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Abstract  51 
 52 
Pooled single-cell CRISPR screens have profiled either gene expression or chromatin 53 

accessibility, but not both modalities. Here, we develop MultiPerturb-seq, a high-throughput 54 

CRISPR screening platform with joint single-nucleus chromatin accessibility, transcriptome, and 55 

guide RNA capture using combinatorial indexing combined with droplet microfluidics to scale 56 

throughput and integrate all three modalities. We identify key differentiation genes in a rare 57 

pediatric cancer and establish ZNHIT1 as a potential target for reprogramming therapy.  58 



Main text 59 

Recent advances in single-cell perturbation screens have enabled scalable profiling of rich cellular 60 

states and phenotypes, particularly with transcriptional phenotypes1, 2. Several groups have 61 

developed methods that expand single-cell perturbation screens to capture modalities such as 62 

protein3, 4, chromatin accesibility5-7, and 3D genome conformation8. These single-cell screens 63 

have included a diverse array of genetic perturbations, including knockout using Cas9 nuclease, 64 

transcriptional modulation using CRISPRi and CRISPRa, targeting of RNA using Cas13, precise 65 

variant insertion via HDR or base-editing, and overexpression with open-reading frame (ORF) 66 

libraries9. 67 

 68 

Here, we introduce MultiPerturb-seq, a method that links pooled CRISPR perturbations with 69 

single-cell open chromatin (ATAC-sequencing) and gene expression (RNA-sequencing) profiles 70 

at scale (Fig. 1a, Supplementary Fig. 1). We then apply this method to drive mechanism-based 71 

discovery of differentiation regulators for a rare pediatric brain cancer, atypical teratoid/rhabdoid 72 

tumor (AT/RT). While cancer reprogramming therapy (i.e. differentiation therapy) has been 73 

curative for patients with malignancies such as acute promyelocytic leukemia10, success has been 74 

limited in other cancers due to a lack of high-throughput methods to identify reprogramming 75 

targets. In MultiPerturb-seq, open chromatin provides a broad overview of epigenetic state, 76 

capturing many levels of gene regulation, while gene expression provides a robust view of cell 77 

state and developmental stage. Together, they link CRISPR perturbations with cell states and 78 

putative mechanisms of action for transcriptional reprogramming. We also sought to reduce 79 

reagent cost and labor: Recent genome-wide single-cell perturbation screens have required ~100 80 

lanes of commercial single-cell library preparation kits2. In MultiPerturb-seq, we combine 81 

combinatorial indexing and droplet microfluidics to scale throughput11-13 — loading 100,000 cells 82 

on a single 10X Chromium ATAC lane — which results in significant cost advantages over existing 83 

uni- and multimodal single-cell perturbation approaches (Fig. 1b).  84 

 85 

After cloning CRISPR guide RNA (gRNA) libraries into lentiviral vectors and producing virus, we 86 

transduced mammalian cells that already express a second-generation CRISPR repressor14 at a 87 

low multiplicity-of-infection (~0.05) to achieve one guide per cell and selected cells receiving a 88 

CRISPR perturbation (Supplementary Fig. 2). We waited 7 days to ensure sufficient time for 89 

protein depletion and then collected cells for MultiPerturb-seq library preparation 90 

(Supplementary Fig. 3, Supplementary Protocol). After nuclei isolation and distribution into 91 

wells, we tagmented open chromatin using barcoded transposomes (Supplementary Fig. 4a, 92 



b)6. Next, we performed reverse transcription with a mix of poly-dT and CRISPR gRNA-specific 93 

primers and barcoded template switch oligonucleotides (TSO) with matching barcodes 94 

(Supplementary Fig. 4c-f, Supplementary Table 1). We then pooled cells for second-round 95 

barcoding via droplet microfluidics using 10X Chromium ATAC gel beads. Lastly, ATAC, RNA, 96 

and CRISPR gRNA libraries were amplified and prepared for sequencing (Fig. 1c, 97 

Supplementary Fig. 4g-j, Supplementary Fig. 5a-c). 98 

 99 

To quantify single-cell isolation in MultiPerturb-seq, we performed a species-mixing experiment 100 

with 80% human (BT16) and 20% mouse (3T3) cells, and robustly captured ATAC, RNA, and 101 

gRNA molecules (Fig. 1d-g, Supplementary Fig. 6a-d). We quantified the percent of barcode 102 

combinations which contained a mixture of mouse and human fragments (collisions in cell 103 

assignment) for each of the three modalities captured. We achieved low barcode collision rates 104 

for RNA (6.2%), ATAC (11.6%) and gRNA (6.6%) libraries, despite loading ~10-fold more cells 105 

than the standard for a 10x Chromium ATAC lane. We achieved robust detection of expressed 106 

genes, open chromatin peaks, and gRNAs (Fig. 1h, Supplementary Fig. 6e-h). For the ATAC, 107 

we observed characteristic open chromatin enrichment around transcriptional start sites (Fig. 1i, 108 

Supplementary Fig. 6e) and, for the RNA, we found low mitochondrial reads (Supplementary 109 

Fig. 6f). The majority of cells only had one gRNA detected and decreased expression of the 110 

targeted gene when compared to cells receiving a non-targeting gRNA: 78% of high-quality cells 111 

were assigned gRNA identities (Fig. 1j, Supplementary Fig. 6g,h). Notably, this does not require 112 

the use of any modified CRISPR plasmids or specialized bead oligonucleotides. We also found 113 

similar or better RNA and ATAC capture compared to other single-cell RNA-seq and single-cell 114 

ATAC-seq technologies, including increased unique molecular identifiers (UMIs) and genes per 115 

cell (Supplementary Fig. 6i-l), as well as increased ATAC fragments and peaks per cell 116 

(Supplementary Fig. 6m-p)6, 11, 15-18.  117 

 118 

Though it is not compatible with barcoded superloading, we also utilized the 10X Chromium 119 

Multiome kit and the specialized guide RNA plasmid, CROP-seq19, 20 as an alternate method of 120 

multi-modal capture and performed a lower-throughput version of a multiomic CRISPR screen 121 

(~10,000 vs. ~100,000 cells per lane) (Supplementary Fig. 7a), which we termed CROP-122 

Multiome. Reassuringly, gene expression changes after perturbation were highly correlated 123 

between MultiPerturb-seq and CROP-Multiome, supporting the validity of the results on both 124 

platforms (Supplementary Fig. 7b-e). However, MultiPerturb-seq outperformed CROP-Multiome 125 

along several important dimensions, including better gRNA capture (Supplementary Fig. 7f) and 126 



higher RNA UMIs per cell (Supplementary Fig. 7g), RNA genes per cell (Supplementary Fig. 127 

7h), ATAC fragments (Supplementary Fig. 7i), and ATAC peaks per cell (Supplementary Fig. 128 

7j). Given these differences and the additional advantages of 10-fold increased cell loading, direct 129 

guide RNA capture without a specialized plasmid, and 5’ capture, we used the MultiPerturb-seq 130 

data for all subsequent analyses. 131 

 132 

The combination of ATAC and RNA modalities allowed us to detect perturbation-linked changes 133 

in open chromatin and gene expression. Despite the sparsity of the single-cell data, we were able 134 

to see clear patterns when examining individual genes and groups of genes with shared function. 135 

For example, after knockdown of histone methyltransferases (DOT1L, EHMT2, KDM1A, KDM6A, 136 

KMT2B, KMT2D, MECOM, MLLT1, PRDM16, PRMT5, SETD2, SETD5, SETDB1, SUV39H2), we 137 

found increases in open chromatin at the RFX3 locus and increased RFX3 gene expression (Fig. 138 

1k). We also were able to identify perturbation-specific changes: After knockdown of histone 139 

variant H3F3A, we found the opposite at the PPM1B locus, where we observed decreased 140 

chromatin accessibility and expression of PPM1B (Fig. 1l). 141 

 142 

We next sought to apply MultiPerturb-seq to a rare pediatric central nervous system cancer, 143 

AT/RT, which is driven by a change in chromatin remodeling. In AT/RT, biallelic loss of SMARCB1 144 

— an essential subunit of the SWI/SNF chromatin remodeling complex, which is one of the most 145 

commonly mutated protein complexes in cancer21 — prevents complete differentiation of 146 

progenitors and drives tumor proliferation22. AT/RT is extremely aggressive, and no AT/RT-147 

specific therapies are available: The current standard-of-care is high dose radiation and 148 

chemotherapy with autologous stem cell transplant23. Despite these intensive (and toxic) 149 

therapies, the disease is still nearly uniformly fatal with a median overall survival of four years23. 150 

Due to the loss of SMARCB1, AT/RT are dependent on alternate epigenetic regulators, such as 151 

polycomb24-26, and SMARCB1-null embryonic stem cell models fail to differentiate into neurons 152 

due to altered gene regulation27. Therefore, using MultiPerturb-seq, we targeted ~100 epigenetic 153 

remodelers in human AT/RT cells (BT16) and sought to discover whether knockdown of specific 154 

remodelers can ameliorate the dysfunctional epigenome in AT/RT and restore differentiation (Fig. 155 

2a).  156 

 157 

Because AT/RT may arise from a variety of lineages, including non-neural lineages28, we first 158 

compared the MultiPerturb-seq transcriptomes to reference developmental and adult atlases of 159 

multiple human tissues29 (cortex, cerebellum, kidney, ovary, testis, and liver) and found the 160 



highest overall similarity with brain cortical tissue (Supplementary Fig. 8). To assess the impact 161 

of perturbations on differentiation, we measured the correlation in transcriptomic profiles between 162 

gene-perturbed cells and primary tissues from different brain developmental stages (Fig. 2b). 163 

Compared to negative control (non-targeting) perturbations, we found a subset of perturbations 164 

with transcriptomes that had greater similarity to late brain stages rather than early ones, such as 165 

ZNHIT1, CTCF, GATAD2B, and others. These tended to express higher levels of genes 166 

correlated with neural differentiation such as CCND330, GPM6B31, and SYNJ232, 33 167 

(Supplementary Fig. 9).  168 

 169 

The chromatin landscape in AT/RT is unusual with broad changes due to loss of SMARCB1, 170 

where residual SWI/SNF complexes cannot maintain accessibility to enhancers needed for 171 

differentiation34. To further focus our analysis, we leveraged the multimodal nature of our assay 172 

to find epigenetic remodeler perturbations that may help normalize the AT/RT chromatin 173 

landscape (Fig. 2c). Using recent ATAC-seq atlases from primary fetal35 and adult36 brain tissues, 174 

we sought to identify perturbations resulting in open chromatin profiles with greater correlation to 175 

mature brain tissue, and found that perturbations of ZNHIT1, MECOM, CERC2, TRRAP, and 176 

others led to genome-wide chromatin profiles that were more similar to tissue from postnatal brain 177 

than fetal brain (Fig. 2c, Supplementary Fig. 10a). We also examined ENCODE cis-regulatory 178 

elements (CREs)37 and found a greater number of our perturbations triggered changes in 179 

chromatin accessibility at promoters with fewer perturbations acting at enhancers 180 

(Supplementary Fig. 10b-f). Furthermore, when grouping target genes by complex, we found 181 

that knockdown of repressor complex (LSD-CoREST/BHC) subunits (HDAC1, HDAC2, RCOR1) 182 

tended to increase accessibility at ENCODE CREs, while knockdown of CERF complex subunits 183 

(CERC2, SMARCA1) tended to decrease accessibility (Supplementary Fig. 10g). 184 

 185 

Next, we computed differentiation scores for gene expression (RNA) and open chromatin (ATAC) 186 

that captured relative similarity to postnatal versus prenatal brain tissues (see Methods) (Fig. 2d-187 

e). Interestingly, we found that RNA and ATAC differentiation score was not always correlated 188 

(Fig. 2f). For example, we found that most perturbations of BAF complex members led to high 189 

ATAC differentiation and low RNA differentiation scores, suggesting that loss of residual BAF 190 

complexes can reshape/restore the chromatin landscape but that these perturbations are not 191 

sufficient to differentiate cells (Supplementary Fig. 10h).  192 

 193 



After examining both differentiation scores, we identified multiple genes with high RNA and ATAC 194 

differentiation scores and subsequently focused on ZNHIT1, which was the top-ranked gene 195 

perturbation for joint ATAC and RNA differentiation score (Fig. 2f). ZNHIT1 is a subunit of the 196 

SRCAP (SNF-2 related CBP activator protein) complex, which is an INO80 family complex that 197 

mediates ATP-dependent exchange of histone H2A.Z, leading to chromatin remodeling and 198 

transcriptional modulation (Supplementary Fig. 11a). ZNHIT1 has previously been shown to 199 

maintain stemness in intestinal stem cells by promoting H2A.Z incorporation38. ZNHIT1 knock-200 

down induced large changes at multiple regulatory elements, including promoters and enhancers, 201 

with increased transcriptomic similarity to postnatal — and specifically adult — brain tissues. (Fig. 202 

2g, Supplementary Fig. 10b-e). To identify potential mechanisms of action, we examined 203 

differentially accessible chromatin in ZNHIT1-perturbed cells compared to non-targeting controls. 204 

We found that ZNHIT1 perturbation led to changes in accessibility near genes involved in 205 

neuronal differentiation and axonogenesis (Supplementary Fig. 11b), as well as increased 206 

expression of genes for neuron projection development, cell polarity, and cell growth 207 

(Supplementary Fig. 11c).  208 

 209 

Given the broad changes in chromatin organization and more differentiated transcriptional state 210 

upon ZNHIT1 loss, we wondered whether ZNHIT1 inhibition may be a good candidate to push 211 

AT/RT cells toward terminal differentiation. We cloned individual CRISPR guide RNAs to target 212 

ZNHIT1 and measured stemness, proliferation, and expression of differentiated neuronal markers 213 

(Fig. 3a). Using intracellular antibody labeling and flow cytometry, we found diminished 214 

expression of the pluripotency-associated transcription factor SOX2 after knockdown of ZNHIT1, 215 

compared to non-targeting guide RNA controls (Fig. 3b, Supplementary Fig. 11d,e). 216 

Additionally, the central goal of an AT/RT reprogramming therapy is cessation of cellular 217 

proliferation. Because cell cycle arrest occurs during G1, preventing progression to S-phase, we 218 

evaluated the relative proportion of cells in S-phase (Fig. 3c). We examined genes classified as 219 

cell cycle markers39 and found that ZNHIT1 perturbation led to a 19% decrease in expression of 220 

S-phase genes compared to non-targeting controls. We confirmed this by assaying changes in 221 

proliferation via incorporation of the thymidine analogue 5-ethynyl-2′-deoxyuridine (EdU) after a 222 

30 minute pulse and found that ZNHIT1 knockdown decreased progression through S-phase by 223 

43% relative to non-targeting controls (Fig. 3d). Perturbation of related proteins (SRCAP complex 224 

co-factor YEATS4 and H2A.Z acetylase KAT5) resulted in similar decreases in EdU incorporation, 225 

suggesting that other SRCAP members and enzymes involved in H2A.Z biogenesis are required 226 

for normal cell cycle progression (Supplementary Figure 11f,g).  227 



 228 

In the MultiPerturb-seq data, we also found that target genes of the transcription factor ATOH8 229 

had increased expression in ZNHIT1-perturbed cells (~9-fold increase), compared to cells 230 

receiving a non-targeting guide RNA (Fig. 3e). ATOH8 expression promotes neuronal 231 

differentiation and supports neuronal functions40. To confirm these findings, we performed 232 

immunocytochemistry for ATOH8 in ZNHIT1-perturbed cells and found that ATOH8 expression 233 

was increased (Fig. 3f). We also observed increases in early (TUJ1) and more mature (MAP2) 234 

neuronal markers in ZNHIT1-perturbed cells, further supporting a role for ZNHIT1 in AT/RT 235 

differentiation (Fig. 3g,h, Supplementary Fig. 11h,i).  236 

 237 

Given that ZNHIT1 deposits histone variant H2A.Z and acetylation of H2A.Z is a key epigenetic 238 

hallmark of many cancers41, we also sought to characterize changes in H2A.Z in AT/RT upon 239 

ZNHIT1 loss using CUT&RUN (Fig. 3i, Supplementary Fig. 12a). ZNHIT1-perturbed cells had a 240 

large decrease in both the number and magnitude of H2A.Z-bound peaks, including peaks near 241 

genes involved in cell cycle and in neuron-related functions such as cytoskeleton-dependent 242 

intracellular transport (Fig. 3j-l). We observed decreased H2A.Z signal at peaks near neuronal 243 

genes such as SYT4 and HAP1, as well as ATOH8, TUJ1, and MAP2 (Supplementary Fig. 12b), 244 

suggesting that decreased H2A.Z deposition secondary to ZNHIT1 loss may facilitate 245 

transcription and neuronal differentiation in BT16. As a control, we also measured the promoter-246 

associated histone modification H3K4me3 using CUT&RUN and found virtually no change in peak 247 

number or magnitude (Supplementary Fig. 12c-f). 248 

 249 

To better characterize the role of H2A.Z in cell cycle changes and differentiation, we directly 250 

perturbed H2A.Z. Since H2A.Z is encoded by two genes that differ only by three amino acids, we 251 

separately perturbed H2A.Z.1 (encoded by H2AZ1) and H2A.Z.2 (encoded by H2AZ2) and 252 

measured changes in cell cycle and differentiation. We found a large reduction in cells in S-phase 253 

after knock-down of H2A.Z.2 (74% decrease) and this result was consistent across different 254 

AT/RT cell lines (Fig. 3m,n, Supplementary Fig. 13), suggesting that the cell cycle arrest 255 

mediated by ZNHIT1 perturbation may work via its role in H2A.Z deposition. Furthermore, we 256 

found that loss of H2A.Z.1 and/or H2A.Z.2 increases expression of the mature neuronal marker 257 

MAP2 across 3 different AT/RT cell lines (Fig. 3o,p). 258 

 259 

 260 



In sum, we have presented MultiPerturb-seq, a multiomic pooled CRISPR screening platform, 261 

which captures ATAC, mRNA, and CRISPR perturbations. This method increases throughput 262 

more than 10-fold over prior unimodal single-cell perturbation screens and does so with lower 263 

cost than other single-cell perturbation methods. Compared to performing separate pooled 264 

screens for each modality, MultiPerturb-seq can directly link changes in open chromatin and gene 265 

expression, yield multi-modal data without the need for computational integration methods, and 266 

provides a better controlled assay with fewer technical and biological confounders. Applied to a 267 

rare pediatric brain tumor model, MultiPerturb-seq identified ZNHIT1 as a potential target for 268 

AT/RT reprogramming therapy, which we further confirmed by demonstrating that ZNHIT1 269 

knockdown pushes cells toward terminal differentiation. We demonstrate the ability of 270 

MultiPerturb-seq to perform high-throughput screens with rich phenotypic and mechanistic 271 

readout, and the promise of ZNHIT1 and H2A.Z modulation for AT/RT differentiation, though 272 

further studies will be needed to understand the therapeutic potential. From a technical viewpoint, 273 

there are several ways to further extend this platform. First, MultiPerturb-seq is already compatible 274 

with protein capture on the 10X ATAC kit using DNA-barcoded antibodies42, as well as other types 275 

of guide RNAs with a spacer near the 5’ end (e.g. CRISPR/Cas9, CRISPRa, prime-editing, base-276 

editing). Second, with two rounds of barcoding, there is an opportunity for a first round of arrayed 277 

barcoding in situations where DNA barcoding is challenging, such as different pharmacologic 278 

perturbations or processing multiple timepoints in a single experiment. Taken together, 279 

MultiPerturb-seq brings together epigenome and transcriptome phenotyping to study the impact 280 

of many genetic perturbations.  281 
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Figure legends 317 
 318 

 319 
Figure 1. MultiPerturb-seq combines single-cell RNA-sequencing and single-cell ATAC-320 

sequencing with pooled CRISPR perturbations for high-throughput functional genomics. 321 

a, MultiPerturb-seq combines combinatorial indexing with droplet microfluidics for trimodal 322 

capture. b, Cost comparison for various single-cell CRISPR pooled screens methods. c, Capillary 323 

electrophoresis of ATAC, RNA, and CRISPR inhibition (CRISPRi) guide RNA (gRNA) libraries 324 

from MultiPerturb-seq. All three libraries show expected patterns (ATAC: Nucleosome bands; 325 

Tagmented RNA: Range of fragments centered around 400 bp; CRISPR gRNA: Distinct amplicon 326 

band at ~200 bp). d-f, Single-cell collision rate quantification for ATAC fragments (panel d, 327 

11.6%), RNA transcripts (panel e, 6.2%), and CRISPR gRNAs (panel f, 6,6%) aligning to the 328 

human and mouse genomes. ATAC and RNA plots are downsampled for visualization. g, Uniform 329 

Manifold Approximation and Projection (UMAP) on RNA (transcript) data colored by species. 330 

Mouse 3T3 fibroblasts (transduced with the mouse non-targeting gRNA library) constituted 20% 331 

of all cells prior to nuclei isolation. h, Open chromatin peaks (ATAC), transcripts (RNA) and 332 

gRNAs (CRISPR) detected for BT16 (human) cells and 3T3 (mouse) cells. i, Distance of ATAC 333 

peaks from transcription start sites (TSS). Shaded region represents the 99% confidence interval 334 

(n = 10,000 bootstrap samples).  j, Proportion of single cells with 1, 2, or more than 2 gRNAs 335 

detected. k, Comparison between cells with histone methyltransferase perturbations (Histone 336 

MTs) and cells with non-targeting (NT) control perturbations for gene expression and open 337 

chromatin at the RFX3 locus. l, Comparison between cells with perturbations targeting H3F3A 338 

and cells with non-targeting (NT) control perturbations for gene expression and open chromatin 339 

at the PPM1B locus. For panels k and l, reads are normalized to cell number, tracks are binned 340 

in 500 bp bins for visualization and scale bars denote 25 kb.  341 

 342 

 343 

Figure 2. MultiPerturb-seq identifies genetic perturbations that trigger differentiation in 344 

atypical teratoid/rhaboid tumor (AT/RT). a, Overview of differentiation challenge in AT/RT brain 345 

tumors and design of pooled CRISPR library to identify chromatin remodelers for cancer 346 

reprogramming therapy. b, Correlation between gene-perturbed human AT/RT cells and gene 347 

expression over developmental stages from 4 weeks post-conception (wpc) to senior adulthood.29 348 

The Pearson correlation is computed on the top 1000 highly variable genes and values are 349 

normalized such that cells receiving a non-targeting perturbation display as zero on the 350 

colorscale. c, Correlation between gene-perturbed human AT/RT cells and open chromatin peaks 351 



in developmental35 and adult36 brain atlases (left) and sum of fold-changes (log2) at peaks 352 

overlapping ENCODE regulatory elements37 (right). The Pearson correlation is computed on the 353 

top 1000 highly variable promoter-adjacent peaks and values are normalized such that cells 354 

receiving a non-targeting perturbation display as zero on the colorscale. PLS: promoter-like 355 

sequence, pELS: proximal enhancer-like sequence, dELS: distal enhancer-like sequence, 356 

DNase-H3K4me3: poised elements.37 d-e, Ranked CRISPRi gene perturbations by RNA 357 

differentiation score (panel d) and ATAC differentiation score (panel e). Higher values indicate 358 

greater similarity to postnatal primary brain tissues (see Methods). f, RNA and ATAC 359 

differentiation scores for all CRISPRi gene perturbations. g, Normalized difference in correlations 360 

of gene expression between ZNHIT1-perturbed cells and cells receiving NT (negative control) 361 

perturbations. For each cell population (ZNHIT1, NT), we computed the Pearson correlation of 362 

gene expression with human brain developmental expression (n = 53 primary cerebrum samples 363 

at the indicated developmental timepoints). Line denotes LOESS fit and shaded region indicates 364 

the 95% confidence interval.  365 

 366 
 367 

Figure 3. ZNHIT1 loss drives AT/RT cell cycle arrest and differentiation via decreased 368 

H2A.Z deposition. a, CRISPRi validation in AT/RT cells to assess stemness, proliferation and 369 

differentiation after ZNHIT1 loss. b, SOX2 expression in cells receiving ZNHIT1, SOX2 or non-370 

targeting (negative control, NT) guide RNAs (gRNAs). c, Proportion of S-phase genes39 as a 371 

fraction of expression of all cell-cycle genes (n = 262 ZNHIT1-perturbed cells and 4,808 NT cells 372 

with at least 100 RNA UMI counts). Error bars indicate the 95% confidence interval (bootstrap 373 

resampling). d, EdU incorporation in cells with ZNHIT1-targeting gRNAs compared to NT gRNAs 374 

(n = 3 biological replicates). Treatment with the topoisomerase II inhibitor doxorubicin (Doxo) 375 

serves as a positive control for cell cycle arrest. Significance was determined via a one-way 376 

ANOVA with Tukey’s post-hoc test. e, ATOH8 transcription factor signature in MultiPerturb-seq. 377 

Transcription factor signatures were calculated by aggregating counts of ATOH8 target genes (n 378 

= 262 ZNHIT1-perturbed cells and 4,808 NT cells with at least 100 RNA UMI counts) Significance 379 

was determined using conditional resampling (SCEPTRE). f-h, Expression and quantification of 380 

f, ATOH8, g, TUJ1, and h, MAP2 in BT16 cells with ZNHIT1-targeting or NT gRNAs (n = 3 381 

biological replicate gRNAs per condition and 3 technical replicates per gRNA). Open circles 382 

represent the median for each gRNA. Scale bar: 50μm. i, Above: H2A.Z CUT&RUN in BT16 cells. 383 

Below: CUT&RUN signal at H2A.Z peaks in cells with ZNHIT1-targeting or NT gRNAs (n = 5 384 

biological replicates). A representative replicate is shown for visualization. j, Change in 385 

reproducible H2A.Z CUT&RUN peaks after ZNHIT1 loss (n = 5 biological replicates per condition 386 



with peaks present in at least 4 of out 5 replicates for either cells with ZNHIT1-targeting or NT 387 

gRNAs). k, Change in peak height for reproducible H2A.Z CUT&RUN peaks. For visualization, 388 

outliers beyond the 99th percentile are omitted. Significance was determined with a two-sided 389 

paired t-test. l, Enriched Gene Ontology Biological Processes for nearest genes to decreased 390 

H2A.Z-bound peaks in ZNHIT1-perturbed cells. P-values were computed using a one-sided 391 

Fisher’s exact test. m, Cell cycle analysis in CHLA06 AT/RT cells transduced with ZNHIT1-, 392 

H2AZ1-, or H2AZ2-targeting (or NT) gRNAs (n = 2 - 3 guide RNAs per perturbed gene). n, 393 

Quantification of S-phase cells from panel n and significance determined via two-sided χ2-test (n 394 

= 2 - 3 guide RNAs per perturbed gene). o, Representative immunofluorescence images of MAP2 395 

expression in BT16, BT12, and CHLA06 AT/RT cells with H2AZ1- or H2AZ2-targeting (or NT) 396 

gRNAs. Scale bar: 50μm. p, Quantification of MAP2 expression in BT16, BT12, and CHLA06 397 

AT/RT cells with H2AZ1- or H2AZ2-targeting (or NT) gRNAs (n = 3 biological replicate gRNAs 398 

per condition and 3 technical replicates per gRNA). Open circles represent the median for each 399 

gRNA. For all panels, significance levels: n.s., not significant, **, p < 10-2 and ****, p < 10-4. Unless 400 

specified otherwise, significance was determined via a two-sided Mann-Whitney U test with a 401 

Bonferroni correction for multiple comparisons. Barplots in panels d,e, and n represent mean 402 

values +/- s.e.m. Boxplots show median and interquartile range with whiskers indicating 1.5× 403 

interquartile range.  404 
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Materials and methods 530 
 531 
Cell lines 532 
BT12 and BT16 cells were a gift from Peter Houghton, Rintaro Hashizume and Charles Roberts. 533 
NIH-3T3 (CRL-1658) and CHLA06 (CRL-3038) were acquired from ATCC. HEK293FT cells were 534 
acquired from ThermoFisher (R70007). BT12 and BT16 cells were validated by STR profiling; 535 
other lines were authenticated by the vendor. All cell lines were maintained at 37 °C and 5% CO2 536 
in D10 medium: DMEM with high glucose and stabilized L-glutamine (Caisson DML23) 537 
supplemented with 10% Serum Plus II (Sigma 14009C). Monoclonal CRISPRi-expressing BT16 538 
cell lines were generated by transducing cells with lentiCRISPRi(v2)-Blast (Addgene 170068)14, 539 
selecting with 10μg/ml Blasticidin S (ThermoFisher A1113903), and plating at a low density for 540 
colony picking. Several clones were selected and monitored for growth. A clone maintaining 541 
normal BT16 growth patterns and CRISPRi(v2) expression by Cas9 immunocytochemistry was 542 
selected for the MultiPerturb-seq screen. NIH-3T3, BT12, and CHLA06 cells were also transduced 543 
with lentiCRISPRi(v2)-Blast and selected with 10μg/ml blasticidin for 1 week. 544 
 545 
Guide RNA design for pooled library and array validation 546 
To identify factors involved in reprogramming AT/RT cells, we constructed a library of 109 547 
epigenomic remodelers with 3 guide RNAs (gRNAs) per gene. The AT/RT library targeted genes 548 
that encode proteins with roles in DNA modification, histone modification, histone chaperones, 549 
transcription factors, chromatin remodelers, and structural factors. We also included 17 non-550 
targeting controls that do not target anywhere in the human genome. The library was designed 551 
using gRNAs from the Dolcetto CRISPRi library and CRISPick57. Three gRNAs were selected per 552 
gene and homopolymers were excluded. Oligonucleotides were ordered and synthesized by Twist 553 
Biosciences in pooled format. For the mouse spike-in, mouse non-targeting gRNAs were ordered 554 
individually through Integrated DNA Technologies (IDT) and pooled for library cloning. For both 555 
pooled and arrayed guide RNA sequences, please see Supplementary Table 2. 556 
 557 
Pooled CRISPR library cloning and quality control 558 
Oligonucleotides were diluted, and a PCR cycle test was performed to ascertain the minimum 559 
cycles needed for library amplification to preserve integrity. Following this, oligonucleotides were 560 
amplified using a two-step nested PCR, then cloned in lentiGuideFE-Puro (Addgene 170069) with 561 
Gibson cloning using Gibson mix (NEB E2611L) and precipitated with ethanol. The library was 562 
then transformed into Endura cells (Biosearch 60242-2). Bacteria were then grown on plates, 563 
maxi-prepped (IBI Scientific IB47125), and then sequenced. For quality control, libraries were 564 
sequenced on Illumina MiSeq. Reads were demultiplexed using bcl2fastq (version 2.20), guide 565 
spacers were extracted using cutadapt58 (version 4.0), and aligned with bowtie59 (version 1.1.2). 566 
For the epigenomic remodeler library, we recovered 98% of the designed guide RNAs and, using 567 
the read distribution, we computed that the 90th:10th quantile ratio of guide RNAs was 1.8. For the 568 
non-targeting library (mouse), we recovered 100% of the designed gRNA and the 90th:10th 569 
quantile ratio was 6.5.  570 
 571 
Lentivirus production 572 



Lentiviral libraries were prepared in T225 flasks. Each flask was seeded with 27x106 cells the day 573 
before in 30 ml of antibiotic-free D10 media to achieve 80-90% confluence before transfection. 574 
The transfection mix was 24.9μg of the transfer plasmid (including the epigenetic remodelers or 575 
mouse non-targeting library), 13.7μg pMD2.G (Addgene 12260), 19.9μg psPAX2 (Addgene 576 
12259), 2490μl OptiMEM (Invitrogen 51985-091) and 138μl 1 mg/ml polyethylenimine linear MW 577 
25000 (Polysciences 23966). The mixture was mixed and allowed to incubate for 10 minutes at 578 
room temperature. After removing 15 ml media from the cells, the mixture was added dropwise. 579 
Six hours following transfection, an additional 15 ml fresh media with 1% BSA (VWR AAJ65097-580 
18) was added. Viral supernatants were collected 72 hours following transfection, spun down, 581 
filtered with a 0.45mm filter (Millipore SE1M003M00). Lentivirus for the pooled library was 582 
concentrated using 2 ml of a 20% sucrose cushion by ultracentrifugation for two hours at 4°C 583 
(Beckman JS24.38 swinging bucket rotor, Avanti JXN30), then resuspended in PBS, aliquoted, 584 
and stored at -80°C.  585 
 586 
Pooled library transduction 587 
Pooled libraries were transduced into BT16 and NIH-3T3 cells with the corresponding libraries 588 
with variable viral volumes to determine the appropriate multiplicity of infection for a high single-589 
infection rate, as determined by puromycin survival (psurvival). We aimed for a psurvival of 1 - 5% to 590 
ensure single-guide integration. Based on this titration, cells were infected with the appropriate 591 
volume of virus. Forty-eight hours following transduction, BT16 and NIH-3T3 cells were lifted and 592 
selected with 1 μg/ml and 2μg/ml puromycin respectively (Invivogen ant-pr-1). At the same time, 593 
we performed in-line controls in 6-well plates and confirmed that psurvival was within the 1 - 5% 594 
target. Seven days following infection, cells were lifted, counted, and pooled with 80% BT16 595 
(human) cells and 20% mouse cells (3T3) as a spike-in control for the MultiPerturb-seq library 596 
preparation workflow. 597 
 598 
MultiPerturb-seq library preparation 599 
For a detailed protocol, please see Supplementary Protocol 1. For primer sequences, see 600 
Supplementary Table 1. 601 
 602 
Part 1: Nuclei isolation, tagmentation, and reverse transcription 603 
Overall, our ATAC protocol is similar to a previous, well-validated ATAC method45 and our 604 
transposomes are assembled as in Picelli et al.60 with MEDS-A (MPSprimer_01), pMENT 605 
(MPSprimer_02), and 48 barcoded MEDS-B (MPSprimer_03 – MPSprimer_50) for a 48-well 606 
barcoded transposome plate. Of note, although we used standard unsalted oligonucleotides 607 
(Integrated DNA Technologies), we found that HPLC-purified oligonucleotides can lead to 608 
increased fragments captured per cell. MultiPerturb-seq may also be performed without 609 
combinatorial indexing, in which case we advise use of HPLC-purified oligonucleotides since only 610 
one MEDS-B is required.  611 
 612 
2.4 million human cells and 600k mouse cells were combined and lysed in 1ml Omni lysis buffer 613 
(10mM Tris-HCl, pH 7.4, 10mM NaCl, 3mM MgCl2, 0.1% NP-40 (ThermoFisher 85124), 0.1% 614 
Tween-20 (Sigma P1379), 0.01% digitonin (Promega G9441))44. Cells were lysed for 10 minutes 615 
on ice. After lysis, nuclei were spun down, pooled, resuspended in 450μl PBS and combined with 616 



tagmentation mix: 240μl 5X TD-TAPS (50mM TAPS-NaOH buffer, pH 8.5 [Boston BioProducts 617 
BB-2375], 25mM MgCl2, 50% DMF [Sigma 494488]), 120μl 10% Tween-20, 300μl dilution buffer 618 
(10mM Tris-HCl, pH 7.4, 100mM NaCl, 50% glycerol, 1mM DTT), 30μl RiboLock RNase inhibitor 619 
(ThermoFisher EO0381). The nuclei were then split among wells of barcoded transposomes for 620 
tagmentation.  621 
 622 
Cells were then incubated for 30 minutes at 37°C in tagmentation mix while shaking at 350rpm 623 
on a ThermoMixer. Following tagmentation, 1μl 126mM EDTA was added to each well and mixed 624 
to stop tagmentation. After this, 50μl PBS was added, and nuclei were spun at 400rcf for 4 minutes 625 
at 4°C. 53μl of supernatant was then removed, leaving 17μl and the nuclei pellet undisrupted. For 626 
the reverse transcription (RT), we added a master mix of 8μl 5X RT buffer (Thermo EP0742: 250 627 
mM Tris-HCl, 375 mM KCl, 15 mM MgCl2, 50 mM DTT), 2μl dNTPs, 2μl MPSprimer_51 (10μM), 628 
4μl MPSprimer_52 (10μM), 2μl Maxima RT H-minus (ThermoFisher EP0753), and 1μl Ribolock 629 
(ThermoFisher EO0381) per well. We then added 4μl of barcoded TSO (sequences for the 48 630 
barcoded TSOs are MPSprimer_53 to MPSprimer_100) to match the ATAC barcodes to individual 631 
wells. This plate was then incubated for 90 minutes at 53°C, while shaking at 450rpm on a 632 
ThermoMixer. An alternative reverse transcription protocol using thermal cycling (50 °C for 633 
10 min; then three cycles of 8 °C for 12 s, 15 °C for 45 s, 20 °C for 45 s, 30 °C for 30 s, 42 °C for 634 
2 min and 50 °C for 3 min followed by a final step at 50 °C for 5 min) as previously used in ISSAAC-635 
seq61 improves both ATAC and RNA capture, and we recommend this cycling instead of the fixed 636 
temperature RT. Nuclei were then resuspended well by triturating with a narrowed pipette tip and 637 
all wells were pooled into 2 x 1.5mL tubes, spun down, and re-pooled in a 1.5mL tube. The 638 
narrowed pipette tip was produced using a standard plastic 20μl pipette tip (Rainin) melted to 639 
narrow gauge using an infrared sterilizer (Joanlab DS-900S). After observing nuclei to avoid 640 
clumps and counting, nuclei were resuspended in diluted nuclei buffer to achieve the desired 641 
loading amount (100,000 nuclei in 8μl) and combined with 7μl ATAC buffer B (10x Genomics 642 
PN2000193).  643 
 644 
Part 2: 10X ATAC GEM generation, barcoding, and cleanup 645 
The nuclei suspension was prepared for second-round barcoding using droplet microfluidics (10X 646 
Genomics ATAC kit PN1000176) following the manufacturer’s instructions. Briefly, nuclei were 647 
mixed with the master mix (56.5μl Barcoding reagent B (PN2000194), 1.5μl Reducing agent A 648 
(PN2000087), 2μl Barcoding enzyme (PN2000125/139), and loaded onto the Chromium Next 649 
GEM Chip H (PN1000162) with glycerol, gel beads, and partitioning oil. Following the run on the 650 
Chromium Controller, 100μl GEMs were collected and transferred to a PCR tube for GEM 651 
incubation. 15 cycles were substituted for 12 cycles during the linear amplification. GEMs were 652 
then cleaned with Dynabeads per the manufacturer’s instructions, and libraries were split into 653 
20μl ATAC and 20μl RNA libraries for final library prep. We recovered ~3.6 cells per droplet on 654 
average. 655 
 656 
Part 3: Library preparation 657 
The ATAC fraction (20μl) was cleaned up with 1.2X SPRI (Illumina) and amplified with an 100μl 658 
reaction using NEBNext: 50μl 2X High-Fidelity 2X Master Mix (NEB M0541S), 5μl 659 
MPSprimer_101 (10μM), MPSprimer_102 (10μM), 20μl ATAC fraction and 20μl water (30 660 



seconds 98°C, (10 seconds 98°C, 30 seconds 63°C, 1 minute 72°C) x 10-15 cycles, 2 minutes 661 
72°C, hold 4°C), then cleaned with double-sided SPRI (0.45X, 1.8X) in order to isolate fragments 662 
of lengths 50-1000 bp. The RNA (cDNA and gRNA) fraction (20μl) was cleaned by incubation 663 
with 8μl ExoSAP for 15 minutes at 37°C and then 15 minutes at 80°C. To make 100μl of ExoSAP, 664 
we combine 1μl of Exonuclease I (NEB M0293), 20μl of Shrimp Alkaline Phosphatase (NEB 665 
M0371), and 79μl water. The cleaned RNA product was amplified with an 100μl KAPA HiFi 666 
reaction (Roche 07958935001): 50μl 2X Master Mix, 2.5μl MPSprimer_101 (10μM), 2.5μl 667 
MPSprimer_103 (10μM), 2.5μl MPSprimer_104 (10μM), 28μl cleaned RNA product, and 14.5μl 668 
water (3 minutes 95°C, (20 seconds 95°C, 30 seconds 66°C, 1 minute 72°C) x 10 cycles, 2 669 
minutes 72°C, hold 4°C). Following amplification, the mRNA and gRNA fractions were split using 670 
a two-sided SPRI4. The mRNA was collected with a 0.6X SPRI and the gRNA was isolated from 671 
the supernatant using an additional 1.4X SPRI. Each fraction was then resuspended in 10μl water. 672 
The mRNA may then be amplified with 3-9 additional cycles of a 50μl reaction if there is less than 673 
1ng of product: 25μl 2X KAPA HiFi Master Mix, 1.25μl MPSprimer_101 (10μM), 1.25μl 674 
MPSprimer_103 (10μM), 10μl cleaned RNA product, and 12.5μl water (3 minutes 95°C, (20 675 
seconds 95°C, 30 seconds 66°C, 1 minute 72°C) x 3-9 cycles, 2 minutes 72°C, hold 4°C). 676 
 677 
After this, the 10μl mRNA fraction was tagmented with Tn loaded with MPSprimer_107 in 20μl of 678 
tagmentation buffer for 5 minutes at 55°C. This was then cleaned with DNA Clean & Concentrator-679 
5 (Zymo D4014), resuspended in 33.5μl water and PCR amplified with 50μl PfuX7 reaction46: 10μl 680 
5X GC buffer, 1μl dNTPs, 2.5μl MPSprimer_101 (10μM), 2.5μl MPSprimer_108 (10μM), 0.5μl 681 
PfuX7 polymerase, and 33.5μl mRNA fraction using the following program: 5 minutes 72°C, 30 682 
seconds 98°C, (10 seconds 98°C, 30 seconds 61°C, 1 minute 72°C) x 10 cycles, 2 minutes 72°C, 683 
hold 4°C. The 10μl gRNA fraction was cleaned with 4μl 0.2U/μl ExoSAP and amplified with a 50μl 684 
intermediate PCR: 25μl 2X KAPA HiFi Master Mix with 1.25μl biotinylated guide scaffold primer 685 
(MPSprimer_105, 10μM), 1.25μl MPSprimer_101 (10μM), 10μl gRNA fraction, and 8.5μl water (3 686 
minutes 95°C, (20 seconds 95°C, 30 seconds 64°C, 1 minute 72°C) x 10 cycles, 2 minutes 72°C, 687 
hold 4°C), then cleaned again with 1.8X SPRI, resuspended in 10μl water, and incubated with 4μl 688 
ExoSAP. Following cleanup, the gRNA was pulled down with Dynal MyOne Dynabeads 689 
Streptavidin C1 (ThermoFisher 65001), resuspended in 45μl water, then amplified with a final 690 
inner (guide library) PCR using KAPA HiFi Master Mix: 50μl Master Mix, 2.5μl MPSprimer_101 691 
(10μM), 2.5μl MPSprimer_106 (10μM), and 45μl gRNA pulldown product (3 minutes 95°C, (20 692 
seconds 95°C, 30 seconds 57°C, 1 minute 72°C) x 10 cycles, 2 minutes 72°C, hold 4°C). Samples 693 
were evaluated with Tapestation High Sensitivity D1000 ScreenTape and Reagents (Agilent 694 
5067), quantified with Qubit (ThermoFisher Q33231), and sequenced on both Illumina MiSeq and 695 
Illumina NovaSeq 6000 v1.5 platforms with 16bp index 1, 8bp index 2, and 50 (MiSeq) or 100bp 696 
(NovaSeq) read 1 and 2.  697 
 698 
MultiPerturb-seq optimization 699 
MultiPerturb-seq was developed incrementally, first incorporating ATAC, then mRNA and gRNA 700 
capture, ensuring preservation of each modality throughout the process (several key examples 701 
shown in Supplementary Fig. 4). In brief, we built off of our previous work6, adapting it to the 702 
10X ATAC kit using a mock gel bead oligonucleotide (MPSprimer_109, Supplementary Table 703 
1). We further optimized ATAC conditions based on protocols including44, 45, 63, 64 (Supplementary 704 



Fig. 4a-b). Both Tn565 and TnY6 were used in these experiments. We then adapted the direct 705 
guide capture technique from 4, also described in 66. We designed a template switch 706 
oligonucleotide (TSO)67 with barcode and unique molecular identifier (UMI) (Supplementary Fig. 707 
4c), and tested PCR62, 68 and cleanup conditions to achieve mRNA and gRNA capture 708 
(Supplementary Fig. 4c-h). We also tested several variants of TSO (MPSprimer 110 to 709 
MPSprimer_112)  (Supplementary Fig. 4e). We tested different methods to amplify or enrich the 710 
mRNA and gRNA, such as biotin pulldown. Finally, we ensured trimodality integrity, confirming 711 
that tagmentation was stopped before reverse transcription, to avoid tagmenting the RNA-DNA 712 
heteroduplex69 (Supplementary Fig. 4i-j). Agarose gels in Supplementary Fig. 4 are 1-2% with 713 
1kb Plus DNA ladder (NEB N3200L) unless otherwise noted. For cost estimates, we used the 714 
method’s calculated cost when provided or estimated it based on major cost drivers (e.g. 10X 715 
Genomics Kits). Sequencing cost was not included in these estimates. 716 
 717 
Read alignment and pre-processing 718 
For alignment and pre-processing (Supplementary Fig. 5a), we demultiplexed reads using 719 
bcl2fastq (version 2.20) with FASTQs for index reads. Reads were then trimmed with cutadapt58 720 
(version 4.0) to extract barcode 1 (well barcode), barcode 2 (droplet barcode), ATAC reads, 721 
mRNA reads, gRNA reads, and UMIs based on position (Supplementary Fig. 5b), then aligned 722 
separately (Supplementary Fig. 5c). Barcodes and gRNA spacers were aligned with bowtie59 723 
(version 1.1.2) with the settings -v 2 -m 1 –norc –best –strata. The barcode 1 reference was derived 724 
from oligonucleotide sequences and the barcode 2 reference was constructed from the whitelist 725 
provided by cellranger-atac (10X Genomics). ATAC reads were aligned with bowtie270 (version 2.5.1) 726 
with default parameters to the joint human (hg38, GENCODE v32/Ensembl98) and mouse 727 
(mm10, GENCODE vM23/Ensembl98) genome reference provided by 10X Genomics (2020-A) 728 
at https://cf.10xgenomics.com/supp/cell-exp/refdata-gex-GRCh38-and-mm10-2020-A.tar.gz. 729 
Open chromatin peaks were called using macs271 callpeak (version 2.2.7.1) with the parameters -f 730 
BED -g hs -p 0.01 –nomodel –shift 37 –extsize 73 -B –SPMR –keep-dup all –call-summits then reads were 731 
assigned to peaks based on loci with bedtools window (version 2.30.0) with a 100 bp window 732 
around the start position. mRNA reads were aligned with STAR72 (version 2.7.3a) using  the settings 733 
–quantMode GeneCounts –soloFeatures GeneFull_Ex50pAS, then annotated with subread73 featureCounts 734 
(version 2.0.4) using a joint human and mouse gtf with the settings -t gene -R SAM. Aligned reads 735 
were then joined to create a list of cell barcodes (barcode 1 and barcode 2), unique molecular 736 
identifiers (UMIs) if applicable, and aligned/annotated reads. These were then deduplicated using 737 
awk based on barcode, UMI, and position, then imported into R (version 4.2.3), reformatted as a 738 
counts matrix using DropletUtils74 (version 1.18.1), and stored as a SingleCellExperiment75 object 739 
(version 1.20.1). Counts and features were summed with scuttle (version 1.8.4) and peaks were 740 
annotated with ChIPseeker (version 1.34.1). We proceeded with the intersection of all three 741 
modalities — that is, cell barcodes with all 3 modalities captured (429,139 cell barcodes 742 
(Supplementary Fig. 5c). Next, we performed additional filtering for cell barcodes with at least 743 
100 RNA UMIs or 100 ATAC unique fragments. This yielded 121,651 cell barcodes, which was 744 
the dataset used in all downstream analyses. For barcode collision rate calculations, we defined 745 
a collision in any modality as having <66% of the primary species. Each modality was evaluated 746 
independently using the same threshold. Cells with at least 500 RNA or ATAC fragments were 747 
considered for barcode collision analysis. 748 



 749 
Guide RNA assignment  750 
We implemented an algorithm that collapsed highly similar UMIs within the same cell. We did this 751 
because, within individual cells, we sometimes identified guide RNA UMIs that differed by only 752 
one or two bases. This phenomenon likely arose from sequencing or PCR error, rather than 753 
representing genuine biological diversity among UMIs. Consequently, these errors could lead to 754 
inflated UMI counts for certain guide-UMI combinations, ultimately skewing the guide assignment 755 
and biasing our analysis towards overamplified reads. The algorithm first ranked UMIs based on 756 
their read count, assuming that the UMI with the most reads represented the original molecule, 757 
that was then mutated during sequencing or PCR. Subsequently, the algorithm recursively 758 
removed UMIs that were within a Levenshtein distance76 of 2 from any remaining UMI with a 759 
higher read count or any UMI previously removed. This approach allowed us to account for UMIs 760 
that underwent multiple perturbations, such as mutations in both PCR and sequencing stages. 761 
Furthermore, we occasionally encountered instances where a single UMI with a high read count 762 
was associated with multiple guide RNA, with one association typically dominating in read 763 
support. In these cases, we only retained the UMI-guide pairing with the highest read count. 764 
 765 
Correlations with primary tissues atlases and differentiation scores 766 
Perturbed cells were separated (pseudo-bulk) by perturbation and compared to published 767 
transcriptomic29 and accessible chromatin35, 36 atlases by computing the Pearson correlation 768 
across the top 1000 highly variable genes or peaks. Correlations were computed between each 769 
perturbation-specific pseudo-bulk and previously published primary tissue gene expression or 770 
open chromatin. For all correlations and differentiation scores, we only used cells with at least 771 
200 fragments per cell and perturbations with at least 100 cells captured. 772 
 773 
For analysis of MultiPerturb-seq gene expression, we first identified highly variable genes (HVGs). 774 
We defined HVGs as those genes with the largest standard deviation across cerebrum samples 775 
(n = 53 samples from 4 weeks post-conception [wpc] to adulthood with 1-4 donors per 776 
developmental stage for that tissue). To compute correlations between MPS and the 777 
transcriptomic developmental atlas at specific timepoints, we take the Pearson correlations using 778 
only the top 1000 HVGs. 779 
 780 
For analysis of MultiPerturb-seq open chromatin, we first identified highly variable promoter-781 
adjacent peaks (HVPPs). We defined HVPPs as those peaks within 2 kb of a protein-coding gene 782 
transcription start site with the greatest standard deviation over a unified sample of the MPS 783 
ATAC-seq dataset (n = 77 perturbation pseudo-bulk samples) and accessible chromatin pre- or 784 
postnatal primary tissues (n = 8 prenatal samples of different brain cell types and 1 postnatal 785 
sample from frontal cortex). To compute correlations between MPS and the accessible chromatin 786 
developmental atlases, we take the Pearson correlations using only the top 1000 HVPPs. 787 
 788 
We computed normalized differentiation scores for either gene expression or open chromatin by 789 
taking the difference between correlations (Pearson) with late (postnatal) timepoints and early 790 
(prenatal) timepoints to identify those perturbations that increased similarity to mature tissues. 791 
This difference was computed using the mean of the correlations over each post- or pre-natal 792 



timepoint. That is, we computed one mean correlation across timepoints prenatal and one mean 793 
correlation across timepoints postnatal, normalized each mean correlation, and then took the 794 
difference between these normalized means. For the normalization (over perturbations), for each 795 
stage (pre-natal or post-natal), we computed maximum and minimum values over perturbations 796 
and then assigned each perturbation a normalized rinorm = (ri - min(r)) / (max(r) - min(r)). 797 
 798 
Differentially expressed genes, peaks, and signatures 799 
In order to identify differentially expressed genes and peaks, we used SCEPTRE47, a 800 
nonparametric tool that resamples perturbations to infer associations with gene expression47 with 801 
features per cell and counts per cell as covariates. We included barcodes with at least 100 802 
fragments as cells and genes with at least 10 cells captured (n = 106,424 cells). We also applied 803 
SCEPTRE to other analyses beyond gene expression, such as the ATAC nearest gene (any 804 
distance), ATAC TSS (+/-2kb), and RNA transcription factor transcription factor signatures from 805 
msigdb. Gene Ontology (GO) enrichment analyses were performed using clusterProfiler77 enrichGO 806 
(version 4.6.2). 807 
 808 
CROP-Multiome 809 
We recloned our epigenomic remodeler library into CROP-seq-opti20 (Addgene 106280), a vector 810 
that places the guide RNA within a polyadenylated mRNA transcript, thus allowing capture by the 811 
3’ polyA tail19. We then transduced the same BT16 clone expressing CRISPRi-v2 with the CROP-812 
seq library, and prepared snATAC-seq and snRNA-seq libraries using the 10X Chromium Single 813 
Cell Multiome ATAC + Gene Expression kit (10X Genomics 1000285). Library cloning, virus 814 
production, titration, transduction, and selection was performed as described above for 815 
MultiPerturb-seq. We loaded 10,000 cells on one 10X Multiome lane, per manufacturer’s 816 
instructions. In brief, four days after infection, 200,000 cells (80% BT16 cells and 20% NIH-3T3) 817 
were trypsinzied, washed, and lysed in 500μl chilled lysis buffer (10X Genomics) with 12.5μl 818 
Ribolock RNase inhibitor (ThermoFisher EO0381). Cells were washed 3 times with 1mL wash 819 
buffer (10X Genomics) with 12.5μl Ribolock, and 16,100 cells were resuspended in 10μl 820 
transposition mix (10X Genomics) and incubated for 60 minutes at 37°C. Following tagmentation, 821 
the mix was loaded on the GEM chip as instructed and run on the Chromium Controller X (10X 822 
Genomics). Following incubation, 5 μl quenching agent was added to stop the reaction before 823 
proceeding to post-GEM cleanup and library preparation per the manufacturer’s instructions (10X 824 
Genomics). Samples were sequenced on the Illumina NovaSeq 6000 v1.5 platform with 34bp 825 
index 1, 24bp index 2, and 125bp read 1 and 2 and counts matrices were generated with cellranger-826 
arc (version 2.0.2, 10X Genomics). Polyadenylated guide RNA identities aligned with bowtie and 827 
joined with barcodes as described above for MultiPerturb-seq with the barcode whitelist provided 828 
with cellranger-arc. 829 
 830 
CUT&RUN for H2A.Z and H3K4me3 831 
For CUT&RUN78, we used the CUTANA ChIC/CUT&RUN Kit (EpiCypher 14-1048) with 832 
antibodies against H2A.Z (Abcam ab4174), H3K4me3 (EpiCypher 14-1048), and IgG (EpiCypher 833 
14-1048). BT16 cells were transduced with a ZNHIT1-targeting or a non-targeting (negative 834 
control) guide RNA (n = 5 biological replicate transductions per guide RNA). Two days later, cells 835 
were lifted and selected with 1 μg/ml puromycin. An in-line control was used to ensure complete 836 



selection. Five days following transduction, cells were collected for CUT&RUN. 500,000 cells 837 
were used per condition. Cells were lifted, washed, and bound to 10 μl activated Concanavalin A-838 
conjugated paramagnetic beads (EpiCypher), then resuspended with 0.5 μg of the antibody of 839 
interest and incubated overnight at 4°C on a rotator. The next day, the beads were washed twice 840 
with permeabilization buffer and incubated with 2.5 μl pAG-MNase (Epicypher) for 10 minutes at 841 
room temperature. Following binding, the beads were washed, and 2mM CaCl2 was added to 842 
begin digestion. Digestion was allowed to proceed for 2 hours at 4°C, then the reaction was 843 
terminated by adding 33 μl Stop Buffer (Epicypher) and incubating the reactions at 37°C for 10 844 
minutes. We included a 0.5 ng E. coli DNA (Epicypher 18-1401) spike-in. DNA was purified with 845 
bead cleanup provided (EpiCypher). Libraries were then prepared using the NEBNext Ultra II 846 
DNA Library Prep Kit (New England Biolabs E7645S), pooled, and sequenced on an Illumina 847 
NovaSeq S1 6000 v1.5 with 2 x 90 bp paired-end reads. 848 
 849 
Files were trimmed and with Trim Galore (version 0.6.10) with options –fastqc --paired, then aligned 850 
to hg38 (GRCh38.p14, downloaded from the UCSC Genome Browser at 851 
https://hgdownload.soe.ucsc.edu/goldenPath/hg38/bigZips/hg38.fa.gz) using bowtie270 (version 852 
2.5.1) with options --local --very-sensitive-local --no-unal --no-mixed --no-discordant --dovetail -I 10 -X 700. 853 
Paired reads were sorted and indexed with samtools (version 1.14). Reads were deduplicated with 854 
sambamba79 (version 0.7.0) view with the options -f bam -F "[XS] == null and not unmapped and not duplicate". 855 
Peaks were called with macs271 callpeak (version 2.2.7.1)  with options –f BAMPE -g hs –bdg with IgG 856 
as the control file (-c).  857 
 858 
Coordinates (chromosome, start, end, and peak pileups (height at peak summit) from macs2 859 
outputs were used for further analysis. Peak pileups were adjusted by read depth. When 860 
combining biological replicates, we sought to only consider peaks that were reproducibly present 861 
between replicates. To do this, we called a master peak set on all 10 samples from both 862 
conditions. Using valr80 (version 0.7.0), we only retained peaks called by at least 4 biological 863 
replicates of the same condition (ZNHIT1-targeting or non-targeting [NT]) and termed these 864 
reproducible peaks. Gene ontology (GO) enrichment was computed using clusterProfiler77 enrichGO 865 
(version 4.6.2) on decreased reproducible peaks.  866 
 867 
For visualization,  bigwig files were created using deeptools81 bamCoverage (version 3.4.2) with the 868 
options --extendReads --binSize 10 --effectiveGenomeSize 2913022398 --normalizeUsing RPGC. For the pileup 869 
visualizations for H2A.Z and H3K4me3, one representative biological replicate is shown: We 870 
selected the pair of samples (ZNHIT1-targeting, NT) with the median change in mean coverage 871 
at the peak maximum (i.e. median over all 25 possible pairings of 5 ZNHIT1 replicates x 5 NT 872 
replicates). For H2A.Z, we used all peaks from the NT samples. For H3K4me3, we used all peaks 873 
from the NT samples within 3 kb of the transcription start site of all protein-coding genes 874 
expressed at 10 transcripts per million (TPM) or more in BT16 cells82. Binding scores were 875 
calculated by deeptools computeMatrix reference-point with the input file (H2A.Z or H3K4me3) and IgG 876 
control and the parameters -a 3000 -b 3000 –skipZeros --missingDataAsZero --sortRegions descend --sortUsing 877 
mean with the blacklist file ENCODE Blacklist v2 878 
(https://www.encodeproject.org/annotations/ENCSR636HFF/) for hg3883 as --blackListFileName to 879 
filter out reads aligning to problematic genome regions and then plotted using plotHeatmap.  880 

https://hgdownload.soe.ucsc.edu/goldenPath/hg38/bigZips/hg38.fa.gz


 881 
Arrayed CRISPRi validation 882 
For arrayed validation, BT16, BT12, and/or CHLA06 cells with lentiCRISPRi(v2)-Blast were 883 
transduced with guide RNAs (gRNAs) in lentiGuideFE-Puro (Addgene 170069). The gRNAs were 884 
designed using the Dolcetto CRISPRi library and CRISPick57 then synthesized by Integrated DNA 885 
Technologies (IDT) (Supplementary Table 2). The backbone was digested with BsmBI 886 
(ThermoFisher FD0454) and oligos were annealed, phosphorylated and ligated into the 887 
lentiGuideFE-Puro backbone. Lentivirus was produced as described in Lentivirus production 888 
above (scaled to 6-well format) and stored at -80°C. For arrayed validations, sufficient lentivirus 889 
was added to the cells to achieve 20 – 50% cell transduction. After 48 hours, cells were replated 890 
in media with puromycin (1 μg/ml) and selected for at least 2 days with confirmation of complete 891 
selection via an in-line selection control. 892 
 893 
SOX2 staining and flow cytometry  894 
To label and quantify SOX2-positive cells, cells were lifted, washed, and stained with LIVE/DEAD 895 
Violet (ThermoFisher L34963) (diluted 1:400, 15μl for 1x106 cells) for 5 minutes at room 896 
temperature, then washed with PBS and fixed with 1% formaldehyde and incubated at room 897 
temperature for 10 minutes on rotator (ThermoFisher Digital Tube Revolver 88881101)84. 898 
Following fixation, they were quenched with 0.125M glycine (by addition of 2.5 M glycine), washed 899 
with PBS, and lysed with 100μl of a previously optimized lysis buffer84 (10mM Tris-HCl pH 7.5, 900 
10mM NaCl, 3mM MgCl2, 0.1% NP-40, 1% BSA) on ice for 5 minutes. Then they were washed 901 
with 1 ml wash buffer (same as lysis without NP-40) and blocked in 1 ml PBS with 3% BSA for 30 902 
minutes at room temperature. Following blocking, they were washed and resuspended in 100 μl 903 
PBS-3% BSA and antibody (1:100, 1μg for 5x106 cells, anti-SOX2 Biolegend 656104) for 60 904 
minutes at room temperature. They were then washed twice more (PBS with 3% BSA and 1% 905 
Tween) and resuspended in PBS with 1% BSA and 2mM EDTA for flow cytometry on the flow 906 
cytometer (Sony SH800). Sequential gating was performed as follows: exclusion of debris on the 907 
basis of forward (FSC-A) and side scatter (SSC-H) cell parameters followed by exclusion of dead 908 
cells based on LIVE/DEAD and analyzed with FlowJo (version 10.10.0). 909 
 910 
Immunofluorescence 911 
Cells were plated in 96-well plates with 5,000 cells per well in triplicate. The next day, media was 912 
aspirated, and cells were washed and fixed with 4% paraformaldehyde (diluted 1:4 from 16%, 913 
Electron Microscopy Sciences 15710-S) for 15 minutes, and washed with PBS. Cells were then 914 
permeabilized with 0.2% Tween-20 for 5 minutes and blocked with PBS with 0.2% Tween-20 and 915 
3% BSA for 1 hour. Cells were then incubated with primary antibodies: TUJ1 at a 1:1000 dilution 916 
(BioLegend 801201), MAP2 at a 1:500 dilution (SYSY 188004), or ATOH8 (ThermoFisher PA5-917 
65024) at a 1:400 dilution overnight at 4°C. The following day, cells were washed three times for 918 
5 minutes with cold PBS. The corresponding secondary antibody was added at a 1:800 dilution 919 
(ThermoFisher A-21202 for TUJ1 (mouse), ThermoFisher A-11073 for MAP2 (guinea pig), 920 
ThermoFisher 31572 for ATOH8 (rabbit)) with 2mM Hoechst (Sigma B2261) and incubated for 1 921 
hour at room temperature. Cells were then washed with PBS for an additional 3 washes. All steps 922 
were performed at room temperature on a rocker unless otherwise noted. Images were acquired 923 



with a 20X objective using an epifluorescence microscope (Keyence BZ-X800). Five images were 924 
acquired per well.  925 
 926 
Quantitative image analysis was run in CellProfiler85 (version 4.2.6). Primary objects were identified 927 
based on the nucleus (Hoechst) with a threshold calculated via Otsu’s method. Secondary objects 928 
(cytoplasm) were defined by extension from the nucleus (Distance-B method with a threshold 929 
calculated via Otsu’s method). After segmentation, images were manually examined and images 930 
with segmentation artifacts were discarded. ATOH8 signal (nuclear) was quantified using 931 
integrated intensity (sum) per cell/object. TUJ1 and MAP2 signal (cytoplasmic) were quantified 932 
using mean intensity per cell/object. For MAP2 images, we also applied a flatfield illumination 933 
correction. Normalization was performed to the median intensity of cells/objects receiving non-934 
targeting (NT) gRNAs. Cells/objects with an assigned intensity (integrated or mean depending on 935 
the protein) greater than 3 standard deviations from the NT mean were excluded as fluorescent 936 
debris. 937 
 938 
EdU incorporation and cell cycle analysis 939 
Cells were labeled with 5-ethynyl-2’-deoxyuridine (EdU) using the Click-iT EdU Cell Proliferation 940 
Kit (ThermoFisher C10337). 2,000 cells/well were plated on 96 well plates in triplicate. Cells were 941 
incubated with 10 mM EdU for 30 minutes, fixed with 4% PFA for 15 minutes, and permeabilized 942 
with 0.5% Triton X-100 for 10 minutes at room temperature. Cells were then washed and 943 
incubated with the Click-iT reaction cocktail for 30 minutes. As a positive control, untransduced 944 
BT16 cells were exposed to 1μM doxorubicin (MedChemExpress HY-15142) to inhibit 945 
proliferation and EdU incorporation. After EdU staining, nuclei were stained with 2mM Hoechst 946 
3342 (Sigma 4533) for 15 minutes, washed with PBS, and images were acquired with a 20X 947 
objective using an epifluorescence microscope (Keyence BZ-X800). The images were processed 948 
for display using FIJI (version 2.1.0) and quantitative image analysis was run in CellProfiler85 (version 949 
4.2.6). Cells were quantified based on Hoechst staining and binned into EdU positive and EdU 950 
negative cells based on the integrated intensity (sum) per cell/object, using the ClassifyObjects 951 
module. 952 
 953 
For propidium iodide (PI) staining, cells were pelleted in 1.5 mL tubes, washed once with 1 mL 954 
PBS, and resuspended well in 300 μl PBS. Then, 700 μl of ice cold 100% ethanol was added to 955 
fix cells at a final concentration of 70%. Fixed cells were then incubated on ice at 4°C overnight. 956 
Next, cells were spun down at 1000g for 4 minutes and ethanol was removed. Cells were washed 957 
with 1mL PBS and stained with 0.5mL FxCycle PI/RNAse solution (ThermoFisher F10797) per 1 958 
million cells. Pellets were resuspended and incubated for 15 minutes at room temperature before 959 
being resuspended for flow cytometry (Sony SH800 or MACSQuant10). Sequential gating was 960 
performed as follows: exclusion of debris on the basis of forward (FSC-A) and side (SSC-H) 961 
scatter cell parameters followed by getting on singlets with FSC-A – FSC-H. The cell cycle profile 962 
was modeled, and gates were generated based on the PI-A signal of the cell population by FlowJo 963 
(version 10.10.0) using a Watson model. 964 
 965 
Data availability 966 



MultiPerturb-seq data can be downloaded from BioProject (accession number PRJNA1160410)86. 967 
The human genome hg38 (GRCh38.p14) is from the UCSC Genome Browser: 968 
https://hgdownload.soe.ucsc.edu/goldenPath/hg38/bigZips/hg38.fa.gz. The joint human (hg38, 969 
GENCODE v32/Ensembl98) and mouse (mm10, GENCODE vM23/Ensembl98) genome (2020-970 
A) is from 10X Genomics: https://cf.10xgenomics.com/supp/cell-exp/refdata-gex-GRCh38-and-971 
mm10-2020-A.tar.gz). Reference developmental and adult atlases were downloaded from 972 
https://apps.kaessmannlab.org/evodevoapp/29, https://descartes.brotmanbaty.org/35, and 973 
http://catlas.org/humanbrain/36. Data from previously published studies are from SRA/GEO: 974 
CRISPR-sciATAC6 (PRJNA674902), scifiRNA-seq11 (PRJNA713314), sci-CAR-seq16 975 
(PRJNA481032), SNARE-seq17 (PRJNA520914), Paired-seq18 (PRJNA539985), and SHARE-976 
seq15 (PRJNA588784). 977 
 978 
Code availability 979 
Code for data processing and visualization are available at https://gitlab.com/sanjanalab/mps87. 980 
 981 
  982 
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