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Neurodevelopmental disorders (NDDs), which affect 1 in 6 children in 

the United States, are a group of disabilities caused by abnormal growth and 

function of the brain. Despite this prevalence, elucidating causative disease 

mechanisms has remained challenging. This is in large part due to current 

limitations in experimental modeling of NDDs. Two factors in particular that 

present challenges for disease modeling are 1) the cellular diversity of brain 

development and 2) the genetic diversity of disease risk.  

Human pluripotent stem cells (hPSCs) have great potential for modeling 

NDDs, and may be well suited to address the challenges of cellular and 

genetic diversity for the following reasons. First, hPSCs can generate diverse 

cell types of the human body, thus providing unprecedented access to disease 

tissue. Second, hPSCs can organize cellular diversity into functional tissue 

structures through the use of three-dimensional culture systems called 

organoids. Third, hPSCs can be engineered to harbor any type of gene 

mutation, including both monogenic and polygenic genetic risk variants.  

In this dissertation, I explore how the unique properties of hPSCs can 

be harnessed to dissect the complex cellular and genetic landscapes of NDD 

risk. First, I collaborate to develop a forebrain organoid culture model of ZIKA 

virus induced microcephaly and find that ZIKA virus infection inhibits growth 

and degrades the local architecture of forebrain progenitor zones. We further 



	  

	  

identify small molecules that inhibit ZIKA virus infection of SOX2+ forebrain 

progenitors. While organoids recapitulate the cellular diversity and 

microarchitecture of progenitor zones, and have thus been successful at 

modeling disorders of tissue growth, they do not recapitulate the overall 

regional organization of the brain, in which each discrete brain area arise in a 

stereotyped anatomical location. I therefore next developed a method to 

trigger spatial patterning in organoids, thus generating topographically 

organized brain tissue that contains at least five major forebrain subdivisions. 

Using this system as a tool to study drug toxicity during fetal brain 

development, I find that cholesterol synthesis-inhibiting drugs, including 

statins, perturb sonic hedgehog-dependent spatial patterning and growth.   

Finally, I develop an hPSC-based multiplex analysis platform for the 

simultaneous functional characterization of many disease-associated 

mutations. This approach is applied to model autism, a disorder of social 

isolation in which hundreds of distinct mutations contribute to diverse clinical 

outcomes. Multiplex analysis of 27 high-confidence, early developmental, de 

novo autism mutations in hPSC-derived prefrontal cortex tissue identifies that 

autism mutations commonly perturb cortical neurogenesis and WNT signaling. 

These phenotypes were used to segregate mutations into distinct subgroups. 

Autism patients that fall into distinct subgroups exhibit average differences in 

clinical parameters of communication skills and language development. Taken 

together, these findings demonstrate that hPSCs are a powerful and general 

platform to disentangle primary disease pathways from the complex cellular 

and genetic environments that give rise to NDDs.
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CHAPTER ONE: INTRODUCTION TO HPSC-BASED MODELING OF 
NEURODEVELOPMENTAL DISORDERS 

The remarkable cellular heterogeneity and processing capabilities of 

the human brain originate from a single cell, the zygote. The zygote generates 

neural tissue that is progressively compartmentalized into distinct regional 

subdivisions. Each subdivision behaves as a mini ecosystem, giving rise to 

highly specialized repertoires of cell types that assemble into local tissue 

structures. This protracted developmental journey can be derailed at many 

points along the way, leading to a group of disorders known as 

neurodevelopmental disorders (NDDs). Identifying effective therapeutic 

interventions for NDDs will depend on robust experimental platforms that 

capture the complexity of brain development and the many ways it can go 

awry. 
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Spatial patterning generates regional diversity in the forebrain 

The diverse regions of the vertebrate forebrain derive from primordial 

tissue at the anterior end of the neural tube, known as the prosencephalon. 

Undifferentiated neural tissue is progressively subdivided into discrete 

domains by the concerted activity of secreted morphogens	  (Rallu et al., 

2002a). Morphogens are released by small groups of cells called “organizers,” 

and form gradients of signaling activity across the tissue	  (Anderson and Stern, 

2016). Signaling activity is high near the organizer and diminishes in a 

distance-dependent manner from the source. Since signaling activity is a 

function of distance from the organizer, morphogens convey positional 

information. In addition, morphogens instruct receiving cells to acquire cell 

identities commensurate with the level of local signaling activity. Thus, 

morphogens link positional and cell identity information to generate a reliable 

spatial pattern that dictates the topographic organization of forebrain 

subdomains (Wolpert, 1969) (Figure 1.1a).  

Early in its development the forebrain is patterned along its anterior-

posterior axis into the telencephalon and diencephalon. The telencephalon is 

located in the anterior forebrain and is defined by expression of the 

transcription factor FOXG1	  (Hatini et al., 1994). The diencephalon is located in 

the posterior forebrain and gives rise to the pretectum, thalamus, and 

prethalamus. Anterior-posterior patterning is primarily regulated by two 

signaling gradients. First, WNT/β-catenin signaling activity forms a posterior-

high to anterior-low gradient that is generated at the midbrain-hindbrain 

boundary and is further sculpted by an anterior source of secreted WNT-

inhibitors DKK1 and SFRP1	  (Shinya et al., 2000). WNT/β-catenin signaling 



	  

	  3	  

promotes diencephalic identities, while its inhibition promotes telencephalic 

fates	  (Cavodeassi, 2014). Second, FGF8 is released from the anterior neural 

ridge, rostral to the forebrain, and induces FOXG1 expression to specify 

anterior forebrain regions including the telencephalon and optic vesicles	  

(Shimamura and Rubenstein, 1997) (Figure 1.1b). 

 
 

	  
Figure 1.1. Regional patterning of the forebrain 
(a) Morphogens establish concentration gradients that specify discrete positional 
identities in a distant dependent manner. Regional identities are illustrated as cyan, 
green, and orange territories. (b) Intersecting FGF, WNT, SHH, and BMP signaling 
gradients cooperate to specify discrete forebrain regions that reside within a 
Cartesian coordinate system of positional information. Dorso-ventral and antero-
posterior positional axes define the Cartesian plane. This idea has been formalized 
by the prosomeric model, which divides the forebrain into transverse and longitudinal 
segments. P1, P2, and P3 domains give rise to diencephalic regions. The caudal 
secondary prosencephalon (CSP) and rostral secondary prosencephalon (RSP) give 
rise to telencephalic territories including the cerebral cortex and hypothalamus. Each 
transverse segment further divided into the dorso-ventral plane into alar (dorsal) and 
basal (ventral) regions, demarcated by the arrowhead. A, anterior; D, Dorsal; P, 
posterior; V, ventral. 

 

The telencephalon and diencephalon are further subdivided along the 

dorso-ventral axis. Dorsally the telencephalon gives rise to cerebral cortex and 

hippocampus, while ventrally the telencephalon gives rise to structures of the 

basal ganglia and diverse populations of interneurons. Sonic hedgehog (SHH) 
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is released from the ventral midline forming a ventral-high to dorsal-low 

gradient	  (Echelard et al., 1993). Gli3 is a transcription factor that promotes 

dorsal forebrain identity and is initially expressed throughout the 

telencephalon. SHH represses Gli3 expression ventrally, thereby permitting 

the acquisition of ventral cell fates	  (Aoto et al., 2002; Rallu et al., 2002b). Bone 

morphogenetic protein (BMP) signals have corresponding dorsalizing activity 

from the roof plate (Monuki et al., 2001) (Figure 1.1b).  

The intersection of multiple signaling gradients along antero-posterior, 

dorso-ventral, and medio-lateral axes imposes a grid-like organization in which 

the position of each forebrain subdomain can be described by its position in a 

Cartesian-coordinate system. This idea has been formalized by the 

prosomeric model, which divides the forebrain into five transverse segments 

called neuromeres, which are intersected by multiple longitudinal segments 

(Puelles et al., 2013) (Figure 1.1b). 

This grid-like organization is observed in other developmental contexts, 

such as patterning of the cerebral cortex. Interestingly the cerebral cortex uses 

the same specific molecular cues to achieve areal patterning. Just as FGF8 

specifies the anterior subdivision of the forebrain, the telencephalon, FGF8 

also specifies is the anterior subdivision of the cerebral cortex, the prefrontal 

cortex (PFC) (Fukuchi-Shimogori and Grove, 2001). Just as WNT/βcatenin 

signaling promotes posterior forebrain identity, the diencephalon, 

WNT/βcatenin signaling also specifies the posterior domain of the cortex, the 

hippocampus	  (Lee et al., 2000). That the same molecular cues are re-used in 

sequential developmental contexts indicates that the cellular competence (i.e. 

internal state) of neural progenitors changes over time. Why are such changes 

important and how are they accomplished? 
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Temporal patterning regulates appropriate generation of cell type diversity 

Each forebrain subdomain gives rise to a diverse repertoire of cell types 

that must emerge at the correct developmental time for proper circuit 

assembly. For example, the neocortex (a subdomain of the dorsal 

telencephalon) is a six-layered structure that develops in an “inside-out” 

manner whereby neurons of the deepest layer (layer VI) are born first, 

followed by neurons of sequentially more superficial layers	  (Angevine and 

Sidman, 1961). Broadly speaking, deep layer neurons (in layers V and VI) 

project to subcortical targets in the spinal cord and thalamus, while later-born 

superficial layer neurons (in layers II and III) project to intracortical targets.  

The temporal pattern of neuronal subtype generation depends on two 

factors (1) temporal identity and (2) cellular competence	  (Kohwi and Doe, 

2013). A substantial body of work in fly development has shed light on how 

these two factors pace the developmental clock. Neuroblasts of the drosophilia 

ventral nerve cord undergo sequential asymmetric divisions to give rise to a 

stereotyped set of neuronal progeny. The NB7-1 neuroblast gives rise to five 

distinct motoneurons (U1-U5) over five cell divisions. As the NB7-1 neuroblast 

transits through these five cell divisions, it sequentially expresses a set of 

transcription factors (Hunchback (Hb) > Kruppel (Kr) > Pou-domain protein 1 

and 2 (Pdm) > Castor (Cas)) that specify the identity of neuronal progeny 

(Kohwi and Doe, 2013) (Figure 1.2a). Thus, these transcription factors specify 

temporal identity of the progenitor. Feed-forward transcriptional mechanisms 

and an auxiliary COUP-family transcription factor Seven-up (Svp) regulate 

switching of temporal identity factors	  (Kanai et al., 2005). 
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Figure 1.2. Specification of temporal identity in drosophila and mammalian 
nervous systems. 
(a) The drosophila NB7-1 neuroblast undergoes sequential asymmetric divisions, in 
which a sequence of transcription factors (Hb > Kr > Pdm > Cas) defines temporal 
identity. Neuronal identity (U1-5) is determined by the temporal identity of the NB7-1 
neuroblast. (b) Hb specifies U1 or U2 fates during the first two NB7-1 divisions. 
Misexpression of Hb during the third to fifth NB7-1 division is sufficient to generate 
ectopic U1/2 neurons, indicating that the Hb competence window extends past Hb 
temporal identity. (c) Temporal patterning of mammalian cortical progenitors is 
illustrated by the observation that cortical neurons acquire laminar fates based on the 
developmental age at which progenitors exit cell cycle (date of birth). Temporal 
patterning in the mammalian cortex continues through post-mitotic development, as 
subtype identity, defined by axonal connectivity, is determined through a network of 
cross-repressive transcription factor interactions. Adapted from (Kohwi et al., 2013) 
(a,b) and (Custo Greig et al., 2013) (c). Cas, Castor; Hb, Hunchback; Kr, Kruppel; L, 
Layer; Pdm, Pou-domain containing.  

 

Although Hb specifies U1 and U2 motoneurons during the first two 

NB7-1 cell divisions, misexpression of Hb through the fifth cell division can 

specify ectopic U1 or U2 fates. Thus, the U1/U2 competence window extends 

past the time when U1/U2 fates are normally generated (Pearson and Doe, 

2003) (Figure 1.2b). This indicates that temporal identity (marked by 
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expression of Hb) is distinct from cellular competence (the time window in 

which NB7-1 is able to generate Hb-dependent progeny). Progenitor 

competence of NB7-1 neuroblast was shown to be regulated by repositioning 

of hb gene locus to the nuclear lamina for permanent silencing, after the fifth 

NB7-1 cell division (Kohwi et al., 2013). Loss of the Polycomb Repressive 

Complex (PRC) function has also been shown to extend the window in which 

Kr could induce ectopic Kr-specified neuronal fates	  (Touma et al., 2012). Thus, 

genome and chromatin organization are critical regulators of progenitor 

competence. 

The temporal identity of mammalian cortical progenitors was first 

inferred in the landmark study by Angevine and Sidman that established the 

“inside-out” pattern of cortical histogenesis, by demonstrating that the age at 

which cortical progenitors give rise to neuronal progeny determines laminar 

identity (Angevine and Sidman, 1961) (Figure 1.2c). Experiments using 

mouse pluripotent stem cells, over 50 years later, demonstrated that the 

correspondence between neuronal birth date and laminar identity is largely 

preserved in vitro (Gaspard et al., 2008). Though these studies reveal an 

intrinsic mechanism of temporal identity specification, few specific factors that 

establish temporal identity in the mammalian cortical progenitors have been 

identified. One rare example is Ikaros, a transcription factor that is 

evolutionarily related to the Hunchback family. Ikaros is normally expressed in 

early cortical progenitors, and promotes early fates even when ectopically 

expressed in late progenitors (Alsio et al., 2013).  

Interestingly it appears that much of the temporal identity of cortical 

subtypes is established after the progenitor stage, during post-mitotic 

development. Five transcription factors with cross-repressive interactions, 
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Fezf2, Sox5, Tbr1, Ctip2, and Satb2, are expressed during early post-mitotic 

development to ensure the appropriate sequential generation of cortical 

subtypes (Custo Greig et al., 2013). For example, Sox5 is expressed in layer 

VI neurons and represses the expression of Fezf2 and Ctip2, which promote 

layer V identities (Kwan et al., 2008). Satb2 is expressed in intracortical 

projection neurons, which occupy both deep and upper layers, and represses 

Ctip2 expression in layer V (Alcamo et al., 2008) (Figure 1.2c).  

The transit of cortical progenitors through competence states was first 

demonstrated in a series of elegant isochronic and heterochronic 

transplantation experiments in ferret cortex (Desai and McConnell, 2000; 

Frantz and McConnell, 1996; McConnell, 1985, 1988). These studies found 

that early cortical progenitors can generate both early and late laminar 

subtypes when transplanted into embryonic (early) or postnatal (late) 

environments. On the other hand, later cortical progenitors progressively lose 

the ability to generate early subtypes, regardless of host environment.  

The molecular underpinnings of changes in cellular competence are 

well illustrated by the response of cortical progenitors to WNT/β−catenin 

signaling. Early in cortical development, the WNT/β-catenin pathway is highly 

activated in cortical stem cells and promotes stem cell proliferation (Chenn 

and Walsh, 2002). Later in development, as stem cells mature into 

intermediate progenitor cells (IPCs) the WNT/β-catenin pathway promotes 

differentiation of IPCs into neurons (Hirabayashi et al., 2004; Munji et al., 

2011). The dynamic response of cortical progenitors to WNT/β-catenin 

signaling is at least partially explained by an evolving epigenetic landscape 

during development. Upon WNT stimulation, β-CATENIN translocates into the 

nucleus where it activates transcriptional targets. β-CATENIN can activate 
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both proliferative genes, such as Myc and Cyclin D2 (Ccnd2), and it can also 

activate pro-neurogenic genes, such as Neurogenin 1 (Ngn1), Neurogenin 2 

(Ngn2), and Neuronal differentiation 1 (NeuroD1) (Hirabayashi et al., 2004; 

Hirabayashi et al., 2009; Kuwabara et al., 2009). It has been shown that the 

ability of β-CATENIN to activate the proneurogenic gene NGN1 depends on a 

permissive chromatin state in which PRC proteins are not bound to the NGN1 

promoter (Hirabayashi et al., 2009) (Figure 1.3). Thus both temporal identity 

and cellular competence are regulated at the level of chromatin organization.  
 

	  
Figure 1.3. Polycomb regulates cellular competence state. 
Cortical progenitors transit through competence states, in which they have the 
potential to generate a restricted set of cellular fates. WNT/β-catenin can promotes 
neurogenesis during the neurogenic competence window. Here, β-catenin (CTNNB1) 
can access the TCF/LEF element in the NGN1 and NGN2 promoter region to 
promote transcription. Later in development, the polycomb repressive complex (PRC) 
binds the NGN1 and NGN2 promoter region and prevents β-catenin binding. Thus 
cellular competence is determined by chromatin organization. 

 

NDDs result from aberrant spatial and temporal forebrain patterning  

NDDs result from aberrations in numerous developmental processes 

that affect brain growth, patterning, and maturation. The diversity of underlying 

etiologies is reflected in the wide range of NDD clinical manifestations, which 

range from structural brain abnormalities to psychiatric disease.  
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Holoprosencephaly (HPE) is the most common structural forebrain 

abnormality at birth and comprises a spectrum of malformations caused by 

abnormal midline patterning. In the most severe cases, HPE results in a single 

cerebral vesicle and cyclopia. Intermediate severity HPE can be characterized 

by near-set eyes and a proboscis, while mild cases may present with agenesis 

of the corpus callosum or a single central incisor	  (Gongal et al., 2011).  

SHH is a key patterning factor that specifies ventral midline structures 

such as the hypothalamus, and thus bisecting the eye-field into a bilateral 

structure (Chiang et al., 1996; Li et al., 1997) (Figure 1.4a). Putative loss-of-

function mutations in the SHH gene, or in key components of the SHH 

pathway, including genes required for SHH secretion (DISPATCHED 1 

(DISP1) or SHH signal transduction (PATCHED 1 (PTCH1)), lead to HPE 

(Roessler and Muenke, 2010).  

Epilepsy is a neurological condition of abnormal brain activity in which 

there is an imbalance of excitation and inhibition. In the cortex, excitatory and 

inhibitory neurons are born from dorsal and ventral telencephalic regions, 

respectively (Anderson et al., 1997; Anderson et al., 2002). FOXG1, in 

addition to its role in telencephalic specification, also regulates dorsal-ventral 

patterning (Manuel et al., 2010; Martynoga et al., 2005). FOXG1 function is 

required for the balanced generation of dorsal and ventral territories and for 

excitatory and inhibitory cell types (Danesin et al., 2009). FOXG1 

haploinsufficient alleles in humans lead to epilepsy (Seltzer et al., 2014), in 

addition to a number of other neurologic symptoms.  
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Figure 1.4. Aberrant spatial and temporal patterning leads to NDDs. 
(a) SHH is expressed at the ventral midline of the neural tube. By specifying midline 
identities and promoting midline growth, SHH bisects a single midline eye-field into 
two eye fields, necessary for the bilateral symmetric positioning of most vertebrate 
eyes. In the absence of SHH function, the single midline eye field fails to split, as is 
observed in severe cases of holoprosencephaly (HPE). (b) Distinct cortical neuron 
subtypes, which reside in the subplate (SP), layer VI, and layer V are generated in a 
deep-to-superficial sequential fashion. This temporal pattern is disrupted in the 
absence of SOX5 function. Layer V neuronal identities are prematurely generated 
during the time when subplate and layer VI neurons are normally generated.  

 

From the examples of SHH and FOXG1 mutations, it is clear that NDDs 

can result from abnormal spatial patterning. Similarly, NDDs can also result 

from abnormal temporal patterning. SALL1 is a transcription factor that 

regulates multiple temporal transitions during cortical development, including 

the transition from cortical stem cell to intermediate progenitor cell (IPC) and 

the transition of IPC to neuron (Harrison et al., 2012). Mutations in SALL1 lead 

to Townes-Brock syndrome, in which a subset of patients exhibit neurological 

symptoms that include intellectual disability (ID), developmental delay (DD), 

attention deficit hyperactivity disorder (ADHD), corpus callosum hypoplasia, 

and seizures. SOX5 is a second transcription factor that regulates temporal 

identity in the developing cortex. SOX5 controls the sequential generation of 

corticofugal subtypes by repressing the premature differentiation of later-born 
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subtypes (Lai et al., 2008) (Figure 1.4b). SOX5 haploinsufficiency leads a 

number of neurologic impairments including speech delay, ID, and behavioral 

abnormalities (Lamb et al., 2012).  
 
	  

Uses and limitations of hPSCs in NDD modeling 

hPSCs provide a promising approach for modeling NDD pathogenesis 

as they recapitulate many of the neurodevelopmental processes observed in 

vivo. As mentioned previously, PSC-based in vitro models recapitulate the 

sequential generation of cortical subtypes (Gaspard et al., 2008). A PSC-

based model of Timothy Syndrome, which is caused by a mutation in an L-

type Calcium Channel, found abnormalities in the proportion of cortical 

subtypes that are generated (Pasca et al., 2011). This study demonstrates that 

the utility of PSC-based models to explore how human mutations can disrupt 

temporal patterning of cortical development.   

Remarkably, self-organizing hPSC-based three-dimensional culture 

models called organoids can recapitulate the spatial organization of the 

cortical neuroepithelium, including many of the finer cytoarchitectural details 

(Kadoshima et al., 2013; Lancaster et al., 2013). Broadly, the neuroepithelium 

exhibits distinct laminar domains. An inner zone near the ventricular surface 

contains proliferating cells while an outer zone contains post-mitotic neurons. 

An organoid model using induced PSC (iPSCs) derived from a patient with 

microcephaly and who harbored a mutation in the cytoskeletal gene 

CDK5RAP2 exhibited premature depletion of proliferative cells and early 

differentiation into neurons(Lancaster et al., 2013). This study demonstrates 
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how an hPSC-based system could be used to explore defective spatial 

patterning in human cortical disease. 

Importantly, hPSCs retain human-specific features of development that 

are not captured by animal models, expanding the capabilities for disease 

modeling. For example, human cortex contains a second proliferative zone 

populated by outer radial glia (oRG), which are not found in mice(Lancaster et 

al., 2013). oRGs behave as cortical stem cells and contribute to the 

exceptional evolutionary expansion of the cortical neuroepithelium (Lui et al., 

2011). A recent study used organoids to model Miller-Dieker Syndrome, in 

which patients exhibit lissencephaly. The study found that oRGs exhibited 

developmental defects that were distinct from those found in other proliferative 

cell populations in the organoids (Bershteyn et al., 2017). In addition to oRGs, 

humans contain other unique cell-types such as Von Economo neurons, which 

are implicated in social behavior and may be vulnerable in frontotemporal 

dementia	  (Butti et al., 2013). Humans also exhibit unique endogenous 

retroelements, recently evolved genes and regulatory elements, and a 

protracted timeline of development, all of which may cooperate in the 

expression of human disease.  

Complex or polygenic risk factors often contribute to common NDDs, 

such as autism, epilepsy, and schizophrenia. Such genetic architectures are 

difficult to recreate in animal models. PSC-based models are potentially useful 

in this regard. Since iPSCs will harbor the precise genetic variant or variants 

found in human donors, PSC models can capture complex or polygenic risk 

alleles. For example, iPSCs derived neurons from schizophrenia patients, who 

did not have a known genetic etiology, were found to exhibit reduced synaptic 

connectivity (Brennand et al., 2011).  
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Despite the potential of hPSCs for modeling complex disease, there are 

several important limitations. These limitations relate to the complexity of 

tissue structure and the diversity of genetic variants that can be modeled with 

hPSCs. For example, the human brain is comprised of many individual regions 

that must occupy a stereotyped anatomical position to support appropriate 

brain wiring. While organoids can recapitulate some of the cytoarchitectural 

features of the brain, they lack this topographic organization.  

In addition, hundreds or potentially thousands of distinct genetic 

variants can contribute to common NDDs such as autism and schizophrenia 

(Krumm et al., 2014; Schizophrenia Working Group of the Psychiatric 

Genomics, 2014). While hPSCs have successfully been used to characterize 

individual variants (Chailangkarn et al., 2016; Shcheglovitov et al., 2013), the 

laborious nature of hPSC-based disease modeling contrasted with an 

immense genetic heterogeneity of disease permits only incremental advances 

in functional characterization of risk alleles. Furthermore, while iPSCs can 

harbor disease-risk variants, they also likely harbor many variants unrelated to 

disease. It will thus be necessary to disentangle which variants contribute to 

disease and which are simply passengers. In this dissertation, I attempt to 

develop novel hPSC-based methods to enable to study of complex cellular 

and genetic landscapes associated with many NDDs. 
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CHAPTER TWO: HIGH-CONTENT SCREENING IN HPSC-NEURAL 

PROGENITORS IDENTIFIES DRUG CANDIDATES THAT INHIBIT ZIKA 
VIRUS INFECTION IN FETAL-LIKE ORGANOIDS AND ADULT BRAIN 

Abstract 

Zika virus (ZIKV) infects fetal and adult human brain, and is associated 

with serious neurological complications. To date, no therapeutic treatment is 

available to treat ZIKV infected patients. We performed a high content 

chemical screen using human pluripotent stem cell (hPSC) derived cortical 

neuron progenitor cells (hNPCs). Two compounds, hippeastrine hydrobromide 

(HH) and amodiaquine dihydrochloride dihydrate (AQ), were discovered to 

inhibit ZIKV infection in hNPCs. HH was further validated to inhibit ZIKV 

infection and to rescue ZIKV-induced growth and differentiation defects in 

hNPCs and human fetal-like forebrain organoids. Finally, HH and AQ inhibit 

ZIKV infection in adult mouse brain in vivo. Strikingly, HH suppresses viral 

propagation when administered to adult mice with active ZIKV infection, 

highlighting its therapeutic potential. This stem cell-based screen followed by 
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validation using human forebrain organoids and a mouse model identifies drug 

candidates for the treatment of ZIKV infection and ZIKV-related neurological 

complications in fetal and adult patients.  

 

Introduction 

ZIKV infection is associated with an increased incidence of congenital 

defects, most prominently microcephaly (Mlakar et al., 2016; Rasmussen et 

al., 2016). In adults, ZIKV can lead to serious neurological complications, such 

as Guillain-Barré syndrome, meningoencephalitis and myelitis (Cao-Lormeau 

et al., 2016; Carteaux et al., 2016; Mecharles et al., 2016; Parra et al., 2016). 

Recent studies using hPSC-derived hNPC and forebrain organoids 

demonstrated that ZIKV replication persists in human fetal neural progenitors 

for weeks, leading to cell death and attenuation of cortical growth (Garcez et 

al., 2016; Hanners et al., 2016; Qian et al., 2016; Tang et al., 2016). 

Furthermore, ZIKV can infect neural stem cells in the murine adult brain (Li et 

al., 2016). These data support a direct link between ZIKV infection and 

congenital and adult neurologic symptoms.  

There is therefore an urgent need to develop cost-effective therapies for 

ZIKV patients. Toward this goal, two high content chemical screens have 

reported the identification of drug candidates inhibiting ZIKV (Barrows et al., 

2016; Xu et al., 2016). Although these studies validate the screen platform to 

identify ZIKV inhibitors, none of the hit compounds have been evaluated for 

therapeutic use in ZIKV-infected animals. Here, we performed a high content 

screen using hNPCs and identified two compounds that can inhibit ZIKV 

infection. One of these drug candidates, hippeastrine hydrobromide (HH) 
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suppresses ZIKV infection in the brain of mice carrying replicating ZIKV, 

validating the therapeutic potential of the identified drug candidates. 

 

Results 

A high content chemical screen using hNPCs identifies anti-ZIKV 

compounds. To identify anti-ZIKV compounds, we screened the Prestwick 

library that includes 1120 FDA-approved drug and drug candidates, selected 

for known bioavailability and safety in humans. hNPCs were treated with each 

compound from the library or vehicle control (DMSO) for 1 hour, followed by 

addition of ZIKV MR766 (MOI=0.125) for 2 hours. After an additional 3 days of 

culture, cells were stained with antibodies against the ZIKV envelope protein 

(ZIKV E) and a cell proliferation marker Ki67 (Figure 2.1 a). Quantifications 

were performed by an automated imaging and analysis system. Positive hits 

were defined as compounds that increased total cell number by greater than 1 

fold and suppressed ZIKA infection to less than 20% of control. Based on the 

fold change of the percentage of ZIKV infection, the signal-to-basal (S/B) ratio 

is 4.2 and the coefficient of variation (CV) is 6.9%. The Z factor is 0.59 

indicating a robust screening system.  

Using these criteria, 9 primary hit compounds were confirmed to 

significantly inhibit ZIKV infection without affecting cell proliferation at 10 µM. 

Two hit compounds that showed the highest efficacy, HH (IC50=1.95 μM), and 

Amodiaquine dihydrochloride dihydrate (AQ, IC50=2.28 μM), were chosen for 

further study (Figure 2.1 b,c). Both compounds effectively inhibited ZIKV 

infection and blocked ZIKV induced growth arrest or apoptosis compared to 

DMSO controls (Figure 2.1 d-h).  
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Figure 2.1. A high content chemical screen identifies anti-ZIKV compounds in 
hNPCs. 
(A) Scheme of high content chemical screen. (B) Chemical structure of hit 
compounds. (C) Inhibitory curve of HH or AQ in hNPCs (n=3) based on infectious 
particles in supernatant as determined by the Vero reinfection assay. (D-H) 
Immunocytochemistry analysis (D), the quantification of the percentage of ZIKV E+ 
cells (E), proliferation rate (F), cell apoptosis rate (G) and the normalized cell viability 
(H) of hNPCs at 72 h after ZIKV (MR766) infection. Scale bars, 100 µm. (n=6). 
Experiments and analysis performed by: Ting Zhou, Lei Tan, Shuibing Chen.  

 

HH and AQ also significantly suppressed the production of ZIKV viral 

RNA (vRNA) (Figure 2.2a), and production of infectious ZIKV (Figure 2.2 

b,c). Furthermore, transcript profiling by RNA-seq analysis suggested that HH 

or AQ treatment reversed the transcriptional changes induced by ZIKV 

infection (Figure 2.2 d). Finally, 25 μM HH or 15 μM AQ effectively inhibited 

ZIKV infection of another ZIKV strain, PRVABC59 (Figure 2.2 e,f). 
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Figure 2.2. Additional preliminary characterization of HH and AQ anti-ZIKV 
activity. 
(a) qRT-PCR analysis to monitor the total ZIKV vRNA in the supernatant of hNPC 
cultures at 72 h after ZIKV infection. (b,c) Vero cell reinfection assay (b) and the 
quantification of ZIKV infectious particles produced by ZIKV-infected hNPCs (c). 
Scale bars, 200 µm. (n=3). (d) Heatmap of mock-infected hNPCs+DMSO (mock); 
mock-infected hNPCs+25 µM HH (HH), mock-infected hNPCs+15 µM AQ (AQ), ZIKV 
infected hNPCs+DMSO (ZIKV+DMSO); ZIKV-infected hNPCs+25 µM HH 
(ZIKV+HH), and ZIKV-infected hNPCs+15 µM AQ (ZIKV+AQ). Genes were selected 
from the up/down-regulated genes (fold change >4) in ZIKV-infected hNPCs+DMSO 
compared to mock-infected hNPCs+DMSO. (e,f) Immunocytochemistry analysis (e) 
and quantification of the percentage of ZIKV E+ cells (f) of hNPCs at 72 h after ZIKV 
(PRVABC59, MOI=0.1) infection (n=3). Scale bars, 100 µm. Experiments and 
analysis performed by: Ting Zhou, Lei Tan, Shuibing Chen. 

 

HH eliminates virus from ZIKV infected hNPCs. To determine whether the 

drug candidates are capable of eliminating ZIKV in previously infected hNPCs, 

HH or AQ was applied 2 hours post ZIKV infection (hpi, Figure 2.3a). Both 

compounds were capable of eliminating ZIKV infection with IC50 = 3.62 µM 

(HH, Figure 2.3 b) and IC50 = 2.81 µM (AQ). In addition, HH successfully 

rescued ZIKV-induced loss of cell viability with no obvious cytotoxicity (Figure 

2.3 c). In contrast, AQ affected cell viability at 25 μM, suggesting that AQ can 

be toxic to hNPCs. 
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Figure 2.3. HH eliminates virus in ZIKV-infected hNPCs. 
(a) Scheme to evaluate the elimination of ZIKV. (b) Inhibitory curve of HH calculated 
based on infectious particles in the supernatant as determined by the Vero reinfection 
assay (n=3). (c) Effective curve of HH calculated based on normalized cell viability 
(n=3). (d,e) Immunocytochemistry analysis (d) and the quantification of the 
percentage of ZIKV E+ cells, cell apoptosis rate, and total cell number (e) of hNPCs 
on day 3 and day 6. Scale bars, 100 µm. (n=3). 
(f) qRT-PCR analysis to monitor the (+) strand ZIKV vRNA in the supernatant of 
hNPC cultures on day 6. Scale bars, 200 µm. (n=3). (g,h) Vero cell reinfection assay 
(g) and the quantification of ZIKV infectious particles produced by ZIKV-infected 
hNPCs at day 6. Scale bars, 200 µm. (i) hNPCs with or without ZIKV MR766 infection 
were treated with 25 µM HH or DMSO for 3 days and then stained for hNPC markers: 
SOX2 (green) and NESTIN (red), and with DAPI (blue), or were differentiated to 
cortical neurons. Scale bars, 100 µm. (n=3). Experiments and analysis performed by: 
Ting Zhou, Lei Tan, Shuibing Chen. 

 

ZIKV-infected hNPCs were treated with HH 3 days, followed by 3 days culture 

in drug-free medium. HH suppressed ZIKV infection to undetectable levels by 

day 3 (Figure 2.3 d). By day 6, HH-treated hNPCs remained undetectable for 
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ZIKV infection (Figure 2.3 d,e). Consistent with these observations, HH 

treatment also rescued the cell death rate and total cell number at levels 

comparable to those of the mock infection conditions (Figure 2.3 e). In 

addition, neither ZIKV vRNA (Figure 2.3 f), nor production of infectious ZIKV 

was detected in day 6 supernatant of HH-treated conditions (Figure 2.3 g,h). 

Furthermore, hNPCs with or without ZIKV infection treated with HH for 3 days 

maintained the expression of neural progenitor markers, SOX2 and NESTIN, 

and were capable of differentiation into cortical neurons expressing MAP2 and 

beta-tubulin III (Figure 2.3 i). Together, these data strongly suggest that HH 

can eliminate ZIKV from infected hNPCs without affecting cell identity or 

differentiation capacity. In contrast to HH treatment, AQ treatment resulted in 

viral rebound after 3 days of growth in drug-free medium, suggesting that AQ 

only transiently suppresses ZIKV infection but fails to effectively eliminate virus 

from the cells.  

To further evaluate the therapeutic potential of HH, qRT-PCR analysis 

was performed to monitor the dynamics of ZIKV vRNA expression (MR766 

strain) in hNPCs. Both (+) and replicating (-) strand of ZIKV vRNAs could be 

detected at 24 hpi, and the vRNA level increased progressively at 36 and 48 

hpi (Figure 2.4 a). HH treatment at 24, 36 or 48 hpi successfully suppressed 

ZIKV vRNA levels (Figure 2.4 b). Together, our data show that HH is capable 

of eliminating virus from hNPCs carrying replicating ZIKV virus. 
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Figure 2.4. Kinetics of ZIKV infection and elimination.  
(a) qRT-PCR analysis to quantify the (+) strand and replicating (-) strand ZIKV vRNAs 
in the hNPCs at different time points post infection. The dash line shows detection 
limit. p values were calculated by one-way repeated measures ANOVA with a 
Bonferroni test. ***p<0.001. UD: undetectable. (b) qRT-PCR analysis of hNPCs, on 
which 25 µM HH or DMSO were added at 24, 36 and 48 hpi (MR766) infection and 
maintained for additional 3 days. p values were calculated by unpaired two-tailed 
Student’s t-test. *p<0.05, **p<0.01 and ***p<0.001, if not mentioned specifically. 
Experiments and analysis performed by: Ting Zhou, Lei Tan, Shuibing Chen. 

 

HH inhibits ZIKV infection in a human fetal-like forebrain organoid 

model. hPSC-derived forebrain organoids provide a unique opportunity to 

study disorders of brain growth including microcephaly (Bershteyn and 

Kriegstein, 2013). Here, we systematically test the short-term and long-term 

effects of HH on day 20 (D20) forebrain organoids following ZIKV infection. 

D20 forebrain organoids were inoculated with ZIKV (MR766) for 24 h, followed 

by treatment with 25 μM HH for 3 days (D20+4, short-term) or 17 days 

(D20+18, long-term). Organoids were analyzed for ZIKV infection, cell 

proliferation, and apoptosis (Figure 2.5 a). Immunohistochemical analysis of 

SOX2 and ZIKV E showed that D20 organoids consist mainly of SOX2+ NPCs, 

and more than 80% of the cells were infected by ZIKV at D20+4 (Figure 2.5 

b,c), Strikingly, HH was effective at suppressing the percentage of ZIKV E+ 
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cells (Figure 2.5 c) and total ZIKV vRNA level in the supernatant (Figure 2.5 

d) to undetectable levels. In addition, infection of D20 organoids with ZIKV 

reduced the relative number of Ki67+ proliferating cells, and increased the 

number of CAS3+ apoptotic cells (Figure 2.5 e). These phenotypes were 

completely rescued by HH (Figure 2.5 f).  
 

	  
Figure 2.5. HH inhibits ZIKV infection in short-term forebrain organoid cultures 
(a) Scheme to evaluate HH using forebrain organoids. (b,c) Immunocytochemistry 
analysis (b) and the quantification of the percentage of ZIKV E+ cells (c) in mock, 
DMSO or 25 µM HH treated ZIKV-infected D20 organoids at D20+4 (n=3). Scale 
bars, 100 µm. (d) qRT-PCR analysis of (+) strand ZIKV vRNA in the supernatant of 
DMSO or 25 µM HH treated ZIKV-infected D20 organoids (n=3). (e) HH rescues 
ZIKV-related proliferation and apoptosis defects in D20+4 organoids. Scale bars, 100 
µm. Experimental Design: Ting Zhou, Shuibing Chen, Lorenz Studer. Organoid 
Culture: Gustav Cederquist. ZIKV infection: Lei Tan. Data Analysis: Ting Zhou, Lei 
Tan, Gustav Cederquist, Lorenz Studer, Shuibing Chen.  
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We next assessed whether HH confers durable, long-term control of ZIKV 

infection and whether it can rescue microcephaly-related defects caused by 

ZIKV infection. D20 organoids were infected with ZIKV and after 18 additional 

days of growth, analyzed for ZIKV infection. HH treated organoids were devoid 

of any detectable ZIKV, while ZIKV infected organoids without drug treatment 

were strongly infiltrated by virus (Figure 2.6 a). Moreover, HH successfully 

rescued ZIKV-induced structural defects seen in long-term cultures. Similar to 

the mock condition, in the ZIKV-infected organoids treated with HH, there are 

clearly defined zones of progenitors (SOX2+) and neurons (TUJ1+), while in 

the ZIKV infected organoids, the progenitor and neuronal zones are intermixed 

and lack any discernible organization (Figure 2.6 b). To determine whether 

HH rescues microcephaly-related pathologies, organoid size was measured at 

18 days post infection (dpi). At 18 dpi, the cross-sectional area of ZIKV 

infected organoids was significantly decreased compared to mock infected 

conditions, consistent with modeling ZIKV-associated congenital microcephaly 

(Figure 2.6 c,d). In contrast, ZIKV-infected organoids that were treated with 

25 μM HH grew to a similar size as mock-infected organoids (Figure 2.6 c,d). 

Together, these data indicate that HH successfully inhibits ZIKV activity during 

long-term forebrain organoid growth and rescues crucial aspects associated 

with fetal brain development.  
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Figure 2.6. HH inhibits ZIKV infection in long-term forebrain organoid cultures. 
(a) D20+18 organoids are highly infiltrated by ZIKV (red), while HH suppressed any 
detectable ZIKV infection (n=3). Scale bars, 50 µm. (b) HH rescues ZIKV-induced 
structural defects in forebrain organoids. (n=3). Scale bars, 100 µm. (c,d) Brightfield 
images of whole organoids (c) and the quantification of average cross sectional area 
of D20+18 organoids (d). Values represent mean ± SEM (n=3). Scale bars, 1 mm. p 
values were calculated by unpaired two-tailed Student’s t-test. *p<0.05 and 
***p<0.001. Experimental Design: Ting Zhou, Shuibing Chen, Lorenz Studer. 
Organoid Culture: Gustav Cederquist. ZIKV infection: Lei Tan. Data Analysis: Ting 
Zhou, Lei Tan, Gustav Cederquist, Lorenz Studer, Shuibing Chen.  

 

HH or AQ suppresses ZIKV infection in vivo. To evaluate the prophylactic 

activity of drug candidates in vivo, HH was administrated to 6-8 week old 

SCID-beige mice 12 h before they were infected with ZIKV (MR766). HH was 

injected at a dose of 100 mg/kg/day subcutaneously (Figure 2.7 a). The mice 

were euthanized at 7 dpi. ZIKV vRNA was quantified in multiple organs of 

ZIKV-infected mice treated with vehicle (Figure 2.7 b). The levels of (+) strand 

ZIKV vRNA in liver, spleen and kidney was low (Figure 2.7 b). However, 

strong ZIKV infection was detected in the brains of many of the infected mice 
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(Figure 2.7 b). Strikingly, HH treatment suppressed significantly suppressed 

levels of ZIKV vRNA in brain (Figure 2.7 c).  
 

	  
Figure 2.7. HH suppresses ZIKV infection in vivo. 
(a) Scheme of prophylactic treatment of HH in vivo. (b) qRT-PCR analysis of (+) 
strand ZIKV vRNA in liver, spleen, kidney and brain of ZIKV infected mice. n=12 for 
liver, spleen and kidney and n=20 for brain. (c) qRT-PCR analysis of (+) strand ZIKV 
vRNA in brains of ZIKV-infected mice treated with vehicle (n=14) or HH (n=8). UD, 
undetectable. All experiments and analysis by Lei Tan, Yujie Fan, Shuibing Chen. 

 

We next determined the brain structures and cell types infected by ZIKV 

in this in vivo system. Immunohistochemical analysis revealed that ZIKV 

broadly infects forebrain structures, with strong infiltration of the adult cortex 

(Figure 2.8 a). Interestingly, ZIKV was found in many post-mitotic TUJ1+ 

cortical neurons (Figure 2.8 b), but in far fewer, if any, GFAP+ cortical 

astrocytes (Figure 2.8 c). HH fully inhibited infection of adult cortex (Figure 

2.8 a-c). ZIKV also strongly infiltrated hippocampal structures, including the 

cornu ammonis (CA1 and CA3) regions, suggesting infection of post-mitotic 

neurons (Figure 2.8 d). In addition, high magnification images revealed that 

ZIKV can infect SOX2+ neural progenitors (Figure 2.8 e) and DCX+ immature 

neurons (Figure 2.8 f). HH completely inhibited infection of the adult 

hippocampus, including immature cells (Figure 2.8 d-f). Finally, ZIKV strongly 

infiltrated the striatum (Figure 2.8 g). Interestingly, ZIVK appeared to localize 

outside the neurogenic subventricular zone (SVZ). High magnification imaging  
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Figure 2.8. Cellular identity of ZIKV infected cells in vivo. 
(a-c) Immunohistochemical analysis of adult cortex using antibodies against ZIKV E 
(a), βIII-tubulin (b) and GFAP (c). Scale bar, 100 µm in (a) and 10 µm in (b,c). (d-f) 
Immunohistochemical analysis of adult hippocampus including the post-mitotic CA 
regions using antibodies against ZIKV E (d), SOX2 (e) and DCX (f). Scale bar, 100 
µm in (d) and 10 µm in (e,f). (g-i) Immunohistochemical analysis of adult striatum 
using antibodies against ZIKV E (g), SOX2 (h) and DCX (i). Scale bar, 100 µm in (g) 
and 10 µm in (h,i). (j,k) Immunohistochemical analysis of cellular apoptosis in adult 
cortex antibodies against CAS3. Scale bar, 100 µm in (M) and 10 µm in (N). 
Experimental Design: Lei Tan, Shuibing Chen. Drug administration: Lei Tan. 
Histology: Gustav Cederquist. Data analysis: Lei Tan, Gustav Cederquist, Shuibing 
Chen.  
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revealed few ZIKV-infected SOX2+ neural progenitors (Figure 2.8 h) or DCX+ 

immature neurons (Figure 2.8 i). HH fully inhibited infection of the adult 

striatum (Figure 2.8 g-i). Given the strong infiltration of adult brain structures 

by ZIKV, we analyzed whether ZIKV exerts detrimental cellular effects in the 

adult nervous system. Immunostaining for CAS3 revealed that ZIKV infection 

increases the number of apoptotic cells in the cortex (Figure 2.8 j). ZIKV 

induced apoptosis in both infected and non-infected cells (Figure 2.8 k). 

Treatment of mice with HH rescued cellular apoptosis associated with ZIKV 

infection in the cortex (Figure 2.8 k). 

To evaluate the therapeutic potential of HH, we first monitored the 

kinetics of ZIKV infection in adult mouse organs. Increasing levels of (+) strand 

(Figure 2.9 a, left) and replicating (-) strand (Figure 2.9 a, right) vRNAs were 

detected in the brains of ZIKV-infected SCID-beige mice at 24 hpi, 4 and 5 dpi 

with MR766. Vero re-infection assay was used to confirm infectious particles in 

the brain (Figure 2.9 b). Based on this result, we decided to focus on 

evaluating HH’s effect on mouse brain. 

Based on the dynamics of viral replication, we tested the anti-ZIKV 

potential of HH at 24 hpi and 5 dpi, two time points when ZIKV vRNA is 

detected. At 24 hpi, the ZIKV-infected mice were randomly separated into two 

groups and treated with vehicle or HH (100 mg/kg/day subcutaneously) for 7 

days (Figure 2.9 c). The (+) strand and (-) strand ZIKV vRNA were rarely 

detectable following HH treatment (Figure 2.9 d). In addition, HH treatment at 

5 dpi, 4 days after the emergence of detectable ZIKV (Figure 2.9 e),  
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Figure 2.9. Kinetics of ZIKV infection and treatment in vivo. 
(a,b) Kinetics of ZIKV (MR766). Mice were infected with (1 x106 PFU) through 
intraperitoneal injection. Mice were euthanized at 24 hpi, 4 and 5 dpi. vRNA level was 
analyzed by qRT-PCR (a). Infectivity of viral particles was analyzed by Vero assay 
(b). n ≥ 4 mice at each time point. (c) Scheme of therapeutic intervention with HH 24 
hpi (MR766) in (d). (d) qRT-PCR analysis of ZIKV vRNA in brains of mice treated with 
vehicle (n=10) or HH (n=8) for 5 days starting at 24 hpi. (e) Scheme of therapeutic 
intervention with HH 5 dpi (MR766) in (f-h). (f) qRT-PCR analysis of ZIKV vRNA in 
the brains of mice treated with vehicle (n=8) or 100 mg/kg HH (n=8) for 5 days 
starting at 5 dpi. (g) qRT-PCR analysis of ZIKV vRNA in the brains of mice treated 
with vehicle (n=15) or 200 mg/kg HH (n=8) for 5 days starting at 5 dpi. (h) 
Quantification of ZIKV infectious particles in serum of ZIKV-infected mice (MR766) 
treated with vehicle (n=8) or 200 mg/kg HH (n=8) for 5 days starting at 5 dpi. p values 
were calculated by one-way repeated measures ANOVA or two-way repeated 
measures ANOVA with a Bonferroni test. *p<0.05, **p<0.01, ***p<0.001. All 
experiments and analysis by Lei Tan, Yujie Fan, Shuibing Chen (Weill Cornell). 
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consistently decreased both (+) strand and replicating (-) strand vRNA levels 

when compared to the vehicle treated cohort (Figure 2.9 f). High dose HH 

treatment (200 mg/kg/day subcutaneously) applied at 5 dpi also suppressed 

(+) and (-) strand ZIKV vRNA in the brain (Figure 2.9 g). Importantly, high 

dose HH treatment starting at 5 dpi also significantly suppressed the infectious 

capacity of ZIKV in mouse serum (Figure 2.9 h). Together, these data 

demonstrated that in immuno-compromised adult hosts, ZIKV has the ability to 

achieve disseminated infection outside of progenitor zones, where it typically 

resides. Furthermore, HH has broad anti-ZIKV activity in mouse brain carrying 

replicating ZIKV, highlighting its therapeutic application. 

 

Discussion.  

We successfully carried out a high content chemical screen using an FDA-

approved drug library and studied two drug candidates that have anti-ZIKV 

activity in hNPCs. Both HH and AQ can inhibit ZIKV infection of hNPCs. HH, 

but not AQ, eliminates ZIKV from hNPCs previously infected with ZIKV. As a 

result, HH can rescue microcephaly-related defects in human fetal-like 

forebrain organoid cultures, with little or no evidence of cellular toxicity. Finally, 

HH exhibits anti-ZIKV activity in vivo in the adult mouse brain. Recently, two 

compounds that have been reported in mouse models, NITD008 (Deng et al., 

2016) and 7-deaza-2'-C-methyladenosine (Zmurko et al., 2016), have only 

been tested for their prophylactic activity, but not therapeutic application on 

animals with active ZIKV infection. In our study, we demonstrated that HH has 

strong in vivo anti-ZIKV activity, inhibiting virus production and spread in ZIKV-

infected immuno-compromised SCID-beige mice.  
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HH was first isolated from the amaryllidaceae family plant 

species Lycoris radiata. HH was reported to exhibit anti-avian influenza 

H5N1 viral activity (He et al., 2013). In addition, a chemical analog of HH 

inhibits Hepatitis C virus, another flavivirus (Chen et al., 2015a). It is worth 

noting that HH shows no toxicity even at high doses (100 μM in vitro and 

200 mg/kg in vivo). Given the safety and efficacy of HH to suppress ZIKV 

infection in hNPCs, human forebrain organoids, and adult mice, HH is a 

highly promising drug candidate for further clinical development to treat 

ZIKV-infected patients across the lifespan. 

In addition to HH, we identified another FDA approved drug, AQ, also 

called Amodiaquine, as an anti-ZIKV compound. The WHO recommended AQ 

as an optional treatment of uncomplicated malaria (Olliaro and Mussano, 

2003). AQ has activity against another flavivirus, Dengue virus, by inhibition of 

Dengue virus type 2 replication and infectivity (Boonyasuppayakorn et al., 

2014). We found that AQ effectively inhibits ZIKV infection in NPCs in vitro and 

in a mouse model. However, AQ exhibited high cytotoxicity in brain organoid 

cultures, which raises safety concerns for using this drug during pregnancy.  

Despite the ZIKV pandemic, very few options are available to treat this 

potentially devastating infection. Chemical-based drugs may provide a first 

response option to treat this epidemic. Our findings provide a strong drug 

candidate for the treatment of ZIKV infection, in addition to indicating novel 

targets for drug development against other flaviviruses, including West Nile 

Virus, Dengue Virus, and yellow fever virus, which all cause severe illness.  
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CHAPTER THREE: SPECIFICATION OF POSITIONAL IDENTITY IN 

FOREBRAIN ORGANOIDS 

Abstract 

Human brain organoids are self-organizing, three-dimensional neural tissues 

derived from pluripotent stem cells. While organoids recapitulate histological 

features of the human brain, they lack a reproducible topographic 

organization, which is fundamental to brain structure and function. During 

development, spatial topography is determined by the graded activity of 

signaling molecules, which are released from discrete signaling centers. We 

hypothesized that introduction of a signaling center into forebrain organoids 

would specify the positional identity of neural tissue in a distance-dependent 

manner. Here, we present a system to trigger a sonic hedgehog (SHH) protein 

gradient in developing forebrain organoids that enables ordered self-

organization along dorso-ventral and antero-posterior positional axes. SHH-

patterned forebrain organoids establish major subdivisions of the forebrain, 
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and strikingly, these subdivisions are positioned with in vivo-like topography. 

Consistent with its behavior in vivo, SHH exhibits long-range signaling activity 

in organoids. Finally, we use SHH-patterned cerebral organoids as a tool to 

study the potential teratogenic effects of statins during early fetal brain 

development. Together, our work identifies inductive signaling as an effective 

organizing strategy to recapitulate in vivo topography in human brain 

organoids.    

Introduction 

Human pluripotent stem cells (hPSCs) have the intrinsic capacity to self-

organize into multicellular, organ-like structures called organoids (Kelava and 

Lancaster, 2016; Sasai et al., 2012). Brain organoids recapitulate the cellular 

diversity and micro-architectural features characteristic of discrete brain 

regions, providing unprecedented opportunities to model human brain 

development and disease (Lancaster and Knoblich, 2014b; Lancaster et al., 

2013; Quadrato et al., 2016). However, in these organoids, individual brain 

regions are ordered randomly, non-reproducibly and lack the characteristic in 

vivo anterior-posterior, dorso-ventral, and medio-lateral positioning that 

supports the emergence of complex brain structure and function (Kelava and 

Lancaster, 2016; Lancaster et al., 2013; Renner et al., 2017). The absence of 

a defined topography is a crucial shortcoming of current brain organoid 

technologies. Region-specific organoids attempt to overcome positional 

heterogeneity by restricting cellular identities to a single brain area such as the 

forebrain, midbrain, or hindbrain	  (Jo et al., 2016; Kadoshima et al., 2013; 

Muguruma et al., 2015). More recently, several groups have created a dorso-

ventral axis by fusing dorsal and ventral forebrain organoids. While these 
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strategies recapitulate some processes associated with long-range tissue 

interactions, such as cell migration, they fail to capture the full continuum of 

regional diversity encompassed by the human forebrain. 

During development, topographic maps are generated by gradients of 

signaling activity across neural tissue, which allow cells to acquire discrete 

regional identities as a function of their specific position (O'Leary et al., 2007; 

Sagner and Briscoe, 2017). In contrast, brain organoids are generated either 

in the absence of extrinsic signaling molecules or with morphogens added to 

the culture medium resulting in uniform, rather than graded, signaling cues. 

Exposure to uniform extrinsic signals results in restricted, area-specific 

organoids that lack the regional complexity of the nervous system (Bagley et 

al., 2017; Eiraku et al., 2011; Jo et al., 2016; Kadoshima et al., 2013; 

Muguruma et al., 2015; Qian et al., 2016; Suga et al., 2011). Organoids devoid 

of any extrinsic signals exhibit a high degree of complexity, yet are often highly 

variable with respect to their regional identity and lack an ordered 

topographical organization (Lancaster and Knoblich, 2014a; Lancaster et al., 

2013; Quadrato et al., 2017; Renner et al., 2017).  

 

Results 

Sonic Hedgehog (SHH) is a signaling factor whose graded expression 

specifies the spatial organization of discrete progenitor domains across the 

neuraxis (Jessell, 2000; Lupo et al., 2006). To test the hypothesis that 

introduction of a SHH signaling gradient into developing forebrain organoids 

could specify positional domains, we engineered an inducible SHH-expressing 

hPSC line (iSHH) that could be embedded at one pole of a developing 
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organoid (Figure 3.1 a). The iSHH line was generated by TALEN-mediated 

gene targeting into the AAVS1 locus of an hPSC line with constitutive RFP 

expression (Fattahi et al., 2016; Gonzalez et al., 2014). A constitutively active 

reverse tetracycline transactivator is expressed from one allele of the AAVS1 

locus, while full-length human SHH is expressed from the other allele, under 

the control of a tetracycline response element (TRE) (Figure 3.1 a). This 

strategy resulted in titratable SHH expression (Figure 3.1 b) with 

commensurate level of post-translational palmitoylation (Figure 3.1 c). The 

iSHH line induced robust expression of the SHH target gene FOXA2 during 

neural differentiation in the presence of doxycycline, indicating appropriate 

biological activity (Figure 3.1 d).  

We next envisioned a strategy to trigger a SHH gradient in forebrain 

organoids (Figure 3.2 a). First, we developed a method to embed iSHH cells 

at one pole of an hPSC spheroid, mimicking a developmental organizer. 1,000 

iSHH cells were seeded in low-attachment round bottom microwells and 

allowed to aggregate for 24 hours (day -2 to -1). The next day 10,000 wild-type 

H9 hPSC were seeded on top of the iSHH cells (day -1 to 0) and allowed to 

aggregate for another 24 hours, reproducibly resulting in a chimeric iSHH-H9 

spheroid in which a small cluster of iSHH cells are embedded within a larger 

spheroid (Figure 3.2 b, >90% efficiency). We refer to these chimeric 3D hPSC 

cultures as SHH-spheroids. 

For the specific induction of forebrain identity we devised a strategy that 

combines aspects of several previous organoid induction protocols. In brief, 

SHH-spheroids were cultured in the presence of inhibitors of TGFβ, BMP, and 

WNT (3-inhibitor protocol) for 6-8 days to promote specification of anterior 

forebrain identity (Kadoshima et al., 2013). After 6-8 days of differentiation, 
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spheroids were embedded in matrigel droplets to promote neuroepithelial 

organization and moved to an orbital shaker upon outgrowth of neuroepithelial 

buds, which was typically 4-6 days (Lancaster and Knoblich, 2014a; Lancaster 

et al., 2013) (Figure 3.2 c). Doxycycline (400ng/ml) was added to the 

differentiation medium starting at day 0 to induce an asymmetric SHH signal. 

Under those conditions, the iSHH-organizer typically remained positioned at 

one end of the developing organoid, though we observed shedding of small 

clusters of organizer cells into distal territories in 25% of instances (Figure 3.2 

d).   
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Figure 3.1. Generation of SHH inducible hPSC line. 
(a) Strategy to specify positional identity in forebrain organoids. SHH exhibits a 
ventral-high to dorsal-low gradient in the developing forebrain. A doxycycline-
inducible SHH (iSHH) hPSC line was engineered using TALEN-mediated 
homologous recombination. The iSHH line could be positioned at one pole of 
developing forebrain organoids. (b) qRT-PCR analysis shows robust and titratable 
induction of SHH transcript expression in iSHH but not H9 hPSC line. Individual 
replicates plotted on bar graphs, mean ± S.D. One way ANOVA with Dunnett Test. *** 
P=0.0003, **** P=0.0001.  N=3 hPSC cultures for each iSHH condition, N=4 hPSC 
cultures for each H9 condition. (c) Schematic of [I125]Iodopalmitate labeling 
experiment (left). SHH produced from the iSHH line is palmitoylated at levels 
commensurate to the amount of SHH protein expressed. (d) qRT-PCR analysis of 
SHH and FOXA2, a SHH target gene, during neural differentiation shows that iSHH 
expresses biologically active protein, comparable to levels from hPSC-derived 
floorplate. Individual replicates plotted on bar graphs, mean ± S.D. One way ANOVA 
with Dunnett Test. ***P<0.001, **P<0.01. N=3 differentiations for all conditions. 
Generation and characterization of iSHH line: Gustav Cederquist, Jason Tchieu, 
Lorenz Studer. [I125]Iodopalmitate labeling: James Asciolla, Marilyn Resh. 
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Figure 3.2. Protocol to generate SHH-dependent topographic patterning of 
forebrain organoids 
(a) Schematic of the method for generating forebrain organoids with a SHH protein 
gradient. Timeline and small molecules used for neural induction are shown. The 
specific timing of matrigel embedding can exhibit slight variation among 
differentiations. (b) Reproducibility of organizer plating and formation of SHH-H9 
spheroids. 1,000 iSHH cells are plated in low-attachment microwells and allowed to 
aggregate overnight. 10,000 wildtype hPSCs are plated on top of the iSHH organizer 
cells. (c) Spheroids are embedded in matrigel, and the day of embedding is critical to 
efficient neuroepithelial growth. SHH organoids (no dox) embedded on day 5 exhibit 
no neuroepithelial growth, while SHH organoids (no dox) embedded on day 6 exhibit 
efficient neuroepithelial formation. (d) Typically, the iSHH organizer remains clustered 
at one pole during differentiation, though in ~25% of instances the organizer shed 
small clusters of cells into distal sites. Scale bars: 200µm. Experimental design and 
data analysis: Gustav Cederquist, Lorenz Studer; Organoid Culture: Gustav 
Cederquist.  
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To assess whether this strategy generates a gradient of SHH protein, 

we performed immunocytochemistry, using tyramide signal amplification, at 

day 4 of the differentiation. In the absence of doxycycline, no SHH protein was 

detectable. In the presence of doxycycline, high levels of SHH expression 

were detected in the region of the iSHH cells, and the abundance of SHH 

protein was reduced as a function of distance from the SHH-organizer (Figure 

3.3 a).  
 

	  
Figure 3.3. SHH protein gradient in 3D culture. 
(a) Visualization of SHH protein gradient using tyramide signal amplification (TSA). A 
line scan was used to quantify SHH protein signal. Graph shows mean ± S.D. 
Intensity of SHH signal (y-axis, green) normalized to maximum iSHH fluorescence. 
Origin (X-axis) set to position of maximum iSHH fluorescence. (b) Quantification of 
the distance at which the iSHH-organizer signal (ORG) and SHH protein signal (SHH) 
reach 25% of maximum intensity demonstrates that the SHH protein gradient extends 
beyond the limit of the organizer cells.  Student two-tailed t-test. N=6 spheroids, 2 
batches. All experiments and analysis by Gustav Cederquist and Lorenz Studer. 

Functional subdivisions within the mammalian forebrain are located at 

discrete positions within a Cartesian coordinate system, whose axes are 

arranged in the dorso-ventral, medio-lateral, and antero-posterior directions. 

Each of the dorso-ventral and antero-posterior domains can be identified by 

the expression of characteristic transcription factors. PAX6 is expressed in the 

dorsal forebrain and NKX2.1 in the ventral forebrain (Figure 3.4 a). FOXG1 is 

expressed in the anterior forebrain, or telencephalon, while it is absent from 

the posterior forebrain, or diencephalon. In contrast, OTX2, SIX3, and TCF7L2 



	  

	  44	  

are expressed in the diencephalon (Figure 3.4 b,c). When we differentiated 

H9 spheroids or SHH-spheroids in the absence of doxycycline they 

predominantly expressed PAX6 and FOXG1 within self-organized 

neuroepithelium, in agreement with previous findings(Kadoshima et al., 2013) 

(Figure 3.4 a,b). This indicates that the default identity of our 3D cultures is 

dorsal-anterior forebrain, which gives rise to the neocortex. SHH-spheroids 

grown in the presence of doxycycline (400 ng/ml) induced NKX2.1 near the 

organizer, while PAX6 expression was suppressed (Figure 3.4 a).  
 

	  
Figure 3.4. Specification of developmental axes in SHH-organoids. 
(a) Schematic illustrating that PAX6 and NKX2.1 define dorsal and ventral forebrain, 
respectively. H9 organoids (H9) or SHH-organoids grown without doxycycline (-DOX) 
largely express PAX6 without detectable NKX2.1 expression. SHH-organoids grown 
in the presence of doxycycline (400 ng/ml, +DOX) suppress PAX6 and induce 
NKX2.1 near the iSHH organizer. H9, N=7 organoids; -DOX, N=8 organoids; +DOX, 
N=11 organoids. Samples are from at least 2 batches. (b) Schematic illustrating that 
FOXG1 and OTX2 define anterior and posterior forebrain domains. H9 organoids or 
SHH-organoids grown without doxycycline largely express FOXG1 with only small 
amounts of OTX2 expression. SHH-organoids grown in the presence of doxycycline 
(400 ng/ml) suppress FOXG1 and induce OTX2 near the iSHH organizer. H9, N=8 
organoids; -DOX, N=8 organoids; +DOX, N=12 organoids. Samples are from at least 
2 differentiations. (c) Schematic illustrating diencephalic expression of SIX3, TCF7L2, 
and DKK1. SHH-organoids grown in doxycycline (400 ng/ml) induce SIX3 and 
TCF7L2 near organizer tissue. N = 9, -DOX and +DOX. (d) Dose-dependent 
activation of DKK1 by SHH induction. N=6-8 organoids from 2 batches for all 
conditions. Individual replicates plotted on bar graphs, mean ± S.D. One-way 
ANOVA, P < 0.0001, followed by post-hoc Tukey test for multiple comparisons. **** P 
< 0.0001, ** P < 0.01. Representative images shown in all panels. Scale Bars: 200 
µm. All experiments and analysis by Gustav Cederquist and Lorenz Studer. 
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Surprisingly, FOXG1 expression was also suppressed near the organizer, 

while OTX2 expression was maintained (Figure 3.4 b), suggesting that SHH 

can lead to posterior forebrain specification. We therefore examined the 

expression of TCF7L2, which is expressed in the diencephalon	  (Merchan et 

al., 2011; Shiraishi et al., 2017) and SIX3, which is expressed in optic recess 

and hypothalamus	  (Oliver et al., 1995). Both TCF7L2 and SIX3 were induced 

near organizer tissue (Figure 3.4 c), supporting a role for SHH in anterior-

posterior patterning, as well as dorsoventral patterning. SHH exhibited dose-

dependent induction of DKK1 (Figure 3.4 d), a secreted antagonist that 

shapes the anterior-posterior WNT gradient in vivo, is commonly induced in 

regions of high WNT/β−catenin activity (Niida et al., 2004; Shinya et al., 2000), 

and is a critical regulator of anterior-posterior patterning (Houart et al., 2002; 

Kiecker and Niehrs, 2001). It is thus interesting to hypothesize that SHH might 

exert anterior-posterior patterning activity via regulation of WNT 

signaling(Maroof et al., 2013).   

Given that a SHH protein gradient could specify distinct dorso-ventral 

and antero-posterior positional domains, we next sought to determine if the 

resulting forebrain subdivisions are aligned according to an anatomically 

appropriate topography. The position of the presumptive forebrain 

subdivisions in vivo can be defined by their distance from the SHH source in 

the hypothalamus. The neocortex (PAX6+/FOXG1+) represents the anterior 

and dorsal subdivision of the forebrain which is located most distal from the 

SHH source. Just ventral to the neocortex is the lateral ganglionic eminence 

(LGE) characterized by the co-expression expression of GSH2+/FOXG1+, 

followed by the medial ganglionic eminence (MGE) characterized by co-
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expression of NKX2.1+/FOXG1+, the antero-dorsal hypothalamus 

characterized by expression of NKX2.2+, and finally the ventro-posterior 

hypothalamus characterized by the expression of NKX2.1+/FOXG1-, 

representing the brain region located most ventral and proximal to the SHH 

source (Figure 3.5 a).  

When differentiated in the presence of doxycycline (400 ng/ml), SHH-

spheroids formed at least five topographically distinct presumptive forebrain 

domains. Quantification of the distance of forebrain domains from the SHH-

organizer, identified by protein expression, revealed that the positioning of 

these domains precisely mimics the pattern observed in vivo (Figure 3.5 b). 

Topographic organization could be triggered in at least five additional hPSC or 

iPSC lines using the same H9-based iSHH organizer, though the specific 

growth rates and size of regional domains could differ (Figure 3.6). We next 

identified presumptive neocortical (FOXG1+/PAX6+), LGE (GSH2+), MGE 

(FOXG1+/NKX2.1+), anterior hypothalamic (NKX2.2+) and ventro-posterior 

hypothalamic (NKX2.1+/FOXG1-) regions by immunocytochemistry (Figure 

3.5 c). The resulting topographic patterning is in contrast to the patterning 

exerted by bath application of SHH agonist to forebrain organoids, which 

results in subpallium-restricted identities (Bagley et al., 2017; Birey et al., 

2017). SHH-spheroids differentiated in the absence of doxycycline expressed 

markers of dorsal-anterior forebrain, including PAX6 and FOXG1, with a small 

proportion of GSH2 expressing cells. These 3D cultures in the absence of 

doxycycline did not express the ventral identity genes NKX2.1 and NKX2.2 

(Figure 3.5 d). 

Interestingly, tissue cytoarchitecture differed between areas that are proximal 

(hypothalamic-like) and distal (telencephalic-like) to the SHH source. At day 
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20, PAX6+ distal neuroepithelia acquired circular, rosette-like morphologies 

(Figure 3.7 a), consistent with the self-organizing radial structures described 

for forebrain organoids (Kadoshima et al., 2013; Lancaster et al., 2013). In 

contrast, the NKX2.1+ proximal region contained many thin and highly 

extended neuroepithelia (Figure 3.7 a) as observed previously for 3D 

structures of early hypothalamic lineages (Merkle et al., 2015; Suga et al., 

2011). This appears to be restricted to diencephalic NKX2.1+ regions, as 

presumptive MGE domains (FOXG1+/NKX2.1+) typically acquired circular, 

rosette-like morphologies (Figure 3.7 b). The organizer tissue itself expression 

of NKX2.1 in at least a subset of the organizer cells, suggesting hypothalamic 

identity (Blaess et al., 2014) (Figure 3.7 c). Our data indicate that an 

asymmetric SHH cue enables the ordered patterning and topographical 

organization of brain regions without interfering in the self-organization 

process, which leads to the establishment of region-specific tissue 

microarchitectures. We term these 3D cultures SHH-organoids. 

To explore the degree to which topography is maintained over time, 

SHH-organoids were cultured for up to 70 days. Typically the OTX2+ domain 

was located proximal to the organizer, while the FOXG1+ domain was located 

distally (Figure 3.8 a). Radially organized PAX6, TBR2, TBR1 cerebral cortex-

like tissue and DARPP32+ striatum-like tissue emerged in distal domains 

(Figure 3.8 b-d), while hypothalamic-like tissue, expressing LHX6, OTP, 

POMC, and TH, was found in the immediate vicinity of the organizer cells 

(Figure 3.8 d-f). In some instances organoid topography was more difficult to 

discern because the organizer seemed to have dispersed throughout the 

tissue. In addition, tissue necrosis in the center of those larger organoids may 

degrade organization over time. 



	  

	  48	  

 

 

 

 

 
Figure 3.5. In vivo-like topographic organization of major forebrain subdivisions 
in SHH-organoids. 
(a) In situ hybridization images depicting forebrain topography. The neocortex co-
expresses FOXG1 (blue) and PAX6 (green), and is located distal to the SHH source 
(red). The lateral ganglionic eminence (LGE) co-expresses FOXG1 and GSH2 
(orange), and is just ventral to the neocortex. The medial ganglionic eminence (MGE) 
co-expresses FOXG1 and NKX2.1 (light purple), and is just ventral to the LGE. 
NKX2.1 is also expressed in the ventro-posterior hypothalamus (dark purple), and is 
distinguished from the MGE by exclusion of FOXG1 expression. The anterior 
hypothalamus expresses NKX2.2 (cyan) and resides in the gap between MGE and 
Hypothalamic NKX2.1 expression. SHH (red) is strongly expressed in the ventro-
posterior hypothalamus, and is also weakly expressed in the ventral MGE. Images 
are from © 2008 Allen Institute for Brain Science. Allen Developing Mouse Brain 
Atlas. Available from developingmouse.brain-map.org. (b) Quantification of position of 
regional domains in SHH organoids (400 ng/ml doxycycline). Immunofluorescent 
signals of each regional marker is plotted as a function of distance from the SHH 
organizer (see methods for details of quantification). Mean ± S.E.M. N=30 organoids 
from 6 batches. (c) Sections from a single organoid showing that SHH-organoids 
develop with in vivo-like topography. A neocortex-like domain that co-expresses 
FOXG1 and PAX6 is distal to the SHH organizer (red). A GSH2 domain is observed 
partially overlapping with and adjacent to the PAX6 domain. A FOXG1/NKX2.1 co-
expression domain occupies an intermediate position between the neocortex-like 
domain and the SHH organizer. Finally, NKX2.2 and NKX2.1 are expressed in the 
FOXG1 negative territory, with NKX2.1 most proximal to the SHH organizer. Colors of 
arrowheads correspond to regional identities in panel 2a and delineate presumptive 
forebrain domains. (d) SHH-organoids grown without doxycycline treatment mainly 
express FOXG1 (N=6 organoids) and PAX6 (N=6 organoids), with some GSH2 
expression (N=4 organoids). No NKX2.1 or NKX2.2 is observed (N=3 organoids). All 
experiments and analysis by Gustav Cederquist and Lorenz Studer. 
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Figure 3.6. Topographic patterning in 3 additional hPSC lines (MEL1, HUES6, 
HUES8) and 2 iPSC lines (J1 and 348).  
The iSHH organizer can induce distinct regional domains that emerge in the 
anatomically correct topographic order. However, the size of domains and overall 
growth rate of organoids may differ between lines. Without doxycycline all lines are 
predominantly PAX6 and FOXG1 positive, though sparse induction of NKX2.2 and 
NKX2.1 was observed in MEL1 and 348 lines. +Doxycycline, N=8 organoids, 2 
batches for all lines; -Doxycycline, N=4 organoids, 1 batch.  Scale bars: 200µm. All 
experiments and analysis by Gustav Cederquist and Lorenz Studer. 
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Figure 3.7. Differential local self-organization in SHH-organoids.  
(a) The length of ZO-1 apical neuroepithelia differs between PAX6+ and NKX2.1+ 
regions. PAX6+ regions contain circular, rosette-like neuroepithelia, while NKX2.1+ 
regions contain highly-extended neuroepithelia. High-magnification images 
correspond to insets. Quantification shows average neuroepithelium length in PAX6 
versus NKX2.1 domains. Dots represent individual organoids. Student two-tailed t-
test. n = 7 organoids, 2 batches for each condition. (b) MGE-like neuroepithelium 
(FOXG1+/NKX2.1+) acquires a circular, rosette-like structure suggestion a radial 
organization. (c) iSHH organizer cells (red) at least partially express NKX2.1 (green) 
and are negative for FOXG1, suggesting hypothalamic identity. Scale bars: 200 mm 
(Low magnification), 50 mm (High magnification). All experiments and analysis by 
Gustav Cederquist and Lorenz Studer. 
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Figure 3.8. Characterization of maintenance of SHH-organoid topography. 
(a) OTX2 and FOXG1 regions remain largely distinct over time, and appear to retain 
their orientation with respect to the organizer. In some instance, the organizer tissue 
disperses throughout the organoid, making it difficult to determine orientation. (b,c) 
Cerebral cortex-like tissue of radially organized bands of PAX6, TBR2, and TBR1 
emerge in distal regions. (d) Striatum-like tissue expressing DARPP32 emerges in 
distal regions. LHX6+ cells are found proximal to the organizer. (e,f) Hypothalamic-
like cells, which express OTP, POMC, and TH, are found in the immediate vicinity of 
the organizer. Scale bars: 50µm (high magnification), 200µm (low magnification). All 
experiments and analysis by Gustav Cederquist and Lorenz Studer. 
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Figure 3.9. Characterization of interneuron diversity in SHH-organoids using 
LHX6-citrine line. 
(a) LHX6+ cells emerge in regions proximal to the organizer, and co-express NKX2.1. 
(b) A subset of LHX6+ cells expresses FOXG1, consistent with striatal or cortical 
interneuron identity. (c) Some FOXG1+/LHX6+ cells have a leading process 
morphology, characteristic of migrating cortical interneurons. (d,e,f) Diverse 
interneuron populations expressing somatostatin (d), parvalbumin (e), and calretinin 
(f) are observed. Parvalbumin+ cells do not express LHX6, suggesting a non-MGE 
source of these cells. Scale bars: 50µm (high magnification), 100 µM (intermediate 
magnification), 200 µm (low magnification). All experiments and analysis by Gustav 
Cederquist and Lorenz Studer. 
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The identity of LHX6+ cells including the presence of cortical 

interneurons was further defined by differentiating SHH-organoids using an 

LHX6-citrine hPSC line. As expected, LHX6+ putative hypothalamic 

precursors emerge near the organizer, with some cells co-expressing NKX2.1 

(Figure 3.9 a). A subset of LHX6+ cells co-express FOXG1+ (Figure 3.9 b), 

while a subset are negative for FOXG1, suggesting the presence of both MGE 

and hypothalamic LHX6 lineages. Some FOXG1+/LHX6+ cells exhibit a 

leading-process morphology characteristic of migrating interneurons (Figure 

3.9 c). Cells expressing somatostatin, parvalbumin, or calretinin were 

observed in SHH-organoids (Figure 3.9 d-f), suggesting the emergence of 

diverse interneuron populations. However, parvalbumin+ cells did not co-

express LHX6, suggesting those cells may not represent cortical interneurons. 

We next sought insight into the mechanisms by which a SHH signaling 

gradient establishes forebrain topography. Using the suppression of PAX6 as 

a read-out of SHH signaling activity, we compared the radial extent of PAX6 

suppression in 2D versus 3D cultures. High-dox conditions were used in 

assessing SHH activity. In 3D cultures, we observe the suppression of PAX6 

expression at an average distance of 335 ± 54 µm from the organizer tissue 

(Figure 3.10 a).  Interestingly, this range is similar to the distances reported 

for SHH signaling in vivo based on studies across multiple tissues of the 

developing mouse or chick embryos (Briscoe et al., 2001; Fan and Tessier-

Lavigne, 1994; Honig, 1981).  However, in 2D cultures in which a similar 1:10 

ratio of iSHH to wildtype cells is maintained, we saw suppression of PAX6 at 

much shorter average distances (75 ± 31 µm) from the SHH source tissue 

(Figure 3.10 a).  
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Figure 3.10. Characterization of long-range SHH signal in 3D culture. 
(a) Comparison of distance of SHH-signaling activity after 12 days of differentiation in 
3D and 2D culture using 2µg/ml doxycycline. In 3D culture, SHH acts over 335 ± 54 
µm from the iSHH-organizer, assessed by suppression of PAX6 expression. In 2D 
culture, SHH acts 75 ± 31 µm from the iSHH-organizer cells. Insets show high-
magnification images. Quantification shows mean ±	 S.D. Individual replicates are 
plotted on graphs. Student two-tailed t-test. **** P < 0.0001. N=5 organoids, 2 
batches (3D), N=4 differentiations (2D). (b) Depiction of experiment to distinguish 
between two theoretical mechanisms for long-range SHH activity in 3D culture. A 
shell of GFP-expressing hPSCs is embedded around the iSHH organizer (see 
methods). A temporal model is supported if the all of SHH activity remains 
encapsulated within the GFP shell. A concentration-dependent model is supported if 
SHH activity extends past the GFP shell. (c) After 20 days of differentiation in 2µg/ml 
doxycycline, SHH activity is observed to extend past the GFP shell. The green dotted 
circle indicates the boundary of the GFP shell and the purple dotted circle indicates 
the boundary of the SHH activity, assessed by suppression of PAX6 activity. 
Quantifications show that the GFP shell extends 268 ± 24 µm from the iSHH-
organizer, while SHH activity extends 508 ± 86 µm from the iSHH-organizer. 
Quantification shows mean ±	 S.D. Student two-tailed t-test. * P = 0.028. Individual 
replicates are plotted on graphs. N=5 organoids, 2 batches. Scale bars: 200 µm (low 
magnification), 50 µm (high magnification). All experiments and analysis by Gustav 
Cederquist and Lorenz Studer. 
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The observation that SHH has a limited range of activity in 2D culture 

raises the question how SHH establishes long-range gradients in 3D. We 

generated 2 theoretical models based on known mechanisms of SHH 

signaling in vivo (Figure 3.10 b). The first model is a concentration-dependent 

model. In this model, SHH signaling activity is determined by the local 

concentration of SHH morphogen, and is dependent on mechanisms that can 

transport SHH protein over long distances, such as diffusion, facilitated 

transport, or cell-to-cell relay (Briscoe et al., 2001; Chen et al., 2004; Fan and 

Tessier-Lavigne, 1994; Lewis et al., 2001; Sanders et al., 2013; Zeng et al., 

2001). The second model is a temporal model. In this model, SHH signaling is 

restricted to tissue immediately adjacent to the source, which is relieved of 

SHH signaling as tissue grows away from the source (Harfe et al., 2004). 

Tissue that grows away from a SHH source will record a brief duration of  

signaling activity, while tissue that remains near the SHH source will record a 

long duration of signaling activity. This temporal model does not rely on 

transport of SHH over long distances.  

To experimentally test these models, the iSHH organizer was 

embedded within a circumscribed ring of GFP-expressing hPSCs. This was 

achieved by sequential plating of 1,000 iSHH cells, followed by 1,000 GFP 

cells 8 hours later, followed by 10,000 H9 cells the next day. We reasoned that 

if the activity of SHH extends past the GFP boundary, then this would support 

a long-range concentration dependent mechanism. On the other hand, if the 

GFP boundary expands coincident with the extent of SHH activity, this would 

support a temporal model, in which tissue growth rather than protein transport 

establishes long-range SHH activity (Figure 3.10 b). After growing SHH-GFP-

organoids for 20 days in doxycycline (2mg/ml), we observe that the GFP 
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expressing cells stay within 285 ± 44 µm to the SHH organizer cells. The 

activity of SHH, determined as suppression of PAX6 expression, extends to 

430 ± 96 µm, thus extending past the green boundary (Figure 3.10 c). These 

data provide evidence for a concentration-dependent signaling mechanism in 

which SHH protein is transported long distances away from producing cells. 

Still, because the long-range SHH signal degrades in 2D culture, but a short-

range signal persists, our data do not exclude the possibility of a concurrent 

short-range signaling mechanism, in which SHH protein is retained in the 

immediate vicinity of producing cells. In fact, during limb patterning, SHH is 

known to utilize both short- and long-range signaling mechanisms (McGlinn 

and Tabin, 2006) and such an interplay of short- and long-range signaling may 

also be critical during forebrain development (Blaess et al., 2014; Ericson et 

al., 1995; Zhang and Alvarez-Bolado, 2016). 

The reproducible topography of SHH-organoids might make them 

suitable to discern phenotypes related to the development and 

maldevelopment of forebrain morphogenesis. As proof-of-principle we sought 

to use SHH-organoids to study the potential adverse effects of statins during 

fetal forebrain development. Statins are among the most widely prescribed 

drugs and are known to lower cholesterol levels. Cholesterol is an integral 

component of the SHH pathway as both a post-translational ligand 

modification (Creanga et al., 2012; Lewis et al., 2001; Tian et al., 2005; 

Tukachinsky et al., 2012) and as an agonist of the smoothened receptor 

(Byrne et al., 2016; Huang et al., 2016). Interestingly, a retrospective case 

series examining birth defects associated with statin use during first trimester 

pregnancy found a high percentage of infants born with a range of adverse 

birth outcomes ranging from growth delay to limb, heart and CNS midline 
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defects, which may be associated with reduced SHH signaling (Edison and 

Muenke, 2004a). Subsequent follow up studies did not observe the same 

effects in alternative cohorts (Kazmin et al., 2007; Taguchi et al., 2008; 

Winterfeld et al., 2013). F1 progeny of pregnant mice exposed to high-doses 

of statins typically exhibited fetal loss, neurologic, or skeletal abnormalities 

(Edison and Muenke, 2004b). Thus, it remains an important, unresolved 

question whether statins can interrupt SHH-related signaling events during 

human embryonic development.  

To test whether statins perturb fetal brain growth or patterning, SHH-

organoids were treated with doxycycline (400 ng/ml) plus lovastatin (5 µM 

(Blassberg et al., 2016)) from day 0-10 of differentiation (Figure 3.11 a), and 

analyzed at day 20. The effects of AY9944 (1.25 µM (Blassberg et al., 2016)), 

a specific inhibitor of the 7-dehydrocholesterol reductase enzyme (DHCR7) 

that facilitates the terminal step of cholesterol synthesis, or cyclopamine (1 µM 

(Gaspard et al., 2008)) a Smoothened antagonist that blocks all SHH activity 

were also tested. In the no drug condition, SHH-organoids established distinct 

positional domains marked by the expression of PAX6, GSH2, NKX2.2, and 

NKX2.1 at discrete distances from the SHH-organizer (Figure 3.11 b). As 

expected, SHH-organoids grown in the presence of cyclopamine were nearly 

uniform for PAX6 expression, with some GSH2 expression, consistent with a 

near complete inhibition of SHH signaling activity (Figure 3.11 b,c). AY9944 

treatment reduced the efficacy and range of SHH signaling activity, shifting the 

organoid to a more dorsal identity. NKX2.2 induction was largely blocked, and 

NKX2.1 expression was only retained near the organizer. Cells just adjacent to 

the organizer expressed GSH2 and PAX6 (Figure 3.11 b,c). Lovastatin 

treatment caused similar, but milder effects, than AY9944. There was a partial 
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block in NKX2.2 induction, with concomitant increase in GSH2 expression 

(Figure 3.11 b,c), consistent with a dorsal shift and reduction in the efficacy 

and range of SHH signaling activity.  

Interestingly, the organizer retained diencephalic expression of OTX2 

and NKX2.1 when treated with lovastatin or AY9944 (Figure 3.12), suggesting 

that cholesterol inhibition has minimal effects on the local levels of SHH 

signaling activity. This observation raises the possibility that distinct signaling 

mechanisms are used to effect short-range versus long-range SHH activity, as 

occurs during limb patterning (McGlinn and Tabin, 2006).  
 

In addition to the effects on patterning, all drugs reduced organoid size 

(Figure 3.11 b,c), resulting in a complex phenotype in which both growth and 

patterning are affected. To dissociate growth and patterning phenotypes, we 

analyzed organoids at day 6, during the early stages of SHH patterning, and 

prior to the major phase of tissue growth (which occurs after matrigel 

embedding). We used NKX2.2, a direct target of GLI, as a read-out of SHH 

signaling activity. By measuring the distance at which NKX2.2 is expressed 

from the SHH producing cells, we could infer the distance of SHH signaling 

activity. Lovastatin reduced the distance at which NKX2.2 is induced from the 

organizer in a dose-dependent manner (Figure 3.13). These data support a 

model in which inhibition of cholesterol synthesis by Lovastatin or AY9944 

result in a complex developmental phenotype characterized by impaired 

growth and a reduction in the range of SHH signaling activity.  
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Figure 3.11. Cholesterol synthesis inhibition perturbs tissue growth and SHH 
signaling. 
(a) Experimental design to test effect of statins on SHH-organoid development. (b) 
Four distinct positional domains are identified in day 20 SHH-organoids (400 ng/ml 
doxycycline). SHH-organoids treated with cyclopamine (1µm) largely express PAX6, 
with some GSH2 immunoreactivity, suggesting a near complete inhibition of SHH 
activity. SHH-organoids treated by AY9944 (1.25µm) fail to induce NKX2.2 and only 
retain NKX2.1 expression in the immediate vicinity of the organizer, suggesting a 
strong reduction the range of SHH-signaling activity. SHH organoids treated with 
Lovastatin (5µm) exhibit a moderate reduction in NKX2.2 induction, with a 
concomitant increase in the relative area of the GSH2 expression domain. Summary 
of drug phenotypes and potential impact on SHH signaling activity is depicted at 
bottom of panel. (c) Quantification of area of each positional domain, relative to total 
area. Dots represent individual organoids. (d) Organizer tissue retains expression of 
OTX2 and NKX2.1 in presence of Lovastatin and AY9944, but not cyclopamine. Error 
bars are S.D. No drug N=8-14; Cyclopamine N=5-14; AY9944 N=8-16; Lovastatin 
N=7-13. * P < 0.05; *** P < 0.001, **** P < 0.0001. Scale bars: 200 µm (b), 100 µm 
(d). All experiments and analysis by Gustav Cederquist and Lorenz Studer. 
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Figure 3.12. Minimal perturbation of short-range SHH activity by cholesterol 
synthesis inhibition. 
Organizer tissue retains expression of OTX2 and NKX2.1 in presence of Lovastatin 
and AY9944, but not cyclopamine. No drug N=14; Cyclopamine N=15; AY9944 N=15; 
Lovastatin N=14. Scale bars: 100 µm. All experiments and analysis by Gustav 
Cederquist and Lorenz Studer. 
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Figure 3.13. Dose-dependent reduction in range of SHH signal by lovastatin. 
Lovastatin produces a dose-dependent reduction in the distance at which NKX2.2 is 
induced from the organizer (red dotted boundary). Frequency histograms plot the 
relative distribution of organizer and NKX2.2 positive cells as a function of distance 
from the center of the organizer. Dotted lines represent S.E.M. Bar graphs quantify 
the average distance between the center of NKX2.2 and organizer distributions, 
illustrated by grey bars in frequency histograms. Dots represent individual organoids. 
Error bars are S.D. No drug, N=23; 2µm N=18; 5µm N=24; 20 µm N=23; Simvastatin 
N=12; Atorvastatin N=10. Scale bars: 50 µm. All experiments and analysis by Gustav 
Cederquist and Lorenz Studer. 

 

Discussion 

This study provides the first evidence that an asymmetric morphogenetic cue 

provides positional information from which in vivo-like topography can emerge 

in brain organoids. Furthermore, we present evidence that SHH uses a long-

range signaling mechanism during forebrain organoid development, 

recapitulating its in vivo behavior (McGlinn and Tabin, 2006). The emergence 

of long-range activity in 3D that is not present in 2D cultures highlights the 

importance of tissue geometry on the spatial dynamics of signaling activity. 

The reproducibility and robustness of our strategy allowed us to use 

SHH organoids as a developmental toxicology platform. Statins have been 

reported to be associated with fetal maldevelopment in a small number of 

cases (Edison and Muenke, 2004a). Our data suggest that statins can impair 

forebrain development by degrading long-range SHH signaling and reducing 



	  

	  64	  

tissue growth. These effects were observed in our organoid system in the low 

micromolar range, which is significantly higher than the typical plasma 

concentration of statins (15-20 nM) (Bellosta et al., 2004). This discrepancy 

could suggest that the normal plasma concentration of statins would have 

minimal effects of fetal development. However, statins may affect a subset of 

patients who harbor a genetic predisposition to holoprosencephaly, or who 

present with additional co-morbidities that allow lipophilic statins to accumulate 

in developing fetal tissue (Edison and Muenke, 2004b). Mechanistically the 

precise role of cholesterol in SHH signaling has been controversial (Briscoe 

and Therond, 2013; Guerrero and Chiang, 2007). Our data are consistent with 

evidence that cholesterol supports long-range SHH signaling (Lewis et al., 

2001), which may occur through the formation of soluble multimeric complexes 

(Zeng et al., 2001) and by facilitating interactions with SHH-transport proteins 

essential for long-range activity (Creanga et al., 2012; Tukachinsky et al., 

2012).  

A key feature of the patterning strategy presented here is the 

establishment of well-ordered positional domains during early organoid 

development. In future studies it will be important to determine to what extent 

the topography of these domains can be retained during long-term in vitro 

culture for the study of region-specific neuronal diversity as well as 

connectivity and function. It is possible that additional tissue engineering 

approaches will be required to facilitate the maintenance of topography over 

time and to prevent increasing cell mixing or inappropriate migration, 

processes which could lead to a blurring of the boundaries between positional 

domains over time. For example, manipulating soluble ECM components has 
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been developed as a strategy to improve the maintenance of radially 

organized structures within organoids over time (Lancaster et al., 2017).  

For disease modeling, current organoid technologies have been 

successful at modeling cortical progenitor dynamics that ultimately result in 

changes in brain size (Di Lullo and Kriegstein, 2017). Pre-patterning and 

fusion of pallial- and subpallial-specific spheroids have been used to study 

specific phenotypes related to cortical interneuron migration and connectivity 

(Birey et al., 2017). In our current study, the establishment of forebrain 

topography in organoids opens the possibility of studying a wide range of 

phenotypes in a single organoid system. In particular, it would be interesting to 

study complex neurodevelopmental diseases that have been hypothesized to 

alter or derive from regional specification during forebrain patterning, including 

autism (Mariani et al., 2015), epilepsy (Cobos et al., 2005), bi-polar disorder 

(Chen et al., 2014), or suprasellar pediatric gliomas (Fontebasso et al., 2014). 

Finally, it will be exciting to test whether our strategy could be used as a 

general approach to establish topographies across all regions of the CNS 

beyond the forebrain. Establishing properly organized forebrain organoids, 

with the correct regional topography is an important step on the road of 

realizing the full potential of human “mini-brain” technology.  
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CHAPTER FOUR: A HUMAN PLURIPOTENT STEM CELL BASED 
MULTIPLEX ANALYSIS PLATFORM IDENTIIES MOLECULAR AND 

FUNCTIONAL SUBTYPES OF AUTISM 

Abstract 

Autism is a clinically heterogeneous neurodevelopmental disorder 

characterized by impaired social interactions, restricted interests and repetitive 

behaviors. Despite significant advances in uncovering its immense genetic 

diversity (De Rubeis et al., 2014; Durand et al., 2007; Glessner et al., 2009; 

Iossifov et al., 2015; Iossifov et al., 2014; Jamain et al., 2003; Krumm et al., 

2015; Ronemus et al., 2014; Sanders et al., 2015; Sebat et al., 2007), a 

systematic understanding of how autism mutations perturb brain development 

and ultimately affect clinical outcome has remained elusive. This challenge 

reflects a broader limitation in studying human disorders, as most 
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experimental models fail to capture the genetic heterogeneity and cell type 

specific vulnerability characteristic of complex disease (McClellan and King, 

2010). Human pluripotent stem cells (hPSCs) offer a promising alternative for 

modeling complex disorders such as autism. However, the laborious nature of 

studying individual mutations in hPSCs, concerns about line-to-line variability 

and marked cellular heterogeneity remain major stumbling blocks.  

Here, we present a novel platform to study 30 isogenic hPSC lines in 

parallel, including 27 lines representing high-confidence de novo autism 

mutations. All hPSC lines are pooled in a single dish and differentiated into 

disease-relevant cell types of prefrontal cortex (PFC) identity. Cell line specific 

genetic markers are used to test early-developmental hypotheses of autism 

(Courchesne et al., 2007; De Ferrari and Moon, 2006; Ernst, 2016; Kalkman, 

2012; Krumm et al., 2014; Packer, 2016a, b) for each individual mutation 

across all hPSC lines. We demonstrate that 59% of the mutations (16/27) 

perturb prefrontal cortex (PFC) neurogenesis through dysregulation of SOX2+ 

stem cell behavior, a phenotype further correlated to abnormal WNT/bcatenin 

responses. Mutations fall into two distinct classes. Class 1 mutations (8/27) 

inhibit, while Class 2 mutations (8/27) enhance PFC neurogenesis. 

Remarkably, analysis of clinical patient data reveals that individuals with Class 

1 versus Class 2 mutations exhibit distinctive autism profiles based on their 

trajectory of language acquisition. These results point to a surprising level of 

structure across autism mutations and reveal brain endophenotypes to define 

novel, clinically relevant patient subpopulations. Finally, our multiplex hPSC 

technology should be suitable to disentangle genetic heterogeneity across 

other complex human disorders and facilitate evolving efforts in precision 

medicine19. 
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Introduction 

Neuroimaging and neuropathology studies show frequent alterations in 

PFC growth and neurogenesis in autism patients (Courchesne et al., 2011; 

Courchesne et al., 2007; Hazlett et al., 2017; Stoner et al., 2014). In addition, 

bioinformatic approaches indicate that autism-associated genes interact with 

transcriptional networks of the frontal cortex and cerebellum (Willsey et al., 

2013), and segregate into two temporal categories with peak expression at 

post-conception week (PCW) 8-20 or shortly after birth (Parikshak et al., 

2013). The early category of genes is associated with transcription and 

chromatin remodeling while the later category of genes is associated with 

synapse development and function.  

The question of whether a given autism mutation directly perturbs PFC 

growth and neurogenesis can be studied using traditional animal models. For 

multi-gene disorders however, the functional characterization of dozens of 

genes in animal or cell-based models remains challenging and typically 

restricted to resource intensive settings such as large-scale consortia (Sweet, 

2017). hPSCs have the potential to solve this problem in three ways. First, 

hPSCs provide access to disease-relevant human tissue through high-quality 

differentiation protocols (Sterneckert et al., 2014). Second, CRISPR/Cas9 

allows rapid engineering of disease lines (Hsu et al., 2014). Third, cell lines 

can be pooled into a single dish to increase throughput and reduce assay 

variability as pioneered in cancer cell lines (Birsoy et al., 2014; Yu et al., 

2016).  
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Results 

Here, we designed an hPSC-based multiplex platform in which multiple disease 

lines are pooled and differentiated into disease-relevant cell types (Figure 4.1). 

Phenotypes for each line are then discerned by measuring changes in the relative 

allele frequency over time (e.g. growth phenotype (Birsoy et al., 2014)) or across 

physically separated phenotypic cell fractions (e.g. cell-state or drug-response (Yu et 

al., 2016)).  
 

 
Figure 4.1. Design of hPSC-based multiplex analysis platform. 
Individual disease-associated hPSC lines are generated using CRISPR/Cas9, 
pooled, and differentiated into a disease-relevant tissue. The pooled differentiation 
can be assayed for growth, cell-state, or drug-response phenotypes by determining 
relative allele frequencies for each line in comparison to an internal standard 
(negative control). For example, growth phenotypes are determined by measuring 
changes in allele frequency over time (T1 vs T0). Cell-state phenotypes are 
determined by measuring differences in allele frequency between physically 
separated populations (e.g. neurons versus progenitors separated via fluorescence 
activated cell sorting (FACS)). Drug response phenotypes are determined by 
measuring differences in allele frequency between treated and untreated pools. Allele 
frequencies are measured using ddPCR. Experimental Design by Gustav Cederquist, 
Mark Tomishima, Lorenz Studer.   

 

Allele frequencies are measured using droplet digital PCR (ddPCR) due to its high 

sensitivity and reproducibility (Hindson et al., 2013) (Figure 4.2a, limit of detection > 

1:7000 genomes). The multiplex platform was next validated for a physical 



	  

	  70	  

separation-based assay measuring differential CTNNB1 protein expression, which 

accurately identified a CTNNB1-deficient line from a pooled hPSC culture of 8 lines 

(Figure 4.2b).  
 

 
Figure 4.2. Validation of hPSC-based multiplex analysis platform. 
(a) ddPCR is a sensitive and accurate method to measure allele frequency, as 
determined by a serial dilution assay. ddPCR could detect the GSK3β line within a 5-
line mixture until it reached a frequency between 1:7290 and 1:21870, using a read 
depth of ~15,000. The number of ddPCR reads is directly proportional to the number 
of GSK3β cells. n = 3 dilution series, mean ± s.d. (b) Validation of multiplex assay. A 
pool of 8 hPSC lines, including CTNNB1, UMOD, and GSK3β mutant lines, was 
separated into CTNNB1-low and CTNNB1-high expressing fractions using 
intracellular FACS with a CTNNB1 antibody. Each fraction was genotyped with 
ddPCR to calculate relative allele frequencies (allele frequency in sorted fraction / 
allele frequency in unsorted fraction). The CTNNB1 mutant line was depleted in the 
CTNNB1-high fraction (corrected p = 0.0007), and enriched in the CTNNB1-low 
fraction (corrected p = 0.0001), relative to the negative control line UMOD. P values 
are corrected using an ANOVA followed by Dunnett’s test. n = 4 independent trials, 
mean ± s.d. Experiments performed and analyzed by Gustav Cederquist and Lorenz 
Studer.  

 

The first key feature of the multiplex platform is its ability to capture the genetic 

heterogeneity of complex disease. Toward this end, we used CRISPR/Cas9 to 

construct an isogenic disease library of high-confidence autism mutations from a 

46XY founder hPSC line (Figure 4.3a, Table 4.1). Frameshift indels were 

preferentially introduced into the specific exons that are mutated in patients (De 

Rubeis et al., 2014; Iossifov et al., 2014). Genes were selected based on a high 

confidence score in the SFARI Gene Database and further filtered for genes with 

early expression during cortical development in vivo (BrainSpan) and in vitro 
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(Cortecon). The resulting library was comprised of 27 autism lines and was enriched 

for genes related to transcription/chromatin-remodeling (Parikshak et al., 2013). As a 

negative control line, we targeted the intron of a gene that is not expressed in neural 

tissue (UMOD). Two WNT/βcatenin-related positive controls (CTNNB1 and GSK3β) 

were also included.  

We made three independent 30-line mixtures by pooling all lines at the pluripotent 

stage (MIX30A, B, C) (Figure 4.3b). MIX30 pools retained expression of pluripotency 

genes (Figure 4.3c, OCT4+/SSEA+ 89.7% ± 1.08%) and all individual lines were well 

represented at the pluripotent stage (Figure 4.3d). Spontaneous TP53 mutations 

(Merkle et al., 2017) were not detected at levels above background in any of the 12 

lines examined (Figure 4.4, Figure 4.5).  

Allele frequencies were stable at the pluripotent stage, with less than 3-fold 

average change through seven passages (Figure 4.6 a,b), and allele frequencies 

were not drastically affected by freeze-thaw cycles (Figure 4.6c), allowing for 

expansion, quality-control, and long-term storage of each of the three pools.  
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Figure 4.3. Additional characterization of MIX30 pooled autism library. 
(a) Karyotype analysis of 46XY MEL1 founder line demonstrates normal karyotype in 
19/20 (95%) of cells. (b) Average starting frequency of each line in MIX30 pools. 
Some lines that showed increased fitness in preliminary studies were mixed at low 
frequencies while the negative control, UMOD, and some lines that showed 
decreased fitness were mixed at high frequencies. n = 3 MIX30 pools. (c) Flow 
cytometry analysis for expression of pluripotency markers OCT4 and SSEA4 in 
MIX30 pools. (d) Average cell line enrichment in MIX30 SSEA4 sorted fractions 
relative to unsorted MIX30 fractions. Red bars indicate cell lines with significant 
increases or decreases in enrichment score compared to UMOD (FDR < 0.05). n = 3 
MIX30 pools. Dots represent independent MIX30 pools. Error bars are s.e.m. 
Experiments performed and analyzed by Gustav Cederquist and Lorenz Studer. 
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Table 1. Isogenic autism library 
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Figure 4.4. Sanger sequencing of P53 DNA binding domain in autism lines. 
Sequencing of the P53 DNA binding domain (amino acids 102-292) and intervening 
exon-intron boundaries did not identify mutations in control lines (MEL1 founder, 
UMOD, CTNNB1, and GSK3β) or Class 1 lines (ANKRD11, ASH1L, ASXL3, CUL3, 
DEAF1, KDM5B, KMT2C, and RELN), which showed competitive growth advantages. 
Reference genome GRCh37/hg19 is shown in top row, and consensus from 
sequencing results is shown in the bottom row (red). Ex, exon. Experiments 
performed and analyzed by Gustav Cederquist and Lorenz Studer. 
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Figure 4.5. ddPCR for common P53 DNA binding domain mutations in autism 
lines. 
(a) ddPCR analysis was used to assess minor allele frequency of P53 DNA binding 
domain mutations that have been reported to arise spontaneously in pluripotent stem 
cells(Merkle et al., 2017). Positive controls were available for two of four reported 
mutations (WA-026 (G245S), ESI-035 (R175H)). (b) Bar plots summarizing results of 
ddPCR analysis on control lines (MEL1 founder, UMOD, CTNNB1, and GSK3β) and 
Class 1 lines (ANKRD11, ASH1L, ASXL3, CUL3, DEAF1, KDM5B, KMT2C, and 
RELN), which showed competitive growth advantages. Typically, minor allele 
frequencies were estimated to be ~0.1% or less, though the R175H mutation may 
approach 1% frequency in the KMT2C line. ddPCR, droplet digital PCR. Experiments 
performed and analyzed by Gustav Cederquist and Lorenz Studer. 
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Figure 4.6. Stability of MIX30 pools. 
(a) Average magnitude of allele frequency fold change in MIX30 library, normalized to 
passage 0, remained < 3x for 7 passages. Individual data points represent average 
fold change per line across n = 3 MIX30 pools. mean ± s.d. (b) Competitive growth 
dynamics of all lines in MIX30 library at pluripotent stage. Lines with selective growth 
advantage (e.g. PTEN and GSK3β) appear to suppress growth of most other lines by 
passage 16. n = 3 MIX30 pools, mean ± s.e.m. (c) Allele frequencies measured one 
day after thawing are largely unaffected by freeze-thaw cycle. Red indicates line with 
significantly reduced allele frequency (FDR < 0.05). n = 3 MIX30 pools, mean ± s.e.m. 
Experiments performed and analyzed by Gustav Cederquist and Lorenz Studer.  

 

A second key feature of the proposed, hPSC-based multiplex platform is that it 

can provide access to disease-relevant cell-types through directed differentiation of 

hPSCs. Since the PFC is a major locus of autism pathology (Willsey et al., 2013), we 

devised a strategy utilizing FGF8b, a classic organizer of anterior cortical 

development in vivo (Fukuchi-Shimogori and Grove, 2001), to pattern cortical 
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progenitors to a PFC-like identity (Figure 4.7a). By day 18, PFC cultures are 

composed of near homogenous neuroepithelial rosettes of dorsal telencephalic 

identity (Figure 4.7b, Figure 4.8 a,b) and express high levels of the frontal cortex 

marker SP8 but low levels of the occipital cortex (OCC) marker COUPTF1 (O'Leary et 

al., 2007) (Figure 4.7b, Figure 4.8c). The BrainSpan transcriptional atlas was used 

to define 14 gene transcripts that are differentially expressed between human fetal 

PFC and OCC at PCW8 (Figure 4.7c). qRT-PCR analysis revealed a high correlation 

of PFC versus OCC markers between in vivo and in vitro derived tissue (Figure 4.7c, 

Figure 4.8d, R2 = 0.6191, p = 0.0008).  
 

 
Figure 4.7. Protocol and generation of hPSC-derived prefrontal cortex tissue. 
(a) Schematic illustration for hPSC-derived PFC cultures. (b) PFC and OCC cultures 
express appropriate regional markers. FOXG1 and PAX6 indicate a general cortical 
identity, while SP8 and COUPTF1 are PFC and OCC markers, respectively. n = 3 
differentiations. (c) Differential transcript expression of 14 genes between human fetal 
PFC and OCC, defined using BrainSpan transcriptional atlas (Brainspan.org), were 
highly correlated in vitro and in vivo (R2 = 0.6191, p = 0.0008). n = 5 differentiations, 
mean ± s.d. ddPCR, droplet digital PCR. dSMADi, dual-smad inhibitors SB431542 
and LDN193189; E6, Essential 6 base media; N2/B27, base media; PCW, post-
conception week; PFC, prefrontal cortex; OCC, occipital cortex; WNTi, tankyrase 
inhibitor XAV939. Scale bars = 100 µm. Experiments performed and analyzed by 
Gustav Cederquist, Jason Tchieu and Lorenz Studer.  
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Figure 4.8. Additional characterization of hPSC-derived PFC. 
(a) Immunocytochemistry for NKX2-1 and GSH2 shows that PFC and OCC 
differentiations contain few ventral telencephalic progenitors at day 18. n = 3 
differentiations. (b) qRT-PCR analysis of cortical identity genes at day 20 shows high 
expression of FOXG1 and PAX6. Contamination of ventral telencephalic cells was 
assessed by DLX1 expression (dotted line, quality control cut-off > 0.098% of GAPDH 
expression). n = 8 differentiations. (c) qRT-PCR analysis of differential gene 
expression between day 20 PFC and OCC cultures for SP8 (4.972 ± 0.045, p < 
0.0001) and COUPTF1 (0.05339 ± 0.013, p < 0.0001). n = 3 differentiations, p values 
from two-tailed student t-test. (d) Day 30 and day 45 qRT-PCR analysis for differential 
gene expression between PFC and OCC of regionally enriched transcripts defined in 
Figure 4.7. n ≥ 5 differentiations. (e) Simplified schematic illustration of cortical 
neurogenesis. (f) Representative immunocytochemistry for SOX2, TBR2, and TUJ1 
demonstrates appropriate neurogenic capacity during PFC differentiation. (g) Day 45 
fixed intracellular flow cytometry analysis and percent of total quantification for SOX2, 
TBR2, and DCX populations in PFC (SOX2: 21.18 ± 7.36, TBR2: 2.12 ± 1.76, DCX; 
35.88 ± 12.34) and OCC (SOX2: 14.86 ± 7.68, TBR2: 3.71 ± 4.84, DCX: 24.37 ± 
8.28) differentiations. n = 4 differentiations. PFC, prefrontal cortex; OCC, occipital 
cortex; QC, quality control. Scale bars = 50 µm. Error bars are s.d. Experiments 
performed and analyzed by Gustav Cederquist and Lorenz Studer. 
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After establishing regional identity, we next sought to identify specific neurogenic 

cell-types within PFC cultures relevant to autism (Courchesne et al., 2011; 

Courchesne et al., 2007; Stoner et al., 2014). Neurons (DCX+) are born from 

multipotent cortical neural stem cells (SOX2+) or from proneural intermediate 

progenitor cells (IPCs, TBR2+) (Figure 4.8 e). Immunocytochemistry and 

fluorescence activated cell sorting (FACS)-analysis revealed the presence of all three 

cell-types in our PFC culture system (Figure 4.8 f,g).  

To test the impact of autism mutations on PFC neurogenesis, we differentiated 

MIX30 pools into day 45 PFC (Figure 4.9) and used FACS to isolate bulk (All), neural 

stem cell (SOX2+), IPC (TBR2+), and neuronal (DCX+) fractions (Figure 4.10, Figure 

4.11 a-c). While all autism lines showed a comparable efficiency for neural induction 

(Figure 4.9 b), 59% of autism lines (16/27, FDR < 0.05 (14 lines) and FDR < 0.1 (2 

lines)) showed abnormal PFC neurogenesis as assessed by neuronal production 

(DCX/SOX2 ratio) and neural stem cell enrichment (SOX2/All ratio) (Figure 4.10 b, 

Table S2). The GSK3β control line showed a strong neurogenic phenotype in 

agreement with studies in mouse (Ahn et al., 2014; Marcus et al., 1998). The 

substantial enrichment in number of hits during PFC neurogenesis compared with hits 

during neural induction (Figure 4.10 c) demonstrates specificity and suggests a low 

false positive rate for PFC phenotypes. 
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Figure 4.9. Characterization of MIX30 pooled PFC differentiation. 
(a) Schematic illustration of multiplex strategy to test autism lines for appropriate 
cortical patterning during PFC differentiation. At day 20, the PAX6+ population is 
isolated using FACS. (b) Average relative cell line enrichment in PAX6+ fraction, 
relative to an unsorted day 20 MIX30 fraction. Red bars indicate cell lines with 
significant increases or decreases in enrichment score compared to UMOD (FDR < 
0.05). n = 3 differentiations, error bars are s.e.m. (c) GAPDH normalized qRT-PCR 
analysis of D35 MIX30 PFC differentiation shows appropriate PFC patterning. n = 5 
differentiations from three MIX30 pools, error bars are s.d. (d) Mean values from c 
plotted relative to controls from figure 4.8. PFC, prefrontal cortex; FACS, fluorescent 
activated cell sorting. Experiments performed and analyzed by Gustav Cederquist 
and Lorenz Studer. 
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Figure 4.10. Multiplex analysis reveals that autism mutations alter PFC 
neurogenesis in a class-specific manner. 
(a) Schematic illustration of multiplex strategy to test autism mutations for alterations 
in PFC growth and neurogenesis. Growth phenotypes are determined by measuring 
changes in allele frequency from D0 to D20 (early neural growth), and D20 and D45 
(PFC growth). PFC neurogenesis phenotypes are determined by measuring changes 
in allele frequency between NSC (SOX2), IPC (TBR2), and Neuron (DCX) sorted 
fractions. (b) Scatter plot of multiplex neurogenesis assay showing changes in 
neuronal production (DCX/SOX2 ratio) and stem cell enrichment (SOX2/All ratio), 
normalized to a negative control (UMOD). Class 1 mutations (8/27, blue: FDR < 0.05) 
exhibit decreased neuronal production and increased stem cell enrichment. Class 2 
mutations (8/27, magenta: FDR <0.05, light pink: FDR <0.1) exhibit increased 
neuronal production and decreased stem cell enrichment. n = 5 differentiations from 
three MIX30 pools. (c) 14/27 cell lines exhibited a stem cell enrichment phenotype 
(SOX2/All) during PFC development at day 45, while only 1/27 lines exhibited a 
neural induction phenotype (PAX6/All) during an earlier cortical development phase 
at day 20. Red and grey bars indicate number of cell lines with positive and negative 
phenotypes respective (FDR < 0.05). (d) Summary of class-specific PFC 
development phenotypes. Neural stem cell behavior is characterized by a balance 
between proliferation and neurogenesis (black arrows). Autism mutations skew this 
balance toward proliferation (Class 1, blue arrow) or neurogenesis (Class 2, magenta 
arrow). (e) Scatter plot of multiplex neurogenesis assay showing changes in IPC 
production (TBR2/SOX2 ratio) correlated with PFC neurogenesis phenotypes 
(DCX/SOX2 ratio), normalized to a negative control (UMOD). Class 1 mutations 
uniformly exhibit increased IPC production (FDR<0.05), while Class 2 mutations are 
variable in IPC production phenotypes. n ≥	  3 differentiations from at least two MIX30 
pools. (f) Scatter plot of multiplex assay showing competitive growth phenotypes 
during early neural (D20/D0 ratio) and PFC growth phases (D45/D20 ratio), 
normalized to a negative control (UMOD). Class 1 mutations show increased PFC 
growth (6/8, FDR<0.05) while Class 2 mutations exhibit decreased PFC growth (6/8, 
FDR<0.05). Dotted line plots y = x values. n = 5 differentiations from three MIX30 
pools. (g) Significant negative correlation between PFC neurogenesis and PFC 
growth parameters (R2=0.4215, p=0.0001). Dotted line plots y = x values. All error 
bars are mean ± s.e.m. Internal standards are colored green. CTX, cerebral cortex; D, 
day; ddPCR, droplet digital PCR; FACS, fluorescent activated cell sorting; hPSC; 
human pluripotent stem cell; NSC, neural stem cell; PFC, prefrontal cortex; IPC, 
intermediate progenitor cell. Experiments performed and analyzed by Gustav 
Cederquist and Lorenz Studer. 
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Figure 4.11. FACS-based strategy for multiplex assays. 
(a) Schematic illustration of multiplex strategy to test autism lines for PFC 
neurogenesis phenotypes. At day 45, MIX30 pools are separated into bulk, stem cell 
(SOX2+), IPC (TBR2+), and neuronal (DCX+) fractions using FACS. Allele frequencies 
are calculated for each fraction using ddPCR. (b) Representative FACS plots showing 
isolation of TBR2+ fraction, followed by isolation of SOX2+ and DCX+ fractions. CHIR 
experiments were performed using the same sorting strategy. (c), Percent of total 
values for each sorted fraction for all five replicates of multiplex neurogenesis assay 
(see Figure 4.10) and all four replicates of multiplex PFC WNT response assay (see 
Figure 4.16). (d) Schematic illustration of multiplex strategy to test autism lines for 
cranial neural crest phenotypes. At day 10, MIX30 pools are separated into CNC 
(CD49+) and negative (CD49d-) fractions using FACS. Allele frequencies are 
calculated for each fraction using ddPCR. (e) Representative FACS plots showing 
isolation of CD49+ and CD49d- fractions during CNC differentiation. (f) Percent of total 
values for sorted fractions for all three replicates of multiplex neural crest assay (See 
Figure 4.16). CNC, cranial neural crest; ddPCR, droplet digital PCR; FACS, 
fluorescent activated cell sorting; IPC, intermediate progenitor cell; PFC, prefrontal 
cortex. FACS: Gustav Cederquist and Kirin Ramnarine. Data analysis Gustav 
Cederquist and Lorenz Studer. 
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Abnormal patterns of neurogenesis fell into two distinct classes (Figure 4.10 d). 

Class 1 mutations (ANKRD11, ASH1L, ASXL3, CUL3, DEAF1, KDM5B, KMT2C, and 

RELN) showed neural stem cell enrichment and decreased neuronal output. Class 1 

mutations uniformly exhibited increased IPC production (Figure 4.10 e), suggesting a 

block in cell-cycle exit. Class 2 mutations (CACNA1H, CTNND2, CHD8, DYRK1A, 

GRIN2B, KMT2A, TBR1, and SUV420H1) showed neural stem cell depletion and 

increased neuronal output (Figure 4.10 b). In general, Class 1 mutations exhibited 

increased PFC growth and Class 2 mutations exhibited decreased growth (Figure 

4.10 f). The significant negative correlation between PFC growth and neurogenesis 

(Figure 4.10 g, R2 = 0.4215, p = 0.0001) illustrates that autism mutations coordinately 

dysregulate proliferation and differentiation, highlighting neural stem cells of the PFC 

as a convergence point in autism (Figure 4.10 d).  

PFC neurogenesis phenotypes were validated using single genotype 

differentiations for six Class 1 lines (Figure 4.12). In addition, studies of neurogenesis 

in animal models confirm the overall findings for ANKRD11 (Gallagher et al., 2015), 

ARID1B (Jung et al., 2017), CHD2 (Shen et al., 2015), CHD8 (Durak et al., 2016; 

Gompers et al., 2017), DYRK1A (Kurabayashi and Sanada, 2013), KMT2A (Huang et 

al., 2015), and RELN (Deguchi et al., 2003; Hammond et al., 2010; Johnson et al., 

2015; Lakoma et al., 2011; Nowakowski et al., 2017), but not PTEN (Chen et al., 

2015b). In addition, correlations with data from pilot studies that used 8-line mixtures 

(MIX8) demonstrated reproducibility and stability of PFC neurogenesis phenotypes to 

changes in pool number (Figure 4.13). PFC neurogenesis phenotypes did not 

correlate with biologically unrelated assays including hPSC growth (Figure 4.14 a), 

SSEA4 expression (Figure 4.14 b), early neural growth (Figure 4.14 c), cortical 

patterning (Figure 4.14 d), or cell line zygosity (Figure 4.14 e). The coefficient of 

variation was typically between 0.2 and 0.3 for each assay (Figure 4.15)  
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Figure 4.12. Validation of multiplex assay using single genotype 
differentiations. 
(a) Schematic illustration of single genotype neurogenesis assay. Quality control was 
performed at day 20 to ensure appropriate patterning for each line. Lines were 
passaged at day 20 to a saturating density of 106 cells / cm2 and allowed to undergo 
neurogenesis for 7 days. A negative control line, UMOD, was included in each 
differentiation batch for normalization. (b) Day 20 immunocytochemistry for FOXG1 
and PAX6 to confirm appropriate cortical patterning. (c) Percent of SOX2 cells per 
differentiation, normalized to UMOD. 4/6 class I genes (blue) showed the expected 
increase in SOX2 percentage (FDR < 0.05), while MEL1 was similar to UMOD. n ≥ 5 
differentiations. (d) DCX/SOX2 ratio for each line, normalized to UMOD. 6/6 class I 
genes (blue) showed the expected increase in DCX/SOX2 ratio (FDR < 0.05), while 
MEL1 was similar to UMOD. n ≥ 5, FACS, fluorescent activated cell sorting. Error 
bars are s.d. PFC Differentiations: Jason Tchieu; FACS: Gustav Cederquist and Kiran 
Ramnarine; Data analysis: Gustav Cederquist and Lorenz Studer.   
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Figure 4.13. Reproducibility of multiplex assay with different pool numbers and 
different users. 
(a-c) Correlation between MIX30 experiments and pilot studies that used mini-pools 
of only 8 lines (MIX8) demonstrates that multiplex assay phenotypes are stable to 
changes in pool number and reproducible over time. Positive correlations were found 
between neuronal production (a, R2 = 0.4289, p = 0.011) and IPC production (b, R2 = 
0.3931, p = 0.022). SOX2 enrichment did not show a positive correlation (c left, R2 = 
0.04493, p = 0.4669), though this was driven by a single CHD2 data point. In MIX8 
cultures, CHD2 absolute allele frequency was near the limit of detection (< 1:13,000 
in SOX2 fraction), precluding reliable analysis. When this data point was removed, 
the SOX2 correlation became significant (c right, R2 = 0.558, p = 0.0033). Time point 
for MIX30 data is day 45, and time point for MIX8 data is day 55. MIX30 data is from 
Fig. 2. n = 1 differentiation for MIX8 data. (d) High reproducibility for day 0-20 MIX30 
growth phenotypes when assays are performed by two different users (R2 = 0.8235, p 
< 0.0001). User 1 data is from Figure 4.10. n = 3 differentiations from 3 MIX30 pools 
from user 2. Gray line is plotted at Y = X. Error bars are s.e.m. Experimental Design 
and Analysis: Gustav Cederquist and Lorenz Studer.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	  

	  88	  

 
 
 

 
	  



	  

	  89	  

	  
Figure 4.14. PFC neurogenesis phenotypes do not correlate with hPSC 
characteristics, early neural growth, or zygosity. 
(a) No correlation between cell line growth at the pluripotent stage (Figure 4.3) and 
PFC neurogenesis phenotype (Figure 4.10) (R2 = 0.00336, p = 0.7809). (b) No 
correlation between SSEA4 enrichment (Figure 4.4) and PFC neurogenesis 
phenotype (R2 = 0.06341, p = 0.1795). (c) No correlation between early neural growth 
(Figure 4.10) and PFC neurogenesis (R2 = 0.001487, p = 0.8397). (d) No correlation 
between cortical induction (Figure 4.9) and PFC neurogenesis (R2 = 0.003348, p = 
0.7614). (e) No apparent bias for homozygous or heterozygous mutations for any 
examined phenotypes. Gray line is plotted at Y = X. Error bars are s.e.m. 
Experimental Design and Analysis: Gustav Cederquist and Lorenz Studer.  
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Figure 4.15. Variability of multiplex assay. 
(a) Coefficient of variation for 8 multiplex assays (D0-20: early neural growth, Fig. 2e; 
PAX6: cortical specification, Fig. S5; D20-45: PFC growth, Fig. 2e; SOX2: PFC stem 
cell enrichment, Fig. 2b; TBR2: IPC production, Fig. 2c; DCX: PFC Neuronal 
production, Fig. 2b; CHIR: PFC WNT response, Fig. 3b; Neural Crest: neural crest 
WNT response, Fig. 3d). Each dot represents the mean value for an individual cell 
line. Red lines show mean ± s.d. for all cell lines. (b) Coefficient of variation plotted as 
a function of total allele frequency. Relative variation increases as allele frequency 
decreases. IPC, intermediate progenitor cell; PFC, prefrontal cortex. Experimental 
Design and Analysis: Gustav Cederquist and Lorenz Studer.  
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 In addition to probing developmental phenotypes related to cell fate 

specification and proliferation, our multiplex platform also allows us to evaluate the 

cell-type specific activity of key molecular pathways. The WNT/βcatenin pathway is a 

critical regulator of stem cell proliferation and neurogenesis during cortical 

development (Chenn, 2008; Hirabayashi et al., 2004; Munji et al., 2011), and is a 

central node among a network of autism-related genes (Gilman et al., 2011; Krumm 

et al., 2014; Packer, 2016a). We therefore tested autism lines for the ability to 

respond to WNT/βcatenin signaling by treating day 35 MIX30 PFC cultures with the 

GSK3α/β inhibitor CHIR99021 (3µM) for 10 days, using stem cell proliferation as an 

initial readout of WNT activity (Kim et al., 2009) (Figure 4.16 a). Strikingly, Class 1 

mutations were uniformly hyporesponsive to WNT-induced stem cell proliferation 

(Figure 4.16 b). Lineage specificity of the WNT-response phenotype was assessed 

by differentiating the MIX30 library to CD49d+ cranial neural crest (CNC) precursors 

(Fattahi et al., 2016), whose specification is dependent on WNT/βcatenin activity 

(Dorsky et al., 1998) (Figure 4.16 c). Class 1 mutations were inefficient in CNC 

specification (Figure 4.16 d), further supporting class-specific WNT dysregulation.  

The observed WNT-dependent defects in CNC development could explain the 

high rate of facial dysmorphism in some autism patients (Cordero et al., 2011; Miles 

et al., 2008). In fact, facial dysmorphism has been reported in patients for 7 out of 8 

Class 1 genes (Balasubramanian et al., 2017; Faundes et al., 2018; Koemans et al., 

2017; Ockeloen et al., 2015; Okamoto et al., 2017; Redin et al., 2017; Vulto-van 

Silfhout et al., 2014). To explore these clinical observations and to further validate our 

in vitro multiplex data, we generated mosaic F0 loss-of-function zebrafish of Class 1 

genes and assessed lower jaw development, a parameter known to critically rely on 

WNT-dependent CNC function (Curtin et al., 2011; Dougherty et al., 2013; Kamel et 

al., 2013; Rochard et al., 2016). ANKRD11, CUL3, and KMT2C mutants significantly 
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increased the fraction of jaw hypomorphs, while ASH1L, DEAF1, and KDM5B 

mutants showed statistically non-significant increases (Figure 4.17 a). Together 

these data indicate that Class 1 genes are hyporesponsive to WNT signaling across 

multiple developmental lineages (Figure 4.17 b).  
 

 
Figure 4.16. Class-specific dysregulation of WNT signaling. 
(a) Schematic illustration of multiplex strategy to test autism mutations for 
WNT/βcatenin response during PFC growth. D35 Pooled PFC cultures are treated 
with the CHIR99021 (GSK3 inhibitor, 3µM) for 10 days and compared to untreated 
cultures. Stem cell enrichment is used as a read-out of WNT activity. (b) Correlation 
of PFC WNT response with PFC neurogenesis phenotype. 7/8 Class 1 mutations 
(blue) are hyporesponsive to WNT signaling (FDR < 0.05), relative to the negative 
control UMOD. n = 4 differentiations from three MIX30 pools. (c) Schematic 
illustration of multiplex strategy to test autism mutations for WNT/βcatenin response 
during neural crest development. MIX30 hPSC pools are differentiated toward neural 
crest for 10 days using an established WNT-dependent protocol. Allele frequencies 
are then compared between cranial neural crest positive (CD49d+) and negative 
(CD49d-) sorted fractions. (d) Correlation of neural crest specification with PFC 
neurogenesis phenotypes reveals that 8/8 Class 1 mutations are inefficient at cranial 
neural crest specification. Experiments performed and analyzed by Gustav 
Cederquist and Lorenz Studer. 
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Figure 4.17. Validation of WNT phenotypes in Zebrafish. 
(a) Analysis of zebrafish jaw development in F0 mosaic loss-of-function animals 
imaged ventrally at 7 dpf. Top left image depicts area of high magnification. Cas9 
alone and CTNNB1 gRNA injections serve as controls. Class 1 mutations exhibit 
hypomorphic jaw phenotypes that resemble those of CTNNB1 mutants (CTNNB1 p = 
0.0064, ANKRD11 p = 0.0488, CUL3 = 0.0488, KMT2C = 0.0088). p values 
calculated using Fisher’s exact test corrected for multiple comparisons using 
Benjamini-Hochberg method. No injection n = 43, Cas9 alone n = 23, CTNNB1 n = 
40, ANKRD11 n = 32, ASH1L n = 68, CUL3 n = 43, DEAF1 n = 28, KDM5B n = 41, 
KMT2C n = 47 fish. All injections performed on at least 2 clutches. Experimenter was 
blinded to genotype during analysis. (b) Potential model of WNT-dysregulation for 
class 1 and 2 autism mutations. WNT/βCatenin promotes neural crest specification 
and regulates cortical neurogenesis through transcriptional activation of proneural 
factors NGN and NeuroD. Class 1 mutations block WNT-dependent responses during 
neural crest specification and neurogenesis. All error bars in figure 3 are mean ± 
s.e.m. Internal standards are colored green. Scale bars, 100µm. Dpf, days post 
fertilization. Experimental design: Scott Callahan, Richard White; Zebrafish 
husbandry, injections, imaging: Scott Callahan. Image and data analysis: Gustav 
Cederquist, Scott Callahan, Richard White, Lorenz Studer.  
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Table 2. Summary of phenotypes from multiplex experiments 
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We next asked whether functional autism classes defined by our multiplex 

platform could define clinically distinct subgroups of autism patients, using proband 

data from the Simons Simplex Collection (SSC). To define cohorts in an unbiased 

manner that most accurately represented overall multiplex data, we performed 

hierarchical clustering of all lines across six phenotypic assays related to PFC 

development and WNT signaling. This analysis revealed two major functional groups 

(Figure 4.18 a). Cluster A contained all Class 1 mutations and the CTNNB1 control, 

further supporting a WNT-hyporesponsive phenotype. Cluster B included all Class 2 

mutations and the GSK3β control, perhaps suggesting a contrasting relationship to 

WNT signaling. Based on this analysis, SSC patients were divided into 4 cohorts: (1) 

Cluster A (A, n = 17), (2) Cluster B (B, n = 55), (3) de novo control (DN, n = 883), (4) 

idiopathic control (Idiopathic, n = 1802) (Figure 4.18 b). Cohorts were similar in their 

demographic profiles (Figure 4.19 a-d), autism severity (Figure 4.19 e), and average 

head circumference (Figure 4.19 f). Cluster B exhibited a reduced IQ when 

compared to control cohorts (Figure 4.19 g).  

Autism Diagnostic Interview-Revised (ADI-R) scores were used to assess 

major autism behavioral domains and revealed that Cluster B exhibited an increased 

severity in communication deficits (Figure 4.18 c, Figure 4.19 h-j), and was 

corroborated by the Vineland adaptive behavioral scale (Figure 4.18 d). We next 

assessed language development, a major dimension of communication behavior. 

Interestingly, Cluster A patients on average reached language milestones earlier than 

control patients, while Cluster B patients were further delayed than controls (Figure 

4.18 e-h). These findings are corroborated by assessments of large CHD8 (Bernier et 

al., 2014) and DYRK1A (Earl et al., 2017) cohorts (Cluster B, Class 2), which 

demonstrated frequent language abnormalities. 
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Figure 4.18. Multiplex analysis reveals clinical subclasses of autism with 
distinct trajectories of language development. 
(a) Unbiased hierarchical clustering of phenotypic data from six multiplex assays 
reveals two major functional groups of autism mutations from the MIX30 library. Class 
1 mutations largely fall into cluster A, while Class 2 mutations fall into cluster B.  (b) 
2759 probands from the Simons Simplex Collection (SSC) were segregated into 
cohorts based on the presence of a de novo mutation in genes from Cluster A (17 
patients) or Cluster B (55 patients). Control cohorts were defined as patients with any 
other de novo mutation not in the MIX30 library (de novo control, 883 patients) or 
patients without any known de novo mutation (idiopathic control, 1802 patients). (c) 
Cluster B patients exhibit increased severity in ADI-R non-verbal communication 
scores (ANOVA p = 0.0025; B vs. DN corrected p = 0.0022; B vs. Idiopathic corrected 
p = 0.0009). (d) Cluster B patients are on average reduced in the communication 
domain of the Vineland adaptive behavior scale (ANOVA p = 0.0034; B vs. DN 
corrected p = 0.0034; B vs. Idiopathic corrected p = 0.0013). (e) Average trajectories 
of language development. Control cohorts speak single words at ~24 months 
(DN=24.4 mo; idiopathic=24.4 mo), and speak their first phrases at ~39 months 
(other=38.8 mo; idiopathic=39.3 mo).  Cluster B patients speak words at 28.02 
months and first phrases at 46.1 months. Cluster A patients speak single words at 
17.4 months and first phrases at 28.7 months. Typical language development is 
depicted in gray. (f) Cluster B cohort contains an increased fraction of patients with 
severe language deficit when compared to control cohorts (corrected p = 0.0404). (g) 
Cluster A exhibits a trend toward decreased fraction of patients with word delay 
compared to cluster B, though this did not survive multiple comparison testing 
(corrected p = 0.0895). (h) Cluster A contains a decreased fraction of patients with 
phrase delay than other cohorts (corrected p = 0.0144). (i) Class 0 exhibits an 
intermediate phenotype of average language development, between Class 1 and 2. 
(j) Correlation of language development with in vitro PFC neurogenesis. PFC 
neurogenesis values (Figure 4.9, DCX/SOX2 ratio) were assigned to probands using 
proband genotypes. Both first word (R2 = 0.1334, p = 0.0024) and first phrases 
milestone (R2 = 0.09551, p = 0.0182) showed significant positive correlations with the 
extent of PFC neurogenesis. Each dot represents one proband. (k) Summary of 
functional/molecular subtypes of autism defined using hPSC-based multiplex analysis 
platform. ASD, autism spectrum disorder. ADOS, Autism Diagnostic Observation 
Schedule. ADI-R, Autism Diagnostic Interview-Revised. Clustering: Jason Tchieu; 
Clinical analysis: Gustav Cederquist, Chelsea Rittenhouse, Sun-Young Chung, 
Lorenz Studer. 
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Figure 4.19. Additional Clinical Correlations. 
(a-c) Demographic sex, race, and family data for five autism cohorts, plotted as 
fraction of total. (d-f) Autism cohorts were not significantly different in age (ANOVA p 
= 0.7763), autism severity score (ANOVA p = 0.1766), or head circumference 
(ANOVA p = 0.8788). (g) Cluster A and B were not different in IQ, but cluster B 
showed a reduction in full scale IQ compared to control cohorts (ANOVA p < 0.0001, 
B vs. DN: corrected p = 0.0002, B vs. Idiopathic: corrected p < 0.0001). (h) No 
significant between group differences on ADI-R verbal communication scores 
(ANOVA p = 0.3117). (i) No significant between group differences on ADI-R restricted 
and repetitive behavior scores (ANOVA p = 0.8817). (j) Cluster B exhibited increased 
severity on ADI-R social behavior measure (ANOVA p = 0.0283, B vs. DN corrected 
p= 0.0142, B vs. Idiopathic corrected p = 0.0172). Group differences were assessed 
with one-way ANOVA followed by tukey’s multiple comparison test. Error bars are s.d. 
ADI-R, Autism Diagnostic Interview – Revised; ADOS, Autism Diagnostic Observation 
Schedule; DN, de novo control cohort. Data analysis: Gustav Cederquist, and Lorenz 
Studer. 
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When we further subdivided cluster B by Class (i.e. by PFC neurogenesis 

phenotype), we noticed that Class 0 patients tended to have an intermediate 

language phenotype between that of Class 1 and 2 (Figure 4.18 i), mirroring the 

pattern of PFC neurogenesis phenotypes. Correlating language data with PFC 

neurogenesis (Figure 4.9 b), using patient genotypes, revealed a positive association 

with the extent of neurogenesis and the severity of language acquisition phenotype 

(Figure 4.18 j). Surprisingly, delayed PFC neurogenesis may have a protective effect 

among autism patients.   

In the future, it will be interesting to determine whether autism genotypes 

could be used to predict clinical phenotype and guide targeted early intervention. 

Moreover, exploring the molecular convergence within genotype classes as defined 

by our novel multiplex human PSC platform could lead to the development of 

precision therapeutics. At least 5/8 Class 1 genes are known regulators of polycomb 

activity (Figure 4.20), implicating changes in the epigenetic control of cortical 

neurogenesis. Polycomb regulates WNT-dependent responses to proneural gene 

transcription (Hirabayashi et al., 2009), which could explain Class 1 neurogenesis 

defects.  

Finally, in addition to studying isogenic hPSCs, the multiplex platform could be 

adapted to patient-specific autism iPSCs to explore polygenic risk and to assess the 

impact of genetic background on complex disease. In summary, our platform 

captures the genetic heterogeneity of autism in a single experimental model, and 

reveals a well-defined functional architecture to early-developmental autism risk. 

Autism mutations converge onto discrete biological pathways, associated with PFC 

development and WNT signaling, that match distinct clinical outcomes in language 

acquisition (Figure 4.18 k). More broadly, our technology bridges a widening gap 

between the rapid accumulation of genetic information and the limited ability to 
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assess functional impact in classifying and potentially treating complex human 

disease. 

 
 

 
Figure 4.20. Class 1 genes regulate polycomb signaling. 
Five of eight class 1 genes are known regulators of polycomb signaling. ASH1L is a 
trithorax group protein(Gregory et al., 2007), and KMT2C is a member of the 
COMPASS complex(Piunti and Shilatifard, 2016). ASXL3 is part of the polycomb 
repressive deubiquitinase complex(Srivastava et al., 2016). CUL3 regulates 
polycomb through ubiquitination(Hernandez-Munoz et al., 2005). KDM5B occupies 
over 50% of polycomb sites(Schmitz et al., 2011). In addition, DEAF1 mutant mice 
have a homeotic transformation phenotype(Hahm et al., 2004).  
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CHAPTER 5: CONCLUDING REMARKS ON THE PROSPECTS OF USING 
HPSCS FOR FUNCTIONAL CHARACTERIZATION AND CLASSIFICATION 

OF COMPLEX DISEASE 

 

	   In this dissertation I developed novel hPSC-based methods to address current 

limitations in NDD modeling. Traditional hPSC-based monolayer cultures are an 

effective means to study pathophysiology at the level of individual cells. However, the 

study of multicellular developmental processes, such as the establishment of tissue 

architecture and long-range tissue patterning, remains challenging. I first explored, in 

collaboration, how hPSC-derived forebrain organoids could be used to model ZIKA-

virus induced microcephaly and for identification of small molecule inhibitors of ZIKA 

virus infection (Chapter 2). These studies led me to conclude that current hPSC-

based organoid technologies are useful for modeling disorders of brain growth, as 

they recapitulate the microarchitecture of progenitor zones in the forebrain, but fall 

short as models for other disease related processes such as tissue patterning. 

Therefore, I developed a novel organoid system by introducing a SHH signaling 

center into forebrain organoids. I demonstrated that the signaling center acts as a 
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developmental organizer, specifying the appropriate molecular and positional identity 

for major forebrain subdomains. The utility of this system to model disorders of 

developmental patterning was demonstrated through a series of experiments that 

found that cholesterol synthesis inhibiting drugs, including statins, perturb SHH-

dependent tissue patterning and growth (Chapter 3).  

The genetic diversity of disease risk is another major limitation in NDD 

modeling. For example, hundreds of distinct gene mutations have been associated 

with autism, yet attaining a systematic understanding of how these mutations affect 

brain development remains elusive. I developed an hPSC-based multiplex analysis 

platform for the simultaneous functional interrogation of at least 30 disease lines. I 

used this platform to characterize high-confidence, early-developmental, de novo 

autism-associated mutations and identified that mutations could be segregated into 

distinct functional categories based on PFC development and WNT activity 

phenotypes. Patients who fell into distinct subgroups exhibited average differences in 

clinical parameters of communication skills and language development. (Chapter 4).  

From these studies, I propose two concepts that could generally be applied to 

the study of complex disease. The first concept is adequate genetic representation: 

the inclusion of a large number of disease-associated variants in experimental models 

of complex disease. Variants should preferably be selected in an unbiased manner 

such that the model reflects the underlying genetic diversity of the disease. In this 

way, experimentation can lead to broad insights regarding the molecular nature of 

disease. For example, one might find that the functional impact of multiple genetic 

variants converge on a single signaling pathway. Such insights would not be possible 

in single gene studies. Adequate genetic representation also allows controlled 

comparisons between disease variants, which could facilitate genotype-based 

subgrouping of patients to aid efforts in precision medicine.  
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The multiplex analysis performed in this dissertation was based on a rare 

variant model of complex disease, in which genetic risk is comprised by a large 

number of high-effect mutations that are individually rare in the population. In the 

future, it may be possible to use the multiplex platform to study common variant 

models of complex disease, in which genetic risk is comprised polygenic variants of 

low effect. This could be achieved by pooling iPSCs from patients who harbor 

common variants. Each line would be whole-genome (or exome) sequenced to define 

unique single nucleotide polymorphisms which act as genetic tags for ddPCR 

identification. The limitation of this approach is that cell lines are derived from non-

isogenic backgrounds, which will make it difficult to discern causative relationships 

between genotype and phenotype. An alternate approach, which could potentially 

establish such relationships, is to genome engineer a library of cell lines that contain 

all permutations of a given set of common variants (e.g. a library containing three 

common variants A, B, and C would contain the following lines: A, B, C, AB, AC, BC, 

ABC).  

A second general concept that could be applied to experimental modeling of 

complex disease is phenotypic depth: testing genetic variants against multiple 

phenotypic parameters. In the multiplex autism study, genetic variants were tested 

against six WNT and PFC related phenotypes. This strategy revealed consistent 

relationships between WNT signaling and PFC neurogenesis parameters, and 

provided a biological rationale for subgrouping of autism patients into cohorts that 

exhibited differences in clinical phenotype. Thus, phenotypic depth can help to define 

how genetic, molecular, developmental, and ultimately clinical phenomenology are 

linked, generating testable hypotheses for the future.  

Given the link between PFC neurogenesis and language delay, it would be 

interesting to track language development in children who have early alterations in 
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PFC thickness. It would also be interesting to test additional in vitro phenotypes for 

correlations with other clinical parameters. For example, altered striatal neurogenesis 

may correlate with repetitive motor behaviors. In this way, it would be possible to build 

a catalogue of associations between endophenotype and clinical phenotype. 

Currently, phenotypic depth is limited by the sophistication of hPSC-based 

experimental models. Organoid technologies are quickly improving our ability to 

model multicellular developmental processes. Topographically patterned SHH-

organoids could be used to study dorso-ventral patterning, which is critical for the 

balanced generation of excitatory and inhibitory neurons and may underlie some 

cases of epilepsy.  The protracted maturation time of hPSC-derived neurons into 

functional neural networks is also a limiting factor in the phenotypic characterization 

of disease models. Ultimately, unbiased phenotypic approaches may prove most 

fruitful for identification of primary disease pathways in common disease. For 

example, the combination of single-cell RNA sequencing with multiplex hPSC libraries 

could search for commonly altered and druggable molecular pathways.  

Moving forward, I believe that hPSCs will be an invaluable tool for the study of 

complex disease, and specifically for initiatives in precision medicine. Precision 

medicine has the potential to revolutionize clinical care through individualized 

treatments based on a patient’s unique disease profile. The classification of diseases 

into clinically-actionable subgroups is the first step toward this goal. For example, 

diabetes, a disease in which blood sugar remains abnormally elevated, is classified 

as Type I or Type II. Type I diabetes is defined as an inability to produce insulin, 

which normally shuttles glucose from the blood stream into organs. Type II diabetes is 

defined as an inability to respond to insulin. This classification scheme is effective 

because it reflects an underlying biology that directly informs an appropriate medical 

intervention (insulin replacement versus insulin sensitization).  



	  

	  106	  

The current classification of autism is based on a constellation of clinically 

observable phenomena. The Diagnostic and Statistical Manual 5 (DSM5) defines 

autism along two behavioral domains: impaired social interactions and restricted 

and/or repetitive behaviors. Patients are further described by the severity and quantity 

of symptoms (Grzadzinski et al., 2013). This dissertation illustrates that hPSCs can 

be an effective tool to systematically identify major disease pathways associated with 

NDDs. Thus, it may one day be possible to use this information to identify subgroups 

of autism patients based on molecular-genetic and developmental criteria. It is hoped 

that such endeavors will ultimately lead to the development of targeted therapies for 

patients with autism and other debilitating NDDs.   
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CHAPTER 6: MATERIALS AND METHODS 

Chapter 2 Methods 

hNPC culture and cortical neuron differentiation 

hNPCs were derived and validated as previously described (Topol et al., 2015). 

Cells were maintained on growth factor reduced Matrigel (BD Biosciences) coated 

plates in NPC media, including Dulbecco’s Modified Eagle Medium/Ham’s F12 

Nutrient Mixture (ThermoFisher Scientific), 1xN2 (ThermoFisher Scientific), 1xB27 

minus RA (ThermoFisher Scientific) and 20 ng/ml recombinant human basic FGF 

(Peprotech), and split at 1:3 ratio every week with Accutase (Millipore). To induce 

cortical neuronal differentiation, NPCs were dissociated with Accutase and plated 

at 2.0 x 105 cells per cm-2 in NPC media on growth factor reduced Matrigel-coated 

plates. After overnight culture, media was changed to neural differentiation 

medium, including DMEM/F12, 1xN2, 1xB27 minus RA, 20 ng/ml BDNF 



	  

	  108	  

(Peprotech), 20 ng/ml GDNF (Peprotech), 20 ng/ml NT-3 (Peprotech), 1 mM 

dibutyryl-cyclic AMP (Sigma), 200 nM ascorbic acid (Sigma) and 1 μg/ml laminin 

(ThermoFisher Scientific). NPC-derived neurons were differentiated for 1~2 

months.  

 

Generation and culture of human forebrain organoids 

To induce forebrain organoid differentiation, H9 hESC line (WA-09, WiCell) hPSCs 

were dissociated to single cells using EDTA, and 9000 cells were reaggregated using 

low-adhesion V-bottom 96 well plates (Wako) in Essential8 Medium (Fisher Scientific) 

with 10 μM Y-27632 (Tocris Biosciences). After 24 h (day 0), medium was changed to 

Essential6 (Fischer Scientific) supplemented with 10 μM SB431542 (Tocris 

Biosciences), 500 nM LDN193189 (Stem Cell Technologies), and 2 μM XAV939 

(Tocris Biosciences) until day 4. From day 4 to day 18, XAV939 was removed. 

Medium was changed every other day. From Day 18, organoids were maintained in 

organoid differentiation medium (50% DMEM F-12 (Fisher Scientific), 50% mL 

Neurobasal (Fisher Scientific), 0.5xN2 supplement (Stem Cell Technologies), 0.025% 

insulin (Sigma), 5 mM L-Glutamine (1x, Fischer Scientific), 0.7 mM MEM-NEAA (1x, 

Fischer Scientific), 50 U/mL Penicillin-Streptomycin (1x, Fischer Scientific), 55 µM 2-

mercaptoethanol (1x, Fischer Scientific), 1xB27 supplement without Vitamin A 

(Fischer Scientific). 

 

ZIKV infection of hNPCs and forebrain organoids 

hNPCs were plated on 96-well plates at 8.5x104/cm2. After overnight incubation, 

hNPCs were infected with ZIKV (MR766 strain, MOI=0.125) for 2 h, and changed 

to virus-free medium. The cells were maintained in NPC medium with daily medium 

change. Three days later, the supernatant and cells were collected and used for 
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assays. hESC-derived forebrain organoids were infected with ZIKV MR766 (5 x 105 

PFU/ml) for 24 h. After removal of virus containing medium, forebrain organoids 

were maintained in forebrain organoid medium for an additional 3 or 17 days and 

then used for assays. To monitor ZIKV dynamics in hNPCs, hNPCs were infected 

with ZIKV (MR766 strain, MOI=0.125, FSS13025 strain MOI=0.1) for 2 h, and 

changed to virus-free medium. The cells were maintained in NPC medium with 

daily medium change. The cells were lysed at the different time points and 

analyzed using qRT-PCR. 

 

High-content Screen  

hNPCs were dissociated and plated on Matrigel-coated 384-well plates for the 

chemical screen. After overnight incubation, the cells were treated with compounds 

from an FDA-approved drug library for 1 h with final concentration at 10 µM. DMSO 

was used as a negative control. ZIKV (MR766 strain) was added at MOI=0.125. 

After 2 h infection, the supernatant was replaced with fresh medium and 

compounds from the same chemical library were added to the same wells. After an 

additional 3 days incubation, cells were fixed, stained with antibodies against ZIKV 

envelope protein (ZIKV E) and proliferation marker Ki67, and analyzed with the 

ImageXpress Micro Widefield High-Content Analysis System. A two dimensional 

analysis was performed to pick the primary hit compounds (Figure S1A). X-axis 

represents the fold change of total cell number, which was calculated by dividing the 

total cell number of the chemical treated well by the average of total cell number of 

DMSO treated wells. Y-axis represents the fold change of the percentage of ZIKV 

infection, which was calculated by dividing the percentage of ZIKV infection of the 

chemical treated well by the average of the percentage of ZIKV infection of DMSO 
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treated wells. The compounds in which the fold change of total cell number >1 and 

the fold change of the percentage of ZIKV infection <20% were further evaluated. 

 

Generation of inhibitory curves  

hNPCs were plated on 96-well plates with Accutase digestion at 8.5x104 /cm2 density 

and incubated overnight. For generating inhibitory curves of compound for inhibiting 

ZIKV infection, cells were first treated with DMSO or different doses of hit compounds 

for 1 h before ZIKV infection. The cells were then infected with ZIKV (MR766 strain) 

at a MOI=0.125. After 2 h of infection, the virus-containing medium was replaced by 

fresh virus-free medium and compounds were added again to the same wells. For 

generating inhibitory curves of compound for eliminating ZIKV, compounds were 

instead added after ZIKV infection. After 3 days incubation, the culture medium was 

harvested and applied to the Vero re-infection assay. Vero cells were plated to 96-

well plates one night before re-infection. ZIKV containing medium was serial diluted 

10, 102, 103, 104, 105 and106 fold for Vero infection.  

 

RNA-seq analysis  

hNPCs at 72 h post-inoculation were collected for RNA-seq analysis, including 

mock-infected hNPCs treated with DMSO, mock-infected hNPCs treated with 25 µM 

HH, mock-infected hNPCs treated with 15 µM AQ, ZIKV (MR766 strain, MOI=0.125) 

infected hNPCs treated with DMSO, ZIKV-infected hNPCs treated with 25 µM HH, 

and ZIKV-infected hNPCs treated with 15 µM AQ. The RNA from hNPCs in each 

condition was extracted with Absolutely RNA Nanoprep kit (Agilent Technologies, 

400753). The RNA quality was validated with a bioanalyzer (Agilent). The cDNA 

libraries were synthesized using the TruSeq RNA Sample Preparation kit (Illumina) 

and sequenced in single-read with the HiSeq4000 sequencer (Illumina) at Weill 
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Cornell Genomics Resources Core Facility. The reads were aligned to the human 

hg19 reference genome with Tophat2 (Kim et al., 2013). Gene expression data 

were analyzed with Cufflinks (Trapnell et al., 2010). To generate heat maps 

displaying the differential gene expression patterns of different samples, the 

expression values (RPKM) were normalized per gene over all samples, to be specific, 

for each gene we calculated the mean and standard deviation (stdev) of expression 

over all samples, and linearly transformed the expression value using the formula 

(RPKM-mean)/stdev. The heat maps were then generated by Heatmap.2 in the R 

plots package. Gene ontology pathway analysis was performed using the DAVID 

function annotation tool. 

 

Immunofluorescence Staining 

Cells were fixed with 4% paraformaldehyde for 20 min at room temperature (RT) 

and blocked in a solution of Mg2+ and Ca2+ free PBS containing 5% horse serum 

and 0.3% Triton-X for 1 h at room temperature and followed by incubation with 

primary antibody at 4°C overnight. The following primary antibodies and dilutions 

have been used in this study: mouse anti-Flavivirus group antigen antibody (ZIKV 

E) (1:2000; Millipore, clone D1-4G2-4-15), mouse anti-Ki67 (1:200, DAKO, MIB-1), 

rabbit anti-Ki67 (1:500, ThermoFisher, SP-6), rabbit anti-cleaved caspase-3 

(1:1000, Cell Signaling Technology, Asp15), goat anti-SOX2 (1:100, Santa Cruz, 

sc-17320), rabbit anti-SOX2 (1:200, Biolegend, N-term), mouse anti-NESTIN 

(1:1000, Neuromics, MO15012), rabbit anti-TUJ1 antibody (1:500, Covance, MRB-

435P), and chicken anti-MAP2 (1:1000, Abcam, Ab5392). The secondary 

antibodies include donkey anti-mouse, goat, rabbit or chicken secondary antibodies 

conjugated with Alexa-Fluor-488, Alexa-Fluor-594 or Alexa-Fluor-647 fluorophore 

(1:500, Life Technologies). Nuclei were counterstained by DAPI.  

http://www.manuelsweb.com/temp.htm
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The immunohistochemical analysis of mouse tissues was performed on 

cryosections. In brief, the tissues were fixed overnight with 4% PFA at 4°C, sunk in 

20% sucrose, embedded in OCT, and then sectioned at 30 µm for immunostaining. 

The primary and secondary antibodies were used as described above.  

 

RNA Extraction and qRT-PCR 

Total RNA of cultured cells and organs was extracted with RNeasy plus mini kit 

(Qiagen). vRNA from cell culture supernatant was extracted with QIAampe viral RNA 

mini kit (Qiagen). Reverse transcription was carried out with strand specific tagged 

primers of ZIKV plus ACTB gene specific primer of human or mouse using High 

Capacity cDNA Reverse Transcription kit (Thermo Fisher). 

qPCR reactions were performed with PrimeTime Gene Expression 2X Master Mix 

(IDT DNA) and probes for ZIKV and human or mouse ACTB. The PCR products were 

analyzed with Sanger sequencing to validate the specificity of “+” and “-“strand 

primers. ZIKV expression level was then normalized to human ACTB or mouse Actb 

correspondingly. Primer sets used in RT and qPCR and probes used in qPCR were 

listed in Table S2. 

 

Adult mouse infection and in vivo drug testing  

6-8 week old female SCID-Beige mice were infected with ZIKV (2.5 x105 PFU in 0.5 

ml culture fluid) through intraperitoneal injection. For pre-infection treatment, drug 

candidates were administrated to mice 12 h before ZIKV inoculation and followed by 

treatment once per day. HH was administrated subcutaneously at the dose of 100 

mg/kg body weight. AQ was administrated with intraperitoneal injection at the dose of 

40 mg/kg body weight. PBS was used as the vehicle control. For ZIKV kinetics 

analysis, 6-8 weeks old female SCID-beige mice were inoculated with (1 x106 PFU for 

http://www.manuelsweb.com/temp.htm
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MR766 strain or 1 x107 PFU for FSS13025 strain in 0.5 ml culture fluid) through 

intraperitoneal injection. The mice were euthanized at the indicated time points and 

analyzed with qRT-PCR to validate the ZIKV level in vivo. At 24 hpi or 5 dpi, HH was 

administrated subcutaneously at the dose of 100 or 200 mg/kg body weight per day 

for 5 days (MR766 strain). At 7 dpi, HH was administrated subcutaneously at the 

dose of 100 mg/kg body weight per day for 7 days (FSS13025 strain). After 

euthanasia, brain, liver, spleen and kidney were collected and analyzed using qRT-

PCR. Blood samples from mice treated with HH with dose of 200 mg/kg body weight 

after 5 days treatment were analyzed with Vero infection assay. 

 

Vero assay to monitor the infectious particular in vivo 

Whole blood samples were collected from tail vein and serum was isolated with 

centrifuge. Solid samples (brain, liver, spleen and kidney) were harvested from 

infected mice after euthanasia. Samples were freshly homogenized with cold culture 

medium (DMEM + 10% fetal bovine serum) and then centrifuged (2000g for 10 

minutes at 4 °C). Supernatant and serum were then diluted serially to infect Vero cells 

in 96-well plates.  

 

Quantification and Statistical Analysis 

Quantification data are presented as mean ± SEM. N=3 independent biological 

replicates were used if not otherwise specifically indicated. n.s. indicates non-

significant difference. For in vitro experiments, p values were calculated by unpaired 

two-tailed Student’s t-test if not otherwise specifically indicated. For in vivo 

experiments, p values were calculated by one-way repeated measures ANOVA or 

two-way repeated measures ANOVA with a Bonferroni test for multiple comparisons 

using Prism 6. *p<0.05, **p<0.01 and ***p<0.001. 
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Data and Software Availability  

The accession number for the RNA-seq data reported in this paper is GEO: 

GSE89334. 
	  
 

Chapter 3 Methods 

hPSC maintenance and monolayer differentiation 

WA09 and derivatives (EF1α::GFP (GFP), EF1 α::RFP; TRE-SHH (iSHH)) hPSC 

were maintained with Essential 8 medium or Essential 8 flex (E8, Thermo, 

A15117001 or A28558501) in feeder-free conditions on vitronectin (VTN-N) substrate 

(Thermo, A14700). hPSCs were passaged as clumps with EDTA solution (0.5 M 

EDTA/PBS). For neural monolayer differentiation, hPSCs were dissociated to single 

cells and plated on matrigel substrate (BD Biosciences, 354234) in E8 at a density of 

250,000 cells/cm2 in the presence of ROCK inhibitor (Y-27632, 10 µM, Tocris 1254) 

(Day -1). From Day 0 to 7, cells were cultured in Essential 6 medium (E6, Thermo, 

A1516401) in the presence of TGFβ and BMP inhibitors (LDN193189, 100 nM, Stem 

Cell Technologies, 72142; SB431542, 10 µM, Tocris, 1614). From day 7 to 12, cells 

were cultured in E6 alone. Floorplate was specified by addition of SHH (200 ng/ul, 

R&D Systems 464-SH) and CHIR99021 (0.7 µM, Tocris 4423). Media was changed 

every day during the differentiation. 

 

SHH inducible line 

The iSHH hPSC was generated according to a previously described gene targeting 

strategy(Gonzalez et al., 2014). Briefly, two donor constructs were targeted to the first 

intron of the AAVS1 locus using TALEN-facilitated homologous recombination. One 
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construct contained a constitutively expressed reverse tetracycline transactivator 

(M2rtTA) and the second construct contained a tetracycline inducible SHH cassette. 

A constitutive RFP expressing line (WA09 derived, EF1α::RFP) was used, so iSHH 

cells could be visualized(Fattahi et al., 2016).  

 

SHH-spheroid aggregation 

1,000 iSHH cells were dissociated to single cell and aggregated in low-attachment 

round bottom microwells for 24 hours in the presence of ROCK inhibitor (Y-27632, 10 

µM) and WNT inhibitor (XAV939, 5µM). For iSHH-GFP-spheroids, iSHH cells were 

plated in the morning and allowed to aggregate for 8 hours. 1,000 GFP cells were 

plated on top and allowed to aggregate overnight. The next day, 10,000 wildtype 

WAH9 hPSCs were dissociated to single cell and allowed to aggregate on top of the 

iSHH cells, in E8 medium with ROCK inhibitor (Y-27632, 10 µM) and WNT inhibitor 

(XAV939, 5µM, Tocris 3748).  

 

SHH organoid differentiation 

SHH-spheroids were cultured in E6 with 3-inhibitors (LDN193189, 100 nM; 

SB431542, 10 µM; XAV939, 5 µM) plus doxycycline (400 ng/ml) until spheroid tissue 

began to brighten and have smooth edges, typically 6-8 days. SHH-spheroids were 

then embedded in matrigel drops and cultured in an N2/B27 based organoid media 

as previously described(Lancaster and Knoblich, 2014b). SHH-spheroids were 

moved an orbital shaker once formation of translucent, neuroepithelial buds was 

observed, typically 4 - 7 days after embedding. Organoids that failed to form 

translucent, neuroepithelial, buds were discarded. Half media was changed every 

other day.  

 



	  

	  116	  

Histology and immunocytochemistry 

Organoids were fixed in 4% PFA overnight, and washed three times with PBS the 

next day. Day 20 organoid tissue was cryoprotected in 30% sucrose/PBS and 

sectioned at 30um on a cryostat (Leica 3050 S). Floating Sections were blocked for 

30 minutes in 10%FBS, 1%BSA, 0.3%triton PBS, and incubated with primary 

antibody overnight. Day 6 organoid tissue was cryoprotected in 30% sucrose/PBS 

and sectioned at 20um directly onto slides. Slides were blocked for 30 minutes in 

10%FBS, 1%BSA, 0.3%triton PBS, and incubated with primary antibody overnight. 

Sections or slides were washed with PBS then incubated with secondary antibody for 

3 hours at room temperature.  

 

Quantification of organoid patterning and SHH activity 

Microscopy was performed using a standard inverted epifluorescence microscope 

(Olympus IX71 or Zeiss Axio Observer). Images were acquired using Cell Sens 

(Olympus) or Zen Pro (Zeiss) software. Min, max and gamma (midtone) adjustments 

were applied uniformly to images during processing with Adobe Photoshop Creative 

Cloud.  

The position of regional domains in SHH-organoids was quantified by first 

dividing each image into a grid of 20µm x 20µm squares (4x images) or 5µm x 5µm 

square (20x images) that form a Cartesian coordinate grid. Each 20µm x 20µm or 

5µm x 5µm square is a discrete region of interest (ROI) that is associated with an X 

and Y coordinate. The origin of the grid was calculated for each image as the “center 

of mass” of the iSHH-organizer cells: CMx = Σ mixi / M and CMy = Σ miyi / M, where m 

= grey value intensity of iSHH cells for individual ROIs, x or y = coordinate, and M = 

total intensity for all ROIs, and the sum includes all x or y coordinates in the image. 

Next, locations of gene expression (e.g. PAX6) were defined by thresholding staining 



	  

	  117	  

intensity and determining ROIs with positive immunoreactivity. The linear distance 

from the origin to each ROI (sqrt((ROIx-CMx)2 + (ROIy-CMy)2)) was calculated. In 

Figures 3-5b and 3-13, ROI frequencies are plotted as a function of distance from the 

center of mass. Typically 2-5 sections at 180µm intervals were used for quantification 

of each biological replicate (N).  

In Figure 3-10c, the GFP shell distance is defined as the radial distance from 

the center of mass at which the ratio of GFP ROIs / DAPI ROIs drops below 35%. 

The SHH-activity distance is the radial distance from the center of mass to the edge 

of the PAX6-negative territory, defined as the distance at which the ratio of PAX6-

negative ROIs / DAPI ROIs dropped below 95% (PAX6-negative ROIs were obtained 

by subtracting PAX6 thresholded pixels from DAPI thresholded pixels). The 35% and 

95% parameters were determined prior to analysis as accurately cut off values by 

comparing with manual distance measurements. Sections that lacked organizer cells 

or that had large necrotic centers were excluded from analysis.  

The distance of SHH patterning activity in figure 3-10a was obtained by 

measuring the distance of lines from the edge of PAX6 territory to the nearest 

organizer cells. At least 5 lines were measured per section. All quantifications were 

performed using ImageJ.  
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Figure 6.1. Method for quantifying SHH-organoid topography.  
(a) SHH-organoids are quantified using a grid of regions of interest (ROIs), and each 
ROI is associated with an X and Y coordinate. The origin is defined for each section 
by calculating the “center of mass” of the organizer signal. The grid is then used to 
define ROIs that are positive for regional markers (e.g. PAX6). The linear distance 
from all positive ROIs to the origin is calculated, and these data can be plotted as a 
frequency histogram. (b) Organoids that did not express FOXG1, or that had a split 
organizer (c) were not included in the quantification. Scale bars: 200µm.  
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RNA extraction and RT-PCR 

RNA was extracted using trizol reagent (Invitrogen, 15596026) followed by chloroform 

extraction. RNA was precipitated in isopropanol and resuspended in ddH2O. cDNA 

synthesis was performed using 1 µg of RNA (iScript, Bio-Rad, 1708840). RT-PCR 

was performed with EvaGreen Supermix (Bio-Rad, 1725202). Three to four individual 

samples were combined into a single replicate when collecting RNA from spheroids.   

 

Visualization of SHH protein gradient 

SHH-spheroids were fixed in 4% PFA for 6 hours at 4C, then washed three times in 

PBS. Standard immunocytochemistry was performed on wholemount SHH-spheroids 

using anti-SHH primary antibody (1:100, clone 5E1, DSHB). Secondary antibody was 

amplified using a tyramide signal amplification kit (Thermo, B40941). Flourescent 

stained spheroids were visualized using an inverted epifluorescence microscope. 

Gradients were quantified using line scans that transected the organizer tissue. 

Quantifications were performed using ImageJ. 

 

Cell-based SHH Palmitoylation Assay 

Synthesis of [I125]iodopalmitate was carried out as previously described	  (Alland et al., 

1994; Berthiaume et al., 1995; Buglino and Resh, 2008). iSHH hPSC were 

dissociated to single cell and seeded as a confluent monolayer on matrigel substrate 

at a density of 250,000 cells / cm2 and differentiated for 9 days in E6 with 

LDN193189, (100 nM) and SB431542 (10 µM) at increasing concentrations of 

doxycycline (0, 125, 250, 500, 1000, 2000 ng/ml). On day 9, iSHH cells were 

incubated for 1 h at 37 °C with DMEM containing 2% dialyzed FBS and then labeled 

for 4 h with 10µCi of [I125]iodopalmitate. The cells were lysed and subjected to 

immunoprecipitation with anti-Shh antibody, and the immunoprecipitates were diluted 
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in 100 µl of 2× SDS-PAGE sample buffer containing 10 mM DTT. The samples were 

analyzed on a 12.5% SDS-PAGE gel, followed by phosphorimaging on a Typhoon 

FLA-7000 phosphorimager. An aliquot of each immunoprecipitate was analyzed for 

Shh protein expression by Western blotting.  

 

Statistical Analysis 

All reported measurements are from distinct samples. When comparing samples 

across treatment groups, samples were collected, processed, and analyzed in 

parallel. Organoid samples are taken from two independent differentiations, except 

where noted in the figure legend. Statistical tests are listed in the figure legends. 
	  
 

Chapter 4 Methods 

Gene selection for autism library 

Gene selection for the MIX30 library was performed in the Spring of 2015 using the 

SFARI gene database. First, all genes with a score of 1 or 2 (high-confidence) were 

selected. Second, genes were filtered for early developmental expression using the 

BrainSpan human fetal brain transcriptional atlas (BrainSpan.org, expressed at 

PCW8) and a hPSC-derived cortical neuron transcriptional atlas 

(Cortecon.neuralsci.org, expressed on or before day 50).  

 

Generation of multiplex library 

CRISPR/Cas9 was used to introduce frameshift mutations into high-confidence 

autism genes. Guide RNAs (gRNAs) were designed to target exons in which indels or 

single nucleotide variant (SNV) mutations have been found in patients. If no suitable 

target sequence was found, then an upstream site was chosen. gRNAs were cloned 
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into the bicistronic PX458 Cas9-GFP vector (Addgene 48138), and introduced into 

MEL1 hPSCs (46XY) by nucleofection (Lonza). Nucleofected cells were FACS sorted 

for GFP, and individual clones were collected on a mouse embryonic fibroblast (MEF, 

Global Stem) feeder layer in the presence of Rock-inhibitor (Y-27632, 10 mM, Tocris 

1254) in knockout serum replacement (KSR; Life Technologies,10828-028) as 

previously described(Fattahi et al., 2016) for two weeks. Rock-inhibitor was removed 

after 4 days. Clones were picked onto a vitronectin substrate and further maintained 

in Essential 8 media (Life Technologies). Clones were screened using sanger 

sequencing. Compound hets were discarded, and only homozygous or heterozygous 

clones were kept. Heterozygous clones were inferred bioinformatically 

(http://yosttools.genetics.utah.edu/PolyPeakParser/). All frozen stocks were sequence 

validated. Since patient mutations could be gain-of-function or loss-of-function, DNA 

sequencing rather than protein expression was used for validation. 

 

hPSC maintenance, pooling, and storage. 

MEL1 and derivatives were maintained with Essential 8 medium or Essential 8 flex 

(E8, Thermo, A15117001 or A28558501) in feeder-free conditions on vitronectin 

(VTN-N) substrate (Thermo, A14700). hPSCs were passaged as clumps with EDTA 

solution (0.5 mM EDTA/PBS). Pooling was performed by dissociating lines to single 

cell with EDTA and adding cells at desired frequency. Pools were established in the 

presence ROCK inhibitor (Y-27632, 10 µM, Tocris 1254) for 1 day. Pooled hPSCs 

were frozen in E8 with 10% DMSO (Sigma) media and thawed in the presence of 

ROCK inhibitor (10 µM) 

 

Prefrontal cortex differentiation 
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hPSCs were dissociated to single cells and plated on matrigel substrate (BD 

Biosciences, 354234) in E8 at a density of 250,000 cells/cm2 in the presence of 

ROCK inhibitor (Y-27632, 10 mM, Tocris 1254) (Day -1). From Day 0 to 6-8, cells 

were cultured in Essential 6 medium (E6, Thermo, A1516401) in the presence of 

TGFβ and BMP inhibitors (LDN193189, 100 nM, Stem Cell Technologies, 72142; 

SB431542, 10 mM, Tocris, 1614). WNT inhibitor (XAV939, 2uM) was also included 

from D0-2. On day 6-8, monolayer cultures were dissociated with accutase and 

replated as high-density droplets on laminin/fibronectin, and cultured in N2 media 

(B27 1:1000, FGF8 50ng/ul, SHH 25 ng/ul) for 4 days, until neuroepithelial rosettes 

were visible. Droplets were then passaged 1:2 with trypsin onto laminin/fibronectin 

coated plates and cultured in the same media. At day 20, cultures were passaged 

using accutase or dispase to a density of 200,000 cells/cm2 to 400,000 cells/cm2 and 

cultured in N2 media (B27 1:50, FGF8 50ng/ul) for up to 20 days. Cells were cultured 

in N2/B27  (1:50) media after day 40. Cultures in which flat morphology cells arose 

were discarded.   

 

Neural Crest differentiation 

hPSCs were dissociated to single cells and plated on matrigel substrate (BD 

Biosciences, 354234) in E8 at a density of 200,000 cells/cm2 in the presence of 

ROCK inhibitor (Y-27632, 10 mM, Tocris 1254) (Day -1). From day 0-2, cells were 

cultured in E6 with BMP4 (1ng/mL), CHIR99021 (0.6 µM), and SB431542 (10µM).  

From day 3-10, cells were cultured in CHIR99021 (1.5 µM) and SB431542 (10µM). 

Cells were dissociated with accutase for FACS. 

 

Measurement of allele frequencies using droplet digital PCR 
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We measured allele frequencies in pooled mixtures using ddPCR. ddPCR assays 

were designed by the manufacturer (BioRad, see reagents table), and incorporated a 

5’ fluorescently labeled probe (HEX or FAM) with a 3’ quencher (Zen) for wild-type 

and mutant allele respectively. ddPCR was performed according to the manufacturer 

protocol. All DNA was measured with a Qubit (Thermo) prior to ddPCR. Wild-type and 

mutant allele concentrations for each genotype were estimated by a Poisson 

distribution of the fluorescence reads and converted to a fractional abundance 

estimate (QuantaSoft, BioRad), and used to calculate mutant allele frequencies. 

Growth and cell-state phenotypes were determined by calculating changes in relative 

allele frequency across phenotypic fractions and normalizing each line to the internal 

negative standard, UMOD, for each replicate. WNT response phenotypes from day 

45 PFC cultures were determined by comparing changes in relative allele frequency 

between treated and untreated conditions.  

 

Flow cytometry and genomic DNA extraction from fixed cells. 

Cultures were dissociated with accutase and fixed and permeabilized with BD 

Cytofix/Cytoperm (BD Bioscience, 554722) for 45 minutes on ice. Fixed cells were 

washed with BD Perm/Wash Buffer (BD Bioscience, 554723). Cells were stained with 

primary antibody for 1 hour on ice and secondary antibody for 30 minutes on ice, and 

sorted using a FACSAria III flow cytometer (BD Bioscience), and FlowJo Software 

(BD) for analysis. Sorted fixed cells were centrifuged for 5 minutes at 20,000 rcf. 

Pellets were resuspended in 500 µl lysis buffer (10mM Tris-HCL pH 8.0, 100 mM 

NaCl, 10mM EDTA, 0.5% SDS, 40mg/mL proteinase K) and incubated at 65C, 

shaking, overnight. The next day, 300 ul NaCl was added to lysis and incubated on 

ice for 10 minutes. Samples were centrifuged at 20,000 rcf for 10 minutes and 



	  

	  124	  

aqueous phase DNA was precipitated in 650 µl of isopropanol, washed with 70% 

ethanol, and resuspended in ddH2O.  

 

RNA extraction and qRT-PCR 

RNA was extracted using trizol reagent (Invitrogen, 15596026) followed by chloroform 

extraction. RNA was precipitated in isopropanol and resuspended in ddH2O. cDNA 

synthesis was performed using 1 µg of RNA (iScript, Bio-Rad, 1708840). RT-PCR 

was performed with EvaGreen Supermix (Bio-Rad, 1725202) and analyzed on a 

CFx96 Real-Time System (BioRad) 

 

Immunocytochemistry 

Cells were fixed in 4% PFA for 15 minutes, and washed three times with PBS. Cells 

were blocked for 30 minutes in 10%FBS, 1%BSA, 0.3%triton PBS, and incubated 

with primary antibody overnight. The next day, sections were washed with PBS then 

incubated with secondary antibody for 1 hour at room temperature. Microscopy was 

performed using a standard inverted epifluorescence microscope (Olympus IX71).  

Images were acquired using Cell Sens (Olympus). Min, max and gamma (midtone) 

adjustments were applied uniformly to images during processing with Adobe 

Photoshop Creative Cloud.  

 

Zebrafish husbandry  

Zebrafish work was approved by the Institutional Animal Care and Use Committee 

(IACUC) at MSKCC. Zebrafish were bred and maintained in the Zuckerman fish 

facility, in temperature (28°C), pH (7.4), and salinity-controlled conditions. All fish 

were maintained on a 14hr on/10hr off light cycle. Zebrafish used were of the ab 

strain. 
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Creation of zebrafish CRISPR F0 mosaic mutants  

We designed targeting sgRNAs for the genes of interest for homologous exons that 

were targeted in hPSC lines, in two zebrafish paralogues if applicable. CHOPCHOP 

(cite: http://chopchop.cbu.uib.no/). gRNA/Cas9/Tracer complexes were then 

synthesized using the ALT-R system and prepared according to previously published 

protocols (https://www.idtdna.com/pages/products/crispr-genome-editing/alt-r-crispr-

cas9-system) CRISPR activity was confirmed from a random subset of injected 

embryos using a surveyor assay (IDT), for at least 1 paralogue of each gene for 

conditions that showed a significant jaw phenotype. 

 

Zebrafish imaging and image processing 

Fish were imaged at 7 dpf using an upright Zeiss Discovery V16 equipped with a 

motorized stage, brightfield, GFP and tdTomato filter sets. To acquire images, fish 

were lightly anaesthetized with Tricaine 4 mg ml-1 and placed into agarose molds to 

properly image the head from a ventral vantage point. Images were acquired with the 

Zeiss Zen software v1, and the post image processing was done using ImageJ. 

Zebrafish images were quantified by a blinded observer using ImageJ software. Jaw 

length was measured as an angle between one line from the top of the eyes and a 

second line from the top of the right eye to middle of the jaw, depicted in Fig. S10d. 

Jaw angle phenotypes were scored on a binary scale, with a cut-off of < 1 s.d. below 

WT average.  

 

Functional Clustering of Multiplex Data and Clinical Analysis 

Functional classes of autism mutations (Figure 4.10) were defined based on a 

positive PFC neurogenesis phenotype. A positive PFC neurogenesis phenotype was 

http://chopchop.cbu.uib.no/
https://www.idtdna.com/pages/products/crispr-genome-editing/alt-r-crispr-cas9-system
https://www.idtdna.com/pages/products/crispr-genome-editing/alt-r-crispr-cas9-system
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assigned if a genotype exhibited altered PFC neuronal production or altered PFC 

stem cell enrichment with an FDR < 0.05, or if a genotype exhibited both altered PFC 

neuronal production and altered PFC stem cell enrichment with an FDR <0.1. 

Aggregate multiplex data across PFC and WNT-related assays (PFC growth, PFC 

IPC production, PFC neurogenesis, PFC stem cell enrichment, PFC WNT response, 

Neural crest induction) were aggregated and clustered in R using the pheatmap 

library (Figure 4.18 a). 

Proband data was ascertained from the Simons Simplex Collection Clinical Database 

(SFARIBase). Genotypes were assigned using previously published results from 

sequencing studies(Iossifov et al., 2014; Krumm et al., 2015; Sanders et al., 2015). 

Patients in Cluster A and Cluster B were assigned genotypes based on the presence 

of de novo coding or splice-site variants. Non-splice site intronic and inherited 

mutations were not considered. Patients with de novo loss-of-function or MIS3 

missense mutations that did not fit into Cluster A or Cluster B were included in the de 

novo Control. All other patients were included in the idiopathic control. The ADI-R 

verbal communication score excludes patients who severe language deficits, and 

thus the ADI-R non-verbal communication score was used in order to compare all 

patients regardless of language ability (Figure 4.18 c). Correlations in Figure 4.18 j 

were performed by assigning a PFC neurogenesis value to each patient based on 

their genotype. The PFC neurogenesis value is the neuronal production value 

(DCX/SOX2) for each genotype from Figure 4.10 b. 

 

Statistical Methods 

All reported measurements are from distinct samples. At least three independent 

biological replicates were used for each experiment, derived from at least two 

independent MIX30 pools for multiplex experiments. Specific data on replicates (n) is 
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given in the figure legends. Data are presented as mean ± s.e.m., except where 

noted in the figure legends. False discovery rates (FDR) for multiplex assays were 

calculated using two-sided t-test to compare the means between autism lines and the 

control UMOD, and correcting p values for multiple comparisons using the Benjamini-

Hochberg method. Comparisons of clinical cohorts were performed using ANOVA 

with Tukey test (for quantitative parameters). Exact p-values for Fisher’s test were 

corrected with Benjamini-Hochberg method. Fisher’s tests were two-sided. Statistical 

analysis was performed using Prism 7 (Graphpad) or Excel (Microsoft) software. 

Mean and corrected p values from multiplex assays are included in Table S2.  
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