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Abstract

Prenatal brain development is a complex and sensitive process, highly susceptible to environmental influences such as pol-
lutants, stress, malnutrition, drugs, tobacco exposure, or ionizing radiation (IR). Disturbances in development may cause
life-long disabilities and diseases, such as ADHD, childhood cancers, cognitive problems, depression, anxiety and more
severe developmental disabilities. Due to increasing medical imaging, radiation therapy, natural terrestrial radiation, radio-
active pollution and long-distance flights, humans are increasingly exposed to IR. However, data on impact of IR on very
early human brain development are scarce, particularly in the very first weeks of gestation. Here we investigated the effects
of low-dose X-ray IR (1 Gy) in a 3D early brain developmental model derived from human pluripotent stem cells. In this
model very early neural stem cells, neuroectodermal progenitor cells (NEP), were exposed to low-dose IR and direct as well
as delayed effects were investigated. Expression of 20 different marker genes crucial for normal neural development was
determined 48 h and 9 days post IR (pIR). All but one of the analyzed marker genes were reduced 48 h after IR, and all but
seven genes normalized their expression by day 9 pIR. Among the seven markers were genes involved in neurodevelopmental
and growth abnormalities. Moreover, we could show that stemness of the NEP was reduced after IR. We were thus able to
identify a significant impact of radiation in cells surviving low-dose IR, suggesting that low-dose IR could have a negative
impact on the early developing human brain, with potential later detrimental effects.
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Introduction

Despite the fact that exposure to ionizing radiation is
increasing in humans, the impact on the early developing
human brain is only scarcely characterized.

The sources of ionizing radiation (IR) can be divided into
two clusters: man-made and natural (UNSCEAR Report
2008). While artificial IR sources such as nuclear reactors
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and waste, industrial, military and medical IR are often
sources of higher levels of exposure, natural occurring IR
such as cosmic and terrestrial radiation is seen as a stable
low level, long-term exposure (UNSCEAR Report 2008,
2013). Underlining the importance of particularly low-dose
radiation research is the observation that CNS tumor inci-
dent rates were found to be associated with naturals back-
ground radiation levels in Germany, varying from 0.5 to
1.5 mSv (Spix et al. 2017).

IR is extensively used in varying dosages in medi-
cal imaging and treatment reaching from very low-dose
exposure in X-ray imaging (0.005-1.5 mGy depending on
imaged body part) to doses in CT scans of 2—65 mGy per
scan (Brenner and Hall 2007; Gregory et al. 2008; Pearce
et al. 2012; Smith-Bindman et al. 2009). In therapy of non-
malignant disorders (e.g., inflammatory or degenerative or
diseases), higher doses of 3—30 Gy are used, typically deliv-
ered in fractions between 1 and 3 Gy (Seegenschmiedt et al.
2015). The overall doses used in RT for cancer treatment
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vary between about 16 and 75 Gy, depending on position,
size and type of the tumor (Pinnix et al. 2018; UNSCEAR
Report 2008; Yamoah et al. 2015).

Unlike in adults, brain and CNS tumors are the most com-
mon cancer types in children, followed by leukemia (Ostrom
et al. 2015). One of the major problems of RT in general
and particularly in brain- and CNS-associated cancer is
the damage to the surrounding normal tissue. This has par-
ticularly pronounced effects in the still-developing brain of
pediatric patients. Severe consequences such as memory and
intellectual impairment, hearing and visual memory loss,
appear directly after treatment, and progress further as the
patients age (Gan et al. 2011; Hall et al. 2004; Khan et al.
2018; Soussain et al. 2009; Spiegler et al. 2004). As the
survival rate has increased over the years, these children,
now adults, show rapidly progressing mental impairment,
similar to Alzheimer’s disease. These side effects are more
commonly seen in patients that were less than 3 years of
age at the time of treatment, suggesting an impact of RT on
neurogenesis, which is still ongoing in humans after birth
(Chin and Maruyama 1984; Packer et al. 1987; Sorrells et al.
2018). This is supported by the finding that in contrast to
adult neurons and astrocytes which demonstrate consider-
able radio resistance, neural stem cells (NSC) are very sensi-
tive to radiation (Barazzuol and Jeggo 2016; Etienne et al.
2012; Ivanov and Hei 2014; Katsura et al. 2016; Shimura
et al. 2017). The high sensitivity of NSCs to irradiation
could be confirmed not only for conventional irradiation
methods but also for carbon ion irradiation (Morini et al.
2018). However, there is only a limited number of studies
investigating molecular effects of IR specifically in human
stem cells and particularly in NSC. Low doses of radiation
(0.05-0.2 Gy) were found to possibly enhance cell viability,
increase ATP levels and decrease ROS levels (Betlazar et al.
2016; Sokolov and Neumann 2013). However, other stud-
ies found changes in expression of genes involved in cell
death, p53 signaling and embryonic development, and an
altered protein expression profile similar to stem cells treated
with doses > 0.5 Gy of IR (Bajinskis et al. 2011; Wilson
et al. 2010). In NSC tissue culture models the response to
IR was found to involve neuroinflammatory processes and
mitochondrial dysfunction leading to cell death and cellular
senescence (Betlazar et al. 2016; Manda et al. 2014; Yama-
guchi and Kashiwakura 2013).

In mice, IR reduces significantly the production of new
neurons in the brains of young mice, leading to changes in
behavior in 3-month old mice and to spatial memory reten-
tion deficits (Fishman et al. 2009; Rola et al. 2004). In utero
irradiated mouse embryos (1 Gy) developed a severe micro-
cephaly due to a depletion of neural progenitor cells in the
cortical layers (Shimada et al. 2016). In addition to reduced
neurogenesis, the number of astrocytes increased signifi-
cantly in the brain of mice, presumably due to processes of

neuroinflammation and activation of microglial cells. Addi-
tionally, a loss of microglia in the brains of young mice and
apoptosis of cells in the human microglia cell line CHMES
was determined (Chen et al. 2016; Kalm et al. 2009).

In human NSC treated with cell culture supernatants from
irradiated glioblastoma cells, the differentiation to neurons,
but not to astrocytes, was selectively suppressed, suggesting
bystander effects on neighboring cells during therapeutic
IR (Ivanov and Hei 2014). Secreted factors from irradiated
medulloblastoma cells were also found to increase oxida-
tive stress levels in bystander NSCs (Sharma et al. 2016).
Those bystander effects were not only limited to directly
neighboring cells but also other organ parts. When one lung
was irradiated in mice, bystander effects were found in the
protected other lung (Kovalchuk and Kolb 2017). Further-
more, even low-dose irradiation was found to cause inhibi-
tion of cell-cycle progression and lead to elevated levels of
apoptosis in human NSC (Acharya et al. 2010). Irradiated
NSC were found to be more likely to differentiate to astro-
cytes showing features of cell senescence, demonstrating a
senescence-associated secretory phenotype by secretion of
interleukin 6, 8 and 1a (Zou et al. 2012). These results point
towards sensitivity of NSC and a significant impact of ion-
izing radiation on NSC, not only through direct effects but
also through bystander effects.

Most studies have focused on in vivo or cell cultures,
mostly adherent cells, to investigate radiation and its direct
and indirect effects on NSC. In this study, we focused on
the effect of IR on human neuroectodermal progenitor cells
(NEP), very early NSC of the human brain (Chambers et al.
2009). In a 3D in vitro model we developed previously,
we generated NEP from pluripotent stem cells which we
then differentiated further within neurospheres (NS), three-
dimensional round aggregates that are formed by neural
stem and progenitor cells, in which the NSC self-renew, but
also continue to differentiate to neural cells. In this model,
gene expression profiling had revealed robust differentiation
toward neuronal precursor cells and neurons, and indicated
a predominantly forebrain-like development (Hoelting et al.
2013). We could show that the model could detect develop-
mental neurotoxicity (DNT). Here we adapted this model to
human induced pluripotent stem cells (hiPSC) and investi-
gated the impact of ionizing irradiation on very early neural
cell development.

Materials and methods
Cell culture
hIPSC and hESC (WAQ9, hESC work is approved under the

license AZ 3.04.02-0075) were cultured in Dulbecco’s Mod-
ified Eagle’s Medium (DMEM)/F12 medium supplemented



with 20% serum replacement, 1% nonessential amino acids,
1% glutamax, 0.1 mM B-mercaptoethanol, and 10 ng/ml
basic fibroblast growth factor (bFGF), all from Life Tech-
nologies/Thermo Fisher, on mitomycin C (MMC)-treated
mouse embryonic fibroblasts (MEFs) feeder cells (Thomson
et al. 1998). For feeder-free cultures, hiPSC were cultured on
Matrigel (Corning) using mTeSR1 (Stemcell Technologies).
Stem cells were passaged using Dispase (Worthington) and
used at passages 8-20.

Differentiation to NEP and neurospheres

Cells were differentiated in adherent culture to PAX6* neu-
roectodermal progenitor cells (NEP) as described previously
(Hoelting et al. 2013). Briefly, hiPSC, and where indicated
also hESC, were plated onto Matrigel-coated flasks as sin-
gle-cell suspension (differentiation day 0, dd0) and cultured
for 3 days in MEF-conditioned medium (Xu et al. 2001).
Three days later, on dd3, directed neural differentiation was
initiated by adding neural differentiation medium (Hoelt-
ing et al. 2013). On differentiation day 11 (dd11) when cul-
tures were predominantly PAX6-positive, cells were either
digested with Dispase to clumps or to single cells with
Accutase (Life Technologies), washed twice, thus ensuring
removal of dead cells, and counted using trypan blue exclu-
sion. Cells were transferred into 6-well or 96-well ultra-low
adhesion plates (Corning) in DMEM/F12 medium supple-
mented with B27 (Life Technologies), 600 nM dorsomor-
phin (Torcis), 42 ng/ml noggin (Peprotech), 20 ng/ml FGF2
(Peprotech) and 10 uM Rock inhibitor (Tocris), to form
neurospheres as previously described (Hoelting et al. 2013).
Neurospheres were fed every 3—4 days and extracted after
1 week in culture, on dd18, for gene expression analysis.

Irradiation of NEP

On differentiation day 9 (dd9), cells were irradiated for 100 s
at a dose rate of 0.6 Gy/min, resulting in a total dose of 1 Gy
of gamma radiation (X-ray) in an X-rad 225 iX (Precision
X-ray, USA) with a 1.25 mm Al filter. Medium was changed
after 1-2 h, to reduce stress factors in the medium of irra-
diated cells. On dd11, i.e., 48 h pIR, cells were extracted
for expression analyses or transferred into neurosphere cul-
tures. 7 days later, on dd18, NS were extracted for expression
analyses.

Stemness assay

On differentiation day 11 (48 h pIR), single-cell suspensions
were generated as described above and plated into 96-well
ultra-low adhesion plates as above, at 500, 200, 100, 50 and
25 cells/well, with 10 wells for each cell concentration, thus
diluting down the stem cells contained in the cell suspension.
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After 4 days, each well was assessed visually for content of
a neurosphere. Only round spheres with sharp borders were
counted and wells containing a neurosphere were expressed
as proportions of seeded wells (Suppl. Fig. 3).

RNA extraction and qRT-PCR

Cells were differentiated as described in Fig. 1, where indi-
cated irradiated on dd9 and extracted 48 h later (on dd11) or
9 days later, on dd18. Total RNA was isolated using TRIzol
(Invitrogen). cDNA was prepared with the iScript Advanced
cDNA Synthesis Kit (Bio-Rad) using 1 pg total RNA. Quan-
titative RT-PCR was performed in 3 technical replicates with
fluorescent-labeled probes using SsoAdvanced Universal
Probes Supermix (Bio-Rad). Primer tests were performed
using the iQ SYBR green super mix (Bio-Rad). For primer
and probe sequences see Suppl. Table 1. For quantification
of expression, the 2722 method was used to determine rela-
tive expression level, normalized to beta-2 microglobulin
expression levels. For hiPSC experiments we performed ten
biological replicates from three different thaw-batches of
the hiPSC line.

Western blotting

Cells were differentiated and treated as above and samples
were taken at indicated time points and were denatured in
NuPage® LDS Sample buffer 4x (Invitrogen, UK). A total of
5 pg protein was loaded for gel electrophoresis and blotting,
which was performed using the NuPAGE SDS-PAGE gel
system (Life Technologies). For protein separation 4—12%
Bis—Tris gels in NuPAGE MES running buffer were used
according to the manufacturer’s instructions. Proteins were
blotted onto nitrocellulose membranes (GE Healthcare,
Freiburg, Germany). Blocking was performed using 3%
milk powder in TBST. Antibodies (Suppl. Table 2) were
incubated overnight at 4 °C in the recommended dilutions
in 1% bovine serum albumin in TBST. Before and after
the fluorescent-labeled secondary antibody was added and
incubated for 1 h at room temperature, the membrane was
washed 5 times for 5 min with TBST. For detection, a sensi-
tive near-infrared fluorescence scanner (Li-COR Odyssey,
Li-COR Instruments, Bad Homburg, Germany) was used.
Quantification was performed with ImageJ 1.51n.

Neurosphere diameter measurement

Cells were differentiated and treated as described in Fig. 1c
and irradiated on dd9. 48 h plIR, irradiated and non-irradi-
ated cells were detached, washed thoroughly and 500 cells/
well were plated into 96-well ultra-low adhesion plates
(Corning) to form spheres. At those cell numbers, the cells
formed one single neurosphere/well. Images of spheres were
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Fig.1 Strong upregulation of PAX6 expression during differentia-
tion from hiPSC to NEP. hiPSC were differentiated as described in
Hoelting et al. (2013) and PAX6 expression assessed as a marker
for successful differentiation to neuroectodermal progenitor cells
(NEP). a Graphic of the differentiation scheme used throughout the
experiments. Pluripotent stem cells were seeded and differentiated for
11 days to NEP in adherent cultures. On differentiation day 11 (dd11)
cells were extracted for analyses or replated as clumps into suspen-
sion cultures and matured for additional 7 days within neurospheres
(NS) and extracted on dd18. b On dd11, PAX6 gene expression was
measured in NEP by quantitative RT-PCR and expressed as fold-
increase over expression in undifferentiated hiPSC, arbitrarily set to
1. n=10. Data are shown as the mean percentage + SEM. ¢ On dd9,
NEP were irradiated with one dose of 1 Gy of X-rays and extracted
48 h later, i.e., on dd11 (for analysis of expression in NEP), or trans-
ferred as clumps or single cells to suspension cultures to form NS.
For gene and protein expression analyses NS cells were extracted
7 days later, on dd18

acquired over time, starting from day 5 pIR and sphere diam-
eters were measured using ImageJ 1.51n.

Statistical analyses
The number of biological repeat experiments is indicated

in each figure. All statistical analyses were performed using
GraphPad Prism 8. Data were tested for normal distribution

using D’Agostino & Pearson normality test. A two-tailed
one sample ¢ test was used to test for statistically significant
differences.

Results

To determine the impact of low-dose ionizing radiation (IR)
on early brain development, neuroectodermal progenitor
cells (NEP) were generated from human embryonic stem
cells (hESC) and human induced pluripotent stem cells
(hiPSC), as previously described, according to the scheme
depicted in Fig. la. Characterization of differentiation to
NEP from hESC has been described and characterized previ-
ously (Hoelting et al. 2013).

Differentiation of hiPSC to NEP and NS

Efficient differentiation of hiPSC to NEPs and neurospheres
was verified by quantitative RT-PCR analysis.

First, we identified appropriate house-keeping genes.
We had previously observed that classical house-keeping
genes such as GAPDH or actin changed in expression over
the course of differentiation from pluripotent stem cells to
neural cells (Hoelting et al. 2013). Moreover, treatment with
certain compounds also affected the expression of classical
house-keeping genes, as was also shown to be the case with
radiation (Banda et al. 2008). The best results after IR were
obtained using beta 2 microglobulin (B2M) and ribosomal
protein L13 (RPL13), both remaining stable throughout the
course of differentiation, and also after irradiation (suppl.
Fig. 1). As B2M displayed CT values closer to our genes of
interest, we chose B2M as the house-keeping gene for all the
following gene expression analyses.

We next examined upregulation of PAX6 in differentiat-
ing hiPSC. PAX6 is a marker for very early human brain
progenitor cells, the neuroectodermal progenitor cells (NEP)
(Zhang et al. 2010). On day 11 of differentiation (dd11,
NEP) from hiPSC, upregulation of PAX6 was strong, robust
and reproducible (Fig. 1b).

To ascertain that hiPSC performed similar to hESC in
the 3D model, we next analyzed the expression of key genes
involved in neurogenesis (Table 1). hiPSC were differenti-
ated to NEP and subsequently to 1 week-old (dd18) NS,
according to the differentiation scheme depicted in Fig. 1a.

Gene expression analyses revealed that expression of the
chosen genes followed expected expression patterns, similar
to those observed when differentiating from hESC (Hoelting
et al. 2013). Neural stem cell markers such as PAX6, EPHA4
and NES all increased significantly over differentiation time
(Fig. 2a). The same could be observed for the neuronal pre-
cursor markers HESS, DLL1 and ASCL1 (Fig. 2b). All
three markers increased significantly during differentiation
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Table 1 (continued)

References

Human pathologies

Function

Protein

Gene

Chen et al. (2017) and Tallapaka et al. (2018)

Keratoderma, palmoplantar, with squamous

Promotes canonical WNT/p catenin signal-

R-Spondin-1

RSPO1

cell carcinoma of skin and sex reversal

(PKKSCC)

ing, activates TGFp signaling, enhancing

stress-induced apoptosis, radiation stress

response

Broustas and Lieberman (2014) and Guo

Various cancer types

Regulates cell division, induces growth

Tumor protein p53

TP53

et al. (2000)

arrest/apoptosis, DNA damage response,

radiation stress response

Joseph-Bravo et al. (2015) and Waniek et al.

Hypothalamic hypothyroidism

Controls secretion of TSH, modulator of

Thyrotropin releasing hormone

TRH

(2015)
Parrini et al. (2016) and Romaniello et al.

hair growth, neurotransmitter

Cortical dysplasia complex with other

Major constituent of microtubules, cortical

Tubulin beta chain

TUBB

(2018)

brain malformations 6 (CDCBM6), skin
creases, congenital symmetric circumfer-

ential 1 (CSCSC1)

Regulates induction of neuroectoderm and ~ Mowat—Wilson syndrome, Coloboma

development

Quintes et al. (2016) and Zweier et al. (2005)

Zinc finger E-box binding homeobox 2

ZEB2

neural crest, Schwann cell differentiation

to NEP and plateaued (DLL1) or increased further (HESS
and ASCL1) in NS (dd18), with a stronger increase in HESS,
as also observed in differentiation from hESC. The three
patterning markers EMX2, LHX?2, and FOXG1 were all
strongly upregulated in NEP differentiated from hiPSC and
increased further in expression in NS, similar to what we
observed in hESC-derived NEP and NS (Fig. 2¢). Neuronal
genes such as MAP2 and MAPT (tau protein) also increased
during differentiation, with MAP2 increasing strongly
already in NEP whereas MAPT increased only in the NS
stage (Fig. 2d). TUBB, beta-5 tubulin, although expressed
strongly, did not show an increase during differentiation.
A similar pattern was also observed in differentiation from
hESC (Hoelting et al. 2013).

Impact of IR on NEP

To investigate the impact of ionizing radiation (IR) on very
early human forebrain development, we assessed the impact
of a one-time, low-dose, ionizing irradiation on still differen-
tiating NEP. To this aim, we irradiated NEP on dd9 (Fig. Ic)
with a single dose of 1 Gy and cultured the NEP for addi-
tional 48 h to reduce the number of apoptotic cells (Acha-
rya et al. 2010). Subsequently, NEP were detached from the
culture surface, washed twice to eliminate dead cells and
counted. Decrease in cell numbers was dose-dependent, with
increasing cell loss at increasing doses (data not shown). As
at lower irradiation doses (0.25 Gy and 0.5 Gy) no signifi-
cant differences could be observed in gene expression analy-
ses we used a dose of 1 Gy in the following experiments. At
1 Gy both in hESC and hiPSC-derived NEP, a large amount
of the irradiated cells had died, with on average 40% and
50% surviving cells, respectively (Fig. 3).

Next, cells were washed thoroughly, counted by trypan
blue exclusion and viable cells were analyzed for expres-
sion of genes crucial for neurodevelopment. Interestingly,
all but one of 20 analyzed genes were downregulated 48 h
pIR, to varying extent. Only NES (nestin), a type VI inter-
mediate filament protein, and marker for neuroepithelial
stem cells was not affected by 1 Gy of X-rays (Fig. 4a). In
contrast, two neural stem cell markers were downregulated
over twofold, with a downregulation of PAX6 of three-
fold and EPHA4 of 2.6-fold (Fig. 4a). Neuronal precursor
markers were also expressed at reduced levels with DLL1
expressed 1.9-fold less, ASCLI1 threefold less and HESS
expressed 4.6-fold less after irradiation (Fig. 4b). Similar
reductions in expression were also observed with the pat-
terning genes EMX2 (1.8-fold less), FOXG1 (2.6-fold less)
and LHX2 (3.9-fold less) (Fig. 4c¢). The neuronal genes
MAP2 and MAPT were also both expressed at reduced
levels with a 2.5- and 2.3-fold decrease, respectively
(Fig. 4d). TUBB, which unlike MAP2 and MAPT did not
increase during differentiation, albeit being expressed at
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after irradiation (Fig. 4d). We also analyzed expression of
neurodevelopmental disease-associated genes (Fig. 4 e).
Out of this group, DCX (doublecortin, lisencephaly) was
reduced the most with a reduction of 4.1-fold after irra-
diation. ZEB2 (Hirschsprung disease/Mowat—Wilson syn-
drome) was reduced threefold, whereas ARX (lisenceph-
aly) was reduced 2.8-fold, and MCPH1 (microcephalin 1,
microcephaly) was found reduced 1.8-fold in irradiated
cells (Kato and Dobyns 2003). Expression of stress-related
genes such as TP53 (p53), HDAC6, RSPO1 and TRH was
also analyzed. All 4 stress genes were downregulated, with
P53 1.8 fold, TRH 2.5-fold, HDACG6 2.7-fold and RSPO1
3.6-fold (Fig. 4f).

Fig.4 Significant downregulation of all but one marker genes 48 h
pIR. hiPSC were differentiated and irradiated as described in Fig. lc.
At dd11 (48 h pIR) marker gene expression was assessed by quan-
titative RT-PCR. Expression of a neural stem cell genes b neuronal
precursor genes ¢ patterning genes d neuronal genes e neuronal
development genes and f stress response genes. Dotted lines indicate
control levels. All data are shown as the mean fold change+SEM
relative to non-irradiated cells, set arbitrarily to 1 (n>8; *p <0.05;
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Long-term effects of IR

To assess potential late effects of IR in cells differentiating
from the surviving cells, NEP were irradiated as above.
At 48 h pIR, neurospheres were generated from irradi-
ated and non-irradiated NEP. The NS were matured for
1 week, until dd18, and gene expression analyzed. In this
time frame, no significant difference in growth of the NS
had been observed between irradiated and non-irradiated
cells (Suppl. Fig. 2). Most of the analyzed genes, 19 of
which were found downregulated in NEP at 48 h pIR, were
expressed at control levels after 1 week of maturation in
NS, suggesting that surviving cells mostly compensated
irradiation effects (Fig. 5). Seven genes, however, were
not expressed at control levels. The neural precursor
marker HESS was still expressed at a 1.9-fold reduced
level when compared to non-irradiated cells (Fig. 5b).
The same was observed for the expression of the neuronal
microtubule protein tau MAPT, with a 1.6-fold reduc-
tion (Fig. 5d). ZEB2 and MCPHI1, two genes involved in
neurodevelopmental defects such as the Mowat—Wilson
syndrome and microcephaly were also not expressed at
normal levels, with a 1.5-fold and 1.2-fold reduction,
respectively (Fig. 5e). The gene encoding the crucial neu-
rotransmitter thyrotropin releasing hormone (TRH) had

also a significantly reduced (2.5-fold) expression level.
The stress-associated gene HDAC6 was also still reduced
after 1 week of neurosphere culture, with a 1.3-fold reduc-
tion when compared to control (Fig. 5f). Interestingly,
we found that the stress-associated gene RSPO1 did not
only not normalize its reduced expression at 48 h pIR, but
rather was overexpressed 1.7-fold in NS from irradiated
NEP, compared to NS from non-irradiated NEP (Fig. 5f).

We next verified gene expression at the protein level.
For this, we chose genes that were not back to normal
mRNA expression levels on dd18, which were not secreted
(TRH and RSPO1), and for which antibodies of accept-
able quality were available. NEP were generated as above,
irradiated on dd9 and proteins extracted 48 h pIR (dd11)
and on dd18. We analyzed expression of HESS, HDACS6,
and ZEB?2 (Fig. 6). Of these three genes, only HESS pro-
tein expression mirrored mRNA expression, with protein
levels similarly reduced at 48 h after irradiation (dd11)
and on dd18 (Fig. 6a). After irradiation, HESS5 protein was
expressed at 64% and 66% of control levels, on dd11 and
on dd18, respectively (Fig. 6b). Protein levels of HDAC6
and ZEB2, however, were only reduced 48 h after irradia-
tion and returned to control levels by dd18 (Fig. 6¢, d). On
dd11, HDAC6 was expressed at 48% of control levels, and
returned to slightly, but not significantly, reduced levels of
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Fig.6 Protein expression in irradiated NEP and NS. hiPSC were dif-
ferentiated and irradiated as before, protein extracted from NEP on
dd11 (48 h pIR) and from NS on dd18 (9 d pIR) and analyzed by
Western blot for indicated proteins. a Western blots on dd11 and on
dd18; b-d protein levels were quantified and compared to control
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86%. ZEB2 was reduced to 70% of control levels on dd11
and returned to control levels on dd18.

Stemness after IR
PAX61 NEP are very early neural stem cell of the human

brain (Zhang et al. 2010). To evaluate whether the observed
radiation-induced reduction in mRNA and protein

Q

*%k%
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Fig. 7 Impaired neurosphere generation from irradiated cells. hiPSC
were differentiated and irradiated as above, cells detached 48 h later,
washed twice and live cells counted using trypan blue exclusion.
Single-cell suspensions were plated into 96-well ultra-low adhesion
round-bottom plates, at indicated cell numbers. After 4 days, wells
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expression could have a functional impact on stemness of
these early central nervous system progenitor cells, single
cell suspensions were prepared 48 h pIR from NEP gener-
ated from hESC and hiPSC, titrated to decreasing numbers
and plated into 96-well low adhesion plates. When pre-
vented to adhere, neural stem cells (including NEP) form
neurospheres in which the cells continue to proliferate and
differentiate (Fasano et al. 2007; Hoelting et al. 2013; Oht-
suka et al. 2001). In limiting dilution assays, the stronger
the stemness of the NEP is, the less cells are needed to
form a neurosphere. We hypothesized that if stemness of
the NEP was impaired by irradiation, as suggested by the
reduced expression of developmentally crucial genes, neu-
rosphere formation capacity should be reduced, particularly
at lower cell numbers. As expected, 4 days after plating,
we found neurosphere formation reduced in NEP that were
irradiated with a single dose of X-rays 6 days earlier. When
titrating non-irradiated NEP derived from hESC, no impact
on NS formation could be observed at 1000 and 500 cells
per well (data not shown). However, starting at 200 cells/
well, a reduction in NS formation capacity was observed in
non-irradiated cells, as not all wells received sufficient self-
renewing NEP to form a NS. Neurosphere-forming capacity
was reduced to neurosphere formation in 92% of the wells
(Fig. 7a, ctrl. bar). At 100 cells/well this was further reduced
to 75% of the seeded wells, and with 50 cells/well, only in
43% of the wells a NS had formed. After irradiation of the
NEP, NS-formation capacity was even further reduced, to
63% of the wells containing a NS when seeding 200 cells/
well, 38% of the wells when seeding 100 cells and 15% of
the wells when seeding 50 cells/well. This equaled an IR-
induced reduction of 68% at 200 cells, 51% at 100 cells and
35% at 50 cells/well, compared to the NS formation found in
non-irradiated cells. When testing NEP derived from hiPSC,
an impact of IR on stemness was only apparent at lower cell
concentrations. At 50 cells/well, both in the non-irradiated
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—
N A O ® O
ePPe
|

o
I

proportion of spheres [%] T

100 50 25 cells/well
containing an intact spheroid were counted and expressed as propor-
tion of seeded wells. a Spheres generated from hESC (H9; n=4); b

spheres generated from hiPSC (n=6). Data are shown as the mean
percentage + SEM; ***p <0.001)
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and irradiated cells NS formation was still observed in 90%
of the wells, with no significant difference between the two
(Fig. 7b). Only at 25 cells/well did we observe a significant
IR-induced reduction of NS forming capacity. In control
cells NS were formed in 93% of the wells, whereas in the
irradiated cells NS were generated only in 69% of the wells,
i.e., 74% of control.

Further titration to 12.5 cells/well was not conclusive,
as with such low cell numbers distinguishing between cell
aggregates and real spheres was difficult (Suppl. Fig. 3).

Taken together, these results strongly suggested impaired
functional properties of NEP after irradiation, with potential
late consequences.

Discussion

Prenatal development is a complex and sensitive process that
is highly susceptible to environmental influences. Particu-
larly development of the nervous system is very sensitive
to environmental impact, resulting in so-called neurode-
velopmental disabilities. These include learning and intel-
lectual disabilities, difficulties with language and speech,
autism, attention-deficit/hyperactivity disorder (ADHD),
conduct disorders, cerebral palsy, spina bifida, impairments
in vision and hearing, and other neurological dysfunctions.
Millions of children are affected worldwide, with every 6th
child affected in the USA (Boulet et al. 2009; Grandjean and
Landrigan 2006).

Environmental chemicals have in certain instances been
shown to play a role in neurodevelopmental disabilities
(Grandjean and Landrigan 2014). However, despite increas-
ing exposure to ionizing radiation due to medical diagnos-
tics, radiotherapy for cancer and non-malignant disease,
long-distance flights, transport of nuclear waste, and fall-
out pollution after nuclear reactor accidents, not much is
known about its impact on the very early developing human
brain. Importantly, however, human epidemiological data
on environmental chemicals have clearly shown that neu-
rodevelopmental disorders are caused at concentrations far
below toxicity thresholds in adults, suggesting that likewise,
low doses of radiation could cause damage to the developing
brain (Grandjean and Landrigan 2006). This is supported
by findings that neural stem cells are particularly sensitive
to IR (Etienne et al. 2012; Fike et al. 2009). Studies of pre-
natally exposed survivors of Hiroshima and Nagasaki have
shown harmful effects on the developing human brain, with
severe mental retardation, reduced IQ and lower school per-
formance. This was particularly pronounced when exposure
took place 8—15 weeks after ovulation, when cells are highly
proliferative and migratory (Otake and Schull 1998). Moreo-
ver, interference with normal brain development, which is
still occurring after birth and is fueled by neural stem cells,

is suggested by the observation that adults that had received
radiotherapy in their childhood, developed cognitive impair-
ment and rapidly progressing Alzheimer-like symptoms
(Hall et al. 2004; Spiegler et al. 2004).

In humans, development of the central nervous system
(CNS) begins with the formation of the neural tube. In
rodents this event occurs approximately mid-gestation, on
gestational day 10.5-11 in rats, and on day 9-9.5 in mice
(DeSesso et al. 1999). Comparatively, the formation of the
neural tube occurs much earlier during human fetal devel-
opment (gestational day 24-28), in a gestation period of
266-280 days (Rice and Barone 2000). At this time, a preg-
nancy is often still unknown and protection of the fetus is
not factored in during radiation-based diagnostics or therapy
of the mother (Hill 2019). Particularly during the very early
developmental time frame, environmental influences can
have a severe impact on the developing brain, particularly as
early as during neural tube formation. Another major differ-
ence between human and rodent brain development is that,
in humans, brain development continues after birth, into
early adulthood, resulting in continued sensitivity to insults
(Gogtay et al. 2004). Both the very early time points of neu-
rogenesis and the impact on postnatal human brain develop-
ment can only be poorly modeled in rodent models. Here, we
modelled the very early phase of human brain development
with a pluripotent stem cell (PSC)-derived in vitro model in
which we differentiated PSC into PAX6"-progenitor cells.
In human fetuses the very first CNS, PAX6%, progenitor
cells appear in the third week of gestation, when the neural
tube forms. In week 4, at E26, when forebrain and midbrain
have already been clearly demarcated, PAX6 expression is
restricted to the forebrain and part of the spinal cord (Zhang
etal. 2010). Here, we investigated the effects of IR on these
very early PAX6" progenitor cells (NEP), in a 3D differ-
entiation model favoring forebrain development (Hoelting
et al. 2013). We chose to irradiate at a dose of 1 Gy, as sev-
eral developmental studies in rats had previously detected
effects on the nervous system at doses from 1 to 2 Gy (Schull
et al. 1990; Verheyde and Benotmane 2007). In addition,
in human studies, cognitive defects after cranial radiation
exposure for ringworm treatment were detected for doses
in the range of 1-1.5 Gy (Ron et al. 1982; Verheyde and
Benotmane 2007). Furthermore, in RT for cancer and non-
malignant disease, the overall doses vary between 3 and
75 Gy, but are typically delivered in fractions of 1-5 Gy
(Seegenschmiedt et al. 2015; UNSCEAR Report 2008). At
1 Gy, when analyzing gene expression of genes crucial for
neurodevelopment, we observed mild to strong reduction in
expression in all but 1 gene (NES) of the 20 genes analyzed
48 h pIR. The genes analyzed included markers for NSC,
neuronal precursor cells, patterning, neuronal cells, and
genes associated with disease phenotypes, suggesting that
neural development may be severely affected. Proliferation



of the cells was also reduced at 48 h (data not shown). It is,
however, a possibility, that gene expression at that time point
(48 h pIR) may still have been generally depressed in the sur-
viving cells, so shortly after irradiation-induced-apoptosis.
Depending on the cell type analyzed, global mRNA decay
has been described after 2.5-6 h of induction of apoptosis
(Thomas et al. 2015). In contrast to this, in our hands, 48 h
after irradiation, the four tested house-keeping genes and the
neural stem cell marker NES were not affected at 48 h pIR.
Nevertheless, a reduction in gene expression at that early
time point after irradiation should not be over-interpreted.
As the herein used stem cell-derived neurodevelopmental
model enables long-term exploration of gene expression,
we cultured the irradiated cells for additional 9 days and
analyzed gene expression on dd18. At this stage of in vitro
development, expression of most genes in the irradiated cells
was back to normal expression levels, suggesting a recov-
ery of most radiation damage. However, six genes were still
reduced in their mRNA expression on dd18. MCPH1 asso-
ciated with primary autosomal recessive microcephaly, was
still slightly, but significantly, reduced in mRNA expression
on dd18 (Fig. 5) (Arroyo et al. 2017). Expression of the
gene encoding the crucial neurotransmitter TRH was also
still significantly reduced in expression. TRH is best known
for its function in regulation and release of TSH (thyroid-
stimulating hormone) (Joseph-Bravo et al. 2015). Further-
more, it leads to stress-induced depression-like behavior
in mice when injected in the basolateral amygdala and is,
together with TSH involved in Alzheimer’s disease (Choi
et al. 2015; Kelly et al. 2015; Molchan et al. 1991; Yates
et al. 1983). Interestingly, when differentiating from hESC,
TRH was the second most upregulated gene on dd18, with a
122-fold upregulation in gene arrays (Hoelting et al. 2013).
MAPT, coding for the Tau protein associated with neurofi-
brillary tangle formation in Alzheimer’s disease, was still
reduced in mRNA expression 9 days pIR. ZEB2, a DNA-
binding transcriptional repressor, interacts with activated
SMAD:s, represses transcription of E-cadherin and has a
crucial role in nervous system development and Schwann
cell differentiation (Bar Yaacov et al. 2019; Comijn et al.
2001; Quintes et al. 2016). It is also mutated in Hirschsprung
disease/Mowat—Wilson syndrome, including intellectual
and delayed development. Its expression was still reduced
on the mRNA level on dd18 (Fig. 5). Reduced expression
was confirmed on the protein level by Western blot at 48 h
pIR. By dd18 protein levels of ZEB2 were, however, back
to control levels in the irradiated cells, while mRNA level
recovered from threefold decrease to a 1.5-fold decrease, but
still remained significantly reduced compared to the con-
trol. Posttranscriptional and posttranslational regulation of
ZEB?2 are not well characterized. ZEB2 can be regulated by
microRNA 141 and Snaill on the posttranscriptional level,
but it can also be stabilized on the posttranslational level by
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FAT10 by decreasing its ubiquitination (Beltran et al. 2008;
Hu et al. 2010; Zou et al. 2018). It is, however, likely, that
no significant differences in protein levels were observed
due to a lesser sensitivity of this method compared to quan-
titative PCR. Similarly, expression of the stress-associated
gene HDACG6 was still reduced at the mRNA level on dd18,
but only slightly, although not significantly, reduced in its
protein expression, compared to control cells (Fig. 6¢) (Mat-
thias et al. 2008).

Interestingly, HESS5, a basic helix—loop-helix transcrip-
tional repressor in neural stem cells and target of NOTCH
signaling, was still reduced at day 9 pIR. This could be con-
firmed at the protein level, with reduced expression of HESS
protein both at 48 h and 9 days pIR. In hESC-derived neu-
rospheres, HESS was the most upregulated gene from hESC
to dd18, with a 134-fold upregulation of gene expression in
gene arrays, indicating that this model is suitable to investi-
gate the role of HESS in human brain development in more
detail (Hoelting et al. 2013). In the murine embryonic brain,
HESS plays a crucial role in the maintenance of neural stem
cells. Overexpressing HESS inhibits both neurogenesis and
gliogenesis by keeping the cells undifferentiated, whereas
in the absence of HESS neural stem cells are not properly
maintained, generating fewer and smaller NS (Ohtsuka et al.
1999, 2001). In our model, reduced expression of HESS
could suggest altered neurogenesis after IR. Supporting this
hypothesis, we could also observe a significantly smaller NS
diameter at a later time point (dd33) in NS generated from
irradiated cells (Suppl. Fig. 2). We could likewise observe a
decrease in NS formation capacity after irradiation (Fig. 7).
A reduced expression of HESS after irradiation thus suggests
potential developmental problems and could be the underly-
ing mechanism for the observed mental retardation, reduced
1Q and lower school performance after in utero exposure to
IR. Whether reduced stemness of the NEP after irradiation
in our model is due to reduced HESS expression remains to
be investigated in more detail with experiments restoring
HESS expression after irradiation.

Most interestingly, however, mRNA expression of
RSPO1, a canonical Wnt signaling agonist, which was
reduced 3.6-fold 48 h pIR was not only not reduced anymore
on dd18, but exceeded control levels by 1.7-fold. In mice, it
has been shown to ameliorate lethal radiation-induced injury
of intestinal crypts when delivered with mesenchymal stem
cells, and in vitro to be crucial for survival and proliferation
of intestinal crypts (Chen et al. 2017). RSPOI1 plays also
a role in cancer and in sex determination (Yoon and Lee
2012). In early development, RSPO1 expression is found
on both sides of the roof plate, in the fore- hind- and mid-
brain as well as in the spinal cord (Kamata et al. 2004). In
rats, RSPO1 was found to be colocalized with the neuronal
marker HuD, indicating an expression by neurons (Li et al.
2014). While Wnt signaling is known to perform many



2890

crucial tasks during development such as cell fate determina-
tion and early patterning events, the role of RSPO1 in human
brain development is less well characterized (Noelanders
and Vleminckx 2017). In our 3D model RSPO1 was the fifth
most regulated gene in cells differentiating from hESC, with
a 44-fold increase in gene arrays on dd18, underscoring a
crucial role in neural development (Hoelting et al. 2013).

Thus, the herein described 3D model will enable the
molecular exploration of the role of RSPO1 and other genes
in human brain development in more detail and to investigate
the molecular mechanisms underlying observed detrimen-
tal effects of IR on human brain development. It could also
be used to identify mitigating strategies against radiation-
induced damage to improve treatment outcome.
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