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SUMMARY

The human brain represents one of the most complex organs in our body, with development
regulated by an intricate genetic program. Recently, non-genetic factors, such as prenatal stress,
infection, and diet, have been shown to influence brain development. Radiofrequency radiation
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(RF; 800-2,400 MHz), emitted by natural and artificial sources such as microwaves and

cell phones, represents a non-invasive environmental factor. Using human cortical organoids
(hCOs) derived from human embryonic stem cells (hESCs), we investigate RF’s effects on
corticogenesis. We find that RF exposure regulates the differentiation of human and non-human
primate radial glia progenitors, maintaining stem cell identity and delaying differentiation.
Neurons differentiated under RF treatment show induction of expression of human endogenous
retroviruses. Importantly, inhibitors for the BET (bromodomain and extraterminal) protein rescue
RF-induced developmental defects in hCOs. Our findings reveal a mechanism by which RF

Page 2

modulates early brain development, offering a non-biological approach to regulate neural stem cell

self-renewal.

In brief

Cakir et al. show that radiofrequency exposure disrupts radial glial differentiation and induces
autism-related gene expression in human cortical organoids. BET protein dysregulation underlies

these effects, and BET inhibitors rescue the developmental defects.
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INTRODUCTION

Human cortical development is regulated by a series of steps that accompany neuroectoderm
formation, neural tube formation, and cortical laminar layer formation. 1 Extensive research
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on the genetic regulation of cortical development over the years has uncovered several
fundamental principles underlying human cortical development. Intriguingly, human genetic
studies have identified mutations at critical genes for cortical development. 2 A large number
of genes are known to be associated with neurodevelopmental disorders, such as autism
spectrum disorder (ASD), intellectual disability, learning disorders, or neuropsychiatric
disorders. 35

In addition to the genetic regulation of human brain development, non-genetic factors play
critical roles in the progression of human ectoderm commitment, neural tube formation,
neural stem cell regulation, and neural maturation. Specifically, hormonal changes, drug
treatment, or infection during pregnancy have shown a direct impact on fetal development,
such as abnormal body development, brain development, and neuropsychiatric impact.

6 Recent studies have increasingly focused on the effects of environmental factors on
neurodevelopment, highlighting the critical interplay between genetics and the environment
in shaping brain architecture and function. ” The electromagnetic field presents non-
biological and non-invasive effects on the developmental program. While an electromagnetic
field with a higher frequency and high energy can destroy biological materials, such as
DNA, leading to cell death or mutations, radiofrequency radiation (RF) at a frequency of
800-2,400 MHz is commonly encountered in daily life. This RF is generated naturally by
sources such as the sun and lightning, as well as artificially by household electronics like
microwaves, Wi-Fi routers, and mobile phones. 8

Recent studies have revealed the physiological impact of RF on biological systems,
including oxidative stress, cell proliferation, and viability. © Several studies have shown
that RF increases the proliferation of neural progenitor cells (NPCs). Murine NPCs and
immortalized human neuroblastoma cell lines that are exposed to RF show an increase in
proliferation and a concomitant decrease in differentiation. 10 However, it is still elusive
how RF regulates human early NPC self-renewal and differentiation in the embryonic
brain. Emerging evidence suggests that RF may impact the expression of key genes
involved in neurodevelopmental processes, potentially affecting neurogenesis and the risk
of neurodevelopmental disorders. For instance, a study by Eghlidospour et al. emphasizes
the need for further investigation into how RF exposure alters differentiation pathways in
neural stem cells, particularly in relation to apoptosis and cell cycle regulation. Other studies
have indicated that electromagnetic field (EMF) exposure may induce stress responses in
stem cells, affecting their development and function.

In recent years, the advent of human cortical organoids (hCOs) has revolutionized the

study of brain development by providing models that more accurately reflect human
physiology compared to traditional 2D cell cultures. 1112 These organoids exhibit complex
3D architectures and cellular diversity, allowing researchers to explore cellular interactions
and developmental processes in ways that previous models, focusing on animal models

or simple neural stem cell cultures, could not. 11:13.14 By ytilizing hCOs derived from
human embryonic stem cells (hESCs), our research provides a more physiologically relevant
context in which to investigate the effects of RF exposure on cortical neural stem cells,
bridging the gap between /n vitro findings and /n vivo conditions.
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Here, we set out to use hCOs as a model system to elucidate how RF regulates the self-
renewal of human cortical neural stem cells. Our study offers several important contributions
to the understanding of how RF influences early neural development using hCOs. Unlike
previous studies that primarily relied on animal models or immortalized cell lines, our
research utilizes hCOs derived from hESCs, providing a more physiologically relevant and
human-specific context for investigating the effects of RF on cortical neural stem cells.

RF increases the proliferation of radial gliain hCOs

To investigate the effect of radiofrequency on human cortical development, we constructed
a device that generates a uniform RF field (Figure S1A). As a model for the developing
early human brain, we generated hCOs from hESCs and exposed them to 12 or 24 h/day RF
cycles throughout their development, beginning from the patterning stage at day 10 (Figure
1A). 1516 Following the 12 h/day exposure, hCOs showed an irregular surface shape from
post-exposure day 8 (Figure S1B), but no significant change in the overall size was observed
(Figure S1C). 24 h/day RF treatment caused a considerable reduction in size (Figure 1B).
However, after 2 months in culture under RF exposure, hCOs recovered from the abnormal
morphology and the smaller size observed at an early stage (Figure 1B). Overall, these
results suggest that RF affects brain organoid development at an early stage of development.

The developmental program of hCOs recapitulates the phases and features of human
corticogenesis. These include the formation of apical radial glial cells (aRGs) that arise at
the germinal ventricular-like zone (VZ) and subventricular-like zone (SVZ) and differentiate
into glutamatergic excitatory neurons. 11:17-20 The reduction in the size of hCOs by RF
treatment at the early developmental stage suggests that aRG self-renewal or differentiation
is regulated by RF (Figure 1B). To test this hypothesis, we examined the mitotic behaviors
of SOX2+ aRGs by measuring the angle of the orientation relative to the apical surface of
hCOs. 1® Immunostaining for phospho-histone H3 indicated that RF dramatically increased
in aRGs with vertical cleavage compared to control hCOs (Figure 1C). As the vertical
cleavage represents self-renewal of aRGs, RF-treated organoids showed an increase in
SOX2+ aRGs at both early and mid-stages of development (Figures 1C-1E and S1D).

We further assessed the effects of RF on TBR2+ intermediate progenitors and CTIP2+
deep-layer subcortical neuronal differentiation. 21 Consistent with the reduced organoid size
and mitotic behaviors of aRGs during the early stage of cortical development, we found

a significant decrease in TBR2+ intermediate progenitors and CTIP2+ deep-layer neurons
in the RF-treated organoids (Figure 1E). Interestingly, RF-treated hCOs exhibit increased
SOX2+ aRGs and decreased CTIP2+ neurons at both early- and mid-stage organoid
development (Figures 1F and S1D). Birth dating of newborn cells using 5-ethynyl-2"-
deoxyuridine (EdU) pulse-chase labeling for 7 days confirmed the sustained production

of SOX2+ RG cells under RF treatment (Figure 1G). Additionally, an overall increase in
phospho-histone H3" cells within the VVZ, along with a higher ratio of EdU-labeled cells
inside versus outside the VZ, suggests that RF exposure promotes the expansion of aRGs
at the expense of intermediate progenitors and deep-layer neurons (Figures S1E and S1F).
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Together, these results indicate that RF exposure enhances aRG self-renewal by increasing
symmetric (vertical) cell divisions, thereby altering early corticogenesis.

To further validate the effect of RF on non-human primate mid-fetal RGs, we isolated

the primary neural stem cells from the fetal rhesus macaque cortex (rNSCs) at embryonic
day (E)54 and cultured them in a high FGF2 condition (20 ng/mL) that supports NSC
proliferation, as previously established. 16 RF treatment of proliferating rNSCs for 6 days
(day /n vitro [DIV]6) increased the expression of the neural stem cell marker SOX2 but
decreased the neuronal gene TUJ1 (Figures S2A and S2B), consistent with the hCOs
exposed to RF. We further tested the RF treatment on differentiating rNSCs,8 which was
induced by culturing them in low-FGF2 (1 ng/mL) conditions. RF treatment decreased the
neuronal differentiation marked by reduced TUJ1, MAP2, and SATB2 levels at DIVV22 while
increasing rNSC proliferation as marked by increased SOX2 expression (Figures S2B and
S2C). Overall, these results further support that RF induces NSC proliferation but inhibits
differentiation during primate cortical development.

RF treatment leads to dysregulated gene expression program

To decipher how RF regulates neurodevelopmental processes, we performed single-cell
RNA sequencing (ScRNA-seq) on RF-treated and non-treated hCOs at day 70 (Figure

2A). The electromagnetic shield blocks RF exposure, and aluminum foil also offers partial
protection. 22 Thus, we also performed scRNA-seq on hCOs covered by a shield or
aluminum foil and treated with RF. A total of 31,094 cells were profiled and systematically
assigned into 13 cell types (25 clusters) using canonical markers for each cell type (Figures
2B and S3A-S3C). 23 A dramatic downregulation of genes involved in RNA processing,
translation, and cellular metabolism was found in hCOs treated with RF (Figure 2C).
Moreover, the RF increased the expression of genes associated with neurodevelopment

and neuronal projection (Figure 2C). Interestingly, the differentially expressed genes by RF
treatment were attenuated with the shield but only partially attenuated with the aluminum
foil. These results suggest that early human brain development is regulated by a biological
program affected by RF.

To investigate whether RF treatment is related to the expression of neural disease-related
genes, we performed gene set enrichment analysis (GSEA) of DisGeNet genes (Figure
S3D). 24 We found that ASD-related genes displayed more significant differential expression
between RF-treated and non-treated hCOs than other neurological diseases. RF-treated
hCOs without shield protection showed a higher expression of ASD-related genes (Figure
S3D, false discovery rate [FDR] = 0.037). The shield almost entirely protected from the
induction of the ASD genes, but aluminum foil was only partly effective (Figure S3D). To
further dissect RF-mediated regulation of ASD genes, we analyzed the overrepresentation
of 393 high-confidence risk genes from the SFARI (Simons Foundation Autism Research
Initiative) database across cell types or clusters (Figures 2D and S3E). 2> GSEA revealed
a significantly higher expression of SFARI genes in RF-treated hCOs, and the aluminum
foil was not protective (FDR < 0.05). In particular, RF-mediated induction of SFARI
genes, including NSD1, SCN2A, AUTS2, TBR1, and FOXG1, was detected in neuronal
clusters (cortical neuron [CN], interneuron [IN], neuron, and inter), a neuronal progenitor
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cluster (NPC), and a part of glial clusters (glial progenitor cells [GPCs] and radial glial
cells [RGCs]) (Figure 2E). RT-qPCR confirmed the findings from scRNA-seq data and
showed an elevated expression of ASD-related genes (e.g., NSD1, ARX, FOXG1, NCOA1,
CPEB4, and TBR1) in RF-treated hCOs compared to control hCOs at day 70 (Figure

2F). Immunostaining further confirmed the elevated expression of FOXG1, AUTS2, and
CPEBA4 proteins in hCOs with RF treatment (Figures 2G and 2H). Notably, CPEB4 is known
to regulate mRNA translation, whose dysregulation is directly associated with ASD. 26
Indeed, RF-treated organoids demonstrated Gene Ontology (GO) terms related to impaired
translation (Figure 2C). Despite the significant changes in ASD-related gene expression,
non-SFARI neurodevelopmental genes did not show a clear difference between RF-treated
and non-treated hCOs (Figure S3F), suggesting that the differential expression of ASD-
related genes is not caused by global neuronal program dysregulations. Overall, RF-treated
organoids (day 70) exhibit the gene expression programs associated with ASD, which the
shield can protect.

Patients with neurodevelopmental disorders, including ASD, exhibit aberrant overexpression
of a part of a retrotransposable element (RE) in the brain.2”:28 Mapping of sScRNA-seq
reads to RE transcripts revealed that RE-derived unique molecular identifier (UMI) reads
significantly increased in RF-treated hCOs (Figure S4A), suggesting that RF exposure
induces RE expression. In addition, the shield and aluminum fold significantly reduced the
RF-mediated RE induction (Figure S4A). We also found that RE expression is dramatically
higher in one immature neuronal cluster (labeled as ‘‘neuron4’’) that expresses axonal
growth genes (e.g., STMN2, GAP43, and DCX) but lacks neurotransmitter transporters
(e.g., vVGLUT1/2 and vVGAT) (p < 2.2e-16 by two-sided t test) (Figure S4B). In this
neuronal cluster, RF exposure led to the induction of several REs, such as SVA (SINE-
VNTR-AIlu), LINE (long interspersed nuclear element), and long terminal repeat (LTR)
(Figure SAC). Like ASD risk genes, RF-induced RE expression was reduced by the shield
but not by aluminum foil. We confirmed the findings using RT-qPCR, which showed the
overexpression of REs, particularly L1PA16, L2a, L1ME4a, and THE1A, in RF-treated
hCOs (Figure S4D). Upregulation of REs (LLPA16, L2A), as well as other ASD-related
genes (SCN2A1, NSD1, THE1A), was also observed in RF-treated primary monkey NSCs
and the derived neurons (Figure S4E). Collectively, these results indicate that RF exposure
promotes the aberrant expression of ASD risk genes as well as REs.

Functional defects in RF-treated neurons

To examine how RF regulates the development and function of cortical neurons, we labeled
neurons with an adeno-associated virus (AAV) driving enhanced (E)GFP expression under
a human synapsin promoter. RF treatment leads to a significant increase in dendritic spine
density compared to neurons from control hCOs (Figure 3A). Consistently, co-staining for
the neuronal marker MAP2 and the synaptic marker PSD95 revealed a significantly higher
number of synapses in RF-treated organoids relative to controls (Figure S4F). We next
investigated the functional consequences of RF exposure in brain organoids by utilizing

the genetically encoded GCAMPS6s. 15 In hCOs, neurons displayed spontaneous calcium
transients (Figure 3B; Video S1). On the other hand, neurons from RF-treated organoids
showed more neuronal activity with enhanced intensity (Figure 3B; Video S1). Thus, our
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data suggest that RF exposure leads to altered neuronal functions exhibiting upregulated
neuronal activity. We further performed whole-cell patch-clamp recordings in RF-treated
hCOs and control hCOs (Figure 3C). A larger portion of cortical cells from RF-treated hCOs
produced action potentials in response to 1-s depolarizing current steps (from +5 to +20 pA)
compared to the portion from control hCOs (Figure 3D; RF treated: 8 cells showing APs/16
tested cells; control: 1 cell showing APs/14 tested cells; p=0.0169, Fisher’s exact test).
Next, we examined whether neurons from RF-treated hCOs show major changes in other
intrinsic biophysical properties. There was no significant difference in resting membrane
potentials (V(est) between neurons from RF-treated hCOs and control hCOs (Figure 3E; RF
treated: —46.8 £ 5.5 mV, n=12; control: -55.9 + 6.2 mV, n=9; p=0.214, Mann-Whitney
[MW] U test). In addition, neurons from RF-treated hCOs showed similar input resistance
(Rinput) and membrane time constant (tmemprane) t0 those of neurons from control hCOs
(Figures 3F-3H; Rinput : RF treated, 2.2 +£ 0.3 GQ, /7= 15; control, 2.5 £ 0.5 GQ, n=12;
p=0.864, MW U test; Tmembrane : RF treated, 72.2 £ 14.1 ms, n= 15; control, 75.1 + 17.6
ms, n=12; p=0.864, MW U test). The results suggest that RF treatment increases neuronal
activity in hCOs but does not cause major changes in other intrinsic properties of neurons.

Pharmacological rescue of RF-induced damage in hCOs

In our previous studies on Rett syndrome with MeCP2 mutations, hCOs with MeCP2
mutated at arginine 133 to cysteine (R133C) displayed a developmental delay in neural
maturation. 29 We have integrated and compared scRNA-seq data from R133C hCO and
RF-treated hCO data (Figures 4A, S5A, and S5B). Interestingly, R133C hCOs showed

the same increase in the NPC population as RF-treated hCOs (Figure 4B). Furthermore,
pseudotime analysis revealed that RF-treated hCOs display an increase in the number of
cells at early pseudotime as observed in R133C hCOs, indicating developmentally delayed
populations (Figure 4C). Furthermore, differentially expressed genes in RF-treated hCOs
show significant overlap with R133C hCOs, including FOXG1, EMX1, TBR1, and FEZF2
(Figures 4D and 4E). High expression of HESL, a critical transcription regulator for NPC
proliferation (Figure 4F), in RF-treated hCOs and R133C hCOs implicates the continued
activation of NOTCH signaling in both RF and R133C hCO development.

Based on the fact that R133C hCOs and RF-treated hCOs share similar phenotypes, we
hypothesized that JQ1 or related inhibitors for the bromodomain and extraterminal (BET)
protein that recovered the phenotypes in R133C hCOs could rescue the phenotypes in
RF-treated hCOs. Recent studies have shown that BET inhibition can recover phenotypes
associated with MeCP2 mutations that lead to dysregulated neural maturation. 2° Given the
developmental delays observed in both R133C and RF-treated organoids, it is plausible that
BET proteins may also be altered in RF-treated hCOs. We propose that BET proteins could
be downregulated in RF-treated organoids, and their inhibition might provide therapeutic
benefits by rescuing the delayed differentiation seen in these organoids. Notably, two BET
inhibitors (JQ1 and iBET762, 50 nM) rescued the RF-driven morphological change and the
reduced size of hCOs at early organoid development (Figure 5A). In addition, we examined
the effects of these inhibitors on RF-induced ASD-associated gene transcription at a later
stage of hCO development. When treated with iBET762 or JQ1, RF-treated hCOs showed
a decrease in expression of ASD-associated genes (TBR1, ARX, FOXG1, SOX5, CPEB4,
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NCOA1, NSD1, and SCN2A) and REs (L1PA16, L2a, LIME4a, and THE1A) (Figures

5B and 5C). Moreover, iBET762 treatment restored neuronal differentiation markers and
proliferation dynamics: it rescued CTIP2 expression, normalized EdU incorporation and
phospho-histone H3* mitotic activity in SOX2* radial glia (Figures 1G, S1E, and S1F),
and reversed the excessive synapse formation observed in RF-treated organoids (Figure
S4F). These results suggest that RF regulates early human cortical development via histone
acetylation-mediated epigenetic pathways.

To investigate the mechanism behind the RF-induced phenotype changes, we performed
SCATAC-seq analysis in three conditions: non-treated, RF treated, and RF/iBET treated. We
then integrated the SCATAC-seq data with previously acquired sScRNA-seq datasets, using
gene activity scores to reconstruct cell clusters and confirm proper clustering via uniform
manifold approximation and projection (UMAP) and other methods (Figures S6A and S6B).
The open-chromatin area in RF-treated hCOs showed a selective and marked enrichment

in GO terms related to early NPC development (Figure 6A). To identify the factors that
directly regulate this increased NPC population, we performed a motif enrichment analysis
on the promoter regions with the open-chromatin status and found a pronounced increase

in TF binding motifs that potentially facilitate neuronal development under RF treatment
(Figure 6B). Notably, the binding motif for NRF1, a well-known transcription regulator in
neural development, exhibited substantial enrichment, showing a co-expression pattern with
other histone modification-mediated epigenetic factors such as NSD3 and JIMJD1C (Figures
6C and 6D). These findings suggest that these epigenetic regulators interact to modulate
chromatin accessibility, regulating the neural maturation delay observed in RF treatment.
When iBET was treated, the number of genes exhibiting altered chromatin accessibility
under RF treatment made a dramatic decrease from 1,906 to 191, indicating a substantial
restoration of chromatin accessibility status. This result is consistent with the reduction of
the expanded NPC population under iBET treatment (Figure 6E). Altogether, our data found
that iBET rescues the NPC maturation delay by RF-altered epigenetic regulators, suggesting
the therapeutic potential of BET inhibition for restoring neurodevelopment in RF- or loss of
function in ASD-related genes.

DISCUSSION

The human brain developmental program has been investigated with postmortem brain

or primary fetal brain from an abortion. Overcoming the ethical issue of obtaining the
research materials and the scarcity of tissue, human stem cell-derived hCOs, or other brain
organoids has offered unlimited resources for brain tissue. 39 A large body of research

using hCOs has elucidated the function of genes associated with neurodevelopmental and
neuropsychiatric disorders. 2931 Additionally, recent studies have started investigating the
impact of non-genetic environmental factors on human brain development, including viral
infection, substance, medicine, and stress. 32 These environmental factors are known to leave
a long-lasting effect on brain function and even the behaviors of offspring. Infection by Zika
and herpes simplex viruses causes a severe brain malformation, such as microcephaly, and
hCOs turn out to be an excellent model to replicate viral infection-mediated microcephaly.
33 The effects of ethanol, nicotine, or cannabis on the development of cerebral organoids
have been actively investigated. 34:35 Nicotine treatment in the early stage of cerebral
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organoids induced neural death in cerebral organoids, leading to an increase in TUJ1*
neurons, a hallmark of premature differentiation of NPCs. 35 When treated on more
advanced cerebral organoids, nicotine caused an increase in CTIP2+ deeper-layer neurons
while decreasing TBR1+ upper-layer neurons. Ethanol treatment has an impact on NPCs
similar to nicotine treatment, causing neural death and premature differentiation. 3°:36

In our study, we observed a defect in cell fate characterized by delayed differentiation,
raising questions about the implications of asymmetric versus symmetric divisions in
cortical development. Apical-basal progenitor cell polarity is pivotal for establishing the
radial and laminar architecture of the developing human cortex. 1 The diversity and
expansion of cortical stem cell populations have been mirrored by increasingly complex
cellular processes that regulate stem cell morphology and behavior. 37 Distinctive symmetric
divisions of neuroepithelial cells are prominent in younger organoids, while older organoids
show an increase in radial glial progenitors, which demonstrate a variety of cleavage angles
and division types. 38:39 This balance between symmetric amplification and asymmetric
neurogenic divisions influences the size of cortical organoids; despite producing the same
number of cells, asymmetric divisions yield smaller organoids due to a reduced pool

of proliferative progenitor cells. This dynamic is critical for understanding how cortical
architecture is affected by environmental factors, such as RF exposure.

No major neurodevelopmental defect has been linked with RF exposure, mainly due to

its relatively weak energy compared with X-rays or gamma rays. 40 However, emerging
evidence suggests that prolonged RF exposure may have subtle neurodevelopmental
implications. Recent studies in animal models exposed chronically to RF have shown
autism-like behaviors, raising concerns about the impact of RF on neurodevelopment. 41 For
instance, behavioral changes such as hyperactivity and cognitive deficits observed in animal
models highlight the need for further exploration into the neurodevelopmental consequences
of RF exposure in humans. Although decades’ worth of studies have reported a broad range
of adverse impacts from RF on human health, RF-mediated dysregulation of human brain
development has remained largely unknown. In this study, we showed the detrimental effects
of RF exposure to cortical organoids. 42

The perinatal period in neurogenesis encloses a distinctive window embodying diverse
molecular and cellular processes required for proper development. 5 Though prenatal

brain development comprises high plasticity, it is vulnerable to internal and external
perturbations. Thus, environmental insults, including chemicals, drugs, pollution, stress, and
even prolonged ultrasound wave exposure, can permanently impact brain development and
subsequent behavior. 4344 Our findings revealed that RF-exposed cortical neurons exhibited
increases in ASD-associated gene expression and dendritic spine density, characteristics

of patients on the autism spectrum. 4> Furthermore, the parallels drawn from in utero

RF exposure in animal models, which have demonstrated behavioral changes such as
hyperactivity and memory deficits, underscore the relevance of our findings in a human
context. 4146 These findings suggest a potential shared mechanism by which RF exposure
may contribute to neurodevelopmental disorders across species. Altered morphology and
transcriptome driven by RF exposure in hCOs further lead to aberrant and enhanced neuron
firing. In fact, /n utero RF exposure in mice models results in behavioral and cognitive
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changes such as hyperactivity and memory deficit. 41 Notably, we showed that physical
barrier protection or chemical treatment could attenuate the RF-induced damage during
cortical organoid development.

Here, we have thoroughly examined the effects of RF exposure and demonstrated RF-
induced changes associated with ASD in the transcriptomics, morphology, and function of
cortical neurons. This addition to the literature is particularly significant given that most
studies have historically focused on genetic causes of ASD, while environmental factors,
particularly RF exposure, have been understudied. By utilizing induced pluripotent stem
cell (iPSC)-derived hCOs, our research offers insights that bridge the gap between animal
models and human neurodevelopment. The use of human organoids enables us to detail the
specific impacts of RF exposure on human neuronal cells, which may differ from findings
observed in animal models.

Our findings also point to the potential involvement of BET proteins in the regulation of
neurodevelopmental pathways affected by RF treatment. We propose that BET proteins may
be altered in RF-treated hCOs, similar to how they are affected in Rett syndrome model
organoids with MeCP2 mutations. 2 It remains to be determined whether BET proteins are
significantly downregulated in RF-treated organoids. If so, the inhibition of BET proteins
could serve as a therapeutic strategy to rescue delayed differentiation in these organoids.
This interaction raises the question of whether RF exposure and BET regulation function in
an epistatic relationship or operate independently.

Limitations of the study

Despite these significant findings, there are notable limitations to our study. Our model
lacks physical barriers, such as the amniotic sac and the immature skull, which begins to
form around the fourth week of gestation. 47 This limitation is particularly relevant, as

it may influence the vulnerability of neural tissue to environmental insults, including RF
exposure. Future studies could incorporate synthetic bone-like structures to evaluate their
potential protective effects on neural tissue against RF exposure. Additionally, the genetic
homogeneity of the stem cell lines used to generate organoids may not accurately reflect the
genetic diversity present in the broader human population or in specific neurodevelopmental
disorders, which may limit the generalizability of our results. 48 The temporal constraints of
organoid development further complicate the capture of the long-term processes inherent in
human brain development, particularly regarding chronic RF exposure. 4° To strengthen

our understanding, it would be beneficial to integrate complementary models, such as

in vivo studies or genetically diverse organoid systems, to validate our observations.
Longitudinal studies assessing the sustained impacts of RF exposure and the incorporation
of immune cells—whose role in RF-induced inflammation is notably absent in our current
hCO model %0 —could yield valuable insights. 1151 Moreover, while this study focuses

on cortical organoids that model the development of glutamatergic excitatory neurons, it
remains critical to investigate how RF treatment affects other neuronal populations, such

as GABAergic inhibitory neurons derived from the ventral telencephalon or non-cortical
neurons, through the use of region-specific brain organoids. 1552
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Thus, employing region-specific brain organoids could enhance our understanding of the
contributions of environmental insults to fetal brain development. Finally, discussing the
broader implications of these findings in the context of public health and policy is crucial
given the ongoing debates surrounding RF exposure and its potential risks.53 Addressing
these points will enrich our comprehension of the multifaceted nature of neurodevelopment
and the impact of environmental factors on brain health.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for reagents may be directed to, and will be fulfilled by the
lead contact, Dr. In-Hyun Park (inhyun.park@yale.edu).

Materials availability

Materials generated in this study are available from the lead contact upon request, subject to
a completed materials transfer agreement.

Data and code availability

. The accession number of the data generated in this study is GEO: GSE302899,
which is listed in the key resources table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

STARXMETHODS
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

hESCs culture: HES-3 NKX2-1GFP/w, and H1 hESCs were cultured on Matrigel (BD
Biosciences) coated cell culture dishes with mTeSR1 media (Stem Cell Technologies).
hESCs were confirmed pluripotent and mycoplasma free, and were passaged every week
by treatment with Dispase (0.83 U/ml, Stem Cell Technologies). All experiments including
hESCs were approved by Yale Embryonic Stem Cell Research Oversight (ESCRO).

Animals: All animal experiments were approved by the Institutional Animal Care & Use
Committee (IACUC) of the Yale University.

Generation of cortical organoids (hCOs): As we described earlier, 14 9000 cells

were plated into a well of U-bottom ultra-low-attachment 96-well plate in neural induction
media (DMEM-F12, 15% (v/v) KSR, 5% (v/v) heat-inactivated FBS (Life Technologies),1%
(v/v) Glutamax, 1% (v/v) MEM-NEAA, 100 uM B-Mercaptoethanol) supplemented with

10 uM SB-431542, 100 nM LDN-193189, 2 uM XAV-939 and 50 uM Y27632. FBS

and Y27632 were removed from day 2 and 4, respectively. The media was replenished

every other day until day 10, where organoids were transferred to ultra-low-attachment
6-well plate. The organoids were cultured in spinning hCO media with minus vitamin A

Cell Rep. Author manuscript; available in PMC 2026 March 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cakir et al.

Page 12

(1:1 mixture of DMEM-F12 and Neurobasal media, 0.5% (v/v) N2 supplement, 1% (v/v)
B27 supplement without vitamin A, 0.5% (v/v) MEM-NEAA, 1% (v/v) Glutamax, 50 uM
B-Mercaptoethanol, 1% (v/v) Penicillin/Streptomycin and 0.025% Insulin). The media was
replenished every other day until day 18, where media was switched to the hCO media
with vitamin A (the same composition as described above except B27 with vitamin A)
supplemented with 20 ng/mL BDNF and 200 pM ascorbic acid. The media was changed
every 4 days after day 18.

NSC isolation and differentiation: All animal procedures were performed in
accordance with the policies of the Yale Institutional Animal Care and Use Committee.
Rhesus macaque monkeys were bred in Rakic primate breeding colony at Yale and

timed pregnant females underwent caesarian section at the required embryonic age. E54
fetal rhesus macaque cortices were collected and dissected. Then tissue was incubated
with HBSS-Papain (2 mg/mL) (BrainBits)-DNase | 0.1mg/ml (StemCells) solution 25
min at 37 C. The solution was replaced with DMEM/F12 medium plus N2 supplement
(below), and by mechanical trituration single cells were obtained. Cells were counted

and plated onto 10 cm dish (Falcon 35-3003) previously coated with poly-L-ornithine
(PLO) (Sigma, P3655) and fibronectin (FN) (R&D Systems, 1030FN), and incubated

at 37 C, 5% 02, 5% CO2 in DMEM/F12 medium (Mediatech 16-405-CV) plus N2
supplement, containing 25 pg/mL bovine insulin (Sigma, 16634), 100 ug/mL apotransferrin
(Sigma, T2036), 20 nM progesterone (Sigma, P8783), 100 uM putrescine (Sigma, P5780),
30 nM sodium selenite (Sigma, S5261), penicillin/streptomycin (Life technology, 15140-
122), as previously described. 18 FGF2 (R&D Systems, 4114-TC) 20 ng/mL was added
daily. Expanded cortical NSCs were then detached with Accutase at DIV6 and banked at
_80C_60,61

Thawed E54 monkey NSCs were expanded in DMEM/F12 plus N2 supplement in presence
of 20 ng/mL FGF2 for 5 days until confluence. NSCs were dissociated with Accutase (Life
Technologies, A11105) and passage into PLO/fibronectin-coated 24 well plates (IBIDI,
82406), at a density of 250.000/well in DMEM/F12/N2 medium plus varying doses of FGF2
(1 or 20 ng/mL) for 6 days. FGF2 was added daily. Differentiation of NSCs was induced at
DIV6 by FGF2 withdrawal. Cells were kept in DMEM/F12 plus N2 supplement. At DIV,
medium was replaced with NeuroBasal (NB) (Life technology, 12348-017), containing 25
ug/mL insulin, 30 nM sodium selenite, Glutamax (Life technology, 35050061), 1x B27 (Life
Technologies, 17504-044), 10 ng/mL BDNF (R&D Systems, 248-BD) and 10 ng/mL NT-3
(R&D Systems, 267-N3) until DIV22. Cells were fixed with 4% PFA or RNA was extracted
using RNAeasy kit (Quiagen) at DIV6 or DIV22.

METHOD DETAILS

RFID setup: Generation of the uniform RF field that can mimic the transceiver module

of a smartphone was the necessary criteria. For this we have used the DSD TECH

HC-05 Bluetooth Serial Pass-through Wireless Serial Communication module, which is
programmed using Arduino Uno R3 Microcontroller AO00066. Serial port Bluetooth module
is fully qualified Bluetooth VV2.0+EDR (Enhanced Data Rate) 3Mbps Modulation with
complete 2.4GHz radio transceiver and baseband. The wireless serial communication
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module is designed to transmit and receive a simple string of 1’s and 0’s with a fixed baud
rate of 38400. RF exposure was conducted using a DSD TECH HC-05 Bluetooth module,
operating at a frequency of 2.4 GHz (Bluetooth VV2.0+EDR) with a transmission output
power of 4 dBm (2.4 mW), consistent with low-power Bluetooth devices. The organoids
were placed 1 inch from the RF source to ensure consistent exposure. The estimated specific
absorption rate (SAR) and power density at the exposure distance (1 inch) were measured
using a standard RF meter—CORNET high-performance Electrosmog meter—with the
maximum field strength recorded at 2.5 mW/m2. The experimental setup was enclosed in
an RF shield constructed from Faraday Copper Fabric-EMI RFID Copper (Amradield),
measuring 0.5 mm in thickness [127 mm x 85 mm x 23 mm], achieving a shielding
effectiveness of [80-115 dB (MIL-DTL-83528C)] to minimize external RF interference.

Control Conditions: The hCOs were cultured in separate incubators without intentional

RF exposure. However, it is important to note that these control organoids may still be
exposed to ambient RF levels present in the environment. While we implemented strategies
to minimize exposure by situating the incubators away from high RF-emitting devices and
monitoring environmental RF levels, complete shielding from all sources of RF cannot be
guaranteed. This acknowledgment is crucial for interpreting our findings, as it recognizes the
potential for background RF exposure in both control and experimental conditions.

Cryosectioning and immunostaining: As described earlier, 15 all hCOs were fixed in
4% paraformaldehyde (PFA) at 4° C overnight. After washing with PBS three times, they
were incubated in 30% sucrose solution for 2 days at 4° C. Organoids were embedded in
O.C.T in base molds on dry ice and sectioned for 40-um. The organoid blocks were further
stored at —80° C. After sections were dried, they were incubated with 0.3% Triton-100 for
15 min and further blocked with 3% bovine serum albumin (BSA) for 2 h at RT. Then,

the primary antibody, diluted in 3% BSA, incubation is performed at 4° C overnight. After
washing with PBS, organoids were incubated with Alexa Fluor dyes (1:1000) for 1 h and
following nuclei staining with DAPI (1:1000) for 10 min at RT. Finally, slides were mounted
with ProLong Gold Antifade Reagent and images were taken with Leica TCS SP8 confocal
microscope.

Data processing of single-cell RNA sequencing (ScCRNA-seq): Assignment of
SCRNA-seq reads to hg19 human genome and counting in Ensembl genes were implemented
by count function of CellRanger (v3.0.2) with default parameters. UMI count matrix from
each library was harmonized by Seurat (v3.0.2). % First, cells with more than 500 genes

and less than 20% mitochondria-derived reads and genes expressed in more than five cells
were retained for subsequent analyses. Raw UMI count was then normalized to total UMI
count. Cell pair anchoring was performed by top 2,000 highly variable genes with 20
dimensions of canonical correlation analysis. After scaling gene expression values across all
integrated cells, dimensional reduction was implemented using principal component analysis
(PCA). For visualization, Individual cells were projected into two-dimensional UMAP space
using from 1st to 20th PCs. Graph-based clustering was performed with shared nearest
neighbor method from 1st to 20th PCs and 0.8 resolution value. Differentially-expressed
genes (DEGS) in each cluster were identified with more than 1.25-fold change and p <
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0.05 by two-sided unpaired T test. Gene Ontology analysis was performed to the DEGs
by GOstats Bioconductor package (v2.46.0). False discovery rate was adjusted by p.adjust
function in R with ““method = "’BH’’*” parameter. To integrated SCRNA-seq dataset with
MeCP2 scRNA-seq dataset, MeCP2 scRNA-seq data from the Gene Expression Omnibus
(GEO) (GSE117513) were used. For data integration, we first identified the top 2,000
highly variable genes (HVGS) in each scRNA-seq dataset and then used these HVGs in
the FindIntegrationAnchors function to identify common cell pairs and estimate anchors.
We performed principal component analysis (PCA) using 20 dimensions, and subsequently
integrated the datasets at a consistent scale through the IntegrateData function using the
identified anchors. Finally, we standardized (scaled) the gene expression values in the
integrated dataset with ScaleData, performed PCA and UMAP reduction again.

Cell type in each cluster was determined with unique markers, Gene Ontology and the
reference transcriptome of human brain cell types (Figures S3A and S3B).23 First, we
classified 12 neuronal and 12 non-neuronal clusters with expression of neuronal growth cone
markers (STMN, GAP43 and DCX) and early neurogenesis markers (VIM, HES1 or SOX2),
respectively. A cluster with the substantial expression of growth cone and early neurogenesis
genes was assigned as ‘‘intermediate’’. The neuronal clusters were separated into cortical
(CN) and interneuron clusters (IN) by glutamate transporters (SLC17A6 and SLC17A7) and
GABA transporters/Glutamate decarboxylase (SLC32A1, GAD1 and GAD?2), respectively.
Neuronal cells without neurotransmitter transporters were labeled as ‘‘immature neuron’’.

Among non-neuronal clusters, seven clusters show significant enrichment of genes involved
in “‘glial cell development (GO:0021782)"" (FDR <0.05). Two glia cell clusters also showed
higher expression of “*astrocyte development (GO:0048708)’” genes (FDR < 1e-3) and key
astrocyte (AS) markers (e.g., SLC1A3 and GFAP). Two other glia cell clusters displayed
substantial expression of outer radial glia markers (e.g., HOPX) and were assigned as radial
glia cells (RGC). A glia cluster with ““mitotic nuclear division (GO:0007067)’" (FDR <0.05)
was labeled as neuronal progenitor cells (NPCs). Two glia clusters without AS, RGC mitotic
markers was defined as glia progenitor cell (GPC). For integrated scRNA-seq data, total

of 28 clusters were defined based on the expression patterns of a custom marker gene

set. Clusters expressing SLC17A6 were assigned as excitatory neurons (ExN). Clusters
where DCX and MAP2 were present, but with low expression of GAD1 and SLC17A6,
were labeled as general ““neurons.’” Clusters that showed high expression of GAD1 were
classified as inhibitory neurons (InN). Radial glia cells (RGC) were identified by elevated
expression of FABP7, and neuronal progenitor cells (NPCs) were characterized by PAX®6,
SOX2, and HES5. A cluster with strong LMX1A expression was assigned as the Hem,
which was further subdivided into choroid plexus (ChP) if TTR and CLIC6 were also highly
expressed. Fibroblasts were defined by high expression of COL1A1. Using these criteria,
cells were grouped into 28 distinct clusters that reflect major cell types and developmental
states within the analyzed samples.

As shown previously, 15 five non-neuronal clusters were characterized by genes related

to cilia, BMP signaling and proteoglycan. Cilia-bearing cell (CBC) cluster highly

expressed cilia-related genes (e.g., NPHP1) and significant enrichment of “‘cilium assembly
(G0:0060271)"" (FDR <0.05). BMP-responsible cells (BRC) show substantial expression of
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BMP pathway genes (MSX1, BMP4) without significant enrichment of ““cilium assembly
(G0:0060271)"’. Two non-neuronal clusters expressing extracellular proteoglycans (BGN
and DCN). The proteoglycan-expressing clusters without and with “‘mitotic nuclear division
(GO:0007067)"" (FDR <0.05) was labeled as proteoglycan-expressing cells (PGC) and
progenitor (PGP), respectively. The rest cluster showed no significant enrichment of GO
terms and called as an unassigned cluster (UN). The substantial marker expression for cell
type assignment satisfies 1.25-fold change and FDR <0.05.

The reference transcriptomes of fetal and adult brain were downloaded from NCBI Short
Read Archive (SRP057196). 23 Gene signatures for each cell type was obtained as described
previously (Figure S6C). In each cell, genes were ranked by relative expression to average
of all cells. Gene Set Enrichment Analysis (GSEA) was conducted by GSEAPY software
(v0.9.3) with options ““*‘—max-size 50000-min-size 0 -n 1000’ to the pre-sorted genes.

Potential genes involved in neurological diseases were downloaded from DisGeNET
database with more than 0.25 confidence score.24 Enrichment of the disease-related genes
was evaluated by GSEA software (v4.0.3).57 In each experimental condition, genes were
pre-ranked by relative average expression of all cells to that from other conditions. GSEA
was implemented to the pre-ranked gene list with 100 permutations and without collapse
of gene sets.ASD risk genes were downloaded from SFARI. High confident ASD genes
(category S, 1 and 2) were used for subsequent differential expression analysis between
RF- and non-treated hCOs. Non-SFARI neuronal genes were defined by genes that were
related to ‘‘neuron development (GO:0048666)"’, but not listed in SFARI genes. Differential
expression levels of ASD risk genes were measured by —log10(p-value) with two-sided T
test.

Retrotransposon (RT) expression in individual cells was calculated by counting sScRNA-seq
reads into RT transcripts by count function of CellRanger. Briefly, a reference package for
hg19 RT was constructed with hg19 genomic sequence and RT GTF-formatted file by mkref
function with default parameters. GTF file showing RT was downloaded from Hammell lab
website (http://hammelllab.labsites.cshl.edu/software/). Global RT expression was calculated
by dividing UMI count in RT by that in gene in individual cells. Differential expression of
RT was analyzed in an RT-enriched neuronal cluster (Neuron4) by two-sided T test between
RT- and non-treated hCOs.

Pseudotime trajectory and cell distribution analyses were performed using monocle3
(v1.2.7). The RNA count matrix and metadata were extracted from the integrated Seurat
object to create a monocle3 new_cell_data_set, and the UMAP coordinates computed

by Seurat were embedded. Next, cluster and trajectory structures were learned using
cluster_cells and learn_graph, respectively, and pseudotime was estimated with order_cells.
The pseudotime values were obtained via the pseudotime function. Cell distribution
comparisons employed ridge plots from the ggridges package, and the expression of genes
of interest was visualized against pseudotime using ggplot2 after log(1 + x) transformation.

SCATAC-seq data processing and analysis: Single-cell ATAC-seq data were
processed using Cell Ranger ATAC outputs (10x Genomics) and analyzed in Seurat (v4.3.0)

Cell Rep. Author manuscript; available in PMC 2026 March 04.


http://hammelllab.labsites.cshl.edu/software/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cakir et al.

Page 16

with the Signac extension. Cells with fewer than 500 passed filters were discarded initially.
Custom peak sets were generated by reading individual BED files for each sample,
merging overlapping peaks (using the reduce function), and retaining only those within

a specified size range (20-10,000 bp). Following the generation of Fragment objects for
each sample, fragment counts overlapping the combined peak set were quantified with
FeatureMatrix. These counts were used to create ChromatinAssay objects. Quality control
included calculating the TSS enrichment score and nucleosome signal, then filtering out
cells based on thresholds for total ATAC counts, TSS enrichment, and nucleosome signal.

Next, the three datasets were merged into a single Seurat object. Dimensional reduction

was performed using TF-IDF normalization, selection of top features singular value
decomposition, and UMAP projection. Cell clustering was conducted with FindNeighbors
and FindClusters (resolution = 1). Cell-type labels were assigned via marker gene inspection
and coverage visualization, including CoveragePlot over known marker loci.

To integrate of SCRNA-seq and scATAC-seq data, Gene activities were computed in the
SCATAC-seq dataset (using GeneActivity) based on the variable genes identified in the
scCRNA-seq data. Next, FindTransferAnchors linked scRNA-seq (reference) and scA-TAC-
seq (query), allowing cell-type labels to be transferred and stored as metadata in the
SCATAC-seq object. For co-embedding, both datasets were merged, imputed gene expression
in the scATAC-seq cells, and then scaled and visualized via PCA and UMAP. Finally,
CoveragePlot was used to compare chromatin accessibility across predicted cell types,
providing an integrated view of gene expression and accessibility.

Viral labeling and calcium imaging: As we described previously, 1415 organoids were
transferred to 96-well plate for viral infection. After AAV. syn. GCAMP6s.WPRE. SV40
(Addgene, 100843, 62 ) and AAV5.hSyn. eGFP (Addgene, 50465, was a gift from Bryan
Roth) separate incubation in 300 pL neural media for 24 h, organoids were transferred to
6-well plate in fresh medium. After 10 to 15 days virus transduction, the intact organoids
were used for calcium and structural imaging. Time-lapse images were taken with Leica
TCS SP8 confocal microscope at a speed of 1s/frame. Tracings of single cell calcium surges
were determined from measuring the region of interest and mean of interest fluorescence
intensities using Fiji software.>* The change in calcium concentration is calculated as
follow; AF/F = [(F(t)-F0)/F0), where FO is calculated as the average of portions without
calcium events.

Electrophysiological recordings: Whole-cell patch-clamp recordings were obtained
from intact RF-treated hCOs and control hCOs (D100-120; 3 hCOs for each cohort) using
artificial cerebrospinal fluid containing (in mM) 126 NaCl, 2.5 KCI, 26 NaHCO3, 2 CaCl,,
2 MgCly, 1.25 NaH,POy4, and 10 glucose gasses with 95% 02/5% CO». Cortical cells

were visualized with an upright microscope (Olympus; BX61W]1) with infrared differential
interference contrast optics and with a water immersion 40x objective. Electrical recordings
were obtained from cortical cells with borosilicate glass pipettes (4—6 MQ) when filled with
pipette solution containing (in mM) 126 K-gluconate, 4 KCI, 10 HEPES, 4 ATP-Mg, 0.3
GTP-Na, and 10 phosphocreatine (pH 7.2 and osmolality of 290 mOsm). MultiClamp700B
amplifier (Molecular Devices) was used for recordings. Voltage signals were filtered at 3
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kHz using a Bessel filter and digitized at 10 kHz with Digidata 1440A digitizer (Molecular
Devices). Cortical cells were injected with depolarizing current steps (+5 to +40 pA, 5 pA
increments, 1 s from =60 mV) in order to evoke action potentials as we previously described
(Cakir et al., 2019). The Clampfit 10 software (Molecular Devices) was used to analyze

the data. Vyest, Rinput: and Tmembrane Were examined as we previously described. 63 (1)

Vrest was measured from the average voltage after an equilibration period. (2) Rinput was
measured from voltage responses to 1s current steps (=10 to +10 pA, 5 pA increments).

The slope of I-V curve was calculated at steady state (0.9-1.0 s from the start of current
steps). (3) tmembrane was measured from voltage responses to 1s steps (-5 pA). Single
exponential functions were fitted to the voltage responses from the start of current step to the
hyperpolarization peak to measure decay time constant.

Real-time quantitative PCR (qPCR): After total RNA was isolated from the whole
organoids using RNeasy Mini Kit (Qiagen), 1 ug RNA was converted to cDNA via iScript
Select cDNA Synthesis Kit. For the quantification of gene expression, gPCR was carried

out on the CFX96 Real-Time PCR system (Biorad) using the SsoFast EvaGreen Supermix
(Biorad). The PCR conditions were: 95° C for 15 min, followed by 40 two-step cycles at 94°
C for 10 s and 60° C for 45 s. A list of primers used in this study is presented in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of immunostaining, qPCR, and neuronal activity was performed using
unpaired two-tailed t-tests to determine statistical significance. For multiple comparisons,
multiple t-tests were applied as appropriate. Mean values tstandard deviation (SD) is
reported unless otherwise stated. The sample size (n) represents at least three independent
biological replicates. All statistical analyses were conducted using GraphPad Prism 10. For
all statistical analyses, p value less than 0.05 was interpreted as statistically significant. The
statistical details of experiments can also be found in the figure legends and corresponding
results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
RF exposure alters radial glial differentiation in human cortical organoids

RF induces ASD-related gene and retroelement expression in cortical
organoids

BET protein dysregulation mediates RF-induced neurodevelopmental defects

BET inhibitors rescue RF-induced developmental defects in cortical
organoids
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Figure 1. RF treatment distorts human cortical organization
(A) Left, schematic for generating hCOs from hESCs with radiation as described in Xiang

et al. 1° Starting from the beginning of the patterning stage, hCOs are exposed to 24 h/day
RF throughout their development. Right, representative bright-field images of age-matched
organoids with and without RF treatment.

(B) Quantification of the average organoid diameter over the course of hCO development.
Data represent the mean + SEM (7= 100 organoids, the unpaired two-tailed t test was used

Cell Rep. Author manuscript; available in PMC 2026 March 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cakir et al.

Page 24

for all comparisons; 14-day exposure: T = 27.38, df = 198, *p < 0.05 and **p < 0.01 from
three hESC lines and five independent batches).

(C) Left, co-immunostaining for phospho-histone H3 and SOX2 in hCO sections (5 weeks
old). Middle, representative images of vertical, oblique, and horizontal cleavage of dividing
RGs in ventricular zone-like area. Right, quantification of mitotic behaviors of SOX2+ RGs
with and without RF treatment. Data represent the mean = SEM (p < 0.05, 7= 55 organoids,
from three hESC lines and three independent batches; an unpaired two-tailed t test with
Welch’s correction was used for comparison).

(D) Expression of cortical genes from hCOs with and without RF treatment (30 and 70 days
old). Gene expression was measured relative to control organoids on day 30 and normalized
to B-actin. Data represent the mean = SEM (7= 15 organoids, a multiple t test was used for
all comparisons, T = 7.141, df = 4.00, **p < 0.01 and ***p < 0.001, from three independent
batches.).

(E and F) Immunostaining of hCOs with and without RF treatment for SOX2 and TBR2

(E) SOX2 and CTIP2 (F). Right, quantification of cortical plate-like area markers. Data
represent the mean £ SEM (p< 0.01, 7= 10 organoids, a multiple t test was used for all
comparisons, T = 8.430, df = 4.00, **p < 0.01, from three independent batches).

(G) Left: confocal images for EdU pulse-chase experiments, with newborn RG cells labeled
with SOX2 and EdU within progenitor zone (VZ) without and with iBET762 treatment.
The scale bar represents 50 um. Right: quantification of Edu+SOX2+ cells over EdU+ cells.
Data represent the mean + SEM (***p < 0.0001, 7= 10 organoids, from three independent
batches). An unpaired two-tailed t test with Welch’s correction was used for all comparisons.
The scale bar represents 20, 10, and 5 pm in (C), left to right, and 50 um in (E) and (F).
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Figure 2. Single-cell transcriptome analysis of RF-treated hCOs

* Control, D70

CPEB4 fluorescence

(A) Strategy of sScRNA-seq for hCOs with RF exposure with or without shield (SH) or

aluminum foil (AF).

(B) UMAP plot of single cells from RF-treated and non-treated hCOs with SH, colored by

cell type.

(C) Gene Ontology analysis for global differentially expressed genes in RF-treated hCOs
compared to non-treated hCOs. Up- and downregulated GO terms are colored with green

and blue, respectively.
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(D) GSEA of SFARI genes across experimental conditions in each cell type. Enrichment and
depletion are colored with green and blue, respectively.

(E) Differential expression of representative SFARI genes between RF-treated and non-
treated hCOs. Statistical significance (-log10(FDR)) is shown by circle size. Up- and
downregulation in RF-treated hCOs are colored with red and blue, respectively.

(F) Expression of ASD genes from hCOs with RF treatment covered by AF or
electromagnetic SH. Gene expression was measured relative to control organoids and
normalized to B-actin. Data represent the mean + SEM (7= 3, from three independent
batches).

(G) Left, co-immunostaining of hCOs with and without RF treatment for FOXG1 and
AUTS2. Right, quantification of markers relative to DAPI.

(H) Left, immunostaining of hCOs with and without RF treatment for CPEB4. Right,
quantification of total CPEB4 signal intensity. Data represent the mean = SEM (*p < 0.05, n
= 10 organoids, from three independent batches). An unpaired two-tailed t test with Welch’s
correction was used for all comparisons.

The scale bar represents 50 um in (G) and (H).
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Figure 3. Altered functional properties of neurons under RF treatment
(A) Top, dendritic spine morphology in control and RF-treated hCOs labeled with AAV5-

hsyn::EGFP. Bottom, quantification of the number of dendritic spines per 10 um. Data
represent the mean £ SEM (days 75-80, *p < 0.05, 7= 10 organoids, from three
independent batches).

(B) Top, representative images demonstrating calcium transient traces observed from
individual neurons of control and RF-treated hCOs (days 78-85). Bottom, the single-cell
tracings of calcium transient recorded in control and RF-treated organoids. Right, average
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amplitude of AF/F per cell and firing frequency of neurons from control and RF-treated
hCOs. Data represent the mean + SEM (**p < 0.01 and ***p < 0.001 /7= 20 organoids, from
three independent batches).

(C) Schematic diagram showing whole-cell patch-clamp recording in organoids.

(D) Left, evoked action potentials and voltage responses in cortical cells from RF-treated
hCOs and control hCOs by 1-s depolarizing current step (+5 pA) and hyperpolarizing
current step (=5 pA). Both cells were held at =60 mV before current steps. Right, bar

graph shows the difference in action potential incidence rates between RF-treated hCOs and
control hCOs (*p < 0.05).

(E) Summary of Vgt

(F) Voltage responses in a neuron from hCO by 1-s current steps (from —20 to +20 pA, +5
pA increments).

(G and H) Summary of Rppyt (G) and tmembrane (H)- Solid circles and lines indicate
individual neurons and averages, respectively. Error bars represent SEM; ns, not significant.
An unpaired two-tailed t test with Welch’s correction was used for all comparisons.
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Figure 4. Altered NPC population phenotypes in RF hCOs are similar to those of R113C hCOs
(A) Integrated UMAP plot of single cells from non-treated, RF-treated, wild-type, and

R113C COs colored by cell type.
(B) Bar plots for percentage of cell populations in non-treated, RF-treated, wild-type, and

R113C COs.

(C) Left, monocle pseudotime trajectory with integrated UMAP embedding of non-treated,
RF-treated, wild-type, and R113C COs. Right, prominent cell distributions according to
pseudotime changes in non-treated, RF-treated, wild-type, and R113C COs.
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(D) Volcano plots of differential gene expressions in RF-treated versus non-treated and
R113C versus wild-type COs. Genes colored red are significantly increased in the RF-
treated or R11C group, and genes colored blue are decreased in the RF-treated or R11C
group.

(E) Bar plot for commonly regulated transcription factors (TFs) in non-treated, RF-treated,
wild-type, and R113C COs. Bold characters indicate neuron-related TFs (left) and NPC-
related TFs (right).

(F) Dot plot of commonly regulated TFs in non-treated, RF-treated, wild-type, and R113C
COs. Darker shades of black and the size of dots represent greater expression of genes and
the percentage of cells expressing the gene, respectively.
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(A) Representative bright-field images of age-matched organoids under RF exposure in the

presence and absence of BET inhibitors.

(B and C) Expression of ASD genes (B) and retrotransposon (RT; C) from hCOs under RF
exposure in the presence and absence of JQ1 or iBET762. Gene expression was measured
relative to control organoids and normalized to B-actin. Data represent the mean + SEM (=

15 organoids, from three independent batches).

(D) Left, immunostaining of hCOs under RF exposure in the presence of iBET762 or shield
protection for SOX2 and CTIP2. Right, quantification of cortical plate-like area markers.

Data represent the mean + SEM (**p < 0.01, 7= 8 organoids, from three independent
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batches). An unpaired two-tailed t test with Welch’s correction was used for all comparisons.
The scale bar represents 50 pum.
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Figure 6. Epigenetic alterations by RF treatment and rescue with iBET in hCOs
(A) Selective GO biological process (BP) enrichment analysis of open-chromatin gene list

from RF-treated hCOs.

iBET

(B) Motif enrichment analysis of promoter regions in open-chromatin gene list of RF-treated

samples.

(C) Feature plot showing the expression of NRF1 genes. Darker red represents the greater

expression of each gene.

(D) NRF1 co-expression network analysis in SCRNA-seq dataset.
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(E) Volcano plots of differential chromatin accessibility in RF- or RF/iBET-treated versus
non-treated hCOs. Genes colored red or blue are significantly altered.
(F) Recovery of neuron clusters in RF-treated hCOs by iBET treatment.

Cell Rep. Author manuscript; available in PMC 2026 March 04.
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