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GRAPHICAL ABSTRACT 96 

 97 
 98 
KEY POINTS 99 

● Truncating variant location within KAT6A determines outcome: nonsense-100 
mediated decay either silences early-truncating variants or spares late-truncating 101 
variants, producing loss- or gain-of-function and two distinct neurodevelopmental 102 
disorders. 103 

● Early- and late-truncating KAT6A variants affect gene regulation in opposite 104 
directions centered on a KAT6A-FOS-RBFOX-PTBP axis, stalling development at 105 
distinct stages. 106 

● Early- and late-truncating KAT6A variants drive inverse metabolic states in 107 
neurons via a multi-tiered mechanism, unveiling KAT6A’s complex role in human 108 
metabolism. 109 

● Pairing clinical patient assessment with multi-omic profiling of patient-derived stem 110 
cells is a powerful strategy for cracking pathogenic mechanisms in rare Mendelian 111 
disease. 112 

● Chemical inhibitors targeting epigenes can be used as disease-modifying 113 
strategies for Chromatinopathies, but only if their underlying pathogenic 114 
mechanism is known. 115 

 116 
 117 
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ABSTRACT 118 

Arboleda-Tham Syndrome (ARTHS), caused by truncating variants in KAT6A, is currently 119 

diagnosed as a single neurodevelopmental syndrome with variable severity of intellectual 120 

disability and multi-system findings. Here, we reveal that this clinical stratification reflects 121 

fundamentally distinct molecular mechanisms driven by variant position in the gene. 122 

Using patient-derived iPSCs and multi-omics profiling, we demonstrate that early-123 

truncating variants (exons 1-15) cause loss-of-function via nonsense-mediated decay 124 

(NMD), while late-truncating variants (exons 16-17) that escape NMD cause gain-of-125 

function effects. These opposite mechanisms are reflected in distinctive facial gestalt 126 

features and DNA-methylation episignatures and invert the direction of change across 127 

neuronal gene regulation, metabolism, and mitochondrial physiology. This mechanistic 128 

distinction enables precision therapeutics: late-truncating variants are amenable to 129 

KAT6A inhibition, while early-truncating variants require loss-of-function rescue. Variant-130 

level stratification is therefore essential: mechanistic understanding—not gene-level 131 

diagnosis alone—is prerequisite for developing rational therapeutic strategies in rare 132 

Mendelian disease. 133 

134 
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INTRODUCTION 135 

 Arboleda-Tham Syndrome (ARTHS, MIM#616268) is a rare neurodevelopmental 136 

disorder caused by heterozygous Lysine (K) Acetyltransferase 6A (KAT6A; a.k.a. MYST3, 137 

MOZ) variants1–3. Pathogenic germline KAT6A variants are predominantly nonsense or 138 

frameshift mutations creating premature termination codons (PTCs). Prior work 139 

demonstrated a genotype-phenotype association in ARTHS: early truncating variants 140 

(exons 1–15, affecting residues 1–1013) associate with mild intellectual disability and 141 

subtle dysmorphic features, while late truncating variants (exons 16–17, affecting 142 

residues 1014–2004) predict severe multisystem neurodevelopmental disease4. While 143 

this observation has been independently validated by other groups5,6, the clinical 144 

syndrome remains grouped as a single uniform entity, despite the clinical heterogeneity. 145 

The molecular mechanisms explaining why variant location drives such divergent 146 

outcomes remain unknown. Understanding these mechanisms is essential for developing 147 

rational, variant-specific therapeutics and is the central motivation for the current study. 148 

We previously postulated that nonsense-mediated decay (NMD) might explain the 149 

divergent outcomes. NMD is a quality-control mechanism that degrades mRNAs 150 

containing premature termination codons (PTCs). Critically, the position of the PTC 151 

relative to exon-exon junctions determines NMD sensitivity: PTCs falling ≤50–55 152 

nucleotides upstream of the terminal exon-exon junction, or PTCs occurring within the 153 

final exon, escape NMD 7.  154 

Accordingly, across multiple Mendelian syndromes caused by SOX10, MPZ, and 155 

MN1, 5'-localized PTCs trigger NMD-mediated haploinsufficiency, while 3'-localized 156 

PTCs escape NMD and cause dominant-negative or gain-of-function effects that produce 157 

distinct clinical syndromes8–12. These precedents established that variant location can 158 
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fundamentally alter disease mechanism and clinical outcome, raising the possibility that 159 

KAT6A follows a similar paradigm. 160 

To investigate these mechanisms, we established patient-derived iPSC lines 161 

spanning early- and late-truncating variants and differentiated them through neural 162 

progenitor cells to neurons over 70 days in vitro. We applied multi-omics profiling — 163 

spanning chromatin accessibility, transcriptome, proteome, and metabolome — across 164 

differentiation stages to trace how variant-location-dependent differences in KAT6A 165 

abundance propagate through neurodevelopmental gene regulatory networks. 166 

Our analysis revealed that early- and late-truncating KAT6A variants cause loss-167 

of-function and gain-of-function, respectively, through differential NMD-mediated KAT6A 168 

abundance. These opposite molecular phenotypes manifest across gene regulation, 169 

neuronal morphology, and metabolic function during in vitro neurodevelopment. We 170 

further demonstrate that these mechanistic differences are stratified by accessible clinical 171 

biomarkers — facial gestalt analysis and blood-derived DNA methylation episignatures 172 

— and are pharmacologically rescuable selectively in late-truncating neurons using a A/B 173 

Histone acetyltransferase (HAT) KAT6 inhibitor, PF-936313–15. Our findings establish that 174 

variant-location stratification in KAT6A reflects fundamentally distinct mechanistic 175 

pathways that demand precision medicine approaches—informing not only diagnosis but 176 

therapeutic strategy selection. 177 

 178 
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RESULTS 179 

Facial phenotypes and episignatures stratify early- and late-truncating KAT6A 180 

variants. 181 

To determine whether variant position stratifies ARTHS clinical phenotypes, we 182 

applied GestaltMatcher facial analysis and DNA methylation episignature profiling to two 183 

independently collected patient cohorts — one providing facial photographs (n = 63) and 184 

one providing whole blood for DNA methylation profiling. (Fig. 1A., Extended Data Fig. 185 

1A-B).  186 

Using GestaltMatcher,16 which encodes facial portraits as high-dimensional 187 

phenotype descriptors mapped to a common Clinical Face Phenotype Space (Fig. 1B), 188 

17 we projected facial images of 63 ARTHS patients (17 early-truncating, 46 late-189 

truncating)—revealing two visually-separated clusters driven by truncating variant class 190 

in t-SNE space (Fig. 1C). Pairwise cosine distance confirmed inter-group separation, and 191 

linear SVM classification achieved 87.3% accuracy (AUC = 0.935) (Fig. 1D). One late-192 

truncating case, Kennedy P1 carrying KAT6A p.N1836Lfs*15 and only ~170 amino acids 193 

from the end of the protein, projected closer to the early-truncating cluster.  Kennedy P1 194 

showed the most negative SVM decision score (−0.876; Extended Data Fig. 1C), 195 

suggesting a second KAT6A boundary after which cases have a milder phenotype, 196 

analogous to that seen in KAT6B disorders18,19.  197 

We developed a variant class DNA methylation (DNAm) episignature from whole 198 

blood from 4 late-truncating patients and 8 matched controls. Linear regression modeling 199 

identified 198 differentially methylated CpG sites (FDR-corrected p < 0.05; |Δβ| > 0.10) of 200 

which 124 CpG sites were hypermethylated and 74 were hypomethylated. 201 
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To assess episignature specificity, we profiled genome-wide DNAm in an 202 

independent validation cohort of 31 controls and 7 early-truncating patients. We plotted 203 

the signature CpG sites for all DNAm samples using both principal component analysis 204 

(PCA) and hierarchical clustering (Fig. 1E-F). All 4 late-truncating patients clustered 205 

distinctly from control profiles. In contrast, early-truncating profiles were less clearly 206 

separated from controls, with some samples clustering near controls and others at 207 

intermediate positions between the late-truncating and control groups. Variant-class-208 

specific chromatin states are therefore detectable in accessible clinical biospecimens; 209 

greater heterogeneity among early-truncating profiles likely reflects retained KAT6A 210 

function and variable epigenetic penetrance. 211 

Establishment of an in vitro model of neurodevelopment for ARTHS. 212 

To model ARTHS neurodevelopment in vitro, we derived iPSCs from ARTHS 213 

patients and matched controls. All 5 ARTHS patient-derived iPSC lines (2 early-214 

truncating, 3 late-truncating) were from patients previously reported in the literature (Fig. 215 

2A). Control lines were derived from unaffected sex-matched individuals. All lines were 216 

differentiated in parallel batches containing at least one line from each group, with 3 217 

independent differentiations per line. 218 

All iPSC lines showed equivalent pluripotency and proliferation prior to 219 

differentiation, and all acquired NPC identity by days 7 and 15, with both truncating 220 

classes proliferating more than controls (Supplementary Notes 1–2, Extended Data 221 

Figs. 2A–L, 3A–H). Using modified published protocols 20–22 we established a 70-day 222 

workflow from iPSCs through NPCs to neurons (Fig. 2B). No morphological differences 223 

were detected across groups until day 70 in vitro (hereafter day-70 cells), when late-224 

truncating cells appeared enlarged and lacked projections relative to controls (Fig. 2C). 225 
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After 30 days in neuron differentiation media, late-truncating cultures expressed 226 

less TUBB3 than controls and early-truncating cells (p-adj = 1.15 × 10⁻¹³; Fig. 2D–E), 227 

although all groups contained a similar percentage of TUBB3-positive cells (Fig. 2F, all p-228 

adj > 0.05), indicating that reduced TUBB3 does not reflect a failure of neuronal induction. 229 

Day-70 late-truncating cells also expressed almost no MAP2 (p-adj = 2.90 × 10⁻¹³) and 230 

retained Ki67 immunoreactivity, but expressed no PAX6, and so had not reverted to an 231 

NPC identity (Extended Data Fig. 3I–K). Early- and late-truncating KAT6A variants 232 

therefore both disrupt neuronal differentiation, with variant class determining its direction. 233 

Variant position regulates neuron morphology via differential KAT6A protein 234 

abundance. 235 

 Early- and late-truncating neuronal cultures exhibited opposing morphological 236 

phenotypes. At day 70, early-truncating cells showed significantly smaller cytoskeletons 237 

despite normal TUBB3 expression, while late-truncating cells displayed significantly 238 

larger cytoskeletons and nuclei with reduced TUBB3 expression (Fig. 2G-H). To 239 

determine whether differential KAT6A protein abundance underlies these morphological 240 

differences, we performed quantitative IF on neurons using an antibody targeting the 241 

KAT6A C-terminal region (residues 1330–1404). This antibody specifically recognizes 242 

full-length KAT6A, since early-truncating variants lack the complete epitope and late-243 

truncating variants (except p.E1370*) are truncated upstream of this region. 244 

 Early-truncating variants significantly reduced KAT6A protein to 69.5% of control 245 

levels, while late-truncating variants elevated it to 172% (Fig. 2I), indicating loss- and 246 

gain-of-function mechanisms, respectively. KAT6A localized to both the nucleus and the 247 

cytoplasm, consistent with known subcellular distribution23. These findings establish that 248 

variant-specific KAT6A protein dosage directly determines neuronal morphology, 249 
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mechanistically linking truncation position to cellular phenotype through differential 250 

protein abundance. 251 

 252 

Late-truncating KAT6A variants are shifted to immature neuronal transcriptional 253 

state. 254 

 To assess the molecular basis of the abnormal morphology in late-truncating day 255 

70 cells relative to the other groups, we performed RNA sequencing (RNA-seq) across 256 

all groups at day 0, day 7, day 15, and day 70 in vitro (timepoints in Fig. 2B). Principal 257 

component (PC) analysis revealed the RNA-seq data separated along PC1 with iPSC 258 

(day 0) and neuronal (day 70) samples at opposing poles of PC1. (Fig. 3A). The day 70 259 

cultures harboring late-truncating variants clustered away from control and early-260 

truncating day-70 neuronal samples and towards NPC samples indicating transcriptional 261 

immaturity. 262 

Next, we examined RNA expression of genetic markers of cell types involved in 263 

human cortical development24 (Fig. 3B). Late-truncating neuronal cultures retained high 264 

RNA expression of genes associated with pluripotency and neuroprogenitor cells and low 265 

RNA expression of neuronal genes relative to control and early-truncating neuronal 266 

cultures. We stained neuronal cultures for SOX10 and GFAP to determine whether late-267 

truncating cultures acquired an alternative lineage identity during neuronal differentiation 268 

but found no detectable SOX10 or GFAP expression across any group (Extended Data 269 

Fig. 3L-M). Late-truncating day-70 cells therefore retain an immature transcriptional 270 

profile without adopting NPC, glial, or neural crest identity (Fig. 2D-I, 3A-B; Extended 271 

Data Fig. 3I-M).  272 
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NMD drives allele-specific expression of KAT6A in early- and late-truncating 273 

samples. 274 

Because NMD efficiency decreases with differentiation7, we examined KAT6A 275 

transcript allele fractions across cell differentiation. We analyzed RNA-seq data from 276 

control and patient-derived cell-lines harboring truncating KAT6A variants at day 0, 7, 15, 277 

and 70 of in vitro neuron differentiation (Fig. 3C). Transcripts carrying early-truncating 278 

variants were significantly depleted relative to late-truncating variants. Across all 279 

timepoints, the mean variant allele fraction of early-truncating and late-truncating samples 280 

was 19.53 ± 2.79% and 38.19 ± 2.11%, respectively; consistent with active NMD-281 

mediated degradation of early-truncating transcripts.   282 

Western blotting with an N-terminal antibody (residues 81–179; Fig. 3D–F) 283 

detected truncated KAT6A in all three late-truncating lines at days 15 and 70 but not at 284 

the iPSC stage, and in no early-truncating sample. Full-length KAT6A abundance did not 285 

differ across groups in iPSCs or NPCs (Fig. 3G–H). At day 70, full-length KAT6A protein 286 

differed across the three groups (p = 0.0078; Fig. 3I), with late-truncating cells expressing 287 

more than controls (Tukey p = 0.010) and early-truncating cells (Tukey p = 0.017); control 288 

and early-truncating cells did not differ from each other (Tukey p = 0.95). Whereas per-289 

cell immunofluorescence showed a reduction (Fig. 2I). The two measures use different 290 

denominators: protein per cell versus per µg lysate, and early-truncating neurons have 291 

reduced cell size and cytoskeletal content (Fig. 2D–H), such that reduced KAT6A per cell 292 

is compatible with unchanged KAT6A per unit protein. 293 

Early-truncating variants undergo NMD and reduce KAT6A dosage; late-truncating 294 

variants escape NMD, sustain truncated protein, and increase full-length KAT6A. KAT6A 295 

abundance therefore departs from control in opposite directions in the two classes — the 296 

first of several measures to do so. 297 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 14, 2026. ; https://doi.org/10.64898/2026.08.11.26358095doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.11.26358095
http://creativecommons.org/licenses/by-nc-nd/4.0/


Variant-specific differential KAT6A protein dosage perturbs gene regulation of cell 298 

fate modulators and their targets during in vitro neurodevelopment. 299 

Multi-omic profiling confirmed variant-class-specific KAT6A protein differences 300 

(Fig. 4A; consistent with Fig. 3) and revealed widespread perturbation of chromatin 301 

accessibility and gene expression across neurodevelopmental loci in both variant classes 302 

(Fig. 4A–T, Extended Data Figs. 4–5). 303 

FOS, encoding c-Fos, a leucine zipper transcription factor subunit of the AP-1 304 

complex, emerged as the sole convergent node across chromatin and transcriptome 305 

levels, identified by systematic filtering for genes with concordant bidirectional 306 

dysregulation across connected -omic modalities and cell types (see Methods), 307 

significantly downregulated in early-truncating neurons and upregulated in late-truncating 308 

neurons relative to controls (Fig. 4B, E, F).  Although c-Fos fell below mass spectrometry 309 

detection limits (Fig. 4B), consistent with its rapid induction kinetics and short half-life25, 310 

motif enrichment analysis across differential ATAC-seq peaks and differentially 311 

expressed genes revealed AP-1 complex binding sites (c-FOS, JUN, ATF, and MAF 312 

families) enriched at oppositely dysregulated loci in both variant classes, supporting a 313 

functional difference in FOS transcriptional activity. KAT6A and FOS ChIP-seq data26–30 314 

revealed mutual binding at each other's loci (Fig. 4F–G), corroborated by variant-class-315 

specific chromatin accessibility changes at FOS enhancer sites31 in our ATAC-seq data 316 

(Fig. 4F), consistent with direct epigenetic regulation of FOS by KAT6A. Cross-317 

referencing KAT6A and FOS ChIP-seq targets 26–30 with our neuronal gene regulatory 318 

data identified the RBFOX1/3-PTBP1/2 axis as differentially and inversely regulated 319 

between variant classes: RBFOX1/3 dysregulation was specific to early-truncating 320 

neurons while PTBP1/2 dysregulation was specific to late-truncating cells at day-70 of 321 

differentiation (Fig. 4H–T).  322 
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Only in early-truncating neurons were RBFOX1 protein abundance and chromatin 323 

accessibility significantly increased, while RBFOX3 protein was significantly decreased 324 

relative to controls (Fig. 4L–M). Differential ATAC-seq peaks at the RBFOX1 5′ region 325 

overlapped activating histone marks (H3K4me1, H3K27ac), while those at RBFOX3 326 

overlapped KAT6A binding sites and repressive marks (H3K9me3, H3K27me3) (Fig. 4J–327 

K) — consistent with the opposing protein-level changes and developmental arrest at a 328 

post-mitotic stage (Supplementary Note 4; Fig. 4I–N). 329 

In late-truncating neurons, PTBP1 was significantly increased across all three 330 

modalities while PTBP2 protein and RNA were significantly decreased relative to controls 331 

(Fig. 4R–S); neither gene was differentially regulated in NPCs. A peak of increased 332 

accessibility at the PTBP1 5′ region overlapped activating histone marks (H3K4me1, 333 

H3K27ac), while a peak of reduced accessibility at PTBP2 overlapped KAT6A, FOS, and 334 

repressive histone marks (H3K9me3, H3K27me3)(Fig. 4P–Q), consistent with the 335 

opposing protein-level changes and with arrest at a nascent pre-polarization stage32 (Fig. 336 

3).  337 

Twenty-four of the top 30 KAT6A ChIP targets appeared across the FOS, 338 

RBFOX1, and PTBP1 heatmaps (z-scored log₂FC; Fig. 4D–E, N, T), supporting KAT6A 339 

as the central regulatory driver.  340 

These findings support a model in which divergent KAT6A dosage drives opposing 341 

FOS levels, disrupting distinct RNA-binding protein networks in a variant-class-specific 342 

manner to stall neuronal differentiation at opposite developmental checkpoints (Figs. 2-343 

4, Extended Data Figs. 4-5). 344 
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Variant-Specific KAT6A Dosage Controls Mitochondrial Physiology and Metabolic 345 

State via GRP75.  346 

FOS modulates the metabolic state of neural lineages 33–36 and is associated with 347 

metabolic dysfunction in neurological disorders37. Integrating RNA-seq and proteomic 348 

data from truncating KAT6A neural lineages identified metabolism and brain-health genes 349 

differentially expressed relative to controls (Extended Data Fig. 5). KAT6A ChIP targets 350 

accounted for 23 of 30 differentially abundant proteins in NPCs (76.7%) and 27 of 39 in 351 

neurons (69.2%), roughly half to two-thirds of which have known metabolic or neuronal 352 

roles (Extended Data Fig. 5A, D).  353 

Seahorse XF Analyzer bioenergetic profiling across iPSCs, NPCs, and day-70 354 

neurons (Fig. 5A–I, Extended Data Fig. 6A–I) revealed stage-dependent metabolic 355 

consequences: both variant classes showed convergent bioenergetic changes in iPSCs 356 

and NPCs, consistent with the shared developmental transition from glycolysis to 357 

oxidative phosphorylation in post-mitotic neurons,38 while at the neuronal stage early- and 358 

late-truncating variants caused divergent profiles — early-truncating neurons showed 359 

significantly reduced OCR, ECAR, and ATP production while late-truncating neurons 360 

showed the inverse (Fig. 5G–I). GRP75 (HSPA9/Mortalin)39,40 dose-dependently 361 

regulates mitochondrial morphology and oxidative-stress sensitivity in neural lineages41–362 

45. Relative to controls, early-truncating neurons had significantly reduced GRP75 and 363 

late-truncating neurons had significantly elevated GRP75 (Fig. 5J-K). Early-truncating 364 

neurons showed significantly reduced mitochondrial content and a significantly higher 365 

shape factor, while late-truncating neurons contained significantly larger and more 366 

abundant mitochondria (Fig. 5L-N).  367 

U-¹³C₆ D-glucose tracing in day-70 neurons identified 75 differentially abundant 368 

metabolites across 40 pathways (Fig. 5O–R; Extended Data Figs. 6J–N, 7A–G). Late-369 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 14, 2026. ; https://doi.org/10.64898/2026.08.11.26358095doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.11.26358095
http://creativecommons.org/licenses/by-nc-nd/4.0/


truncating neurons showed significantly greater total metabolite abundance and higher 370 

labelled-glucose incorporation than early-truncating and control neurons; early-truncating 371 

neurons showed the inverse.  372 

One exception was the glutamate, GABA, and glutamine cycle: late-truncating 373 

neurons utilized labeled glucose at significantly lower rates for the synthesis of glutamate, 374 

GABA, glutamine, α-ketoglutarate, and succinate relative to early-truncating and control 375 

neurons, yet had significantly greater total abundance of glutamate, GABA, and glutamine 376 

— with no difference in α-ketoglutarate or succinate (Extended Data Fig. 7F–G). This 377 

dissociation indicates that late-truncating neurons preferentially source glutamate from 378 

non-glucose carbon sources; in the absence of astrocytes in this in vitro system, the most 379 

likely exogenous source is glutamine supplied in the culture media46, consistent with the 380 

known capacity of neurons to utilize extracellular glutamine for glutamate synthesis. 381 

The excess glutamate in late-truncating neurons may further amplify FOS 382 

expression through glutamate receptor signaling as positive feedback. We treated day-383 

70 neurons with kainate, a glutamate receptor agonist47, and performed RNA-seq. 384 

Kainate suppressed global protein-coding gene transcription in both variant classes 385 

relative to controls (Extended Data Fig. 7H), but selectively induced AP-1 target gene 386 

transcription in late-truncating neurons (Extended Data Fig. 7I), consistent with a larger 387 

functionally active glutamate reservoir and a hypersensitized glutamate receptor signaling 388 

response in these cells. Together with the KAT6A→FOS axis (Figure 4), these data 389 

suggest metabolic glutamate accumulation constitutes a secondary amplifying 390 

mechanism. Across mitochondrial dynamics, bioenergetics, and metabolite production, 391 

KAT6A variant-class dosage drives metabolic trajectories that diverge in direction rather 392 

than degree in neurons, establishing KAT6A as a dosage-sensitive regulator of neuronal 393 

metabolic state. 394 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 14, 2026. ; https://doi.org/10.64898/2026.08.11.26358095doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.11.26358095
http://creativecommons.org/licenses/by-nc-nd/4.0/


Pharmacological repression of KAT6A HAT activity rescues pathogenic signatures 395 

in late-truncating neurons. 396 

To test whether pathogenic signatures in late-truncating neurons could be rescued 397 

by inhibiting KAT6A HAT activity, we treated late-truncating lines with PF-9363, a 398 

KAT6A/KAT6B competitive HAT inhibitor 13,15, or DMSO vehicle during neuronal 399 

differentiation (Fig. 6A). Treatment began on day 12 of the 30-day NPC to neuron 400 

differentiation protocol, coinciding with the timepoint at which all late-truncating cultures 401 

maintained proliferation in contrast to control cultures. After 18 days of treatment, we 402 

observed a morphological shift in the late-truncating cultures towards a more control-like 403 

appearance—smaller cell bodies with visible neurite extensions relative to DMSO-treated 404 

cultures(Fig. 6B)—and RNA-seq was performed to assess molecular rescue. 405 

To quantify rescue at the transcriptome level, we integrated results from two RNA-406 

seq comparisons: “late-truncating vs. control” (Fig. 4, Extended Data Fig. 4) and 407 

“late+PF9363 vs. late+DMSO” (Fig. 6A-B). A log₂(FC) scatter plot of the 2,017 genes 408 

significantly differentially expressed in both comparisons revealed a negative 409 

correlation (Pearson r = −0.68, p = 1.54×10⁻²⁷⁶), reflecting directional reversal of 410 

gene expression between paradigms (Fig. 6C). Of these 2,017 genes, 90.1% showed 411 

log₂(FC) values in opposite directions (Fig. 6C). These results demonstrate that 412 

pharmacological KAT6 HAT inhibition reverses the transcriptional consequences of late-413 

truncating KAT6A variants at the genome-wide level.  414 

Pathway-level enrichment analysis of significantly up- and downregulated genes 415 

from both comparisons revealed a reciprocal pattern (Fig. 6D-E). In late-truncating 416 

neurons, stress-response pathways were enriched among upregulated genes and 417 
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neurotransmitter-related pathways among downregulated genes relative to controls. PF-418 

9363 treatment reversed this: stress-response pathways were enriched among 419 

downregulated genes and neurotransmitter-related pathways among upregulated genes 420 

in the "late+PF9363 vs. late+DMSO" comparison. This reciprocal enrichment pattern 421 

indicates pathway-level rescue of pathogenic molecular signatures in late-truncating 422 

neurons.  423 

 Consistent with this, PF-9363 treatment significantly decreased expression of 424 

neuronal fate repressor genes aberrantly elevated in late-truncating neurons (NANOG, 425 

PTBP1, REST; Fig. 6F-H) and significantly increased expression of pro-neuron genes 426 

aberrantly suppressed (TUBB3, SNAP25; Fig. 6I-J), reinforcing transcriptome-wide 427 

evidence of molecular rescue. 428 

 429 

KAT6A inhibition in control neurons recapitulates early-truncating signatures and 430 

identifies shared pathogenic pathways. 431 

Treating control NPCs with PF-9363 pharmacologically models KAT6A loss-of-432 

function. Multi-omic integration identified 12 genes dysregulated across chromatin and 433 

transcriptome layers, most prominently EGR1, a FOS-interacting transcription factor48, 434 

whose enhancer showed reduced accessibility in both early-truncating and PF-9363-435 

treated control neurons (Extended Data Fig. 8A–C). Twenty-four genes were 436 

differentially expressed in both loss-of-function paradigms, including FOS (Extended 437 

Data Fig. 8D). Comparative enrichment across all neuron RNA-seq comparisons 438 

identified 8 core pathways and 8 shared genes as candidate biomarkers, including 439 

PTGIS, previously dysregulated in ARTHS patient fibroblasts49 (Extended Data Fig. 8E–440 

H). SPEAR multi-omic factor analysis50, excluding PF-9363 groups, identified a single 441 
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factor separating late-truncating samples across all four omic layers and enriched for PF-442 

9363-responsive genes (Extended Data Fig. 9). These results establish KAT6A HAT 443 

inhibition is a pharmacological strategy that reverses late-truncating pathogenic 444 

signatures at the genome-wide, pathway, and gene level, and demonstrate that 445 

comparative analysis using PF-9363-treated control and late-truncating neurons provides 446 

a systematic framework for identifying therapeutic targets and candidate biomarkers 447 

relevant to both truncating variant classes.  448 

 449 

DISCUSSION 450 

Here we resolve the molecular mechanism by which truncation location drives 451 

divergent ARTHS clinical outcomes, establishing differential NMD-mediated KAT6A 452 

abundance as the critical determinant. The current clinical diagnostic and therapeutic 453 

target paradigm treats genetic diagnosis primarily on the gene level, with little 454 

consideration of how different variants drive divergent disease mechanisms. Our work 455 

challenges this reductionist view in a clinically actionable way. We demonstrate that 456 

mechanistic understanding of how variants disrupt protein function—not gene-level 457 

diagnosis alone—is essential for diagnostic and therapeutic strategy selection. 458 

This principle is not new, with precedents in SOX10, MPZ, MN1 8–12,51— yet it has 459 

not reached clinical models or trial design. ARTHS shows the cost: patients with radically 460 

different severities are grouped as one entity, a distinction absent from OMIM. KAT6B 461 

shows the converse. Genitopatellar and Say-Barber-Biesecker-Young-Simpson 462 

syndromes were recognized as distinct before being collapsed into a single genetic 463 

spectrum 52,53  which may obscure whether variant position drives that distinction too, as 464 

it does in ARTHS — an open question with direct diagnostic consequences. 465 
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Our mechanistic dissection—showing early and late truncations cause opposite 466 

loss- and gain-of-function states via NMD—reveals this clinical heterogeneity as 467 

predictable from molecular mechanism, not unexplained genetic background. A severity 468 

continuum predicts that late-truncating variants amplify the changes seen in early-469 

truncating cells. They do not. KAT6A abundance, oxygen consumption and extracellular 470 

acidification rates, ATP production, GRP75 levels, mitochondrial content, and FOS 471 

expression each move in opposite directions from control in the two variant classes rather 472 

than to different degrees in the same direction. Effect sizes are consistently larger in late-473 

truncating cells, matching their greater clinical severity, but direction and magnitude are 474 

separable: it is inversion of sign across chromatin, transcript, protein, and metabolite 475 

layers that distinguishes two mechanisms from one graded defect. This has immediate 476 

diagnostic and therapeutic implications: variant position within the gene body predicts not 477 

just phenotype, but which therapeutic strategy will work. The NMD-based stratification we 478 

describe extends beyond KAT6A, across thousands of genes, though NMD efficiency 479 

varies by cell type and gene54–56. Yet this principle remains underutilized in rare disease 480 

diagnosis and drug development. 481 

Our clinical validation using GestaltMatcher and DNA methylation episignature 482 

demonstrates that variant-level stratification produces clinically observable biomarkers—483 

early and late-truncating patients have distinguishable facial phenotypes and blood 484 

methylation signatures. This suggests precision stratification is not merely 485 

mechanistically elegant but clinically actionable: GestaltMatcher and episignatures can 486 

identify which variant class a patient harbors, guiding therapeutic selection before 487 

molecular testing.  488 

A second major finding reframes how chromatin regulators function in 489 

neurodevelopment. Rather than controlling a single downstream pathway, KAT6A 490 
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dosage orchestrates a coordinated rewiring spanning gene regulation, neuronal cell fate, 491 

and cellular metabolism — apparent pleiotropy that emerges here as mechanistically 492 

integrated through a single developmental hub. FOS is the sole gene bidirectionally 493 

dysregulated across both variant classes at the chromatin and transcriptome levels, with 494 

KAT6A ChIP targets accounting for 69.2–76.7% of differentially abundant proteins in 495 

neurons and NPCs respectively, and mutual regulation of each other's chromatin 496 

accessibility further linking the two through transcription factor activity, splicing programs, 497 

and mitochondrial metabolism suggests that apparent pleiotropy in other 498 

chromatinopathies may similarly reflect mechanistic integration around a small number of 499 

regulatory hubs.  500 

KAT6A dosage-dependent control of mitochondrial physiology is accompanied by 501 

inverse GRP75-mediated dynamics. Early literature established that metabolic state 502 

changes during neurodevelopment, where progenitors shift from glycolysis to oxidative 503 

phosphorylation during differentiation 57,58. Our finding that variant-specific KAT6A 504 

dosage determines opposite metabolic trajectories— associated with KAT6A dosage-505 

dependent differences in GRP75 abundance and downstream metabolic gene 506 

expression—suggests developmental stage-specific metabolic demands are actively 507 

programmed by chromatin regulators.  508 

PF-9363, a competitive KAT6A/B HAT inhibitor developed as an oncology agent, 509 

rescues late-truncating pathogenic signatures. This raises a strategic question: can 510 

epigenetic drugs developed for cancer be repurposed for epigene-driven developmental 511 

disease? The answer is conditional on mechanism. Late-truncating ARTHS involves 512 

excess KAT6A activity (gain-of-function)—precisely what HAT inhibitors target. Early-513 

truncating ARTHS requires restored KAT6A function—the opposite target. Our work 514 

establishes a principle: mechanistic understanding dictates whether oncology-derived 515 
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epigenetic drugs are therapeutic or harmful. This has pragmatic implications for the field: 516 

clinical trials of epigenetic inhibitors in rare disease must stratify patients by mechanistic 517 

subtype, not gene-level diagnosis. 518 

Several limitations and avenues for future work warrant attention. First, our cellular 519 

findings derive from five patient lines without isogenic controls, so line-intrinsic genetic 520 

background cannot be formally excluded. Two features of the study argue against it as 521 

the dominant explanation. Pharmacological KAT6A/B inhibition reverses the late-522 

truncating phenotype within each line, establishing dependence on ongoing KAT6A 523 

activity rather than on fixed background. More importantly, the same variant-class 524 

boundary separates 63 patients by facial gestalt and distinguishes blood methylation 525 

profiles, demonstrating that the dichotomy exists at the ARTHS clinical phenotype level 526 

rather than as a property of the particular individuals from whom lines were derived. 527 

Isogenic knock-in models will nonetheless be required to establish causality for individual 528 

molecular phenotypes. Deep mutational scanning, validation in additional cell types or 529 

mouse models, direct measurement of splicing consequences, and functional 530 

manipulation of GRP75 will be required to extend these findings. 531 
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Fig. 1: Early- and late- truncating KAT6A variants exhibit distinct facial phenotypes 758 
and DNA methylation signatures.  759 
A, Study overview from clinical assessments (GestaltMatcher facial analysis and 760 
episignature profiling) to comprehensive multi-omic profiling of patient-derived iPSCs and 761 
neural derivatives across early-truncating (green) and late-truncating (red) KAT6A 762 
variants.  763 
B, Schematic of GestaltMatcher approach: patient facial photographs are encoded into 764 
high-dimensional feature vectors (examples x and y) with pairwise cosine distances 765 
quantifying facial similarity (lower = more similar; higher = more different). 766 
C, t-SNE projection of facial phenotype embeddings from 63 ARTHS patients (17 early-767 
truncating in green, 46 late-truncating in red), revealing distinct clustering by variant class. 768 
Shaded ellipses denote 95% confidence regions for each group. The most 3’ truncating 769 
KAT6A variant  (Kennedy P1, annotated) clusters with early-truncating cases, suggesting 770 
there may be a second KAT6A boundary. Individual points = individual ARTHS patients. 771 
D, Distribution of mean pairwise distances for three comparisons: early vs. late truncating 772 
in ARTHS (orange), within-syndrome pairs (purple), and different-syndrome reference 773 
pairs (brown). Early–late mean distance of 0.933 exceeds the dissimilarity threshold (c = 774 
0.896) in all 100 samples (range 0.915 – 0.969), with positive predictive value of 0.760. 775 
Linear SVM classification achieves 87.3% accuracy, 83.9% balanced accuracy, and 776 
0.935 AUC.  777 
E, Principal component analysis (PCA) of 198 CpG sites identified in the late-truncating 778 
discovery cohort (4 late-truncating patients and 8 age/sex-matched discovery controls) 779 
using linear regression (FDR-corrected p < 0.05; |Δβ| > 0.10), visualized across all DNAm 780 
samples: 4 late-truncating patients (red), 8 discovery controls (blue), 7 early-truncating 781 
patients (green), and 31 validation controls (gray). Late-truncating profiles cluster 782 
distinctly from all control and early-truncating profiles. Individual points = individual 783 
ARTHS patients or controls. 784 
F, Unsupervised hierarchical clustering of the same 198 discovery CpG sites visualized 785 
across all DNAm samples (4 late-truncating patients, 7 early-truncating patients, 8 786 
discovery controls, 31 validation controls). Of the 198 sites, 124 are hypermethylated and 787 
74 are hypomethylated in late-truncating patients relative to controls. Individual columns 788 
= individual ARTHS patients or controls. 789 
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 791 

Fig. 2. Early- and late-truncating KAT6A variants cause opposite changes in 792 
neuronal morphology and KAT6A protein abundance.  793 
A, Schematic of pathogenic KAT6A variants in ARTHS patient-derived iPSCs: 2 early-794 
truncating variants (exons 1–15), 3 late-truncating variants (exons 16–17), and 4 matched 795 
controls. 796 
B, Timeline of 70-day iPSC-to-neuron differentiation protocol, demarcating key 797 
developmental stages (iPSC, NPC, neuron). 798 
C, Representative bright-field images of key timepoints show progressive morphological 799 
changes during differentiation. Late truncating cultures show visibly enlarged cells relative 800 
to control and early-truncating cultures at day 70. Scale bar, 20 µm. 801 
D, Immunofluorescence (IF) images of day 70 cultures stained for KAT6A (green), TUBB3 802 
(red, neuronal marker), and Hoechst (blue, nuclear). Scale bar, 20 µm. 803 
E-I, Quantitative IF results: statistical analysis of cell-count normalized values (mean per 804 
cell: fluorescent intensity, fluorescent area, or % TUBB3 positive) was performed using 805 
unpaired t-tests followed by Benjamini-Hochberg (BH) correction, comparing the 3 806 
genotypes (control, early, late) where * = p-adj < 0.05 and ns = p-adj > 0.05. 807 
E, Quantification of mean TUBB3 expression per cell in day 70 cultures: late-truncating 808 
neurons express significantly less TUBB3 than early-truncating and control neurons (p-809 
adj<0.05); individual points overlying plot = individual images from 9 biologically-810 
independent cell lines with replicates: 4 control, 2 early, 3 late lines. 811 
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F, Quantification of percent TUBB3-positive in day-70 cultures shows no significant 812 
differences across groups; individual points overlying plot = individual images from 9 813 
biologically independent cell lines with replicates: 4 control, 2 early, 3 late lines. 814 
G, Quantification of mean cytoskeleton area (TUBB3) per cell in day-70 cultures : early-815 
truncating neurons have significantly smaller cytoskeletons than controls; late-truncating 816 
cells have significantly larger cytoskeletons (p-adj<0.05); individual points overlying plot 817 
= individual cells from 9 biologically-independent cell lines with replicates: 4 control, 2 818 
early, 3 late lines. 819 
H, Quantification of mean nuclei area (hoechst) per cell in day-70 cultures. Late-truncating 820 
day-70 cells have significantly larger nuclei than early-truncating and control day-70 cells 821 
(p-adj<0.05); individual points overlying plot = individual cells from 9 biologically-822 
independent cell lines with replicates: 4 control, 2 early, 3 late lines. 823 
I, Quantification of mean full-length KAT6A protein expression per cell in day-70 cultures 824 
using C-terminal specific antibody: early-truncating variants cause KAT6A loss-of-825 
function (69.5% of control, p-adj<0.05), while late-truncating variants cause gain-of-826 
function (172% of control, p-adj<0.05); individual points overlying plot = individual images 827 
from 9 biologically-independent cell lines with replicates images per each line 828 
differentation: 4 control, 2 early, 3 late lines.  829 
 830 
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Fig. 3. Variant position drives cell type-specific KAT6A protein abundance through 832 
differential nonsense- mediated decay during neuronal differentiation. 833 
A, Principal component (PC) analysis of regularized log (rlog)-transformed RNA-seq gene 834 
counts across a 70-day differentiation model identified stratification of samples by 835 
differentiation stage along PC1: “Day 0: iPSC” = ⬤, “Day 7: NPCs” = ◼, “Day 15: NPCs” 836 
= ✚, and “Day 70: Neuron” = ▲. Individual points = individual libraries from 9 biologically-837 
independent cell lines with replicates: 4 control, 2 early, 3 late lines.  838 
B, Unsupervised hierarchical clustering of gene-wise z-scored, rlog-transformed RNA-839 
seq counts from day-70 cells. Only genes (rows) related to cortical development and 840 
pluripotency are plotted. Individual columns = individual libraries from 9 biologically-841 
independent cell lines with replicates: 4 control, 2 early, 3 late lines.  842 
C, RNA variant allele fraction analysis of truncating KAT6A variants across in vitro 843 
differentiation (n = 2 early- & 3 late- lines with replicates per timepoint). Early-truncating 844 
samples show significantly lower expression of the truncating KAT6A allele compared to 845 
late-truncating samples, consistent with NMD rules; bar plots show mean ± SEM % 846 
truncated allele expressed in early- vs late-truncating, compared within each timepoint 847 
using two-sided Mann-Whitney U test: “Day 0: iPSC” = 11.56 ± 6.16% vs 43.13 ± 6.28% 848 
with p = 0.008658; “Day 7: NPC” =  21.70 ± 5.15% vs 39.56 ± 3.15% with p = 0.009524; 849 
“Day 15: NPC” = 22.49 ± 2.59% vs 33.21 ± 2.65% with p = 0.038095; “Day 70: neuron” = 850 
26.35 ± 4.25% vs 36.87 ± 3.89% with p = 0.114286; across all 4 timepoints = 19.53 ± 851 
2.79% vs 38.19 ± 2.11%. Individual points = individual libraries. 852 
D-F, Western blotting assessment of full-length KAT6A protein expression (~225 kDa) in 853 
whole cell lysate from “Day 0: iPSCs”, “Day 15: NPCs”, “Day 70: Neurons”; red dashed 854 
boxes indicate truncated KAT6A protein from late-truncating patient with p.S1113* (~122 855 
kDa), p.E1221* (~134 kDa), p.E1370* (~151 kDa). Lanes = 9 biologically-independent 856 
cell lines: 4 control, 2 early, 3 late lines. Loading control = actin (~42 kDa). 857 
G-I, Quantification of full-length KAT6A band intensity, normalized to actin, from the 858 
western blots shown in D-F; truncated versions of KAT6A (red dashed boxes in D-F) were 859 
excluded from quantification. Bars show mean relative full-length KAT6A intensity ± SEM, 860 
where individual points represent quantification of individual lanes. In each blot 861 
quantification, the groups (control, early, late) were compared using a one-way ANOVA 862 
followed by Tukey's multiple comparisons test (n = 4 control, 2 early, 3 late lines). Full-863 
length KAT6A expression did not significantly differ between the groups at “day 0: iPSC” 864 
(ANOVA: F(2,6) = 0.59, p = 0.58) or “day 15: NPC” (ANOVA: F(2,6) = 1.38, p = 0.32). At 865 
“day 70”, late-truncating cells expressed significantly more full-length KAT6A compared 866 
to control (Tukey p = 0.010) and early (Tukey p = 0.017) cells, which did not differ from 867 
each other (p = 0.95); ANOVA: F(2,6) = 12.15, p = 0.0078. 868 
 869 
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 870 

Fig. 4. Opposite KAT6A dosage drives divergent neuronal differentiation via 871 
rewiring of the KAT6A-FOS-RBFOX-PTBP axis.  872 
A-B, Gene regulation plots of KAT6A and FOS. 873 
C, Gene regulatory network linking KAT6A dosage to divergent neuronal differentiation in 874 
early- and late-truncating variants. Nodes represent genes with significant differential 875 
chromatin accessibility (ATAC-seq) or expression (RNA-seq, proteomics); edges 876 
represent ChIP-seq interactions. 877 
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D-E, Heatmaps of multi-omic dysregulation across the top 30 KAT6A and FOS ChIP 878 
target genes, respectively. 879 
F, Genomic tracks at the FOS locus in early- and late-truncating day-70 neurons relative 880 
to controls. Upper tracks: KAT6A and FOS ChIP-seq peaks (all cell types, ChIP-Atlas) 881 
and activating histone mark (H3K27ac) ChIP-seq peaks from neural cells. Lower tracks: 882 
differential ATAC-seq accessibility and RNA-seq expression. Yellow shaded regions 883 
mark FOS enhancer-overlapping ATAC-seq peaks with significantly reduced accessibility 884 
in early-truncating and increased accessibility in late-truncating cells. ATAC-seq signal 885 
outside significant peaks is not shown. 886 
G, Genomic tracks at the KAT6A 5' region in late-truncating day-70 neurons relative to 887 
controls. Upper tracks: FOS ChIP-seq peaks (all cell types) and activating histone marks 888 
(H3K4me1, H3K27ac; neural cells). Yellow shaded region marks a significantly open 889 
ATAC-seq peak in late-truncating cells overlapping H3K4me1; DESeq2 statistics shown 890 
beneath ATAC-seq tracks. 891 
H, Summary table of significant multi-omic dysregulation in the KAT6A-driven gene 892 
regulatory network (Panel C) in early- and late-truncating day-70 neurons relative to 893 
controls. 894 
I, Schematic of the early-truncating variant gene regulatory network. At day 70, early-895 
truncating neurons show elevated RBFOX1 and reduced RBFOX3 protein, consistent 896 
with developmental arrest at a post-mitotic stage (green X). Original artwork by A.A.N. 897 
J-K, Genomic tracks at the 5' regions of RBFOX1 (J) and RBFOX3 (K) in early-truncating 898 
day-70 neurons relative to controls. Upper tracks: KAT6A and FOS ChIP-seq peaks (all 899 
cell types) and activating (H3K4me1, H3K27ac) or repressing (H3K9me3, H3K27me3) 900 
histone mark ChIP-seq peaks from neural cells. Yellow shaded region in J: open ATAC-901 
seq peak in early-truncating cells overlapping activating histone marks. Yellow shaded 902 
region in K: open ATAC-seq peak in early-truncating cells overlapping KAT6A and 903 
repressing histone marks. 904 
L-M, Gene regulation plots of RBFOX1 and RBFOX3 in early-truncating day 15 and day 905 
70  906 
N, Heatmap of multi-omic dysregulation across the top 30 RBFOX1 ChIP target genes. 907 
O, Schematic of the late-truncating variant gene regulatory network. At day 70, late-908 
truncating neurons show elevated PTBP1 and reduced PTBP2, consistent with 909 
developmental arrest at a nascent pre-polarization stage (red X). Original artwork by 910 
A.A.N.  911 
P-Q, Genomic tracks at the 5' regions of PTBP1 (P) and PTBP2 (Q) in late-truncating 912 
day-70 neurons relative to controls. Upper tracks: KAT6A and FOS ChIP-seq peaks (all 913 
cell types) and activating (H3K4me1, H3K27ac) or repressing (H3K9me3, H3K27me3) 914 
histone mark ChIP-seq peaks from neural cells. Yellow shaded region in P: significantly 915 
open ATAC-seq peak in late-truncating cells overlapping activating histone marks. Yellow 916 
shaded region in Q: significantly closed ATAC-seq peak in late-truncating cells 917 
overlapping KAT6A, FOS, and repressing histone marks.  918 
R-S, Gene regulation plots of PTBP1 and PTBP2. 919 
T, Heatmap of multiomic dysregulation across the top 30 target genes of PTBP1.  920 
A-B, D-E, L-N, and R-T, All gene regulation plots displaying results from proteomic mass 921 
spectrometry (Protein), RNA-seq (RNA), and ATAC-seq (ATAC) — log₂(FC) is calculated 922 
as log₂(truncating/control), with significant hits marked with an asterisk; for RNA-seq and 923 
ATAC-seq significant genes or peaks are those with a p-adjusted < 0.05 and an absolute 924 
value of log₂(FC) > 0.58; for proteomic mass spectrometry significant genes are p-value 925 
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< 0.05. Four comparisons shown: early-truncating vs. control (green) and late-truncating 926 
vs. control (red) across day 15 NPCs (striped) and day 70 cultures (solid).  927 
D-E, N, and T, Heatmaps display z-score of log₂(fold change) that is calculated per gene 928 
across 4 comparisons for each individual datatype (Protein, RNA, ATAC). Genes names 929 
with ◆ are amongst KAT6A’s top 30 ChIP-seq targets. 930 
F, J-K, and P-Q, ChIP-seq tracks show all available peak information from ChIP-Atlas, 931 
displaying only significant peaks with a Q-value < 0.00001 (MACS2). 932 
 933 
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 934 

Fig. 5. Early- and late-truncating KAT6A variants induce opposite metabolic 935 
phenotypes through inverse effects on mitochondrial dynamics.  936 
A-I, Seahorse XF analysis of mitochondrial bioenergetic profiles (oxygen consumption 937 
rate, OCR; extracellular acidification rate, ECAR) of A-C day 0 iPSC, D-F day 15 NPC, 938 
and G-I day 70 cultures from control (blue), early-truncating (green), and late-truncating 939 
(red) lines. At day 70, the two KAT6A truncating variant classes exhibit opposite 940 
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bioenergetic profiles; early-truncating cells have significantly reduced OCR, ECAR, and 941 
ATP production reflective of a metabolic loss-of-function. Late-truncating cells have 942 
significantly elevated OCR, ECAR, and ATP production consistent with a metabolic gain-943 
of-function (n= 9 lines). All Seahorse plots show mean ± SEM and significant differences 944 
among the three groups were assessed via two-way ANOVA followed by Tukey's post-945 
hoc multiple comparison test (p-adj < 0.05). Significance symbols for OCR and ECAR 946 
traces are: § = early vs. control; ✚ = late vs. control; ⬤ = early vs. late.  947 
J, Representative confocal images of day-70 neurons co-stained for GRP75 and TUBB3. 948 
Scale bar, 20 μm. 949 
K-N, Quantitative IF of neuron mitochondria: "mean per cell GRP75 expression" in panel 950 
K and "mean per cell mitochondrial physiology" in panels L-N; all comparisons are 951 
unpaired two-sided t-tests with Benjamini–Hochberg correction. 952 
K, Mean GRP75 fluorescence intensity per cell in day-70 cells, imaged via confocal (n = 953 
4 control, 2 early-truncating, 3 late-truncating lines with replicates). Box plots show the 954 
mean expression per cell per image, with individual points = individual images. Relative 955 
to controls, GRP75 expression was significantly reduced in early-truncating cells (82% of 956 
control, p= 0.0363) and significantly increased in late-truncating cells (267% of control, 957 
p= 6.69E-15). 958 
L-N, Quantification of mitochondrial content (panel L, total mitochondrial area per cell), 959 
morphology (panel M, shape factor per cell), and size (panel N, mean mitochondrial area 960 
per cell) in day-70 neurons; n= 4 control, 2 early-truncating, 3 late-truncating lines with 961 
replicates. Violin plots show "mean per cell mitochondrial physiology", with individual 962 
points = individual wells. Compared to controls, early-truncating cells had significantly 963 
reduced mitochondrial content (75% of control, p = 1.51E-4) and increased shape factor 964 
(103% of control, p = 3.35E-4). Compared to controls, late-truncating cells had 965 
significantly increased mitochondrial content (133% of control, p = 5.37E-6) and larger 966 
individual mitochondria (119% of control, p = 7.17E-3). 967 
O-R, Results of labeled glucose (U-¹³C₆) metabolite mass spectrometry: heatmaps of the 968 
log₂(FC) of total pooled metabolite levels in early-, late- truncating and control neuronal 969 
cultures; log₂(FC) is calculated as log₂ (individual sample value/average value of control 970 
group) where each metabolite value represents the sum of all its isotopomers after input 971 
normalization for cell number and trifluoromethanesulfonate. Heatmaps contain 29 of 75 972 
differentially abundant metabolites: 7 glycolysis-related, 5 TCA-related, 13 nucleotide-973 
related, 4 energy carrier-related; remaining 46 of 75 significantly differentially abundant 974 
metabolites are discussed in associated extended data. All significance tests were 975 
performed on normalized data with a one-way ANOVA; * p < 0.05, ** p < 0.01, *** p < 976 
0.001. 977 
  978 
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 979 

 980 

Fig. 6. KAT6A/KAT6B competative HAT inhibitor, PF9363, rescues late-truncating 981 
pathogenic signatures and reveals therapeutic vulnerability.  982 
A, Overview of experimental design: late-truncating and control NPC lines were used to 983 
rescue molecular defects observed in day 70 cultures of late -truncating lines with PF9363 984 
(1µM), a KAT6 HAT inhibitor from day 52 to day 70 in vitro during neuron differentiation. 985 
B, Representative bright-field images of late-truncating cultures at day 70 in vitro after 18 986 
days of DMSO (left) or PF9363 (right) treatment. Scale bar, 50 µm. 987 
C, Significantly differentially expressed genes (sigDEGs) from "Late vs. Control" (left 988 
volcano) intersected with sigDEGs from "Late: PF9363 vs. DMSO" (bottom volcano); the 989 
2,017 shared sigDEGs are plotted. Labeled genes have established roles in 990 
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neurodevelopment. Genes in quadrants 1 and 3 are dysregulated in late-truncating day-991 
70 neurons and reversed by PF9363 treatment.  992 
D-E, Top 20 pathways enriched among all upregulated or all downregulated sigDEGs 993 
from the two RNA-seq comparisons shown in panel C. Triangle symbols denote 14 994 
enriched pathways rescued by PF9363 treatment: ▲ are neuro-related pathways 995 
downregulated in “Late vs. Control” and restored in “Late: PF9363 vs. DMSO”; ▼ are 996 
stress-related pathways upregulated in “Late vs. Control” & suppressed in “Late: PF9363 997 
vs. DMSO”. 998 
F-J, Pairwise comparison of normalized gene counts from day 70 RNA-seq across 999 
neuronal fate repressor (NANOG, PTBP1, REST) and pro-neuronal (TUBB3, SNAP25) 1000 
genes; asterisk denotes p < 0.05 in unpaired t-test with Benjamini–Hochberg correction. 1001 
Two RNA-seq comparisons referenced throughout: late-truncating variants vs. unaffected 1002 
controls (Late vs. Control) and late-truncating variants treated with PF9363 vs. DMSO 1003 
(Late: PF9363 vs. DMSO). 1004 
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METHODS 1026 

1. Research participants. 1027 

This study includes a total of 79 ARTHS patients recruited across three cohorts 1028 

included in either the GMDB, episignature, or in vitro iPSC analyses. Patients were 1029 

recruited and consented in accordance with their respective Institutional Review Board 1030 

and/or Ethics Committee approval. All 79 ARTHS patients were affected by heterozygous 1031 

dominant truncating KAT6A mutations -- encompassing 41 males (13 early, 28 late) and 1032 

38 females (13 early, 25 late). Their deidentified metadata is provided and all patient 1033 

variants are in reference reported using GR38 human reference genome 1034 

(Supplementary Table 1). 1035 

2. GestaltMatcher: facial feature analysis.  1036 

We used GestaltMatcher 1 to analyze frontal facial photographs from 63 individuals 1037 

with KAT6A truncating variants, comprising 17 early-truncating and 46 late-truncating 1038 

cases. The dataset included 49 cases extracted from 17 previous published reports 2–18 1039 

and 14 unpublished patient cases contributed by KAT6A patient groups and collaborators 1040 

to the GestaltMatcher Database (GMDB)19. This dataset is based on published 1041 

photographs and additional unpublished cases where written informed consent for 1042 

publication of identifiable facial photographs was obtained from all participants or their 1043 

legal guardians. This study was conducted in accordance with the Declaration of Helsinki. 1044 

Each image was encoded into a 12-dimensional facial descriptor vector (FDP) 1045 

using an ensemble of deep models with test-time augmentation to enhance stability 20. 1046 

Cosine distance between FDPs served as the dissimilarity metric; lower values indicate 1047 

higher facial similarity within the clinical face phenotype space (CFPS). The overall 1048 
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workflow is shown in Fig. 1B. Three complementary analyses were performed: t-SNE 1049 

visualization, cohort-level distance-based comparison with PPV estimation, and image-1050 

level leave-one-out linear SVM classification 21. First, two-dimensional t-SNE visualization 1051 

was used to inspect the spatial distribution of early- and late-truncating cases in CFPS 1052 

(Fig. 1C). Second, cohort-level inter-group analysis was used to quantify facial separation 1053 

between the early- and late-truncating groups. For this analysis, we performed 100 1054 

random subgroup samplings from each group and calculated the mean pairwise cosine 1055 

distance between the sampled early and late subcohorts for each iteration (Fig. 1D).  1056 

For benchmarking, we used pooled same- and different-syndrome reference 1057 

distributions generated from a GMDB reference set of 1,499 images from 1,182 1058 

individuals across 321 syndromes, none of which were used for model training. These 1059 

reference distributions included: (1) a same-syndrome control, in which both sampled 1060 

cohorts originated from the same syndrome, and (2) a different-syndrome control, in 1061 

which the sampled cohorts originated from different syndromes. ROC analysis using 1062 

mean pairwise cosine distance as the discrimination measure yielded a predefined 1063 

dissimilarity threshold of c = 0.8963 by maximizing the Youden index, corresponding to a 1064 

sensitivity of 0.9035 and specificity of 0.8024. For inter-group comparisons, if more than 1065 

50% of sampled mean distances exceeded c, this was interpreted as evidence that the 1066 

two cohorts showed facial separation relative to the reference distributions. 1067 

To further quantify the distinctiveness of the early- and late-truncating groups, we 1068 

calculated PPV_range using the previously established framework. The observed 1069 

distance range was defined by the minimum and maximum of the 100 sampled early–late 1070 

subgroup mean distances. Sensitivity_in_range was defined as the probability that 1071 

distances from the different-syndrome reference distribution fell within this observed 1072 
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range, whereas specificity_out_of_range was defined as the probability that distances 1073 

from the same-syndrome reference distribution fell outside this range. PPV_range was 1074 

then calculated as: “ PPV = sensitivity × p / [sensitivity × p + (1 − specificity) × (1 1075 

− p)] ” where p denotes the pretest probability. As in the original framework, we assumed 1076 

p = 0.5 to represent no prior information favoring either same- or different-syndrome 1077 

origin.  1078 

Third, we performed image-level leave-one-out linear support vector machine 1079 

(SVM) classification to evaluate whether early- and late-truncating cases could be 1080 

distinguished in the facial embedding space (Supplementary Table 2). Because each 1081 

image was represented by twelve descriptor outputs, we trained separate linear SVM 1082 

classifiers for each descriptor index and averaged the resulting out-of-sample SVM 1083 

decision scores across the twelve classifiers. Classification performance was assessed 1084 

using accuracy, balanced accuracy, and area under the receiver operating characteristic 1085 

curve (AUC). Positive and negative decision scores indicated classification relative to the 1086 

learned SVM decision boundary (Extended Data Fig. 1C). 1087 

3. DNA methylation profiling and data processing. 1088 

This research was approved by the Research Ethics Board at The Hospital for Sick 1089 

Children (REB#1000038847) and UCLA IRB#11-001087. Genomic DNA for all samples 1090 

were extracted from peripheral blood and bisulfite converted using the EpiTect Bisulfite 1091 

Kit (EpiTect PLUS Bisulfite Kit, QIGEN). Sodium bisulfite-converted DNA was hybridized 1092 

to the Illumina Infinium Human Methylation EPIC v 2.0 Beadchip, which interrogated > 1093 

930,000 CpG sites found across the human genome. Sample processing was performed 1094 
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at The Center for Applied Genomics (TCAG), The Hospital for Sick Children, Toronto, 1095 

Canada. 1096 

Samples were analyzed using the SeSAMe Bioconductor package v. 1.22.2 22 to 1097 

preprocess the data, perform quality control, normalize Illumina probes using the Noob 1098 

method, perform background correction and extract β-values. Standard quality control 1099 

metrics were performed in SeSAMe, including median intensity QC plots and density 1100 

plots. Problematic probes were removed including those with p-values greater than 0.05 1101 

in 25% of samples (n=40,438), mapping inaccuracies (n=190), probes near SNPs with 1102 

minor allele frequencies above 5% (n=104,615), probes specific to either the X or Y 1103 

chromosome and mitochondrial DNA (n=24,964), and probes found to exceed the signal-1104 

detection p-value threshold (n=50,209). In total, n=180,073 probes were filtered out of our 1105 

EPIC v 2.0 analysis, leaving a total of n=757,617 probes remaining for the analysis. 1106 

4. DNA methylation signature derivation. 1107 

We assessed differentially methylated sites in whole blood-derived DNA from n=4 1108 

individuals with truncating variants in the last two exons (exons 16 and 17) of KAT6A, as 1109 

compared to a selection of n=8 sex- and age-matched typically developing controls. This 1110 

signature discovery cohort of 4 late patients included 2 males and 2 females with a mean 1111 

age of 7.70 ± 3.38 years old (range 3.8 – 12 years old). The 8 matched controls used for 1112 

the discovery signature included 4 males and 4 females with mean ages of 7.66 ± 3.10 1113 

years old (range 3.6 – 12.2 years old). Early-truncating patients, used to assess specificity 1114 

of late-truncating signature, included 4 males and 3 females with a mean age of 9.96 ± 1115 

12.71 years old (range 1 – 37.5 years old). For all samples, we applied the blood cell-1116 

type estimation tool in SeSAMe. Differentially methylated CpG sites were identified using 1117 

the Limma regression modelling package using sex and blood-cell proportions as 1118 
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covariates. The thresholds for differentially methylated CpG sites were Benjamini-1119 

Hochberg adjusted p-value < 0.05 and a |Δβ| > 0.1. The Δβ value represents the 1120 

difference in average DNAm (β) between groups. Principal component analysis (PCA) 1121 

and hierarchical clustering graphs were generated using Qlucore Omics Explorer v.3.9 1122 

(QOE, www.qlucore.com). Internal validation of the model was performed using a leave-1123 

one-out cross-validation analysis (Extended Data Fig. 1D). For each of the samples 1124 

analyzed as part of the DNAm signature creation (KAT6A late) or classified using that 1125 

signature (KAT6A early), we provide scores as they appear on the SVM machine learning 1126 

classification model (Supplementary Table 3). An additional selection of n=31 controls 1127 

and n=7 samples from individuals with early-truncating KAT6A variants were also 1128 

visualized on the PCA and heatmap to both validate signature sensitivity, and test if “early” 1129 

truncating KAT6A variants clustered distinctly from “late” truncating variants.  1130 

5. Institutional approvals and human iPSC generation. 1131 

This study was approved by the Institutional Review Board and the Embryonic 1132 

Stem Cell Research Oversight (ESCRO) committees at UCLA. All biological samples 1133 

were collected after informed consent (IRB#11-001087). Somatic cells, whole blood or 1134 

dermal fibroblasts, were isolated from five biologically distinct ARTHS patients and 1135 

submitted to the Cedars-Sinai Regenerative Medicine Institute’s Induced Pluripotent 1136 

Stem Cell Core Production Facility (https://csbiomfg.com/ipsc-core/) for conversion into 1137 

iPSCs using episomal reprogramming with the following factors: OCT3/4, SOX2, KLF4, 1138 

L-MYC, SHP53, and LIN28.As a part of their reprogramming quality control, Cedars-Sinai 1139 

performed G-band karyotyping, pluripotency immunocytochemistry, alkaline phosphatase 1140 

staining, and IDEXX cell line authentication. Four biologically distinct age- and sex- 1141 

matched control iPSC lines were purchased from this same core facility, and were 1142 
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generated using the same methodologies. Information for all iPSC lines is provided 1143 

(Supplementary Table 4). 1144 

6. Maintaining and cryobanking iPSC cultures. 1145 

 All iPSC lines used in this study were grown under chemically defined, feeder-free 1146 

conditions in 37℃ incubators supplemented with 5% CO2 at atmospheric O2 1147 

concentrations. All iPSC lines were maintained on Nunc or Corning 6-well culture plates 1148 

(ThermoScientific #140675; Corning #3516) coated with recombinant human vitronectin 1149 

protein at a final concentration of 0.50 ug/cm2 (Gibco #A14700) in complete Essential 8 1150 

Medium (complete E8; Gibco #A1517001). A complete media change was performed 1151 

daily to prevent spontaneous differentiation. Plates were coated as follows: first stock 1152 

vitronectin (0.5 mg/mL) was diluted 1/100 in DPBS without calcium or magnesium (Gibco 1153 

#14190144), then diluted vitronectin was immediately dispensed into plates, followed by 1154 

either overnight or 2-hour incubation at 37℃ before use. Stock vitronectin (0.5 mg/mL) 1155 

was aliquoted into 1.5 mL polypropylene tubes and stored at -80℃.  1156 

 All iPSC lines were passaged as clumps or single cells upon reaching 80-85% 1157 

confluency using Versene (0.02% EDTA solution, Lonza #17-711E) or StemPro Accutase 1158 

(Gibco #A1110501). To passage, cells were washed once with 1X DPBS (Fisher 1159 

Scientific 14-190-144), before incubating with a lifting agent for ~5 minutes at 37C. After 1160 

incubating with lifting agent, cells were collected in sterile plasticware and lifting agent 1161 

was quenched with media before pelleting and resuspending in complete E8 medium 1162 

supplemented with Y-27632 dihydrochloride at a final concentration of 10 μM (Tocris 1163 

Bioscience #1254); 10 μM Y-27632 was included in the media for the first 12-18 hours 1164 

after passaging to ensure optimal survival. To create 1000x single-use stock, Y-27632 1165 

powder was reconstituted to 10 mM in sterile nuclease-free water (Invitrogen #10977023) 1166 
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then filter sterilized (PES membrane, 0.22 um; Fisher Scientific SCGP00525) before 1167 

aliquoting on ice into 1.5 mL polypropylene tubes and storing at -80C. All cultures were 1168 

routinely tested for mycoplasma contamination per manufacturer instructions (Lonza 1169 

#LT07-318). 1170 

 All iPSC lines were expanded and cryobanked as follows to create stable stock 1171 

per line. Upon reaching ~75-85% confluency, prior to harvest cells were pretreated with 1172 

10 μM Y-27632 for once hour to minimize death. Pretreated cells were then processed 1173 

similar to passaging to obtain single cell suspensions in complete E8 media containing 1174 

10 μM Y-27632. To make a stable stock per line, single cell suspensions from multiple 1175 

wells of the same line were pooled into a 50mL conical and counted twice times with an 1176 

Invitrogen Countess II (Thermoscientific C10228) to obtain an average cell count. Single 1177 

cell suspensions were aliquoted into cryovials (Thermoscientific #375418PK) at ~2 million 1178 

cells per 1 mL of 1X cryopreservation media consisting of complete E8 media containing 1179 

10 μM Y-27632 and 10% DMSO. Cryovials were stored at -80C in Mr. Frosty (Nalgene 1180 

Cat no. 5100-0001) for ~24 hours before transferring into a liquid nitrogen tank for long-1181 

term storage.  1182 

7. Inducing, maintaining, and cryobanking NPC cultures. 1183 

Monolayer neural progenitor cells (NPCs) were generated from monolayer iPSCs 1184 

using Stem Cell Technologies’ NPC workflow which entailed 15 days of neural induction 1185 

followed by 10 days of expansion before cryopreservation; the NPC workflow we used in 1186 

this publication is a modified version of a published STAR protocol 23, with the main 1187 

difference being we induced for 15 days instead of 11 days to ensure patient-derived lines 1188 

also were differentiated into NPCs.  1189 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 14, 2026. ; https://doi.org/10.64898/2026.08.11.26358095doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.11.26358095
http://creativecommons.org/licenses/by-nc-nd/4.0/


To reduce batch effect and maximize detection of variant-specific differences, it is 1190 

essential that all cell types and their predecessors be seeded at the same density at the 1191 

same time or closely staggered by 1-2 days if >9 lines. First, iPSC vials were thawed ~14-1192 

21 days prior to the start of NPC induction and were passaged at least twice upon 1193 

reaching ~80-85% confluency before use in the NPC induction protocol, and iPSC 1194 

cultures had daily media changes with complete E8 media. For the first passage after 1195 

thawing, iPSCs were re-seeded at a density of 200,000 cells per well on vitronectin-1196 

coated 6-well plates (Corning 3516) in E8 media containing 10uM Y-27632 (Tocris 1197 

Bioscience #1254). Similarly, these iPSC cultures were passaged a second time after 1198 

thawing and re-seeded at 150,000 cells per well of a 6-well plate. These iPSC plates were 1199 

then used to seed for NPC induction upon reaching ~80-85% confluency. 1200 

Prior to starting NPC induction or NPC expansion or neuron differentiation, double-1201 

coated tissue-culture-treated plates, flasks, or slides need to be prepared as follows. The 1202 

first coating is always Poly-L-ornithine hydrobromide (PLO, Sigma P365550MG) and the 1203 

second coating is always mouse laminin (Gibco 23-017-015). Undiluted PLO stock 1204 

(5mg/mL) is prepared in water (Invitrogen 10977015) by rehydrating 50mg of PLO powder 1205 

in 10mL of water, vortexing for 10 seconds, and then filter sterilizing the solution with a 1206 

PVDF 0.22uM filter (MilliporeSigma SE1M179M6). The PLO stock solution is then 1207 

aliquoted into sterile 1.5mL polypropylene tubes (Fisher Scientific 21-402-903) and store 1208 

at -20C with a maximum of three thaws before discarding. While undiluted laminin stock 1209 

(1mg/mL) is prepared by thawing and aliquoting on ice into single-use sterile 1.5mL 1210 

polypropylene tubes then storing at -80C. These two undiluted stocks, and their diluted 1211 

working solutions, are always handled on ice to prevent premature polymerization. Briefly, 1212 

the PLO stock is diluted to 0.05 mg/mL in ice-cold water and dispensed onto plates at a 1213 
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final concentration of 5.0 ug/cm2 then incubated for a minimum of 2 hours or overnight at 1214 

37C. After PLO incubation, the PLO solution is aspirated and the plates are washed once 1215 

with ice-cold water before adding diluted laminin. The laminin stock is diluted to 0.01 1216 

mg/mL in ice-cold water and added to plates at a final concentration of 1.0 ug/cm2 then 1217 

incubated overnight at 37C.  1218 

On day 0 of NPC induction (0 DPI), iPSC plates were harvested using accutase, 1219 

counted, and resuspended at 1,000,000 cells per mL in STEMDiff neural induction media 1220 

containing dual SMAD inhibition (NIM; Stem Cell Technologies 08582) 24 then 1221 

supplemented with 10uM Y-27632. This cell suspension was then plated on 1222 

PLO+laminin-coated 6-well plates at 2,000,000 wells per well for ~210,000 cells per cm2; 1223 

after plating these cells were considered passage zero (P.0). A complete media change 1224 

was performed with NIM, without Y-27632, throughout the 15-day NPC induction phase. 1225 

On day seven post-NPC induction (7 DPI), a.k.a. one week after starting NPC induction, 1226 

these cells were harvested using accutase, counted, and resuspended at 2,000,000 cells 1227 

per mL in NIM supplemented with 10uM Y-27632. This cell suspension was then plated 1228 

on PLO+laminin-coated 6-well plates at 1,900,000 cells per well for ~200,000 cells per 1229 

cm2; after plating these cells were considered passage one (P.1). 1230 

On day fifteen post-NPC induction (15 DPI), these cells robustly expressed the 1231 

canonical NPC markers PAX6 and NESTIN, so NPC induction was terminated and NPC 1232 

expansion was started at this timepoint to create a stable stock of NPC lines. This was 1233 

done by harvesting NPCs using accutase, counting, and resuspending cells in STEMDiff 1234 

Neural Progenitor Media (NPM; Stem Cell Technologies 05833) supplemented with 10uM 1235 

Y-27632 – followed by plating on PLO+laminin-coated 6-well plates at 833,000 cells per 1236 

well for ~87,000 cells per cm2; after plating these cells were considered passage two 1237 
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(P.2). Similar as before, a complete media change was performed with NPM, without Y-1238 

27632, throughout the 10-day NPC expansion phase which is referred to as 25-days post-1239 

neural induction. 1240 

On day twenty-five post-NPC induction (25DPI), after 10 days in expansion media, 1241 

NPCs were cryopreserved as follows. Cells were harvested using accutase, counted, and 1242 

resuspended in NPM supplemented with 10uM Y-27632 such that upon mixing this cell 1243 

suspension with 2X cryopreservation media, the desired number of cells is obtained in 1244 

1mL; e.g. if 20,000,000 cells are isolated for a line this pellet would be resuspended in 1245 

5mL of NPM+Y-27632 then mix with 5mL of 2X cryopreservation media for 2,000,000 1246 

cells per cryovial (Thermoscientific #375418PK) in 1mL of 1X cryopreservation media. 1247 

The 2X cryopreservation media was created by preparing an 80% FBS (Avantor 97068-1248 

085) and 20% DMSO (Sigma D2438-50) solution -- followed by filter sterilization. To 1249 

create a stable stock, NPC lines were banked at ~5-8 million cells per cryovial in 1.0-1250 

1.2mL of 1X cryopreservation media, with at least 10-15 cryovials banked per line; these 1251 

vials were labeled passage three (P.3). Similar to iPSC cryopreservation, cryovials were 1252 

stored at -80C in Mr. Frosty (Nalgene Cat no. 5100-0001) for ~24 hours before 1253 

transferring into a liquid nitrogen tank for long-term storage. 1254 

8. Neuron differentiation. 1255 

The NPC-to-neuron workflow used in this study is a modified version of a published 1256 

spontaneous differentiation protocol 25, with the main differences being that: (1) we did 1257 

not include two optional ingredients (insulin, antibiotics), and (2) we seeded at a higher 1258 

density since the publication started with iPSC-derived neural stem cells instead of the 1259 

expanded iPSC-derived NPCs as described below. 1260 
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Briefly, assuming 0% loss upon reviving, we first thawed all cell lines in parallel 1261 

NPCs (P.3) at an average density of 200-250,000 cells/cm2 onto PLO+laminin-coated 1262 

plates in NPM containing 10uM Y-27632; the day of thaw, these cells were considered 1263 

25DPI. NPCs were expanded in NPM, with daily media changes, for ~7-9 days (~32-34 1264 

DPI) at which point they were reseeded at a density of ~175,200 cells/cm2 in NPM 1265 

containing 10uM Y-27632 (now P.4). After this reseeding, NPCs were expanded for 1266 

another 6-8 days until 40DPI, at which time they were used to seed for neuron 1267 

differentiation. 1268 

At 40DPI, or 15 days after thawing and passaging once, these iPSC-derived NPCs 1269 

were harvested with accutase, counted, and reseeded at a density of ~105,250 cells/cm2 1270 

in neuron differentiation media supplemented with Y-27632 (10uM, only included during 1271 

initial seeding); the neuron differentiation media’s final composition is: 1X DMEM/F:12 1272 

(Gibco 11-320-033), 1X N-2 (Gibco 17-502-048), and 1X B-27 (Gibco 17-504-044). The 1273 

day cells were seeded in this neuron media marked day 0 of neuron differentiation -- and 1274 

cultures had complete media changes every two days – which for simplicity was 1275 

scheduled for every Monday, Wednesday, and Friday when the differentiation was started 1276 

on a Monday. This neuron differentiation continued until day 30, at which time neurons 1277 

stained robustly for TUBB3 – yielding an ~80% TUBB3-positive uniform population of 1278 

neurons. Neuronal cultures generally did not need to be passaged during this 30-day 1279 

protocol, but on the rare occasion that cultures became confluent or lifted – neurons were 1280 

reseeded at the same density (~105,250 cells/cm2) as previously described. 1281 

9. Quantitative IF: staining protocol and confocal imaging. 1282 

All cell types were seeded into matrix-coated 8-chamber slides (Thermo Nunc Lab-1283 

Tek II Chamber Slide System 12-565-8) using their typical passaging protocol and upon 1284 
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reaching appropriate confluency were washed once with 1X cold DPBS (Gibco 14-190-1285 

144), followed by 10 minute room temperature fixation with cold 4% PFA (Thermofisher 1286 

AAJ19943K2). After fixation, cells were washed once with cold 1X DPBS to remove 1287 

excess fixative and either stored at 4C for later processing in 1X DPBS with parafilm to 1288 

prevent evaporation or cells were directly processed for staining.  1289 

Processing for staining entailed the following sequential steps: permeabilization, 1290 

blocking, incubation with primary antibody overnight at 4C, triple washes, incubation with 1291 

secondary antibody for 1 hour at room temperature, triple washes, mounting with prolong 1292 

glass hard-setting medium, ~24 hour curing of prolong glass, and sealing cured slides 1293 

with nail polish. Permeabilization was performed for 10 minutes at room temperature 1294 

using the following room temperature solution: 1xDPBS + 5% donkey serum + 0.1% 1295 

tritonX-100 (Sigma #X100-1L). The following room temperature blocking buffer was used 1296 

both for blocking and to dilute antibodies: 1xDPBS + 5% donkey serum. Importantly, since 1297 

all secondary antibodies used in this study were raised in donkey hosts, to reduce 1298 

background we prepared these solutions using 100% donkey serum (60mg/mL in water, 1299 

Jackson Lab 017-000-121). 1300 

Blocking was performed for 10 minutes at room temperature. All primary antibodies 1301 

were added to room temperature blocking buffer using their respective dilutions 1302 

(Supplementary Table 5). After 4C overnight primary antibody incubation elapsed, to 1303 

remove excess antibody, slides were triple washed using 1X cold DPBS, with each wash 1304 

consisting of a 5 minute incubation at room temperature. After triple washing, ProLong™ 1305 

glass media containing Hoechst 33342 (invitrogen P36985) was brought to room 1306 

temperature per manufacturer instructions. All secondary antibodies were added to room 1307 

temperature blocking buffer using their respective dilutions. After 1 hour of room 1308 
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temperature incubation with secondary antibodies, slides were triple washed using the 1309 

same process as before. Slides were then mounted with prolong glass using 50 x 24 mm 1310 

and 0.16-0.19 mm glass coverslips (Fisher 12-541-055). Per manufacturer instructions, 1311 

slides were allowed to cure for ~24 hours at room temperature in the dark before sealing 1312 

slides with OPI clear nail polish. Sealed slides were then immediately imaged on the 1313 

confocal or stored at 4C in the dark for later processing. For each marker, 5-10 1314 

representative images were taken for each cell line across all cell types using a Zeiss 1315 

LSM880 confocal imaging system with glycerol between 40x-63x objectives - resulting in 1316 

a total range of representatives images per analysis for each group: 20-40 images for 1317 

controls, 10-20 images for early-truncating, and 15-30 images for late-truncating lines. 1318 

10. Quantitative IF: confocal assessment of “mean per cell expression” as “mean 1319 

fluorescent intensity per cell”. 1320 

For all “mean fluorescent intensity per cell” results, image analysis was performed 1321 

using Biodock (https://www.biodock.ai/), an artificial intelligence (AI)-assisted 1322 

quantification platform, as previously described 26–28. Under “Project Setting,” the channel 1323 

settings were rearranged to match the fluorescent channels of the images uploaded; 1324 

channel 1 was matched to the green channel (i.e. protein of interest labeled by Alexa488), 1325 

channel 2 was matched to the blue channel (i.e. nuclei labeled by Hoechst), and channel 1326 

3 was matched with the red channel (i.e. protein of interest labeled by Alexa555). For our 1327 

biodock analyses, we used the “Object-Based” analysis mode, which is better at detecting 1328 

objects/cells with defined areas.  1329 

Briefly, the following process was performed for each cell type -- resulting in four 1330 

unique AI models, with one trained AI-model generated per cell type (iPSCs, NPCs at 1331 

days 7 and 15, neurons); to train an accurate and precise AI-model for each cell type, the 1332 
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following was performed on random images from each cell line. First, all images (in .tif 1333 

format) were uploaded to the Biodock website. Second, in biodock, to quantify the overall 1334 

fluorescent intensity per image, using the Alexa488 and Alexa555 images, we defined the 1335 

“whole image” label as the  perimeter of the entire image. Third, to quantify the overall 1336 

cell count per image, using the Hoechst channel images, we defined the “nuclei” label  as 1337 

the perimeter of each Hoechst-positive object. Each AI-model was iteratively trained and 1338 

optimized until both objects, “whole image” and “nuclei”, were labeled with near perfect 1339 

accuracy (>95%). Once trained, these four cell type-specific AI-models were then run on 1340 

all images from their respective cell type using batch processing in biodock - after which 1341 

all outputs were manually inspected to ensure artifact-free quantitative measurements; 1342 

any mislabeled objects were corrected using the post-analysis editing feature on Biodock. 1343 

Each biodock analysis produced a single .csv file that contained: the image filename, the 1344 

object class assigned during labeling, and the integrated intensity of each channel per 1345 

detected object (i.e. total fluorescent signal per object); these biodock .csv files were the 1346 

inputs for the downstream statistical analysis in R as described below. 1347 

Downstream statistical analysis was performed in R using standard packages like 1348 

tidyverse, ggpubr, and scales. Briefly, the following process was performed on each 1349 

biodock .csv file. First, images whose filenames did not match the expected naming 1350 

convention were excluded -- with the remaining filenames parsed to assign each image 1351 

quantification to its corresponding identifiers that were encoded in the filename string: 1352 

slide, well, cell line, marker (i.e. protein of interest stained), and KAT6A genotype group 1353 

(i.e. Control, Early, or Late). Second, for each image, we defined the overall cell count as 1354 

the total number of objects labeled as "nuclei" and the overall fluorescent signal was 1355 

defined as the integrated intensity of the corresponding "whole image" object. Third, for 1356 
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each channel, the “mean fluorescent intensity per cell” was calculated by dividing the 1357 

overall fluorescent intensity by the overall cell count of said image; defined in the previous 1358 

sentence. Lastly, to determine whether KAT6A genotype influenced per cell expression 1359 

of each marker (i.e. protein expression), we statistically compared the “mean fluorescent 1360 

intensity per cell” of all images across the KAT6A genotype groups using unpaired two-1361 

sided t-tests, with a p < 0.05 set as the threshold for significance; here, individual images 1362 

were the unit of analysis and p-values were corrected using Benjamini-Hochberg 1363 

procedure. Results are plotted as box plots with individual images overlaid as points (Fig. 1364 

2E,I; Fig. 5K; extended data figs. 2-3) and the statistical analysis of each marker 1365 

quantification is provided (Supplementary Table 6).  1366 

11. Quantitative IF: confocal assessment of “mean per cell morphology” as “mean 1367 

cytoskeleton and nuclei size per cell” and “mean % TUBB3 positive”. 1368 

To test if there was a significant difference in the size of day-70 neuronal culture 1369 

cells across the three groups (controls, early-truncating, late-truncating) , using IF and 1370 

biodock, we quantified the mean area of TUBB3- and Hoechst-staining in individual cells 1371 

to calculate the “mean cytoskeleton and nuclei size per cell”, respectively. Similar to the 1372 

quantitative IF described above, this imaging analysis was performed using Biodock 1373 

(https://www.biodock.ai/) 26–28. In this cell morphology analysis, we trained an additional 1374 

AI-model to detect individual “cytoskeleton” and “nuclei” contours as objects instead of 1375 

detecting "whole image" and “nuclei” objects as was done in the “mean fluorescent 1376 

intensity per cell” analysis. 1377 

To train this new cell morphology model in biodock, two images from each cell line 1378 

were randomly selected and used to define which objects should be labeled as 1379 

“cytoskeleton” and “nuclei”. First, all of the TUBB3-Alexa555/Hoescht images (in .tif 1380 
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format) were uploaded to Biodock. Second, in biodock, to quantify the cytoskeleton size 1381 

of individual neuronal cells, using the Alexa555 channel images, we defined the 1382 

“cytoskeleton” label as the perimeter of each TUBB3-positive object. Third, in biodock, to 1383 

quantify the nuclei size of individual neuronal cells, using the Hoechst channel images, 1384 

we defined the “nuclei” label  as the perimeter of each Hoechst-positive object. This AI-1385 

model was iteratively trained and optimized until both objects, "cytoskeleton" and "nuclei", 1386 

were labeled with ~90% accuracy. Once trained, it was run on all images using batch 1387 

processing in biodock - after which outputs were manually inspected to ensure artifact-1388 

free quantitative measurements; any mislabeled objects were corrected using the post-1389 

analysis editing feature on Biodock. This analysis produced a single .csv file containing 1390 

the image filename, the object class assigned during labeling, and the area of each 1391 

detected object in pixels (i.e. “neuron morphology output”); this file was the input for both 1392 

downstream statistical analyses described below that were performed in R using standard 1393 

packages like tidyverse, ggpubr, and scales.  1394 

For both downstream statistical analyses, using this “neuron morphology output” 1395 

file, images whose filenames did not match the expected naming convention were 1396 

excluded -- with the remaining filenames parsed to assign each image quantification to 1397 

its corresponding identifiers that were encoded in the filename string: slide, well, cell line, 1398 

and KAT6A genotype group (i.e. Control, Early, or Late).  1399 

To determine if KAT6A genotype influenced per cell morphology, using this 1400 

“neuron morphology output” file, we statistically compared the following across the KAT6A 1401 

genotype groups with unpaired two-sided t-tests: (1) areas (in pixels) of all "nuclei" objects 1402 

and (2) areas (in pixels) of all "cytoskeleton" objects; a p-value < 0.05 was set as the 1403 

threshold for significance; here, individual cells were the unit of analysis and p-values 1404 
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were corrected using Benjamini-Hochberg procedure. These results are plotted as violin 1405 

plots with individual cells overlaid as points (Fig. 2G-H) and the statistical analysis of this 1406 

quantification is provided (Supplementary Table 7).  1407 

To determine if KAT6A genotype influenced neuronal induction, using the same 1408 

"neuron morphology output" file, we calculated the "% TUBB3 positive" per image by 1409 

dividing the total number of "cytoskeleton" objects by the total number of "nuclei" objects 1410 

then multiplied by 100. Then we statistically compared the "mean % TUBB3 positive" 1411 

across the KAT6A genotype groups using unpaired two-sided t-tests with a p-value < 0.05 1412 

set as the threshold for significance; here, individual images were the unit of analysis and 1413 

p-values were corrected using Benjamini-Hochberg procedure. These results are plotted 1414 

as bar plots of the group mean ± SEM with individual images overlaid as points (Fig. 2I)  1415 

and the statistical analysis of this quantification is provided (Supplementary Table 7). 1416 

12. Protein extraction and quantification. 1417 

Whole cell lysate (WCL) was isolated on ice or at 4C from pelleted cells using 1X 1418 

cell lysis buffer (Cell Signaling #9803) containing a 1X Protease and Phosphatase 1419 

Inhibitor Cocktail (Thermo Scientific #78442) per manufacturer instructions. Prior to 1420 

western blotting and proteomic mass spectrometry, the concentration of each protein 1421 

extract was quantified in duplicate or triplicate using a Pierce BCA protein assay kit 1422 

(Thermo Scientific #23225) and results were read on a Synergy H1 Microplate Reader 1423 

using BioTek Gen5-3.04 software per manufacturer instructions. All protein extracts were 1424 

handled on ice and stored at -80C. 1425 
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13. Western blotting protocol. 1426 

Protein extractions were freshly prepared under denaturing conditions by diluting 1427 

samples in 4x Laemmli Sample Buffer (Biorad #1610747) supplemented with 14.3M β-1428 

mercaptoethanol (BME; Sigma #M-7522) per manufacturer instructions to obtain samples 1429 

with a final concentration of 1X Laemmli Sample Buffer with ~355 mM BME. Prepared 1430 

samples were boiled for 10 minutes at 100°C in a PCR thermocycler, followed by loading 1431 

20ug per lane onto a 4–20% Stain-free Protein Gel (Biorad 5678094) with 1uL of Precision 1432 

Plus Protein Dual Color Standards (Biorad 1610374). Samples were then run in gel 1433 

electrophoresis system (Biorad 1656019) using 1X Tris-Glycine-SDS running buffer 1434 

(Fisher Scientific BP13414) for 80 minutes at 130V.  1435 

Proteins were transferred from the gel onto nitrocellulose membranes (Biorad 1436 

#1704271) using a semi-dry blotting transfer system (Biorad #1704150) and size-1437 

appropriate settings. Membranes were then blocked at room temperature for 1 hour with 1438 

gentle agitation in a blocking buffer made of: 5% non-fat milk (Nestlé #12428935), 0.1% 1439 

Tween20 (Fisher Scientific #BP337-100), and 1X Tris-Buffered Saline (TBS; Boston 1440 

Bioproducts #BM3014L). After blocking, primary antibodies were diluted in blocking buffer 1441 

and incubated with membranes at 4°C overnight with gentle agitation. The following day, 1442 

membranes were washed 3 times at room temperature in 1X TBS supplemented with 1443 

0.1% Tween 20 (TBST), with gentle agitation for 10 minutes per wash, to remove excess 1444 

antibodies. Membranes were then incubated for 1 hour at room temperature with 1445 

secondary antibodies using gentle agitation in the dark; similar to primary antibody 1446 

solutions, all secondary antibodies were diluted in blocking buffer. Next, membranes were 1447 

washed 3 times at room temperature in TBST with gentle agitation for 10 minutes each 1448 

wash to remove excess antibodies.  1449 
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Lastly, the fluorescent signals from the resulting membranes was visualized on a 1450 

ChemiDoc Imaging System with a black tray (Biorad #12003028) using multiplexed-1451 

fluorescent imaging settings. All western blot-related antibodies were prepared using their 1452 

respective dilutions. 1453 

14. Western blotting quantification. 1454 

To quantify the changes in relative protein abundance of each antigen of interest 1455 

from the fluorescent western blots, we imported the blot images from each channel (i.e. 1456 

IRdye680, IRdye800, or Rhodamine) into ImageJ 29. Once each image was imported into 1457 

ImageJ, we selected each band of interest with the rectangular tool in ImageJ and ran a 1458 

widely-used macros plugin to automatically quantify and correct the regions of interest 1459 

(ROI) for background noise; for band quantification, ‘total’ is defined as the "integrated 1460 

intensity within the ROI without background correction" and the ‘signal’ is defined as "the 1461 

background corrected integrated intensity". Briefly, we used the following setting with the 1462 

Band/Peak Quantification macros: background width pixel set to 3, estimate background 1463 

from top/bottom, and background estimation calculated from median. The macros’ 1464 

algorithm then performs the same tasks as commercially available quantification software 1465 

like Image Studio Lite from LI-COR Biosciences 30. Next, to determine the relative 1466 

abundance of each antigen of interest, the resulting ‘signal’ for the antigen of interest was 1467 

then normalized to the ‘signal’ for each respective loading control band on the same exact 1468 

blot. 1469 

Statistical analysis was performed on loading-control normalized signal values in 1470 

Graphpad PRISM software using a one-way ANOVA with Tukey’s multiple comparisons 1471 

test to compare the means across the three genotypes, applying a significance threshold 1472 

of p-adj< 0.05 in accordance with accepted statistical standards 31,32. The band 1473 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 14, 2026. ; https://doi.org/10.64898/2026.08.11.26358095doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.11.26358095
http://creativecommons.org/licenses/by-nc-nd/4.0/


quantifications and statistical analysis are provided for each blot (Supplementary Tables 1474 

8-10). We also provide the uncropped western blots in source data.  1475 

15. RNA: extraction, quality-control, quantification. 1476 

 For whole transcriptome RNA-sequencing analysis, total RNA was extracted from 1477 

cultured cells in technical duplicate or triplicate after pelleting cells, snap-freezing on dry 1478 

ice, and storing at -80C in 1.5 mL polypropylene tubes (Thermo Scientific #3451). Total 1479 

RNA was extracted from snap-frozen pellets using a PureLink RNA extraction kit 1480 

(Invitrogen #12183018A) in conjunction with an on-column PureLink DNase treatment 1481 

(Invitrogen #12185-010). All DNA-free RNA was eluted in 30 uL of sterile nuclease-free 1482 

water (Invitrogen #10977023) then stored at -80°C after aliquoting 2uL for downstream 1483 

quality control. 1484 

 RNA extractions were diluted prior to quality control by combining 3uL stock with 1485 

3uL of nuclease-free water for a dilution factor of 2. To determine the concentration, 1 uL 1486 

of diluted RNA was quantified in duplicate using a broad-range Qubit fluorometer 1487 

(Invitrogen #Q10211) and the average value was used. To assess the RNA Integrity (RIN) 1488 

before library preparation, 2uL of diluted RNA was analyzed on an Agilent 4150 1489 

Tapestation System using High Sensitivity RNA Screen Tapes (Agilent #5067-5579) and 1490 

ladder (Agilent #5067-5581) per manufacturer instructions. RNA extractions with a RIN 1491 

value less than 8.2 were not used to prepare subsequent RNA-sequencing libraries.  1492 

16. RNA-seq: library preparation, quality control, quantification, sequencing. 1493 

Total RNA was converted into DNA libraries using a TruSeq Stranded Total RNA 1494 

Library Prep Gold kit (Illumina #20020599) and 96-well plates (Thermo Scientific 1495 

#N8010560), which were sealed with microfilms (Thermo Scientific #4306311). All nucleic 1496 
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acids in this protocol were stored at -80°C and all the following bead-based clean-up steps 1497 

were performed using the following reagents: AMPure XP beads (Beckman Coulter 1498 

#A63881), 200 proof ethanol (Fisher Scientific #BP2818-500), sterile nuclease-free water 1499 

(Invitrogen #10977023), and a 96-well magnetic stand (Invitrogen #AM10027).  1500 

 First, to ensure all RNA samples were converted into RNA-sequencing libraries 1501 

using identical inputs, all RNA samples were diluted to the same concentration in ELB 1502 

buffer (Illumina #20020599). Next, to simultaneously fragmented and depleted samples 1503 

of ribosomal RNA (rRNA), ~300 ng of diluted RNA was mixed with 8.5 uL of EPH buffer 1504 

(Illumina #20020599) and 1 uL of FastSelect rRNA-depletion enzyme (Qiagen #335377). 1505 

To complete the fragmentation and deletion process, this 17 uL reaction was then placed 1506 

on a T100 Thermal Cycler (Biorad #1861096) using the following program recommended 1507 

by the Qiagen FastSelect handbook: 94°C for 8 minutes, 75°C for 2 minutes, 70°C for 2 1508 

minutes, 65°C for 2 minutes, 60°C for 2 minutes, 55°C for 2 minutes, 37°C for 2 minutes, 1509 

25°C for 2 minutes, and then hold at 4°C.  1510 

The depleted and fragmented RNA was then converted into cDNA using random 1511 

hexamers following the library preparation workflow described in Illumina’s TruSeq 1512 

Stranded Total RNA Library Reference Guide (Document #1000000040499-v00). 1513 

Specifically, the 17 uL reaction from the previous step was directly used to ‘synthesize 1514 

first strand cDNA’ by combining this reaction with 8 uL of a master mix containing a ratio 1515 

of 1 uL of Superscript Reverse Transcriptase II (Invitrogen #18064-014) to 9 uL of FSA 1516 

(Illumina #20020599). After cDNA synthesis, the reactions were cleaned up using 1517 

AMPure XP beads and then adenylated at the 3’ ends according to Illumina’s TruSeq 1518 

Stranded Total RNA Library Reference Guide.  1519 
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Non-overlapping unique dual indexes ("IDT for illumina - Truseq RNA UD Indexes 1520 

v2 (96 indexes, 96 samples) -- cat#20040871") were then added to each reaction and 1521 

ligated according to manufacturer instructions. Following adapter ligation and AMPure XP 1522 

bead clean up, the DNA libraries were PCR amplified using primers specific to fragments 1523 

containing adapter sequences per manufacturer's instructions. Enriched DNA fragments 1524 

were then cleaned up using AMPure XP beads and final DNA libraries eluted in 30 uL of 1525 

RSB (Illumina #20020599). Before storing at -80C, DNA libraries were aliquoted for 1526 

quality control and quantification by diluting 3 uL of library with 3 uL of nuclease-free 1527 

sterile water. 1528 

Before pooling the resulting double-stranded libraries for next-generation 1529 

sequencing, all diluted library aliquots were quantified in duplicate using a Qubit dsDNA 1530 

HS fluorometer (Invitrogen #Q32854). Also library quality was assessed by analyzing 1531 

diluted library on an Agilent 4150 Tapestation System using D1000 HS Screen Tapes 1532 

(Agilent #5067-5584). To determine the average size of each library in base pairs (bp), 1533 

this screen tape data was analyzed on TapeStation software to include all fragments 1534 

ranging from 100bp to 850bp. Using the aforementioned library preparation protocol, each 1535 

library ranged from 300bp to 350bp, with an average size of 320bp. Next this data was 1536 

used to calculate the molarity of each original DNA library stock using the following 1537 

formula: (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑖𝑖𝑖𝑖 𝑛𝑛𝑛𝑛/𝑢𝑢𝑢𝑢)
( (660 𝑔𝑔/𝑚𝑚𝑚𝑚𝑚𝑚)× 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑖𝑖 𝐵𝐵𝐵𝐵)

× 106 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖 𝑛𝑛𝑛𝑛.  1538 

Lastly, RNA-seq libraries with non-overlapping barcodes (n=96 libraries) were 1539 

diluted to 1.5 nM in sterile nuclease-free water and then equivalent volumes of each 1.5 1540 

nM library were combined to create a single equimolar pool. This 1.5 nM pool of libraries 1541 

was re-analyzed using a Qubit dsDNA HS fluorometer and an Agilent 4150 Tapestation 1542 

System to confirm correct dilution and pooling.  1543 
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Then to reduce batch effect across our genomic assays, we sequenced our 1544 

equimolar 1.5 nM RNA-seq pool with our equimolar 1.5 nM ATAC-seq pool on an illumina 1545 

Novaseq6000 instrument in parallel on the same S4 flow cell, but separate lanes, using 1546 

a 300-cycle kit with an XP-workflow and paired-end mode -- resulting in ~150bp reads; 1547 

we loaded 2 lanes of ATAC-seq and 2 lanes of RNA-seq libraries. The run was 1548 

demultiplexed twice on illumina’s basespace server, once using RNA-seq adapter 1549 

sequences to obtain RNA-seq FASTQ files and another time using ATAC-seq adapter 1550 

sequences to obtain ATAC-seq FASTQ files as recommended by illumina. Adapter 1551 

sequences were also removed on illumina’s basespace during the demultiplexing process 1552 

-- resulting in adapter-free FASTQ files that were then downloaded and processed as 1553 

described below. 1554 

17. RNA-seq bioinformatics pipeline: 1555 

After next-generation sequencing, the RNA-seq data was demultiplexed, adapter 1556 

sequences were removed, and fastq sequencing files were generated for all samples. 1557 

Briefly, RNA-seq data was processed using the Arboleda lab’s RNA-seq pipeline 33 as 1558 

follows. First, the quality of raw reads was assessed using FastQC (v0.11.8)34. Next, raw 1559 

reads were mapped to the human genome by aligning raw reads against the Gencode 1560 

human genome version hg38 (v31, GRCh38) 35 using STAR (v2.7.0e) to generate bam 1561 

files 36. Gene expression was then estimated by generating gene count matrices from the 1562 

STAR-mapped raw reads and a GTF file of the human gene annotations from Gencode’s 1563 

primary assembly (v31, GRCh38) using FeatureCounts (v1.6.5)37 from the Subread 1564 

package 38. In the gene count matrices, only reads that uniquely mapped to exons were 1565 

counted for each gene.  1566 
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BigWig coverage tracks were generated directly from the STAR-mapped BAM files 1567 

output by the bioinformatics pipeline described above using bamCoverage from the 1568 

deepTools suite 39. Coverage was calculated using the default bin size and normalized 1569 

by counts per million mapped reads (CPM) to allow comparison of read density across 1570 

samples. All STAR-mapped reads present in the BAM files were included. BigWig 1571 

coverage tracks were visualized in Integrative Genomics Viewer (IGV) and annotated with 1572 

UCSC’s genome browser using annotation tracks like ENCODE cis-Regulatory Elements 1573 

and ENCODE Regulation. 1574 

18. RNA variant allele fraction analysis. 1575 

Allele frequencies of truncated KAT6A variants from the ARTHS-derived lines were 1576 

quantified from STAR-aligned, coordinate-sorted RNA-seq BAM files using samtools 40. 1577 

For each RNA-seq sample, reads mapping to the KAT6A locus (chr8:41,929,479–1578 

42,051,994; GRCh38) were extracted with samtools view, and per-base pileups were 1579 

generated with samtools mpileup against the GRCh38 reference genome (GENCODE 1580 

v31). Bases with a phred quality score below 20 were excluded from the pileup. At each 1581 

known truncated KAT6A variant position, the pileup output was parsed to count the 1582 

number of reads carrying either the reference base and alternate bases. For each 1583 

position, total read depth and alternate allele frequency (alternate read count / depth × 1584 

100) were recorded. Allele frequency results were then independently verified by manual 1585 

inspection of truncated allele positions in IGV. Within each timepoint, we used two-sided 1586 

Mann-Whitney U tests, a.k.a. Wilcoxon rank sum tests, to assess if there was a significant 1587 

difference between the KAT6A RNA variant allele fractions of early- and late-truncating 1588 

samples; this test was selected since the data was not normally distributed and the 1589 
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sample size was small; a p-value < 0.05 used as the significance threshold. The RNA 1590 

variant allele fractions and summary statistics are provided (Supplementary Tables 11).  1591 

19. ATAC-seq: library preparation, quality control, sequencing. 1592 

For each cell type (iPSC, day 15 NPCs, and neurons), ATAC-seq was performed 1593 

with 50,000 cells in both control and patient-derived cell lines in technical triplicate. For 1594 

each cell type, each line was lifted and counted in duplicate. ATAC-seq library generation 1595 

was performed as previously described41. Briefly the cells were collected and treated with 1596 

ATAC resuspension buffer for 3 minutes and the nuclei was pelleted at 500 RCF for 10 1597 

minutes at 4°C. The nuclei were then treated with Tn5 transposase (illumina #20034198) 1598 

at 37°C for 25 minutes and processed for making libraries (Nextera XT DNA Library 1599 

Preparation Kit (96 samples) # FC-131-1096). Samples were run on the Agilent DNA 1600 

TapeStation to confirm tagmentation pattern.  1601 

Then non-overlapping genomically barcoded ATAC-seq libraries (n = 114 libraries) 1602 

were all diluted to 1.5nM in sterile nuclease-free water and pooled at equimolar ratios to 1603 

create a 1.5 nM pool. This 1.5 nM pool was re-quantified and re-tapestationed to ensure 1604 

correct dilution and pooling as previously described. To reduce batch effect across our 1605 

genomic assays, we sequenced our equimolar 1.5 nM RNA-seq and equimolar 1.5 nM 1606 

ATAC-seq pools on an illumina Novaseq6000 instrument in parallel on the same S4 flow 1607 

cell, but separate lanes, using a 300-cycle kit with an XP-workflow and paired-end modes 1608 

-- resulting in ~150bp reads; this processes is described above. 1609 

20. ATAC-seq bioinformatics pipeline:  1610 

After next-generation sequencing, the ATAC-seq data was demultiplexed, adapter 1611 

sequences were removed, and fastq sequencing files were generated for all samples. To 1612 
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ensure the precise identification of cell-type-specific changes in chromatin accessibility 1613 

42, all ATAC-seq fastq files were grouped by cell type upfront and then processed as 1614 

follows using the Arboleda lab’s ATAC-seq pipeline 33. Similar to the Arboleda lab’s RNA-1615 

seq pipeline, first, the quality of raw reads was assessed using FastQC (v0.11.8) 34. Next, 1616 

raw reads were mapped to the human genome by aligning raw reads against the Gencode 1617 

human genome version hg38 (v31, GRCh38) 35 using BWA-MEM 43,44. BAM files were 1618 

then sorted, indexed, and filtered with Samtools 40 to remove chrX, chrY, and MT reads. 1619 

We then used Picard 45 to generate insert-size histograms and remove duplicates from 1620 

BAM files; mapping statistics were also evaluated for BAM files with samtools. Next, we 1621 

used MACS2 callpeak 46,47 to call narrow peaks for each sample; peaks that overlapped 1622 

by at least 1 base were then merged using BEDtools merge 48 . Next, reads overlapping 1623 

these merged peaks were counted using featurecounts 37. We also annotated peaks 1624 

using the “annotatePeaks.pl” command of the Hypergeometric Optimization of Motif 1625 

EnRichment (HOMER, v4.9) package 49,50 -- allowing us to assign genomic features (e.g. 1626 

exons, introns, promoters) to each peak. 1627 

BigWig coverage tracks were generated directly from the BWA-MEM-mapped 1628 

BAM files output by the bioinformatics pipeline described above, which filtered out chrX, 1629 

chrY, and mitochondrial reads. BigWig coverage tracks were generated using 1630 

bamCoverage from the deepTools suite 39, with coverage calculated using the default bin 1631 

size and normalized by counts per million mapped reads (CPM) to allow comparison of 1632 

read density across samples. All reads present in these BWA-MEM-mapped BAM files 1633 

were included. BigWig coverage tracks were visualized in Integrative Genomics Viewer 1634 

(IGV) and annotated with UCSC's genome browser using annotation tracks like ENCODE 1635 

cis-Regulatory Elements and ENCODE Regulation. 1636 
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21. DESeq2: differential expression and chromatin accessibility. 1637 

Differential gene expression analysis was performed on the RNA-seq counts 1638 

matrix using DESeq2 51,52 , which internally normalizes for library size and models read 1639 

counts using a negative binomial distribution. Two comparisons were performed between 1640 

the three groups (control, early-truncating, late-truncating): (1) early-truncating KAT6A 1641 

versus control samples or (2) late-truncating KAT6A versus control samples; for both 1642 

comparisons, sex was included as a covariate in the design formula (~ sex + group) to 1643 

adjust for sex since males and females were present in all three groups. While for the 1644 

PF9363 treatment experiments, we compared treated versus untreated samples, 1645 

adjusting for cell line by including it as a covariate (~ cell_line + treatment) to isolate the 1646 

effect of PF9363 across biological replicates. All log2 fold changes, log2FC, are reported 1647 

as  log₂(truncating/control) or  log₂(treated/untreated). Hypothesis testing was performed 1648 

with the Wald test and p-values were adjusted for multiple testing with Benjamini–1649 

Hochberg. Log2FC were shrunk using the lfcShrink() function with the apeglm estimator 1650 

53 for approximate posterior estimation of GLM coefficients. Genes with an adjusted p-1651 

value < 0.05 and |log2FC| > 0.58 were considered as significantly differentially expressed 1652 

genes (sigDEGs) and used in the downstream analyses as described in other sections. 1653 

Differentially accessible peaks were identified from the ATAC-seq peak count 1654 

matrix using DESeq2, following the same statistical framework and comparison structures 1655 

as the RNA-seq analysis described above; note modification: the DESeq2 analysis for 1656 

the “day 15: NPC” ATAC-seq was adjusted for differentiation batch, so the design formula 1657 

used for these specific comparisons was (~ sex + batch + group). Significance was also 1658 

assessed with the Wald test and p-values were also adjusted with Benjamini–Hochberg. 1659 

Similarly, log2FC were shrunk using apeglm. We used the same significance cutoffs as 1660 
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was used to identify sigDEGs, peaks with an adjusted p-value < 0.05 and |log2FC| > 0.58 1661 

were considered significantly differentially accessible (sigPeaks) and used in the 1662 

downstream analyses as described in other sections. 1663 

For all early- and late-truncating RNAseq and ATACseq comparisons from iPSCs, 1664 

NPC day 15, and neurons -- we provide significant DESeq2 results as tables 1665 

(Supplementary Tables 12-23). We also provide significant results for treatment-related 1666 

RNAseq and ATACseq comparisons below in the treatment-related sections for clarity. 1667 

22. ClusterProfiler: enrichment analysis of RNA-seq & ATAC-seq results. 1668 

We performed gene enrichment analyses using ClusterProfiler 49 , with the Entrez 1669 

gene IDs of genes classified as sigDEGs or sigPeaks by DESeq2 as inputs. The 1670 

background gene universe was set to all the genes considered in the differential 1671 

expression or differential accessibility analyses. We used the “compareCluster” function 1672 

to run these gene enrichment analyses and used a corrected p-value < 0.05 as the 1673 

threshold for significance (Benjamini–Hochberg adjusted). These enrichment analyses 1674 

and visualization of results were performed according to the developer’s tutorials 54,55. 1675 

For all early- and late-truncating RNAseq and ATACseq comparisons from iPSCs, 1676 

NPC day 15, and neurons -- we provide significant enrichment results as tables 1677 

(Supplementary Tables 24-26). We also provide significant results for treatment-related 1678 

RNAseq and ATACseq comparisons below in the treatment-related sections for clarity. 1679 

23. HOMER: motif analysis of RNA-seq and ATAC-seq results. 1680 

 Transcription factor binding motif analysis was performed on significant RNA-seq 1681 

and ATAC-seq results described above using HOMER 49,50. For RNA-seq sigDEGs, 1682 

enrichment was assessed in the promoters of each input gene list using HOMER’s 1683 
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“findMotifs.pl” function and the human genome (hg38) as reference; input text files were 1684 

a single header-less column of Ensembl gene IDs. For ATAC-seq, enrichment was 1685 

evaluated across the genomic intervals of sigPeaks using the “findMotifsGenome.pl” 1686 

function and the human genome (hg38) as reference with a fixed window size of 200 bp 1687 

that was centered at each sigPeak (-size 200); here, input BED files were six-column 1688 

denoting: chromosome, start position, end position, a unique peak identifier, peak 1689 

metadata, and strand information.  1690 

For the motif analysis of integrated RNAseq and ATACseq (RxA), we overlapped 1691 

the gene names from RNAseq sigDEGs with gene names assigned to the ATACseq 1692 

sigPeaks to identify genes that were dysregulated across both omics layers -- and then 1693 

ran enrichment analysis using the associated BED files for those sigPeaks as previously 1694 

described. For all motif analyses, HOMER's default GC-matched background was used 1695 

to identify enriched known and de novo motifs. Significantly enriched motifs were 1696 

considered those with a p-value < 0.05. The HOMER motif enrichment results are 1697 

provided as tables (Supplementary Tables 27-38). 1698 

24. ChIPseq and target gene lists. 1699 

Only significant ChIPseq peak results were downloaded as BED files from ChIP-1700 

Atlas using their “Peak Browser" feature (https://chip-atlas.org/) for homo sapiens 1701 

genome version hg38 56–59. All downloads used a statistical significance threshold of Q-1702 

value < 1E-05 for peak calling and were calculated by the ChIP-Atlas using the MACS2 1703 

peak caller 46. To find high-confidence binding sites, significant peak data was 1704 

downloaded from all available cell types. At the time of BED-file download, significant 1705 

peak information for: KAT6A consisted of 9 independent datasets and FOS consisted of 1706 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 14, 2026. ; https://doi.org/10.64898/2026.08.11.26358095doi: medRxiv preprint 

https://chip-atlas.org/
https://doi.org/10.64898/2026.08.11.26358095
http://creativecommons.org/licenses/by-nc-nd/4.0/


70 independent datasets. KAT6A and FOS BED files were visualized (Fig. 4) with 1707 

Integrative Genomics Viewer (IGV) software (ver 2.19.6) 60–63.  1708 

To construct the ChIPseq interaction network and target heatmaps (Fig. 4), human 1709 

ChIPseq target gene lists (hg38) for the nodes in this network were downloaded from 1710 

ChIP-Atlas 56–59 and TFLink gateway 64. The ChIPseq interactions between these nodes 1711 

were visualized using Cytoscape 65,66 after excluding self-binding interactions for clarity. 1712 

The non-ChIPseq RBFOX1 target list was constructed by downloading it from a study of 1713 

RBP alternative-splicing events in RBP knockout mice RNAseq 67, converting mouse 1714 

identifiers to human identifiers with biomaRt 68,69. We provide the target lists of KAT6A, 1715 

FOS, PTBP1, and RBFOX1 used in this study (Supplementary Tables 39-42). 1716 

25. Proteomic mass spectrometry. 1717 

Briefly, the proteomics mass spectrometry was conducted as described below in 1718 

all nine biologically-independent iPSC lines used in this study and their neural derivatives 1719 

(i.e. day 15 NPCs and neurons); these 9 cell lines were from 4 controls (00iCTR, 3iCTR, 1720 

83iCTR, 888iCTR), 2 early-truncating (1948iKAT6A, 1135iKAT6A), and 3 late-truncating 1721 

(1618iKAT6A, 1521iKAT6A, 1105iKAT6A). Whole cell lysate was extracted from these 1722 

samples and concentrations were measured as previously described in the ‘protein 1723 

extraction and quantification’ methods section.  1724 

Normalized protein samples were sequentially reduced and alkylated using 5 mM 1725 

tris(2-carboxyethyl)phosphine and 10 mM iodoacetamide, respectively followed by 1726 

purification using the protein aggregation capture (PAC) approach 70, after which they 1727 

were digested overnight at 37 °C with Lys-C and trypsin. The resulting peptides were 1728 

subsequently dried and prepared for LC-MS/MS analysis. 1729 
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The dried tryptic peptides were reconstituted in 5% formic acid and analyzed by 1730 

liquid chromatography–mass spectrometry (LC-MS)-based proteomics using a Vanquish 1731 

Neo UHPLC system coupled to an Orbitrap Astral mass spectrometer (Thermo Fisher 1732 

Scientific, Bremen, Germany). In brief, peptides were loaded onto a PepSep C18 reverse-1733 

phase column (150 mm × 150 µm, 1.7 µm particle size) maintained at 59 °C and 1734 

introduced into the Orbitrap Astral mass spectrometer through electrospray ionization. 1735 

Chromatographic separation was carried out on the Vanquish Neo UHPLC using a trap-1736 

and-elute configuration. Mobile phase A consisted of water containing 0.1% formic acid, 1737 

whereas mobile phase B contained acetonitrile with 0.1% formic acid. The 15-minute 1738 

gradient was programmed as follows: 5% B from 0–1 min (flow rate = 2.45 µL/min), 5%–1739 

15% B from 1–5 min (1.75 µL/min), 15%–25% B from 5–12.6 min (1.75 µL/min), 25%–1740 

38% B from 12.6–13.6 min (1.75 µL/min), and 38%–80% B from 13.6–13.7 min (2.45 1741 

µL/min), followed by a hold at 80% B until 15 min (2.45 µL/min). 1742 

Data-independent acquisition (DIA) was carried out on the Astral mass 1743 

spectrometer operating in positive electrospray ionization mode. MS1 spectra were 1744 

recorded at a resolution of 240,000 over an m/z range of 380–980, with a normalized 1745 

AGC target of 500% and a maximum injection time of 3 ms. DIA scans were performed 1746 

using consecutive 4 m/z-wide isolation windows spanning the 380–980 m/z range. MS2 1747 

spectra were acquired at a resolution of 80,000 with a normalized higher-energy 1748 

collisional dissociation (HCD) energy of 25%, a normalized AGC target of 500%, and a 1749 

maximum injection time of 7 ms. 1750 

Thermo RAW files were processed using DIA-NN against an in silico spectral 1751 

library generated from the Homo sapiens reference proteome (UP0000005640) 71. The 1752 

DIA-NN output was subsequently evaluated in FragPipe Analyst to identify differentially 1753 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 14, 2026. ; https://doi.org/10.64898/2026.08.11.26358095doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.11.26358095
http://creativecommons.org/licenses/by-nc-nd/4.0/


regulated proteins using the limma package from R Bioconductor 72 . A cutoff value of p-1754 

value < 0.05 was used to determine differentially enriched/abundant proteins in each of 1755 

the following comparisons across 3 cell types (iPSCs, day 15 NPCs, and neurons): “Early-1756 

truncating vs. Control” and “Late-truncating vs. Control”; all log2(foldchange) results for 1757 

these analyses are reported as log2(truncating/control). The significantly differentially 1758 

abundant protein results from this proteomic mass spectrometry are included 1759 

(Supplementary Tables 43-48). 1760 

26. Seahorse XF Assay: iPSC setup and settings. 1761 

Two days prior to running the seahorse XF assay, iPSC lines were seeded as 1762 

previously described into matrix-coated seahorse XF96 cell 96-well plates (Agilent 1763 

103794-100), avoiding the outer parameter of wells which were filled with 1X DPBS to 1764 

prevent evaporation of inner wells. Briefly, vitronectin stock (0.5 mg/mL) was diluted 1765 

1/1000 as previously described then 106uL of diluted matrix was added to each well to 1766 

obtain typical mass per cm2 (assumes 0.106 cm2) -- followed by overnight incubation at 1767 

37C before use. For all iPSC lines, ~12 wells were plated at a total of ~80,000 cells per 1768 

well using accutase. The following lines were used and were at approximately passage 1769 

20 at the time of analysis: two controls (83iCTR, 888iCTR), one early-truncating 1770 

(1135iKAT6A), and two late-truncating (1105iKAT6A, 1618iKAT6A). Cells were plated in 1771 

100 uL of complete E8 supplemented with 10 μM Y-27632, the following day a complete 1772 

media change was performed to remove Y-27632 and allow cells to recover before 1773 

analysis. Two days after seeding, the seahorse plate was submitted to the UCLA 1774 

mitochondrial core for seahorse XF analysis. The core ran the plate using the following 1775 

optimized settings for this cell type: 0.75 uM FCCP for injection 1, 1.35 uM FCCP for 1776 

injection 2, 2 uM oligomycin, 1 uM Rotenone, and 2uM Antimycin A. 1777 
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27. Seahorse XF Assay: NPC setup and settings. 1778 

Four days prior to running the seahorse XF assay, NPC lines were seeded as 1779 

previously described into matrix-coated seahorse XF96 cell 96-well plates (Agilent 1780 

103794-100), avoiding the outer parameter of wells which were filled with 1X DPBS to 1781 

prevent evaporation of inner wells. Plates were double-coated with 106 uL of diluted PLO 1782 

stock (stock: 5 mg/mL) and then 106 uL of diluted laminin stock (stock: 1 mg/mL) at 1783 

1/1000 as previously described to obtain typical mass per cm2 (assumes 0.106 cm2) and 1784 

incubated overnight at 37C before use. For all NPC lines, ~12 wells were plated at a total 1785 

of ~100,000 cells per well using accutase. The following lines were used and were at 1786 

approximately passage 4 at the time of analysis: two controls (83iCTR, 888iCTR), one 1787 

early-truncating (1135iKAT6A), and two late-truncating (1105iKAT6A, 1618iKAT6A). 1788 

Cells were plated in 100 uL of complete neural progenitor expansion media (Stem Cell 1789 

Technologies #05833) containing 10 μM Y-27632, the following day a complete media 1790 

change was performed to remove Y-27632 and allow cells to recover before analysis. 1791 

Four days after seeding, the seahorse plate was submitted to the UCLA mitochondrial 1792 

core for seahorse XF analysis. The core ran the plate using the following optimized 1793 

settings for this cell type: 0.75 uM FCCP for injection 1, 1.35 uM FCCP for injection 2, 2 1794 

uM oligomycin, 1 uM Rotenone, and 2uM Antimycin A. 1795 

28. Seahorse XF Assay: Neuron setup and settings. 1796 

Two days prior to the end of the neuron differentiation protocol (28 of 30 days) and 1797 

prior to running the seahorse XF assay, neuron lines were seeded as previously 1798 

described into matrix-coated seahorse XF96 cell 96-well plates (Agilent 103794-100), 1799 

avoiding the outer parameter of wells which were filled with 1X DPBS to prevent 1800 

evaporation of inner wells. Plates were double-coated with 106 uL of diluted PLO stock 1801 
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(stock: 5 mg/mL) and then 106 uL of diluted laminin stock (stock: 1 mg/mL) at 1/1000 as 1802 

previously described to obtain typical mass per cm2 (assumes 0.106 cm2) and incubated 1803 

overnight at 37C before use. For all neuron lines, ~5 wells were plated at a total of 1804 

~16,000 cells per well using accutase. The following lines were used and were at day 30 1805 

of neuron differentiation at the time of analysis: four controls (83iCTR, 888iCTR, 00iCTR, 1806 

3iCTR), two early-truncating (1135iKAT6A, 1948iKAT6A), and two late-truncating 1807 

(1521iKAT6A, 1618iKAT6A). Cells were plated in 100 uL of neuron media containing 10 1808 

μM Y-27632, the following day a complete media change was performed to remove Y-1809 

27632 and allow cells to recover before analysis. Two days after seeding, the seahorse 1810 

plate was submitted to the UCLA mitochondrial core for seahorse XF analysis. The core 1811 

ran the plate using the following optimized settings for this cell type: 1.25 uM FCCP for 1812 

injection 1, 2.25 uM FCCP for injection 2, 2 uM oligomycin, 1 uM Rotenone, and 2uM 1813 

Antimycin A. 1814 

29. Seahorse XF Assay: data analysis. 1815 

Oxygen consumption rate (OCR) and the extracellular acidification rate (ECAR) 1816 

were measured in a Seahorse XF96 Extracellular Flux Analyzer (Agilent Technologies). 1817 

Cells were seeded and cultured on a Seahorse XF96 plate as previously described. On 1818 

the day of the assay, cells were washed with Seahorse assay medium supplemented with 1819 

5 mM glucose, 2 mM glutamine, and 1 mM sodium pyruvate; pH 7.4. Compounds were 1820 

injected sequentially during the assay resulting with oligomycin in Port A, FCCP in Ports 1821 

B and C, and rotenone and antimycin in Port D. Rate measurements were normalized to 1822 

cell number by counting Hoechst-stained nuclei (5 μg/mL Hoechst) on an Operetta High-1823 

Content Imaging System (PerkinElmer). Respirometry parameters were calculated as 1824 

described by Divakaruni et al. and DeSousa et al. for the ATP production rates 73,74. 1825 
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Statistical analysis was performed on cell count-normalized results in Graphpad PRISM 1826 

software using either a one-way or two-way ANOVA, each with Tukey's multiple 1827 

comparisons test, to compare the means across the three genotypes, applying a 1828 

significance threshold of p-adj < 0.05 in accordance with accepted statistical standards 1829 

31,32. The seahorse results and statistical analysis results for each  cell type are provided 1830 

(Supplementary Tables 49-51).  1831 

30. Quantitative IF of neuron mitochondria: "mean per cell GRP75 expression" and 1832 

"mean per cell mitochondrial physiology". 1833 

Confocal assessment of "mean per cell GRP75 expression" as "mean fluorescent 1834 

intensity per cell" (Fig. 5J-K): 1835 

● Seeding, staining, imaging: Day-70 neuronal cultures were stained and imaged 1836 

as previously described in “Quantitative IF: staining protocol and confocal imaging” 1837 

section above. The following cell lines were used: 4 controls (83iCTR, 888iCTR, 1838 

00iCTR, 3iCTR), 2 early-truncating (1135iKAT6A, 1948iKAT6A), and 3 late-1839 

truncating (1521iKAT6A, 1618iKAT6A, 1105iKAT6A) -- and cultures were stained 1840 

for GRP75 using a rabbit anti-GRP75 antibody (Cell Signaling #3593S). 1841 

● Quantification and analysis: To assess if there was a significant difference in 1842 

GRP75 protein expression across the three groups (control, early, late) -- we 1843 

quantified the "mean fluorescent intensity per cell" of GRP75 staining in day-70 1844 

neuronal cultures as exactly as described in the “Quantitative IF: confocal 1845 

assessment of “mean per cell expression”” section above. These results are 1846 

plotted as box plots with individual images overlaid as points (Fig. 5K) and the 1847 

statistical analysis of this quantification is provided (Supplementary Table 52). 1848 
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High-content imaging assessment of "mean per cell mitochondrial physiology" as "mean 1849 

mitochondrial content, morphology, and size per cell" (Fig. 5L-N): 1850 

● Seeding: Two days prior to the end of the neuron differentiation protocol, cells 1851 

were seeded using accutase as previously described into matrix-coated 96-well 1852 

black phenotyping plates (Revvity #6055302). Plates were double-coated with 200 1853 

uL of diluted PLO stock (stock: 5 mg/mL) and then 200 uL of diluted laminin stock 1854 

(stock: 1 mg/mL) at 1/400 as previously described to obtain typical mass per cm2 1855 

(assumes 0.5 cm2) and prevent evaporation during overnight 37C incubation 1856 

required prior to use. For all neuron lines, ~5 wells were plated at a total of ~16,000 1857 

cells per well. The following lines were used and were at day 30 of neuron 1858 

differentiation at the time of analysis: four controls (83iCTR, 888iCTR, 00iCTR, 1859 

3iCTR), two early-truncating (1135iKAT6A, 1948iKAT6A), and two late-truncating 1860 

(1521iKAT6A, 1618iKAT6A). One day after seeding, a complete media change 1861 

was performed to remove Y-27632.  1862 

● Staining: Two days after seeding, which marked the end of the neuron 1863 

differentiation protocol, day-70 cells were fixed with room temperature 4% PFA 1864 

(Thermofisher AAJ19943K2) for 15 minutes at 37C to preserve mitochondrial 1865 

morphology. After fixation, cells were washed four times with 1X DPBS to remove 1866 

excess fixative. Cells were then stored in 1X DPBS and submitted to the UCLA 1867 

mitochondrial core for processing. To assess mitochondrial morphology, the cells 1868 

were stained, imagined, and analyzed as follows. Cells were permeabilized with 1869 

0.1% Triton X-100 (Sigma-Aldrich, T8787), 0.05% sodium deoxycholate (Sigma-1870 

Aldrich, 30970) in PBS, blocked, and stained with primary and secondary 1871 

antibodies in blocking solution containing 5% donkey serum (Millipore Sigma, S30-1872 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 14, 2026. ; https://doi.org/10.64898/2026.08.11.26358095doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.11.26358095
http://creativecommons.org/licenses/by-nc-nd/4.0/


M) using their respective dilutions; cultures were stained with mouse anti-GRP75 1873 

antibody (Antibody Inc NeuroMab, SKU: 75-127). After nuclear staining with DAPI, 1874 

cells were kept in PBS at 4ºC until imaging. 1875 

● Imaging: 3D image stacks were acquired at optimal Z-distance and reconstructed 1876 

as Maximum Z-projections. Images were acquired with the Image Xpress Micro 1877 

Confocal high-content imaging system (Molecular Devices) with a 40x/1.2 N.A. 1878 

water objective.  1879 

● Quantification and analysis: A TopHat filter was applied to segment 1880 

mitochondria, and a Gaussian Filter was applied to segment cellular area together 1881 

with DAPI for nuclei detection. The images were then thresholded and transformed 1882 

into a binary segmentation. To assess if there was a significant difference in 1883 

mitochondrial physiology, we compared the segmented area of the following 1884 

parameters across the groups (control, early, late) using unpaired two-sided t-1885 

tests: (1) "mean mitochondrial content per cell" as the “mean total mitochondrial 1886 

area per cell”, (2) "mean mitochondrial morphology per cell" as the “mean shape 1887 

factor per cell”, and (3) "mean mitochondrial size per cell" as the “mean 1888 

mitochondrial area per cell”;  individual wells were the unit of analysis and p-values 1889 

were corrected for using Benjamini-Hochberg procedure. Results were plotted as 1890 

violin plots with individual wells overlaid as points (Fig. 5L-N) and the statistical 1891 

analysis of this quantification are provided (Supplementary Table 52).  1892 

31. Metabolite mass spectrometry: set up, input quantification, and extraction. 1893 

To capture the metabolite profile of neurons at 30-days differentiation, cultures 1894 

were reseeded at day 28 of 30 for metabolite mass spectrometry at a density of ~52,631 1895 

cells per cm2 on PLO+Laminin-coated 12-well plates (Costar #3512) in 1000 uL of neuron 1896 
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media containing 10 μM Y-27632. The following day (day 29 of 30), Y-27632 was 1897 

removed via complete media change. On day 30 of neuron differentiation, cultures were 1898 

switched to labeled glucose (U-¹³C₆) media for ~30 hours before metabolite extraction. 1899 

The basal media used to prepare the labeling media contained no glucose, no glutamine, 1900 

and no phenol red (Thermofisher A1443001). The final composition of the labeling media 1901 

was: 2mM glutamine (Thermofisher 35050061), 1mM pyruvate (Thermofisher 11360070), 1902 

10mM U-¹³C₆ D-Glucose (Cambridge Isotope Laboratories CLM-1396-PK). After 1903 

combining these elements, the labeling media was filter-sterilized. 1904 

For this analysis, each cell line was seeded in quadruplicate with three replicates 1905 

used for extraction and one replicate used for counting to determine input amount; a 1906 

minimum of 100,000 cells was used per condition. The following lines were used: four 1907 

controls (00ictr, 3ictr, 83ictr, 888ictr), two early-truncating (1135ikat6ta, 1948ikat6a), and 1908 

two late-truncating (1521ikat6a, 1618ikat6a). Each input sample was counted a minimum 1909 

of four times with a countess II and the average of these values were later used for input-1910 

normalization of the resulting data. The remaining three wells were extracted on ice by 1911 

first completely aspirating media off the wells, and then gently washing cells twice with 1912 

ice cold 150 mM ammonium acetate (Sigma-Aldrich, A2706-100ML) without disturbing 1913 

them. After completely aspirating off all ammonium acetate, metabolites were extracted 1914 

by first adding -80C extraction solution (composed of 80% methanol supplemented with 1915 

100nM trifluoromethanesulfonate) to each well then placing the plate in the -80C freezer 1916 

for 15 minutes. Afterwards, plates were placed back on ice and cells were scraped off 1917 

(corning 3008) into the extraction solution and transferred into 2mL microcentrifuge tubes 1918 

then vortexed vigorously. Next, tubes were centrifuged at 17,000g for 10 min at 4°C, then 1919 

250 uL of the supernatant was transferred to new 2mL tubes for evaporation. Metabolite 1920 
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extracts were immediately dried with N2 evaporation and stored at -80C for further 1921 

processing as described below. 1922 

32. Metabolite mass spectrometry: data generation, processing, and analysis. 1923 

Dried metabolites were reconstituted in 100 µL of a 50% acetonitrile (ACN) 50% 1924 

dH20 solution. Samples were vortexed and spun down for 10 min at 17,000g. 70 µL of 1925 

the supernatant was then transferred to HPLC glass vials. 10 µL of these metabolite 1926 

solutions were injected per analysis. Samples were run on a Vanquish (Thermo Scientific) 1927 

UHPLC system with mobile phase A (20mM ammonium carbonate, pH 9.7) and mobile 1928 

phase B (100% ACN) at a flow rate of 150 µL/min on a SeQuant ZIC-pHILIC Polymeric 1929 

column (2.1 × 150 mm 5 μm, EMD Millipore) at 35°C. Separation was achieved with a 1930 

linear gradient from 20% A to 80% A in 20 min followed by a linear gradient from 80% A 1931 

to 20% A from 20 min to 20.5 min. 20% A was then held from 20.5 min to 28 min. The 1932 

UHPLC was coupled to a Q-Exactive (Thermo Scientific) mass analyzer running in 1933 

polarity switching mode with spray-voltage=3.2kV, sheath-gas=40, aux-gas=15, sweep-1934 

gas=1, aux-gas-temp=350°C, and capillary-temp=275°C. For both polarities mass scan 1935 

settings were kept at full-scan-range = (70-1000), ms1-resolution=70,000, max-injection-1936 

time=250ms, and AGC-target=1E6.  1937 

MS2 data was also collected from the top three most abundant singly-charged ions 1938 

in each scan with normalized-collision-energy=35. Each of the resulting “.RAW” files was 1939 

then centroided and converted into two “.mzXML” files (one for positive scans and one 1940 

for negative scans) using msconvert from ProteoWizard 75. These “.mzXML” files were 1941 

imported into the MZmine 2 software package 76. Ion chromatograms were generated 1942 

from MS1 spectra via the built-in Automated Data Analysis Pipeline (ADAP) 1943 

chromatogram module and peaks were detected via the ADAP wavelets algorithm 77. 1944 
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Peaks were aligned across all samples via the Random sample consensus aligner 1945 

module, gap-filled, and assigned identities using an exact mass MS1(+/-15ppm) and 1946 

retention time RT (+/-0.5min) search of our in-house MS1-RT database. Peak boundaries 1947 

and identifications were then further refined by manual curation. Peaks were quantified 1948 

by area under the curve integration and exported as CSV files. If stable isotope tracing 1949 

was used in the experiment, the peak areas were additionally processed via the R 1950 

package AccuCor 2 to correct for natural isotope abundance 78. Peak areas for each 1951 

sample were normalized by the measured area of the internal standard 1952 

trifluoromethanesulfonate (present in the extraction buffer) and by the number of cells 1953 

present in the extracted well.  1954 

We assessed global differences in overall pooled metabolite levels between the 1955 

three groups (controls, early-truncating, and late-truncating) using input-normalized data 1956 

using a one-way ANOVA with the following significance threshold cutoffs: * p-value < 1957 

0.05, ** p-value < 0.01, *** p-value < 0.001. This analysis identified 75 metabolites that 1958 

were significantly differentially abundant across the three groups (Supplementary Table 1959 

53). The results of this ANOVA analysis are displayed as heatmaps of the  log₂(FC) of 1960 

total pooled metabolite levels in truncated and control neuronal cultures where  log₂(FC) 1961 

is calculated as  log₂(individual sample value/average value of control group) and values 1962 

are the sum of all its isotopomers after input normalization for cell number and 1963 

trifluoromethanesulfonate (Fig. 5, Extended Data Fig. 6). We then performed a pathway-1964 

based metabolite set enrichment analysis on the compound names of these 75 significant 1965 

metabolites with Metaboanalyst 6.0 (https://www.metaboanalyst.ca/) 79 using the 1966 

following settings: Over Representation Analysis (ORA) algorithm, the SMPDB metabolite 1967 

set library, and a threshold of FDR < 0.05 (Supplementary Table 54). 1968 
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To determine specifically which groups were different and to what degree, we 1969 

performed pair-wise comparisons between the three groups using input-normalized total 1970 

pooled metabolite level (sum of all isotopomers) and the fractional contribution of the 1971 

labeled nutrient (Extended Data Fig. 6) with unpaired t-tests using Graphpad PRISM 1972 

software; the significance threshold was set to p-value < 0.05 for all pair-wise 1973 

comparisons in accordance with accepted statistical standards appropriate for each 1974 

comparison 31,32. We provide the input-normalized total pooled levels and fractional 1975 

contribution values for all detected metabolites (Supplementary Tables 55-56). 1976 

33. Kainate treatment and IERG assessment. 1977 

Neurons from one control line, one early-truncating line (1135iKAT6A), and one 1978 

late-truncating line (1521iKAT6A) were seeded into 24-well plates with a density of 1979 

~200,000 cells per well as previously described. The following day, cells were treated with 1980 

kainate (Cayman Chemicals, Item No. 78050) for 1 hour. After treatment, cells were 1981 

pelleted and RNA was  extracted (Qiagen, Cat no. 74104) per manufacturer instructions. 1982 

Extracted RNA was then submitted to UCLA’s Technology Center for Genomics & 1983 

Bioinformatics (TCGB) core facility for RNA-seq library preparation, quality-control, 1984 

sequencing, and data processing.  1985 

Briefly, RNA-seq libraries were prepared with ABclonal’s FAST mRNA Library Prep 1986 

Kit, followed by sequencing on an illumina Novaseq X plus instrument using paired-end 1987 

mode and a 100-cycle kit -- resulting in ~50bp reads. Demultiplexed and adapter-free 1988 

reads underwent quality control analysis and were aligned to the human genome 1989 

(GRCh38) using STAR. Aligned reads were then quantified in Partek Flow against gene 1990 

features defined by the Ensembl GTF annotation (v107) to generate a raw count matrix. 1991 
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Normalized RNA-seq counts were then generated by adding 1 × 10⁻⁴ to each raw count, 1992 

followed by counts-per-million (CPM) normalization. 1993 

To determine the effect of kainate treatment on truncated lines, the normalized 1994 

counts from early- and late-truncated RNA-seq samples were normalized to controls by 1995 

dividing: (1) untreated truncated samples by untreated controls or (2) kainate-treated 1996 

truncated samples by kainate-treated controls. We then calculated the log2 of each fold 1997 

change (truncated/control), so gene expression increases and decreases were scaled 1998 

symmetrically for statistical testing and visualization. 1999 

To assess the effects of kainate treatment across the two classes of truncating 2000 

variants, statistical analysis was performed on the log₂(truncated/control) RNA-seq 2001 

values by comparing untreated and kainate-treated samples using a RM one-way ANOVA 2002 

(matched by gene) with the Geisser-Greenhouse correction and Bonferroni-corrected 2003 

multiple comparisons in GraphPad Prism. This statistical analysis was applied to two 2004 

gene sets, all protein-coding genes (n = 19,999) and high-confidence IERGs (n = 19) 80 , 2005 

to test the genotype-specific effect of kainate on global and activity-dependent gene 2006 

expression effects, respectively. A significance threshold of p-adj < 0.05 was set, with 2007 

per-gene  log₂(truncated/control) RNAseq values and corresponding test statistics 2008 

provided (Supplementary Table 57).  2009 

34. PF9363 treatments. 2010 

Two control and three late-truncating NPC lines were treated with PF9363 at a final 2011 

concentration of 1uM (Selleck #E0146) for different durations during the 30-day neuronal 2012 

differentiation protocol; PF9363 was purchased at 10mM in DMSO, aliquoted on ice upon 2013 

arrival then stored at -80C for future use. For maximum potency, PF9363 was thawed 2014 
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and diluted fresh every time the cultures needed their standard media change, with 2015 

aliquots being thawed a maximum of two times before being discarded. On day 30 of 2016 

neuron differentiation, cultures were harvested and processed for genomic analysis as 2017 

described in the ATAC-seq and RNA-seq sections. 2018 

Control + PF9363: On day 0 of the 30-day neuronal differentiation protocol, two 2019 

control NPC lines (00iCTR, 83iCTR) were seeded in neuron media containing 10uM Y-2020 

27632 at a density of ~105,250 cells per cm2 on PLO+Laminin-coated plates and were 2021 

cared for as previously described. In these control-related PF9363 experiments, four days 2022 

after the two control NPC lines were seeded for neuronal differentiation (Day 4 of 30 2023 

days), cells were switched to neuron media containing freshly spiked-in 1uM PF9363 and 2024 

received fresh PF9363-containing neuron media during every subsequent media change 2025 

until the conclusion of the 30-day neuron differentiation protocol. 2026 

Late-truncating + PF9363: On day 0 of the 30-day neuronal differentiation protocol, 2027 

three late-truncating NPC lines (1105iKAT6A, 1521iKAT6A, 1618iKAT6A) were seeded 2028 

in neuron media containing 10uM Y-27632 at a density of ~105,250 cells per cm2 on 2029 

PLO+Laminin-coated plates and were cared for as previously detailed until PF9363 2030 

treatment. Then 11 days after their initial seeding (Day 11 of 30 days), late-truncating 2031 

cells were overly confluent and an abnormal cellular morphology started to emerge, so 2032 

cells were replated at the standard density of ~105,250 cells per cm2. The following day, 2033 

day 12 of 30 days, late-truncating cells were switched to neuron media supplemented 2034 

with 1uM PF9363, receiving fresh PF9363-containing neuron media every media change 2035 

until the conclusion of the 30-day differentiation protocol 2036 

Genomics analysis of both PF9363 paradigms: at the conclusion of PF9363 2037 

treatment, RNA-seq and ATAC-seq were performed and analyzed as described in the 2038 
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related sections above; we provide significant DESeq2 (Supplementary Tables 58-60) 2039 

and clusterprofiler enrichment results (Supplementary Tables 61-64). 2040 

35. Factor-based SPEAR multi-omic integration. 2041 

We fit SPEAR 81 on the RNA-seq, ATAC-seq, metabolite, and proteomic feature 2042 

count matrices using two factors and default weighting, excluding the data from the 2043 

KAT6A inhibitor experiment. The input counts were normalized using DESeq2 size factor 2044 

normalization and variance stabilizing transform for the RNA-seq and ATAC-seq data, log 2045 

transformation and z-score normalization for the metabolite data, and a log2 2046 

transformation with maximum intensity normalization for the proteomics data. We filtered 2047 

to only include autosomal genes in the RNA-seq input to avoid sex-specific biases and 2048 

then capped each modality to its 10000 most highly variable features.  2049 

After fitting, we identified factor 2 as the one affording separation between the late 2050 

truncating cultures and the early truncating and control cultures. We used the resulting 2051 

projection coefficients in the RNA-seq modality to rank genes based on their contribution 2052 

to factor 2. To compare enrichment of Late: PF vs. DMSO differentially expressed genes 2053 

from the inhibitor experiment in our gene ranking, we visualized the distribution of DE 2054 

genes in the ranking based on SPEAR projection coefficients versus the ranking based 2055 

on just the Late vs. Control DESeq2 log fold changes, showing enrichment for the former. 2056 

We additionally tested for enrichment of Late: PF vs. DMSO differentially expressed 2057 

genes in the top 500 genes nominated by the two rankings using a Chi-squared test, 2058 

resulting in a p= 2.3E10-5. We provide the top 50 features from each modality (ATAC-seq, 2059 

RNA-seq, proteomic and metabolite mass spectrometry) from Factor 2 (Supplementary 2060 

Table 65).   2061 
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36. Statistical analysis. 2062 

Statistical testing was performed in R (version 4.1.1) and GraphPad Prism (version 2063 

11). Statistical tests were selected based on data type, sample size, and experimental 2064 

setup -- with  the specific statistical tests applied to each dataset explicitly stated in the 2065 

relevant methods subsections above and individual figure legends. 2066 

 2067 

 2068 

REFERENCES FOR METHODS 2069 

1.  Hsieh TC, Bar-Haim A, Moosa S, Ehmke N, Gripp KW, Pantel JT, Danyel M, 2070 
Mensah MA, Horn D, Rosnev S, Fleischer N, Bonini G, Hustinx A, Schmid A, 2071 
Knaus A, Javanmardi B, Klinkhammer H, Lesmann H, Sivalingam S, Kamphans T, 2072 
Meiswinkel W, Ebstein F, Krüger E, Küry S, Bézieau S, Schmidt A, Peters S, 2073 
Engels H, Mangold E, Kreiß M, Cremer K, Perne C, Betz RC, Bender T, 2074 
Grundmann-Hauser K, Haack TB, Wagner M, Brunet T, Bentzen HB, Averdunk L, 2075 
Coetzer KC, Lyon GJ, Spielmann M, Schaaf CP, Mundlos S, Nöthen MM, Krawitz 2076 
PM. GestaltMatcher facilitates rare disease matching using facial phenotype 2077 
descriptors. Nat Genet. Springer Science and Business Media LLC; 2022 2078 
Mar;54(3):349–357. PMCID: PMC9272356 2079 

2.  Ringsted SB, Markholt S, Andreasen L, Gregersen PA. Phenotypic variability in a 2080 
family with an inherited KAT6A frameshift variant. Eur J Med Genet. Elsevier BV; 2081 
2025 Feb;73(104993):104993. PMID: 39740728 2082 

3.  Jiang M, Yang L, Wu J, Xiong F, Li J. A de novo heterozygous variant in KAT6A is 2083 
associated with a newly named neurodevelopmental disorder Arboleda-Tham 2084 
syndrome-a case report. Transl Pediatr. AME Publishing Company; 2021 2085 
June;10(6):1748–1754. PMCID: PMC8261581 2086 

4.  Bae S, Yang A, Kim J, Lee HJ, Park HK. Identification of a novel KAT6A variant in 2087 
an infant presenting with facial dysmorphism and developmental delay: a case 2088 
report and literature review. BMC Med Genomics. Springer Science and Business 2089 
Media LLC; 2021 Dec 20;14(1):297. PMCID: PMC8686292 2090 

5.  Bukvic N, Chetta M, Bagnulo R, Leotta V, Pantaleo A, Palumbo O, Palumbo P, Oro 2091 
M, Rivieccio M, Laforgia N, De Rinaldis M, Rosati A, Kerkhof J, Sadikovic B, Resta 2092 
N. What have we learned from patients who have Arboleda-Tham syndrome due to 2093 
a DE Novo KAT6A pathogenic variant with impaired histone acetyltransferase 2094 
function? A precise clinical description may be critical for genetic testing approach 2095 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 14, 2026. ; https://doi.org/10.64898/2026.08.11.26358095doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.11.26358095
http://creativecommons.org/licenses/by-nc-nd/4.0/


and final diagnosis. Genes (Basel). MDPI AG; 2023 Jan 7;14(1):165. PMCID: 2096 
PMC9859366 2097 

6.  Lin YF, Lin TC, Kirby R, Weng HY, Liu YM, Niu DM, Tsai SF, Yang CF. Diagnosis 2098 
of Arboleda-Tham syndrome by whole genome sequencing in an Asian boy with 2099 
severe developmental delay. Mol Genet Metab Rep. Elsevier BV; 2020 2100 
Dec;25(100686):100686. PMCID: PMC7723794 2101 

7.  Wang D, He J, Li X, Yan S, Pan L, Wang T, Zhou L, Liu J, Peng X. The clinical 2102 
spectrum of a nonsense mutation in KAT6A: a case report. J Int Med Res. SAGE 2103 
Publications; 2022 Dec;50(12):3000605221140304. PMCID: PMC9806384 2104 

8.  Urreizti R, Lopez-Martin E, Martinez-Monseny A, Pujadas M, Castilla-Vallmanya L, 2105 
Pérez-Jurado LA, Serrano M, Natera-de Benito D, Martínez-Delgado B, Posada-2106 
de-la-Paz M, Alonso J, Marin-Reina P, O’Callaghan M, Grinberg D, Bermejo-2107 
Sánchez E, Balcells S. Five new cases of syndromic intellectual disability due to 2108 
KAT6A mutations: widening the molecular and clinical spectrum. Orphanet J Rare 2109 
Dis. Springer Science and Business Media LLC; 2020 Feb 10;15(1):44. PMCID: 2110 
PMC7011274 2111 

9.  Millan F, Cho MT, Retterer K, Monaghan KG, Bai R, Vitazka P, Everman DB, Smith 2112 
B, Angle B, Roberts V, Immken L, Nagakura H, DiFazio M, Sherr E, Haverfield E, 2113 
Friedman B, Telegrafi A, Juusola J, Chung WK, Bale S. Whole exome sequencing 2114 
reveals de novo pathogenic variants in KAT6A as a cause of a neurodevelopmental 2115 
disorder. Am J Med Genet A. 2016 July;170(7):1791–1798. PMID: 27133397 2116 

10.  Ai Q, Jiang L, Chen Y, Yao X, Yin J, Chen S. A case of KAT6A syndrome with a 2117 
newly discovered mutation in the KAT6A gene, mainly manifested as bone marrow 2118 
failure syndrome. Hematology. 2023 Dec;28(1):2182159. PMID: 36880793 2119 

11.  Troisi S, Maitz S, Severino M, Spano A, Cappuccio G, Brunetti-Pierri N, Torella A, 2120 
Nigro V, Tudp, Bilo L, Coppola A. Epilepsy in KAT6A syndrome: Description of two 2121 
individuals and revision of the literature. Eur J Med Genet. Elsevier BV; 2022 2122 
Jan;65(1):104380. PMID: 34748993 2123 

12.  Alkhateeb A, Alazaizeh W. A novel DE Novo frameshift mutation in KAT6A 2124 
identified by whole exome sequencing. J Pediatr Genet. Mathematical Modelling 2125 
and Numerical Simulation with Applications; 2019 Mar;8(1):10–14. PMCID: 2126 
PMC6375718 2127 

13.  Efthymiou S, Salpietro V, Bettencourt C, Houlden H. Paroxysmal movement 2128 
disorder and epilepsy caused by a DE Novo truncating mutation in KAT6A. J 2129 
Pediatr Genet. Necmettin Erbakan University Press; 2018 Sept;7(3):114–116. 2130 
PMCID: PMC6087480 2131 

14.  Murray CR, Abel SN, McClure MB, Foster J 2nd, Walke MI, Jayakar P, Bademci G, 2132 
Tekin M. Novel causative variants in DYRK1A, KARS, and KAT6A associated with 2133 
intellectual disability and additional phenotypic features. J Pediatr Genet. Necmettin 2134 
Erbakan University Press; 2017 June;6(2):77–83. PMCID: PMC5423827 2135 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 14, 2026. ; https://doi.org/10.64898/2026.08.11.26358095doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.11.26358095
http://creativecommons.org/licenses/by-nc-nd/4.0/


15.  Elenius V, Lähdesmäki T, Hietala M, Jartti T. Food allergy in a child with de novo 2136 
KAT6A mutation. Clin Transl Allergy. Wiley; 2017 June 22;7(1):19. PMCID: 2137 
PMC5480172 2138 

16.  Tham E, Lindstrand A, Santani A, Malmgren H, Nesbitt A, Dubbs HA, Zackai EH, 2139 
Parker MJ, Millan F, Rosenbaum K, Wilson GN, Nordgren A. Dominant mutations 2140 
in KAT6A cause intellectual disability with recognizable syndromic features. Am J 2141 
Hum Genet. 2015 Mar 5;96(3):507–513. PMCID: PMC4375419 2142 

17.  Arboleda VA, Lee H, Dorrani N, Zadeh N, Willis M, Macmurdo CF, Manning MA, 2143 
Kwan A, Hudgins L, Barthelemy F, Miceli MC, Quintero-Rivera F, Kantarci S, Strom 2144 
SP, Deignan JL, UCLA Clinical Genomics Center, Grody WW, Vilain E, Nelson SF. 2145 
De novo nonsense mutations in KAT6A, a lysine acetyl-transferase gene, cause a 2146 
syndrome including microcephaly and global developmental delay. Am J Hum 2147 
Genet. 2015 Mar 5;96(3):498–506. PMCID: PMC4375619 2148 

18.  Kennedy J, Goudie D, Blair E, Chandler K, Joss S, McKay V, Green A, Armstrong 2149 
R, Lees M, Kamien B, Hopper B, Tan TY, Yap P, Stark Z, Okamoto N, Miyake N, 2150 
Matsumoto N, Macnamara E, Murphy JL, McCormick E, Hakonarson H, Falk MJ, Li 2151 
D, Blackburn P, Klee E, Babovic-Vuksanovic D, Schelley S, Hudgins L, Kant S, 2152 
Isidor B, Cogne B, Bradbury K, Williams M, Patel C, Heussler H, Duff-Farrier C, 2153 
Lakeman P, Scurr I, Kini U, Elting M, Reijnders M, Schuurs-Hoeijmakers J, Wafik 2154 
M, Blomhoff A, Ruivenkamp CAL, Nibbeling E, Dingemans AJM, Douine ED, 2155 
Nelson SF, DDD Study, Hempel M, Bierhals T, Lessel D, Johannsen J, Arboleda 2156 
VA, Newbury-Ecob R. KAT6A Syndrome: genotype-phenotype correlation in 76 2157 
patients with pathogenic KAT6A variants. Genet Med. 2019 Apr;21(4):850–860. 2158 
PMCID: PMC6634310 2159 

19.  Tzung-Chien Hsieh et al. GestaltMatcher Database - A global reference for facial 2160 
phenotypic variability in rare human diseases [Internet]. Res. Sq. 2023. Available 2161 
from: https://www.researchsquare.com/article/rs-4438861/v1 2162 

20.  Hustinx A, Hellmann F, Sumer O, Javanmardi B, Andre E, Krawitz P, Hsieh TC. 2163 
Improving deep facial phenotyping for ultra-rare disorder verification using model 2164 
ensembles. 2023 IEEE/CVF Winter Conference on Applications of Computer Vision 2165 
(WACV) [Internet]. IEEE; 2023. Available from: 2166 
http://dx.doi.org/10.1109/wacv56688.2023.00499 2167 

21.  Mak CCY, Klinkhammer H, Choufani S, Reko N, Christman AK, Pisan E, Chui 2168 
MMC, Lee M, Leduc F, Dempsey JC, Sanchez-Lara PA, Bombei HM, Bernat JA, 2169 
Faivre L, Mau-Them FT, Palafoll IV, Canham N, Sarkar A, Zarate YA, Callewaert B, 2170 
Bukowska-Olech E, Jamsheer A, Zankl A, Willems M, Duncan L, Isidor B, Cogne B, 2171 
Boute O, Vanlerberghe C, Goldenberg A, Stolerman E, Low KJ, Gilard V, Amiel J, 2172 
Lin AE, Gordon CT, Doherty D, Krawitz PM, Weksberg R, Hsieh TC, Chung BHY. 2173 
Artificial intelligence-driven genotype-epigenotype-phenotype approaches to 2174 
resolve challenges in syndrome diagnostics. EBioMedicine. Elsevier BV; 2025 2175 
May;115(105677):105677. PMCID: PMC12242594 2176 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 14, 2026. ; https://doi.org/10.64898/2026.08.11.26358095doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.11.26358095
http://creativecommons.org/licenses/by-nc-nd/4.0/


22.  Zhou W, Triche TJ Jr, Laird PW, Shen H. SeSAMe: reducing artifactual detection of 2177 
DNA methylation by Infinium BeadChips in genomic deletions. Nucleic Acids Res. 2178 
Oxford University Press (OUP); 2018 Nov 16;46(20):e123. PMCID: PMC6237738 2179 

23.  Odaka H, Ozaki H, Tateno H. scGR-seq: Integrated analysis of glycan and RNA in 2180 
single cells. STAR Protoc. Elsevier BV; 2022 Mar;3(1):101179. 2181 

24.  Chambers SM, Fasano CA, Papapetrou EP, Tomishima M, Sadelain M, Studer L. 2182 
Highly efficient neural conversion of human ES and iPS cells by dual inhibition of 2183 
SMAD signaling. Nat Biotechnol. 2009 Mar;27(3):275–280. PMCID: PMC2756723 2184 

25.  Lin L, Yuan J, Sander B, Golas MM. In vitro differentiation of human neural 2185 
progenitor cells into striatal GABAergic neurons. Stem Cells Transl Med. Oxford 2186 
University Press (OUP); 2015 July;4(7):775–788. PMCID: PMC4479615 2187 

26.  Bell N, Buckley A, Mann B, Zhang X, Adefolaju A, Dasari R, Darawsheh R, Kram 2188 
DE, Hingtgen S, Satterlee AB. Correction: Automated computer vision and dose-2189 
response modeling improve throughput and accuracy of an ex vivo functional 2190 
precision medicine platform. Sci Rep [Internet]. Springer Science and Business 2191 
Media LLC; 2026 Apr 21;16(1). Available from: https://doi.org/10.1038/s41598-026-2192 
48297-6 PMCID: PMC13100334 2193 

27.  Mascharak S, Talbott HE, Januszyk M, Griffin M, Chen K, Davitt MF, Demeter J, 2194 
Henn D, Bonham CA, Foster DS, Mooney N, Cheng R, Jackson PK, Wan DC, 2195 
Gurtner GC, Longaker MT. Multi-omic analysis reveals divergent molecular events 2196 
in scarring and regenerative wound healing. Cell Stem Cell. Elsevier BV; 2022 Feb 2197 
3;29(2):315-327.e6. PMCID: PMC8988390 2198 

28.  Baymiller M, Helton NS, Dodd B, Moon SL. Tuning tRNA synthetase inhibition 2199 
reveals parabolic induction of stress granules limited in size and RNA content. 2200 
RNA. Cold Spring Harbor Laboratory; 2026 May 18;32(6):870–884. PMCID: 2201 
PMC13182609 2202 

29.  Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image 2203 
analysis. Nat Methods. 2012 July;9(7):671–675. PMCID: PMC5554542 2204 

30.  Ohgane K, Yoshioka H. Quantification of gel bands by an Image J macro, 2205 
band/peak quantification tool v1 [Internet]. 2019. Available from: 2206 
https://www.protocols.io/view/quantification-of-gel-bands-by-an-image-j-macro-ba-2207 
7vghn3w 2208 

31.  Parab S, Bhalerao S. Choosing statistical test. Int J Ayurveda Res. 2010 2209 
July;1(3):187–191. PMCID: PMC2996580 2210 

32.  de Winter JCF. Using the Student’s t-test with extremely small sample sizes 2211 
[Internet]. Practical assessment, research & evaluation. University of 2212 
Massachusetts Amherst; 2013 [cited 2023 Mar 5]. p. 10. Available from: 2213 
https://scholarworks.umass.edu/pare/vol18/iss1/10/ 2214 

33.  Singh M, Spendlove SJ, Wei A, Bondhus LM, Nava AA, de L Vitorino FN, Amano 2215 
S, Lee J, Echeverria G, Gomez D, Garcia BA, Arboleda VA. KAT6A mutations in 2216 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 14, 2026. ; https://doi.org/10.64898/2026.08.11.26358095doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.11.26358095
http://creativecommons.org/licenses/by-nc-nd/4.0/


Arboleda-Tham syndrome drive epigenetic regulation of posterior HOXC cluster. 2217 
Hum Genet [Internet]. 2023 Oct 20; Available from: 2218 
http://dx.doi.org/10.1007/s00439-023-02608-3 PMCID: 4375619 2219 

34.  Andrews S. FastQC: a quality control tool for high throughput sequence data. 2220 
Available online. Open Source [Internet]. 2010; Available from: 2221 
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ 2222 

35.  Frankish A, Diekhans M, Ferreira AM, Johnson R, Jungreis I, Loveland J, Mudge 2223 
JM, Sisu C, Wright J, Armstrong J, Barnes I, Berry A, Bignell A, Carbonell Sala S, 2224 
Chrast J, Cunningham F, Di Domenico T, Donaldson S, Fiddes IT, García Girón C, 2225 
Gonzalez JM, Grego T, Hardy M, Hourlier T, Hunt T, Izuogu OG, Lagarde J, Martin 2226 
FJ, Martínez L, Mohanan S, Muir P, Navarro FCP, Parker A, Pei B, Pozo F, Ruffier 2227 
M, Schmitt BM, Stapleton E, Suner MM, Sycheva I, Uszczynska-Ratajczak B, Xu J, 2228 
Yates A, Zerbino D, Zhang Y, Aken B, Choudhary JS, Gerstein M, Guigó R, 2229 
Hubbard TJP, Kellis M, Paten B, Reymond A, Tress ML, Flicek P. GENCODE 2230 
reference annotation for the human and mouse genomes. Nucleic Acids Res. 2019 2231 
Jan 8;47(D1):D766–D773. PMCID: PMC6323946 2232 

36.  Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson 2233 
M, Gingeras TR. STAR: ultrafast universal RNA-seq aligner. Bioinformatics. 2013 2234 
Jan 1;29(1):15–21. PMCID: PMC3530905 2235 

37.  Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program for 2236 
assigning sequence reads to genomic features. Bioinformatics. 2014 Apr 2237 
1;30(7):923–930. PMID: 24227677 2238 

38.  Liao Y, Smyth GK, Shi W. The Subread aligner: fast, accurate and scalable read 2239 
mapping by seed-and-vote. Nucleic Acids Res. 2013 May 1;41(10):e108. PMCID: 2240 
PMC3664803 2241 

39.  Ramírez F, Ryan DP, Grüning B, Bhardwaj V, Kilpert F, Richter AS, Heyne S, 2242 
Dündar F, Manke T. deepTools2: a next generation web server for deep-2243 
sequencing data analysis. Nucleic Acids Res. Oxford University Press (OUP); 2016 2244 
July 8;44(W1):W160-5. PMCID: PMC4987876 2245 

40.  Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, 2246 
Durbin R, 1000 Genome Project Data Processing Subgroup. The Sequence 2247 
Alignment/Map format and SAMtools. Bioinformatics. Oxford University Press 2248 
(OUP); 2009 Aug 15;25(16):2078–2079. PMCID: PMC2723002 2249 

41.  Corces MR, Trevino AE, Hamilton EG, Greenside PG, Sinnott-Armstrong NA, 2250 
Vesuna S, Satpathy AT, Rubin AJ, Montine KS, Wu B, Kathiria A, Cho SW, 2251 
Mumbach MR, Carter AC, Kasowski M, Orloff LA, Risca VI, Kundaje A, Khavari PA, 2252 
Montine TJ, Greenleaf WJ, Chang HY. An improved ATAC-seq protocol reduces 2253 
background and enables interrogation of frozen tissues. Nat Methods. 2017 2254 
Oct;14(10):959–962. PMCID: PMC5623106 2255 

42.  Smith JP, Sheffield NC. Analytical approaches for ATAC-seq data analysis. Curr 2256 
Protoc Hum Genet. Wiley; 2020 June;106(1):e101. PMCID: PMC8191135 2257 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 14, 2026. ; https://doi.org/10.64898/2026.08.11.26358095doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.11.26358095
http://creativecommons.org/licenses/by-nc-nd/4.0/


43.  Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler 2258 
transform. Bioinformatics. Oxford University Press (OUP); 2009 July 2259 
15;25(14):1754–1760. PMCID: PMC2705234 2260 

44.  Li H. Aligning sequence reads, clone sequences and assembly contigs with BWA-2261 
MEM [Internet]. arXiv [q-bio.GN]. 2013. Available from: 2262 
http://dx.doi.org/10.48550/arXiv.1303.3997 2263 

45.  Picard [Internet]. [cited 2026 May 25]. Available from: 2264 
http://broadinstitute.github.io/picard/ 2265 

46.  Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, Nusbaum C, 2266 
Myers RM, Brown M, Li W, Liu XS. Model-based analysis of ChIP-Seq (MACS). 2267 
Genome Biol. Springer Science and Business Media LLC; 2008 Sept 17;9(9):R137. 2268 
PMCID: PMC2592715 2269 

47.  Gaspar J. Improved peak-calling with MACS2 [Internet]. bioRxiv. bioRxiv; 2018. 2270 
Available from: https://doi.org/10.1101/496521 2271 

48.  Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing genomic 2272 
features. Bioinformatics. Oxford University Press (OUP); 2010 Mar 15;26(6):841–2273 
842. PMCID: PMC2832824 2274 

49.  Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing 2275 
biological themes among gene clusters. OMICS. 2012 May;16(5):284–287. PMCID: 2276 
PMC3339379 2277 

50.  Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, Cheng JX, Murre C, 2278 
Singh H, Glass CK. Simple combinations of lineage-determining transcription 2279 
factors prime cis-regulatory elements required for macrophage and B cell identities. 2280 
Mol Cell. 2010 May 28;38(4):576–589. PMCID: PMC2898526 2281 

51.  Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion 2282 
for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550. PMCID: 2283 
PMC4302049 2284 

52.  Love MI, Anders S, Huber W. Analyzing RNA-seq data with DESeq2. R package 2285 
reference manual [Internet]. 2017; Available from: 2286 
http://129.82.125.224:34/rob_data/RWC15_DEseq2_Vignette/180417%20Analyzin2287 
g%20RNA-seq%20data%20with%20DESeq2.pdf 2288 

53.  Zhu A, Ibrahim JG, Love MI. Heavy-tailed prior distributions for sequence count 2289 
data: removing the noise and preserving large differences. Bioinformatics. 2019 2290 
June 1;35(12):2084–2092. PMCID: PMC6581436 2291 

54.  Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, Feng T, Zhou L, Tang W, Zhan L, Fu X, 2292 
Liu S, Bo X, Yu G. clusterProfiler 4.0: A universal enrichment tool for interpreting 2293 
omics data. Innovation (Camb). Elsevier BV; 2021 Aug 28;2(3):100141. PMCID: 2294 
PMC8454663 2295 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 14, 2026. ; https://doi.org/10.64898/2026.08.11.26358095doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.11.26358095
http://creativecommons.org/licenses/by-nc-nd/4.0/


55.  Xu S, Hu E, Cai Y, Xie Z, Luo X, Zhan L, Tang W, Wang Q, Liu B, Wang R, Xie W, 2296 
Wu T, Xie L, Yu G. Using clusterProfiler to characterize multiomics data. Nat 2297 
Protoc. Springer Science and Business Media LLC; 2024 Nov;19(11):3292–3320. 2298 
PMID: 39019974 2299 

56.  Oki S, Ohta T. ChIP-Atlas [Internet]. [cited 2026 May 24]. Available from: 2300 
https://chip-atlas.org 2301 

57.  Oki S, Ohta T, Shioi G, Hatanaka H, Ogasawara O, Okuda Y, Kawaji H, Nakaki R, 2302 
Sese J, Meno C. ChIP-Atlas: a data-mining suite powered by full integration of 2303 
public ChIP-seq data. EMBO Rep. Springer Science and Business Media LLC; 2304 
2018 Dec;19(12):e46255. PMCID: PMC6280645 2305 

58.  Zou Z, Ohta T, Miura F, Oki S. ChIP-Atlas 2021 update: a data-mining suite for 2306 
exploring epigenomic landscapes by fully integrating ChIP-seq, ATAC-seq and 2307 
Bisulfite-seq data. Nucleic Acids Res. Oxford University Press (OUP); 2022 July 2308 
5;50(W1):W175–W182. PMCID: PMC9252733 2309 

59.  Zou Z, Ohta T, Oki S. ChIP-Atlas 3.0: a data-mining suite to explore chromosome 2310 
architecture together with large-scale regulome data. Nucleic Acids Res. Oxford 2311 
University Press (OUP); 2024 July 5;52(W1):W45–W53. PMCID: PMC11223792 2312 

60.  Robinson JT, Thorvaldsdóttir H, Wenger AM, Zehir A, Mesirov JP. Data from 2313 
variant review with the Integrative Genomics Viewer [Internet]. American 2314 
Association for Cancer Research. 2023. Available from: 2315 
http://dx.doi.org/10.1158/0008-5472.c.6510294.v1 2316 

61.  Thorvaldsdóttir H, Robinson JT, Mesirov JP. Integrative Genomics Viewer (IGV): 2317 
high-performance genomics data visualization and exploration. Brief Bioinform. 2318 
Oxford University Press (OUP); 2013 Mar;14(2):178–192. PMCID: PMC3603213 2319 

62.  Robinson JT, Thorvaldsdóttir H, Wenger AM, Zehir A, Mesirov JP. Variant Review 2320 
with the Integrative Genomics Viewer (IGV). Cancer Research. 2017;77(21):31–34. 2321 

63.  Robinson JT, Thorvaldsdottir H, Turner D, Mesirov JP. igv.js: an embeddable 2322 
JavaScript implementation of the Integrative Genomics Viewer (IGV). 2323 
Bioinformatics. Oxford University Press (OUP); 2023 Jan 1;39(1):btac830. PMCID: 2324 
PMC9825295 2325 

64.  Liska O, Bohár B, Hidas A, Korcsmáros T, Papp B, Fazekas D, Ari E. TFLink: an 2326 
integrated gateway to access transcription factor-target gene interactions for 2327 
multiple species. Database (Oxford) [Internet]. Oxford University Press (OUP); 2328 
2022 Sept 16;2022. Available from: https://doi.org/10.1093/database/baac083 2329 
PMCID: PMC9480832 2330 

65.  Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N, 2331 
Schwikowski B, Ideker T. Cytoscape: a software environment for integrated models 2332 
of biomolecular interaction networks Genome Research. Genome Research. 2003 2333 
Nov;13(11):2498–2504. 2334 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 14, 2026. ; https://doi.org/10.64898/2026.08.11.26358095doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.11.26358095
http://creativecommons.org/licenses/by-nc-nd/4.0/


66.  Ono K, Fong D, Gao C, Churas C, Pillich R, Lenkiewicz J, Pratt D, Pico AR, 2335 
Hanspers K, Xin Y, Morris J, Kucera M, Franz M, Lopes C, Bader G, Ideker T, 2336 
Chen J. Cytoscape Web: bringing network biology to the browser. Nucleic Acids 2337 
Res. Oxford University Press (OUP); 2025 July 7;53(W1):W203–W212. PMCID: 2338 
PMC12230733 2339 

67.  Saito Y, Yuan Y, Zucker-Scharff I, Fak JJ, Jereb S, Tajima Y, Licatalosi DD, Darnell 2340 
RB. Differential NOVA2-mediated splicing in excitatory and inhibitory neurons 2341 
regulates cortical development and cerebellar function. Neuron. Elsevier BV; 2019 2342 
Feb 20;101(4):707-720.e5. PMCID: PMC6649687 2343 

68.  Durinck S, Spellman PT, Birney E, Huber W. Mapping identifiers for the integration 2344 
of genomic datasets with the R/Bioconductor package biomaRt. Nat Protoc. 2345 
Springer Science and Business Media LLC; 2009 July 23;4(8):1184–1191. PMCID: 2346 
PMC3159387 2347 

69.  Durinck S, Moreau Y, Kasprzyk A, Davis S, De Moor B, Brazma A, Huber W. 2348 
BioMart and Bioconductor: a powerful link between biological databases and 2349 
microarray data analysis. Bioinformatics. Oxford University Press (OUP); 2005 Aug 2350 
15;21(16):3439–3440. PMID: 16082012 2351 

70.  Batth TS, Tollenaere MX, Rüther P, Gonzalez-Franquesa A, Prabhakar BS, 2352 
Bekker-Jensen S, Deshmukh AS, Olsen JV. Protein aggregation capture on 2353 
microparticles enables multipurpose proteomics sample preparation. Mol Cell 2354 
Proteomics. Elsevier BV; 2019 May;18(5):1027–1035. PMCID: PMC6495262 2355 

71.  Demichev V, Messner CB, Vernardis SI, Lilley KS, Ralser M. DIA-NN: neural 2356 
networks and interference correction enable deep proteome coverage in high 2357 
throughput. Nat Methods. Springer Science and Business Media LLC; 2020 2358 
Jan;17(1):41–44. PMCID: PMC6949130 2359 

72.  Hsiao Y, Zhang H, Li GX, Deng Y, Yu F, Valipour Kahrood H, Steele JR, 2360 
Schittenhelm RB, Nesvizhskii AI. Analysis and visualization of quantitative 2361 
proteomics data using FragPipe-analyst. J Proteome Res. American Chemical 2362 
Society (ACS); 2024 Oct 4;23(10):4303–4315. 2363 

73.  Divakaruni AS, Paradyse A, Ferrick DA, Murphy AN, Jastroch M. Analysis and 2364 
interpretation of microplate-based oxygen consumption and pH data. Methods 2365 
Enzymol. Elsevier; 2014;547:309–354. PMID: 25416364 2366 

74.  Desousa BR, Kim KK, Jones AE, Ball AB, Hsieh WY, Swain P, Morrow DH, 2367 
Brownstein AJ, Ferrick DA, Shirihai OS, Neilson A, Nathanson DA, Rogers GW, 2368 
Dranka BP, Murphy AN, Affourtit C, Bensinger SJ, Stiles L, Romero N, Divakaruni 2369 
AS. Calculation of ATP production rates using the Seahorse XF Analyzer. EMBO 2370 
Rep. Springer Science and Business Media LLC; 2023 Oct 9;24(10):e56380. 2371 
PMCID: PMC10561364 2372 

75.  Chambers MC, Maclean B, Burke R, Amodei D, Ruderman DL, Neumann S, Gatto 2373 
L, Fischer B, Pratt B, Egertson J, Hoff K, Kessner D, Tasman N, Shulman N, 2374 
Frewen B, Baker TA, Brusniak MY, Paulse C, Creasy D, Flashner L, Kani K, 2375 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 14, 2026. ; https://doi.org/10.64898/2026.08.11.26358095doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.11.26358095
http://creativecommons.org/licenses/by-nc-nd/4.0/


Moulding C, Seymour SL, Nuwaysir LM, Lefebvre B, Kuhlmann F, Roark J, Rainer 2376 
P, Detlev S, Hemenway T, Huhmer A, Langridge J, Connolly B, Chadick T, Holly K, 2377 
Eckels J, Deutsch EW, Moritz RL, Katz JE, Agus DB, MacCoss M, Tabb DL, 2378 
Mallick P. A cross-platform toolkit for mass spectrometry and proteomics. Nat 2379 
Biotechnol. Springer Science and Business Media LLC; 2012 Oct;30(10):918–920. 2380 
PMCID: PMC3471674 2381 

76.  Pluskal T, Castillo S, Villar-Briones A, Oresic M. MZmine 2: modular framework for 2382 
processing, visualizing, and analyzing mass spectrometry-based molecular profile 2383 
data. BMC Bioinformatics. Springer Nature; 2010 July 23;11(1):395. PMCID: 2384 
PMC2918584 2385 

77.  Myers OD, Sumner SJ, Li S, Barnes S, Du X. One step forward for reducing false 2386 
positive and false negative compound identifications from mass spectrometry 2387 
metabolomics data: New algorithms for constructing extracted ion chromatograms 2388 
and detecting chromatographic peaks. Anal Chem. American Chemical Society 2389 
(ACS); 2017 Sept 5;89(17):8696–8703. PMID: 28752754 2390 

78.  Su X, Lu W, Rabinowitz JD. Metabolite spectral accuracy on orbitraps. Anal Chem. 2391 
American Chemical Society (ACS); 2017 June 6;89(11):5940–5948. PMCID: 2392 
PMC5748891 2393 

79.  Pang Z, Lu Y, Zhou G, Hui F, Xu L, Viau C, Spigelman A, Macdonald P, Wishart D, 2394 
Li S, Xia J. MetaboAnalyst 6.0: towards a unified platform for metabolomics data 2395 
processing, analysis and interpretation Nucleic Acids Research (. analysis and 2396 
interpretation Nucleic Acids Research [Internet]. 2024; Available from: 2397 
http://dx.doi.org/10.1093/nar/gkae253 2398 

80.  Wu YE, Pan L, Zuo Y, Li X, Hong W. Detecting activated cell populations using 2399 
single-cell RNA-seq. Neuron. Elsevier BV; 2017 Oct 11;96(2):313-329.e6. PMID: 2400 
29024657 2401 

81.  Gygi JP, Konstorum A, Pawar S, Aron E, Kleinstein SH, Guan L. A supervised 2402 
Bayesian factor model for the identification of multi-omics signatures. 2403 
Bioinformatics. Oxford University Press (OUP); 2024 May 2;40(5):btae202. PMCID: 2404 
PMC11078774 2405 

 2406 

 2407 

 2408 

 2409 

 2410 

 2411 

 2412 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 14, 2026. ; https://doi.org/10.64898/2026.08.11.26358095doi: medRxiv preprint 

https://doi.org/10.64898/2026.08.11.26358095
http://creativecommons.org/licenses/by-nc-nd/4.0/


EXTENDED DATA FIGURES 2413 

 2414 

Extended Data Fig. 1:  Variant landscape of all ARTHS cohorts and leave-one-out cross 2415 
validation (LOOCV) of our GestaltMatcher and Blood DNAme Episignature analyses. 2416 
A, Location of truncating KAT6A variants (n=53) across all ARTHS patients (n=79). 2417 
B, Composition of 79 patients included across ARTHS cohorts: GestaltMatcher (n= 63 2418 
patients; 17 early, 46 late), Episignature (n=11 patients; 7 early, 4 late), and iPSCs (n=5 2419 
lines from 5 biologically-independent patients; 2 early, 3 late). 2420 
C, GestaltMatcher facial analysis: image-level leave-one-out linear SVM classification; 2421 
each point is one image from one patient; n= 63 patients; 17 early, 46 late. 2422 
D, Blood DNAme Episignature analysis: Leave-one-out cross-validation analysis for the 2423 
KAT6A late-truncating variant signature; each point is one individual patient DNAme 2424 
sample; n= 11patients; 7 early, 4 late. Settings for each iteration of the LOOCV analysis 2425 
were the same as those used in the initial generation of the signature (i.e. FDR corrected 2426 
p-value < 0.05 and a |Δβ| > 0.1). Discovery samples are represented by red crosses, 2427 
while discovery controls are represented by blue circles. 2428 
 2429 
 2430 
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2) Day 0 and 7: iPSCs and primitive NPCs. 2431 

 2432 

Extended Data Fig. 2: Assessment  of starting (day 0: iPSC) stemness and defects at 2433 
the inception of neural progenitor cell differentiation (day 7: NPC). 2434 
A-L, Quantitative IF: comparing mean per cell fluorescent intensity (i.e. per cell protein 2435 
expression) between 3 groups (control, early-truncating, late-truncating) using unpaired 2436 
t-tests followed by BH multiple-testing correction; asterisks = p-adj < 0.05. Scale bars are 2437 
shown in white and are all 50 um. All images are representative. 2438 
A-B, Quantitative IF: day 0 IPSC cultures stained for OCT4 and Ki67. Box plot of mean 2439 
per cell expression of markers shown in panel A. OCT4 (CTRL vs Early, p-adj= 0.501;  2440 
CTRL vs Late, p-adj = 0.867) and Ki67 (CTRL vs Early, p-adj= 0.622;  CTRL vs Late, p-2441 
adj = 0.077) 2442 
C-D, Quantitative IF: day 0 IPSC cultures stained for NANOG. Box plot of mean per cell 2443 
expression of marker shown in panel C. NANOG (CTRL vs Early, p-adj= 0.669670209;  2444 
CTRL vs Late, p-adj = 0.661344446) 2445 
E-F, Quantitative IF: day 7 NPC cultures stained for NESTIN and PAX6. Box plot of mean 2446 
per cell expression of markers shown in panel E. NESTIN (CTRL vs Early, p-adj= 0.222;  2447 
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CTRL vs Late, p-adj = 0.496) and PAX6 (CTRL vs Early, p-adj= 0.256;  CTRL vs Late, p-2448 
adj = 0.488). 2449 
G-H, Quantitative IF: day 7 NPC cultures stained for SOX1. Box plot of mean per cell 2450 
expression of marker shown in panel G. SOX1 (CTRL vs Early, p-adj= 0.104 2451 
;  CTRL vs Late, p-adj = 0.216) 2452 
I-J, Quantitative IF: day 7 NPC cultures stained for SOX2. Box plot of mean per cell 2453 
expression of marker shown in panel I. SOX2 (CTRL vs Early, p-adj= 0.479;  CTRL vs 2454 
Late, p-adj = 0.557) 2455 
K-L, Quantitative IF: day 7 NPC cultures stained for Ki67. Box plot of mean per cell 2456 
expression of marker shown in panel L.  Ki67 (CTRL vs Early, p-adj= 0.002 2457 
;  CTRL vs Late, p-adj = 0.029) 2458 
 2459 
 2460 
 2461 
 2462 
 2463 
 2464 
 2465 
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 2467 
 2468 
 2469 
 2470 
 2471 
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3) Day 15 and 70: forebrain-primed NPCs and their neuronal derivatives. 2473 

 2474 

Extended Data Fig. 3: Assessment of NPC identity (day 15: NPCs) and aberrant 2475 
neuronal differentiation (day 70: neuron). 2476 
A-J, Quantitative IF: comparing mean per cell fluorescent intensity (i.e. per cell protein 2477 
expression) between 3 groups (control, early-truncating, late-truncating) using unpaired 2478 
t-tests followed by BH multiple-testing correction; asterisks = p-adj<0.05. Scale bars are 2479 
shown in white, ranging from 20 um to 50 um. All images are representative. 2480 
A-B, Quantitative IF: day 15 NPC cultures stained for NESTIN and PAX6. Box plot of 2481 
mean per cell expression of markers shown in panel A.  NESTIN (CTRL vs Early, p-adj= 2482 
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0.539;  CTRL vs Late, p-adj = 0.072), PAX6 (CTRL vs Early, p-adj= 0.716;  CTRL vs Late, 2483 
p-adj = 0.170). 2484 
 2485 
C-D, Quantitative IF: day 15 NPC cultures stained for SOX1. Box plot of mean per cell 2486 
expression of marker shown in panel C. SOX1  (CTRL vs Early, p-adj= 0.005;  CTRL vs 2487 
Late, p-adj = 0.471). 2488 
E-F, Quantitative IF: day 15 NPC cultures stained for SOX2. Box plot of mean per cell 2489 
expression of marker shown in panel E. SOX2  (CTRL vs Early, p-adj= 0.017;  CTRL vs 2490 
Late, p-adj = 0.063). 2491 
G-H, Quantitative IF: day 15 NPC cultures stained for Ki67. Box plot of mean per cell 2492 
expression of marker shown in panel G. Ki67  (CTRL vs Early, p-adj= 0.585;  CTRL vs 2493 
Late, p-adj = 0.404). 2494 
I-J, Quantitative IF: day 70 neuronal cultures stained for Ki67 and MAP2. Box plot of mean 2495 
per cell expression of markerS shown in panel I. Ki67  (CTRL vs Early, p-adj= 0.004;  2496 
CTRL vs Late, p-adj = X); MAP2  (CTRL vs Early, p-adj= X;  CTRL vs Late, p-adj = 4.2E-2497 
8). 2498 
K-M, Representative IF images of day 70 neuron cultures from control, early-truncating, 2499 
and late-truncating lines. No quantification was performed as cultures did not stain 2500 
positive for non-neuronal markers (e.g. PAX6, SOX10, and GFAP).  2501 
K, Representative IF images of day 70 neuronal cultures stained TUBB3 and PAX6. 2502 
L, Representative IF images of day 70 neuronal cultures stained SOX10 and TUBB3. 2503 
M, Representative IF images of day 70 neuronal cultures stained GFAP and TUBB3. 2504 
 2505 
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4) Day 0, 15, and 70: Comparative integration of ATACseq and RNAseq. 2506 

 2507 

Extended Data Fig. 4: Gene regulatory rewiring: truncating KAT6A variants cause 2508 
dysregulation across loci critical to proper brain development. 2509 
A-C, Differential chromatin accessibility across three cell types: iPSCs, NPCs at day 15 2510 
(NPC15D), and neuronal cultures. All panels show: left volcano plot and Y-axis of center 2511 
scatter plot display all significantly differentially accessible peaks (sigPeaks) in the 2512 
comparison of late truncating vs control samples; bottom volcano plot and X-axis of center 2513 
scatter plot display all sigPeaks in the comparison of early truncating vs control samples. 2514 
Gene names and dots shown in red correspond to loci that affect brain development, 2515 
signaling, TF activity or chromatin interactions. Pearson’s correlation was calculated 2516 
between X and Y values in center scatter (printed in bottom lezft). 2517 
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D-F, Differential gene expression across three cell types: iPSCs, NPCs at day 15 2518 
(NPC15D), and neuronal cultures. All panels show: left volcano plot and Y-axis of center 2519 
scatter plot display all significantly differentially expressed genes (sigDEGs) in the 2520 
comparison of late truncating vs control samples; bottom volcano plot and X-axis of center 2521 
scatter plot display all sigDEGs in the comparison of early truncating vs control samples. 2522 
Gene names and dots shown in red correspond to loci that affect brain development, 2523 
signaling, TF activity or chromatin interactions. Pearson’s correlation was calculated 2524 
between X and Y values in center scatter (printed in bottom left). 2525 
G-H, Over representation analysis of the significantly differentially regulated genes (i.e. 2526 
sigDEGs, sigPeaks) across neuronal differentiation using an enrichment cutoff of 2527 
padj<0.05. 2528 
All log2(FC) are log2(truncating/control), with significant hits from RNAseq and ATACseq 2529 
defined as genes with p-adjusted < 0.5 and an absolute value of log2(FC) > 0.58. 2530 
 2531 
 2532 
 2533 
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5) Day 15 and 70: Integration of RNAseq and proteomics mass spec. 2534 

 2535 
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Extended Data Fig. 5: Truncating KAT6A variants cause proteome-level dysregulation 2536 
of KAT6A ChIP targets related to metabolism and brain health genes. 2537 
A, Protein mass spectrometry identifies 30 proteins to be significantly differentially 2538 
abundant  in the whole cell lysate of day 15 NPCs from both early- and late- truncating 2539 
KAT6A samples compared to controls; 23 of 30 shared hits (76.7%) are direct KAT6A 2540 
ChIP targets (◆ gene names) and 12 of 23 these shared targets (52.2%) affect 2541 
metabolism (SMPDL3A), brain health (UNC5C, ZBTB24, E2F3, CLOCK, BTRC, SOBP, 2542 
RPGRIP1L, COL4A1), or both (CLTCL1, TET3, PSEN1). 2543 
B-C, Integration of significant results: RNAseq (y-axis) and proteomic mass spectrometry 2544 
(x-axis) analysis of day 15 NPCs from early- and late- truncating lines identifies 2545 
dysregulation of neuro- and metabolism related genes in cells harboring either class of 2546 
KAT6A variant compared to controls; TNIK, a WNT pathway activator known to regulate 2547 
neurodevelopment and metabolism, is significantly increased in early NPCs; while late 2548 
NPCs exhibit significant misexpression of several genes related to neurodevelopment 2549 
(e.g. AXL, PCDHB5) or metabolism (e.g. PYROXD2) or both (e.g. GPR50, PRMT8). 2550 
D, Protein mass spectrometry identifies 39 proteins to be significantly differentially 2551 
abundant in the whole cell lysate of neuron cultures from both early- and late- truncating 2552 
KAT6A samples compared to controls; 27 of 39 shared hits (69.2%) are direct KAT6A 2553 
ChIP targets (◆ gene names) and  18 of 27 shared targets (66.7%) have known roles in 2554 
metabolism (KLHL24, BMP1, ART5),  brain health (UACA, SPIDR, ZCCHC9, 2555 
PCDHGC3), or both (FOXO6, KCNK10, HPS4, HPCA, PIGH, RUBCN, FAM107A, PELI1, 2556 
RGS10, HMOX1, CAV1).  2557 
E-F, Integration of significant results: RNAseq (y-axis) and proteomic mass spectrometry 2558 
(x-axis) analysis of neuronal cultures from early- and late- truncating lines identifies 2559 
dysregulation of neuro- and metabolism related genes in cells harboring either class of 2560 
KAT6A variant compared to controls; labeled genes represent key examples. 2561 
G-H, Gene expression barplots for key examples of significantly dysregulated neuro- and 2562 
metabolism related genes in cells harboring either class of KAT6A variant compared to 2563 
controls from panels E-F. All log2(FC) are log2(truncating/control), with significant hits 2564 
from RNAseq and proteomics mass spectrometry defined as genes with either p-adjusted 2565 
< 0.5 and an absolute value of log2(FC) > 0.58 or p-value<0.05, respectively. 2566 
 2567 
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6) Day 0, 15, and 70: Metabolic Imbalance. 2570 

 2571 
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Extended Data Fig. 6: Early- and late- truncating KAT6A variants cause neuron-specific 2572 
hypo- and hyper- metabolic states, respectively. 2573 
A-I, Per cell mitochondrial bioenergetic profiles of iPSC, NPC, and neuronal cultures. All 2574 
seahorse plots mean ± SEM and significant differences between three groups were 2575 
assessed via two-way ANOVA (“ECAR breakdown” and “OCR breakdown” panels) and 2576 
one-way ANOVA (“Metabolic Balance” panels) -- with both followed by Tukey's post-hoc 2577 
multiple comparison test (p-adj<0.05). 2578 
J-M, Results of labeled glucose (U-¹³C₆) metabolite mass spectrometry: heatmaps of the 2579 
log2(foldchange) of total pooled metabolite levels in truncated and control neuronal 2580 
cultures; log2(FoldChange) is calculated as log2(individual sample value/average value 2581 
of control group) where values are the sum of all its isotopomers after input normalization 2582 
for cell number and trifluoromethanesulfonate. Heatmaps contain 34 of 75 differentially 2583 
abundant metabolites: 20 amino acids, 9 lipid-related, 2 pentose phosphate pathway 2584 
(PPP)-related, 3 redox-related; 12 of 75 significantly differentially abundant metabolites 2585 
not included in heatmaps due to space constraints: sorbitol, n-acetylglutamate, betaine, 2586 
cystathionine, folate, carnitine, nicotinamide, tryptophan, histidine, UDP-glucuronic acid, 2587 
xylulose, s-(1;2-Dicarboxyethyl)glutathione. All significance tests were performed on 2588 
normalized data with a one-way ANOVA; * p-value < 0.05, ** p-value < 0.01, *** p-value 2589 
< 0.001. 2590 
N, Results of D-Glucose (U-¹³C₆, 99%) metabolite mass spectrometry: 40 enriched 2591 
metabolism terms (FDR < 0.05) generated by analyzing the list of 75 significantly 2592 
differentially abundant metabolites from the one-way ANOVA analysis of total pooled 2593 
metabolite levels (input-normalized) detected across control, early, and late neuronal 2594 
cultures; this metabolite set enrichment analysis (MSEA) was performed via 2595 
MetaboAnalyst’s ORA feature. 2596 
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7) Day 70: Nutrient utilization x Immediate Early Response Genes (IERGs). 2599 
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Extended Data Fig. 7: Early- and late- variants drive reduced and elevated glucose 2601 
utilization/IERG expression, respectively, except late's excess Glu/GABA-Gln metabolites 2602 
are not glucose-derived. 2603 
A, Diagram of core cellular metabolism pathways which processes nutrients (i.e. glucose, 2604 
glutamine) and their known relation to inducing the expression of immediate early 2605 
response genes (IERGs) through glutamate receptor activation mediated by glutamate or 2606 
kainate, a potent neuroexcitatory compound that acts as an agonist for ionotropic 2607 
glutamate receptors (AMPA and kainate types). 2608 
B-G, Results of D-Glucose (U-¹³C₆, 99%) metabolite mass spectrometry performed on 2609 
neuronal cultures from controls, early, late lines. For each metabolite, two normalized 2610 
values are plotted across the 3 groups: the total pooled metabolite level (sum of all 2611 
isotopomers) and the fractional contribution of the labeled nutrient (U-¹³C₆-Glucose) to its 2612 
main isotopologues (sum of all M# is 1). All significance tests were performed on 2613 
normalized data with unpaired t-test; * p-value < 0.05. 2614 
G, Relative to controls and early truncating neuronal cultures, late truncating lines have 2615 
excess glutamate (Glu), glutamine (Gln), and gamma-aminobutyric acid (GABA) that are 2616 
not glucose-derived. 2617 
H-I, Before & after line plots displaying normalized RNAseq expression profiles of all 2618 
protein-coding genes or immediate early response (IER) genes from untreated (-) or 2619 
kainate-treated (+) neuronal cultures; each points is the log2(foldchange) expression of 2620 
individual genes within each gene set, where fold change values are the normalized 2621 
counts of truncated samples divided by control samples. Statistical analysis was 2622 
performed by comparing untreated and kainate-treated samples using a RM one-way 2623 
ANOVA (matched by gene) with the Geisser-Greenhouse correction and Bonferroni-2624 
corrected multiple comparisons; asterisks = comparisons with p-adj<0.05. 2625 
H, Expression profile of all protein-coding genes (n=19,999); there is a significant 2626 
decrease in protein-coding gene expression for both classes of truncated samples upon 2627 
treatment relative to controls, indicating equivalent global transcriptional responses to 2628 
kainate treatment across genotypes.  2629 
I, Expression profile of high-confidence IERGs (n=19); kainate treatment significantly and 2630 
selectively induces IERG expression in late neurons, supporting that late's excess 2631 
Glu/GABA-Gln metabolites are functionally active as indicated by significant increase in 2632 
IERG expression only in late samples. 2633 
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8) Day 70: PF9363 x controls vs truncating KAT6A samples. 2638 

 2639 

Extended Data Fig. 8: Effects of inhibiting KAT6A function in normotypic controls and its 2640 
overlap with transcriptomic defects identified in truncating KAT6A samples. 2641 
A, Overview of experimental design used to model loss of KAT6A’s histone 2642 
acetyltransferase function during neuronal differentiation using PF9363 on controls; at 2643 
day 4 of the 30-day neuron differentiation, or day 44 in vitro, PF9363 was added until the 2644 
end of the protocol. 2645 
B, Representative bright-field images of control neuronal cultures at day 70 in vitro after 2646 
being treated with PF9363 as shown in panel a; scale bar is 50 µm. 2647 
C, Direct gene regulatory effect of losing KAT6A’s histone acetyltransferase function 2648 
during neuronal differentiation identified through incorporation of significantly differentially 2649 
regulated genes across ATACseq (X-axis) and RNAseq (Y-axis) from experiments shown 2650 
in panel a-b. 2651 
D, Integration of neuron RNAseq: significantly differentially expressed  genes (sigDEGs) 2652 
from Early vs Control (left volcano) were overlapped with those from Control: PF9363 vs 2653 
DMSO (bottom volcano). Center scatter plot and overlaid venn diagram identify 24 2654 
sigDEGs found in both RNAseq comparisons; genes labeled in red are known to affect 2655 
brain development, signaling, transcription factor activity, or chromatin interactions. 2656 
E-F, Overrepresentation pathway analysis of all significantly differentially expressed 2657 
genes identified in each of the four neuron RNAseq comparisons presented in this study: 2658 
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“early vs control”, “late vs control”, “controls: PF9363 vs DMSO”, and “late truncating: 2659 
PF9363 vs DMSO”. Eight pathways (marked with ▶) are consistently enriched amongst 2660 
sigDEGs from all four comparisons shown. 2661 
G, Known function of 8 genes (CDHR1, COL6A2, CRHR2, DAAM2, GABRE, INF2, 2662 
PGGHG, PTGIS) that were significantly differentially expressed across all four neuron 2663 
RNAseq comparisons – where the log2(foldchange) each “X” vs “Y” comparison is always 2664 
log2(“X”/“Y”). 2665 
 2666 
 2667 
 2668 
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 2670 
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9) Day 70: SPEAR multi-omic integration using FACTOR analysis. 2680 

 2681 

Extended Data Fig. 9:  Improved ranking of top dysregulated genes via factor-based 2682 
integration of ATACseq, RNAseq, Proteomic Mass Spectrometry, & Metabolite Mass 2683 
Spectrometry from neurons. 2684 
a, Overview of a supervised Bayesian factor analysis on our multi-omic data from early, 2685 
late, and control neurons for identification of molecular signatures driven by class of 2686 
KAT6A truncating variants. 2687 
b, Samples plotted in factor space, indicating that Factor 2 provides good separation of 2688 
late cases from controls and early cases. 2689 
c, Variance explained by the different modalities in each Factor, indicating that the total 2690 
contribution of the data to Factor 2 is strong. 2691 
d-e, Stacked histograms examining the factor 2 coefficient ranks (left) based on whether 2692 
or not they were differentially expressed in the KAT6A inhibitor dataset, which provides 2693 
an orthogonal source of information. The highest ranks (largest coefficients) are enriched 2694 
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for differential expression in the late neuron inhibitor comparison, more so than when 2695 
comparing the ranks of the log fold changes (right) on just the RNA-seq DEGs (Late vs 2696 
Ctrl), providing evidence that adding the other modalities is improving the interpretation 2697 
of the top genes. 2698 
f, Comparison of factor coefficient ranks across 3 neuron RNAseq data sets – with “late 2699 
vs control” on the Y-axis and either “control: PF9363 vs DMSO” (right) or “late: PF9363 2700 
vs DMSO” (left) on the X-axis. Coloration by their factor coefficient ranks show higher 2701 
ranks match with stronger overlaps between the two comparisons. 2702 
g, The top 10 features in Factor 2 from every modality and their associated coefficients, 2703 
where a positive coefficient indicates higher measurement along Factor 2 (so higher in 2704 
late mutation cases). 2705 
 2706 
 2707 
 2708 
 2709 
 2710 
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