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SUMMARY

Prenatal radiation-induced DNA damage poses a significant threat to neurodevelopment, resulting in micro-
cephaly which primarily affects the cerebral cortex. So far, mechanistic studies were done in rodents. Here,
we leveraged human cortical organoids to model fetal corticogenesis. Organoids were X-irradiated with
moderate or high doses at different time points. Irradiation caused a dose- and time-dependent reduction
in organoid size, which was more prominent in younger organoids. This coincided with a delayed and
attenuated DNA damage response (DDR) in older organoids. Besides the DDR, radiation induced premature
differentiation of neural progenitor cells (NPCs). Our transcriptomic analysis demonstrated a concerted
p53-E2F4/DREAM-dependent repression of primary microcephaly genes, which was independently
confirmed in cultured human NPCs and neurons. This was a human-specific feature, as it was not observed
in mouse embryonic brains or primary NPCs. Thus, human cortical organoids are an excellent model for DNA

damage-induced microcephaly and to uncover potentially targetable human-specific pathways.

INTRODUCTION

The development of the human brain depends on a delicate
balance among neural stem and progenitor cell maintenance,
proliferation, differentiation, and migration, in a spatiotemporal-
specific manner.! When these processes are disrupted, normal
development can be drastically compromised, potentially result-
ing in neurodevelopmental disorders.>® A common feature of
these disorders is microcephaly, a defect that primarily affects
the cerebral cortex and is associated with intellectual disability,
especially when it occurs at birth (primary microcephaly).*®
Microcephaly primary hereditary (MCPH), a non-syndromic
genetic form of primary microcephaly, is the most well-charac-
terized subtype, for which 30 genes have been identified as
causative and further referred to as “MCPH genes”.®’ These
genes are involved in centrosome biogenesis and DNA repair
pathways, with patients often displaying genomic instability
due to DNA damage accumulation and radiosensitivity.®° This
underscores the particular sensitivity of the developing brain to

DNA damage, which is further illustrated by the fact that DNA
repair deficiency syndromes often display microcephaly as one
of the most prominent features.®'° Also, environmental expo-
sures that can lead to microcephaly are prenatal irradiation or
Zika virus infections, both of which result in DNA damage accu-
mulation in neural progenitors (NPCs).'"+'2

In the case of ionizing radiation (IR) exposure, the risk is
particularly significant when it occurs during early corticogenesis
between gestational weeks 8-15, and to a lesser extent between
gestational weeks 15-26."""® The latter reinforces the differ-
ences in sensitivity observed across developmental stages.
One possible explanation for this vulnerability is the lower
apoptosis threshold displayed by NPCs in response to DNA
damage when compared with progenitors generated at later
developmental stages.'* Apoptosis is one of the possible out-
comes of the DNA damage response (DDR), a tightly controlled
set of mechanisms to counteract genotoxic stress. The DDR
typically involves cell-cycle arrest, allowing cells to repair the
DNA via different pathways that depend on the type and the
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number of lesions.'® In case of insufficient repair, cells may un-
dergo apoptosis, senescence or differentiation as ways to
escape malignancy.'®'” One of the key regulators of the DDR
is p53, a transcriptional activator of genes involved in cell-cycle
arrest, DNA repair and apoptosis. Besides direct transactivation
of these genes, p53 also indirectly represses cell cycle genes via
the activation of CDKN1A (p21/CIP1/WAF1).'8'° p21 leads to
hypo-phosphorylation of RB-related pocket proteins p107 and
p130. In such state, p107/p130 can bind to other proteins and
form the DREAM complex (MuvB core complex, E2F4-5/DP,
and p130 or p107), which regulates transcriptional repression
through binding of the repressor E2F4 or -5 transcription factors
(TFs) on E2F binding sites within gene promoters.'%2°

The current known mechanisms driving DNA damage-induced
microcephaly have primarily been studied in mouse models,
which have offered valuable insights into how normal brain
development can be disrupted.’’** Excessive DNA damage
during early neurogenesis has been shown to severely affect
NPCs populating the ventricular zone and subventricular zone
of the developing cortex, culminating in NPC pool depletion.?*~>"
Among the underlying mechanisms, are the shift from prolifera-
tive to differentiative cellular divisions resulting in premature
differentiation.?® Also G1 lengthening and prolonged mitosis
leading to precocious neurogenesis or apoptosis has been
observed.®*?9 Additionally, mitotic defects and centrosomal ab-
errations that disrupt proper cell division have also been seen.?’
While these processes are extremely relevant, the primary
mechanism implicated in DNA damage-induced microcephaly,
including that resulting from IR exposure, involves the activation
of p53-dependent responses.?**°~*? |n the mouse cortex, hy-
peractivation of p53 has been shown to induce widespread
apoptosis of NPCs, disrupting normal brain development
and contributing to microcephaly.?®?*2733 Despite the valuable
information gathered from these mouse models, they often did
not fully recapitulate the human phenotype. Examples are
mouse models of critical human MCPH genes such as ASPM,
WDR62, or CDK5RAP2, which showed only mild effects on neu-
rodevelopment compared with patients with orthologous muta-
tions.®*"* Although most of the aforementioned mechanisms
have also been reported in mouse models of radiation-induced
microcephaly,*® little is known about the mechanisms underlying
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irradiation of human models. A few previous studies have inves-
tigated short-term effects of radiation on human brain organoids.
However, these studies focused on the early DDR and were not
conducted in the context of microcephaly.*’

Therefore, there is a need for a better understanding of the
disease etiology following IR exposure in humans. The available
data on the safety of radiation exposure during pregnancy are
based on a limited number of animal studies and studies on
atomic bomb survivors.*? Based on the latter, the radiation pro-
tection systems follow the “as low as reasonably achievable”
principle. However, because of the large uncertainties about
the assumed risks (including also cancer) to the unborn child,
in current clinical practice this comes with the consequence
that even for extra-abdominopelvic cancers, treatment of preg-
nant women with radiotherapy is mostly contraindicated and
postponed until after delivery.”? Consequently, less than 2% of
pregnant cancer patients receive radiotherapy while in the gen-
eral patient population this number amounts to around 50%.“°
This may be problematic when room temperature (RT) is essen-
tial for primary treatment, resulting in suboptimal treatment of the
patients which can be harmful for both patient and child.**

In this study, human embryonic stem cell (hESC)-derived
cortical organoids*® were used to model the early and mid-
stages of cortical development and investigate effects of
moderate (0.5 Gy) and high doses (2 Gy) of IR (X-rays). Our find-
ings showed a dose- and developmental-timing-dependent
reduction in organoid size, resembling microcephaly. This could
be explained by increased apoptosis and premature differentia-
tion of NPCs in irradiated organoids. Furthermore, our study
uncovered a coordinated p53-E2F4/DREAM-dependent down-
regulation of MCPH genes that could explain part of the growth
defects observed after irradiation. Importantly, this is a human-
specific feature of the developing brain’s radiation response as
it was not seen in mouse embryonic brains or NPCs.

RESULTS

hESC-derived cortical organoids resemble early human
cortical development

First, organoid size was monitored during culture which
indicated a constant growth (Figure 1A). In order to assess our

Figure 1. Cortical organoid growth is dose- and time-dependently reduced by ionizing radiation (IR) exposure

Early human cortical development was modeled using cortical organoids derived from embryonic stem cells (hESCs), following the methodology by Sloan et al.,
2018.%°

(A) Every organoid batch was generated using 600 microwells of an AggreWell 800 plate. Double SMAD: inhibition with 5 1M Dorsomorphin and 10 uM SB-431542
was applied from day 0 to day 5, followed by exposure to 20 ng/mL EGF and bFGF from day 6 to day 24. Subsequently, 20 ng/mL BDNF and NT-3 were applied
from day 25 to day 43. From day 43, cell culture medium was free from growth factors. Organoid growth was followed up from day 1 to day 54, and the diameter of
at least 10 organoids per time point was quantified using the Imaged software. Scale bar, 500 pm.

(B) Cortical organoid characterization via immunohistochemistry revealed the expression of classical markers present throughout normal human cortical
development: SOX2, Nestin, and PAX6 staining for neural progenitor cells, Ki67 for proliferating cells, DCX and TUJ1 staining for post-mitotic neurons, OLIG2 for
oligodendrocytes and oligodendrocyte precursors, AQP1 for choroid plexus, RELN for Cajal-Retzius neurons. Scale bar, 50 um.

(C) Transition mapping of gene expression changes during maturation of human cortical organoids (compared to maturation day 14) and human primary tissue
from the BrainSpan dataset (compared to stage 2). Right, BrainSpan stages and corresponding age. BS, BrainSpan Stage; PCW, post conception weeks.

(D) Cortical organoids were exposed to ionizing radiation (Sham-irradiated x 0.5 Gy x 2 Gy) at developmental days 14 and 56. Samples were processed for
immunostaining (2 h, 6 h, 24 h, and 14 days), RNA-sequencing (6 h, 24 h, and 14 days), and size follow up (14 days).

(E) Brain organoid size was monitored every 2 days 24 organoids were analyzed per condition. Scale bar, 1000 um. Data are represented as mean + SD. Statistical
analysis was performed using two-way ANOVA test followed by Tukey’s test for multiple comparisons. **p < 0.001; ***p < 0.0004; ****p < 0.0001.

(A) and (D) were prepared with BioRender. See also Figures S1-54.
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organoid cultures as a proper model for human brain develop-
ment, we next characterized them at four developmental time
points: D14, D28, D56, and D70. These resemble early to mid-
fetal brain development which is the most critical phase for
radiation-induced neurodevelopmental defects.*® The presence
of specific cell types was investigated using immunostaining for
cellular markers (Figures 1B and S1). The expression of the neu-
ral stem cell markers SOX2 and NES was observed throughout
organoid development, while the radial glia marker PAX6, which
is also associated with dorsal pallium development, was
observed from D28 onwards. The numbers of proliferating cells
decreased, which coincided with an increase in cells expressing
the immature neuronal marker DCX, present from D28 onwards,
and mature neurons expressing TUJ1 which were also visible
from D28 onwards, but showing a substantial increase by D56.
Oligodendrocyte progenitor cells positive for OLIG2 appeared
from D28 onwards with a sharp increase in their prevalence at
D56, albeit that their total numbers were still limited. RELN-pos-
itive Cajal-Retzius cells and AQP1-positive choroid plexus (ChP)
also appeared first at D28, with considerable expression at D70.

Transcriptomic profiling of organoids at the same time points
using bulk RNA-sequencing (RNA-seq), confirmed the develop-
mental trajectory during organoid culture. The most pronounced
changes occurred between D14 and D28 and between D28 and
D56, while changes between D56 and D70 were overall more
subtle (Figure S2A; Table S1). Gene ontology (GO) enrichment
analysis indicated that genes enriched at later time points of
organoid development were mostly involved in typical neurode-
velopmental processes such as axonogenesis, synaptogenesis
and synaptic transmission, reflecting neuronal differentiation
and maturation (Figure S2B). We also observed increased
expression of genes related to the mitochondrial electron
transport chain, which was most evident between D28 and
D56. This corresponds to the switch from glycolysis to oxidative
phosphorylation that occurs during neurogenesis and neuronal
maturation.*® Developmentally enriched genes were predicted
to be mainly regulated by TFs like REST, SMAD4 and TP53,
and the PRC2 members EZH2 and SUZ12, as evidenced by En-
richr analysis (Figure S2C). REST (also called neuron-restrictive
silencing factor, NRSF) is a critical repressor of neuronal genes
in non-neuronal tissues and neural stem and progenitor cells,*”
which recruits the PRC2 complex to neuronal gene promoters
via interaction with EZH2 and SUZ12.*® The function of REST,
EZH2, and SUZ12 as transcriptional repressors, yet being
predicted to regulate developmentally enriched genes was
consistent with their own downregulation during organoid devel-
opment (Figure S3A). Their expression profiles are in line with
those from other studies in human brain tissue and human brain
organoids (Figures S3B-S3D). SMAD regulates neural differenti-
ation and SMAD inhibition is often used to induce neural conver-
sion of ESCs.”® SMADA4 itself is also reduced during organoid
maturation (Figures S3B-S3D). The role of p53 in brain develop-
ment is still poorly understood, although a small fraction of Trp53
knockout mice develop exencephaly.’® In general, however,
typical p53 target genes are downregulated during brain
development, although we found previously that a subset of
p53 targets are developmentally upregulated in the embryonic
mouse brain.®' This is in contrast with TP53/Trp53 itself, which
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is downregulated during brain and organoid development
(Figures S3B-S3D).

Genes that were downregulated with time were mostly
involved in processes such as DNA replication, DNA repair, the
DDR, and cell cycle regulation, especially during the early stages
of organoid development. Later, between D56 and D70, genes
involved in RNA processing and ribosome biogenesis became
additionally downregulated (Figure S2D). Downregulated genes
were predicted to be primarily regulated via E2F family TFs,
especially E2F4, and the NFYA-B family (Figure S2E).

Based on single cell RNA-seq results from forebrain organoids
of similar developmental age cultured using the same proto-
col,”'we deconvolved our bulk RNA-seq to obtain estimates of
the cellular composition of the organoids in function of their
maturation. This analysis revealed the presence of various cell
types, including intermediate progenitors, neurons (dopami-
nergic, GABAergic, and glutamatergic), astrocytes, oligodendro-
cytes, and ChP cells (Figure S2F). It indicated that with time, the
number of proliferating progenitors was overall reduced. In
contrast, cell types associated with later stages of brain develop-
ment, such as intermediate progenitors, neurons (both inhibitory
and excitatory) and glial cell types (astrocytes, oligodendrocytes)
were enriched during organoid culture (Figure S2F). These cells
emerge at different developmental time points, resembling the
proper human brain development, and correlate with the gradual
reduction in proliferation observed. For instance, there is an
increasing presence of post-mitotic neurons over time (Fig-
ure S2F). Examples of expression patterns of different markers
during the course of organoid growth are indicated in
Figures S2G and S2H. In alignment with human cortical develop-
ment, NPC markers such as HMGA2 are predominantly seen dur-
ing early stages of organoid development. On the other hand,
markers such as SOX2 and Nestin (NES) exhibit sustained expres-
sion over time, as seen at the protein level, although with a gradual
decline, with a more region-restricted expression (neural rosettes)
as neurodevelopment progresses. Markers of intermediate pro-
genitors (EOMES/TBR2, PPP1R17), outer radial glia cells (TNC),
and postmitotic neuronal markers, such as TUBB3/TUJ1, and
NEURODG6 emerge at later stages, as well as specific markers
of specific neuronal populations like BCL11B/CTIP2 (deep layer
neurons), RELN (Cajal-Retzius neurons), GAD1 and GAD2 (inter-
neurons), oligodendrocyte precursor markers like OLIG1 and
OLIG2, and astrocyte markers like ATP1B2. Markers of ChP
showed divergent expression profiles, with some being upregu-
lated (TTR and AQP1) and others downregulated (RSPO2 and
PLS3) (Figure S2G). This may explain the contrasting result of
the deconvolution analysis with that of AQP1 stainings.

Finally, we used transition mapping to compare gene
expression changes that occurred during maturation of the
cortical organoids to those of transcriptome changes that were
seen during in vivo cortical development in human fetuses.®?
For the early stage of organoid maturation (between D14 and
D28), these changes correlated most with the early fetal devel-
opment (BrainSpan stage 2-4). Changes occurring at the later
stage of organoid maturation (between D14 and D70) mapped
very strongly with all stages of fetal development, but most
significantly with early fetal to late mid-fetal stages (BrainSpan
stage 2-6) (Figure 1C). Importantly, the transcriptional changes
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in organoids showed the same concordance as those in vivo,
with up- and downregulated genes in vivo showing a similar pro-
file in vitro, as evidenced by the strong overlap significance in the
lower left and upper right quartiles of the rank-rank hypergeo-
metric overlap maps.

Overall, the gene expression profiles and protein levels of
cellular markers observed during the development of our orga-
noid cultures indicated their suitability as models for early to
mid-fetal human corticogenesis.

Cortical organoid growth is dose- and time-dependently
reduced bylR exposure

Cortical organoids were irradiated at D14 and D56 with X-ray
doses of 0.5 Gy and 2 Gy. Samples were processed for immunos-
tainings, RNA-seq, and their size was monitored for 14 days after
irradiation (Figure 1D). For the lower dose, organoid growth stag-
nated for three and seven days in organoids irradiated at D14 or
D56, respectively, after which their growth resumed at a normal
pace, although not reaching the same size as that of sham-irradi-
ated controls (Figure 1E). Organoids irradiated with a high dose at
D14 significantly reduced in size and did not recover (Figure 1E). In
fact, 14 days after exposure these organoids were so small that
they could not be used for subsequent immunostaining experi-
ments. In contrast, 2-Gy irradiated organoids at D56 showed a
reduction in size until day 7 but resumed their growth thereafter
(Figure 1E). In addition to the reduction in size, morphological
changes in neural rosettes within forebrain organoids were also
observed after a 14-day follow-up. Organoids irradiated at D14
with a 0.5-Gy dose displayed rosette enlargement both in terms
of perimeter and thickness accompanied by the loss of normal
cellular architecture that consists of NPCs radially organized
around the lumen (Figure S4A). However, D56 organoids irradi-
ated with 0.5- and 2-Gy doses displayed a reduction in rosette
size and thickness over time (Figure S4B). We believe that these
contrasts in rosette morphology between D14 and D56 are related
to differences in response to IR at distinct developmental time
points, which will be further addressed in the following sections
of this manuscript. Overall, organoids showed a time-, dose-,
and developmental time-dependent reduction in size along with
changes in neural rosette morphology after exposure to IR.

Irradiation of cortical organoids leads to the
accumulation of DNA damage followed by a p53-
dependent DNA damage response and premature
neuronal differentiation

IR causes DNA damage which normally induces a DDR.® To
investigate the activation of radiation-induced DNA damage in

iScience

cortical organoids, immunostainings were conducted for phos-
phorylated histone H2AX (yH2AX) and p53-binding protein 1
(53BP1), which both localize to DNA double-strand breaks
(DSBs). DSB foci formation could be observed at 2 h post-irradi-
ation for both D14 and D56 organoids, and this effect was dose-
dependent (Figures 2A and 2B). At 6 h following IR exposure,
DSB foci number was reduced compared to 2 h but still signifi-
cant when compared to the 6 h control for both developmental
time points (Figures 2A and 2B). At 24 h, baseline levels of
DSB foci were reached in D14 organoids (Figure 2A), while
increased numbers were still present at D56 for both IR doses
(Figure 2B). This reflects the enhanced ability of DNA repair by
NPCs at early developmental stages compared to more differen-
tiated cell types present at later time points.> Additionally, they
could indicate the high sensitivity of NPCs to damage, which will
be discussed further.

The DDR is regulated via phosphorylation of p53 (p-p53) which
then acts as a TF to activate genes involved in processes, such
as cell-cycle arrest, DNA repair, and apoptosis.”® Staining for
p-p53 showed that 2 h post-irradiation there was an increased
number of p-p53 foci present at both developmental stages,
which seemed more pronounced in D14 organoids (Figures 2C
and 2D). By 6 h post-irradiation, p-p53 response had ceased,
and by 24 h p53 was inactive (Figures 2C and 2D). Lastly, an
overlap of yYH2AX and p-p53 foci was observed in both irradiated
D14 and D56 organoids (Figures 2E and 2F). The rapid p53
recruitment to DNA damage sites was described as a unique
property of human p53, and has been shown to influence the
choice of repair pathway.”®

Following DNA damage, p-p53 acts as a crucial regulator of the
cellular response, primarily inducing cell-cycle arrest (53). This
temporary pause in cell division provides time for DNA repair
mechanisms to correct damages to the DNA before the cell pro-
gresses through the cycle. Therefore, we proceeded to investigate
cell cycle dynamics. For this, immunostaining for phosphorylated
histone H3 (PH3), and phosphorylated Vimentin (pVim) was per-
formed. PH3 and pVim stains for cells that are actively undergoing
mitosis. The impact of IR exposure on cell division was obvious, 2 h
post-irradiation both PH3- and pVim-expressing cells were signif-
icantly decreased (Figures 3A-3D and S5A-S5D). This effect was
even more pronounced in younger organoids, which displayed
near zero dividing cells following IR exposure at both radiation
doses (Figures 3A and 3B). At 6 h post-irradiation, mitotic cells
were still absent in D14 organoids irradiated with 2 Gy, while in
those irradiated with 0.5 Gy some dividing cells could be seen (Fig-
ure 3C). At 24 h, organoids irradiated with a 0.5 Gy dose seemed to
have recovered their proliferative potential, while those irradiated

Figure 2. lonizing radiation exposure induces double-strand breaks and p53 recruitment to DNA damage sites, in a dose- and developmental

stage-dependent manner

(A and B) DNA damage induction was analyzed via immunostaining of DNA double-strand break (DSB) sensitive markers: phosphorylated histone H2AX (yH2AX)

and p53-binding protein 1 (53BP1).

(C and D) DNA damage response (DDR) was analyzed via immunostaining of phosphorylated p53 (p-p53).
(A-D) Analysis were performed at 2 h, 6 h, and 24 h post-irradiation of D14 and D56 organoids. n = 4. Image analysis was performed using the ImageJ software.
Data are represented as mean + SD. One-way ANOVA test followed by Tukey’s test for multiple comparisons was used, *p < 0.04 **p < 0.005; ***p < 0.0009;

****p < 0.0001.

(E and F) Co-localization of yH2AX and p-p53 foci 2 h post-exposure to a 2-Gy dose in D14 and D56 organoids. (A and B) Scale bar, 5 um. (C and D) Scale bar,

10 um. (E and F) Scale bar, 10 um.
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Figure 3. lonizing radiation-induced DNA damage leads to cell-cycle arrest and apoptosis in human cortical organoids
Cortical organoids were exposed to ionizing radiation (Sham-irradiated x 0.5 Gy x 2 Gy) at developmental days 14 and 56, and samples were analyzed at2 h, 6 h,

24 h, and 14 days post-irradiation.

(A-D) Proliferation was analyzed by immunostainings for phosphorylated histone H3 (PH3) (A and B) and phosphorylated Vimentin (pVim) (C and D).

(E-H) Cell death was accessed by immunostaining for the early apoptotic marker cleaved caspase-3 (CC3) (E and F), and the late apoptotic marker TUNEL (G and
H). n = 4. Image analysis was performed using the ImagedJ software. Data are represented as mean + SD. One-way ANOVA test followed by Tukey’s test for
multiple comparisons was used when comparing 3 conditions, *p < 0.01 **p < 0.009; ***p < 0.0007; ***p < 0.0001. Student’s t-test was used when comparing 2

conditions. Scale bar, 50 um. See also Figure S5.

with 2 Gy displayed only a few dividing cells at both developmental
time points (Figures 3C and 3D). Fourteen days following IR expo-
sure, cell cycle dynamics for D56 organoids appeared to be normal
(Figure 3D). Overall, these findings suggest that exposure to DNA
damage induced by IR promotes cell-cycle arrest in human
cortical organoids.

When DNA damage remains unrepaired following cell-cycle ar-
rest, p53 activation can lead to apoptosis, a protective mechanism
that eliminates irreparable cells, thus preventing genomic insta-
bility.°® To further investigate the mechanisms by which IR-
induced DNA damage affects cortical organoid growth, apoptosis
was evaluated as a possible outcome of the activation of p53. Im-
munostainings for the early and late apoptotic markers, cleaved

caspase-3 (CC3) and TUNEL, respectively, were performed. At
6 h post-irradiation, apoptotic cells (CC3+ or TUNEL+) were
observed at both developmental time points (Figures 3E-3H and
S5E-S5H). However, this was more pronounced in D14 organoids
compared to D56 organoids (Figures 3E-3H). The D14 organoids
also presented a dose-dependent response (Figure 3G), which
was not observed in D56 organoids, where significant cell death
occurred only at the 2-Gy dose (Figure 3H). At 24 h, cells were
no longer entering apoptosis (CC3+), although cells in final
apoptotic stages were still present (TUNEL+) (Figures 3G and
3H). These findings reinforced the increased sensitivity of early
stages of brain development to DNA damage compared to more
developed stages.
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Figure 4. lonizing radiation-induced DNA damage leads to premature differentiation in human cortical organoids
Cortical organoids were exposed to ionizing radiation (Sham-irradiated x 0.5 Gy x 2 Gy) at developmental days 14 and 56, and samples were analyzed at2 h, 6 h,

24 h, and 14 days post-irradiation.

(A-D) Neural progenitor cells were accessed by immunostainings for SOX2 in D14 organoids and PAX6 in D56 organoids, while immature neurons were accessed
by immunostainings for DCX at both developmental stages. Scale bar SOX2, PAX6 = 50um, DCX = 100 pm.
(E and F) Actively proliferating cells were labeled with BrdU 2 h before IR exposure. Following irradiation, immunostainings for BrdU and DCX were used to identify
actively proliferating cells committed to becoming neurons. Scale bar, 50 um.
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Premature differentiation leading to an earlier generation of
neurons instead of NPCs is another known mechanism underly-
ing microcephaly.” Recent studies have shown that exposure to
DNA damage during early embryonic brain development in mice
can also trigger premature differentiation.”® To investigate
whether NPCs within human cortical organoids undergo a pre-
mature switch from proliferative to differentiative cellular division
following IR exposure we performed immunostainings for SOX2,
PAX6, and DCX. Additionally, cells labeled with 5-bromo-2’-de-
oxyuridine (BrdU) before exposure to IR were also stained. As
organoids generated at developmental age D14 did not yet ex-
press PAX6, we assessed the expression of SOX2 that showed
a reduction in the number of positive cells in a dose-dependent
manner as early as 6 h following IR exposure (Figures 4A-4C and
S6A). At D56, the number of cells expressing PAX6 was also
reduced depending on the radiation dose, however, the
response was only apparent 24 h after irradiation (Figures 4A-
4C and S6B). To understand whether this reduction in the
progenitor pool was due to premature differentiation, we then as-
sessed DCX expression, a marker for immature neurons. We
observed increasing fluorescence intensity of DCX in D14 orga-
noids after 6 h (Figures 4B-4D), and this effect could still be seen
14 days following irradiation exposure (Figures 4D and S6C). At
D56, we could observe a slight increase in DCX but that was not
statistically significant (Figures 4B-4D and S6D), perhaps due to
the reduced numbers of neural rosettes evaluated for this spe-
cific experiment. To confirm these findings, replicating cells
(BrdU+) were investigated for their co-expression of DCX. Inter-
estingly, organoids exposed to IR presented increased amounts
of BrdU+DCX+ expressing cells at both developmental stages
(Figures 4E, 4F, S6E, and S6F). In D14 organoids, increasing
numbers of BrdU+DCX+ cells were observed 24 h after IR expo-
sure, with a more pronounced increase at a 0.5-Gy dose
(Figures 4E and 4F). In contrast, in D56 organoids, this increase
was more pronounced 14 days following IR exposure, in a dose-
dependent manner (Figures 4E and 4F). We believe that the
increased amount of cell death observed in D14 organoids
exposed to a 2-Gy dose, might have contributed to the reduced
number of BrdU+DCX+ cells observed for this dose, which was
not the case for D56. Overall, these findings indicate that actively
replicating cells that incorporated BrdU at the time of IR expo-
sure, were increasingly committed to becoming neurons upon
further evaluation.

During neurogenesis, a balance between proliferative sym-
metric and differentiative asymmetric cell divisions ensures the
generation of an adequate number of NPCs and, subsequently,
neurons. When this balance is disrupted and cells switch
from symmetric to asymmetric divisions earlier than expected,
premature differentiation takes place. Here, we investigated
cell division symmetry by scoring mitotic pVim+ cells within neu-
ral rosettes into three division angle categories: 0-30°, 30-60°,
and 60-90° (Figure 4G). Unfortunately, we could only score a
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limited number of cells with sufficient confidence, especially in
organoids irradiated with 2 Gy and in 70-day-old organoids.
Our analysis indicated a trend toward more asymmetric divisions
in irradiated organoids, which reached borderline significance
for those irradiated with 0.5 Gy (Figures 4H and 4l).

Altogether, the reduction of SOX2+ and PAX6+ NPCs, the in-
crease in DCX+ neurons, the early commitment of proliferating
cells to a post-mitotic fate and the trend toward more asymmetric
divisions in irradiated organoids indicate that NPCs underwent
premature differentiation following DNA damage exposure.

Transcriptional profiling confirms the activation of a
dose- and developmental timing-dependent, p53-
regulated DNA damage response in irradiated organoids
To further investigate molecular mechanisms responsible for the
observed changes after irradiation of organoids, RNA-seq was
performed on organoids irradiated at D14 or D56 and processed
for RNA extraction after 6 h, 24 h, and 14 days. These time points
reflect both the early and late response to radiation. Because no
effect of radiation could be observed via RT-gPCR on the
expression of typical p53 target genes at 2 h after exposure (Fig-
ure S7A), this very early time point was not used for RNA-seq.

Principal component analysis indicated that the variation in
gene expression profiles was mainly dependent on the develop-
mental age of the organoids (Figures S7B and S7C) while the ra-
diation dose contributed much less to the variation (Figure S7D).
The overall effect of radiation on gene expression was most pro-
nounced at 14 days after irradiation of D14 organoids irradiated
with 2 Gy (Figure S7D), which corresponded to those organoids
most affected in terms of size (Figure 1E).

Differential expression analysis (Table S2) indicated a clear
dose-dependent response in gene expression at all time points.
Both the number of DEGs (FDR <0.05) (Figure 5A) as well as their
fold change (data not shown) were generally increased with the
higher dose. A further indication of a dose response could be
deduced from the overall low numbers of genes that were signif-
icantly differentially expressed after irradiation with 0.5 Gy, but
not 2 Gy, while many more genes were either regulated at both
doses or at 2 Gy only (Figures S8A and S8D; Table S2). Overlap
analysis between different conditions using RedRibbon (Fig-
ure 5B) and categorical DEG list comparisons (Figures 5C and
5D) indicated that very significant overlaps existed between
both up-and downregulated genes after 0.5 Gy and 2 Gy, espe-
cially at the earlier time points after exposure (6 h and 24 h). Also,
a high overlap existed between upregulated DEGs after 6 h and
24 h of organoids irradiated at D14 and D56. Overall, the over-
laps in different experimental conditions between upregulated
genes were more significant than the overlaps between downre-
gulated genes (Figures 5C and 5D).

Upregulated genes at both D14 and D56 were mostly pre-
dicted to be regulated by p53, especially those genes that
were upregulated at the early time points (Figures 5E and

(G-I) Mitotic pVim+ cells were scored based on their division angle, with the central lumen (CL) of the neural rosette as the reference point: 0-30° is indicative of
symmetric cellular division, while 30-60° and 60-90° are indicative of asymmetric cellular division. n = 4. Image analysis was performed using the ImageJ
software. Data are represented as mean + SD. One-way ANOVA test followed by Tukey’s test for multiple comparisons was used when comparing 3 conditions,
*p < 0.04 **p < 0.008; ***p < 0.0008; ****p < 0.0001. Student’s t-test was used when comparing 2 conditions, **p < 0.005. Chi-square test was used to compare

distribution of division angles. See also Figure S6.
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Figure 5. Dose- and time-dependent changes in gene expression

after irradiation of organoids

(A) Number of significantly (FDR <0.05) up- (black bars) and downregulated (gray bars) differentially expressed genes (DEGs) in irradiated versus sham-irradiated

organoids at each experimental time point.
(B) RedRibbon hypergeometric overlap maps for the different experimental
respective 0-Gy control condition. On each map, the extent of shared down

| comparisons. For each comparison, the indicated condition was compared to its
regulated genes is displayed in the bottom left corner, whereas shared upregulated

genes are displayed in the top right corners. Inset indicates perfect overlap.
(C and D) Statistical hypergeometric overlap between lists of up- (C) and downregulated (D) DEGs among the different experimental comparisons.

(E and F) Enrichment analysis of predicted transcriptional regulators of up- (E) and downregulated (F) DEGs.
(G and H) Enrichment analysis of Biological Processes of up- (G) and downregulated (H) DEGs. The combined score represents a combination of the p value and Z
score/odds ratio calculated by multiplying both scores as follows: ¢ = -log(p) * oddsRatio. See also Figure S7-S13.
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S8B). Genes upregulated at the later time points in both D14 and
D56 organoids were enriched in targets of REST and the PRC2
complex members SUZ12 and EZH2, suggesting an epigenetic
component in their regulation. Downregulated genes, on the
other hand, were predicted to be regulated mostly by members
of the E2F family, especially by the transcriptional repressor
E2F4 (Figure 5F). Other predicted regulators of downregulated
genes were NFYA/B, MYC, and MAX. Altogether, radiation-
induced genes were regulated by TFs that also regulate develop-
mentally induced genes (Figure S2C), while radiation-repressed
genes were regulated by TFs that regulate developmentally
repressed genes (Figure S2E).

In terms of pathways affected by radiation, early upregulated
genes after 0.5 Gy and 2 Gy were involved in DDR, cell-cycle
arrest and apoptosis (Figure 5G). This corresponded well with
observations from immunostainings (Figures 2 and 3) and the
activation of p53. However, early gene upregulation that was
more specific to the 2-Gy dose was related to neuronal differen-
tiation pathways (e.g., neuron development, nervous system
development, and axon guidance) (Figures 5G and S8B). This
effect was also more pronounced in D14 compared to D56
organoids. Activation of these genes may be related to the
observed premature neuronal differentiation. As a further confir-
mation of this feature, we investigated selected markers of
NPCs, newborn immature neurons and post-mitotic maturing
neurons.®’~°° This showed that in irradiated organoids expres-
sion of NPC markers decreased dose-dependently, while
markers of newborn and maturing neurons were upregulated.
Again, this was more prominent for the 2-Gy dose and in younger
organoids (Figure S9).

From the numbers of DEGs at each experimental condition
and their overlaps between different conditions, we could also
deduce that the transcriptional response to radiation in D56 or-
ganoids was both delayed and attenuated as compared to that
in D14 organoids. Indeed, while in D14 there was a very strong
response after 6 h (859 DEGs—0.5 Gy and 4047 DEGs—2 Gy),
which diminished after 24 h (360 DEGs—0.5 Gy and 1641
DEGs—2 Gy), the opposite was seen in D56 organoids with a
much smaller response after 6 h (128 DEGs—0.5 Gy and 490
DEGs) compared to that after 24 h (316 DEGs—0.5 Gy and
2580 DEGs—2 Gy) (Figures 5A, S5A and S5D). Pathways that
were enriched after both 6 h and 24 h in D14 organoids, were
only enriched after 24 h in D56 organoids (Figures S8B and
S8C), again indicating a delayed response.

In addition to differential expression analysis, we also inferred
gene regulatory networks using LemonTree, an ensemble method
that first groups genes into coexpression modules and then as-
signs regulatory TFs to these modules. The clustering indicated
nine modules consisting of genes that showed an obvious dose-
dependent increase in expression (Figures S10A and S10B). In
the majority of cases the induction of these genes was most pro-
nounced at 6 h after exposure of D14 organoids, with either a
reduced (modules 32, 34, 55, 61, 93, and 162) or similar (modules
69, 70, and 145) transcriptional response after 24 h. In D56 organo-
ids, the effect on expression of these genes was reduced and
sometimes absent, again indicating an attenuated response. In
terms of enrichment, these upregulated genes were highly
enriched as predicted targets of p53 and involved in typical
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p53-dependent DDR processes and apoptosis (Figures S10C
and S10D).

Early (6 h, 24 h) downregulated genes in D14 organoids, on the
other hand, were involved in pathways related to DNA replica-
tion, cell division and DNA repair (Figures 5H, S8E, S8F and
S11). This is consistent with their regulation by the transcriptional
repressor E2F4 (Figure 5F). Other enriched pathways among
downregulated genes, primarily after 24 h, were related to meta-
bolism (sterol biosynthesis, gluconeogenesis, fatty acid biosyn-
thesis) and these were regulated by NFY family TFs (Figures 5H
and S12). The dose-dependent downregulation of these meta-
bolic pathways was a surprising result. It is unclear how this
may have influenced the growth of irradiated organoids, howev-
er, it is well established that disruptions of metabolic pathways
like cholesterol biosynthesis and glycolysis can result in neuro-
developmental defects including microcephaly.®°

While irradiation of D14 organoids with 0.5 Gy induced persis-
tent changes in gene expression (256 genes up, 130 genes down),
almost no long-term changes (3 genes up, 18 genes down) were
observed in D56 organoids irradiated with the same dose. This is
another indication of the relative insensitivity of older organoids to
a moderate radiation dose which resulted in levels of DNA dam-
age that could be efficiently repaired and therefore did not induce
substantial levels of apoptosis (Figure 3H).

Among the genes that were upregulated 14 days after expo-
sure of D14 organoids were also many genes related to primary
cilia assembly and motility (Figure 5G), including members of the
cilia and flagella associated protein (CFAP), sperma associated
antigen (SPAG) and dynein arm (DNAAF, DNAH, DNAI, and
DNAL) families (Figure S13A). In the developing brain, the ChP
epithelium consists of multiciliated cells,®’ responsible for
circulation of cerebrospinal fluid.®® Thus, we examined expres-
sion of markers of the ChP and found a remarkable increase
of their expression at 14 days after exposure of D14 organoids
(Figure S13B). This coincided with changes in genes belonging
to the WNT/FZD pathway (Figure S13C), which regulate the
epithelial fate of the ChP.%® This suggested that ChP cells were
spared from radiation-induced apoptosis, consistent with their
resistance to traumatic injury.®®

Irradiation of cortical organoids reduces expression of
MCPH genes
Enrichment analysis of disease-associated genes from DisGeNET
and Jenssen disease databases, showed that genes associated
with neurologic diseases and syndromes characterized by
reduced brain size, like Fanconi Anemia, Seckel syndrome, and
MCPH were highly enriched among downregulated genes, both
in D14 and D56 organoids (Figures 6A and 6B). Thus, we hypoth-
esized that downregulation of these genes may be a contributing
factor to the growth deficit we observed in irradiated organoids.
Therefore, we analyzed gene expression profiles of the 30
known MCPH genes®®? in our organoids, both during their
development and after irradiation. We found that the majority
of MCPH-associated genes were significantly downregulated
during organoid maturation, with the biggest changes occurring
between D28 and D56 (Figure 6C). This corresponds to their
preferential expression in radial glia (Figure S14),°° which are
the NPCs of the cortical ventricular zone.
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Figure 6. Microcephaly (MCPH) genes are coordinately downregulated during organoid development and after irradiation

(A and B) Enriched neurological diseases and syndromes associated with reduce:

d brain size among radiation-repressed genes from Jensen_Diseases (A) and

DisGeNET (B) databases. The combined score represents a combination of the p value and Z score/odds ratio calculated by multiplying both scores as follows:

¢ = -log(p) * oddsRatio.

(C) Heatmap of MCPH gene expression at different stages of organoid development. *denotes significant downregulation (FDR < 0.05) in comparison to D14.

(D) Scaled relative expression of MCPH genes after irradiation of D14 and D56 org
expression of all 30 MCPH genes.

anoids. Individual genes are depicted as gray lines. Red line indicates average

(E-G) Heatmaps of scaled relative expression in 0-Gy versus 2-Gy irradiated organoids. *denotes significant differential expression (FDR < 0.05) in comparison to

0 Gy.

(H) UpSet plot indicating overlaps between MCPH genes, radiation-repressed genes in organoids at different time points, repressed genes in human NPCs after
infection with Zika virus (From®?), and repressed genes after treatment of human brain organoids with phenylalanine (From®®) Intersections were ranked according
to degree of overlap. Note that not all overlapping intersections are shown. See also Figures S14 and S15.

In response to radiation, many of the MCPH genes showed
highly similar expression profiles (Figures 6D-6G): in D14 orga-
noids, 21 MCPH genes were downregulated 6 h after a 2-Gy
dose (Figures 6D and 6E) and 22 MCPH genes were highly
reduced after 14 days (Figures 6D-6F). In D56 irradiated organo-
ids, however, 16 MCPH genes were dose-dependently reduced
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after 24 h, but showed normal expression after 14 days
(Figures 6D-6G). Fourteen of these genes were commonly
downregulated at all these experimental conditions. Moreover,
the same genes were also downregulated in human NPCs that
were infected with the microcephaly inducing Zika virus (Fig-
ure 6H).5*%" Likewise, treatment of brain organoids with high
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doses of phenylalanine caused a growth reduction which coin-
cided with activation of the p53 pathway, apoptosis and
decreased expression of several MCPH genes,® all of which
were also affected by irradiation (Figure 6H). Thus, irradiation
induced a concerted repression of MCPH genes that could
have contributed to the observed growth deficits.

One possible explanation for the long-term effect of radiation
on MCPH gene expression in D14 organoids could be the appar-
ently changed cellular composition of these organoids, with an
enrichment in ChP and CR cells (Figure S15). However, based
on single-cell RNA-seq data of MCPH genes in different cell
types of the developing mouse brain, including ChP and CR,®®
this seems very unlikely. Several of the radiation-repressed
MCPH genes (Cdk5rap2, Stil, Cep135, Cep152, Sass6, Cit, and
Ncaph) actually show highest expression levels in ChP
compared to other cell types (Figure S11). So, on the basis of
cellular composition one would expect an upregulation of these
genes, and therefore the downregulation we have observed here
might even be an underestimation.

Radiation-induced repression of microcephaly genes is
p53-E2F4/DREAM-dependent and occurs in human, but
not mouse NPCs and embryonic brain

In our previous studies on radiation-induced microcephaly in
mice®®** we had never noticed a reduced expression of
microcephaly genes that could contribute to the microcephalic
phenotype. In fact, in those studies we generally found very
few downregulated genes in comparison to those that were
upregulated. Therefore, we re-analyzed those datasets, with a
focus on MCPH genes. This showed that indeed, much fewer
MCPH genes were significantly downregulated in irradiated
mouse embryos and NPCs compared to human organoids,
with little to no overlap between different experiments
(Figures S16A-S16C).

However, in our previous studies in mice, the highest radiation
dose used was 1 Gy, which was sufficient to induce massive
apoptosis and persistent brain size reduction.”>*® To verify
that the lower dose could be the reason for the observed
discrepancy in gene expression profiles between mouse em-
bryos/NPCs and human organoids, we irradiated human and
mouse NPCs with a dose of 1 Gy and analyzed gene expression
of selected p53 targets and MCPH genes at 6 and 24 h following
exposure using RT-gPCR. As MCPH genes we chose ASPM,
WDR62, CIT, and KNL17. Biallelic mutations in ASPM and
WDR62 are the most common causes of MCPH (68.6% and
14.1%, respectively),’® and ASPM/Aspm expression was found
to be reduced by radiation in human fibroblasts and fetal mouse
brain and neurospheres.”® CIT and KNL1 are both involved in
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mitotic spindle organization and are located in the spindle poles
and the kinetochore, respectively. Genetic mouse models of Cit
and Knl1 display microcephaly as a consequence of p53-medi-
ated apoptosis of neural progenitors.”"*”? During early neurogen-
esis, fetal brains of these mice display gene expression profiles
that are very similar to those of irradiated mouse fetuses.”>"*

The p53 targets CDKN1A and EDA2R were induced ~6-fold
and ~4-fold, respectively, in human NPCs (Figure S17A). In
mouse NPCs they were only induced 3-fold and 2.5-fold (Fig-
ure S17B). In contrast, in human NPCs the selected MCPH
genes showed overall a moderately reduced expression after
6 h (except for KNL7), which further reduced to ~25% after
24 h (Figure 7A). In mouse NPCs, however, no change in expres-
sion was observed, except for a transient reduction of Wdr62
which returned to normal levels after 24 h (Figure 7B). Thus, ra-
diation-induced repression of the MCPH genes was specific to
human NPCs. To explore whether MCPH gene repression was
restricted to NPCs, rather than neurons, human NPCs were
differentiated using a neural induction and maturation protocol.
As expected, expression of MCPH genes was severely reduced
in neurons compared to NPCs (Figure S17C). However, also in
neurons MCPH genes were repressed after irradiation, albeit
mostly to a lesser extent than in NPCs (Figure S17B). The effect
of DNA damage on MCPH genes in post-mitotic neurons was
surprising, but may be related to previous observations that
post-mitotic neurons reenter the cell cycle in order to allow for
DNA repair.”®

Previous studies have shown that activation of p53 (e.g., via
DNA damage induction) leads to transcriptional repression of in-
direct p53 targets via the DREAM complex which is composed of
the MuvB core complex, E2F4-5/DP, and p130 or p107. E2F4
and E2F5 are transcriptional repressors that bind to E2F sites,
while p130 and p107 are activated by p21/CDKN1A in a p53-
dependent way. Thus, DREAM, via the E2F4 or E2F5 subunits
has been shown to coordinately repress many genes in a
p53-dependent manner, especially those involved in cell cycle
regulation but also DNA repair or Fanconi anemia, as well as
epigenetic regulators like EZH2 and SUZ12."® Furthermore, a
recent study found that p53-dependent repressed genes were
either regulated via LIN37/DREAM (268 genes) or not (415
genes).”® Interestingly, we noticed that 15 out of 30 MCPH genes
are among the 268 LIN37/DREAM-dependent genes while no
MCPH gene belongs to the list of genes downregulated indepen-
dent of LIN37/DREAM. Moreover, all 15 LIN37/DREAM-depen-
dent MCPH genes were also downregulated in our irradiated
cortical organoids, while of the 15 LIN37/DREAM-independent
MCPH genes only 6 were downregulated in our study
(Figures S1D and S1E). Likewise, 16 MCPH genes are known

Figure 7. Radiation-induced repression of MCPH genes is human-specific and dependent on p53-E2F4/DREAM

(A and B) Selected MCPH genes are repressed after irradiation in human NPCs (A) (n = 2), but not in mouse NPCs (B) (n = 4).

(C) Selected MCPH genes are repressed after irradiation in human NPCs and NPC-derived neurons (n = 3).

(D) Overlaps between early repressed genes in D14 organoids, MCPH genes, targets of p53-LIN37/DREAM and E2F4 targets.

(E) E2F4 ChIP-seq tracks at promoters of selected MCPH genes retrieved from ChlIP-Atlas (www.chip-atlas.org).

(F) MCPH gene expression is reduced after treatment of human NPCs with an E2F inhibitor, which has no effect on their repression after IR (n = 2).

(G) Silencing of TP53 in human NPCs almost completely ablates its mMRNA expression.

(H) Silencing of TP53 prevents radiation-induced repression of MCPH genes (n = 4). Data are represented as mean + SD. Student’s t-test was used,**p < 0.0001,

***p < 0.0008, “*p < 0.007, *p < 0.04. See also Figures S16 and S17.
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targets of E2F4, the main regulator of gene repression in irradi-
ated organoids (Figures S16F and S16G), all of which were
among the downregulated ones and E2Fs, including E2F4,
were identified by motif enrichment analysis of gene modules
containing MCPH genes (Figure S16H). Finally, enrichment anal-
ysis using ChlP-Atlas (www.chip-atlas.org)’” indicated that E2F4
was the most highly enriched TF for MCPH genes in neural
cells (Q-value = 10E-9.7; Fold Enrichment 12.2) and E2F4 binds
the promoters of CIT, KNL1, ASPM, and WDR62 (Figure 7F).
Altogether, this suggested that the coordinated repression of
MCPH genes in irradiated organoids occurred in a p53-E2F4/
DREAM-dependent manner.

To investigate this, we treated human NPCs with the non-selec-
tive E2F inhibitor (E2Fi) HLM006474 before (sham-)irradiation and
performed RT-gPCR for the selected genes. This showed an E2Fi
dose-dependent downregulation of MCPH genes, although E2Fi
did not rescue their radiation-induced repression (Figure 7G).
Therefore, we knocked down TP53 in human NPCs (Figure 7H)
24 h before irradiation. This led to an ablation of radiation-induced
MCPH gene repression (Figure 71). Altogether, these results indi-
cate that coordinated MCPH gene repression in human organoids
and NPCs is regulated by p53-E2F4/DREAM.

Concerning the apparent differential regulation of these genes
in human versus mouse NPCs, it should be noted that p53-
DREAM-dependent gene repression but not direct p53-depen-
dent gene activation, was highly conserved between humans
and mice in response to different treatments that result in p53
activation.”® A curated database of human and mouse p53-regu-
lated genes exists (www.targetgenereg.org;’®) which contains
data about p53-dependent gene activation or repression as well
as chromatin immunoprecipitation results of transcriptional
activators (e.g., p53) or repressors (e.g., E2F4, DREAM). There-
fore, we interrogated the TargetGeneRegulation database for
p53-dependent expression and DREAM- (human) or E2F4-
dependent (mouse) regulation of MCPH genes.”® This indicated
that both human and mouse MCPH genes show an inverse corre-
lation between P53 expression score and DREAM- or E2F4-bind-
ing score, respectively (Figure S16l). However, while human radi-
ation-repressed genes were highly enriched among genes with a
high DREAM score and low P53 expression score, this was not
the case for the few mouse radiation-repressed MCPH genes
(Figure S16l). Surprisingly, when we treated mouse NPCs with
E2Fi, we also found a significant downregulation of the selected
MCPH genes, which was prevented in NPCs derived from condi-
tional Trp53 knockout mice (Figure S17D). As in the previous ex-
periments, irradiation had little to no effect on MCPH gene expres-
sion in mouse NPCs. Thus, inhibition of E2F influences MCPH
gene expression in mouse NPCs in a p53-dependent manner,
as it does in human NPCs, although this is not the case in
response to radiation exposure. This contrasts previous findings
in mouse embryonic fibroblasts (MEFs), where expression of the
MCPH genes Knl1/Casc5, Wdr62, and Ncaph were significantly
downregulated after treatment with the p53 activator Nutlin in a
p53-DREAM-dependent manner.®® Therefore, we performed irra-
diation experiments in MEFs in the presence or absence of E2Fi.
This showed that E2Fi treatment severely reduced MCPH gene
expression in wild-type MEFs, although again, irradiation had little
to no effect on MCPH gene expression (Figure S17E).
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Altogether, this suggests that the difference in MCPH gene
regulation between human organoids and mouse embryonic
brains, and human and mouse NPCs may be context dependent,
and specific to the type of DNA damage and the subsequent
response inflicted by acute exposure to IR.

DISCUSSION

In this study, hESC-derived cortical organoids were used as a
model system to deepen our understanding of DNA damage-
associated microcephaly in humans. Regarding underlying
processes, it is currently known that the hyperactivation of p53
leading to exacerbate apoptosis and NPC pool depletion is the
main mechanism accounting for endogenous and exogenous
DNA-damage induced microcephaly in mice.”**® Here, we
used acute exposure to IR to induce DNA damage and demon-
strated that this resulted in a reduction in organoid size, which
was shown to be dose- and developmental-time dependent. Be-
sides a classical DDR and the induction of premature neuronal
differentiation, we unexpectedly found a coordinated downregu-
lation of many MCPH genes in irradiated organoids, which was
p53-E2F4/DREAM dependent and specific to human cells.

Human cortical organoids are recognized as a powerful tool to
model different neurodevelopmental disorders,®' % given their
ability to recapitulate many characteristics of early cortical devel-
opment. However, differences between normal brain develop-
ment and organoid development have been reported,®° and
obviously, organoids lack many of the specific characteristics
of the in vivo environment. Nevertheless, using immunostainings
and RNA-seq we could validate that the organoids used in our
study shared many features with organoid cultures from other
studies in which they were used to investigate aspects of human
neurodevelopment.

So far, the underlying mechanisms leading to radiation-
induced microcephaly have only been investigated in animal
models.?’?231:3239 | ately, efforts have been made to understand
some of the mechanisms based on the principle of adverse
outcome pathways, which hinted at some affected pathways,®”-
although without experimental findings from human studies the
picture would never be complete. A few studies have previously
used the organoid model to investigate radiation effects, however,
none of these studies were performed in the context of radiation-
induced microcephaly and mostly focused on DNA damage repair
kinetics.’%*"5% Oyefeso et al., also performed RNA-seq at 48 h
post-IR. The findings of these studies, were overall in line with
some of our own observations, namely a dose- and time-depen-
dent efficiency of DNA repair, and the activation of genes related
to neuronal pathways while cell cycle genes were reduced.*’

Irradiation of organoids results in the activation of the
DDR, which is p53-and E2F4-dependent, and

culminates in reduced organoid growth

Following IR exposure, impaired neural progenitor proliferation
and neurogenesis was evident by a dose- and developmental-
time-dependent reduction in organoid size, with D14 organoids
being highly affected after exposure to a 2-Gy dose. Organoids
irradiated with 0.5 Gy could recover their growth capacity over
time, but could not reach the size of sham-irradiated controls,
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for both developmental time points. Indeed, it has been previ-
ously described that higher doses of IR exposure increase the
risk of neuronal defects, and that the early developing human
brain is extremely sensitive to DNA damage exposure compared
to more advanced stages, increasing the susceptibility to micro-
cephaly.'"®° Additionally, structural alterations of neural ro-
settes were observed, with irritated D14 organoids displaying
enlargement and thickening of these structures. We believe
this may be related to the loss of cellular architecture, as we
observed atypical rosette morphology, accompanied by an
extensive cell death in D14 organoids. In contrast, irradiated
D56 organoids exhibited smaller rosettes, both in terms of perim-
eter and thickness. We attribute this effect to reduced prolifera-
tion and premature differentiation of NPCs, as no morphological
changes within rosettes were apparent at this stage. In line with
our findings, a recently published study modeling a neurodeve-
lopmental disorder in cortical organoids demonstrated that a
reduction in neural rosette size and thickness is associated
with deficient proliferation.””

A typical dose-dependent DDR, regulated primarily via p53
(upregulated genes) and E2F4 (downregulated genes) was
observed after irradiation. This was characterized by p53 activa-
tion, DNA repair, cell-cycle arrest, and apoptosis, on the basis of
our immunostaining experiments. Organoids at earlier develop-
mental stages appeared to be more proficient in repairing DNA
damage, as yYH2AX and 53BP1 foci were resolved faster
compared to mid-development stage organoids (Figures 2A
and 2B). Indeed, it has been previously described that SOX2+
NPCs are more efficient in repairing damage to the DNA when
compared to mature CTIP2+ neurons.’® However, we believe
that some of the highly IR-sensitive progenitors within D14 orga-
noids, having accumulated too much DNA damage, had already
undergone apoptosis by 6 h, reducing the number of apparent
foci in our analysis. Indeed, D14 organoids displayed an exten-
sive number of CC3+ and TUNEL+ cells, especially after a
2-Gy dose, while D56 organoids displayed only mild apoptosis.
Thus, a combination of both an increased DNA repair capacity
and increased apoptosis contributed to the apparent faster res-
olution of DNA damage fociin D14 organoids. Along with this, the
response to radiation exposure was delayed and attenuated in
D56 organoids compared to D14 organoids. This was supported
by the prolonged, but less extensive cell-cycle arrest in D56 or-
ganoids, the reduced number of apoptotic cells (Figure 3) and
the transcriptomic analysis. An attenuated DDR in older organo-
ids, is in line with the higher DNA damage sensitivity of the brain
during early neurogenesis and could be due to the decreased
expression of genes with a role in DNA repair and the DDR during
organoid development (Figures S2D and S11D). Other factors
contributing to the increased sensitivity of younger organoids
might be the lower threshold of early neural progenitors to induce
apoptosis,”’ or differences in their cell cycle dynamics, i.e.,
shorter G1 phase, which renders them more susceptible to gen-
otoxic stress.”

Another feature that is often seen in models of microcephaly is
premature neuronal differentiation” which also leads to a deple-
tion of proliferating progenitors. Here, we performed immunos-
tainings for neural progenitor markers (SOX2, PAX6), early
post-mitotic neuron markers (DCX) and we followed-up on the
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fate of cells that were proliferating at the time of exposure via
BrdU. Altogether, this showed, in agreement with our previous
findings in mice,?® that irradiation led to a reduction in NPCs
(possibly partly due to apoptosis), an increase in DCX+ neurons
and premature cell cycle exit, both at D14 and D56 (Figure 4).
These findings were supported by our transcriptomic analysis
demonstrating a general increase in expression of genes related
to neuronal differentiation processes, many of which were pre-
dicted to be regulated by TFs like REST and the PRC2 complex
members SUZ12 and EZH2, which also regulate developmental
gene expression. Furthermore, analysis of the mitotic spindle
orientation of dividing cells suggested that irradiated cells had
shifted to more asymmetric divisions (Figures 4H and 4l), sup-
porting premature differentiation.”

Another interesting observation was the apparent enrichment
of ChP cells in irradiated D14 organoids, which was evidenced
by the high increase of ChP marker genes at 14 days following
IR. This suggests that ChP cells are very resistant to DNA dam-
age-induced apoptosis. A similar increase in ChP was seen in a
recent pre-print article® in which D20 and D80 organoids were
irradiated and showed an increased number of organoids with
cavities (most likely corresponding to CSF-filled ventricles),
especially after irradiation of D20 organoids. In our study, we
did not specifically observe this. This could be due to the fact
that our follow-up time was shorter, and the D14 organoids
were likely much more prone to inducing apoptosis. In the study
of Durante et al., changes in expression of some WNT genes
were observed, which we also found here. Exactly why ChP cells
would be so resistant to DNA damage is currently unknown.
However, in one of our previous studies in mouse embryos we
did see that ChP precursor cells were specifically protected
from undergoing apoptosis after IR (Figure 2L in the study by
Mfossa et al.”%).

Human-specific repression of MCPH genes in irradiated
organoids
An unexpected result from our study was the finding that irradi-
ation of organoids resulted in the coordinated repression of a
high number of MCPH genes. To date, 30 MCPH genes have
been identified,® and of these, 21 were downregulated in at least
one condition, while 14 were downregulated in at least three
experimental conditions. Importantly, a similar phenomenon
was observed in human NPCs after infection with the Zika virus
strain that caused microcephaly. This caused a proliferation
defect in the cells and a global dysregulation of cell cycle-related
genes,’* including many MCPH genes among which all but one
were also dysregulated in our study. Although both radiation and
Zika virus infection induce p53 signaling, it is unclear what spe-
cifically links the transcriptional responses to radiation and Zika
virus, although we have previously shown that also among upre-
gulated genes a high concordance exists between both environ-
mental stresses.”®

Repression of genes in response to genotoxic insults, DNA
damage, or chemotherapeutic drugs that affect p53 activity
has been shown to be indirectly dependent upon p53°* via the
activation of p21/CDKN1A. This leads to hypophosphorylation
of the retinoblastoma protein RB and recruitment of p130 and
E2F4, crucial members of the DREAM complex, to the promoters
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of cell cycle genes resulting in their transcriptional downregula-
tion.®® Based on a recent study in HCT116 colon cancer cells’®
we found that 15 MCPH genes are negatively regulated by p53
in a LIN37/DREAM-dependent way. In contrast, among the
genes that were repressed by p53 independently of LIN37/
DREAM no MCPH gene was found, suggesting that MCPH
gene repression primarily follows the p53-DREAM-dependent
axis. Indeed, E2F4 targets and LIN37/DREAM-dependent genes
were highly enriched among the genes repressed by radiation
(this study), Zika virus infection,°* and phenylalanine treat-
ment.>" We validated the involvement of E2F4/DREAM by phar-
macological inhibition of E2Fs, resulting in downregulation of
MCPH genes in NPCs (Figure 7G). This may seem a counter-
intuitive result, since inhibition of a repressor would be expected
to result in gene induction. However, HLM006474 is a non-selec-
tive inhibitor of E2Fs, which also inhibits the activator E2Fs, such
as E2F1.%° Moreover, in certain contexts, also E2F4 activates
gene expression. This is the case for instance in embryonic
stem cells where E2F4 activates transcription of cell cycle genes
independent of RB. Thus, it is currently accepted that under con-
ditions when RB is not activated, i.e., in the absence of p53/21
activation, E2F4 is mainly a transcriptional activator.”” This ex-
plains why E2F inhibition in non-irradiated NPCs resulted in the
downregulation of MCPH genes. Also in glioblastoma stem-like
cells E2F inhibition with HLM006474 resulted in downregulation
of cell cycle genes.”® The role of p53 was established by
knocking down TP53, which resulted in a rescue of the
radiation-induced downregulation of MCPH genes (Figure 7H).
Similar results were found in mouse NPCs, where E2Fi led
to downregulation of MCPH genes while this was not the
case in p53 knockout cells (Figure S17D). However, radiation-
induced repression of MCPH genes was not observed
(Figure S17D). Then why does radiation result in a different regu-
lation of MCPH genes in human and mouse neuronal cells, i.e.,
human and mouse NPCs (this study), human neurons
(this study), human cortical organoids (this study), mouse embry-
onic brain,”**" and primary mouse neurons®'? Especially, since
a previous meta-analysis of the p53 gene regulatory network
in human and mouse concluded that p53-dependent gene
activation was less conserved than repression between the
two species.”® One important factor may be the specific
context of DNA damage and the following p53-E2F/DREAM acti-
vation dynamics induced by acute exposure to radiation.
Perhaps this is one of the reasons why during the develop-
ment of the TargetGeneReg database irradiation experiments
were not included since they showed little overlap with the
other datasets.”® An example of differences in context-
dependent p53-DREAM regulation was seen in a recent study
by Rakotopare et al.?° Brip1 was identified as a p53-DREAM
target gene, downregulated upon the differentiation of bone
marrow cells and in ZIKV-infected NPCs, but not in irradiated he-
matopoietic stem cells. Interestingly, in our study BRIP1 was
downregulated in irradiated organoids in all conditions in which
we found MCPH gene downregulation, but also in irradiated
mouse NPCs. In fact, in mouse NPCs radiation-repressed genes
were also enriched in E2F4 targets, but these did not comprise
the MCPH genes we found to be repressed in human organoids
and NPCs.
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Another explanation may be related to differences in cell cycle
length between human and mouse neural progenitors.'®® This
may result in a different regulation of p53 activation dynamics
and subsequent activation of p21/CDKN1A. In this respect, it
is noteworthy that the amplitude of the activation of direct p53
targets, including CDKN1A, was reduced in mouse compared
to human NPCs (Figures S17A and S17B). Whether that would
also result in a difference in the recruitment of DREAM to gene
promoters is currently unclear. Experiments comparing E2F4
recruitment to MCPH gene promoters after irradiation of human
and mouse NPCs could potentially answer at least part of this
question.

Therapeutic approaches to prevent (radiation-induced) micro-
cephaly currently do not exist, although many studies in mice
have indicated that it can be at least partly rescued by inhibition
of p53.%? However, targeting p53 is not without risk, given its role
in many cellular processes. Therefore, MCPH gene targeting
could perhaps be an additional avenue for possible treatment
options. Interestingly, MCPH genes have been proposed as
possible targets to treat glioblastoma as they control microtu-
bule stability during cell division."”""'°> One benefit of MCPH
genes as targets is their restricted expression in NPCs,
minimizing potential side effects.

Conclusion

In this study, we demonstrated that exposure of human cortical
organoids to acute doses of radiation induces a canonical DDR
culminating in apoptosis and premature differentiation of neural
progenitors. This coincided with a downregulation of multiple
genes linked to MCPH, altogether resulting in a reduced orga-
noid growth, resembling microcephaly. Our findings revealed
that the gene repression was indirectly driven by p53 via E2F4/
DREAM, underscoring a unique mechanism that leads to neuro-
developmental defects in humans. Further research is necessary
to understand how p53 activation dynamics induced by radiation
lead to species-specific responses in the context of E2F4 recruit-
ment in the developing brain. Overall, this research not only
enhanced our understanding of the cellular and molecular mech-
anisms underlying radiation-induced microcephaly in humans
but also highlighted the critical role of the DREAM complex in
mediating p53-dependent gene repression. Moreover, it empha-
sizes the importance of employing in vitro human models in
human disease contexts, allowing for the identification of spe-
cies-specific mechanisms and paving the way for more accurate
therapeutic approaches.

Limitations of the study

In this study, we used human cortical organoids to evaluate the ef-
fects of radiation on their growth, aspects of the DDR, cellular dif-
ferentiation and molecular pathways. For this, we used an orga-
noid culture protocol in which the embryoid bodies and
subsequently the organoids are not embedded in an extracellular
matrix, nor did we shake the cells as we observed that this led to
their aggregation. This may have led to some degree of nutritional
and oxygen deprivation, especially at the later stages of organoid
development when they had reached a critical size. However, we
do not believe that, if it happened, this would have influenced the
main findings of our study, especially since we found similar
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results in monolayer NPC cultures. In any case, many different
protocols for brain organoid cultures exist, each with their advan-
tages and drawbacks.'*'%* A recent study compared telence-
phalic organoid cultures in the presence and absence of an exog-
enous extracellular matrix and they observed no major differences
in morphology, cellular composition, or gene expression profiles
although organoids cultured in Matrigel did induce transcriptional
pathways of eye development.'® Also, the fact that we used
cortical organoids rather than, for instance, dorsal-ventral assem-
bloids or cerebellar organoids may have caused us to miss impor-
tant aspects of the effects of radiation exposure on brain develop-
ment. The reason for our choice was that so far, studies on
radiation-induced (or DNA damage-associated) microcephaly in
animal models have almost exclusively focused on cortical pro-
genitors. Finally, we have used in this study only a single ESC
line. Therefore, we cannot claim that our findings are generalizable
to organoids derived from other ESCs or even from induced
pluripotent stem cells. However, our findings on the DDR are
well in line with those from earlier studies,*®*">® which have
used other cell types, suggesting that the eventual outcome will
be mostly independent of the cell of origin.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Animal experiments were performed in accordance with the Ethical Committee Animal Studies of the Medanex Clinic
(EC_MxCI_2014_036, EC_MxCI_2020_164), and in compliance with the Belgian laboratory animal legislation and the European Com-
munities Council Directive of 22 September 2010 (2010/63/EU). Healthy mice were housed under standard laboratory conditions with
12 h light/dark cycle. Food and water were always available. Female and male mice were coupled during 2 hours in the morning, at the
start of the light phase. The morning of coupling was considered EO.

Cell culture

Human ESCs

The H7 (WAQ7) hESC female line was obtained from WiCell (WiCell, #wa07, RRID:CVCL_9772). Cells were cultured on 35 mm dishes
(Thermo Fisher, #150460) coated with Matrigel (Corning, #354277), and maintained in mTeSR Plus medium (Stem Cell Technologies,
#100-0276) at 37°C in a humidified atmosphere with 5% CO,. The cell culture medium was refreshed daily. Cells were free from my-
coplasma infection. hESCs were used in accordance with the current ethical regulations.

Human ESC-derived NPCs

Female H7-derived hNPCs were generated following the technical manual from Stem Cell Technologies, with slightly modifications.
Briefly, once 80% confluence was reached, hESCs were detached and disassociated into single cells using Accutase (Stem Cell
Technologies, #07920). Next, 45.000 cells/well were transferred to ~30 wells of a v-bottom 96-well plate (ThermoFisher,
#277143) treated with Anti-Adherence Rising Solution (Stem Cell Technologies, #07010) that allows proper spheroid formation.
Spheroids were maintained in SMADi Neural Induction Medium (Stem Cell Technologies, #08581) supplemented with 10 uM
ROCK inhibitor Y-27632 (ROCKIi) (Stem Cell Technologies, #72304) until Day 4. Partial medium change was performed daily. On
Day 5, neurospheres were transferred to 35 mm dish coated with 15% Poly-L-Ornithine (Sigma-Aldrich, #P4957) and 10 pg/mL
Laminin (Sigma-Aldrich, #L.2020). Whole medium change was performed daily. On Day 8, successful neural induction was confirmed
by the increased number of neural rosettes in culture. On Day 12, rosettes were selected by a 1.5-hour incubation with Neural Rosette
Selection Reagent (Stem Cell Technologies, #05832), collected in a 15 ml tube, centrifuged at 300 g for 5 min, gently resuspended in
SMAD:I Neural Induction Medium/ROCK:I, and then NPCs at passage 0 were reseeded in one well of a 6-well plate coated with Poly-L-
Ornithine and Laminin. After 2 days, SMADiI Neural Induction Medium was replaced with Neural Progenitor Medium (Stem Cell Tech-
nologies, #05833). Cells were maintained at 37°C in a humidified atmosphere with 5% CO.. The cell culture medium was refreshed
daily. Cultures were free from mycoplasma infection.

Human ESC-derived neurons

Human NPCs were differentiated to neuronal precursors using the STEMdi Forebrain Neuron Differentiation Kit (Stem Cell Tech-
nologies, #08600) and further matured using the STEMdiff™ Forebrain Neuron Maturation Kit (Stem Cell Technologies, #08605).
Briefly, NPCs were grown in Neural Progenitor Medium (Stem Cell Technologies, #05833) on 6-well plates coated with 15% Poly-
L-Ornithine (Sigma-Aldrich, #P4957) and 10 ug/ml Laminin (Sigma-Aldrich, #L.2020). Medium was refreshed daily until passaging af-
ter 6-9 days in culture. After passaging with Accutase, cells were seeded on Poly-L-Ornithine and Laminin coated plates in
STEMdiff™ Forebrain Neuron Differentiation Medium. Medium was refreshed daily until the cells reached ~80% confluence. Cells
were passaged and seeded on Poly-L-Ornithine and Laminin coated plates in STEMdiff™ Forebrain Neuron Maturation Medium for
8 days, at which they were subjected to irradiation. Medium was changed every second day. Cells were maintained at 37°C in a
humidified atmosphere with 5% CO2.

Primary mouse NPCs

For RNA-seq primary mNPCs were derived from prefrontal cortex or medial ganglionic eminences (MGE) of embryonic day (E)13
C57BL/6J (Janvier, BioServices) fetuses. For gRT-PCR primary mNPCs were derived from prefrontal cortex of E15 wild-type or con-
ditional p53 knockout (Emx1-Cre; Trp53"") 2° fetuses. Brain regions were separated and gently dissociated in Accutase (Stem Cell
Technologies, #07920). NPCs were cultured as monolayers on Poly-D-Lysine coated 6-well plates (Corning, #356413), and main-
tained in Dulbecco’s modified eagle medium (DMEM)/F-12 (Gibco, #11330032) supplemented with 1% B-27 (Gibco, #17504044),
0.5% N-2 (Gibco, #17502048), 10 ng/ml of recombinant mouse EGF (PeproTech, # 315-09-1MG), and 20 ng/ml recombinant human
FGF-basic (PeproTech, #100-18B). For MGE-derived mNPCs, EGF was omitted from the culture medium. Cells were incubated at
37°C in a humidified atmosphere with 5% CO,. The cell culture medium was refreshed daily. Cells were free from mycoplasma
infection.

Mouse embryonic fibroblasts

The STO MEF cells (ATCC, #CRL-1503, RRID:CVCL_3420) were cultured in DMEM (ATCC 30-2002) supplemented with 10% fetal
bovine serum (Gibco, A5670701). Cells were incubated at 37°C in a humidified atmosphere with 5% CO2 and sub-cultured every
three to four days when cells reached 70-80% confluence. Cells were free from mycoplasma infection. Sex information was not pro-
vided by ATCC.

ffTM
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METHOD DETAILS

Generation of cortical organoids

Cortical organoids were generated as previously described,*® with minor modifications. Briefly, once 80% confluence was reached,
female H7 hESCs were detached and disassociated into single cells using Accutase. Next, 3.000.000 cells were transferred to a well
of an AggreWell™ 800 plate (Stem Cell Technologies, #34811) treated with Anti-Adherence Rising Solution. Cells were maintained in
mTeSR Plus medium supplemented with 10 uM ROCK:i for 24 hours. On the next day, spheroids were resuspended, filtered using a
40 pm strainer (Corning, #352340), and transferred to low attachment T75 flasks (ThermoFisher, #174952) containing Neural Induc-
tion Medium (DMEM F/12 (Gibco, #11330032), 20% knockout serum replacement (Gibco, #10828028), 1% MEM non-essential
amino acids (Gibco, #11140050), 0.5% GlutaMAX (Gibco, #35050061), 0.1 mM 2-mercaptoethanol (Sigma-Aldrich, #M3148), 1%
penicillin/streptomycin (Sigma-Aldrich, #P4333), and 0.1% MycoZap (Lonza Group, #VZA-2031)) supplemented with 5 uM Dorso-
morphin (Sigma-Aldrich, #P5499) and 10 uM SB-431542 (Tocris Bioscience, #1614). Medium change was performed daily until
Day 5. On Day 6 of culture, Neural Induction Medium was replaced by Neural Differentiation Medium (Neurobasal-A Medium (Gibco,
#10888022), 2% B-27 supplement without vitamin A (Gibco, #12587010), 0.5% GlutaMAX, 1% penicillin/streptomycin, and 0.1%
MycoZap) supplemented with 20 ng/ml mouse recombinant EGF (PeproTech, # 315-09-1MG) and 20 ng/ml human recombinant
FGF-basic (PeproTech, #100-18B) until Day 24, which was then replaced by 20 ng/ml human/mouse recombinant NT-3 (Stem
Cell Technologies, #78074) and 20 ng/ml human recombinant BDNF (Stem Cell Technologies, #78005) until Day 43 of culture.
Half medium change was performed every other day. From Day 43 on, growth factors were removed, and whole medium change
was performed every 4 days. Organoids were kept in culture for a minimum of 14 days and a maximum of 70 days. Organoid cultures
were maintained at 37°C in a humidified atmosphere with 5% CO,, and were free from mycoplasma infection.

BrdU labelling of cortical organoids

The thymidine analogue BrdU (Sigma-Aldrich, #B85002) was used to label proliferative cells at the time of IR exposure. Briefly, cortical
organoids at developmental days D14 and D56 were treated with 100 uM BrdU for 2 h and then washed 3x with DMEM/F12. Next,
samples were irradiated and subsequently fixed after 24 h and 14 days, following the procedures described in the lonizing Radiation
(IR) Exposure and Immunostaining sections of this manuscript, respectively.

lonizing radiation (IR) exposure

Samples were given a single dose of X-ray using an X-Strahl 320 kV machine (250 kV, 12 mA, 3.8 mm Al equivalent, 1.4 mm Cu-
filtered X-rays) in accordance with ISO 4037. Irradiation was performed vertically at a distance of 100 cm, with samples being placed
within the range of the X-ray beam to ensure homogeneity. Human cortical organoids received doses of 0.5 Gy or 2 Gy, while hNPCs
and mNPCs received 1 Gy. Control samples were taken to the radiation facility but were not placed within the radiation field (sham-
irradiation or 0 Gy). Samples were processed after 2 h, 6 h, 24 h or 14 days upon IR exposure. For each irradiation-related experiment,
at least three biological replicates of cortical organoids, and two to four biological replicates of mMNPCs, and two to four technical
replicates of hNPCs were used, as indicated in figure legends.

Human cortical organoid size determination

During development, cortical organoid size was measured every 2 days. Following IR exposure, measurements were taken every
2 days for 14 days. Samples were imaged under an inverted Leica DMi1 microscope (Leica Microsystems, Germany). Due to size
limitations, organoids were imaged under a stereo Leica MZ12 microscope (Leica Microsystems, Germany) after Day 45 of culture.
The surface diameter was measured using Imaged, with 24 organoids per condition being analyzed.

Measurement of neural rosette perimeter and thickness

Neural rosette thickness was measured at four distinct locations (T1, T2, T3, and T4), and the average thickness was then determined
using the formula: Thickness (T) = (T1 + T2 + T3 + T4) / 4 (Figure S3C). The perimeter of the neural rosette was measured using the
elliptical tool in the ImageJ software, which allows for precise tracing of the rosette’s boundary. Only rosettes of which the boundaries
could be delineated well were included in this analysis.

Immunostaining

Organoids were washed once with warm DMEM/F12, transferred to 2 ml tubes (1 per tube), and fixed in 4% PFA for 30 min at room
temperature (RT). Samples were washed 2x with phosphate buffered saline (PBS). Fixation was performed 2 h, 6 h, 24 h and 14 d
following irradiation. Next, organoids were cryopreserved in 30% sucrose dissolved in PBS overnight, and embedded in Neg-50
Frozen Section Medium (Epredia, #6502). Organoids were sectioned into 10-um thick cryosections (ThermoFisher, CryoStar
NX50) and mounted on SuperFrost Plus Adhesion Slides (Epredia, #J1800AMNZ). Before staining, cryosections were incubated
in acetone for 2 min, air-dried for 30 min, washed in dH,O for 5 min, and boiled 2x for 4:30 min at 700W and 1x for 5:00 min at
600W in citrate buffer, pH 6.1 (Dako, #S1699) for antigen retrieval. Sections were cooled down at RT for 20 min. Next, samples
were washed 1x for 5 min with PBS, permeabilized 3x for 5 min with 0.25% Triton X-100 in tris-buffered saline (TBS/Triton). The block-
ing of nonspecific bindings was performed either with 5% Bovine Serum Albumin or pre-immune goat serum (1:5) in Tris-NaCl buffer
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for 1 hr at RT. Next, sections were incubated with primary antibodies diluted in blocking solution overnight at 4°C. The following an-
tibodies were used: anti-SOX2 (rabbit, 1:300 (Abcam, #ab97959)), anti-Nestin (mouse, 1:300 (Invitrogen, #MA1-110)), anti-PAX6 (rab-
bit, 1:200 (BioLegend, #901301)), anti-DCX, (mouse, 1:300 (Santa Cruz, #sc271390)), anti-TUJ1 (rabbit, 1:300 (Sigma Aldrich,
#T2200)), anti-yH2AX (mouse, 1:200 (Millipore, #JBW301)), anti-53BP1 (rabbit, 1:200 (Novus Biologicals, #NB100-304)), anti-p-
p53 (rabbit, 1:200 (Abcam, #ab1431)), anti-CC3 (rabbit, 1:500 (Cell Signaling, #9661)), anti-Ki67 (rabbit, 1:500 (Abcam,
#ab15580)), anti-pVimentin (mouse, 1:300 (Abcam, #ab22651)), anti-PH3 (rabbit, 1:200 (Cell Signaling, #3377), anti-BrdU (rat,
1:300 (Abcam, #ab6326)). The following day, samples were washed 3x for 5 min with TBS/Triton and incubated 2 h with the appro-
priate Alexa Fluor-488, -568, -555, or Cy5 (Invitrogen) secondary antibody diluted 1:200 in blocking solution at RT. Sections were then
washed 3x for 5 min with TBS/Triton, counterstained with DAPI for 15 min, washed 1x for 5 min with TBS/Triton and 1x with dH,0.
Finally, samples were mounted with ProLong Diamond Antifade Mountant (Invitrogen, #P36962), air-dried overnight at RT, and stored
at 4°C until imagining.

For Ki67 and CC3 stainings, signal amplification was performed. Sections were incubated with the appropriate anti-HRP second-
ary antibody (Dako) diluted 1:200 in blocking solution for 2 h at RT. Next, samples were washed 3x for 5 min with TBS/Triton and
incubated with TSA Plus Cyanine 3 (PerkinElmer, #NEL744001KT) for 8 min at RT.

Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL) assay was performed using the Click-It Plus TUNEL
for In Situ Apoptosis Detection, Alexa Fluor™ 488 dye (ThermoFisher, #C10617), as described in the supplier’s data sheet.

Immunofluorescence microscopy

Samples were imaged using 20x, 40x or 60x objectives either on a Nikon Eclipse Ti-E inverted microscope (Nikon, Japan) or a Leica
SP8 confocal microscope (Leica Microsystems, Germany). On the confocal, images were always acquired as Z-stacks with a 0.5 um
splicing interval and with an image resolution of 1024 x 1024 pixels. Pictures were analyzed using ImageJ.

Cell treatments

Silencing of TP53 in hNPCs

For transient TP53 knockdown, hNPCs were transfected with si-RNA for TP53 (Dharmacon, ON-TARGETplus SMARTpool siRNA #L-
003329-00-0005). Control samples were transfected with a non-targeting si-RNA (Dharmacon, ON-TARGETplus Non-targeting Con-
trol Pool, #D-001810-10-05). hNPCs were transfected for 48 h with 5 nM siRNA using Lipofectamine RNAIMAX Transfection Reagent
(Thermo Fisher Scientific, #13778075).

HLMO006474 (E2F inhibitor) treatment

HLMO006474 (MedChemExpress, #HY-16667) was prepared in dimethyl sulfoxide. hANPCs, mNPCs (wild-type and p53 knockout), and
MEFs were treated with 10 uM or 40 uM of HLM006474, while control cells received an equal concentration of dimethyl sulfoxide,
never exceeding 1%. Both control and treated cells were exposed to IR 6 h following treatment and were lysed 24 h after irradiation
for RNA extraction.

RNA library preparation for RNA sequencing (RNA-Seq)

Human cortical organoids were irradiated and samples were lysed at 6 h, 24 h and 14 d following IR exposure. Organoid lysis was
performed in RLT Plus lysis buffer (Qiagen, #74136) and samples were stored at -80°C until RNA extraction using the RNeasy Mini Kit
(Qiagen, #74136). RNA quality was determined using the 5400 Agilent fragment analyzer system (Agilent Technologies, United
States). Most of the samples had RNA integrity numbers >9.0. cDNA library construction and sequencing were performed by
NovoGene (Cambridge, United Kingdom). Messenger RNA was purified from total RNA using poly-T oligo-attached magnetic beads.
After fragmentation, the first strand cDNA was synthesized using random hexamer primers, followed by the second strand cDNA
synthesis using either dUTP for directional library or dTTP for non-directional library. For the non-directional library, it was ready after
end repair, A-tailing, adapter ligation, size selection, amplification, and purification. The library was checked with Qubit and real-time
PCR for quantification and bioanalyzer for size distribution detection. Quantified libraries were pooled and sequenced (PE150) on
lllumina platforms.

RNA-seq analysis was performed with nf-core/rnaseq version 3.12.0"'¢ using the default values except for: i) Ensembl GRCh38
release 109 was used as the reference genome, ii) salmon quant was run with the “-~gcBias” parameter.

Differential expression analysis was performed with nf-core/differentialabundance version 1.4.0""® with the default values. For an-
alyses of effects of developmental timing, sham-irradiated (0 Gy) organoids of D14 + 6h, D14 + 14 days, D56 + 6 h, and D56 + 14 days
were considered as D14, D28, D56 and D70, respectively. For analyses of radiation effects, irradiated organoids (0.5 Gy or 2 Gy) were
always compared to their respective sham-irradiated control at the same time point. Genes with a false discovery rate (FDR) <0.05
were considered differentially expressed.

Deconvolution analysis

Deconvolution of bulk RNA-seq data was performed with BisqueRNA'® version 1.0.5 in marker-based mode. This estimates relative
abundances of cell types from PCA-based decomposition. It uses a list of marker genes to subset the expression data, and returns
the first PC of each sub-matrix as the cell type fraction estimates. The markers for the different cell types/states used were: Prolif-
eration: MKI67, CENPF, TOP2A, NUSAP1, UBE2C; Astrocytes: GFAP, S100B, AQP4, GJA1; Oligodendrocytes: OLIG1, OLIG2,
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PDGFRA; Choroid plexus: TTR, AQP1, RSPO2, PLSS3; Intermediate progenitors: EOMES, NHLH1, PPP1R17; Glutamatergic neurons:
SLC17A6, SLC17A7, GRIN2B, NRN1; GABAergic: GAD1, GAD2, SLC32A1, NKX2-1, DLX1, DLX6-AS1; Dopaminergic neurons: TH,
DDC, EN1.

Statistical overlap analysis between categorical and ranked lists of DEGs
For comparisons between two categorical gene lists, we used hypergeometric tests. Colors of each square indicate -Log10(p-value)
of the overlap, with a maximum set at 300.

Rank-rank hypergeometric overlap (RRHO) analysis was performed with the R package RedRibbon version 1.1.1'%" to detect the
overlap between genes differentially expressed in the same or opposite directions. Bottom left and top right quadrants in each map
display overlap of shared down- or upregulated gene, respectively. The top left and bottom right quadrants display discordant
overlaps.

Transition mapping

Transition mapping’'” as used to compare gene expression changes between successive time points of organoid maturation
with those of in vivo human fetal corticogenesis.’” RedRibbon tool'' was used to perform the RRHO analysis of gene
expression changes. As the baseline to calculate fold change between each maturation day (organoids) or developmental stage (fe-
tuses), D14 and BrainSpan Stage 2 were used, respectively. Fold changes were calculated using DESeq2 within the nf-core/rna-seq
pipeline for organoids. For fetal stages fold-changes were retrieved from https://github.com/dhglab/human_cortical_organoid_
maturation.

Gene ontology and transcription factor binding site enrichment analysis

For analysis of overrepresented biological processes and TF binding sites we used the “GO Biological Process 2023” and “ENCODE
and ChEA Consensus TFs from ChIP-X" datasets within Enrichr (https://maayanlab.cloud/Enrichr/)'°® and Metascape for simulta-
neous enrichment analysis (GO/KEGG terms, canonical pathways, and MSigDB Hallmark gene sets) of multiple gene lists.’* Net-
works from Metascape were adapted using Cytoscape v3.10.1.""°

Gene regulatory network analysis: Module generation and eigengene expression
Length-scaled counts were loaded into R (v.4.1.2). They were preprocessed using the R package edgeR'"" (R v.4.1.2) by filtering
genes on a counts per million (cpm) value greater than one in at least two samples, normalizing by library size,"'® and logarithmic
transformation with a prior count of one. Next, highly variable, protein-coding genes were selected, after which additional TFs
and microcephaly genes were added (respectively, based on Lovering et al."’® and DisGeNET'?%: C0431350, C3711387 and
C1855081). The scaled count data of these 9434 genes was finally used as input for module network inference by Lemon-Tree (in
Java as a command-line program (v3.1.1), https://github.com/erbon7/lemon-tree).' ' In a first step, ensemble clustering (100 times)
inferred 200 coexpression modules. In a next step, regulators were assigned to the modules based on TF activity for 678 TFs as pre-
dicted using the R package decoupleR"'® with the most recent version (Dec. 2023) of CollecTRI"'* as a prior network. The cut-off of
the regulator scores were taken as was set two times the highest random score (6.5). This resulted in 323 unique TFs assigned to the
modules. Motif enrichment analysis was performed with RcisTarget in R''® version 10 in genomic regions 10 kb up- and downstream
of the TSS and the files were downloaded from https://resources.aertslab.org/cistarget/.

Average expression plots of the modules were made with ggplot2 in R. The expression was averaged for each sample over all
genes in one module. The full line represents the average expression while the dotted lines represent the Q1 and Q3 values.

Gene regulation by p53 and E2F4/DREAM

Human and mouse MCPH genes were evaluated for their regulation by p53 and E2F4 (for mouse genes) or DREAM (for human genes)
based on their p53 Expression Scores and E2F4 or DREAM Binding Scores from.”® E2F4 ChIP-seq read counts at the promoters of
CIT, KNL1, ASPM and WDR62 were derived from www.ChIP-Atlas.org.””

Quantitative reverse transcriptase PCR (qRT-PCR)

Human cortical organoids, hNPCs, and mNPCs were irradiated and samples were lysed following IR exposure (Organoids: 6 h,
24 h and 14 d after IR exposure; mMNPCs/hNPCs: 6 h, 24 h after IR exposure). Sample lysis was performed in RLT Plus lysis
buffer and samples were stored at -80°C until RNA extraction. RNA was extracted following the Qiagen RNEasy Mini kit pro-
tocol, and eluted in 30 ul of RNase-free water. Next, cDNA was synthetized using the GoScript Reverse Transcriptase kit (Prom-
ega, #A2801). qRT-PCR was then performed using a gTOWER® G machine (Analytik Jena, Germany) and the QuantiNova SYBR
Green (Qiagen). Relative gene expression was calculated via the Pfaffl method'?" using RPL13A or Polr2a as reference genes.
The list of primers can be found in Table S3. For all gRT-PCR experiments the specificity of the primers was validated using a
melting curve.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean + s.d. unless described otherwise. Statistical analysis was performed using GraphPad Prism 8 or 10.
Comparisons between sham and irradiated samples were conducted. One-Way ANOVA test followed by Tukey’s test for multiple
comparisons was performed when comparing between three conditions. A two-tailed Student’s t-test was performed when
comparing between two conditions. For mitotic spindle angle analysis the chi-square test was used. A p-value of <0.05 was consid-
ered statistically significant. Further statistical details can be found in figure legends.
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