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Summary 

Epileptic encephalopathies (EEs) are a group of disorders associated with intractable 

seizures, brain development and functional abnormalities, and in some cases, premature 

death. Pathogenic human germline biallelic mutations in tumor suppressor WW domain-

containing oxidoreductase (WWOX) are associated with a relatively mild autosomal-

recessive spinocerebellar ataxia-12 (SCAR12) and a more severe early infantile WWOX-

related epileptic encephalopathy (WOREE). In this study, we generated an in-vitro model 

for EEs, using the devastating WOREE syndrome as a prototype, by establishing brain 

organoids from CRISPR-engineered human ES cells and from patient-derived iPSCs. 

Using these models, we discovered dramatic cellular and molecular CNS abnormalities, 

including neural population changes, cortical differentiation malfunctions, and Wnt-

pathway and DNA-damage response impairment. Furthermore, we provide a proof-of-

concept that ectopic WWOX expression could potentially rescue these phenotypes. Our 

findings underscore the utility of modeling childhood epileptic encephalopathies using 

brain organoids and their use as a unique platform to test possible therapeutic 

intervention strategies.  

Introduction 

Epilepsy is a neurological disorder characterized by a chronic predisposition for the 

development of recurrent seizures (Fisher et al., 2014; Aaberg et al., 2017). Epilepsy 

affects around 50 million people worldwide and is considered the most frequent chronic 

neurologic condition in children (Aaberg et al., 2017; Blumcke et al., 2017). Approximately 

40% of seizures in the early years of life are accounted for by early infantile epileptic 

encephalopathies (EIEEs), which are pathologies of the developing brain, characterized 
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by intractable epileptiform activity and impaired cerebral and cognitive functions (Lado et 

al., 2013; Shao and Stafstrom, 2016; Nashabat et al., 2019). Several genes have been 

implicated in causing EIEEs (McTague et al., 2016). In recent years, autosomal-recessive 

mutations in the WW domain-containing oxidoreductase (WWOX) gene, are increasingly 

recognized for their role in the pathogenesis of EIEEs (Piard et al., 2018; Nashabat et al., 

2019). WWOX, a tumor suppressor that spans the chromosomal fragile site FRA16D, is 

highly expressed in the brain, suggesting an important role in central nervous system 

(CNS) biology (Abu-Remaileh et al., 2015). In 2014, WWOX was implicated in the 

autosomal-recessive spinocerebellar ataxia-12 (SCAR12) (Gribaa et al., 2007; Mallaret 

et al., 2014), and in the WWOX-Related Epileptic Encephalopathy (WOREE Syndrome; 

also termed EIEE28) (Abdel-Salam et al., 2014; Ben-Salem et al., 2015; Mignot et al., 

2015). Both disorders are associated with a wide variety of neurological symptoms, 

including seizures, intellectual disability, growth retardation and spasticity, but differ in 

severity, onset and by underlying types of mutations. The WOREE syndrome is 

considered more aggressive, appearing as early as 1.5 months and associating with more 

extreme genetic changes (Piard et al., 2018). This observation may imply that both 

syndromes can be considered as a continuum. Alongside seizures, WOREE-patients may 

present with global developmental delay, progressive microcephaly, atrophy of specific 

CNS components and premature death.  

Although modeling WWOX loss of function in rodents has shed some lights on the roles 

of WWOX in brain function (Aqeilan et al., 2007, 2008; Suzuki et al., 2009; Mallaret et al., 

2014; Tanna and Aqeilan, 2018; Tochigi et al., 2019), the genetic background and brain 

development of a specific patient cannot be modeled in a mouse, but is inherent and 
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retained in patient-derived induced pluripotent stem cells (iPSCs). In an effort to bypass 

the comprehensible lack of availability of EE brain samples, including those of WOREE-

patients’, we utilized genome editing and reprogramming technologies to recapitulate the 

genetic changes seen in WOREE and SCAR12 patients in human PSCs. We then 

generated brain organoids, 3D neuronal cultures, that recapitulate much of the brain’s 

spatial organization and cell type formation, and have neuronal functionality in-vitro (Amin 

and Paşca, 2018; Sidhaye and Knoblich, 2020). This allowed us to model features of the 

development and maturation of the CNS and its complex circuitry, in a system that is 

more representative of the in-vivo human physiology than 2D cell cultures. Using this 

platform, we identified severe defects in neural cell populations, cortical formation, and 

electrical activity, and tested possible rescue strategies. This approach has resulted in a 

deeper understanding of WWOX physiology and pathophysiology in the CNS, laying the 

foundation for developing more appropriate treatments, and supports the concept of using 

human brain organoids for modeling other human epileptic diseases.  

Results 

Generation and characterization of WWOX knockout cerebral organoids.  

To shed light on the pathogenesis of EIEE, we studied the WOREE syndrome as a 

prototype model using brain organoids. The role of WWOX in the development of the 

human brain in a controlled genetic background was investigated by generating WWOX 

knockout (KO) clones of the WiBR3 hESC line using the CRISPR/Cas9 system (Abdeen 

et al., 2018). Immunoblot analysis was used to assess WWOX expression in these lines 

(Supplementary figure S1A). Two clones that showed consistent undetectable protein 

levels of WWOX throughout our validations were picked for the continuation of the study 
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(Supplementary figure S1A and S1B) – WWOX-KO line 1B (WKO-1B, from here on KO1) 

and WKO-A2 (from here on KO2). Sanger sequencing confirmed editing of WWOX 

sequence at exon 1 (Supplementary figure S1C). Furthermore, to confirm cell-

autonomous function of WWOX, we restored WWOX cDNA into the endogenous AAVS 

locus of WWOX-KO1 hESC line and examined reversibility of the phenotypes (see 

Methods section and Supplementary figure S1D). The KO1-AAV4 line was selected for 

generating COs for having a strong and stable expression of WWOX throughout our 

validations (data not shown), and from here on is called W-AAV. These lines were 

practically indistinguishable from the parental cell line (WiBR3 WT) in terms of 

morphology and proliferation throughout the culture period (data not shown). 

To investigate how depletion of WWOX affects cerebral development in a 3D context, we 

differentiated our hESCs into cerebral organoids (COs), using an established protocol 

(Lancaster et al., 2013; Lancaster and Knoblich, 2014). COs from all genotypes showed 

comparable gross morphology and development at all stages (data not shown). Next, we 

investigated the expression pattern of WWOX in the developing brain at different time 

points by co-staining with markers of the two major populations found in the organoids – 

neuronal progenitor cells and neurons. As seen in week 10, WWOX expression was 

specifically localized to innermost layer of the ventricular-like zone (VZ), which is 

composed of SOX2+ cells, corresponding to radial glia cells (RGs), the progenitors of the 

brain, and not in the surrounding cells (Figure 1A). This finding is in concordance with 

previous work showing limited WWOX expression during early steps of mouse cortical 

development (Chen et al., 2004). Furthermore, even in later time points, such as week 

24, when the VZ structure is lost, WWOX expression is found mainly in SOX2+ cells 
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(Figure 1B). Importantly, WWOX expression was not seen in COs generated from the 

WWOX-KO lines, although similar levels of expression of the other markers such as 

SOX2 and Neuron-specific class III β-Tubulin (TUBB3 or TUJ1) were observed (Figures 

1A and 1B, Supplementary figure S1B and S1E). Interestingly, the W-AAV COs, in which 

WWOX expression is driven by human ubiquitin promotor (UBP), exhibited high WWOX 

levels in the VZ, as expected, though other cellular populations also showed prominent 

WWOX expression (Supplementary figure S1E). 

Next, we further examined the development of cerebral structures. In WT organoids, the 

VZ, which is composed of SOX2+ cells, is surrounded by intermediate progenitors (IP; 

TBR2+ cells, also known as EOEMS), marking the presence of the subventricular zone 

(SVZ). Outside this layer is the cortical plate (CP), composed mainly by neurons (NeuN+ 

cells) (Figure 1D). In week 10 COs, no visible differences in the composition or formation 

of the VZ and the surrounding structures were observed (Figure 1C), suggesting similar 

proportions of these populations. This was also supported by measuring RNA expression 

levels of the progenitor markers SOX2 and PAX6, and the neuronal marker TUBB3 

(Figure 1F and Supplementary figure S1F). This surprising observation led us to further 

examine the two major neuronal sub-populations found in COs – Glutamatergic (marked 

by vesicular glutamate transporter 1; VGLUT1) and GABAergic neurons (marked by 

glutamic acid decarboxylase 67; GAD67). Immunostaining revealed that although 

VGLUT1 expression remained similar, a marked increase in expression of GAD67 was 

observed in KO COs compared to WT (Figure 1E). In contrast, WWOX restoration (W-

AAV) significantly reversed this imbalance (Supplementary figure S1G). RNA levels of 
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SLC17A6 (VGLUT2), SLC17A7 (VGLUT1), GAD1 (GAD67) and GAD2 (GAD65) followed 

the same direction (Figure 1F, Supplementary figure S1F).  

These findings suggest that during human embryonic development, WWOX expression 

is limited to the cells of the basal layer of the VZ and that WWOX depletion does not affect 

the VZ-SVZ-CP architecture, but did disrupt the balance between glutamatergic and 

GABAergic neurons.  

WWOX-depleted cerebral organoids exhibited hyper-excitability and epileptiform 

activity. 

Cerebral organoids give rise to neurons that have previously shown electrophysiological 

functionality (Trujillo et al., 2019). To characterize the functional properties of the WWOX-

KO COs, we performed local field potential recordings (LFP) in 7-week COs slices. 

Electrodes were positioned 150µm away from the edge of the slice (Supplementary figure 

S2A) to avoid areas potentially damaged by slice preparation. Sample traces of the WT 

and KO COs revealed visible differences between the two lines under baseline conditions 

(Figure 2A, left). The mean spectral power of field recordings further showed an overall 

increase in power of the KO COs in the 0.25-1 Hz low frequency range (Figure 2B) and 

a decrease in the 30-79.9 high frequency range (Supplementary figures S2B and S2C). 

The oscillatory power (OP) was quantified by the area under the curve, which was 

significantly higher than the WT line, under baseline conditions (Figure 2C). Over time, 

the OP of the KO lines decreased significantly while the WT line’s OP stayed the same 

(Supplementary figure S2E), suggesting a developmental delay in the KO line.    

To further measure the hyper-excitability of the KO line, 100µM 4-AP, a commonly used 

convulsant for seizure induction, was applied to the slices during recordings. While 4-AP 
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did show changes in LFP recordings for both WT and KO lines (Figure 2A, right), the KO 

line showed significantly increased activity, which was otherwise absent in WT traces 

(Supplementary Figure S2D). The effect of 4-AP on spectral power became evident 5 

minutes after its addition, as indicated by the sample spectrogram (Figure 2E). Cross-

frequency coupling of the sample traces for both WT and KO lines in the presence of 4-

AP revealed an increase the δ: HFO frequency pairs – an attribute which has previously 

been used to characterize and classify seizure sub-states (Figure 2D) (Guirgis et al., 

2013). Importantly, transduction of the lentivirus containing WWOX resulted in a recovery 

of the KO line, with respect to the mean power spectral density (Figure 2F-G).  

 

WWOX-depleted cerebral organoids exhibited impaired astrogenesis and DNA-

damage response.  

It is widely accepted that an imbalance between excitatory and inhibitory activity in the 

brain is a leading mechanism for seizures, but this does not necessarily mean neurons 

are the only population involved. It is well known that brain samples from epileptic patients 

show signs of inflammation, astrocytic activation and gliosis (Cohen-Gadol et al., 2004; 

Thom, 2009), which can be a sole histopathological finding in some instances (Blumcke 

et al., 2017). Whether this phenomenon is a results of the acute insult or a cause of the 

seizures, is still debatable (Vezzani et al., 2011; Robel et al., 2015; Rossini et al., 2017; 

Patel et al., 2019). Furthermore, recent work has demonstrated astrogliosis in the brain 

of Wwox-null mice (Hussain et al., 2019). 

To address this, we used immunofluorescence staining to visualize the astrocytic markers 

glial fibrillary acidic protein (GFAP) and S100 calcium-binding protein B (S100β) in week 
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15 and week 24 COs (Figure 3A and Supplementary figure S1A). This revealed a marked 

increase in astrocytic cells in WWOX-KO COs, that progressed through time, and was 

partially reversed in W-AAV COs (Figure 3B and Supplementary figure S1B). It is notable 

that GFAP also marks RGs (Middeldorp et al., 2010), which are abundant in week 15, but 

are reduced in number in week 24, which could be a source of noise at early stages.  

Astrocytes arise from two distinct populations of cells in the brain: the RG cells, switching 

from neurogenesis to astrogenesis, or from astrocytes progenitor cells (APCs) (Zhang et 

al., 2016; Blair, Hockemeyer and Bateup, 2018). To track back these differences in 

astrocyte markers, we compared 6- and 10-week old COs. We found that in week 6 COs, 

where no astrocytic markers were detected in WT organoids, a significant expression of 

S100β was observed in the basal layer of VZ region (Figure 3C). At week 10, we observed 

expression of S100β in both WT and KO organoids, but when co-staining with the cell 

proliferation marker Ki67, we did not detect a significant difference in double-positive cells 

suggesting similar glial proliferation (Supplementary figure S3C). Quantification of Ki67+ 

nuclei, together with SOX2+ nuclei revealed that although the proportions of SOX2 

remained intact in WT compared to WWOX-KO (18.5% in WT, 95% CI=14.2-22.81; 

19.5% in KO, 95% CI=15.29-22.81), the proportions of proliferating cells (9.5% in WT, 

95% CI=6.63-12.35; 4.9% in KO, 95% CI=2.76-7.13) and Ki67+/SOX2+ double-positive 

cells were diminished (51.83% in WT, 95% CI=41.18-62.48; 27.09% in KO, 95% CI=14.1-

40.1) (Supplementary figure S3D). These findings imply that the initial increase in 

astrocytic markers in WWOX-depleted COs is likely due to enhanced differentiating RGs 

rather than proliferating APCs.  
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This peculiar behavior of the RGs in KO COs led us to take a closer look at their 

functionality by examining their physiological DNA damage response (DDR), a signaling 

pathway in which WWOX is known to be directly involved (M. Abu-Odeh, Salah, et al., 

2014; Abu-odeh, Hereema and Aqeilan, 2016). To this end, we stained for γH2AX, a 

surrogate marker for DNA double strand breaks. We found a marked accumulation of 

γH2AX foci in the nuclei of SOX2+ cells in the innermost layer of the VZ, averaging 1.7 

foci/nuclei [95% CI=1.48-1.92] in WWOX-KO, compared to 0.86 foci/nuclei [95% CI=0.6-

1.12] in the age-matched WT COs (Figures 3D and 3E). To further verify our observations, 

we stained for p53-binding protein 1 (53BP1), another DDR signaling marker, and found 

increased foci in WWOX-depleted organoids (Supplementary figure S3E). These findings 

are consistent with WWOX direct role in DDR signaling (Aqeilan, Abu-Remaileh and Abu-

Odeh, 2014; Hazan, Hofmann and Aqeilan, 2016). Importantly, W-AAV COs presented 

with improved DDR (Supplementary figure S3F).  Intriguingly, a higher number of diffuse 

nuclear γH2AX staining was observed, suggestive of increased apoptosis (Rogakou et 

al., 2000; Solier and Pommier, 2009), a phenomenon previously reported upon WWOX 

overexpression (Chang et al., 2001, 2005; Chang, Doherty and Ensign, 2003; Aqeilan et 

al., 2004; Del Mare, Salah and Aqeilan, 2009). The γH2AX foci were found in highly 

proliferating cells in the VZ, which was observed by co-staining with Ki67 - 18.6% of 

SOX2+ cells were double positive in KO COs [95% CI=15-22%] compared to 11.9% [95% 

CI=8-15%] (Supplementary figure S3G, 3H). 

In conclusion, WWOX-KO COs present with a progressive increase in astrocytic number, 

likely due to enhanced differentiating RGs, and with increased DNA damage in neural 

progenitor cells.  
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RNA-sequencing of WWOX depleted cerebral organoids revealed major 

differentiation defects. 

In effort to examine the molecular profiles, we performed whole-transcriptome RNA 

sequencing (RNA-seq) analysis on week 15 WT and KO COs. Albeit the known 

heterogeneity of brain organoids, Principal Component Analysis (PCA) separated the 

sample into two distinct clusters (Supplementary figure S4A). The analysis revealed 

15,370 differentially expressed genes, of which 1,246 genes were upregulated in WWOX-

KO COs, and showed a greater than 1.2 fold change (FC>1.2) and a significant p-value 

(P-Value<0.01), and 1,021 genes were down-regulated (FC<1/1.2, P-Value<0.01) 

(Supplementary figure S4B; Supplementary Tables 1-2). Among the top 100 upregulated 

genes, we found genes related to neural populations such as GABAergic neurons (GAD1, 

GRM7, LHX5) and astrocytes (AGT, S100A1, GJA1, OTX2), and to neuronal processes 

like calcium signaling (HRC, GRIN2A, ERBB3, P2RX3, HTR2C, PDGFRA) and axon 

guidance (GATA3, DRGX, ATOH1, NTN1, SHH, RELN, OTX2, SLIT3,GBX2, LHX5) 

(Figure 4A). In the top 100 downregulated genes were genes related to GABA receptors 

(GABRB3, GABRB2), autophagy (IFI16, MDM2, RB1, PLAT, RB1CC1) and the mTOR 

pathway (EIF4EBP1, PIK3CA, RB1CC1) (Figure 4A).  

Gene-set Enrichment Analysis (GSEA) and Gene ontology (GO) Enrichment analysis of 

the top 3,000 differentially expressed genes revealed, among others, inhibition of 

processes related to ATP synthesis coupled electron transport and oxidative 

phosphorylation (Figure 4B and Supplementary figure S4C), all of which are consistent 

with previous reported functions of WWOX in mouse models (Abu-Remaileh and Aqeilan, 

2014, 2015; Abu-Remaileh et al., 2018). In addition, downregulation of genes related to 
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negative regulation of cell cycle were seen, consistent with the previously reported 

diminished checkpoint inhibition (M. Abu-Odeh, Salah, et al., 2014; Abu-odeh, Hereema 

and Aqeilan, 2016). On the other hand, marked enrichment was seen in pathways related 

to regionalization, neuron fate commitment and specification, axis specification (Ventral-

Dorsal & Anterior-Posterior) and glycolysis and gluconeogenesis, some of which are also 

supported by past studies (Wang et al., 2012; Abu-Remaileh and Aqeilan, 2014). As could 

be anticipated, upregulated genes were related to the development pathways such as 

Wnt pathway (e.g. WNT1, WNT2B, WNT3, WNT3A, WNT5A, WNT8B, LEF1, AXIN2, 

GBX2, ROR2, LRP4, NKD1, IRX3, CDH1) and the Shh pathway (e.g SHH, GLI1, LRP2, 

PTCH1, HHIP, PAX1, PAX2).  

Since WWOX has been previously implicated in the Wnt signaling pathway (Bouteille et 

al., 2009; Wang et al., 2012; Abu-Odeh, Bar-Mag, et al., 2014; Cheng et al., 2020; 

Khawaled et al., 2020), we set to further explore this in our COs models. First, we used 

our RNA-seq data to check the expression levels of different parts of the pathway - WNT 

family members (such as WNT1, WNT3, WNT5A, WNT8B), canonical targets (such as 

Axin2, TCF7L2, LEF1, TCF7L1) , brain-specific targets (IRX3, ITGA9, GATA2, FRAS1, 

SP5) and receptors (ROR2, FZD2, FZD10, FZD1) (Figure 4C). We next validated some 

of these genes using qPCR (Figure 4D). Additionally, to prove Wnt activation, we 

demonstrated β-catenin translocation into the nucleus - a hallmark of the canonical Wnt-

pathway. To this end, week 16 COs were sub-fractionated into cytoplasmic and nuclear 

fractions and immunoblotted (Figures 4E and 4F). We found a 1.2-1.5-fold increase in the 

normalized intensity of β-catenin in the nucleus of WWOX-KO COs, supporting the notion 

of Wnt-pathway activation after loss of WWOX. This was also supported by chronic 
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activation of Wnt genes and targets in KO COs contrast to what is observed in WT COs 

(Supplementary figure S4E). Furthermore, examination of RNA expression levels of Wnt-

related genes in W-AAV COs revealed downregulation of some genes, including WNT3, 

WNT3A, WNT8B, WNT1, ROR2 (Supplementary figure S4H). 

Recent evidence has demonstrated that activation of Wnt in forebrain organoids during 

development causes a disruption of neuronal specification and cortical layers formation 

(Qian et al., 2020). To address whether this occurs in WWOX-KO COs, we examined the 

expression levels of cortical layers markers (Qian et al., 2016) in our RNA-seq data 

(Figure 4G). Interestingly, changes were observed in all six-layers, with layers I-IV 

(marked by TBR1, BCL11B, SATB2, POU3F2) showing decreased expression, while 

superficial layers V-VI (marked by CUX1 and RELN) exhibiting marked increase. This 

pattern was also confirmed by qPCR (Figure 4H). Intriguingly, when we examined protein 

levels using immunofluorescent staining, we observed also impaired expression patterns 

and layering, with CTIP2+ (BCL11B) and SATB2+ neurons intermixing in WWOX-KO COs 

(Figure 4I). This defect was progressive, worsening at week 24 (Supplementary figures 

4E). Surprisingly, when examining the effect of ectopic WWOX expression, a less clear 

phenotype was observed; although CTIP2+ cells and SATB2+ cells numbers recovered 

and layering improved in W-AAV COs compared to WWOX-KO COs (Supplementary 

figure S4H), RNA levels did not (Supplementary figure S4J). In contrast, expression of 

the superficial layers markers CUX1 and RELN (REELIN), that was upregulated in 

WWOX-KO, decreased in W-AAV, together with the upper layer marker POU3F2 (BRN2). 

Overall, RNA-seq reveled impaired spatial patterning, axis formation and cortical layering 

in WWOX-KO COs, which is correlated with disruption of cellular pathways and activation 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


 14 

of Wnt signaling. The reintroduction of WWOX prevents these changes to some extent, 

further supporting its possible implication in gene therapy.    

 

WWOX-Related Epileptic Encephalopathy (EIEE28) forebrain organoids presented 

similar phenotypes to WWOX-depleted COs.  

Although disease modeling using CRISPR-edited cell is a widely used tool, critiques 

argue against it for not modeling the full genetic background of the human patients. 

Therefore, we reprogramed peripheral blood mononuclear cells (PBMCs) donated from 

two families with WWOX-related diseases, differing in its severity: The first family, carries 

a c.517-2A>G splice site mutation (Weisz-Hubshman et al., 2019), resulting in the 

WOREE syndrome (EIEE28) phenotype in the homozygous patient (referred as WSM 

family) (Supplementary figures S5A and S5B). The second family carries a c.1114G>C 

(G372R) mutation (Mallaret et al., 2014) that results in the SCAR12 phenotype in the 

homozygous patients (referred as WPM family) (Supplementary figures S6A and S6B). 

All the iPSCs lines showed normal morphology for primed hPSCs, self-renewal 

capabilities (data not shown) and were evaluated for expression of pluripotent markers 

(Supplementary figures S5C, S5D, S6C and S6D). Since a major part of the phenotype 

was observed in the cortical part of the COs, we decided to employ a cortex-specific 

protocol, and generate forebrain organoids (FOs) (Qian et al., 2016, 2018). 

First, we generated FOs from the healthy father and sick son of the WSM family (WSM 

F1 and WSM S5, respectively). FOs of both father and son exhibited similar morphology 

and growth throughout the protocol. Similar to what has been seen in the COs, staining 

of week 6 FOs showed WWOX expression localized to the VZ of WSM F1, though the 
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expression was remarkably low and hard to visualize (Figure 5A) (Supplementary figure 

S6A). Although TUJ1+ positive cells and SOX2+ positive cells were comparable in 

numbers, WSM S5 showed no detectable levels of WWOX. 

Next, to evaluate whether WSM S5 FOs showed hyper-excitability, we performed LFP 

recordings of FO slices at week 12. Sample traces show an increase in amplitude of the 

WSM S5 slices compared to WSM F1 (Figure 5B). The power spectral density of traces 

further demonstrates this increase in amplitude in all frequencies above 0.5 Hz (Figure 

6C). 

Consistent with our findings in WWOX-KO COs, week 20 FOs showed elevated levels of 

GAD67 in WSM S5 compared to the healthy WSM F1 and similar expression of VGLUT1 

(Figure 5D). Evaluation of expression levels of cortical layers’ markers showed a clear 

disruption in week 20 WSM S5 FOs compared to WSM F1 FOs, with diminished 

expression of deep-layer markers (TBR1 and BCL11B) and increased superficial-layers 

markers (SATB2, POU3F2 and CUX1). We further studied this phenotype by assessing 

expression levels of Wnt-related genes and found an increase in several Wnt-family 

members (WNT1, WNT2B, WNT5A, WNT8B) and Wnt-target genes (Axin2, TCF7, TCF3) 

(Supplementary figure S5E), suggesting Wnt-pathway activation.  

Furthermore, similarly to COs, increased astrocytic marker levels were seen in week 20 

WSM S5 FOs, both by immunostaining and qPCR (Figures 5F and 5G). Additionally, we 

observed elevated numbers of γH2AX and 53BP1 foci in the VZs of WSM S5 FOs 

compared to the healthy control (Figures 5H, quantified in Supplementary figure S6F), 

with a mean of 1.46 γH2AX foci/nuclei [95% CI=0.72-2.2] and 0.81 53BP1 foci/nuclei 

[95% CI=0.37-1.26] in WSM S5, compared to 0.63 γH2AX foci/nuclei [95% CI=0.45-0.8] 
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and 0.3 53BP1 foci/nuclei [95% CI=0.17-0.43] in WSM F1. Together, our findings imply 

that WWOX-KOs successfully modeled the disturbances in development seen in FOs 

from WOREE patient further strengthening the model’s ability to recapitulate the patient’s 

disease.  

Our next step was to study whether the WPM family, whose patients have a milder 

phenotype, present with similar phenotypes to WWOX-KO COs and WSM FOs. We 

generated FOs from the healthy heterozygous father and mother (WPM F2 and WPM 

M3) and their affected homozygous daughter and son (WPM D1 and WPM S1). As 

expected, FOs were indistinguishable in term of morphology, growth and expression of 

TUJ1 and SOX2 (Supplementary figure S6E), but while in the VZ of WPM F2 and WPM 

M3 WWOX was strongly detected, barely any signal was observed in WPM D1 and S1, 

consistent with WWOX levels in the iPSCs (Supplementary figure S6A). Surprisingly, 

transcript expression levels of neuronal markers did not show any clear difference in the 

ratio between glutamatergic and GABAergic neurons (Supplementary Figure S6F). 

Although some differences were seen between FOs from lines with similar genotypes, 

the comparable levels of cortical layers’ marker expression between the healthy iPSCs 

lines (WPM F2 and WPM M3) and the disease bearing lines (WPM D1 and WPM S1) 

supported the notion of normal neuronal and cortical development (Supplementary figure 

S6G). Conversely, RNA levels of Wnt-genes did show a pattern suggestive of the Wnt-

pathway activation (Supplementary figure S6H), which raises a question regarding its role 

in the pathogenesis of the milder disease. Immunostaining for astrocytic levels did not 

reveal any significant difference as well (Supplementary figure S6I), which was supported 

by RNA levels measurement (Supplementary figure S6J). Lastly, upon analyzing the DDR 
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signaling in the FOs’ VZ, we did not observe significant differences in accumulation of 

DNA damage foci between healthy and sick SCAR12 individuals (Supplementary figure 

S6K).  

Discussion 

EIEEs are a group of severe neurologic syndromes whose underlying molecular 

pathology is unknown. Together with the lack of accessibility of human samples, it not 

surprising that the current medical treatment is lacking. Our study set out to utilize the 

major technological advances in developmental biology, together with the role of WWOX 

in the severe WOREE syndrome, to model human refractory EIEEs in a tissue-relevant 

context. By utilizing genetic and epigenetic editing tools along with electrophysiology, we 

observed hyper-excitability in both WWOX CRISPR-edited COs and patient-derived FOs, 

therefore successfully demonstrating epileptiform activity. Organoid slices were 

particularly active in the lower frequency ranges – an attribute generally characteristic of 

seizure-like activity (Haddad et al., 2014). We then further examined the cellular and 

molecular changes highlighting possible mechanisms for the disease pathophysiology. 

First, although the neuronal population was largely intact in terms of quantity, we noticed 

a marked increase in GABAergic markers. This finding is even more surprising when 

considering the decrease in GABA-receptor components seen by RNA-seq. This can 

indicate a disruption in development of normal and balanced neuronal networks, 

supporting the increased electrical activity observed in these organoids. It should be 

noted that several lines of evidence implicate that during development, GABAergic 

synapses have a depolarizing effect (Obata, Oide and Tanaka, 1978; Ben-Ari et al., 2007; 

Murata and Colonnese, 2020). Seizure dynamics in developmental epilepsies are known 
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to be dependent on depolarizing GABA responses, particularly due to an accumulation of 

intracellular chloride resulting in a depolarized chloride reversal potential, thereby causing 

increased excitability, instead of hyperpolarization upon activation of GABAA receptors 

(Khalilov et al., 2005; Ben-Ari et al., 2007). The evidence of increased mean spectral 

power in WWOX-depleted COs and WSM FOs, and its recovery in the presence of 

lentivirus containing WWOX, further strengthens the idea that depolarizing GABA plays 

a key role in seizure susceptibility. These findings shed a new light on the lack of efficacy 

of common anticonvulsant therapies on immature neurons (Khalilov et al., 2005; Murata 

and Colonnese, 2020) – making WWOX-depleted COs a useful model to test and study 

novel therapies targeting excitatory GABAergic responses.  

Secondly, we closely examined other populations seen in brain organoids, and found an 

increase in astrocytic markers, while the RGs population, which express high levels of 

WWOX, seemed to maintain normal proportions. This pattern was detected early on and 

appeared to stem from the RGs of the VZ themselves, and not from the APCs. A possible 

explanation is the impaired DDR signaling observed in WWOX-depleted organoids; 

Previous studies in both ESCs-derived and primary murine neural stem cells (NSCs) 

found that accumulation of DNA damage foci, either in the nuclear or mitochondrial DNA, 

causes NSCs to astrocytic differentiation (Wang et al., 2011; Schneider et al., 2013). In 

the CNS, physiological DNA breaks, can form by replicative stress (mainly in dividing 

progenitor cells), by oxidative and metabolic stress as a result of accumulation of reactive 

oxygen species (ROS) and even by neuronal activity (as part of developmental processes 

and learning) (Suberbielle et al., 2013; Madabhushi, Pan and Tsai, 2014; Madabhushi et 

al., 2015). Impaired repair of these breaks is linked with CNS pathology and 
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neurodegeneration (Suberbielle et al., 2013; Madabhushi, Pan and Tsai, 2014; Shanbhag 

et al., 2019). Our findings suggest a homeostatic role for WWOX in the RGs of the VZ, in 

which WWOX maintains proper DDR signaling in physiological conditions and prevents 

accumulation of DNA damage associated with impaired differentiation.  

Although the ability of brain organoids to develop functional synapses and complex neural 

network dynamics is rapidly being established through intensive research (Trujillo et al., 

2019; Sidhaye and Knoblich, 2020), the capability to model epileptiform activity is only 

recently being studied (Samarasinghe et al., 2019; Sun et al., 2019). Sun et al., (2019) 

utilized brain organoids to model Angelman syndrome using UBE3A-KO hESCs, 

recapitulating hyperactive neuronal firing, aberrant network synchronization and the 

underlying channelopathy which was observed in 2D and mouse models. Samarasinghe 

et al. (2019) took advantage of the organoid fusion method and generated organoids 

enriched with inhibitory interneurons from a Rett syndrome patient’s iPSCs. In the 

disease-bearing organoids, they observed susceptibility for hyperexcitability, reductions 

in the microcircuit clusters, recurring epileptiform spikes and altered frequency 

oscillations, which was traced back to dysfunctional inhibitory neurons. Furthermore, the 

model was used to test treatment options by treating the mutated organoids with Valproic 

acid (VPA) or with the TP53 inhibitor, Pifithrin-α (PFT), showing improved neuronal 

activity compared to the treatment with vehicle, with better results using PFT rather than 

VPA. Although pioneering, these studies focused on the electrophysiological changes 

seen in the disease-modeling organoids. Considering the lack of gross neurohistological 

changes in epileptic patients to direct the mechanistic research (Blumcke et al., 2017), 

our study sought to strengthen the utilization of brain organoids for the molecular study 
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of epilepsy. This end was highlighted by bulk RNA-seq analysis, showing defective 

regional identity acquisition, cortical layer disruption and Wnt signaling activation. The 

latter is of particular interest in light of the purposed role for Wnt signaling pathway as a 

regulator of seizure-induced brain consequences, and therefore a possible target for 

treatment (Yang et al., 2016; Qu et al., 2017; Hodges and Lugo, 2018).   

In agreement with our findings, a recent study that examined the brain histology of a fetus 

suffering from the WOREE syndrome, reported anomalous migration of the external 

granular layer within the molecular layer of the cortex, a phenotype that was validated 

also in a rat model with spontaneous WWOX mutations (Iacomino et al., 2020). A recent 

study of Wwox-null mice demonstrated that activation of the Wnt/β-catenin signaling 

through use of GSK3β inhibitors suppressed PTZ-induced epileptic seizures, highlighting 

it’s possible role in its pathogenesis (Cheng et al., 2020). Other known binding partners 

are the Disheveled proteins Dvl1/2, with the latter being inhibited by WWOX, therefore 

attenuating the Wnt-pathway (Bouteille et al., 2009; Abu-Odeh, Bar-Mag, et al., 2014). 

Our study further highlights a possible cross talk between Wnt-activation and DNA 

damage, a phenomenon that was previously described (Elyada et al., 2011). This is very 

much in-line with the previously described pleiotropic functions of WWOX (Abu-Remaileh 

et al., 2015) and with the reduced negative regulation of cell cycle and MDM2 levels seen 

in our RNA-seq. We found accumulation of DNA breaks in Ki67+ cells in the VZ of KO 

COs, which might be explained by Wnt activation, promoting proliferation and likely 

replicative stress.      

In addition to disease modeling in brain organoids, we attempted to rescue the 

phenotypes seen by re-introducing WWOX to the hESCs genome. This resulted in 
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supraphysiological expression of WWOX in all cell populations seen in COs and a partial 

rescue. These results provide a proof-of-concept for successful reintroduction of WWOX 

as a mean of therapeutic intervention. Yet, our findings suggest the importance of 

optimizing population-targeted delivery and fine tuning of expression levels for successful 

genetic therapy approaches in WOREE patients.  

Lastly, we generated FOs from patients suffering from the relatively milder phenotype - 

SCAR12. Our results indicate that SCAR12 FOs do not suffer from the same 

developmental abnormalities as the WOREE patient. SCAR12 FOs exhibited very mild, 

if any, differences in the forebrain neuronal population development, astrocytes 

development and DDR signaling. This strengthens the system’s ability to model the 

differences seen between the syndromes, and points out the need of closer examination 

of the rare SCAR12 syndrome and the pleiotropic functions of WWOX (Abu-Remaileh et 

al., 2015). It is noteworthy that although there is a marked difference in WWOX-

expression in the healthy heterozygote parents from different families, there is a very 

minor difference in levels observed in the affected homozygote patients (Figure 6A and 

supplementary figures S5A, S6A and S6E). These results raise the question whether the 

disease severity is correlated with the functional levels of WWOX rather than its the total 

expression levels.  

Overall, our data demonstrate the ability of brain organoids to model childhood epileptic 

encephalopathies, while elucidating the pathological changes seen in patients with 

germline mutations of WWOX and possible approaches for treatment development.  

Limitations of Study 
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As samples from EIEE-patients in general, and WWOX-related disorders in particular, are 

limited, we generated patient-derived organoids from only two families, one of each 

syndrome. This makes generalizing our results more difficult, a problem we partially 

addressed by gene-manipulation in hESCs. Another limitation stems from the well-

described heterogeneity of brain organoids which we dealt with by analyzing several 

repeats and confirmed in patient-derived models. 
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Figures’ Titles and Legends 

Figure 1. Generation and characterization of WWOX Knock-out Cerebral 

Organoids.  

A) Week 10 cerebral organoids (COs) stained for the progenitor marker Sox2, 

neuronal marker Tuj1 and WWOX.  

B) Week 24 COs stained for SOX2, TUJ11 and WWOX. Arrowhead denotes a SOX2+ 

cell that express WWOX, arrow denotes Sox2- cell that expresses WWOX.  

C) Week 10 COs stained for the mature neural marker NeuN, intermediate neurons 

marker TBR2 (EOMES) and progenitor marker SOX2 (WT: n=4, KO: n=3). 

D) Schematic representation of the different population forming the VZ and the 

adjacent surrounding.  

E) Immunofluorescent (IF) staining for the glutamatergic neurons marker VGLUT1 

and GABAergic neurons marker GAD67 (GAD1) (WT: n=4, KO: n=3). 

F) qPCR analysis for the assessment of expression levels of different neural markers 

in 15 weeks COs: SOX2 and PAX6 (progenitor cells), SLC17A6 and SLC17A 

(VGLUT2 and VGLUT1; glutamatergic neurons) and GAD1 and GAD2 (GAD67 

and GAD65; GABAergic neurons). Y-axis indicated relative expression fold 

change. Data are represented as mean ± SEM. 
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Figure 2. WWOX-KO Cerebral Organoids Demonstrated hyper-excitability and 

epileptiform activity.  

 Sample recordings from 7-week old hESC-derived Cerebral Organoids (COs).  

(A) Traces suggest that WWOX-KO COs show increased activity compared to 

baseline in both groups.  

(B) Mean spectral power of wildtype (WT) and 2 knockout lines at week 7 in baseline 

conditions. 

(C) Normalized area under the curve of the mean spectral power in (A) for the 0.25-1 

Hz frequency range. Data represented by mean ± SEM. The two-tailed unpaired 

Student’s t-test was used to test statistical significance. The numerals in all bars 

indicate the number of analyzed slices and organoids (i.e. slices (organoids)). 

(D) CFC analysis shows increased coupling in the δ: HFO frequency pairs.  

(E) Sample spectrogram of WWOX KO slice shows a gradual increase in activity upon 

addition of 4AP (marked by red arrow) for up to 2 min, and a decrease after 25 

min. All traces were filtered with a 60 Hz notch filter and 0.5 Hz high-pass filter. 

F,G WWOX’s coding sequence was re-introduced into week 6 WWOX-KO COs using 

lentiviral transduction (lenti-WWOX). 

(F) Immunofluorescent staining showing WWOX expression in different populations in 

WWOX-KO organoids following infection with lentivirus.   

(G) Normalized area under the curve of the mean spectral power of WT line, 2 KO 

lines and 2 KO lines infected with lenti-WWOX at week 7 in baseline condition, for 

the 0.25-1 Hz frequency range. Data represented by mean ± SEM. The numerals 
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in all bars indicate the number of analyzed slices and organoids (i.e. slices 

(organoids)).  

Figure 3. WWOX-KO Cerebral Organoids Showed Impaired Astrogenesis and 

DNA-damage Response. 

A) Week 15 and week 24 COs stained for the astrocytic and radial glia marker GFAP, 

and the astrocyte-specific marker S100β (WT W15: n=3, KO 15: n=4. WT W24: 

n=4, KO W24: n=2).  

B) qPCR analysis of astrocytic markers in COs at week 15 (top) and week 24 

(bottom). Y-axis indicated relative expression fold change. Data are represented 

as mean ± SEM. (WT W15: n=4, KO 15: n=4. WT W24: n=4 from 2 individual 

batches, KO W24: n=3.). 

C) IF staining of week 6 COs for astrocytic markers in the surrounding of VZs (WT: 

n=6 organoids from 2 individual batches, KO: n=6 organoids from 2 individual 

batches).  

D) Staining for the DNA damage marker γH2AX in week 6 in the nuclei of cells in the 

VZ at physiological conditions (WT: n=8 organoids from 3 individual batches, KO: 

n=12 organoids from 3 individual batches).  

E) Quantification of γH2AX foci in the nuclei of cells composing the innermost layer 

of the VZ, normalized to the total number of nuclei in this layer. Data are 

represented as mean ± SEM (WT: n=8 organoids from 3 individual batches, KO: 

n=12 organoids from 3 individual batches).  
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Figure 4. Cerebral Organoids RNA-sequencing Revealed Major Differentiation 

Defects.  

RNA sequencing (RNA-seq) of week 15 COs and transcriptome analysis (WT: n=2, KO: 

n=4).  

A) Heatmap of 100 upregulated genes (left panel) and 100 downregulated genes 

(right panel) selected by highest fold change.  

B) Gene-set enrichment analysis (GSEA) revealed enrichment of genes related to 

regionalization of the organoids, and decreased expression of genes related to 

negative regulation of the cell cycle.  

C) Heatmap of Wnt-pathway related genes in 15-weeks COs. 

D) qPCR analysis for selected Wnt genes validating the results of the RNA-seq. Y-

axis indicated relative expression fold change. Data are represented as mean ± 

SEM (WT W15: n=4, KO 15: n=4.) 

E) Week 16 COs were sub-fractionated into a cytoplasmic (C) and nuclear (N) 

fractions. The experiment was run twice with a total of 2 WT organoids and 4 KOs 

organoids (2 for each KO line). KAP-1 marks the nucleus and HSP90 marks the 

cytoplasm.  

F) Quantification of the band intensities seen in (E). 

G) Heatmap showing the expression levels of markers of the six different layers of the 

human cortex in week 15 organoids from deepest to the most superficial: TBR1, 

BCL11B (CTIP2), SATB2, POU3F2 (BRN2), CUX1, RELN.  
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H) qPCR for markers of the six different layers of the human cortex in week 15 

organoids (WT: n=4, KO: n=4). Data are represented as mean ± SEM. 

I) IF staining in week 15 COs validating the decreased levels of the deep-layer 

cortical marker CTIP2 (BCL11B) and superficial-layer marker SATB2 (WT W15: 

n=3, KO 15: n=4).  

Figure 5. WWOX-Related Epileptic Encephalopathy Forebrain Organoids 

Presented Similar Phenotype to WWOX-KO COs.  

Peripheral blood mononuclear cells (PBMCs) were isolated from a WOREE patient and 

from his healthy parents and were reprogrammed into iPSCs, and subsequently were 

differentiated into forebrain organoids.  

A) Week 6 FOs of the healthy, heterozygote father (WSM F1) and his sick 

homozygote son (WSM S5) stained for WWOX expression. Similarly to WT COs, 

WWOX is expressed by the SOX2+ cells of the VZ in WSM F1 FOs, although 

barely visualized, with no detectable expression of WWOX in FOs from WSM S5. 

B) Sample recordings of week-12 FOs. 

C) Resulting spectral power graph from 12-week old FOs sample recordings. 

D) Immunofluorescent staining for VGLUT1 and GAD67 (GAD1) (WSM F1: n=4, 

WSM S5: n=2). 

E) qPCR for the measurement of expression levels of cortical markers in 20 weeks 

FOs (WSM F1: n=4, WSM S5: n=3). Data are represented as mean ± SEM. 
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F) Week 20 FOs stained for the astrocytic markers GFAP and S100β in week 20 

WSM S5 FOs compared to the age matched WSM F1 FOs (WSM F1: n=4, KO: 

n=2).  

G) qPCR quantifying the transcript levels of astrocytic markers in week 20 FOs (WSM 

F1: n=4, WSM S5: n=3). Data are represented as mean ± SEM. 

H) Week 6 FOs stained for the DNA damage markers γH2AX and 53BP1 under 

physiological conditions (WSM F1: n=2, WSM S5: n=2). For quantification, see 

supplementary figure S5F. 
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Materials and Methods 

Cell culture and plasmids 

WiBR3 hES cell line and the generated iPS cell lines were maintained in 5% CO2 

conditions on irradiated DR4 mouse embryonic fibroblasts (MEF) feeder layers in 

FGF/KOSR conditions: DMEM-F12 (Gibco; 21331-020 or Biological Industries; 01-170-

1A) supplemented with 15% Knockout Serum Replacement (KOSR, Gibco; 10828-028), 

1% GlutaMax (Gibco; 35050-038), 1% MEM non-essential amino acids (NEAA, Biological 

Industries; 01-340-1B), 1% Sodium-pyruvate (Biological Industries; 03-042-1B), 1% 

Penicillin-Streptomycin (Biological Industries; 03-031-113), and 8ng/mL bFGF 

(Peprotech; 100-18B). Medium was changed daily and cultures were passaged every 5–

7 days either manually or by trypsinization with Trypsin type C (Biological Industries; 03-

053-1B), and Rho-associated kinase inhibitor (ROCKi, also known as Y27632) (Cayman; 

10005583) was added for the first 24-48h at a 10µM concentration.  

For transfection of hESCs, cells were cultured in 10µM ROCKi 24h before electroporation. 

Cells were detached using Trypsin C solution and resuspended in PBS (with Ca2+ and 

Mg2+) mixed with a total of 100μg DNA constructs, and electroporated in Gene Pulser 

Xcell System (Bio-Rad; 250 V, 500μF, 0.4cm cuvettes). Cells were subsequently plated 

on MEF feeder layers in FGF/KOSR medium supplemented with ROCKi. For WWOX-KO, 

px330 plasmid containing the sgRNA targeting exon 1 was co-electroporated in 1:5 ratio 

with pNTK-GFP, and 48hr-later, GFP-positive cells were sorted and subsequently plated 

sparsely (2,000 cells per 10cm plate) on MEF feeder plates for colonies isolation, ~10 

days later. For WWOX-reintroduction, pAAVS-2aNeo-UBp-IRES-GFP plasmid cloned to 

carry the WWOX coding sequence was co-electroporated with px330 targeting the AAVS 
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locus (Guernet et al., 2016), sorted for GFP and selected with 0.5µg/ml Puromycin for 

colonies isolation. Gene-editing was validated via Western Blot. sgRNA sequences are 

noted in supplementary table 3. 

For RNA or protein isolation, hPSCs were passaged onto Matrigel-coated plates 

(Corning; 356231) as indicated above and were cultured in NutriStem hPSC XF medium 

(Biological Industries; 05-100-1A).  

 

Cerebral organoid generation, culture, and lentiviral infection  

Cerebral organoids were generated from hESCs as previously described(Lancaster et al., 

2013, 2018; Lancaster and Knoblich, 2014; Bagley et al., 2017), with the following 

changes:  

Human WiBR3 cells were maintained on mitotically inactivated MEFs. 4-7 days before 

protocol initiation, cells were passaged onto 60mm plates coated with either MEFs or 

Matrigel (Corning; FAL356231) and grown until 70-80% confluency was reached. On day 

0, hESCs colonies were detached from MEFs with 0.7mg/ml collagenase D solution 

(Sigma; 11088858001) and dissociated to single cell suspension using a quick two 

minutes treatment with Trypsin type C. For cells cultured on Matrigel, collagenase D 

treatment was skipped, and cells were immediately dissociated with trypsin type C, with 

no other variations in protocols from this point forward. Although only empirically 

observed, no major differences were seen in final outcome, however MEF-cultured 

hESCs seemed to have better success rates of neural induction and therefore were 

preferentially used.  
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After dissociation, cells were counted and suspended in hESCs medium, composed of 

DMEM/F12 supplemented 20% KOSR, 3% USDA certified hESCs-quality FBS (Biological 

Industries), 1% GlutaMax, 1% NEAA, 100µM 2-mercaptoethanol (Sigma; M3148), 4ng/ml 

bFGF 6and 10µM Rocki, sterilized through 0.22μm filter, and 9,000 cells were seeded in 

each well of an ultra-low attachment 96 v-well plates (S-Bio Prime; MS-9096VZ) for 

embryoid bodies (EBs) formation. EBs were fed every other day for another 5 days, in 

which fresh bFGF and ROCKi were added in the first change. At day 6, the medium was 

replaced with Neural Induction (NI) medium(Bagley et al., 2017), composed of 

DMEM/F12, 1% N2 supplement (Gibco; 17502048), 1% GlutaMax, 1% MEM-NEAA, 

1µg/ml Heparin solution (Sigma; H3149) sterilized through 0.22μm filter. NI medium was 

changed every other day until establishment of neuroepithelium (usually on days 11-12), 

were quality control was performed as indicated(Lancaster and Knoblich, 2014; Bagley 

et al., 2017), and well-developed EBs were embedded in Matrigel droplets(Lancaster and 

Knoblich, 2014; Bagley et al., 2017). Droplets were transferred to 90mm sterile, non-

treated, culture dishes (Miniplast; 825-090-15-017) with Cerebral Differentiation Medium 

(CDM) composed of 1:1 mixture of DMEM/F12 and Neurobasal medium (Gibco; 

21103049 or Biological Industries; 06-1055-110-1A), 0.5% N2 supplement, 1% B27 

supplement without vitamin A (Gibco; 12587010), 1% GlutaMax, 1%  

penicillin/streptomycin, 0.5% NEAA, 50µM 2-mercaptoethanol, 2.5µg/ml human 

recombinant Insulin (Biological Industries; 41-975-100) and 3µM CHIR-99021 (Axon 

Medchem ; 1386) sterilized through 0.22μm filter. Medium was changed every other day. 

From day 16 onward, organoids were cultured on an orbital shaker at 37°C and 5% CO2 

in Cerebral Maturation Medium (CMM)(Lancaster et al., 2018) composed similarly to 
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CDM, with B27 supplement changed to B27 supplement containing vitamin A (Gibco; 

17504044), without CHIR-99021, and containing 400ul mM vitamin C (Sigma; A4403) and 

12.5mM HEPES buffer (Biological Industries; 03-025-1B). Medium was changed every 2-

4 days. From week 6, 1% Matrigel was added to the medium. To reduce chances of 

contamination, every 30 days the organoids were moved to fresh sterile plates.  For all 

analysis, organoids from the same batch were used, unless stated otherwise.  

Lentiviral transduction of WWOX was carried as previously published(Deverman et al., 

2016; Khawaled et al., 2019). Briefly, Viruses carrying WWOX were generated from 

pDEST12.2TM destination vector (Gateway Cloning Technology). After 

ultracentrifugation, titer was determined empirically by infecting 293T cells. At day 35 of 

culture, individual COs were transferred to an Eppendorf tube containing CMM medium 

with 1:100 of virus containing medium and 5µg/ml Polybrene (Merck; TR-1003-6) and 

incubated over-night. The day after, organoids were put back on shaking culture with 

fresh medium. 

 

Reprogramming of somatic cells  

Blood samples from WOREE and SCAR12 families were donated under the approval of 

the Kaplan Medical Center Helsinki committee for research purposes only. Derivation of 

iPSCs directly from PBMCs was conducted by infection with the Yamanaka factors and 

Sendai virus Cyto-Tune-iPS2.0 Kit according to manufacturer’s instructions. 

Briefly, blood samples. PBMCs were isolated by ficoll gradient and were cultured with 

StemPro-34™ medium (Gibco; 10639-011) supplemented with StemPro-34 Nutrient 

Supplement (Gibco; 10639-011), 100ng/ml human SCF (Peprotech; 300-07), 100ng/ml 
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human FLT-3 ligand (R&D Systems; 308-FKE), 20ng/ml human IL-3 (Peprotech; 200-03) 

and 10ng/ml Human IL-6 (Peprotech; 200-06). After 24hr, half of the medium was 

replaced. After additional 24hr, day 0 of the protocol, cells were transferred for 6-well 

plates, reprogramming virus mixture was added, and the plate was centrifuged at 1000xg 

for 30 minutes at room temperature. Cells were re-suspended and placed back in the 

incubator overnight. The next day, to get rid of the remaining virus, the cells were 

centrifuged washed and re-suspended in fully supplemented StemPro-34 medium, with 

extra medium addition on day 2. On day 3, cells were transferred to 10cm MEF-coated 

plates, with half the medium replaced with complete StemPro-34 without cytokines and 

half medium changes every other day. By day 7 cells in different phases of 

reprogramming were seen, and the medium was gradually changed into mTeSR 

supplemented with 10µM ROCKi to prevent reprogramming-related apoptosis. On day 

16, colonies with normal morphology and growth rate were picked, expanded, validated 

for expression of pluripotency markers, and sequenced for WWOX-mutations.  

 

Forebrain organoid generation and culture 

Forebrain organoids were generated from iPSCs as previously described(Qian et al., 

2016, 2018), with the changes noted below:  

iPSCs cells were maintained on mitotically inactivated MEFs. 4-7 days before protocol 

initiation, cells were passaged onto MEF-coated 6-well mm plates and were cultured up 

to 70-80% confluency. On day 0, iPSCs colonies were detached, dissociated, and 

counted same as for COs, and resuspended in hPSCs medium containing DMEM/F12, 

20% KOSR, 1% GlutaMax, 1% MEM-NEAA, 1% penicillin/streptomycin and 100µM 2-
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mercaptoethanol, and 9,000 cells were seeded in 96 v-well plate. On day 1, medium was 

changed to Neuroectoderm Medium (NEM) which is hPSCs medium freshly 

supplemented with 2µM A83 (Axon Medchem; 1421) and 100nM LDN-193189 (Axon 

Medchem; 1527), which was changed every other day. On days 5 and 6, half of the 

medium was aspirated and replaced by Neural Induction Medium (NIM) composed of 

DMEM/F12, 1% N2 supplement, 1% GultaMax, 1% Penicillin/Streptomycin, 1% NEAA, 

10µg/ml Heparin, 1µM CHIR-99021 (Axon Medchem ; 1386) and 1µM SB-431542 

(Sigma; S4317). On day 7, quality control and Matrigel embedding was performed as 

indicated(Qian et al., 2018), and EBs were continued to be cultured in NIM with medium 

changes every other day. At day 14 Matrigel removal was preformed(Qian et al., 2018), 

medium was changed to Forebrain Differentiation Medium (FDM) composed of 

DMEM/F12, 1% N2 Supplement, 1% B27 with vitamin A, 1% NEAA, 1% GlutaMax, 1% 

Penicillin/Streptomycin, 50µM 2-mercaptoethanol and 2.5µg/ml Insulin, and transferred 

to an orbital shaker at 37°C and 5% CO2. Medium was changed every 2-3 days. On day 

71, medium was changed to Forebrain Maturation Medium (FMM), containing Neurobasal 

medium, 1% B27 supplement with vitamin A, 1% GlutaMax, 1% Penicillin/Streptomycin, 

50µM 2-mercaptoethanol, 200µM Vitamin C, 20 ng/ml human recombinant BDNF 

(Peprotech; 450-02), 20ng/ml human recombinant GDNF (Peprotech; 450-10), 1µM 

Dibutyryl cAMP (Sigma; D0627), 1ng/mL TGF-β1 (Peprotech; 100-21C). Medium was 

changed every 2-3 days.  

Immunofluorescence 

Organoids fixation and immunostaining were performed as previously described(Mansour 

et al., 2018). Briefly, organoids were washed three times in PBS, then transferred for 
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fixation in 4% ice-cold paraformaldehyde for 45 min, washed three times in cold PBS, and 

cryoprotected by over-night equilibration in 30% sucrose solution. The next day, 

organoids were embedded in OCT, snap frozen on dry ice and sectioned at 10μm by 

Leica CM1950 cryostats.   

For immunofluorescent staining, sections were warmed to room temperature and washed 

in PBS for rehydration, permeabilized in 0.1% Triton X in PBS (PBT), and then blocked 

for 1hr in blocking buffer containing 5% normal goat serum (NGS), 0.5% BSA in PBT. The 

sections were then incubated at 4°C overnight with primary antibodies diluted in blocking 

solution. The day after, sections were then washed in 3 times while shaking in PBS 

containing 0.05% Tween-20 (PBST) and incubated with secondary antibodies and 

Hoechst33258 solution diluted in blocking buffer for 1.5hr. Slides were washed four times 

in PBST while shaking, and coverslips were mounted using Immunofluorescence 

Mounting Medium (Dako; s3023). Sections were imaged with Olympus FLUOVIEW 

FV1000 confocal laser scanning microscope and processed using the associated 

Olympus FLUOVIEW software. γH2AX-positive nuclei were manually counted using NIH 

ImageJ and statistically analyzed as later described.  

List of primary and secondary antibodies used in this work, together with dilutions details 

can be found in Supplementary table 4. 

Electrophysiological Recordings 

 Organoids were embedded in 3% low temperature gelling agarose (at ~36oC) and 

incubated on ice for 5 minutes, after which they were sliced to 400µm using a Leica 1200S 

Vibratome in sucrose solution (in mM: 87 NaCl, 25 NaHCO3, 2.5 KCl, 25 Glucose, 0.5 
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CaCl2, 7 MgCl2, 1.25 NaHPO4, 75 Sucrose) at 4oC. Slices were incubated in artificial 

cerebrospinal fluid (ACSF, in mM: 125 NaCl, 25 NaHCO3, 2.5 KCl, 10 Glucose, 2.5 

CaCl2, 1.5 MgCl2; pH 7.38, 300mOsm) for 30 minutes at 37oC, followed by 1 hour at RT. 

During recordings, slices were incubated in the same ACSF at 37oC with perfused 

carbogen (95% O2, 5% CO2), in baseline condition. Local field potential (LFP) and whole-

cell patch clamp recordings were done using electrodes pulled from borosilicate capillary 

glass and positioned 150µm deep from the outer rim of each slice (see Supplementary 

figure S2A). LFP electrodes were filled with ACSF, while patch electrodes were filled with 

internal solution. Data was recorded using MultiClamp software at a sampling rate of 

25,000 Hz. Data was analyzed using MATLAB software. Traces were filtered using (1) 60 

notch filter (with 5 harmonics) to eliminate noise and (2) 0.1 Hz high-pass IIR filter to 

eliminate fluctuations from the recording setup. The detrend feature (using the hamming 

window) was then used to eliminate large variations in the signal and the normalized 

spectral power was calculated using Fast-Fourier Transform. The area under the curve 

of the power spectral density plots was calculated by taking the sum of binned frequencies 

over specific frequency ranges.  

Immunoblot analysis and Subcellular Fractionation  

For total protein, organoids homogenized in lysis buffer containing 50 mM Tris (pH 

7.5),150 mM NaCl, 10% glycerol, and 0.5% Nonidet P-40 (NP-40) that was supplemented 

with protease and phosphatase inhibitors. For separation of cytoplasmic fraction, 

organoids were grinded in a hypotonic lysis buffer [10 mmol/liter HEPES (pH 7.9), 10 

mmol/liter KCl, 0.1 mmol/liter EDTA] supplemented with 1 mmol/liter DTT and protease 

and phosphatase inhibitors. The cells were allowed to swell on ice for 15 min, and then 
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0.5% NP-40 was added, and cells were lysed by vortex. After centrifugation, the 

cytoplasmic fraction was collected. Afterwards, nuclear fraction was obtained by 

incubating remaining pellet in a hypertonic nuclear extraction buffer [20 mmol/liter HEPES 

(pH 7.9), 0.42 mol/liter KCl, 1 mmol/liter EDTA] supplemented with 1 mmol/liter DTT for 

15 min at 4°C while shaking. The samples were centrifuged, and liquid phase was 

collected.  

Western blotting was performed under standard conditions, with 40-50µg protein used 

for each sample. Blots were repeated and quantified 2–3 times per experiment in Bio-

Rad’s Image Lab software. Representative images of those repeated experiments are 

shown.  

RNA extraction, reverse transcription-PCR, and qPCR 

Total RNA was isolated using Bio-Tri reagent (Biolab; 9010233100) as described by the 

manufacturer for Phenol-Chloroform based method. 0.5-1µg of RNA was used to 

synthesize cDNA using a qScript cDNA Synthesis kit (QuantaBio; 95047). qRT-PCR was 

performed using Power SYBR Green PCR Master Mix (Applied Biosystems; AB4367659). 

All measurements were performed in triplicate and were standardized to the levels of 

either HPRT or UBC. All primer sequence used are noted in Supplementary table 5 

Library preparation and RNA-sequencing 

Library preparation and RNA-sequencing was performed by the Genomic Applications 

Laboratory in the Hebrew University’s Core Research Facility following standard 

procedures. Briefly, RNA quality was assessed by using RNA ScreenTape kit (Agilent 

Technologies; 5067-5576), D1000 ScreenTape kit (Agilent Technologies; 5067-5582), 
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Qubit(r) RNA HS Assay kit (Invitrogen; Q32852) and Qubit(r) DNA HS Assay kit 

(Invitrogen; 32854). 

For mRNA library preparation, 1ug of RNA per sample was processed using KAPA 

Stranded mRNA-Seq Kit with mRNA Capture Beads (Kapa Biosystems; KK8421). Library 

was eluted in 20µl of elution buffer, adjusted to 10mM, then 10µl (50%) from each sample 

was collected and pooled in one tube. Multiplex samples Pool (1.5pM including PhiX 

1.5%) was loaded in NextSeq 500/550 High Output v2 kit (75 cycles) cartridge (Illumina; 

FC-404-1005) and loaded on NextSeq 500 System machine (Illumina), with 75 cycles 

and single-read sequencing conditions. 

For library quality control, Fastq files were tested with FastQC (ver.0.11.8) and trimmed 

for residual adapters, low-quality bases (Q=20) and read length (20 bases). Trimming 

was performed with trim galore (ver.0.6.1). Read counts were high around 30M-50M per 

sample and decreased negligibly after filtering. Transcriptome mapping was performed 

with salmon (ver.1.2.1) in its mapping-based mode, turning on both validate mapping 

mode and gc-bias correction. Prior to alignment, a salmon index was created based on 

HS GRCh38 CDNA release 99 (Nov 2019) using kmer size of 25. Salmon mapping 

reports both raw transcripts count and TPM counts. Resulting mapping rates is high 

between 80%-90%. A total of 8 COs samples were sequenced (4 WT COs, 4 KO COs) – 

one WT sample failed our preliminary quality control (low read count and low 

transcriptome mapping rate). Another WT sample did not cluster with any of the other 

samples (neither WWOX-KO nor WT) was apparent in both PCA and Dendrogram 

analysis (Data not shown). These two samples were extracted from further analysis, 

giving a total of 6 samples used for further analysis. For differentially expressed genes 
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determination (KO vs WT), raw transcript counts were filtered for minimal overall count of 

10 on all six samples and imported with R package tximport (ver.1.16.1) for analysis with 

DEeq2 (ver.1.28.1). Counts were normalized by DESeq2 and differentially expressed 

genes were filtered, setting alpha to 0.01. Mean based fold change was calculated as well 

as a shrink-based fold change based on apeglm (ver.1.10.0). The resulting set of 15,370 

genes is illustrated in a “volcano scatter plot” showing fold change against p-values 

(Supplementary figure S4B).       

For heatmaps preparation shown in Figures 4A and 4C, the list of Differentially 

Expression Genes was separated to upregulated (WWOX-KO expression was higher 

than WT expression) and downregulated sub lists. Each sub-list was sorted by Fold 

Change values and top 100 genes were selected from each sub-list. For each of the 

selected genes, log2 normalized counts were scaled and presented in a heatmap form 

using heatmap.2 from R package gplots (ver.3.0.3).  

For the heatmap seen in figure 4G, Log2 normalized counts for each of the six cortical 

layer gene markers were scaled and presented in a heatmap form using heatmap.2 from 

R package gplots. For Enrichment plot (Figures 4B and supplementary figure S4D), Gene 

set enrichment analysis was performed with Broad Institute GSEA software (ver.4.0.3). 

Input included 15,348 genes ranked by log2 of Fold Change. GO sets is Broad Institute 

set c5.all.v7.0. Permissible sets are those with at least 15 genes and no more than 500 

genes. For Enrichment plot seen in supplementary figure S4C, Gene set enrichment 

analysis was performed with WebGestaltR (ver.0.4.3). Input includes 3000 Differentially 

Expressed genes with most significant adjusted p-values and ranked by log2 of fold 

change. Gene sets are GO Biological Processes. Permissible sets in this analysis are 
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those with at least 10 genes and no more than 500 genes.  PCA plot (Supplementary 

figure S4A) of first two components was calculated and plotted with base R functions. 

Calculation is based on log2 transformed and normalized counts adding pseudo count of 

1.) 

Statistics 

Results of the experiments were expressed as mean ± SEM. First, Wilks-Shapiro test 

was used to determine normality: For normally distributed samples, a two-tailed Student's 

t-test with Welch’s correction was used to compare the values of the test and control 

samples. For non-normally distributed samples, the non-parametric Mann-Whitney test 

was used. For comparisons between more than two samples, one-way ANOVA was used, 

correcting for the multiple comparisons with Tukey’s multiple comparisons test. For the 

kinetics experiments (Supplementary figure S4E), the analysis was corrected for multiple 

t-tests using the Holm-Šídák method, without assuming equal SD. P-value cutoff for 

statistically significant results were used as following: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 

****p ≤ 0.0001. Statistical analysis and visual data presentation were preformed using 

GraphPad Prism 8. 

Data and Code Availability 

The RNA-seq datasets generated during this study are available at GEO: GSE156243. 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


 42 

Supplemental Figures’ Titles and Legends  

Figure S1. Generation and characterization of WWOX Knock-out Cerebral 

Organoids.  

A) Western blot (WB) analysis of WiBR3 hESCs individual colonies after CRISPR-

editing targeted to exon 1 of the WWOX gene. Clone 1B (KO1) and clone A2 (KO2) 

were selected for the organoid generation. MCF-7 was used as a positive control 

highly expressing WWOX. 

B) Week 6 COs WB for WWOX-expression. 

C) Sanger sequencing of the WWOX KO clone 1B (WKO-1B). On one allele, an 

insertion of one nucleotide caused a frame shift, while in the other an insertion of 

4 nucleotide occurred. Both resulted in a downstream premature stop codon (data 

not shown).  

D-G: WWOX-KO WiBR3 hESCs were introduced with a plasmid containing 

WWOX coding sequence and targeting the safe harbor locus AAVS. This results 

in hESCs over-expressing WWOX (WWOX-OE) under UBP promotor from the 

AAVS locus (W-AAV). 

D) Western blot analysis of KO1-hESCs clones introduced with WWOX coding 

sequence. 

E) Generation and validation of WWOX-expression in the W-AAV COs at week 10 

(KO: n=3, W-AAV: n=4).  

F) qPCR assessment of expression levels of different neural markers in 15 weeks 

COs: Sox2 and Pax6 (progenitor cells), SLC17A6 and SLC17A (VGLUT2 and 
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VGLUT1; glutamatergic neurons) and GAD1 and GAD2 (GAD67 and GAD65; 

GABAergic neurons). Y-axis indicated relative expression fold change. Data are 

represented as mean ± SEM (KO: n=4, W-AAV: n=4).  

G) Staining for the glutamatergic neuron marker VGLUT1 and the GABAergic neuron 

marker GAD67 week 10 W-AAV COs and WWOX-KO COs (KO: n=3, W-AAV: 

n=4). 

Figure S2. WWOX-KO Cerebral Organoids Demonstrated hyper-excitability and 

epileptiform activity.  

Sample recordings from 7-week old hESC-derived Cerebral Organoids (COs).  

(A) Top panel: Schematic of organoid slice set up. A borosilicate glass electrode is 

used for local field potential recordings (LFP) and is positioned 150µm from the 

edge of the slice (indicated by white bar). A sample recording is shown (a) before 

and (b) after administration of 100µM 4-AP. Bottom panel: Flowchart of steps used 

for signal processing field recordings. (IIR = Infinite Impulse Response, FFT = Fast 

Fourier Transform, AUC = Area Under Curve).  

(B) Mean spectral power of WT and 2 KO lines at week 7 in baseline conditions.  

(C) Normalized area under the curve of the mean spectral power in (A) for the low 

gamma range (30-79.9 Hz). Data represented by mean ± SEM. The two-tailed 

unpaired Student’s t-test was used to test statistical significance. The numerals in 

all bars indicate the number of analyzed slices and organoids (i.e. slices 

(organoids)).  
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(D) Normalized area under the curve of the mean spectral power of WT and KO lines 

at week 7 in baseline and 100µM 4-AP conditions, for the 0.25-1 Hz frequency 

range. The two-tailed unpaired Student’s t-test was used to test statistical 

significance. The numerals in all bars indicate the number of analyzed slices and 

organoids. 

(E) Normalized area under the curve of the mean spectral power WT and 2 KO lines 

at week 7 and 15 in baseline conditions, for the 0.25-1 Hz frequency range. The 

two-tailed unpaired Student’s t-test was used to test statistical significance. The 

numerals in all bars indicate the number of analyzed slices and organoids (i.e. 

slices (organoids)).  

Figure S3. WWOX-KO Cerebral Organoids Showed Impaired Astrogenesis and 

DNA-damage Response. 

A) IF staining of the astrocytic markers GFAP and S100β in week 24 W-AAV COs 

compared to the age matched WWOX-KO COs (W-AAV: n=5, KO: n=2).  

B) qPCR quantifying astrocytic markers in week 24 COs (W-AAV: n=3, KO: n=3). 

Data are represented as mean ± SEM. 

C) IF staining of week 10 COs for the proliferation marker Ki67 localized with S100β 

(WT: n=4, KO: n=3). 

D)  Quantification of (A). Data are represented as mean ± SEM. 

E) Staining for the DNA damage marker p53-Binding protein 1 (53BP1) in week 6 

COs in the nuclei of cells in the VZ at physiological conditions (WT: n=8 organoids 

from 3 individual batches, KO: n=12 organoids from 3 individual batches).  
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F) Week 6 COs stained for the DNA damage markers γH2AX and 53BP1. 

Comparison of the foci demonstrated less sites of damage in the nuclei of cells in 

the VZ of W-AAV COs at physiological conditions (W-AAV: n=4, KO: n=3).  

G) Week 10 COs stained for the Ki67 and γH2AX (WT: n=4, KO: n=3). 

H) (H) Quantification of γH2AX+/Ki67+ double positive cells (DPCs) normalized to Sox2+ 

cells, corresponding to the size of the VZ, seen in (G). 

Figure S4. Cerebral Organoids RNA-sequencing Revealed Major Differentiation 

Defects  

A) Principal component analysis (PCA) plot using the top two principal components, 

showing the RNA-seq data form week 15 COs. PCA revealed two distinct clusters 

corresponding to the biological identity of the sample – WT or WWOX-KO. 

B) Volcano plot representing differentially expressed genes in the sequenced COs 

based on fold change (x-axis) and p-value (y-axis).  

C) Gene ontology (GO) enrichment analysis for the top 3,000 differentially expressed 

genes.  

D) Gene-set enrichment analysis (GSEA) further emphasized activation of processes 

related to axis specification and glycolysis and gluconeogenesis.  

E) qPCR analysis of the kinetics of Wnt-related genes at week 6, 10, 15 and 24 COs. 

(WT W6: n=3, KO W6: n=3, WT W10: n=3, KO W10: n=3, WT W15: n=4, KO W15: 

n=4, WT W24: n=4, KO W24: n=3) 
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F) qPCR quantifying the transcript levels of genes related to the Wnt signaling 

pathway in week 15 COs, showing downregulation of some genes. Data are 

represented as mean ± SEM. 

G) Immunofluorescent staining of cortical layers markers SATB2 and CTIP2 in week 

24 COs (WT: n=4, KO: n=2).  

H) qPCR measurement of the expression of human cortical layers markers (WT: n=4 

from 2 individual batches, KO: n=3). Data are represented as mean ± SEM. 

I) Week 12 WWOX-KO and W-AAV COs stained for the cortical layers’ markers 

SATB2 and CTIP2 (KO: n=3, W-AAV: n=3).  

J) qPCR quantifying the transcript levels of cortical layers markers. Data are 

represented as mean ± SEM. 

Figure S5. WWOX-Related Epileptic Encephalopathy Forebrain Organoids 

Presented Similar Phenotype to WWOX-KO COs.  

A) WB analysis of protein lysates from WT hESCs and iPSCs from a WOREE 

syndrome family [Mother (M), father (F) and son (S)] and an unrelated healthy 

donor (WT iPSC), showing the different levels of expression of WWOX, in 

correlation with the number of intact alleles in the genome. The numbers at the 

lower part of the number indicates quantification of the bands – WWOX is 

normalized to levels of HSP90 in the same line (W/H90), and fold change 

compared to the WT iPS line is indicated.  

B) Sanger sequencing of the c.517-2A>G mutation in the iPSCs shown in figure A.  
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C) Expression of pluripotency genes (OCT4, SSEA-4) visualized using 

immunofluorescent antibodies validating the success of the reprogramming 

process in the iPSCs. 

D) Expression of the pluripotency gene TRA-1-60, together with WWOX, in iPSCs 

from the WOREE syndrome Family. 

E) Expression level of Wnt pathway related genes at mRNA levels quantified using 

qPCR in week 20 FOs (WSM F1: n=4, WSM S5: n=3). Data are represented as 

mean ± SEM. 

F) Quantification of γH2AX foci in the nuclei of cells composing the innermost layer 

of the VZ, normalized to the total number of nuclei in this layer. Data are 

represented as mean ± SEM. 

Figure S6. Spinocerebellar Ataxia Type 12 Forebrain Organoids Presented a 

Milder Phenotype Compared to WOREE FOs.  

PBMCs were isolated from SCAR12 (G372R mutation) patients and from their healthy 

parents, were reprogrammed into iPSCs, and subsequently were differentiated into 

forebrain organoids.  

A) Immunoblot of protein lysates from SCAR12 family (Mother (M), father (F), 

daughter (D) and son (S)) showing the reduced levels of WWOX, in correlation 

with the number of intact alleles in the genome. The numbers at the lower part of 

the number indicates quantification of the bands – WWOX is normalized to levels 

of HSP90 in the same line (W/H90), and fold change compared to WPM F2 line is 

indicated.  
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B) Sanger sequencing of the c.1114G>C mutation in the iPSCs shown in figure A.  

C) Expression of pluripotency genes (OCT4, SSEA-4) visualized using 

immunofluorescent antibodies validating the success of the reprogramming 

process in the iPSCs. 

D) Expression of the pluripotency gene TRA-1-60, together with WWOX, in iPSCs 

from the SCAR12 syndrome Family. 

E) Week 6 forebrain organoids (FOs) of the healthy, heterozygote father (WPM F2) 

and mother (WPM M3), and their sick homozygotes daughter (WPM D1) and son 

(WPM S1) stained for WWOX expression.  

F) qPCR for the assessment of the expression of different neural markers in week 20 

FOs (WPM F2: n=4, WPM M3: n=3 WPM D1: n=4, WPM S1: n=3).  

G) qPCR for the measurement of expression levels of cortical layers markers in 20 

weeks FOs (WPM F2: n=4, WPM M3: n=3 WPM D1: n=4, WPM S1: n=3). 

H) Expression level of Wnt pathway related genes at mRNA levels quantified using 

qPCR in week 20 FOs (WPM F2: n=4, WPM M3: n=3 WPM D1: n=4, WPM S1: 

n=3).  

F-H: Data are represented as mean ± SEM. 

I) Week 20 FOs stained for the astrocytic markers GFAP and S100β, showing 

comparable levels of expression in week 20 WPM D1 and WPM S1 FOs compared 

to the age matched WPM F2 FOs (WPM F2: n=3, WPM D1: n=3, WPM S1: n=3).  
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J) qPCR quantifying the transcript levels of astrocytic markers in week 20 FOs (WPM 

F2: n=4, WPM M3: n=3 WPM D1: n=4, WPM S1: n=3). Data are represented as 

mean ± SEM. 

K) Week 6 FOs stained for the DNA damage markers γH2AX and 53BP1. 

Comparison of the foci demonstrated no significant difference in sites of damage 

in the nuclei of cells in the VZ at physiological conditions (WPM F2: n=1, WPM M3: 

n=2, WPM D1 n=2, WPM S1: n=2).  

 

 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


 50 

References 

Aaberg, K. M. et al. (2017) ‘Incidence and Prevalence of Childhood Epilepsy: A 

Nationwide Cohort Study’, Pediatrics, 139(5), p. e20163908. doi: 10.1542/peds.2016-

3908. 

Abdeen, S. K. et al. (2018) ‘Somatic loss of WWOX is associated with TP53 

perturbation in basal-like breast cancer’, Cell Death & Disease. Springer US, 9(8), p. 

832. doi: 10.1038/s41419-018-0896-z. 

Abdel-Salam, G. et al. (2014) ‘The supposed tumor suppressor gene WWOX is mutated 

in an early lethal microcephaly syndrome with epilepsy, growth retardation and retinal 

degeneration’, Orphanet Journal of Rare Diseases. BioMed Central, 9(1), pp. 1–7. doi: 

10.1186/1750-1172-9-12. 

Abu-Odeh, Mohammad, Bar-Mag, T., et al. (2014) ‘Characterizing WW domain 

interactions of tumor suppressor WWOX reveals its association with multiprotein 

networks’, Journal of Biological Chemistry. American Society for Biochemistry and 

Molecular Biology Inc., 289(13), pp. 8865–8880. doi: 10.1074/jbc.M113.506790. 

Abu-Odeh, M., Salah, Z., et al. (2014) ‘WWOX, the common fragile site FRA16D gene 

product, regulates ATM activation and the DNA damage response’, Proceedings of the 

National Academy of Sciences, 111(44), pp. E4716–E4725. doi: 

10.1073/pnas.1409252111. 

Abu-odeh, M., Hereema, N. A. and Aqeilan, R. I. (2016) ‘WWOX modulates the ATR-

mediated DNA damage checkpoint response’, Oncotarget, 7(4). 

Abu-Remaileh, M. et al. (2015) ‘Pleiotropic functions of tumor suppressor WWOX in 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


 51 

normal and cancer cells’, Journal of Biological Chemistry, pp. 30728–30735. doi: 

10.1074/jbc.R115.676346. 

Abu-Remaileh, M. et al. (2018) ‘WWOX controls hepatic HIF1α to suppress hepatocyte 

proliferation and neoplasia article’, Cell Death and Disease. Nature Publishing Group, 

9(5), pp. 1–12. doi: 10.1038/s41419-018-0510-4. 

Abu-Remaileh, M. and Aqeilan, R. I. (2014) ‘Tumor suppressor WWOX regulates 

glucose metabolism via HIF1α modulation’, Cell Death & Differentiation, 21(11), pp. 

1805–1814. doi: 10.1038/cdd.2014.95. 

Abu-Remaileh, M. and Aqeilan, R. I. (2015) ‘The tumor suppressor WW domain-

containing oxidoreductase modulates cell metabolism’, Experimental Biology and 

Medicine. SAGE Publications Inc., 240(3), pp. 345–350. doi: 

10.1177/1535370214561956. 

Amin, N. D. and Paşca, S. P. (2018) ‘Building Models of Brain Disorders with Three-

Dimensional Organoids’, Neuron, 100(2), pp. 389–405. doi: 

https://doi.org/10.1016/j.neuron.2018.10.007. 

Aqeilan, R. I. et al. (2004) ‘Functional association between Wwox tumor suppressor 

protein and p73, a p53 homolog’, Proceedings of the National Academy of Sciences of 

the United States of America, 101(13), pp. 4401 LP – 4406. doi: 

10.1073/pnas.0400805101. 

Aqeilan, R. I. et al. (2007) ‘Targeted deletion of Wwox reveals a tumor suppressor 

function’, Proceedings of the National Academy of Sciences, 104(10), pp. 3949–3954. 

doi: 10.1073/pnas.0609783104. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


 52 

Aqeilan, R. I. et al. (2008) ‘The WWOX tumor suppressor is essential for postnatal 

survival and normal bone metabolism’, Journal of Biological Chemistry. American 

Society for Biochemistry and Molecular Biology, 283(31), pp. 21629–21639. doi: 

10.1074/jbc.M800855200. 

Aqeilan, R. I., Abu-Remaileh, M. and Abu-Odeh, M. (2014) ‘The common fragile site 

FRA16D gene product WWOX: roles in tumor suppression and genomic stability’, 

Cellular and Molecular Life Sciences, 71(23), pp. 4589–4599. doi: 10.1007/s00018-014-

1724-y. 

Bagley, J. A. et al. (2017) ‘Fused cerebral organoids model interactions between brain 

regions’, Nature Methods, 14(7), pp. 743–751. doi: 10.1038/nmeth.4304. 

Ben-Ari, Y. et al. (2007) ‘GABA: A pioneer transmitter that excites immature neurons 

and generates primitive oscillations’, Physiological Reviews. American Physiological 

Society, pp. 1215–1284. doi: 10.1152/physrev.00017.2006. 

Ben-Salem, S. et al. (2015) ‘A Novel Whole Exon Deletion in WWOX Gene Causes 

Early Epilepsy, Intellectual Disability and Optic Atrophy’, Journal of Molecular 

Neuroscience. Springer New York LLC, 56(1), pp. 17–23. doi: 10.1007/s12031-014-

0463-8. 

Blair, J. D., Hockemeyer, D. and Bateup, H. S. (2018) ‘Genetically engineered human 

cortical spheroid models of tuberous sclerosis’, Nature Medicine. Springer US, 

24(October). doi: 10.1038/s41591-018-0139-y. 

Blumcke, I. et al. (2017) ‘Histopathological Findings in Brain Tissue Obtained during 

Epilepsy Surgery’, New England Journal of Medicine. Massachusetts Medical Society, 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


 53 

377(17), pp. 1648–1656. doi: 10.1056/NEJMoa1703784. 

Bouteille, N. et al. (2009) ‘Inhibition of the Wnt/β-catenin pathway by the WWOX tumor 

suppressor protein’, Oncogene, 28(28), pp. 2569–2580. doi: 10.1038/onc.2009.120. 

Chang, N. et al. (2001) ‘Hyaluronidase Induction of a WW Domain-containing 

Oxidoreductase That Enhances Tumor Necrosis Factor Cytotoxicity’, Journal of 

Biological Chemistry, 276(5), pp. 3361–3370. doi: 10.1074/jbc.M007140200. 

Chang, N. et al. (2005) ‘WOX1 Is Essential for Tumor Necrosis Factor- , UV and Its 

Tyrosine 33-phosphorylated Form Binds and Stabilizes Serine 46-phosphorylated p53’, 

Journal of Biological Chemistry, 280(52), pp. 43100–43108. doi: 

10.1074/jbc.M505590200. 

Chang, N., Doherty, J. and Ensign, A. (2003) ‘JNK1 Physically Interacts with WW 

Domain-containing Oxidoreductase ( WOX1 ) and Inhibits WOX1-mediated Apoptosis’, 

Journal of Biological Chemistry, 278(11), pp. 9195–9202. doi: 10.1074/jbc.M208373200. 

Chen, S. et al. (2004) ‘Expression of WW domaincontaining oxidoreductase WOX1 in 

the developing murine nervous system’, Neuroscience, 124, pp. 831–839. doi: 

10.1016/j.neuroscience.2003.12.036. 

Cheng, Y. Y. et al. (2020) ‘Wwox deficiency leads to neurodevelopmental and 

degenerative neuropathies and glycogen synthase kinase 3β-mediated epileptic seizure 

activity in mice’, Acta Neuropathologica Communications. BioMed Central Ltd., 8(1), p. 

6. doi: 10.1186/s40478-020-0883-3. 

Cohen-Gadol, A. A. et al. (2004) ‘Mesial temporal lobe epilepsy: a proton magnetic 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


 54 

resonance spectroscopy study and a histopathological analysis’, Journal of 

Neurosurgery. Journal of Neurosurgery Publishing Group, 101(4), pp. 613–620. doi: 

10.3171/jns.2004.101.4.0613. 

Deverman, B. E. et al. (2016) ‘Cre-dependent selection yields AAV variants for 

widespread gene transfer to the adult brain’, Nature Biotechnology, 34(2). doi: 

10.1038/nbt.3440. 

Elyada, E. et al. (2011) ‘CKIα ablation highlights a critical role for p53 in invasiveness 

control’, Nature. Nature Publishing Group, 470(7334), pp. 409–413. doi: 

10.1038/nature09673. 

Fisher, R. S. et al. (2014) ‘ILAE Official Report: A practical clinical definition of epilepsy’, 

Epilepsia. John Wiley & Sons, Ltd, 55(4), pp. 475–482. doi: 10.1111/epi.12550. 

Gribaa, M. et al. (2007) ‘A new form of childhood onset, autosomal recessive 

spinocerebellar ataxia and epilepsy is localized at 16q21-q23’, Brain, 130(7), pp. 1921–

1928. doi: 10.1093/brain/awm078. 

Guernet, A. et al. (2016) ‘CRISPR-Barcoding for Intratumor Genetic Heterogeneity 

Modeling and Functional Analysis of Oncogenic Driver Mutations’, Molecular Cell. Cell 

Press, 63(3), pp. 526–538. doi: 10.1016/j.molcel.2016.06.017. 

Guirgis, M. et al. (2013) ‘The role of delta-modulated high frequency oscillations in 

seizure state classification’, in Proceedings of the Annual International Conference of 

the IEEE Engineering in Medicine and Biology Society, EMBS, pp. 6595–6598. doi: 

10.1109/EMBC.2013.6611067. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


 55 

Haddad, T. et al. (2014) ‘Temporal epilepsy seizures monitoring and prediction using 

cross-correlation and chaos theory’, Healthcare Technology Letters. Institution of 

Engineering and Technology, 1(1), pp. 45–50. doi: 10.1049/htl.2013.0010. 

Hazan, I., Hofmann, T. G. and Aqeilan, R. I. (2016) ‘Tumor Suppressor Genes within 

Common Fragile Sites Are Active Players in the DNA Damage Response’, PLoS 

Genetics, 12(12), pp. 1–19. doi: 10.1371/journal.pgen.1006436. 

Hodges, S. L. and Lugo, J. N. (2018) ‘Wnt/β-catenin signaling as a potential target for 

novel epilepsy therapies’, Epilepsy Research. Elsevier B.V., pp. 9–16. doi: 

10.1016/j.eplepsyres.2018.07.002. 

Hussain, T. et al. (2019) ‘Wwox deletion leads to reduced GABA-ergic inhibitory 

interneuron numbers and activation of microglia and astrocytes in mouse hippocampus’, 

Neurobiology of Disease. Elsevier, 121(October 2018), pp. 163–176. doi: 

10.1016/j.nbd.2018.09.026. 

Iacomino, M. et al. (2020) ‘Loss of Wwox Perturbs Neuronal Migration and Impairs Early 

Cortical Development   ’, Frontiers in Neuroscience  , p. 644. Available at: 

https://www.frontiersin.org/article/10.3389/fnins.2020.00644. 

Khalilov, I. et al. (2005) ‘Epileptogenic actions of GABA and fast oscillations in the 

developing hippocampus’, Neuron. Cell Press, 48(5), pp. 787–796. doi: 

10.1016/j.neuron.2005.09.026. 

Khawaled, S. et al. (2019) ‘WWOX Inhibits Metastasis of Triple-Negative Breast Cancer 

Cells via Modulation of miRNAs’, Cancer Research, 79(8), pp. 1784 LP – 1798. doi: 

10.1158/0008-5472.CAN-18-0614. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


 56 

Khawaled, S. et al. (2020) ‘Pleiotropic tumor suppressor functions of WWOX antagonize 

metastasis’, Signal Transduction and Targeted Therapy. Springer US, (February). doi: 

10.1038/s41392-020-0136-8. 

Lado, F. A. et al. (2013) ‘Pathophysiology of epileptic encephalopathies’, Epilepsia. 

John Wiley & Sons, Ltd, 54(s8), pp. 6–13. doi: 10.1111/epi.12417. 

Lancaster, M. A. et al. (2013) ‘Cerebral organoids model human brain development and 

microcephaly’, Nature. Nature Publishing Group, 501(7467), pp. 373–379. doi: 

10.1038/nature12517. 

Lancaster, M. A. et al. (2018) ‘Guided self-organization and cortical plate formation in 

human brain organoids’, Nature Biotechnology, 35(7). doi: 10.1038/nbt.3906. 

Lancaster, M. A. and Knoblich, J. A. (2014) ‘Generation of cerebral organoids from 

human pluripotent stem cells’, Nature Protocols, 9(10), pp. 2329–2340. doi: 

10.1038/nprot.2014.158. 

Madabhushi, R. et al. (2015) ‘Activity-Induced DNA Breaks Govern the Expression of 

Neuronal Early-Response Genes’, Cell. Cell Press, 161(7), pp. 1592–1605. doi: 

10.1016/j.cell.2015.05.032. 

Madabhushi, R., Pan, L. and Tsai, L. H. (2014) ‘DNA damage and its links to 

neurodegeneration’, Neuron. Cell Press, pp. 266–282. doi: 

10.1016/j.neuron.2014.06.034. 

Mallaret, M. et al. (2014) ‘The tumour suppressor gene WWOX is mutated in autosomal 

recessive cerebellar ataxia with epilepsy and mental retardation’, Brain, 137(2), pp. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


 57 

411–419. doi: 10.1093/brain/awt338. 

Mansour, A. A. et al. (2018) ‘An in vivo model of functional and vascularized human 

brain organoids’, Nature Biotechnology. Nature Publishing Group, 36(5), pp. 432–441. 

doi: 10.1038/nbt.4127. 

Del Mare, S., Salah, Z. and Aqeilan, R. I. (2009) ‘WWOX: Its genomics, partners, and 

functions’, Journal of Cellular Biochemistry. John Wiley & Sons, Ltd, 108(4), pp. 737–

745. doi: 10.1002/jcb.22298. 

McTague, A. et al. (2016) ‘The genetic landscape of the epileptic encephalopathies of 

infancy and childhood’, The Lancet Neurology. Lancet Publishing Group, pp. 304–316. 

doi: 10.1016/S1474-4422(15)00250-1. 

Middeldorp, J. et al. (2010) ‘GFAPdelta in radial glia and subventricular zone 

progenitors in the developing human cortex’, Development, 321, pp. 313–321. doi: 

10.1242/dev.041632. 

Mignot, C. et al. (2015) ‘WWOX-related encephalopathies: Delineation of the 

phenotypical spectrum and emerging genotype-phenotype correlation’, Journal of 

Medical Genetics, 52(1), pp. 61–70. doi: 10.1136/jmedgenet-2014-102748. 

Murata, Y. and Colonnese, M. T. (2020) ‘GABAergic interneurons excite neonatal 

hippocampus in vivo’, Science Advances. American Association for the Advancement of 

Science, 6(24), p. eaba1430. doi: 10.1126/sciadv.aba1430. 

Nashabat, M. et al. (2019) ‘The landscape of early infantile epileptic encephalopathy in 

a consanguineous population’, Seizure - European Journal of Epilepsy. Elsevier, 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


 58 

69(October 2018), pp. 154–172. doi: 10.1016/j.seizure.2019.04.018. 

Obata, K., Oide, M. and Tanaka, H. (1978) ‘Excitatory and inhibitory actions of GABA 

and glycine on embryonic chick spinal neurons in culture’, Brain Research. Elsevier, 

144(1), pp. 179–184. doi: 10.1016/0006-8993(78)90447-X. 

Patel, D. C. et al. (2019) ‘Neuron–glia interactions in the pathophysiology of epilepsy’, 

Nature Reviews Neuroscience, 20(5), pp. 282–297. doi: 10.1038/s41583-019-0126-4. 

Piard, J. et al. (2018) ‘The phenotypic spectrum of WWOX-related disorders: 20 

additional cases of WOREE syndrome and review of the literature’, Genetics in 

Medicine, 0(0), pp. 1–11. doi: 10.1038/s41436-018-0339-3. 

Qian, X. et al. (2016) ‘Brain-Region-Specific Organoids Using Mini-bioreactors for 

Modeling ZIKV Exposure’, Cell. Elsevier Inc., 165(5), pp. 1238–1254. doi: 

10.1016/j.cell.2016.04.032. 

Qian, X. et al. (2018) ‘Generation of human brain region–specific organoids using a 

miniaturized spinning bioreactor’, Nature Protocols, 13(3), pp. 565–580. doi: 

10.1038/nprot.2017.152. 

Qian, X. et al. (2020) ‘Sliced Human Cortical Organoids for Modeling Distinct Cortical 

Layer Formation’, Cell Stem Cell, pp. 766–781. doi: 10.1016/j.stem.2020.02.002. 

Qu, Z. et al. (2017) ‘Wnt/β-catenin signalling pathway mediated aberrant hippocampal 

neurogenesis in kainic acid-induced epilepsy’, Cell Biochemistry and Function. John 

Wiley and Sons Ltd, 35(7), pp. 472–476. doi: 10.1002/cbf.3306. 

Robel, S. et al. (2015) ‘Reactive Astrogliosis Causes the Development of Spontaneous 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


 59 

Seizures’, The Journal of Neuroscience, 35(8), pp. 3330 LP – 3345. doi: 

10.1523/JNEUROSCI.1574-14.2015. 

Rogakou, E. P. et al. (2000) ‘Initiation of DNA Fragmentation during Apoptosis Induces 

Phosphorylation of H2AX Histone at Serine 139’, Journal of Biological Chemistry, 

275(13), pp. 9390–9395. 

Rossini, L. et al. (2017) ‘Seizure activity per se does not induce tissue damage markers 

in human neocortical focal epilepsy’, Annals of Neurology. John Wiley & Sons, Ltd, 

82(3), pp. 331–341. doi: 10.1002/ana.25005. 

Samarasinghe, R. A. et al. (2019) ‘Identification of neural oscillations and epileptiform 

changes in human brain organoids’, bioRxiv. Cold Spring Harbor Laboratory, 32(0), p. 

820183. doi: 10.1101/820183. 

Schneider, L. et al. (2013) ‘DNA damage in mammalian neural stem cells leads to 

astrocytic differentiation mediated by BMP2 signaling through JAK-STAT’, Stem Cell 

Reports. Cell Press, 1(2), pp. 123–138. doi: 10.1016/j.stemcr.2013.06.004. 

Shanbhag, N. M. et al. (2019) ‘Early neuronal accumulation of DNA double strand 

breaks in Alzheimer’s disease’, Acta Neuropathologica Communications. BioMed 

Central Ltd., 7(1), pp. 1–18. doi: 10.1186/s40478-019-0723-5. 

Shao, L. and Stafstrom, C. E. (2016) ‘Pediatric Epileptic Encephalopathies : 

Pathophysiology and Animal Models’, Seminars in Pediatric Neurology. Elsevier, 23(2), 

pp. 98–107. doi: 10.1016/j.spen.2016.05.004. 

Sidhaye, J. and Knoblich, J. A. (2020) ‘Brain organoids: an ensemble of bioassays to 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


 60 

investigate human neurodevelopment and disease’, Cell Death & Differentiation. doi: 

10.1038/s41418-020-0566-4. 

Solier, S. and Pommier, Y. (2009) ‘The apoptotic ring: A novel entity with 

phosphorylated histones H2AX and H2B, and activated DNA damage response 

kinases’, Cell Cycle. Taylor & Francis, 8(12), pp. 1853–1859. doi: 10.4161/cc.8.12.8865. 

Suberbielle, E. et al. (2013) ‘Physiologic brain activity causes DNA double-strand 

breaks in neurons, with exacerbation by amyloid-β’, Nature Neuroscience. Nature 

Publishing Group, 16(5), pp. 613–621. doi: 10.1038/nn.3356. 

Sun, A. X. et al. (2019) ‘Potassium channel dysfunction in human neuronal models of 

Angelman syndrome’, Science. American Association for the Advancement of Science, 

366(6472), pp. 1486–1492. doi: 10.1126/science.aav5386. 

Suzuki, H. et al. (2009) ‘A spontaneous mutation of the Wwox gene and audiogenic 

seizures in rats with lethal dwarfism and epilepsy’, Genes, Brain and Behavior, 8(7), pp. 

650–660. doi: 10.1111/j.1601-183X.2009.00502.x. 

Tanna, M. and Aqeilan, R. I. (2018) ‘Modeling WWOX loss of function in vivo: What 

have we learned?’, Frontiers in Oncology. Frontiers Media S.A., p. 420. doi: 

10.3389/fonc.2018.00420. 

Thom, M. (2009) ‘Hippocampal Sclerosis : Progress Since Sommer’, Brain Pathology, 

19, pp. 565–572. doi: 10.1111/j.1750-3639.2008.00201.x. 

Tochigi, Y. et al. (2019) ‘Loss of Wwox Causes Defective Development of Cerebral 

Cortex with Hypomyelination in a Rat Model of Lethal Dwarfism with Epilepsy’, 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


 61 

International Journal of Molecular Sciences. MDPI AG, 20(14), p. 3596. doi: 

10.3390/ijms20143596. 

Trujillo, C. A. et al. (2019) ‘Complex Oscillatory Waves Emerging from Cortical 

Organoids Model Early Human Brain Network Development’, Cell Stem Cell. Cell Press, 

25(4), pp. 558-569.e7. doi: 10.1016/j.stem.2019.08.002. 

Vezzani, A. et al. (2011) ‘The role of inflammation in epilepsy’, Nature Reviews 

Neurology. Nature Publishing Group, 7(1), pp. 31–40. doi: 10.1038/nrneurol.2010.178. 

Wang, H. Y. et al. (2012) ‘WW domain-containing oxidoreductase promotes neuronal 

differentiation via negative regulation of glycogen synthase kinase 3Β’, Cell Death and 

Differentiation, 19(6), pp. 1049–1059. doi: 10.1038/cdd.2011.188. 

Wang, W. et al. (2011) ‘Mitochondrial DNA damage level determines neural stem cell 

differentiation fate’, Journal of Neuroscience. Society for Neuroscience, 31(26), pp. 

9746–9751. doi: 10.1523/JNEUROSCI.0852-11.2011. 

Weisz-Hubshman, M. et al. (2019) ‘Novel WWOX deleterious variants cause early 

infantile epileptic encephalopathy, severe developmental delay and dysmorphism 

among Yemenite Jews’, European Journal of Paediatric Neurology. Elsevier Ltd, 23(3), 

pp. 418–426. doi: 10.1016/j.ejpn.2019.02.003. 

Yang, J. et al. (2016) ‘Wnt/β-catenin signaling mediates the seizure-facilitating effect of 

postischemic reactive astrocytes after pentylenetetrazole-kindling’, Glia. John Wiley and 

Sons Inc., 64(6), p. n/a-n/a. doi: 10.1002/glia.22984. 

Zhang, Y. et al. (2016) ‘Purification and Characterization of Progenitor and Mature 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


 62 

Human Astrocytes Reveals Transcriptional and Functional Differences with Mouse’, 

Neuron. Elsevier, 89(1), pp. 37–53. doi: 10.1016/j.neuron.2015.11.013. 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


Hoechst SOX2 TBR2 NeuN

W
T

W
W

O
X-

KO
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Figure S1. Generation and characterization of WWOX Knock-out 
Cerebral Organoids. 
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Figure S2. WWOX-KO Cerebral Organoids Demonstrated hyper-
excitability and epileptiform activity
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Figure 3. WWOX-KO Cerebral Organoids Showed Impaired 
Astrogenesis and DNA-damage Response.
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Figure 4. Cerebral Organoids RNA-sequencing Revealed Major 
Differentiation Defects 
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Figure S4. Cerebral Organoids RNA-sequencing Revealed Major 
Differentiation Defects 

A B

C D

0 10 20 30
0.000

0.001

0.002

0.003

0.004

0.005

WNT3

Weeks

2-
D
C
T

WT
KO

���

��

5 15 25 0 10 20 30
0.00

0.05

0.10

0.15

Axin2

Weeks

2-
D
C
T

WT
KO

��

���

5 15 25 0 10 20 30
0.00

0.01

0.02

0.03

0.04

0.05

LEF1

Weeks

2-
D
C
T

WT
KO

5 15 25

���

��

��

0 10 20 30
0.000

0.005

0.010

0.015

TCF7

Weeks

2-
D
C
T

WT
KO

5 15 25

��

0 10 20 30
0.000

0.005

0.010

0.015

TCF7

Weeks

2-
D
C
T

WT
KO

5 15 25

��

E

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


TBR1 BCL11B SATB2 POU3F2 CUX1 RELN
0.0

0.5

1.0

1.5

Cortical Layers qPCR
Cerebral Oranoids Week 15

R
el

at
iv

e 
E

xp
re

ss
io

n

KO
W-AAV ✱✱✱✱✱

J

W
NT1

W
NT2B

W
NT3

W
NT3A

W
NT5A

W
NT8B

ROR2

AXIN
2

CCND1
LEF1

TCF7
TCF3

TCF4

0

1

2

3

4

Wnt Target Genes qPCR
Cerebral Oranoids Week 15

R
el

at
iv

e 
E

xp
re

ss
io

n

KO
W-AAV

✱ ✱✱

✱ ✱

✱

✱

Figure S4. Cerebral Organoids RNA-sequencing Revealed Major 
Differentiation Defects 

I
TBR1

BCL11
B

SATB2

POU3F
2

CUX1

RELN

0

2

4

6

Cortical Layers qPCR
Cerebral Oranoids Week 24

R
el

at
iv

e 
E

xp
re

ss
io

n WT
KO

✱ ✱✱✱✱✱

✱✱

Hoechst SATB2 CTIP2

W
W

O
X-

KO
W

-A
AV

Hoechst SATB2 CTIP2

W
T

W
W

O
X-

KO

HG

F

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


Hoechst VGLUT1 GAD67

W
SM

 F1
W

SM
 S

5

Hoechst GFAP S100β

W
SM

 F1
W

SM
 S

5

TBR1 BCL11B SATB2 POU3F2 CUX1 RELN
0

1

2

3

Cortical Layers qPCR
Forebrain Oranoids Week 20

R
el

at
iv

e 
E

xp
re

ss
io

n WSM F1
WSM S5

✱

✱✱

A

D E

F G

H
GFAP S100B AQP4 ALDH1A1

0
4
8

500

1000

1250

1500

Atrocytic Markers qPCR
Forebrain Organoids Week 20

R
el

at
iv

e 
Ex

pr
es

si
on

WSM F1
WSM S5

��

�

��

�

B C

Hoechst 53BP1 γH2AX SOX2

W
SM

 F1
W

SM
 S

5

Hoechst TUJ1 SOX2 WWOX

W
SM

 F1
W

SM
 S

5

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


WSM MWSM F WSM S

W
SM

 F1
W

SM
 M

2
W

SM
 S

5

DAPI OCT4 SSEA-4

DAPI TRA-1-60 WWOX

W
SM

 F1
W

SM
 M

2
W

SM
 S

5

W
NT1

W
NT2B

W
NT3

W
NT3A

W
NT5A

W
NT8B

ROR2

AXIN
2

CCND1
LEF1

TCF7
TCF3

TCF4

CTTNB1

0

5

10

15

20

25

Wnt Target Genes qPCR
Forebrain Oranoids Week 20

R
el

at
iv

e 
E

xp
re

ss
io

n

WSM F1

WSM S5

✱

✱✱

✱

✱

✱ ✱

1.0 0.68 0.42 0.32W/H90

A B

C

D

FE

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


DAPI TRA-1-60 WWOX

W
PM

 F2
W

PM
 M

3
W

PM
 S

1
W

PM
 S

1

DAPI OCT4 SSEA-4

W
PM

 F2
W

PM
 M

3
W

PM
 S

1
W

PM
 S

1

A B

C

D

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


TBR1

BCL11
B

SATB2

POU3F
2

CUX1

RELN

0

1

2

3

4

Cortical Layers qPCR
Forebrain Organoids - G372R Family

R
el

at
iv

e 
E

xp
re

ss
io

n

WPM F2
WPM M3
WPM D1
WPM S1

✱✱
✱ ✱✱

✱✱

TUBB3 SLC17A6 SLC17A7 GAD1 GAD2
0

1

2

3

4

5

Neural Markers qPCR
Forebrain Organoids - G372R Family

R
el

at
iv

e 
E

xp
re

ss
io

n WPM F2
WPM M3
WPM D1
WPM S1

W
NT2B

W
NT3

W
NT3A

W
NT5A

W
NT8B

ROR2

AXIN
2

CCND1
LEF1

TCF7
TCF3

TCF4

CTTNB1
0

2

4

10

20

30

Wnt Genes qPCR
Forebrain Organoids - G372R Family

R
el

at
iv

e 
E

xp
re

ss
io

n

WPM F2
WPM M3
WPM D1
WPM S1

✱✱✱

✱✱✱
✱✱

✱

✱✱

✱
✱

✱✱

✱
✱✱

✱✱

✱

✱✱

✱✱

✱✱✱

✱✱✱
✱✱ ✱

✱

WPM F2

WPM M
3

WPM D1

WPM S1
0

100

200

300

400

WNT1

R
el

at
iv

e 
Ex

pr
es

si
on

✱✱

✱

✱✱✱✱
✱✱✱✱

E

F G

H

Hoechst TUJ1 SOX2 WWOX
W

PM
 F2

W
PM

 M
3

W
PM

 D
1

W
PM

 S
1

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236


Hoechst GFAP S100β

W
PM

 F2
W

PM
 S

1
W

PM
 D

1

I J

K

GFAP S100B AQP4 ALDH1A1
0

1

2

3

4

Astrocytic Markers qPCR
Forebrain Organoids - G372R Family

R
el

at
iv

e 
E

xp
re

ss
io

n

WPM F2
WPM M3
WPM D1
WPM S1

�
�

�

Hoechst 53BP1 γH2AX SOX2

W
PM

 M
3

W
PM

 F2
W

PM
 S

1
W

PM
 D

1

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 23, 2020. ; https://doi.org/10.1101/2020.08.23.263236doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.23.263236

