each sense and antisense oligonucleotide for a single gRNA was mixed with T4 ligation
1078  buffer (1x), nuclease-free water, and 5 units of T4 Polynucleotide Kinase (New England Biolabs;
1079 MO0201). The reaction was incubated at 37° C for 45 min. Afterwards, phosphorylated
1080  oligonucleotides were annealed in the same reaction mixture by heating up to 95° C for 3 min and
1081  slow cooling to 25 °C (0.1° C per second). For the ligation, annealed oligonucleotides were diluted
1082  200-fold and 1 pl of the dilution was mixed with 30 — 50 ng of cut plasmid backbone. After ligation,
1083  plasmid amplification and verification were performed in chemocompetent bacteria and Sanger
1084  sequencing as described above.

1085  Cloning of the pooled gRNA library

1086 A focused pooled CRISPRI library was designed in silico targeting the 65 candidate genes with
1087  four individual gRNAs and an additional of 15 non-targeting control gRNAs using two public
1088  resources*®'”” and ordered as an oligonucleotide pool (Supplementary Data File 1; Twist
1089  Bioscience). The lyophilized pool was resuspended in 3.8 ul TE buffer to yield a concentration of
1090 10 ng/ul. In two separate reactions with 6 ng of input, the pool was amplified for ten cycles using
1091 PCR primers that annealed to the up- and downstream flanking sequences of the gRNAs
1092  (forward_primer: 5’-GGCTTTATATATCTTGTGGAAAGGACGAAACACC-3’; reverse_primer: 5’-
1093 ACTTGCTATGCTGTTTCCAGCATAGCTCTTAAAC-3’) and Q5 polymerase (PCR program: initial
1094  denaturation at 95 °C, 3 min; ten cycles of denaturation (98 °C, 20 sec), annealing (68° C, 15 sec),
1095 and extension (72° c, 15 sec) followed by a final extension at 72° C for 1 min). The modified
1096 CROP-seq backbone was cut with BsmBl, purified as described above, and additionally cleaned-
1097  up using SPRI magnetic beads (Beckman Coulter; B23318). In duplicate reactions, the amplified
1098 gRNA pool (50 ng) was cloned into the cut CROP-seq backbone (330 ng) using the NEBuilder
1099  HiFi DNA Assembly Kit (New England Biolabs; E5520) following the manufacturer’s instructions.
1100  The product was purified via SPRI magnetic beads, and the gRNA pool was amplified utilizing
1101  Endura electrocompetent cells (Lucigen; 60242-2-LU). Briefly, two electroporation reactions were
1102  performed on a MicroPulserTM Il (BioRad) following the manufacturer’s instructions and using the
1103  EC1 setting (V: 1.8 kV). Subsequently, cells were resuspended in pre-warmed recovery medium
1104 (1 ml), pooled together in a 50 ml conical tube and incubated at 37° C for 45 min in a shaking-
1105 incubator. Next, the cell suspension was diluted 1:1 with LB-medium and 2 ml of bacterial
1106  suspension was spread evenly on pre-warmed LB-agar plates (245 mm square dish) containing
1107  carbenicillin (100 pg/ml) and incubated for 12 hours at 37° C. To assess the bacterial
1108 transformation efficiency, serial dilutions of the stock bacterial suspension (1:1,000; 1:10,000;
1109  1:100,000) were plated on 10 mm LB-agar plates containing carbenicillin (100 pg/ml). Upon
1110 verification that the electroporation efficiency met the minimum recommended library
1111 representation of 100-fold bacterial colonies (~13,000-fold representation) for each gRNA, cells
1112 were harvested with LB-medium and a cell scraper. Subsequently, bacterial cells were centrifuged
1113 (6,000x g, 20 min, 4° C) and plasmid DNA purification was performed using NucleoBond® Xtra
1114  Midi EF (Macherey-Nagel) according to the instructions provided by the manufacturer.

1115 Tissue culture

1116  Human induced pluripotent stem cells with institutional review board approval (CESCG-295, kindly
1117  provided by Dr. Michael Synder, were derived from peripheral blood mononuclear cells; Stanford
1118  University, reference numbers 29904, 30064) were maintained under serum-free conditions in E8
1119  medium (Gibco, A1517001) on vitronectin-coated (Thermo Fisher Scientific, A14700) plates at 37

30


https://doi.org/10.1101/2025.06.13.659629
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.06.13.659629; this version posted June 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1120  °C with 5 % CO.. For passaging, cells were washed twice with phosphate-buffered saline (PBS)
1121  and incubated in a Versene solution (Gibco; 15040066; 3 min at 37 °C) to release colonies from
1122  the plate. A fraction of the cell suspension, typically 1:7 (v/v), was transferred to a freshly coated
1123 plate with E8 medium supplemented with 10 uM Rho kinase inhibitor Y-27632 (ROCK:i; Abcam;
1124  Ab120129) and 100 units/ml penicillin/streptomycin (Gibco; P4458). The medium was replaced
1125  every day with fresh E8, and cells were maintained until reaching ~80 % confluency. CRISPRIi/a-
1126 NGN2-hiPSCs were maintained in E8 medium supplemented with 100 pg/ml G418 (Invivogen;
1127  Ant-gn-1) and 2.5 pyg/ml blasticidin-S-hydrochloride (Sigma-Aldrich; SBR-00022). Following gRNA
1128  transduction, cells were selected with 1 to 4 ug/ml puromycin (Invivogen; Ant-pr-1).

1129  Human embryonic kidney 293 (HEK-293T) cells and mouse fibroblast NIH-3T3 cells were cultured
1130 in DMEM, high glucose (Gibco; 11965092) supplemented with 10 % FBS (Gibco; 10270-106), 1x
1131  non-essential amino acids (NEAAs; Gibco; 11140050), 2 mM GlutaMAX (Gibco; 35050061), and
1132 100 units/ml penicillin/streptomycin (Gibco) and maintained at 37 °C with 5 % CO..

1133 All cell lines were regularly tested for mycoplasma contamination using a commercial mycoplasma
1134  detection kit (E-Myco Plus PCR Detection Kit (Chembio, 25237).

1135 Generation of clonal hiPSC lines

1136  Human iPSCs were maintained as described above until reaching ~80 % confluency. Two hours
1137  before nucleofection, the cell culture medium was replaced with E8 medium supplemented with
1138  ROCKIi (10 uM). For each nucleofection reaction, one million cells were collected via Accutase
1139  (Stem Cell Technologies; 07920) treatment (5 min, 37 °C) in PBS. Following centrifugation (250x
1140 g, 5 min), cells were resuspended in the transfection mixture following the manufacturer’s
1141  recommendations (Lonza; V4XP-3024). Nucleofections were performed with 10 pg of the
1142  respective transfer plasmid encoding for the transgenes (e.g., CRISPRi/a machineries, NGN2
1143  expression cassette) and 5 ug of each TALEN-encoding plasmid with homologies towards the 5’-
1144  and 3’-ends of the target locus (CLYBL left: Addgene plasmid #62196, CLYBL right: Addgene
1145  plasmid #62197, AAVS1 left: Addgene plasmid # 80495, AAVS1 right: Addgene plasmid # 80496).
1146  Cells were transfected on the 4D-Nucleofector using the “CA-137” program. After electroporation,
1147  cells were gently transferred to 15 ml conical tubes with pre-warmed E8 medium and centrifuged
1148  (220x g, 5 min). The cell pellet was resuspended in pre-warmed E8 medium supplemented with
1149  ROCK:Ii (10 uM), and cells were transferred onto vitronectin-coated plates. The cell culture medium
1150 was replaced every day, and cells were passaged as described above. Two weeks after
1151  nucleofection, the respective selection marker was added to the cell culture medium (G418,
1152 blasticidin-S-hydrochloride, or both). Following two weeks of antibiotic selection, cells were FAC-
1153  sorted onto vitronectin-coated 96-well plates to establish clonal transgenic cell lines under
1154  exclusion of dead cells via DRAQ7 (Biolegend, 424001) staining. The CRISPRi-NGN2 hiPSCs
1155  were sorted based on the expression of BFP that is fused to dCas9 and mCherry that is part of
1156  the inducible NGN2 expression cassette, while CRISPRa-NGN2 hiPSCs were sorted based on
1157 mCherry expression only. One week after FACS, the antibiotic selection was re-initiated as
1158  described. Surviving clones were harvested and genotyped for the correct insertion of the

1159  transgenes (FW_5’_genotyping_CLYBL: 5-GCATTCTGCTTGGGAACAACA-3’,
1160 RV_5’_genotyping_CLYBL: 5-GATGCGATGTTTCGCTTGGT-3’; FW_3’_genotyping_CLYBL: 5’-
1161 TGTATTTGTGGACTTCACCAGGG-3’, RV_3’_genotyping_CLYBL: 5-
1162 CCACCAGCAACCTGACGTTTT-3’; FW_5_genotyping_AA VS1: 5-
1163 CCAAAAGGCAGCCTGGTAGA-3, RV_5'_genotyping_ AAVS1: 5-
1164 TTTACGAGGGTAGGAAGTGGT-3 FW_3’_genotyping_AAVS1: 5'-
1165 TGACACCAGTGAAGATGCGG-3, RV_3’_genotyping_ AAVS1: 5-
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1166 TCGACCTACTCTCTTCCGCA-3%)). Upon expansion, a bulk sort was repeated to enrich for cells
1167  with high expression of the transgenes using the same gating strategy as described for the single-
1168  cell sorting.

1169  Maintenance of the chromosomal landscape was verified via low-coverage whole-genome
1170  sequencing as described before (Matteo’s paper). Final sample libraries were equimolarly mixed
1171  and sequenced as a multiplexed pool on the NextSeq 500 platform (Read configuration: 75 cycles
1172  read 1, 6 cycles index 1, single-end reads).

1173  Differentiation of hiPSCs to neural progenitor cells and induced neurons

1174  For the differentiation of hiPSCs to NPCs, a monolayer differentiation protocol was employed
1175  following the SMADi Neural Induction Kit instructions (Stemcell Technologies; 0858). Briefly, 12-
1176  or 24-well tissue culture plates were coated with 15 pug/ml poly-L-ornithine (Sigma-Aldrich; P4957)
1177  and 10 pg/ml laminin (Roche; 11243217001) before cell collection. Next, hiPSCs were washed
1178  twice with PBS and dissociated with Accutase (37° C, 5 min) to yield a single-cell suspension. For
1179  each differentiation, ~730,000 (12-well format) or ~400,000 (24-well format) hiPSCs were
1180 collected and resuspended in the differentiation medium supplemented with ROCKIi (10 uM). Cells
1181  were evenly spread and maintained at 37 °C with 5 % CO.. Medium was replaced every day with
1182  fresh differentiation induction medium. At day six or seven of differentiation, cells were collected
1183  for the downstream assays.

1184  For the NGN2-driven directed differentiation, ~1 x 10° (6-well format) or ~4 x 10° (12-well format)
1185 dissociated single cells were plated on vitronectin coated plates in pre-differentiation medium
1186  (Knockout DMEM/F12 (Gibco; 12660012) supplemented with NEAAs, 1x N2 supplement (Gibco;
1187  17502048), 10 ng/ml NT-3 (Peprotech; 450-03), 1 pyg/ml laminin, 10 yM ROCKi and 2 pg/ml
1188  doxycycline hyclate (Sigma-Aldrich; D9891). The following day, a full medium change was
1189  performed in pre-differentiation medium without ROCKi. Two days after doxycycline induction,
1190 pre-differentiated neurons were collected as a single-cell suspension via Accutase (37° C, 2 min),
1191  counted and plated at the same density onto 6-well or 12-well plates in neural differentiation
1192  medium (NDM: half volume DMEM/F12 (Gibco; 11330032), half volume Neurobasal-A (Gibco;
1193  10888022) supplemented with 1x NEAAs, 0.5x GlutaMAX, 1x B-27 minus vitamin A (Gibco;
1194  12587010), 0.5x N2, 10 ng/ml NT-3, 1 pg/ml laminin, and 1 ug/ml doxycycline). Cells were evenly
1195  spread, and a full medium change was performed the next day with NDM (without doxycycline).
1196  Cells were maintained at 37 °C with 5 % CO; with half medium changes twice per week until
1197  harvest for downstream assays.

1198 Lentivirus production

1199  Lentivirus production was performed using a second-generation lentiviral system and HEK-293T
1200 cells for packaging. Briefly, early passaged HEK-293T cells at 70 — 80 % confluency were
1201  transfected with the lentiviral transfer plasmid (37.5 pug per 150 mm flask) as well as with a Pax2
1202  packaging plasmid (Addgene #12260, 20 ug per 150 mm flask) coding for the viral proteins and a
1203 MD2.G plasmid (Addgene #12259, 9 ug per 150 mm flask) coding for the VSV-G envelope. To
1204  prevent lysosomal degradation and inhibit autophagy, the transfection medium (DMEM, high
1205 glucose with 10 % FBS, 2 mM GlutaMax, and 100 units/ml penicillin/streptomycin) was
1206  supplemented with 25 yM chloroquine (Sigma-Aldrich; C6628). After 12 — 16 hours, the
1207 transfection medium was replaced with the virus collection medium (DMEM, high glucose with 10
1208 % FBS, 2 mM GlutaMax and 100 units/ml penicillin/streptomycin, 1.5 ml of 0.1 N NaOH, and 1
1209 mM sodium butyrate (Sigma Aldrich; 303410)). Viral supernatant was filtered through a 0.45 ym
1210  PVDF filter and concentrated via ultracentrifugation using a SW 32 Ti rotor (Beckman Coulter,
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1211 107,000x g, 4 °C, 2.5 hours). Viral particles were resuspended in ice-cold PBS or E8 medium with
1212 ROCK:Ii (10 uM) (~500x concentration). All experimental procedures for lentivirus production were
1213  performed in a biosafety level 2 laboratory.

1214  Cell cycle assay

1215  For the quantitative acquisition of 5-ethynyl-2’-deoxyuridine (EdU) incorporation, the ClickTech
1216  EdU Cell Proliferation Kit 488 Sensitive (Carl Roth; BCK-EdUPro488FC50) was used. In brief,
1217  hiPSCs were incubated for 1 hour in E8 medium supplemented with ROCKi (10 uM) and 10 pM
1218 EdU. For NPC labelling, 20 uM Edu (1 hour incubation) was used, while for induced neuron 20
1219  uM EdU was used with extended incubation (2.5 hours) at 37° C. For each staining, 1 x 10° single
1220 dissociated cells were used. Cells were fixed in 100 ul of 4 % PFA in PBS and incubated 15
1221  minutes at room temperature in the dark. After quenching with excess PBS with 1 % BSA, cells
1222  were centrifuged, and the pellet resuspended in 1X saponin-based permeabilization buffer (200
1223 ul). Staining was performed in 500 pl of the Click reaction solution (RNAse-free water, 1X reaction
1224  buffer, catalyst solution, dye azide, and 1X buffer additive) with 30 minutes incubation at room
1225  temperature in the dark. Subsequently, cells were washed once with 3 ml of saponin-based
1226  permeabilization buffer and stained with DRAQ7 for DNA content (7 minutes incubation at room
1227  temperature). Finally, cells were washed with the saponin-based permeabilization buffer and
1228 resuspended in 300-500 ul of the saponin-based buffer and EdU incorporation was acquired on
1229  the flow cytometer, capturing the fluorescence intensities in the FITC channel (488/20 nm). For
1230 the analysis, EdU incorporation was assessed on the logarithmic scale, while the linear scale was
1231  used to assess DNA content. Mean fluorescence intensities or percentage of cells in a specific
1232 gating group were compared to the experimental control (hiPSCs, NPCs, or induced neurons with
1233 NT-ctrl gRNAs).

1234  For the phenotypic EdU-incorporation screen, hiPSCs, NPCs and induced neurons with
1235  transduced with the pool of gRNAs were gated for cells in G1-, S-, or G2-phase and sorted >1,000-
1236  fold representation. Cells were washed with PBS and pellets snap frozen in liquid nitrogen for
1237  subsequent genomic DNA extraction and Amplicon-seq library preparation of gRNAs.

1238  Reactive oxygen species labelling

1239  To detect the accumulation of ROS in hydrophilic and lipophilic compartments, stainings were
1240  performed with 2,7-dichlorodihydrofluoroscein diacetate (DCFA; Cayman Chemical; 601520) and
1241 Bodipy C11 (Thermo Fisher Scientific, D38619). The stainings were performed following the
1242  guidelines described by Martinez et al.'®. In brief, cells were incubated in a mixture of DCFDA
1243  and Bodipy C11 at a final concentration of 5 uM in 1X Hank’s Balanced Salt Solution (Gibco;
1244  H9269) for 30 minutes at 37 °C. Afterwards, cells were washed with PBS, dissociated, and
1245  resuspended in PBS supplemented with 2 % serum replacement (Gibco; 10828010), 20 uM
1246 ROCKI, and DRAQY for exclusion of dead cells. ROS content was quantified via flow cytometry
1247  (FITC channel — 488 nm), setting gates based on the intensities of unstained cells.

1248  For the phenotypic ROS screen, cells were binned into fluorescently low (0 — 30 % of distribution),
1249  medium (35 — 70 %) and high (75 — 100 %) groups. Cells were sorted above a gRNA
1250 representation of 1,000x per fraction, washed with PBS and cell pellets snap frozen in liquid
1251  nitrogen for subsequent genomic DNA extraction and Amplicon-seq library preparation of gRNAs.

1252  Amplicon-seq library preparation of the phenotypic CRISPRi screens

1253  To verify the library complexity and to compare gRNA distributions across the phenotypic bulk
1254  CRISPRI screens, amplicon-seq libraries were constructed using primer pairs that were targeting
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1255  flanking sequence of the gRNA cassette in in the modified CROP-seq-opti backbone and that
1256  contained illumina adapter sequences required for flow-cell attachment. In addition, to increase
1257  sequence diversity, staggered sequences (1 — 6 nucleotides) to the forward (P5) primers were
1258 introduced. Libraries were constructed using a mixture of the P5 and sample specific reverse, or
1259  P7 primer (primer sequences in Supplementary Data File 6). Genomic DNA was extracted using
1260  the Quick-DNA Miniprep Plus Kit (Zymo; D4068), following the manufacturer’s instructions and
1261  eluting samples in 200 ul of pre-warmed EB buffer to maximize yield. Based on the yield, the
1262 library representation was estimated (between 500 — 9000) and multiple PCR reactions for each
1263  sample were set up with 0.2 — 1.25 pg input gDNA. The gRNA cassette was amplified from the
1264  gDNA using a two-step PCR (initial denaturation (98 °C, 3min) followed by 27 cycles of
1265  denaturation (98 °C, 30 sec) and combined annealing/extension (72 °C, 45 sec) using the 2X
1266  NEBNext High Fidelity Master Mix (New England Biolabs; M0541). Next, PCR reactions for each
1267  sample were pooled and purified with a 1x SPRI magnetic bead cleanup eluting final libraries in
1268  EB buffer. Library concentrations were measured using the Qubit (HS DNA; Thermo Fisher
1269  Scientific) and the fragment distribution was determined using a high-sensitivity DNA chip on the
1270  Bioanalyzer (Agilent) following the manufacturer’s instructions. Finally, libraries were pooled
1271  equimolarly and sequenced on the MiSeq or NextSeq 500 platforms with 55 cycles Read 1 and 8
1272 cycles Index 1 (single-end read).

1273  Analysis of the phenotypic CRISPRi screens

1274  Count matrices of gRNA abundances were constructed by mapping sequencing reads to the in-
1275  silico reference gRNA library. To compute enrichment scores and significance values, the
1276  MaGeCK pipeline was used'®. In short, the pipeline median-normalizes read counts from each
1277  library to account for differences in library size and read count distribution of the multiplexed pool.
1278  Next, the mean variance of the read counts was estimated, and a negative binomial model used
1279  to test whether there were significant differences in the gRNA abundances in the perturbed
1280 samples versus the distribution of read counts in the experimental control. Subsequently, the
1281  gRNAs were ranked based on their significance value. According to this rank, the significance
1282  testing was collapsed onto the gene-level, computing significance scores for positively and
1283  negatively enriched hits. For the phenotypic proliferation screen, the baseline gRNA distribution
1284  at day 0 was used as control. For the FACS-based screens, gRNAs derived from unsorted cells
1285  was used as control (EdU incorporation screen) or the opposing experimental group was used to
1286 compute fold changes in gRNA abundance and significance values (e.g., ROS"™" versus
1287  ROS'"owmid),

1288 RNA extraction, cDNA synthesis and quantitative real-time PCR (qPCR)

1289  Cells were harvested washing them twice with PBS and dissociating them with Accutase (37 °C,
1290 3 — 5 min incubation). The cell suspension was collected in PBS and pellets snap-frozen in liquid
1291  nitrogen. An RNA extraction kit (RNAeasy Mini, Qiagen; 74106) was used in combination with a
1292 cell-lysate homogenizer (QlAshredder, Qiagen; 79656) following the manufacturer’s instructions.
1293  To eliminate residual genomic DNA, on-column DNase treatment was applied (Qiagen; 79254).
1294  Subsequently, cDNA was generated using the High-Capacity cDNA Reverse Transcription Kit
1295  (Thermo Fisher Scientific; 4368814 ) following the manufacturer’s instructions.

1296  Quantitative real-time PCR was performed using the Power SYBR® Green PCR Master Mix
1297 (Thermo Fisher Scientific; 4367659) on a StepOnePlus Real-Time PCR system (Applied
1298  Biosystems). Reactions were set in technical triplicates with gqPCR primers that span exon-exon
1299  junctions (sequences obtained from PrimerBank'®, listed in Supplementary Data File 6). Cycle
1300 threshold (Ct) values were computed with the StepOne software (v2.3), reviewed for successful
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1301 PCR reactions and averaged. Relative gene expression was quantified according to the AACt
1302 method in respect of two housekeeping genes (GAPDH, ACTB) and the experimental control
1303 sample.

1304 CRISPRI screen coupled to scifi-RNA- and scifi-ATAC-seq
1305  Virus transduction, cell preparation and nuclei isolation

1306 4.5 x 10° monoclonal CRISPRi-NGN2-hiPSCs were transduced with the gRNA pool (n = 275)
1307  targeting 65 schizophrenia implicated genes at an MOI of ~0.05 (verified via flow cytometry based
1308 on tagBFP expression) at a minimum representation of ~1,000 cells per gRNA. Cells were
1309  selected via puromycin treatment 24 hours post-transduction for three days (day 1: 1 ug/ml, day
1310  2: 2.5 pyg/ml, day 3: 3 yg/ml). Selected cells were recovered for 24 hours and the pool of cells split
1311  into three groups at a representation >1,000 cells per gRNA per group. One group of cells was
1312  maintained at the hiPSC stage, while the other two were differentiated to either NPCs or induced
1313  neurons as described above. At day 11 post-transduction, NPCs and at day 12 induced neurons
1314  were collected and processed with the scifi-RNA- and scifi-ATAC-seq workflows. Nuclei were
1315 isolated as described above and fixed in a 3 % glyoxal solution (40 % glyoxal (Merck; 128465),
1316 20 % ethanol, 0.75 % acetic acid; adjusted to pH 4 by addition of 1 M NaOH), incubating the
1317  sample for 7 minutes at room temperature. Afterwards, fixation was stopped by adding excess of
1318  PBS with 2 % BSA, nuclei centrifuged (300 x g, 5 min) and washed twice with PBS with 2 % BSA
1319  before proceeding with pre-indexing.

1320  High-throughput scRNA-seq library preparation with scifi-RNA-seq

1321  The scifi-RNA-seq workflow was followed as previously described by Datlinger et al.*. Briefly,
1322 nuclei were counted and split into 24 bulk pools of ~20,000 nuclei each. Pre-indexing barcodes
1323  were introduced via in-situ reverse transcription mRNA via barcoded poly-dT primer
1324  (Supplementary Data File 6) using 50 units Maxima H Minus Reverse Transcriptase (Thermo
1325  Fisher Scientific; EP0753) on a thermocycler with the following program: 50 °C for 10 min, followed
1326 by 3 thermal cycles (8 °C for 12 sec, 15 °C for 45 sec, 20 °C for 45 sec, 30 °C for 30 sec, 42 °C
1327  for 2 min and 50 °C for 3 min), and final incubation at 50 °C for 5 min. The reverse transcription
1328 reaction was spiked-in with gRNA-specific primers that included matching pre-index sequences
1329  and were targeting the gRNA scaffold (Supplementary Data File 6) to increase gRNA recovery.
1330  Afterwards, all nuclei were pooled, washed in PBS with 2 % BSA, strained through a 40 ym mesh
1331 filter (Falcon) and additionally through a FlowMi filter and counted via DAPI staining (Countess 3
1332  FL). The thermoligation reaction was prepared (1X ampligase buffer, ampligase (230 units;
1333 Lucigen; 112501), Reducing Agent B, and 230 pmol/l bridge oligonucleotide (5'-
1334 CGTCGTGTAGGGAAAGAGTGTGACGCTGCCGACGA[ddc]-3')) and added to the nuclei (in 1X
1335  ampligase buffer). For scifi-RNA-seq, ~160,000 and ~250,000 matched nuclei from NPCs and
1336  neurons were collected and nuclei were subjected to the 10x Chromium controller for single
1337  nucleus partitioning as described above (Chip H, 40 pl partitioning oil dispensed on row 3 instead
1338 of 45 pl as described above for Chip J) and the cell barcoding reaction performed on a
1339  thermocycler with the following program (lid temperature 98 °C): 12 cycles of denaturation at 98
1340  °C for 30 sec followed by annealing and ligation at 59 °C for 2 min. GEMs were broken and the
1341  sample purified as described above using Dynabead MyOne SILANE beads and subsequently
1342  SPRI beads. Next, template switching was performed incubating the purified cDNA in template
1343  switch reaction solution (template-switch oligo (2.5 MM; 5-
1344  AAGCAGTGGTATCAACGCAGAGTGAATrGrGrG-3’), 1X reverse transcription buffer (Thermo
1345  Fisher Scientific), dNTPs (50 uM each), 4 % Ficoll PM-400 (Sigma-Aldrich; F4375), Protector
1346 RNAse-inhibitor (50 units, Roche; 3335402001), and Maxima H Minus Reverse Transcriptase
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1347 (500 units, Thermo Fisher Scientific)) on a thermocycler with an initial incubation at 25 °C for 30
1348  min followed by an incubation at 42 °C for 90 min. Template-switched cDNA was purified with
1349  SPRI beads (1.2X ratio) and full-length cDNA was amplified using a universal partial P5 primer
1350 (500 nM), the TSO enrichment primer (500 nM; 5’-AAGCAGTGGTATCAACGCAGAGT-3’) and
1351  the NEBNext High-Fidelity 2X PCR master mix (New England Biolabs) with the following program:
1352 initial denaturation (98 °C, 3 min) followed by 5 cycles of 98 °C, 30 sec (denaturation), 65 °C, 30
1353  sec (annealing), and 72 °C, 3 min (elongation). After the five initial cycles, a fraction of amplified
1354  material was quantified using SYBR Gold and qPCR (StepOne plus) in order to determine the
1355  additional number of amplification cycles. A final elongation step at 72 °C for 5 min was added
1356  and samples were purified using SPRI beads (0.8X clean-up followed by an additional 0.6X clean-
1357  up). Full-length cDNA was quantified using the Qubit HS-DNA assay (Thermo Fisher Scientific)
1358  and the quality evaluated on the Bioanalyzer (HS-DNA kit, Agilent).

1359  Approximately 25 % of full-length cDNA was used to construct the final whole-transcriptome
1360 scRNA-seq library, following a Tn5-based tagmentation approach. In short, the Tn5 molecule was
1361 prepared by symmetrical loading with oligonucleotides carrying a universal primer binding site
1362  (Nextera Read 2) that allows the subsequent amplification and construction of illumina-compatible
1363 libraries. For Read2N-trasnposome assembly, 100 puM of the mosaic end-complement
1364  oligonucleotide (ME-ddc, 5-[Phos]CTGTCTCTTATACACATCT[ddc]-3’) was mixed with 100 pM
1365  of a universal Nextera Read 2 oligonucleotide (5-
1366 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3’) and annealed in 1X annealing buffer
1367 (10 mM Tris-Hcl (pH 7.5), 50 mM Nacl, and 1 mM EDTA) by incubating for 95 °C for 3 minutes
1368  followed by cooling down to 25 °C at a ramp rate of -1 °C/min. Annealed oligonucleotides were
1369  diluted in an equal volume of glycerol (Merck). Transposomes were assembled mixing equal
1370  volumes of the annealed and diluted oligonucleotides with in-house produced Tn5 molecules
1371 (diluted to 1 mg/ml in 50 mM Tris, 100 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1 % NP-40, and 50
1372 % glycerol) incubating at room temperature for 30 — 60 min. Transposition was performed with 1
1373 - 10 ng amplified full-length cDNA in 1X reaction buffer (10 mM TAPS, 5 mM MgCI2; adjusted to
1374  pH 8.5 with NaOH and ~0.94 uyM Tn5) at 55 °C for 10 min. The transposition reaction was
1375 quenched with 0.1 % SDS and 5 min incubation at room temperature. An equal volume of water
1376  was added to the sample and tagmented cDNA was purified via 1X SPRI clean-up. Final scifi-
1377 RNA-seq libraries were prepared using universal P5 and indexed P7 primer pairs (500 nM each)
1378  with the NEBNext High-Fidelity 2X PCR master mix (New England Biolabs) on the thermocycler
1379  with the following amplification program: initial denaturation at 98 °C, for 30 sec followed by 12
1380 cycles of 98 °C, for 10 sec (denaturation), 65 °C, for 30 sec (annealing), and 72 °C for 1 min
1381  (elongation). The PCR product was purified using a 0.7X ratio of SPRI beads. Libraries were
1382  quantified and the quality evaluated via Qubit and Bioanalyzer as described above. The scifi-
1383  ATAC-seq libraries were sequenced on the NovaSeq6000 (v1.0) platform (Read 1: 19 cycles,
1384  Read 2: 90 cycles, Index 1: 8 cycles, Index 2: 16 cycles).

1385  Another 25 % of full-length cDNA was used to construct the targeted-sequencing library using a
1386  hemi-nested PCR approach as described previously by Schraivogel et al.** (inner and outer primer
1387  pool sequences are listed in Supplementary Data File 6). For the design of the pool, the R
1388  package TAPseq (v1.14.1) was used. The first two rounds of hemi-nested PCR were performed
1389  using the oligonucleotide pools (1.5 uM final) with a universal P5 primer (partial P5, 500 nM) and
1390 the NEBNext 2X High-Fidelity PCR master mix (New England Biolabs) and following the thermal
1391  amplification program (lid temperature 98 °C): 98 °C, for 30 sec followed by 8 cycles of 98 °C, for
1392 10 sec (denaturation), 69 °C, for 30 sec (annealing), and 72 °C for 30 sec (elongation), and final
1393  extension at 72 °C, for 2 min. The final PCR reaction was performed using equimolar amounts of
1394  the universal P5 primer (partial P5, 500 nM) and library indexed TruSeq P7 primer (500 nM) and
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1395 the standard final PCR reaction as described for the whole-transcriptome scifi-RNA-seq libraries
1396  (annealing at 65 °C, 30 sec and elongation at 72 °C for 1 min). Libraries were purified and the
1397  quality as described via Qubit and Bioanalyzer. The TAP-seq libraries were sequenced on the
1398  NextSeq2000 platform (Read 1: 19 cycles, Read 2: 90 cycles, Index 1: 8 cycles, Index 2: 16 cycles
1399  (custom sequencing primer used for Index 2 read: 5-GGGAAAGAGTGTGACGCTGCCGACGA-
1400  3')).

1401  Another ~20 % of the full-length cDNA was used to construct the gRNA enrichment libraries
1402  adopting the hemi-nested PCR approach from Hill et al.*® to the scifi-RNA-seq library structure.
1403  Briefly, gRNA transcripts were amplified from full-length cDNA using a universal P5 primer and in
1404  three consecutive rounds of PCR with primers annealing to constant hU6 promoter sequences of
1405  gRNA transcripts (primer sequences listed in Supplementary Data File 6) using the KAPA HiFi
1406  HotStart mix (Roche, KK2602). The first two hemi-nested PCRs were performed at 65 °C
1407  annealing for 10 s followed by extension at 72 °C for 15 s. The last PCR was performed combining
1408  annealing and extension steps at 72 °C for 45 s. Guide RNA enrichment libraries were sequenced
1409 on a MiSeq using standard illumina primer (Read 1: 19 cycles, Read 2: 43 cycles, Index 1: 8
1410 cycles, Index 2: 16 cycles).

1411  High-throughput scATAC-seq library preparation with scifi-ATAC-seq

1412  The scifi-RNA-seq workflow was modified following the same basic principle of combinatorial
1413  fluidic indexing and adjusted to profile chromatin accessibility with high-throughput at the single-
1414  cell level. Briefly, transposomes for in-situ tagmentation of open chromatin regions were
1415 assembled by preparing annealed oligonucleotides for loading. In short, 100 yM of universal
1416  Nextera Read 1 oligonucleotides (5-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3’) and
1417 100 pM of oligonucleotides with a Nextera Read2-sample_pre-index structure (5-
1418 CAAGCAGAAGACGGCATACGAGAT pre-index]

1419 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3’; pre-indices listed in Supplementary
1420  Data File 6) were annealed with 100 uM of the mosaic end-complement oligonucleotide at a 1:1:2
1421  ratio by heating for 95 °C for 3 minutes and cooling down to 25 °C at a ramp rate of -1 °C/min in
1422 1X annealing buffer (10 mM Tris-Hcl (pH 7.5), 50 mM Nacl, and 1 mM EDTA). Annealed oligos
1423  were mixed with an equal volume of glycerol (Merck) and stored at -20 °C until use. Transposomes
1424  were assembled using the in-house produced Tn5 (diluted to 1 mg/ml in 50 mM Tris, 100 mM
1425  NacCl, 0.1 mM EDTA, 1 mM DTT, 0.1 % NP-40, and 50 % glycerol) and the prepared, annealed
1426  and diluted via incubation at room temperature for 30 min.

1427  During transposome assembly, nuclei, derived from HEK-293T, NIH-3T3, NPCs or induced
1428  neurons were isolated as described, fixed (3 % glyoxal incubation at room temperature followed
1429 by washes in PBS with 2 % BSA) and counted via DAPI staining (Countess 3 FL). Afterwards, the
1430  pre-index was introduced to open chromatin regions via in-situ tagmentation of split bulk pools of
1431  nuclei (~20,000) in a transposition reaction solution containing 38.8 mM Tris-acetate, 77.6 mM
1432  potassium acetate, 11.8 mM magnesium acetate, and 18.8 % dimethylformamide supplemented
1433  with 0.005x protease inhibitor cocktail (Roche), 0.4 U/ul SUPERaseln (Thermo Fisher Scientific),
1434 1.2 U/ul RiboLock (Thermo Fisher Scientific) and the Tn5 transposomes with the pre-indexing
1435  barcodes (1:10 (v/v); 938 nM) and incubated at 30 °C for 37 min with shaking at 400 rpm. Split
1436  pools were washed with PBS with 2 % BSA. To recover gRNA identities from the scATAC-seq
1437  readout, a reverse transcription was performed using primers with matching pre-indexing
1438  barcodes (500 nM final) in a RT reaction mix with 1 mM dNTPs, 20 units Protector RNase-inhibitor
1439  (Roche) and 200 units RevertAid reverse transcriptase (Thermo Fisher Scientific; EP0441 ) with
1440 30 min incubation at 37 °C. Afterwards, nuclei were pooled, washed with excess PBS with 2 %
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1441  BSA, filtered and counted as described for the scifi-RNA-seq workflow. Approximately 90,000 and
1442  ~140,000 nuclei were mixed with the cell barcoding reaction solution (Barcoding Reagent B,
1443  Reducing Agent B, Barcoding enzyme and 1.2 yl of a 50 uyM spike-in primer to exponentially
1444  amplify gRNA-derived cDNA) using the Chromium Next GEM Single Cell ATAC Library & Gel
1445  Bead Kit (v1) (10x Genomics; 1000176) and the 10x Chromium controller was loaded as described
1446  above. After single nucleus partitioning, the sample was transferred onto a thermocycler for the
1447  barcoding reaction (72 °C, for 5 min (gap repair); 98 °C, for 30 sec (initial denaturation) followed
1448 by twelve cycles of 98 °C, 10 sec (denaturation), 59 °C, for 30 sec (annealing), and 72 °C, for 1
1449  min (elongation). Subsequently, GEMs were broken and purified as described above. Final scifi-
1450 ATAC-seq libraries were constructed using universal P5/P7 primers (500 nM each) and the
1451  NEBNext High-Fidelity 2X master mix (New England Biolabs) with the following PCR program: 98
1452  °C, 30 sec (initial denaturation), followed by six cycles of 98 °C, 10 sec (denaturation), 65 °C, 30
1453  sec (annealing), and 72 °C, for 1 min (elongation). Libraries were purified using 1.2X SPRI
1454  magnetic beads. Quantity and quality of the libraries were assessed via Qubit and Bioanalyzer as
1455  described above. Libraries were sequenced on the NovaSeq6000 platform (Read 1: 50 cycles,
1456  Read 2: 50 cycles, Index 1: 11 cycles, Index 2: 16 cycles). From a fraction of the final scifi-ATAC-
1457  seq library, gRNA enrichment libraries were constructed using a modified enrichment protocol to
1458  the one described above. Oligonucleotides for the nested PCR were biotinylated and gRNA
1459  enriched fragments were purified using Dynabeads MyOne Streptavidin T1 (Thermo Fisher
1460  Scientific; 65601) following the instructions of the manufacturer. Enrichment libraries were
1461  sequenced as described above.

1462  Pre-processing and downstream analysis of scifi-RNA-seq

1463  Sequencing reads were demultiplexed based on the pre-index using Je (v2.0.RC), while permitting
1464  two mismatches. The 10x cell barcode (Index 2 read) was appended to Read 1 and sequencing
1465 reads mapped to the reference genome (hg38) using STARsolo (v2.7.9) with the settings that
1466  most resemble CellRanger. For each cell type cell calling was performed by determining inflection
1467  points on a rank vs UMI or gene plot (>= 600 UMI and 500 genes/cell for NPCs and >= 700 UMI
1468  and 600 genes/cell for neurons). Additionally, cells were filtered by mitochondrial read percentage
1469 (<=5 %) and ribosomal read percentage (<= 10 %). Gene expression counts were normalized with
1470  SCTransform.

1471  Guide RNA libraries were demultiplexed based on the pre-index using Je and mapped to the in-
1472 silico library. Next gRNA identities were assigned to individual cells using both fba (v0.0.11) and
1473 kite workflow based on bustools (v0.41.0) and kallisto (v0.46.2). We assigned a gRNA to a cell if
1474  there was at least one gRNA read in either method.

1475  To evaluate the overall effect of CRISPRI perturbations on the transcriptomic readouts, the R
1476  package scPerturb was used (v0.1.0). For this, the distance ("E-distance") between a group of
1477  cells assigned to a particular perturbation was compared to a group of control cells in the latent
1478  space and a score was computed. Next, the significance of a given E-distance was tested by
1479  calculating a p-value and comparing it to 1000 empirical permutations of random cells of the same
1480 size. The E-distances between cells with a particular gRNA and all non-targeting gRNAs were
1481  calculated in the principal component space of the RNA experiment in NPCs and induced neurons
1482  separately. Guide RNA identities were filtered to be present in at least five cells in each respective
1483  cell type. A lenient significance threshold was applied at the gRNA level (E-distance P < 0.3) and
1484  retained gRNAs were collapsed onto the gene level by calculating the E-distances between cells
1485 with gRNAs for the same gene and the non-targeting gRNAs. For Fig. 1d, external
1486  datasets'* 15449191 from the resource were used to compare the effect sizes of our perturbations.
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1487  Fig. 1e shows the estimates of the E-distance between the perturbation and non-targeting control
1488  cells and are colored by the E-distance significance (FDR < 0.1).

1489  To identify gRNAs that were enriched in each cluster, we performed fisher tests comparing the
1490  prevalence of guides (collapsed per gene target) in each cluster to the other clusters in that cell
1491  type (P <0.05).

1492  Differentially expressed genes for each cluster were identified by contrasting the transcriptional
1493  profiles with all other cells from the same cell type (NPC or neuron) and using the Wilcoxon test
1494  adaptation in Seurat with FindMarkers (average log-FoldChange threshold = +0.2, transcripts
1495  expressed in at least ten cells).

1496  To increase power of differential gene expression analysis, gene set modules were constructed
1497 based on gene expression similarities across CRISPRI perturbation using Monocle 3% with
1498  find_gene_modules using standard parameters.

1499  Pre-processing of scifi-ATAC-seq

1500  Sequencing reads were demultiplexed based on the pre-index using fastg-multx, while permitting
1501  two mismatches. Demultiplexed reads were aligned to the hg38 genome and fragment files were
1502  generated using chromap (v0.2.3). For the mixed-species benchmarking experiment, a combined
1503 hg38/mm10 reference genome was used. Fragments mapping to either of the genomes were
1504  counted in order to assess collision rates. Using the R package ArchR (v1.02), fragment counts
1505  were computed for each cell in 500 base-pair bins to generate a celll-by-bin matrix.

1506  Cell calling was performed for each cell type according to the number of unique fragments per cell
1507 (= 2000 fragments per cell), TSS enrichment score (= 3), and fraction of reads in promoter regions
1508 (= 0.02). Peak calling was performed for each cell type separately on clusters called by louvain
1509 clustering on the cell-by-bin matrix. Shortly, the MACS2 peak caller (v2.2.7.1) was used to identify
1510 fixed-with 501-bp peaks (params; —call-summits --keep-dup all —shift -75 —extsize 150 —q 0.05) for
1511  each cluster of cells. Afterwards, an iterative overlap peak merging procedure was performed to
1512  derive a consensus peak set for all samples'®. From here a peak by cell matrix was counted and
1513  normalized by TF-IDF normalization.

1514  To infer TF motif activity we first linked TFs to ATAC peaks by performing in silico ChlP-seq'"". In
1515  brief, for each ATAC peak containing a TF motif we correlate peak accessibility with corresponding
1516  TF RNA expression. This correlation is then weighted for motif score for that peak as well as the
1517  peak maximum accessibility across the dataset, and finally minmax normalized. This value is then
1518  used to filter TF-motif/peak links (cutoff = 0.05). To allow for correlating the single-cell readouts
1519  we infer metacells from the ATAC readout with SEAcells''? and transfer the metacell annotation
1520 to the RNA readout, resulting in peak- and gene-by-common metacell matrices. The derived motif
1521  matches were then used as input for chromVAR to calculate motif activity scores (deviations and
1522  z-scores)'",

1523 Integration and co-embedding of single-nucleus chromatin accessibility and gene
1524  expression readouts

1525 To integrate single-cell chromatin accessibility and gene expression data, a graph-based neural
1526  network approach (GLUE) was used to infer a shared embedding (50 latent variables). To model
1527  cross-modality relations despite differing semantics, GLUE utilizes a user-provided graph
1528  representation of links between ATAC- and RNA-seq data. Here, the graph contains connections
1529  between gene expression (RNA) and respective gene body accessibility peaks (ATAC).
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1530  Additionally, 1) a gene-by-cell matrix of highly variable genes and a 100 PC representation of the
1531  gene expression data is provided as well as 2) a peak-by-cell matrix of peaks connected to highly
1532 variable genes in the graph and a 100 LSI representation of the peak data. Adversarial multimodal
1533  alignment of the cells is performed as an iterative optimization procedure, guided by feature
1534  embeddings encoded from the user-provided graph. Hyperparameter optimization was done by
1535  evaluating integration consistency - a set of mean correlations for graph connections (ATAC peak
1536  ~ gene expression), weighted by the graph edge weight, for various size groupings of cells (k-
1537  means clusters of 10, 20, 50, 100, and 200 cells). A higher curve (on a metacell vs consistency
1538  score plot) indicates better integration, with minimum threshold at 0.05 as suggested by the
1539  developers of GLUE.

1540  The inferred latent variables were used to compute a neighborhood graph, which was further used
1541  to compute a UMAP and perform leiden clustering. Clustering resolution was determined by
1542  evaluating intercluster homogeneity and cluster to cluster separation, adapting an approach from
1543  Persad et al. 2024""2. Briefly diffusion components were computed using the latent variables,
1544  whereafter per cluster variance in diffusion components was computed to determine intercluster
1545  homogeneity (lower values indicate high homogeneity of a cluster), and diffusion distance between
1546  nearest neighbord clusters for each cluster to define a value for cluster separation (high values
1547  indicate higher distinction between clusters).

1548  Multiome timecourse data generation and processing from parental hiPSCs, NPCs, and
1549  induced neurons over the course of differentiation

1550 Human iPSCs expressing the CRISPRi machinery (n = 2 biological replicates) were either
1551  differentiated to NPCs or induced neurons as described above. NPCs were collected seven days
1552  after differentiation induction and induced neurons over a timecourse of 1, 2, 5, 7, 14, 21, and 28
1553  days via Accutase (7 min (NPC) or 3 min (induced neurons) at 37° C), washed twice with PBS
1554  and resuspended in 1X lysis buffer (10 mM Tris-HCI pH 7.5, 10 mM NaCl, 3 mM MgCI2, 0.1 %
1555  Tween20, 20 pg/ml RNase-in, 1 mM DTT (Roche; 10708984001), 1 % BSA, 0.025 % IGEPAL CA-
1556 630 and 0.001 % Digitonin (Thermo Fisher Scientific, BN2006) (NPCs) or 0.01 % Digitonin
1557  (induced neurons)) and incubated for 5 minutes on ice. The reaction was quenched with wash
1558  buffer (10 mM Tris-HCI pH 7.5, 10 mM NaCl, 3 mM MgCI2, 0.1 % Tween20, 20 ug/ml RNase-in,
1559 1 mM DTT, 1 % BSA), nuclei resuspended in PBS with 1 % BSA and filtered through a 40 pm
1560 mesh filter (Falcon) and counted via DAPI staining on a Countess 3 FL. From this point, library
1561  preparation was performed according to the manufacturer’s instructions (Chromium Single cell
1562  Multiome ATAC + Gene Expression; 10000285). Briefly, nuclei were resuspended 1X Nuclei
1563  Buffer (provided with the kit) and the tagmentation reaction mix was added to the nuclei
1564  suspension. In-situ tagmentation was performed for 60 min at 37 °C on a thermocycler (lid
1565 temperature: 50° c). Immediately after tagmentation, the barcoding reaction mix was added to the
1566  nuclei and the sample was loaded on the Chromium controller (10x Genomics) for single nucleus
1567  partitioning as described by the manufacturer. In brief, empty lanes on the chip (Chip J) were filled
1568  with 50 % glycerol (row 1: 70 pl, row 2: 50 pl, row 3: 45 pl) and the sample was pipetted slowly
1569  onto row 1 (70 pl). Gel beads were vortexed for 30 sec, briefly centrifuged, checked for potential
1570  bubbles and added to row 2. Finally, 45 ul of partitioning oil was added to row 3. Next, cell
1571  barcoding was performed on the thermocycler with the following program (lid temperature: 50 °C):
1572 37 °C for 45 min, 25 °C for 30 min and hold at 4 °C. GEMs were broken with the addition of 125
1573  ul Recovery Agent and the soluble phase was purified via Dynabeads (MyOne SILANE). After an
1574  additional 1.8X SPRI cleanup, libraries were pre-amplified and physically split in two for the
1575  construction of modality-specific libraries. Final libraries were quantified via Qubit (HS-DNA) and
1576  the fragment distribution assessed via a Bioanalyzer run (HS-DNA). Single-cell ATAC- and
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1577 scRNA-seq libraries were sequenced on the NextSeq2000 platform with the following read
1578  configurations: ATAC Read 1: 50 cycles, ATAC Read 2: 49 cycles, ATAC Index 1: 8 cycles, ATAC
1579  Index 2: 16 cycles; RNA Read 1: 28 cycles, RNA Read 2: 90 cycles, RNA Index 1: 10 cycles, RNA
1580 Index 2: 10 cycles.

1581  The multiome dataset was pre-processed with STARsolo (RNA modality) and chromap (ATAC
1582  modality) mapping the respective reads to the human reference genome (hg38). Gene expression
1583  count matrices were normalized using Seurat (SCTransform) and cell calling applied using a
1584  threshold of minimum 500 genes per cell and maximum 11,500 (to remove doublets), < 15 %
1585  mitochondrial and < 15 % ribosomal reads for the scRNA modality. For the scATAC readout, a
1586  cell matrix was generated using ArchR. Cell calling thresholds were applied (> 1,000 fragments
1587  per cell, > 0.12 fraction of peaks in promoter regions, and TSS score > 3). Peak counts were
1588  normalized using TF-IDF normalization followed by dimensionality reduction with iterative LS| and
1589  SVD. A 50 shared latent variable representation was constructed with GLUE as described in the
1590  previous section and used as input to construct a partition-based graph abstraction (PAGA) using
1591  sc.tl.paga(), with clusters defined by the Leiden algorithm. The layout was intialized for
1592  visualization by recalculating the graph layout with sc.tl.draw_graph(init_pos='paga’). To perform
1593  diffusion pseudotime inference, we specify a root cell in the iPSC-like Leiden cluster using iroot,
1594  which defines the starting point for pseudotime calculation. Finally, we calculate pseudotime with
1595  sc.tl.dpt(). To assign cells to nodes along the pseudotime trajectory, we constructed a principal
1596  graph with EIPiGraph (nodes=15) using latent variables and the PAGA graph as input.

1597 Enrichment analysis and comparisons with transcriptional signatures

1598  Protein-protein interactions were derived from STRINGdb (webtool, v12.0). We downloaded
1599 differentially expressed genes in neuronal subsets from post-mortem brains of schizophrenia
1600  patients versus controls from Ruzicka et al.'® . Genes that attained adjusted p-value < 0.05 were
1601  used as input for scDRS'®to compute significance per cell and enrichment at the cluster level,
1602  using the logFC as weights.

1603  Transcriptional signature scores were computed using the AddModuleScore function of the R
1604  package Seurat and averaged the mean expression of associated genes for each cluster. The cell
1605  cycle markers were derived from Kowalczyk et al’®. The glycolysis signature score was computed
1606  according to genes listed in the gene ontology database (biological process; GO:0006096).

1607  Overrepresentation analysis was performed with clusterProfiler (v4.0.2) using terms retrieved from
1608 the Gene Ontology, the REACTOME, the KEGG, the DisGeNET, and the Molecular Signatures
1609 databases (MSigDB). For enrichment of GWAS-derived traits, the tool FUMA was used (1.5.2)
1610  with the function “GENE2FUNC”, and correcting raw P values according to Benjamini-Hochberg
1611  (FDR cut-off < 0.05). TF associations were retrieved using ChEA3'%,

1612  Gene regulatory network inference

1613  Transcriptome-based gene regulatory network analysis was performed using SCENIC’. Briefly,
1614  the expression matrix was filtered to retain genes that are expressed in at least 1 % of the cells,
1615 log-normalized and a co-expression matrix was constructed running GENIE3
1616  (SCENIC::runGenie3). Regulons were retrieved from the RcisTarget package. Motif enrichment
1617  was performed 10 kilobases up- and downstream of gene promoters. TF-gene connections were
1618 ranked according to weight and hub TFs identified after filtering the dataset for the top 5000
1619  connections.
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1620 GRN inference using single-cell gene expression and chromatin accessibility readouts was
1621  performed using Single-Cell Deep multi-Omic Regulatory Inference (scDoRI). scDoRI is an end-
1622  to-end approach that integrates single-cell RNA and ATAC data using an autoencoder (AE)
1623  framework. Drawing from dimensionality reduction and regulatory network inference principles,
1624  scDoRI decomposes each cell’'s expression and accessibility profiles into a shared set of
1625  regulatory “topics,” akin to topic modeling.

1626 A key innovation of scDoRI is the augmentation of the AE’s primary decoding objective with linear
1627  auxiliary decoding tasks, guiding inferred topics to capture established enhancer-mediated gene
1628  regulatory network (eGRN) signatures''*. Each topic aligns with active transcription factors (TFs),
1629  co-accessible cis-regulatory elements (CRESs), and enhancer-gene linkages. When integrated with
1630 in silico TF binding predictions, these components yield topic-specific eGRNs.

1631  Three core linear decoders underpin this framework: (i) a topics-to-peaks decoder reflecting co-
1632  accessibility, (ii) a peak-to-gene matrix identifying putative enhancer-target gene links, and (iii) a
1633  topics-by-TF matrix highlighting TF co-expression. By applying a softmax transformation to the
1634 latent space, scDoRI also naturally regularizes the number of active topics, enhancing
1635 interpretability and enabling the dissection of regulatory networks across continuous cell states.

1636  Zebrafish mutagenesis experiments

1637  Wild-type AB/AB2B2 zebrafish were used in this study. Animals were housed in accordance with
1638 the European Union animal welfare standards and all animal experiments were performed in
1639  accordance with the European Union Animal Welfare Guidelines and the EMBL Institutional
1640  Animal Care and Use Committee (IACUC code: 22-003_HD_MD). Kimmel''5 staging was used to
1641  stage zebrafish embryos and larvae. Adult fish were fed daily with hatched Artemia and maintained
1642  at28.5 °C with light/dark cycles of 14 to 10 hours. 48 hpf and 72 hpf larvae were used in this study.

1643 Gene sequences were selected using the Ensembl database and gRNAs designed with
1644  CRISPOR"¢ (sequences listed in Supplementary Data File 1). The gRNAs with the highest
1645  efficiency and the fewest off-targets were selected and ordered as duplexes of crRNA/tracrRNAs
1646  (Sigma Aldrich). Injections into one-cell stage embryos were performed following Hoshijima et
1647  al.''” with assembled ribonucleoprotein complexes (RNPs) including 5 pM of combined gRNAs
1648 and 5 uM of Cas9 protein (produced by the Protein Expression and Purification facility at EMBL).
1649  Wild-type AB/AB2B2 and gRNA control (targeting slc45a2, derived from Hoshijima et al.''?)
1650 animals were used as controls. Embryos were grown in petri dishes with 1x E3 medium (for 60x
1651  stock solution: 17.2 g NaCl, 0.76 g KClI, 2.9 g CaCl. x 2 H20, 4.9 g MgSO. x 7 H20, 1 L distilled
1652  H20) at 28.5°C. At 6 hpf, the embryos were cleared of dead and unfertilized embryos, fresh E3
1653  and methylene blue were added. Fish were reared at 28°C until 72 hpf. At 24 hpf, pronease was
1654  added to dechorionate them.

1655  Zebrafish embryos at 48 hpf and 72 hpf were anaesthetized prior to imaging with MS222. A Leica
1656  MSV269 stereomicroscope connected to a K3M camera was used for imaging. Images were taken
1657 at 2.5x and 5x magnification. Individual anaesthetized fish were embedded in 1.5 % agarose
1658  scaffolds and covered with 0.6 % low melting agarose. Head sizes of the animals were measured
1659  using Fiji.

1660  For genotyping, we followed Saunders et al.”'. Briefly, three batches of 5x 24 hpf FO-injected
1661 individuals were collected. Genomic DNA was extracted from these fish using 100 pl alkaline lysis
1662  buffer (25 mmol NaOH, 0.2 mmol EDTA) and incubated at 95°C for 30 min. The same volume of
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1663  neutralization buffer (40 mmol Tris-HCI, pH 5.0) was then added. The purified PCR product was
1664  submitted for Sanger sequencing to assess cutting efficiencies.

1665 Bulk ATAC-seq

1666  Bulk profiling of chromatin accessibility was performed similarly to its single-cell counterpart with
1667 few modifications. Briefly, hiPSCs, and derived NPCs or induced neurons were washed twice with
1668  PBS and dissociated via Accutase (3 — 7 min depending on cell type, 37 °C). Cells were counted
1669 and 50,000 — 100,000 per tagmentation reaction were resuspended in 1X lysis buffer and
1670  incubated for 5 min on ice. Lysis was stopped adding 1 ml of wash buffer as described above and
1671  nuclei were centrifuged (500x g, 5 min). The supernatant was discarded, and nuclei resuspended
1672  in the Tn5 reaction solution (38.8 mM Tris-acetate, 77.6 mM potassium acetate, 11.8 mM
1673  magnesium acetate, and 18.8 % dimethylformamide supplemented with 0.005x protease inhibitor
1674  cocktail (Roche), and the Tn5 transposomes with the pre-indexing barcodes (1:10 (v/v); 938 nM))
1675 and incubated at 37 °C for 30 min with shaking at 500 rpom. ATAC fragments were purified using
1676  the MinElute DNA purification kit according to the manufacturer’s instructions eluting the DNA in
1677 22 pl pre-warmed EB buffer (70 °C). Finally, illumina-compatible sequencing libraries were
1678  constructed using a universal P7 primer (partial P7) and indexed P5 primer and the NEBNext
1679  High-Fidelity PCR master mix with the following amplification program: 72 °C for 5 min (gap repair)
1680 and 98 °C for 30 sec (initial denaturation) followed by six cycles of 98 °C for 10 sec (denaturation),
1681 65 ° C for 30 sec (annealing), and 72 °C for 1 min (elongation). Bulk ATAC libraries were purified
1682  via 1.2X SPRI magnetic beads, quantified via Qubit (HS-DNA kit) and the fragment distribution
1683  evaluated via the Bioanalyzer (HS-DNA kit). Libraries were pooled equimolarly, and the
1684  multiplexed pool was sequenced on the NovaSeq6000 platform with standard illumina sequencing
1685  primer (Read 1: 50 cycles, Read 2: 50 cycles, Index 1: 11 cycles, Index 2: 6 cycles).

1686  Analysis of the bulk ATAC-seq readouts

1687  Briefly, demultiplexed ATAC-seq reads were mapped to the human genome (hg38) using bowtie2
1688  (v2.3.4.1). Next, peaks were called with MACS2 (v2.2.7.1) with the following parameters: --
1689  nomodel --shift -75 --extsize 150 -B --SPMR --keep-dup all --call- summits. Then, DiffBind was
1690 used to jointly analyze called peaks and to identify differentially accessible peaks. Peaks were
1691  considered for downstream analysis that were detected in at least two samples. A consensus peak
1692  set was generated using an overlap of 66 %. A LOESS normalization was applied to correct for
1693  counts per peak in all ATAC-seq datasets. Normalized ATAC-seq counts were obtained using
1694  edgeR (v3.18) with the following model: y ~ Treatment, where Treatment corresponds to the
1695 modality of the CRISPR perturbation (activation) and target (TCF4 or ZEB1). Guide RNA #2
1696  targeting TCF4 was excluded from analysis due to low overexpression capacity. Consensus peak-
1697  sets of control samples were used as a reference for comparison. Log.FoldChanges between
1698  perturbations and controls were assessed using the exact test (two-sided), differentially accessible
1699 regions (DARs) were considered as such when the adjusted p-value < 0.1.

1700  Genes in the proximity of DARs (50 kilobases) were used to establish peak-to-gene connections.
1701  The list of DAR-derived differentially regulated genes was used for the overrepresentation
1702  analysis. This was performed with terms retrieved from the Gene Ontology, the REACTOME, the
1703 KEGG, the DisGeNET, and the Molecular Signatures databases (MSigDB) using clusterProfiler
1704  (v4.0.2).

1705 The DAR-derived gene list was used as input to compute TF activity scores in the scCRISPRI
1706  transcriptomic readout (scifi-RNA-seq). For this, the AddModuleScore function of the R package
1707  Seurat was utilized that calculates the mean expression of the provided genes across all
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1708  comparison groups (clusters). This average value is normalized according to the aggregated
1709  expression of genes that are used as background control.

1710  For the comparison of putative target genes of TCF4, ZEB1, and MCRS1, the Chip-Atlas database
1711  was used. Specifically, the following datasets were retrieved: i) for TCF4: SRX1491250 (CAL-1),
1712 SRX220960 (CAL-1), SRX1491252 (GEN2.2), SRX702131 (hESC derived ectodermal cells),
1713  SRX702132 (hESC HUES64), SRX11919215 (iPS cells), SRX11919216 (iPS cells), SRX2661484
1714  (SH-SY&Y), SRX2661486 (SH-SY5Y), SRX11161903 (SK-N-SH), SRX11161904 (SK-N-SH),
1715  SRX2430641 (SW1783); ii) for ZEB1: SRX5457540 (Bipolar spindle neurons), SRX17812782
1716  (Dorsolateral prefrontal cortex), SRX17812784 (Dorsolateral prefrontal cortex); iii) for MCRS1:
1717  SRX2708818 (HepG2), SRX2708819 (HepG2), SRX3445802 (HepG2), SRX3445803 (HepG2),
1718  SRX2708820 (HuH-7), SRX2708821 (HuH-7).

1719  Software

1720  Schematics and illustrations were generated with Biorender. Data plots were generated using R
1721  and Python and related packages or with Graphpad prism (version 10). Figure panels were
1722 assembled with Adobe lllustrator.
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