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Abstract

Prenatal cannabis use is increasing globally, with estimates up to 35% in North America. Fetal
exposure to A9-tetrahydrocannabinol (THC) has been linked to neurodevelopmental deficits. Yet
mechanistic understanding remains limited because animal models incompletely recapitulate
human fetal development, and human-relevant in vitro platforms are scarce. To address this gap,
we generated human iPSC-derived prefrontal cortex organoids (PFCOs) and used an integrated
multi-omics approach combining bulk RNA-seq, whole-genome bisulfite sequencing (WGBS),
and electrophysiology to characterize early molecular and functional responses to acute THC

exposure at a developmentally relevant stage.

THC induced a rapid, transient shift toward excitatory and neurodevelopmental gene expression
programs while simultaneously suppressing extracellular matrix and adhesion pathways critical
for structural support. Concurrent epigenetic remodeling selectively targeted synaptic assembly,
postsynaptic organization, and axonal guidance genes, creating a mismatch between early
activation of neuronal programs and epigenetic repression of the scaffolding required for their
proper integration. Functionally, these disruptions manifested as delayed but reversible increases

in burst duration at 24 hours, indicating altered coordination of network activity.

Transcriptional and epigenetic responses converged on autism spectrum disorder (ASD) associated

gene networks, with strong enrichment among high-confidence and strong-candidate ASD risk
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genes, suggesting that THC preferentially perturbs neurodevelopmentally vulnerable pathways.
Together, these findings define a mechanistic framework in which THC disrupts early human
cortical development through a cycle of transient excitatory activation, compromised structural
support, and persistent epigenetic alterations, which are features specifically revealed by human

PFCOs.

MAIN TEXT
Background

Cannabis is among the most commonly used psychoactive substances globally, and its use
during pregnancy is increasing in parallel with global legalization and overall perceptions of safety.
Prevalence studies show use of cannabis during pregnancy to be between 3% and 35% in North
America'. This presents a significant public health concern, as A9-tetrahydrocannabinol (THC),
the principal psychoactive cannabinoid, is lipophilic and readily crosses the placental barrier,
allowing fetal exposure to cannabis use. Observational human data and preclinical evidence
collectively associate prenatal cannabis exposure with adverse neonatal outcomes (i.e., low birth
weight, lower grey matter volume, lower cognition) and long-term impacts on psychiatric and
behavioral characteristics, such as internalizing, externalizing, attention, thought, and social

problems?.

The mechanisms underlying these effects involve THC binding to cannabinoid receptors
CBI1 and CB2, which potentially disrupt associated signaling pathways that play a crucial role in
fetal brain development, regulating neuronal proliferation, migration, axonal pathfinding,
synaptogenesis, and circuit wiring!. Animal models have demonstrated that gestational THC

exposure can lead to lasting alterations in gene regulation, synaptic plasticity, and epigenetic
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marks. For example, maternal cannabis use in rodents has been associated with long-lasting
increases in histone 3 lysine 9 (H3K9) dimethylation at the dopamine D2 receptor (Drd?2) locus,
correlating with reduced Drd2 mRNA expression in the nucleus accumbens®. This example
suggests a potential broader epigenetic mechanism for cannabis-induced disturbances that may be
relevant to addiction vulnerability and psychological disorders. In rhesus macaques, epigenome-
wide studies report that prenatal THC exposure is associated with differential DNA methylation in
the placenta and fetal tissues, including ~581 CpG sites and associations with autism spectrum

disorder (ASD) genes in the prefrontal cortex and other regions®.

Despite these collective efforts to understand the molecular basis of the effects of prenatal
THC exposure, the direct transcriptomic and epigenetic consequences remain poorly understood
in the human fetal brain. Several methodological challenges present barriers to such studies.
Ethical and logistical considerations restrict the study of human fetal brain tissue. Additionally,
animal models fail to capture human-specific aspects of cortical development, including extended
neurogenic timescales, unique interneuron migratory programs, and divergent epigenetic
regulation®. Traditional two-dimensional in vitro approaches lack the cellular diversity and three-
dimensional organization required for proper neurodevelopment, with parallel comparisons
showing that monolayers exhibit reduced neurogenesis efficiency and poorly defined regional
identity compared to three-dimensional organoids®. Post-mortem tissue analyses capture only
static endpoints, limited by RNA degradation, sampling constraints, and inability to track dynamic
developmental trajectories’. Together, these constraints have precluded a mechanistic
understanding of how THC disrupts human cortical development in space and time. Hence, in
studying THC’s effects on the developing human brain, we have developed advanced in vitro

models: human induced pluripotent stem cell (hiPSC)-derived brain organoids that closely mimic
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87 early human brain development. Our pre-frontal cortex Organoids (PFCOs) possess key
88  characteristics that render them a powerful platform for neurological investigation. They
89 recapitulate region-specific transcriptional identities, including robust expression of cortical
90 progenitor and neuronal lineage markers such as PAX6, FOXGI, BCLIIB, and SATB2, alongside
91  supporting glial and oligodendrocytes populations marked by GFAP, PDGFRA, and OLIG2.
92  PFCOs exhibit an excitatory-inhibitory neuronal balance, evidenced by co-expression of upper and
93 deep layer markers (CUXI, BCLI11B) and neurotransmitter-specific genes (SLC3241, GADI,

94  GAD2).

95 We used electrophysiological and transcriptomic profiling to indicate maturation of
96  synaptic machinery and metabolic coupling comparable to mid-gestational human cortex, allowing
97 dynamic interrogation of early cortical network formation. Together, these attributes make PFCOs
98 a physiologically relevant and scalable model for studying human cortical development and its
99  perturbation by environmental exposures, such as THC. Following this, we exposed human PFCOs
100 to THC under controlled concentration conditions to mimic prenatal exposure and profiled
101  transcriptomic and epigenetic changes at different timepoints post-exposure. By combining bulk
102  RNA-sequencing and whole-genome bisulfite sequencing (WGBS) data, we dissected how THC

108  exposure remodels gene expression networks in developing cortical tissue.

104

105 Methods

106 Human induced pluripotent stem cell culture

107 We used control human induced-pluripotent stem cell (iPSC) line (Johns Hopkins

108  University, HIRB00017883) and cultured it in T75 flasks on vitronectin-coated surfaces in
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109  Essential 8 medium (Gibco) containing DMEM/F12, L-glutamine, and sodium bicarbonate
110  (Gibco) at 1.734 g L-1. We maintained culture in T25 flasks and passaged at a 1:2 ratio into T75
111 flasks every 5-7 days using Versene (Gibco) for 4 minutes at 37 °C, followed by mechanical

112  dissociation with cell scrapers.
113  Generation of prefrontal cortex organoids (PFCOs)

114 We generated prefrontal cortex organoids (PFCOs) from control human iPSCs using a
115  previously published 14-day protocol that required daily media changes®. We washed iPSCs with
116  1x HBSS (Gibco) and dissociated them into single cells using Accutase®. We seeded cells at
117 10,000 cells per well in ultra-low attachment 96-well plates (300 um, Thermoscientific) to form
118  embryoid bodies (EBs) in Essential 8 medium supplemented with DMEM/F12, L-glutamine,
119  sodium bicarbonate (Gibco), and the ROCK inhibitor Y-27632 (10 uM; 1:1000) for the initial 24

120  hours.

121 After 24 hours, we switched cultures to neural induction medium consisting of Neurobasal
122 Medium supplemented with N2 and B27, containing dual SMAD inhibitors: SB431542 (10 uM;
123  TGFp inhibitor) and LDN193189 (0.1 uM; BMP inhibitor). We maintained EBs under these
124  conditions for 5-7 days to promote neuroectoderm formation. We then replaced Neural induction
125  medium with neural differentiation medium (Neurobasal Medium supplemented with N2 and B27,
126  without SMAD inhibitors), and EBs were cultured for an additional 4-5 days to allow neural

127  progenitor expansion.

128 On day 14, we embedded neural spheroids in Matrigel® droplets (Product Number

129  #356255) to provide a 3D scaffold. Subsequently, we maintained them in cerebral organoid
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130  maturation medium (Catalog #08571), which supports the emergence of diverse neural cell types

131  and the organization of neural tissues.

132 We diluted THC (1.0 mg/mL in methanol (ThermoFisher); Catalog #T4764) in neurobasal
133  media to a final concentration of 10 pg/mL*!°. On Day 60, we gave the PFCOs a single dose, and
134  samples for DNA and RNA extraction were collected at 2, 6, and 24 hours after the initial THC

135  exposure.
136  RNA isolation and library preparation for bulk RNA-seq

137 We evaluated RNA integrity using the Agilent 4200 Tapestation, and all samples achieved
138  RNA Integrity Number (RIN) values above 5.0. For library preparation, we used 150 ng of RNA
139  persample as input. We generated libraries with the NEBNext UltraExpress RNA Library Prep Kit
140 (New England Biolabs, Ipswich, MA) according to the manufacturer’s protocol. We enriched
141 mRNA by poly(A) selection, fragmented, reverse transcribed, and converted it into cDNA. The
142  c¢cDNA underwent end repair, adapter ligation, and size selection, followed by PCR amplification

143 (11 cycles) to ensure sufficient yield while minimizing amplification bias.

144 We verified the library quality and size distribution on a Tapestation (Agilent) and
145  measured concentrations using a Qubit fluorometer (Thermo Fisher Scientific). We pooled the
146  final libraries equimolarly and sequenced on an Illumina NovaSeq X Plus using a 25B lane
147  configuration with paired-end 150-base pair (bp, PE150) reads. Each sample achieved a minimum
148  of 20 million reads, with an average sequencing depth of 20 million reads per sample. Base calling

149  and demultiplexing were performed with Illumina’s DRAGEN Bio-IT platform.

150  Preprocessing of sequencing data from bulk RNA-seq
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151 We processed raw RNA-seq data using a standard pipeline that included quality control,
152  trimming, alignment, and transcription quantification. Sequencing quality was assessed using
153  FastQC!!, and compiled summary reports using MultiQC'2. We trimmed adapter sequences and
154  low-quality bases with Trim Galore!'®. Then we aligned the reads to a human reference genome
155  using STAR', and transcript-level quantification was performed using Salmon'® in alignment-
156  based mode, generating quant.sf files for each sample. These quantifications were then imported
157  into R using the tximport!® package for gene-level summarization prior to differential expression

158  analysis.
159  Bulk RNA-seq analysis in R

160 We identified differentially expressed genes (DEGs) using the DESeq2 package!” (version
161 1.46.0) in R'® (version 2025.09.0). We filtered the complete set of identified genes by a cutoff of
162  adjusted p-value < 0.05 and absolute fold change > 2. Then, we subjected the DEGs to GO
163  enrichment analysis and KEGG pathway analysis using the “clusterProfiler” R package'® (version

164  4.14.6). SFARI gene datasets were downloaded from https://gene.sfari.org/*.

165 DNA isolation and library preparation for whole-genome bisulfite sequencing (WGBS)

166 Organoid samples were given to Admera Health to generate whole-genome bisulfite
167  sequencing (WGBS) data. Genomic DNA was extracted using QIAmp DNA Micro Kit (QIAGEN,
168 Redwood City, CA) following the manufacturer’s instructions. Isolated genomic DNA was
169  quantified with Invitrogen™ Qubit™ Fluorometer (ThermoFisher, USA) and quality assessed with
170 1% Standard agarose gel (ThermoFisher, USA). Library preparation was performed using
171  NEBNext® Enzymatic Methyl-seq Kit (New England Biolabs, USA) per manufacturer’s

172  recommendations. Briefly, gDNA was sheared to 250 bp using the Covaris S220 system (Covaris,
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173  Woburn, MA), adapters were ligated, and DNA fragments were amplified with PCR cycles. Final
174  libraries quantity was assessed by Qubit 2.0 DNA HS Assay (ThermoFisher, USA), QuantStudio
175 5 System (ThermoFisher, USA), and quality was assessed by TapeStation High Sensitivity D1000
176  Assay (Agilent Technologies, CA, USA), QuantStudio 5 System (ThermoFisher, USA). Equimolar
177  pooling of libraries was performed based on QC values. Samples were sequenced on an Illumina®
178 Novaseq X Plus (Illumina, California, USA) with a read length configuration of 150 PE for 600
179 M PE reads per sample (300M in each direction). A 20% PhiX Spike-In was added during the

180  sequencing to ensure sequencing quality.
181  Preprocessing of sequencing data from whole-genome bisulfite sequencing (WGBS)

182 We processed the Methyl-Seq samples (n = 9) using BiocMAP?!, an analysis pipeline for
183  whole-genome bisulfite sequencing (WGBS) data. Briefly, the pipeline consists of two stages —
184  alignment and extraction. During alignment, we ran quality control (QC) checks on the raw
185  sequencing files using FastQC!!, followed by trimming the reads using Trim Galore!'?, aligned to
186  a reference genome (here, hg38) using Arioc??. We filtered out the low-quality or duplicate
187  mappings. During the extraction stage, we obtained the DNA methylation proportions using
188  Bismark®, and aggregated our results into two bsseq** R objects for downstream analyses. We also
189  produced QC metrics to examine the integrity of the processed samples. The first bsseq object
190 contained smoothed estimates of methylated and unmethylated cytosines in CpG context across
191  the entire genome, and the second object contained any additional cytosines in CpH context. We

192  used only the first CpG methylated count for the present analysis.

193  Differentially methylated region (DMR) Analysis
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194 We analyzed the differentially methylated regions (DMRs) using the bsseq package in R
195  (version 4.5.0). Prior to DMR analyses, we inspected samples for adequate coverage, defined as
196  anaverage of at least 8 reads per CpG site across all samples. We also inspected various QC metrics
197 by sample and case-control status. After dropping low-coverage CpG sites, we computed t-
198  statistics for each case-control comparison (i.e., 2 hour versus control; 6 hour versus control) using
199  default parameters from the BSmooth.tstat function in bsseq. Based on examination of the quantiles

200 of'the t-statistics, we then selected a cutoft (here, 2) to identify DMRs.
201  Enrichment analysis for DMRs

202 Following the DMR analysis, we applied the enrichGO function from the clusterProfiler'®
203  (version 4.14.6) R package to evaluate enrichment of differential methylation in Gene Ontology
204  (GO) biological processes, molecular function, and cellular component ontologies. First, within
205 each condition comparison, hyper- and hypo-methylated regions were isolated and tested for
206 enrichment, separately. For each ontology, we used an FDR-adjusted p-value and g-value cut-off
207  of 0.05 to determine significant enrichment (12 total tests). We plotted significant results as dot

208 plots of the top 10 GO terms.
209  Persistence and concordance analyses of DMRs

210 We also sought to examine persistent methylation changes in DMRs (using mean difference
211 in methylation between exposure and untreated control conditions as a measure of effect size)
212 across both group comparisons (i.e., control vs. 2 hour; control vs. 6 hour). Specifically, we
213  assessed the overlap in genomic regions using summary output files, annotated these regions to
214  obtain names of genes within these regions, and assessed the number of genes that overlapped

215  across conditions. We also calculated Spearman’s rank correlations for the effect sizes (i.e., mean

10
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216  methylation difference) to assess stability in effects across the two timepoint conditions. We plotted

217  the effect sizes for the top 50 overlapping genes from DMRs on a heatmap.

218  We also sought to examine concordance between the DMR and RNA-Seq analyses of the same
219  samples. Similar to our assessment of persistent methylation effects, we used genomic coordinates
220  from the summary output to identify genes within the DMRs and assessed how many of these
221  genes also appeared as significantly differentially expressed genes (DEGs) in the RNA-Seq

222 analysis.
223  Electrophysiology

224 We recorded electrophysiological activity from patient-derived iPSC-based PFCOs using
225 a MEDG64-Presto micro-electrode array (MEA) system. On day 65 of differentiation, we prepared
226  the MEA plate by applying laminin and poly-D-lysine coatings, which were incubated overnight.
227  We positioned our PFCOs on the array using a Matrigel® -based hanging drop technique. We
228  selected this approach because it leverages gravity to facilitate organoid aggregation within a
229  controlled microenvironment, enabling spontaneous tissue-to-tissue interactions without requiring
230 artificial scaffolding or direct physical manipulation. This technique proved particularly useful for

231  establishing initial cellular contacts and promoting fusion under defined conditions.

232 For data analysis, we implemented a multi-stage preprocessing pipeline to extract high-
233  quality spike trains from the raw recordings. Initially, we conducted bandpass filtering between
234 0.5 and 3000 Hz using a fourth-order Butterworth filter. We chose this filter design for its
235  characteristically flat passband response, which preserved the integrity of physiologically relevant
236  signals by minimizing phase distortion. The selected frequency window captured the bandwidth

237  typically associated with neuronal action potentials and local field potential activity?®.

11
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238
239  Results

240  Time-resolved transcriptomic profiling shows dynamic but transient molecular responses to

241 THC in PFCOs

242 We characterized the transcriptomic changes of THC treatment on the PFCOs by
243  performing bulk RNA sequencing on the organoids harvested at 2 hours, 6 hours, and 24 hours
244 post-THC exposure (Figure 1A). At each time point, we collected and sequenced three samples,
245  for a total of 12, including three untreated control samples. We detected a total of 49,132 genes,
246  of which 7,652, 1,886, and 360 were significantly differentially expressed (p < 0.05) at 2, 6, and
247 24 hours post-THC treatment, respectively. We analyzed these differentially expressed genes
248 (DEGs) and resulting pathway enrichments to elucidate the effects of cannabinoid exposure on

249  transcript expression in our brain models (Figures 1C & 2).

250 To verify the regional identity of the organoids used in the THC exposure experiments, we
251  compared expression of canonical prefrontal cortical markers across Blank, 2 hour, 6 hour, and 24
252 hour samples (Figure 1B). As expected, PFCOs robustly expressed dorsal cortical progenitor
253  markers (PAX6, FOXGI) and lineage-defining neuronal genes (CUXI, BCLIIB, SATB2),
254  confirming the presence of upper- and deep-layer excitatory neuron populations. We also
255  consistently detected inhibitory lineage wmarkers (GADI, GAD2, SLC3241) and
256  glial/oligodendrocyte-associated genes (GEAP, PDGFRA, OLIG2, CSPG4)®. Although individual
257  markers showed time-dependent increases or decreases in transcripts per million (TPM) following
258  THC exposure, these shifts reflected normal variability across samples rather than loss or gain of

259  regional identity. Critically, no condition exhibited a collapse or emergence of lineage programs.

12
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260  With these results, we confirm that PFCOs maintain a stable prefrontal cortical transcriptional
261  profile across all experimental timepoints, establishing the cellular context in which THC-induced

262  transcriptional changes were subsequently measured.

263  Enrichment analysis and DEGs at 2 hours are directly relevant to cannabinoid action and

264  synaptic effects

265 After 2 hours of THC exposure, GO enrichment analysis revealed a strong, significant
266  upregulation of neuronal signaling machinery, particularly synaptic organization and excitatory
267  neurotransmission (Figures 1 & 2). We related upregulated biological process (BP) GO terms to
268  development and connectivity, including terms such as forebrain development, synapse assembly,
269  axonogenesis, regulation of neuron projection development, and regulation of synapse
270  organization/activity. Upregulated cellular components (CC) included synaptic/postsynaptic
271  membrane, postsynaptic specialization, neuron-to-neuron synapse, and asymmetric synapse,
272  localizing the effects of the cannabinoid at the synapses. Functionally, we observed that the
273  ionotropic and glutamate receptor function was upregulated. This was indicated by the molecular
274  function (MF) GO terms such as tubule/microtubule binding, glutamate receptor activity, and
275  ephrin receptor activity. Upregulated KEGG pathways included synaptic and neurotransmission-
276  related pathways, such as glutamatergic synapse and axon guidance. Additionally, several
277  pathways related to neurodegenerative diseases explicitly appear, namely Huntington’s and
278  Parkinson’s disease. Unsurprisingly, retrograde endocannabinoid signaling pathways also
279  demonstrated increased expression. The combination of these enrichments suggests a coordinated

280 acute upregulation of synaptic signaling programs.

281 Through downregulated enrichments at 2 hours, we illustrate the suppression of structural

282  support and adhesion pathways. Negatively enriched GO: BP terms included extracellular matrix

13
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283 (ECM) organization, wound healing, and regulation of adhesion. This effect was localized to the
284  collagen-containing ECM, ER lumen, focal adhesion, and apical part of the cell as indicated by
285 the GO:CC terms. We observed reduced expression in pathways with the GO:MF terms ECM
286  structural constituent, cadherin and integrin binding, glycosaminoglycan binding, and growth
287  factor binding. Downregulated KEGG pathways included ECM-receptor interaction, focal
288 adhesion, and PI3K-Akt signaling, which align with the decreased structural functionality. This
289  suggests a trade-off: organoids ramp up signaling but downregulate ECM integrity, possibly

290  destabilizing their structural environment.

291 The specific DEGs identified in 2 hours post-THC treatment samples were strongly
292  associated with neuronal signaling, extracellular structure, and stress response (Figure 1C). We
293  observed that the growth factor-related genes, such as IGF2 and IGFBP3?°, were among the most
294  significantly downregulated, while VEGFA*® and TGFBR3?’ also showed significant
295  downregulation. Genes involved in ECM composition and adhesion, including COLIA42%,
296  COLG6A3®, LUM®, SDC4!, and DSG23? were robustly suppressed, consistent with enrichment

297  results highlighting downregulation of ECM-related pathways.

298 Stress- and metabolism-associated genes were also prominently differentially expressed.

299  NAMPT, a key NAD" biosynthetic enzyme**, was significantly downregulated, as was NDRGI, a

34,35

300 myelination and hypoxia-responsive factor’>”, and EROIA, which regulates oxidative protein

301 folding in the endoplasmic reticulum?®

. Transcriptional regulators such as BHLHE40
302 (hypoxia/circadian response)’’*® and ZFP36/TTP (inflammatory mRNA decay)® were also
303 downregulated. Synaptic plasticity-related genes included PLAT (tPA), a protease critical for

304 NMDA receptor signaling and dendritic remodeling***!.

14
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305 Additional significant genes identified outside the top 100 DEGs (Supplementary Data,
306 DEG_2h.csv) further support these themes. ENHO (adropin), a regulator of energy metabolism

307 and cognitive function*>*

, and SCRT2, a neural transcription factor required for neuronal
308 differentiation*, were both upregulated. ECM remodeling was reinforced by downregulation of
309 VCAN (versican)® and DSC2 (desmocollin-2)*, solidifying the pattern of adhesion-related
310  suppression. Alterations in neuronal metabolism were also reflected by downregulation of SLC2A43
311 (GLUT3)¥, the primary neuronal glucose transporter, while JQGAPI, a cytoskeletal scaffolding
312 protein critical for dendritic spine dynamics*®, was reduced. Additional changes included

313  suppression of CD74, a regulator of neuroinflammatory signaling®, and GNRH2, a

314  neuroendocrine hormone linked to synaptic plasticity™°.

315 Together, our data indicates that by 2 hours after THC exposure, PFCOs undergo a rapid
316  transcriptional shift characterized by the upregulation of synaptic and neurodevelopmental
317  programs, accompanied by the downregulation of extracellular matrix, adhesion, and metabolic
318  support pathways. Several of these transcriptional changes overlap with pathways known to be
319  disrupted in neurodegenerative disease and highlight potential molecular mechanisms through

320  which THC impacts neuronal function.
321  Relevant synaptic effects disappear by 6 hours, replaced by stress-related gene sets

322 By comparing enrichment analysis of between 2 hours and 6 hours (Figures 1C & 2) we
323  observed that the initial synaptic activation effects last merely hours, and seemingly faded by 6
324  hours, replaced by metabolic and adaptive responses. Upregulated GO: BP included only response
325  to xenobiotic stimulus, and for GO:CC, the terms respiratory chain complex and oxidoreductase
326  complex. Positively enriched GO:MF gene sets included DNA helicase activity, ATP-dependent

327  functions, and transporter/electron-transfer activity. Activated KEGG pathways were relevant to
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328 metabolism-related pathways such as oxidative phosphorylation and drug metabolism. Genes for
329  energy production, DNA repair/replication, and detoxification were enriched, reflecting cellular

330 adaptation to stress.

331 After 6 hours, THC actively suppresses protective cellular stress pathways. GO:BP terms
332  that were downregulated included response to oxygen/hypoxia, unfolded protein response, and
333  response to misfolded protein. The cellular locations of these effects included melanosome, focal
334  adhesion, and ribosome, as indicated by the GO:CC terms. Affected GO:MF terms featured GTP
335  binding/GTPase activity, nucleotide binding, and unfolded protein binding. The affected KEGG
336  pathways included protein processing in the ER, hypoxia response, and ribosome function. These
337  findings lead us to conclude that after the acute THC exposure, organoids downregulated key
338  defensive mechanisms, which could potentially render them more susceptible to potential drug

339 metabolism-related stress.

340 The DEGs identified at 6 hours post-THC exposure included fewer genes related to
341  synaptic signaling than the 2 hour dataset, consistent with enrichment analyses showing a shift
342  away from synaptic pathways (Figure 2). Instead, many of the observed transcriptomic changes
343  were associated with stress responses, metabolic regulation, and structural processes. Among the
344  genes of note were ATP6, which encodes a mitochondrial ATP synthase subunit, and was
345  significantly upregulated, reflecting altered oxidative phosphorylation®'. Several genes associated
346  with stress and protein quality control were also present, including P7GS2 (COX-2;
347  Supplementary Data, DEG_6h.csv), an inducible enzyme linked to neuroinflammation?, and
348 CDKNIA (p21; Supplementary Data, DEG_6h.csv), which regulates cell cycle arrest in response

349  to stress’-.
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350 We also found that additional significant genes outside the top 100 further reinforce the
351  dominant stress/metabolic theme. PRPH (peripherin), a neuronal intermediate filament protein?,
352  was downregulated, suggesting possible cytoskeletal remodeling. PHOX2A, a transcription factor

t>3, was also reduced. Genes involved in

353  essential for autonomic nervous system developmen
354  immune and inflammatory signaling were differentially expressed, such as EREG®® and HLA-

355  A/HLA-E°,reflecting potential immune modulation. NDUFAG6, a complex I mitochondrial subunit,

356  was markedly downregulated, reinforcing the theme of impaired oxidative phosphorylation®.

357 Together, these 6 hour results highlight a transition from the strong synaptic and ECM-
358 related transcriptional changes observed at 2 hours to a profile dominated by mitochondrial, stress,
359 and immune-related gene alterations. This supports our hypothesis that the acute synaptic effects
360 of THC exposure are transient. By 6 hours, the PFCOs instead show signatures of stress adaptation

361 and metabolic imbalance, rather than direct modulation of neuronal signaling.

362  Residual transcriptomic signatures at 24 hours reveal broad structural remodeling rather than

363  sustained THC-specific effects

364 At 24 hours post-THC exposure, PEFCOs retain only residual transcriptomic alterations, and
365 few differentially expressed genes (DEGs) remain directly relevant to neuronal or synaptic
366 pathways (Figure 2). Upregulated enrichments predominantly map to cytoskeletal and muscle-
367  associated processes, indicating generalized structural remodeling rather than activation of true
368 myogenic programs. These signatures span GO:BP categories such as striated muscle tissue
369  development, myofibril assembly, and muscle organ development; GO:CC terms including
370  sarcomere, contractile fiber, myofibril, I band, and Z disk; and GO:MF terms such as structural

371  constituent of muscle. KEGG pathways emphasize muscle contraction and actin cytoskeleton
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372  regulation. Collectively, these findings suggest that PFCOs engage in late-phase cytoskeletal

373  reorganization as THC-specific transcriptional activity subsides.

374 Downregulated enrichment profiles reinforce this interpretation. Although ECM-related
375  pathways remain suppressed at 24 hours, the pattern broadens and becomes less THC specific,
376  consistent with a global reduction in stress and metabolic activity. Enriched GO:BP terms include
377  response to hypoxia, collagen fibril organization, and negative regulation of growth; GO:CC terms
378  center on blood microparticle, ECM, and ER or secretory vesicle lumen; and GO:MF terms
379  highlight altered organic or carboxylic acid binding, fatty acid binding, and heparin binding.
380 Downregulated KEGG pathways, including ECM receptor interaction, lysosomal function, and
381 metabolic processing, point to persistent impairment of structural support and intracellular
382  homeostasis. Together, these enrichments indicate that PFCOs enter a broader low-activity state
383 marked by continued ECM and metabolic suppression rather than sustained THC-responsive

384  signaling.

385 Individual DEGs from the Supplementary Data (DEG_24h.csv) show a similar pattern.
386  Only a small subset exhibits neurodevelopmental relevance at this later time point. NDN (Necdin),
387  which supports neuronal survival and differentiation and is implicated in Prader—Willi
388  syndrome®%, is downregulated. Several metallothionein genes (MTIH, MTIE, MTIG), key
389  regulators of oxidative stress responses relevant to Alzheimer’s and Parkinson’s disease®!, are also
390 suppressed. Downregulation of P4HAI, required for collagen hydroxylation®?, signals persistent
391  ECM dysregulation. NAV3, involved in axon guidance and neuronal migration®, is upregulated,
392  while GLRA2 (glycine receptor alpha 2 subunit) shows increased expression, pointing to subtle
393 effects on inhibitory neurotransmission®. HK2, a regulator of glycolytic flux and energy

394  metabolism in brain cells®, is reduced, suggesting emerging metabolic vulnerability. Immune-
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395 related alterations persist as well, including suppression of C/QB, a complement component
396  implicated in synaptic pruning and neuroinflammation®®. Changes in cytoskeletal genes such as
397 ACTCI® and TTN®® likely reflect broad structural remodeling rather than neuron-specific

398  programs.

399 Overall, the 24 hour transcriptomic profile demonstrates that THC-induced molecular
400 responses attenuate substantially with time. Residual effects primarily encompass stress-response
401  attenuation, metabolic suppression, ECM disruption, and cytoskeletal reorganization. Only a
402  minimal set of DEGs retains ties to neuronal biology, indicating that PFCOs largely resolve early
403  THC specific transcriptional programs by this later stage. At 2 hours, enrichment analysis revealed
404  strong THC relevant signatures, with upregulated pathways concentrated in synaptic and neuronal
405  processes and downregulated pathways dominated by extracellular matrix and adhesion. By 6
406  hours, the profile shifted toward metabolic and stress-response pathways, indicating an early
407  transition away from direct neuronal signaling effects. At 24 hours, enrichment signals weakened
408 further and were clearly less THC specific. Upregulated terms centered on muscle and cytoskeletal
409 remodeling, while downregulated terms continued to reflect broad suppression of ECM and stress-
410  related pathways. Notably, ECM and adhesion pathways were consistently downregulated at both
411 2 hours and 24 hours, suggesting a persistent reduction in extracellular support structures across
412  the exposure window. We interpret the reduced pathway specificity at 6 hours and especially at 24
413  hours as evidence of secondary or compensatory responses, consistent with a transient primary

414  effect of THC exposure followed by broader remodeling and recovery processes in PFCOs.

415  Whole genome methylation sequencing reveals differentially methylated regions in response to

416  THC exposure, with methylation in genes implicated in autism spectrum disorder (ASD)
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417 We also sought to characterize the epigenetic changes of THC treatment on the PFCOs,
418  performing whole-genome bisulfite sequencing (WGBS) on the organoids harvested at 2 hours, 6
419  hours post-THC exposure, and untreated controls. We detected 29,401,795 CpG sites across all
420  chromosomes (including X, Y, and mtDNA). Among these, 8,811,546 CpG sites had an average
421  coverage of at least 8 reads across all samples and were included in the differentially methylated
422  region (DMR) analysis. Mean coverage across cases (M = 11.9) and controls (M = 13.4) were
423  similar, ¢ (6.9)=1.57, p = 0.15. All samples had an error rate for primary mappings <= 1%; similar
424  mean fragment length (cases: M = 139.8; controls: M =137.9), ¢ (4.3)=-0.38, p =0.71; and similar
425  number of concordant pairs (cases: M = 304,034,353; controls: M = 312,732,167), ¢ (3.6) = 0.46,
426  p = 0.66. The mean percent methylated CpG sites were also similar between cases (M = 68.8%)
427 and controls (M = 67.36), #52) = -136, p = 0.22. (Figure 3 & 4A-D).

428  DMR analysis

429 Differential methylation analysis identified genomic regions where cytosine methylation
430 levels changed in response to THC exposure, providing an insight into early epigenomic
431  mechanisms that may have preceded or shaped transcriptional responses. Using an absolute t-
432  statistic cutoff of 2, we detected 7,107 DMRs at 2 hours relative to the untreated control condition.
433 At 2 hours post-THC exposure, we observed clear evidence of such regulation. The majority of
434  DMRs, 52%, were hypermethylated, while the remaining 48% were hypomethylated compared to
435  controls. This balanced distribution indicated that THC alters both gene-suppressive and gene-

436  permissive methylation states.

437 We illustrate the genomic distribution of these DMRs in Figure 4A-D. Most DMRs,
438  approximately 41%, occurred within promoter regions, underscoring their potential to directly
439 influence transcriptional initiation. A substantial fraction also mapped to intronic regions (36%)
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440  and distal intergenic elements (16%), suggesting that THC-induced methylation changes may have
441  extended to enhancers and other long-range regulatory sites. Together, these patterns demonstrated
442  that early THC exposure produced rapid, locus-specific shifts in the PFCO epigenome that

443  modified multiple layers of gene regulatory architecture.

444 When comparing the control samples to those at 6 hours, we detected 7,560 DMRs, which
445  were slightly more than at 2 hours. Similarly, the majority (52%) of DMRs were hypermethylated
446  at 6 hours compared to untreated controls. Similar to the 2 hour post-THC exposure, the majority
447  of DMRs (~41%) were located within promoter regions, with DMRs also in intronic (34%) and
448  distal intergenic regions (~18%). We classified each DMR according to its genomic feature,
449  defined as annotated elements such as promoters, introns, exons, UTRs, and distal intergenic
450 regions. This allowed us to assess whether THC-induced methylation changes concentrated in

451  regulatory regions or were distributed more broadly across the genome (Figure 4).
452  Enrichment analyses

453 We plotted the GO enrichment analyses of significant DMRs at 2 hours and 6 hours,
454  separately, split by hyper- and hypomethylated regions (Figure 3). Two hours after exposure, we
455  found significant enrichment of hypermethylation in pathways related to synapse formation and
456  assembly, as well as postsynaptic structure. This suggested an epigenetic suppression and potential
457  reduced transcriptional potential of genes involved in synaptogenesis and cell adhesion in the
458  developing brain. We also detected enrichment of hypomethylation in pathways related to
459  neurodevelopment. Notably, there was evidence of enrichment in the Wnt signaling pathway,
460  which plays key roles in cell fate determination and differentiation during prenatal development®.

461  Together, these findings lead us to suggest that THC exposure creates a paradoxical state, where

21


https://doi.org/10.64898/2026.01.08.698442

bioRxiv preprint doi: https://doi.org/10.64898/2026.01.08.698442; this version posted January 8, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

462  hypomethylation in some regions promotes early-stage neuronal growth and differentiation while
463  hypermethylation in other regions simultaneously inhibits the maturation and stabilization of

464  synapses.

465 Enrichment results after 6 hours were similar, with enrichment of hypomethylation in
466  pathways related to axonogenesis and axon and neural projection guidance, suggesting a sustained
467  push for neuronal growth and connection. Interestingly, enrichment of hypermethylation at 6 hours
468  shifted from pathways related to synapse assembly to pathways involved in electrical function of
469  synapses. Specifically, enrichment in pathways related to membrane potential and excitatory
470  postsynaptic potential suggested suppression of neuronal firing and communication. Combined
471  with the 2 hour enrichment results, we infer that although THC exposure may contribute to
472  increased neuronal growth and development, over time these circuits become impaired and

473  functionally silent.

474  Persistence of effects

475 We next sought to examine the persistence of effects in two cases: control to 2 hours and
476  from 2 hours to 6 hours post-THC exposure. That is, we wanted to know whether methylation
477  changes observed at 2 hours persisted at 6 hours or returned to untreated levels as in the control.
478  We plotted the top 20 genes within DMRs that showed the greatest change in effect size (i.e., mean
479  methylation difference) between the control and 2 hour conditions. (Figure 4D) We observed that
480 many top genes were located within regions with hypermethylated CpG sites compared to
481  untreated controls. Interestingly, NFIA was among the top genes in regions marked by
482  hypomethylation at 2 hours. NFIA, located on chromosome 1, is a protein-coding member of the

483  nuclear factor 1 family of transcription factors’’. Because several THC-responsive genes have
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484  neurodevelopmental relevance, we cross-referenced these findings with the Simons Foundation
485  Autism Research Initiative (SFARI) gene database?’, a curated resource of genes associated with
486  autism spectrum disorder. NFIA is classified by SFARI as a strong ASD-associated candidate
487  (Category 2). We then selected genes within significant DMRs that overlapped between the 2 hour
488 and 6 hour conditions to determine how methylation levels changed or may have returned to
489  untreated levels. As shown in Figure 4, the top 20 genes at these overlapping time points did not
490  align with the top genes from the 2 hour versus control comparison. Similar to the earlier contrast,
491  the majority of the strongest effect of size changes reflected hypermethylation from 2 hours to 6
492  hours. One gene in this overlapping set, UNCI3A4, was consistently hypermethylated across
493  conditions. When evaluated in the context of our prior SFARI comparison, UNC13A also appears

494  in the database as a strong ASD-associated candidate.

495  Electrophysiological characterization of PFCO following THC exposure

496 We analyzed four key parameters of neuronal activity in PFCOs exposed to THC compared
497  to untreated controls (Control) across three timepoints: 2, 24, and 48 hours post-exposure. We
498 plotted the electrophysiological activity of PFCOs following acute THC exposure (Figure SA). At
499 2 hours post-exposure, we observed that the THC group exhibited a significant reduction in spike
500 frequency relative to the control, accompanied by a marked increase in inter-spike interval (ISI),
501 indicating transiently reduced firing activity. By 24 and 48 hours, both metrics recovered, and the
502  spike frequency and ISI were comparable between groups. Burst rate remained similar across
503 conditions at all timepoints. In contrast, we observed that the burst duration showed greater
504  variability: the THC group displayed a tendency toward longer burst durations at 24 hours, though

505 this effect was not sustained and diminished by 48 hours. Hence, we concluded that THC induced
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506 an early but transient suppression of network firing, while longer-timescale burst properties are

507 more variable and less consistently affected.

508  THC alters gene networks enriched for high-confidence autism risk genes

509 To assess whether THC exposure perturbs molecular pathways relevant to
510 neurodevelopmental disorders, we examined its relationship to autism spectrum disorder (ASD)—
511  associated genes. ASD was selected because many early neurodevelopmental pathways disrupted
512  in our data overlap with pathways implicated in ASD risk. We therefore intersected our RNA-seq
513 DEGs and WGBS DMR-associated genes with curated ASD-risk genes from the SFARI Gene
514  database (Figure 5B). SFARI Gene?® compiles ASD-associated genes from human genetic studies,
515  and each gene was assigned a Gene Score based on the strength of evidence: Gene Score 1 (High
516  Confidence): Genes clearly implicated in ASD, typically supported by >3 de novo likely gene-
517  disrupting mutations (LGDs). Many met genome-wide significance or an FDR < 0.1 in large
518  sequencing studies. Gene Score 2 (Strong Candidate): Genes with two reported de novo LGDs,
519  or genes uniquely implicated by replicated genome-wide associated studies where the associated
520 risk variant showed functional impact. Gene Score 3 (Suggestive Evidence): Genes with one
521  known de novo LGD, or those supported by emerging association or inheritance evidence that has
522  not yet met a rigorous statistical threshold. Syndromic (S): Genes where mutations caused a
523  syndrome for which ASD frequently co-occurs. Some of these may also carry independent
524  evidence for idiopathic ASD (not mutually exclusive with Gene Scores 1-3). Across the SFARI
525  database, this corresponds to 240 High Confidence (Score 1), 706 Strong Candidate (Score 2), 198

526  Suggestive (Score 3), and 309 Syndromic genes.

527  THC-responsive DEGs show strong early overlap with high-confidence ASD-risk genes
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528 At just 2 hours post-exposure, we observed many High Confidence (Category 1, Figure
529  5B) genes: 95 genes, nearly 40% of the entire SFARI High Confidence set, altered at the transcript
530 level. We saw the strongest enrichment among Category 2 Strong Candidate genes, with 273 DEGs
531  overlapping this group. We also saw a considerable overlap in the syndromic genes (111 genes),
532  indicating that THC perturbs transcriptional programs associated not only with idiopathic ASD but

533 also with broader neurodevelopmental syndromes.

534 By 6 hours, the number of intersecting DEGs declined but remained notable, and by 24 hours, only
535 a handful of SFARI genes remained differentially expressed. This time-dependent contraction
536  suggested that THC induces a sharp but transient early wave of transcriptional dysregulation that

537  disproportionately affects ASD-relevant genes.

538  THC-induced DMR-associated genes converge on the same ASD-risk categories

539 We saw a similar trajectory in epigenetic intersections but with greater temporal stability.
540 THC-induced DMR-associated genes at 2 hours overlapped extensively with SFARI categories,
541 including 64 High Confidence and 157 Strong Candidate genes. Importantly, unlike the
542  transcriptional changes that diminished by 24 hours, the epigenetic overlap remained highly
543  consistent between 2 and 6 hours, with Strong Candidate overlaps remaining nearly identical (157
544  vs. 160 genes). This indicated that while gene expression changes represent a rapid but transient
545  response, early methylation changes occur quickly and remain stable during the initial exposure

546  window.

547 A consistent pattern emerged across datasets: THC exposure disrupted both transcriptional
548 and epigenetic regulation of genes with well-established or strongly suggested genetic links to

549  ASD. The particularly strong enrichment of Category 2 Strong Candidate genes highlighted a
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550  coordinated impact on pathways supported by robust but still-evolving genetic evidence. Together,
551  these findings revealed that ASD-associated gene networks represented early molecular targets of
552  THC in developing PFCOs with immediate transcriptional responses followed by more sustained

553  epigenetic alterations.
554  Discussion

555 This study provides a multi-layered view of how acute THC exposure disrupts early human
556  cortical development, integrating transcriptomic, epigenetic, and electrophysiological results from
557  hiPSC-derived prefrontal cortex organoids (PFCOs). Across modalities, a cohesive mechanistic
558  picture emerged: THC induced an immediate excitatory shift in immature cortical circuits,
559  weakened extracellular and structural support systems, and imposed epigenetic constraints on
560  synaptic maturation. These findings offer an insight into how early cannabinoid exposure may alter

561  developmental trajectories during a critical window of human cortical formation.
562  Early synaptic activation without structural or epigenetic support

563 Within 2 hours post-THC exposure, our PFCOs displayed strong upregulation of genes
564 involved in synaptic organization, glutamatergic signaling, axonogenesis, and cortical
565  development. This was consistent with established roles of CB1 receptors in enhancing presynaptic
566  glutamate release, modulating neurotransmitter vesicle cycling, and influencing early synaptic
567  plasticity’"”’?. Similar acute activation of excitatory pathways have been observed in rodent
568  prenatal cannabis exposure studies, where THC transiently increases neuronal excitability and

569  modifies synaptic signaling’>.

570 However, this excitatory upregulation occurred simultaneously with robust suppression of

571 ECM organization, adhesion, and collagen-related pathways, suggesting a reduced capacity for
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572  stabilizing newly activated circuits. The ECM is recognized as a critical regulator of neuronal
573  migration, synaptogenesis, and plasticity’*. This suggests that disrupting ECM components during
574  development can destabilize excitatory-inhibitory balance and impair dendritic spine maturation.
575  Thus, THC appears to produce a mismatch: neurons are pushed towards early activation without

576  receiving the structural scaffolding necessary to consolidate synapses.
577  Epigenetic remodeling reinforces delayed destabilization

578 The WGBS data further supported this mismatch model. At the same early timepoint (2
579  hours), hypermethylation targeted promoters of genes involved in synapse assembly and
580  postsynaptic specialization, indicating epigenetic repression of synaptic stabilization. At the same
581  time, hypomethylation enriched for Wnt signaling and neurodevelopmental pathways suggests
582  permissiveness towards neuronal differentiation. Wnt signaling plays critical roles in cortical
583  progenitor proliferation and neuronal fate specification”. Similar dual effects promoting
584  differentiation while weakening maturation have been described in primate placenta and fetal
585  cortex following prenatal cannabis exposure. In rhesus macaques, THC exposure induced >500
586  differentially methylated CpGs in fetal brain, many mapping to neurodevelopmental and ASD-
587 linked genes*. Together, these data suggest that THC activates networks before they are structurally
588 ready and recruits epigenetic marks that limit maturation, potentially creating an unstable

589  developmental trajectory.
590  Temporal cascade: from early excitatory bias to metabolic and stress response

591 By 6 hours, transcriptomic signatures shifted sharply from synaptic processes to stress- and
592  metabolism-related pathways, including oxidative phosphorylation, DNA repair, and xenobiotic

593  metabolism. Cannabinoids have been previously shown to modulate mitochondrial activity, disrupt
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594  calcium homeostasis, and impair oxidative metabolism’®. Upregulation of detoxification pathways
595 and suppression of unfolded protein and hypoxia responses suggest that early THC-induced

596  signaling places metabolic burden on developing neurons.

597 Epigenetically, hypomethylation was enriched in axonogenesis and guidance pathways,
598  demonstrating a push for neuronal growth, while hypermethylation targeted genes involved in
599  synaptic electrical function, such as excitatory postsynaptic potential. These findings suggest that
600 although neurons may continue to grow and form new connections, their functional excitability is
601 limited by epigenetic regulation. In animal models, THC exposure has been associated with
602  persistent impairments in long-term potentiation and altered excitability in cortical and

603  hippocampal circuits’’.
604  Residual and disease-relevant effects at 24 hours

605 At 24 hours, transcriptional effects were diminished but included downregulated of NDN

3960 as well

606 (Necdin), a gene critical for neuronal survival and implicated in Prader-Willi syndrome
607  as metallothionein genes important for oxidative stress defense. Although differential expression
608 was dominated by MT-1 isoforms, it is worth noting that MT-3 has previously been implicated in
609 neuromodulatory events and pathogenesis of Alzheimer’s disease®!. These changes suggest
610 lingering impairments in neuronal resilience and stress handling, with possible relevance to long-
611  term neurodevelopmental risk. While WGBS was not extended to the 24 hour condition in this

612  study, the persistence of ECM suppression and immune-related changes at the transcriptomic level

613  implies that epigenetic mechanisms may underlie the durability of these effects.

614  Delayed electrophysiological disruptions reflect earlier molecular instability
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615 Electrophysiology provides functional validation of this temporal model. 24 hours post
616  THC-exposure, PFCOs displayed dramatically prolonged burst durations without changes in spike
617  frequency or burst rate. This phenotype suggests disruptions in burst termination, synchronization,
618 or inhibitory balance rather than simple hyperexcitability. Burst prolongation has been observed
619  in models of disrupted ECM, impaired GABAergic refinement, and early synaptic destabilization,
620 aligning with the molecular findings of ECM suppression, altered inhibitory genes, and synaptic
621  methylation signatures’s. We observed that by 48 hours, burst metrics normalized. However, the
622  persistant behavior of ECM suppression and stable DMRs at synaptic and ASD-associated loci
623  suggests that longer-term of repeated exposures could produce cumulative network alterations that

624  would not resolve as quickly.
625  Engagement of ASD-related gene networks highlights a vulnerable developmental window

626 One of the most compelling findings is the early enrichment of THC-responsive genes
627 among curated ASD-risk genes in the SFARI database?’. We observed that nearly 40% of High
628 Confidence ASD genes were differentially expressed at 2 hours, along with hundreds of Strong
629 Candidate and Syndromic genes. While transcriptional overlaps diminished by 6-24 hours,
630 epigenetic intersections remained remarkably stable. Several notable genes, including NFIA and
631 UNCI34, carried strong ASD-related evidence and played established roles in cortical
632 differentiation and synaptic release’®’. These results parallel findings in cannabis-exposed
633  primates and human placenta, where DMRs are enriched near ASD-implicated genes*. Although
634  this study does not claim causation, the agreement across species suggests that ASD-relevant gene

635 networks are disproportionately sensitive to prenatal cannabinoid exposure.

636  Strengths, limitations, and directions for future research
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637 This work leverages a region-specific human organoid model, multi-omic integration, and
638 electrophysiology recordings to dissect THC effects across several biological layers. However,
639  important limitations remain. Human exposure is typically chronic and involves fluctuating THC
640 levels. Chronic exposure studies may reveal cumulative or non-linear effects, especially at the
641  epigenetic level. Additionally, bulk RNA-seq and WGBS mask cell-type-specific effects,
642  particularly in cortical progenitors, excitatory neurons, interneurons, and glia. Single-cell bisulfite
643  sequencing, scATAC-seq, or CITE-seq approaches would greatly enhance mechanistic insight.
644  Furthermore, PFCOs recapitulate mid-gestational cortex but cannot model placental transfer,
645 maternal immune environment, hormonal context, or long-range cortical connectivity. Further
646  studies should incorporate chronic THC modelling, multi-week recordings, and microglia- or
647  vascular-enhanced models to better recapitulate in vivo neurodevelopment. Direct gene editing of
648 key THC-responsive loci (such as NFIA, UNCI3A or NDN) may help determine causal
649  contributions. Integration with single-cell methylation and spatial transcriptomics would also

650 clarify which populations are most vulnerable.

651 Conclusions

652 Together, these findings support a mechanistic framework in which THC induces a rapid
653  excitatory push in the developing cortex, suppresses extracellular and adhesion structures needed
654  for stable synaptogenesis, and recruits epigenetic marks that limit synaptic maturation. This
655  imbalance produces a delayed disruption in the timing and duration of coordinated neuronal firing
656  events and engages gene networks with strong relevance to ASD and neurodevelopmental disease.
657  These results highlight the molecular and functional vulnerabilities of developing neuronal
658 networks to cannabinoid exposure and underscore the importance of understanding prenatal

659  cannabis use in the context of early brain development.
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660  List of abbreviations

661  THC — A9-tetrahydrocannabinol

662  iPSC — induced pluripotent stem cell

663  PFCO — prefrontal cortex organoid

664 RNA-seq — RNA sequencing

665 WGBS — whole-genome bisulfite sequencing

666  ASD — autism spectrum disorder

667 CBI — cannabinoid receptor 1

668 CB2 — cannabinoid receptor 2

669  H3K9 — histone H3 lysine 9

670  Drd2 — dopamine D2 receptor

671 mRNA — messenger RNA

672  EBs - embryoid bodies

673 HBSS — Hank’s Balanced Salt Solution

674 ROCK — Rho-associated coiled-coil kinase

675 SMAD — Sma/MAD family of signaling proteins

676  BMP — bone morphogenetic protein

677 DMEM/F12 — Dulbecco’s Modified Eagle Medium / Ham’s F-12
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678 RIN — RNA Integrity Number

679 cDNA — complementary DNA

680 QC — quality control

681  PEI150 — paired-end 150 bp sequencing

682 DRAGEN — Dynamic Read Analysis for GENomics

683  STAR — Spliced Transcripts Alignment to a Reference

684  DEGs — differentially expressed genes

685 GO — Gene Ontology

686 KEGG — Kyoto Encyclopedia of Genes and Genomes

687  SFARI — Simons Foundation Autism Research Initiative

688 gDNA — genomic DNA

689  PCR — polymerase chain reaction

690 PE — paired-end

691  hg38 — Human Genome version 38

692  CpG — cytosine-phosphate-guanine

693 CpH — cytosine followed by a non-guanine base

694  DMR - differentially methylated region

695 UTR — untranslated region
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696 FDR - false discovery rate

697 MEA — micro-electrode array

698 Hz - hertz

699 TPM — transcripts per million

700 BP - Biological Process

701  CC - Cellular Component

702  MF — Molecular Function

703  tPA —tissue plasminogen activator

704  NMDA — N-methyl-D-aspartate

705  ATP — adenosine triphosphate

706  GTP — guanosine triphosphate

707  COX-2 — cyclooxygenase-2

708  HLA — human leukocyte antigen

709 mtDNA — mitochondrial DNA

710  Wnt — Wingless-related integration site

711 ECM — extracellular matrix

712  NAD+ — nicotinamide adenine dinucleotide

713  GLUTS3 — glucose transporter 3
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714  tRNA — transfer RNA
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966  Figure 1: Bulk RNA-seq time-dependent transcriptomic responses to acute THC exposure in

967  prefrontal cortex organoids
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970  (A) Schematic overview of experimental design. PFCOs were exposed to THC and harvested at 2,
971 6, and 24 hours post-exposure. DNA and RNA were extracted for WGBS and bulk RNA-seq
972  profiling. (B) Cross-comparison of canonical prefrontal cortical markers across Blank, 2h, 6h and
973  24h conditions. Bar heights represent transcripts per million (TPM), a normalized expression
974  measurement that accounts for sequencing depth and gene length. (C) Heatmaps of the top 100

975  differentially expressed genes (DEGs) at 2 hours (left) and 6 hours (right), ordered by hierarchical
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976  clustering. Colors represent expression values after Z-score scaling, indicating whether a gene is

977  expressed higher or lower relative to its own mean across samples.

978

979  Figure 2: GO/KEGG enrichment of DEGs generated from bulk RNA-seq time-dependent

980 response to THC-exposure
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982  Results from Gene Ontology (GO) and KEGG enrichment of significantly upregulated and
983  downregulated differentially expressed genes at 2, 6, and 24 hours post THC-exposure compared
984  to controls. GO enrichment is separated by Biological Process (BP), Molecular Function (MF),

985 and Cellular Component (CC) ontologies. In the dot plots, each row represents an enriched
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986  pathway, where dot color reflects the significance (adjusted p-value), dot size indicates the number

987  of genes contributing to the enrichment, and dot position shows the enrichment ranking.

988

989  Figure 3: GO enrichment generated from WGBS time-dependent response to THC-exposure
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991 Results from WGBS DMR GO enrichment analyses for Biological Process (BP), Molecular
992  Function (MF), and Cellular Component (CC) ontologies for 2 and 6 hour conditions, compared
993  to controls, split by significant hyper- and hypo-methylated regions. In the dot plots, each row
994  represents an enriched pathway, where dot color reflects the significance (adjusted p-value), dot

995  size indicates the number of genes contributing to the enrichment, and dot position shows the

996  enrichment ranking.

997

998  Figure 4: Graphical representation of significant differentially methylated regions, overlap

999  with RNA-Seq results, and gene-level result
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1001  (A) Overlap in effect size and direction between overlapping genes in methyl-seq and RNA-seq
1002  analyses. (B) Description of gene context among differentially methylated regions (DMRs) in 2
1003  hour and 6 hour conditions, respectively. (C) Heatmap of differential methylation, compared to
1004  controls, among top 100 genes in significantly differentially methylated regions overlapping across
1005 the 2 and 6 hour conditions. (D) Top panel: Largest effect size changes among the top 20 genes
1006 mapped to significantly differentially methylated regions. Bottom panel: Largest effect size
1007 changes among the top 20 genes mapped to significantly differentially methylated regions that

1008  overlapped between 2 and 6 hour conditions.
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Figure 5: Electrophysiological measurements and SFARI gene intersection
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(A) Electrophysiological activity of PFCOs exposed to THC or vehicle controls (Control) at 2, 24,
and 48 hours. Spike frequency, ISI, burst rate, and burst duration were compared using unpaired
two-tailed t-tests. A significant increase in spike frequency was observed at 2 hours (p < 0.05); no

other measures showed significant differences. Data are mean + SEM. (B) Intersection of THC-
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1016  responsive genes with autism spectrum disorder (ASD)-associated genes from the SFARI Gene
1017  database. Bars are overlapping and the rightmost point of each color represents the value of gene
1018  count for that category. Left: Overlap between differentially expressed genes (DEGs) at 2, 6, and
1019 24 hours and SFARI categories. Right: Overlap between differentially methylated region (DMR)-
1020  associated genes at 2 and 6 hours and the same SFARI categories. SFARI categories are the
1021  following: Gene Score 1: High Confidence, Gene Score 2: Strong Candidate, Gene Score 3:

1022  Suggestive Evidence, and Syndromic.

1023

1024  Supplementary Materials

1025 e DEG 2h.csv

1026 o Title: 2 hours Post-THC Treatment DEGs

1027 o Description: List of significant DEGs 2 hours post-THC treatment. Includes
1028 average normalized expression (baseMean), estimated log2 fold change
1029 (log2foldChange), standard error of the estimated log2 fold change (1fcSE), Wald
1030 statistic (stat), unadjusted p-value (pvalue), and p-value adjusted for multiple
1031 testing (padj).

1032 e DEG O6h.csv

1033 o Title: 6 hours Post-THC Treatment DEGs

1034 o Description: List of significant DEGs 6 hours post-THC treatment. Includes
1035 average normalized expression (baseMean), estimated log2 fold change
1036 (log2foldChange), standard error of the estimated log2 fold change (1fcSE), Wald
1037 statistic (stat), unadjusted p-value (pvalue), and p-value adjusted for multiple
1038 testing (padj).

47


https://doi.org/10.64898/2026.01.08.698442

bioRxiv preprint doi: https://doi.org/10.64898/2026.01.08.698442; this version posted January 8, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

1039 e DEG 24h.csv

1040 o Title: 24 hours Post-THC Treatment DEGs

1041 o Description: List of significant DEGs 24 hours post-THC treatment. Includes
1042 average normalized expression (baseMean), estimated log2 fold change
1043 (log2foldChange), standard error of the estimated log2 fold change (IfcSE), Wald
1044 statistic (stat), unadjusted p-value (pvalue), and p-value adjusted for multiple
1045 testing (padj).

1046 e DMR 2h genes.csv

1047 o Title: 2 hours Post-THC Treatment DMR Genes

1048 o Description: List of significant DMR-associated genes 2 hours post-THC
1049 treatment. Includes average methylation level of the control PFCOs (control),
1050 average methylation level for the PFCOs 2 hours post THC-treatment (twoHour),
1051 and mean difference in methylation between the two groups (meanDifY).

1052 e DMR 6h genes.csv

1053 o Title: 6 hours Post-THC Treatment DMR Genes

1054 o Description: List of significant DMR-associated genes 6 hours post-THC
1055 treatment. Includes average methylation level of the control PFCOs (control),
1056 average methylation level for the PFCOs 6 hours post THC-treatment (sixHour),
1057 and mean difference in methylation between the two groups (meanDifY).
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