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SETD5, a gene recently linked to intellectual disability (ID) and autism spectrum 

disorder (ASD) encodes a putative histone methyltransferase. To date, no causal 

evidence has linked SETD5 haploinsufficiency with ID/ASD, and a potential underlying 

mechanism of action remains unknown. Here, we characterized the impact of Setd5 on 

neurodevelopment using molecular, cellular, and behavioral assays in the Setd5+/- 

mouse. Setd5+/- animals manifest several autism-like behaviors, including hyperactivity, 

increased anxiety, cognitive deficits, and altered social interactions. Anatomical 

differences in cortex were observed in Setd5+/- adult brains, accompanied by a deficit of 

deep-layer cortical neurons in the early postnatal brain. Setd5+/- cortical neurons 

displayed significantly reduced synaptic density and neuritic outgrowth. Development of 

network connectivity was impaired in Setd5+/- neurons. At the molecular level, SETD5 

methylated H3K4 in a SET domain-dependent manner. Together, our data converge on 

a picture of abnormal neurodevelopment driven by Setd5 haploinsufficiency, consistent 

with a highly penetrant risk factor. Thus, the Setd5+/- animal represents a novel model 

for ASD and yields insight into the epigenetic regulation of neurodevelopment.  
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Chapter 1 
 
 
 
 
 
 
 

Introduction 
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1.1 Introduction 

Multiple levels of organization in eukaryotic chromatin structure underlie an 

immense degree of regulation of gene expression, spanning from the DNA nucleotide 

sequence to the epigenome. At the lowest level of chromatin structure, the DNA 

polymer is wrapped via electrostatic interactions around histone proteins formed by a 

core of dimerized H2A and H2B and a tetramer of two molecules each of H3 and H4. 

Histone H3 and H4 sequences are highly conserved across species (Fig. 1.1), and post-

translational modifications of H3 and H4 contribute to the epigenetic regulation of their 

interaction with chromatin. Approximately 147 bp of DNA bound to the histone octamer 

forms the fundamental unit of chromatin structure, the nucleosome; when repeated, the 

nucleosomes joined by DNA form the 11 nm diameter “beads on a string” model of 

chromatin structure [1]. Within the eukaryotic nucleus, nucleosomes fold on themselves 

into a 30 nm ribbon-like chromatin fiber. At higher levels of chromatin structure, the 30 

nm fibers assemble into larger supercoiled loops, and during mitosis, condense into 

discrete chromosomes [2]. Numerous post-translational modifications to nucleosomal 

histones as well as covalent modifications to the DNA bases influence transcription, 

collectively termed epigenetics, providing an astounding degree of diversity of gene 

expression in the organism’s unique cell and tissue types. 

Post-translational modification of specific histone amino acid residues provides 

highly dynamic regulation of chromatin structure and therefore transcription. Post-

translational acetylation of histones was among the earliest discoveries in the nascent 

field of epigenetics, and the effects of these modifications can be broadly categorized as 
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acting in cis (direct effects on local chromatin structure) or trans (indirect effects on 

transcription by recruitment of binding partners)[3]. Both histone H3 and H4 contain 

amino-terminal lysine residues subject to acetylation, and early studies revealing 

histone acetyltransferase (HAT) and deacetylase (HDAC) activity in transcriptional 

complexes made the connection between the transcriptional accessibility and extent of 

histone acetylation [2]. Indeed, acetylation status correlates positively with local 

transcription activity of the relaxed, open conformation of DNA called euchromatin, 

whereas deacetylated condensed heterochromatin is more compact and less 

transcriptionally active. The use of HDAC inhibitors such as the anti-epileptic and mood 

stabilizer valproic acid in the context of human neurologic and psychiatric disease 

underscores the intimate connection between histone acetylation and central nervous 

system function. Post-translational phosphorylation of H2A, H3, and H4 serine residues 

represents another major epigenetic modification to the nucleosome and is thought to 

influence chromatin structure, especially during DNA replication. Less frequent post 

translational modifications of the histone tails include ubiquitination and sumoylation [2].  

The last major class of histone post-translational modification, methylation of H3 

and H4 basic amino acid residues, is increasingly appreciated in the epigenetic control 

of chromatin structure, transcriptional activity, and gene expression. While lysine (K), 

histidine (H), arginine (R) can all be methylated, lysine methylation has been the most 

extensively studied residue targeted for methylation by histone methyltransferase (HMT) 

enzymes [4]. Indeed, H3K4, H3K9, H3K27, H3K36, and H3K79 (mono-, di-, or tri-

methyl) and H4K20 (mono-, di-, or tri-methyl) are highly conserved and the most 
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frequent vertebrate targets of methylation (Fig. 1.1) [2]. Importantly, histone methylation 

contributes to the unique “histone code” that influences gene expression in concert with 

other post-translational modifications. The discovery of H3K demethylases, such as 

LSD1, debunked earlier assumptions that histone methylation was static and permanent 

and instead demonstrated the dynamism and reversibility of histone methylation [5]. The 

regulation of histone methylation confers incredible diversity on transcriptional activity 

from the stable maintenance of methylation on permanently silenced inherited marks to 

the dynamic regulation of cell-environment interactions [4]; unlike the predictable 

relationship between acetylation and transcription, histone methylation status has site-

dependent effects on transcription rates, likely through interaction with transcription 

factor proteins containing chromodomain, tudor domain, and WD40-repeat domain 

motifs, among others [4, 6]. Despite the diversity of histone lysine methylation 

throughout the genome and its impact on transcription, several histone marks have 

emerged as recurring motifs. Heterochromatin formation in an evolutionarily conserved 

fashion has been observed to depend on H3K9 methylation [7], and H3K27 methylation 

contributes to transcriptional silencing of Hox genes [8]. However, H3K4, H3K36, and 

H3K79 methylation is associated with gene activation[9] and transcriptional enhancers 

[10]. H3K36me3 is required for DNA repair through homologous recombination and 

mismatch repair [11]. Thus, the regulation of H3K methylation is of great interest in 

molecular biology.  

Given that the H3K methylome is so closely interconnected with critical cellular 

processes, the HMT writers of the histone code are of great interest in both the basic 
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and clinical sciences. Known HMT families include the PRMT arginine 

methyltransferase family, and SET-domain and DOT1 lysine methyltransferase families 

[12-14]. Misregulation of members from each HMT family has relevance to human 

disease. Aberrant overexpression of the human DOT1L was found to contribute to 

neuroblastoma oncogenesis, and PRMT1 is necessary for leukemic transformation [15, 

16]. The largest family of HMTs, the SET domain-containing protein family, is largely 

responsible for the maintenance of the histone lysine methylation code and has 

significant connections to human disease. 

 The SET domain-containing family of HMTs encompasses the largest group of 

writers to the histone methylation code and is characterized by an evolutionarily 

conserved 130 amino acid SET domain (Fig. 1.2). The SET family members are 

modular proteins which contain the conserved SET domain motif plus a diverse array of 

other possible domains, including the cysteine-rich region [17]. SET domain proteins 

bind the substrate peptide and cofactor in separate regions, meeting in the center for 

catalysis. The peptide-binding region contains negatively charged residues, and a 

conserved tyrosine residue performs catalysis [18]. The SET domain was initially 

identified in three Drosophila HMTs, from which it draws its name: SU(VAR)3-9, 

Enhancer of zeste, and Trithorax [19-21]. Subsequent work has identified plant and 

mammalian genes whose protein products contain SET domains [22]. SET family 

members demonstrate site specificity for HMT activity. One of the earliest discovered 

human SET domain family members, SUV39H1, and its mouse homolog Suv39h1 

specifically target H3K9 for methylation in vitro [12]. Another SET family member, Set1, 
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is necessary for H3K4 methylation in yeast [23]. WHISTLE, a novel SET family member 

in humans and mouse, was found to methylate both H3K4 and H3K27 in vitro[24]. 

Human SETD2 specifically targets H3K36 [25], while the non-SET HMT DOT1 appears 

to be responsible for H3K79 methylation. On histone H4, SETD8 mono-methylates 

H4K20 [26]. Thus, SET domain family members appear relatively specific for their lysine 

targets, with HMT activity on only a single or occasionally 2 lysine residues.   

 A disordered histone methylation profile, often with etiologic origin in mutated or 

aberrantly expressed SET domain protein-encoding genes, is of pathologic significance 

in human disease. Mouse embryonic fibroblasts deficient in Suv39h demonstrated 

mitotic defects and aberrant condensation of chromatin during mitosis [12]. The t(5;11) 

translocation of the gene encoding nuclear receptor SET domain protein 1 (NSD1) to 

the gene encoding nucleoporin protein 98 is a hallmark of acute myelogenous leukemia 

(AML) and produces a fusion protein that was found to induce leukemia when 

expressed in mouse myeloid progenitors in vitro [27]. Importantly, this leukemic 

transformation was attributed to persistent activation of developmental Hox genes 

through inappropriate H3K36 methylation [27]. Brain tissue from Huntington’s disease 

(HD) patients and HD mice was found to overexpress both the ESET protein and 

H3K9me3; HD mice treated with a drug known to disrupt ESET HMT activity had 

reduced H3K9me3 and survived significantly longer, with reduced HD brain pathology 

[28]. The gene encoding SETDB1 was recently described as a melanoma susceptibility 

locus, and activating mutations in the gene encoding SET domain family member EZH2 

were associated with melanoma [29, 30]. A model of human glioma was found to be 
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radiosensitized by pretreatment with HMT inhibitors [31].  Thus, an altered histone code 

is a frequent pathologic driver of somatic human disease.  

 The proper maintenance of histone marks, including methylation mediated by 

SET family members, has a critical role during development. Early studies focused on 

SET protein knockout animal models and concomitant developmental abnormalities. 

Homozygous mice deficient in the human Sotos syndrome-implicated SET family 

member NSD1 failed to complete gastrulation and were embryonic lethal beyond mouse 

embryonic day 10 (E10) [32]. Similarly, Eset null mice were embryonic lethal beyond 

E6, and Eset was found to be necessary for development of the blastocyst inner cell 

mass (ICM), although global H3K9me3 levels were unchanged versus controls, 

suggesting a locus-specific role of H3K9 methylation by Eset [33]. Mice null for the Mll 

gene encoding SET family member MLL had reduced H3K4me1 of developmental Hox 

genes [34]. The Drosophila egg protein is homologous with human SETDB1 and mouse 

ESET, targets H3K9me3, and is necessary for oogenesis [35]. Suv39h, which 

methylates H3K9 as a marker of heterochromatin, in mice is necessary for meiosis in 

male gametes, as null animals demonstrate chromosomal mis-segregation; and the 

H3K9me1-2 marks are necessary for meiosis and transcriptional silencing [36-39]. In 

Arabadopsis, mutations in the SET family members ATRX5 and ATRX6, which 

methylate H3K27me1, rendered cells susceptible to inappropriate replication of 

heterochomatin DNA [40]. While numerous studies point to SET protein-mediated HMT 

activity as necessary in early development, SET family members have also been 

implicated in nervous system development.   
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 Recent work has increasingly identified the role of the histone methyl code and 

SET domain proteins in central nervous system (CNS) development. Jiang et. al 

concluded that gene dosage played a critical role in neuronal homeostasis through 

experiments overexpressing the SET family member Setdb1 in brains of animals 

deficient in Mecp2, a global transcriptional regulator associated with the human 

neurodevelopmental disease Rett syndrome. They found that H3K9me3 induced by 

overexpressing Setdb1 failed to rescue, and instead harmed the Mecp2 deficient brain 

[41]. Point mutations in the gene encoding SET protein NSD1 associated with the 

neurodevelopmental disease Sotos syndrome were found to disrupt NSD1 binding to 

H3 [42]. Patients harboring heterozygous mutations in the gene encoding SETD2, 

responsible for writing H3K36 marks, were found to phenocopy Sotos syndrome, with 

macrocephaly and intellectual disability (ID) [43]. Retinal development depends on 

temporal adoption of fate specification among multipotent neural progenitors that 

involves dynamic regulation of differentiation-specific genes by H3K27me3 [44]. Indeed, 

H3K27me3 changes have also been implicated in development of the neocortex, as the 

forced addition of H3K27me3 to the mouse Eomes gene biased undifferentiated neural 

progenitors toward the basal, rather than forebrain, fate [45]. The developmentally-

active REST transcription factor associates in a complex with SET family member 

NSD3 to methylate H3K36me3 [46]. Neuronal plasticity of learning and memory in the 

adult brain was recently linked to H3K4 methylation, and knockdown of the SET family 

member Kmt2a recapitulated pathologic features of a mouse model of Alzheimer’s 
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disease (AD) [47]. More recent evidence has converged on a novel SET family member, 

SETD5, in the pathogenesis of neurodevelopmental disease.  

 Human SETD5, located on chromosome 3p, stretches 23 exons in its full 

transcript and encodes the SET domain-containing protein 5, a 1442 amino acid protein. 

Its primary structure is highly conserved across vertebrates (Fig. 1.3). Its role in 

development in general, and CNS development specifically, is increasingly appreciated. 

In 2012, the Jenuwein group purified SETD5 from HeLa extracts from a protocol to 

isolate HMTs, and recombinant mouse Setd5 was found to have H3K9 HMT activity 

[48]. Osipovich et. al found that mouse Setd5 co-immunoprecipitated with the NCoR 

complex of transcriptional regulators, and that Setd5-/- homozygous knockout animals 

were embryonic lethal beyond E11, due to multiple developmental defects including 

failure of neural tube closure and cardiac abnormalities [49]. Setd5 was also found to be 

necessary for regulation of gene expression in primordial germ cells derived from 

mouse embryonic stem cells (mESCs), although no changes in global H3 methylation 

levels were observed [50]. Not only does SETD5 exert influence over critical elements 

of early development, but also it has been implicated in human neurodevelopmental 

disorders.  

 Converging evidence suggests that loss-of-function (LoF) mutations in SETD5 

cause neurodevelopmental defects in humans. SETD5 emerged as a candidate from 

bioinformatics analysis of a cohort of 996 patients in the United Kingdom with ID. 

Researchers found overlapping phenotypes in ID patients harboring heterozygous 

SETD5 LoF mutations and the existing 3p microdeletion syndrome, which spans SETD5 
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on the short arm of chromosome 3 [51]. A subsequent study performing whole exome 

sequencing (WES) from a cohort of 250 ID patients found 7 patients with missense, 

nonsense, splice-site, or microdeletion SETD5 mutations [52]. This study attributed the 

microdeletion patients’ phenotype to nonsense-mediated decay (NMD) based on 

reduced SETD5 mRNA transcript levels in HEK293 cells transfected with CRISPR/Cas9 

guide-RNAs (gRNA) recapitulating the patients’ microdeletion [52]. Pinto et. al identified 

SETD5 as a candidate autism spectrum disorders (ASD) susceptibility gene based on 

the discovery of de novo copy number variants (CNVs) observed in a cohort of 2446 

ASD patient genomes [53]. A familial case demonstrated that inherited SETD5 

mutations caused ID in addition to congenital heart defects and dysmorphologic 

features [54]. The strong causal links between SETD5 LoF mutations and ASD and ID 

cases led the Simons Foundation Autism Research Initiative (SFARI) to categorize 

SETD5 in its second-highest category of ASD susceptibility genes [55]. 

Thus, mechanistic insight into the connection between SETD5 LoF mutations 

and neurodevelopmental phenotypes is a major gap in the field. To this end, we sought 

to elucidate the molecular role of SETD5 on nervous system development by 

investigating LoF in the Setd5+/- animal model [49]. Specifically, the heterozygous (het) 

mouse was studied in assays examining brain structure and autism-relevant behaviors 

in the adult and the morphological, electrophysiological, and transcriptomic features of 

neurons from cerebral cortex.  
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1.2 Figures 
 
 
Histone H3 
Homo sapiens    1 ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTE 
Mus musculus    1 ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTE 
Gallus gallus   1 ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTE 
Danio rerio 1 ARTKQTARKSTGGKAPRKQLATKAARKSAPSTGGVKKPHRYRPGTVALREIRRYQKSTE 
 
Histone H4 
Homo sapiens    1 SGRGKGGKGLGKGGAKRHRKVLRDNIQGITKPAIRRLARRGGVKRISGLIYEETRGVLKV 
Mus musculus    1 SGRGKGGKGLGKGGAKRHRKVLRDNIQGITKPAIRRLARRGGVKRISGLIYEETRGVLKV 
Gallus gallus   1 SGRGKGGKGLGKGGAKRHRKVLRDNIQGITKPAIRRLARRGGVKRISGLIYEETRGVLKV 
Danio rerio 1 SGRGKGSKGLGKGGAKRHRKVLRDNIQGITKPAIRRLARRGGVKRISGLIYEETRGVLKV 

 

Figure 1.1. Multiple sequence alignment of vertebrate histone H3 and H4 peptide 
sequence. Conserved sites of lysine methylation (H3K4, H3K9, H3K27, H3K36, H4K20) 

highlighted in bold. 
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Figure 1.2. Sequence logo of eukaryotic SET domains showing conserved residues 
among SET domain-containing family members. Tallest letters correspond to the most 

highly conserved residues.  
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Homo      1 MSIA-IPLGVTTSD--TSYSDMAAGS----DPESVEASPAVNEKSVYSTHNYGTTQRHGC 
Pan       1 MSIA-IPLGVTTPD--TSYSDMAAGS----DPESVEASPAVNEKSVYSTHNYGTTQRHGC 
Canis     1 MSIA-IPLGVTTPD--TSYSDMAAGS----DPESVEASPAVNEKSVYSTHNYGTTQRHGC 
Rattus    1 MEVLRDPIKKNSSESKPAQSGFSRGNSPLCCPESVEASPAVNEKSLYSTHNYGTTQRHGC 
Mus       1 MSIA-IPLGVTTPD--TSYSDMAAGS----DPESVEASPAVNEKSVYSTHNYGTTQRHGC 
Danio     1 MSIV-ITLGVTTPE--TPYTDMAAGS----DPESVEASPAVNEKN-YSSRSCGNTQSHGY 
 
Homo     54 RGLPYA-----------------------------TIIPRSDLNGLPSP--------VEE 
Pan      54 RGLPYA-----------------------------TIIPRSDLNGLPSP--------VEE 
Canis    54 RGLPYAD----------HNYGAPPPPTPPASPPVQTIIPRSDLNGLPSP--------VEE 
Rattus   61 RGLPYA-----------------------------TIIPRSDLNGLPSP--------VEE 
Mus      54 RGLPYA-----------------------------TIIPRSDLNGLPSP--------VEE 
Danio    53 GGLPYAMQQSSVVCCQDHNYGAPPPPTPPASPLSQTVFSHAERNGTLGRSRPCFSTNEPD 
 
Homo     77 RCGD-------SPNSEGETVPTWCPCGLSQDGFLLNCDKCRGMSRGKVIRLHRRKQDNIS 
Pan      77 RCGD-------SPNSEGETVPTWCPCGLSQDGFLLNCDKCRGMSRGKVIRLHRRKQDNIS 
Canis    96 RCGD-------SPNSEGETVPTWCPCGLSQDGFLLNCDKCRGMSRGKVIRLHRRKQDNIS 
Rattus   84 RCGD-------SPNSEGETVPTWCPCGLSQDGFLLNCDKCRGMSRGKVIRLHRRKQDNIS 
Mus      77 RCGD-------SPNSEGETVPTWCPCGLSQDGFLLNCDKCRGMSRGKVIRLHRRKQDNIS 
Danio   113 NSADSESSSEEEEVVEGAIPPSWCSCHLNQDGFLIKCENCRGLEKKKGVDGQRRKAENVS 
 
Homo    130 GGDSSATESWDEELSPSTVLYTATQHTPTSITLTVRRT---KPKKRKKSPEKGRAAPKTK 
Pan     130 GGDSSATESWDEELSPSTVLYTATQHTPTSITLTVRRT---KPKKRKKSPEKGRAAPKTK 
Canis   149 GGDSSATESWDEELSPSTVLYTATQHTPTSITLTVRRT---KPKKRKKSPEKGRAAAKTK 
Rattus  137 GGDSSATESWDEELSPSTVLYTATQHTPTSITLTVRRT---KPKKRKKSPEKGRAAPKTK 
Mus     130 GGDSSATESWDEELSPSTVLYTATQHTPTSITLTVRRT---KPKKRKKSPEKGRAAPKTK 
Danio   173 VGESSATESGDEDMSASAVSYTATQHTPTSITLTVKRVKHNKVKKRKKSTEKTRTTPKAK 
 
Homo    187 KIKNSPSEAQNLDENTTEGWENRIRLWTDQYEEAFTNQYSADVQNALEQHLHSSKEFVGK 
Pan     187 KIKNSPSEAQNLDENTTEGWENRIRLWTDQYEEAFTNQYSADVQNALEQHLHSS-EFVGK 
Canis   206 KIKNSPSEAQNLDENTTEGWENRIRLWTDQYEEAFTNQYSADVQNALEQHLHSSKEFVGK 
Rattus  194 KIKNSPSEAQNLDENTTEGWENRIRLWTDQYEEAFTNQYSADVQNALEQHLHSNKEFVGK 
Mus     187 KIKNSPSEAQNLDENTTEGWENRIRLWTDQYEEAFTNQYSADVQNALEQHLHSNKEFVGK 
Danio   233 KVKNSASETSVLDENTTEGWETRIRQWTDQYEEALANQYSADVQTLLEHYCANG-NSSPS 
 
Homo    247 P--TILDTINKTELACNNTVIGSQMQLQLGRVTRVQKHRKILRAARDLALDTLIIEYRGK 
Pan     246 P--TYLDTIIRLNWPXXXXYCSGFIQLQLGRVTRVQKHRKILRAARDLALDTLIIEYRGK 
Canis   266 P--AILDTINKTELACNNTVIGSQMQLQLGRVTRVQKHRKILRAARDLALDTLIIEYRGK 
Rattus  254 P--AILDTINKTELACNNTVIGSQMQLQLGRVTRVQKHRKILRAARDLALDTLIIEYRGK 
Mus     247 P--AILDTINKTELACNNTVIGSQMQLQLGRVTRVQKHRKILRAARDLALDTLIIEYRGK 
Danio   292 PSTVAMDTINRTELACNNTVLGSQMQLQLGRVTRVQKHRKILRAARSLDPETLIIEYRGK 
 
Homo    305 VMLRQQFEVNGHFFKKPYPFVLFYSKFNGVEMCVDARTFGNDARFIRRSCTPNAEVRHMI 
Pan     304 VMLRQQFEVNGHFFKKPYPFVLFYSKFNGVEMCVDARTFGNDARFIRRSCTPNAEVRHMI 
Canis   324 VMLRQQFEVNGHFFKKPYPFVLFYSKFNGVEMCVDARTFGNDARFIRRSCTPNAEVRHMI 
Rattus  312 VMLRQQFEVNGHFFKKPYPFVLFYSKFNGVEMCVDARTFGNDARFIRRSCTPNAEVRHMI 
Mus     305 VMLRQQFEVNGHFFKKPYPFVLFYSKFNGVEMCVDARTFGNDARFIRRSCTPNAEVRHMI 
Danio   352 VMLRQQFEVNGHFFKKPYPFVLFYSKFNEVEMCVDARTFGNDARFIRRSCTPNAEVRHMI 
 
Homo    365 ADGMIHLCIYAVSAITKDAEVTIAFDYEYSNCNYKVDCACHKGNRNCPIQKRNPNATELP 
Pan     364 ADGMIHLCIYAVSAITKDAEVTIAFDYEYSNCNYKVDCACHKGNRNCPIQKRNPNAAELP 
Canis   384 ADGMIHLCIYAVSAITKDAEVTIAFDYEYSNCNYKVDCACHKGNRNCPIQKRNPNAAEPP 
Rattus  372 ADGMIHLCIYAVSAITKDAEVTIAFDYEYSNCNYKVDCACHKGNRNCPIQKRNPNAAELP 
Mus     365 ADGMIHLCIYAVSAITKDAEVTIAFDYEYSNCNYKVDCACHKGNRNCPIQKRNPNAAELP 
Danio   412 AEGMIHLCIYAVAQISKDSEVTIGFDYEFSCCNYKVDCACHKGNQDCPVQRHNLRPLELL 
 
Homo    425 LLPPPPSLPTIGAETRRRKARRKELEMEQQNEASEENNDQQSQEVPEKVTVSSDHEEVDN 
Pan     424 LLPPPPSLPTIGAETRRRKARRKELEMEQQNEASEENNDQQSQEVPEKVTVSSDHEEVDN 
Canis   444 L-PPPPSLPTIGAETRRRKARRKELEMEQQNEAPEEDNNQQPEQVPEKATVSSDHEEIDN 
Rattus  432 L--PPPSFPTIGAETRRRKARRKELEMEQQNEVPEENHDPQPQEVPEKVTVSSEHEEVDN 
Mus     425 L-PPPPSFPTIGAETRRRKARRKELELEQQNEVPEENPDPQPQEVPEKVTVSNEHEEVDN 
Danio   472 S-PQPSQFALPGAETRRRRARRRELEGDKLVTGISDESNHLLEDGNEAHGVSDTEDAIMN 

 
Figure 1.3. Multiple sequence alignment of vertebrate SETD5 peptide sequence. 

Conserved resides highlighted in black.  
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Chapter 2 
 
 
 
 
 
 
 

Setd5+/- mice demonstrate autistic-like behaviors   
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2.1 Methods 

Animals: To elucidate the role of Setd5 haploinsufficiency in a live behaving 

mammal, the Setd5+/- heterozygous knockout animal was obtained and crossed for 5 

generations onto the C57/Bl6 background[49]. Briefly, Setd5+/- adult female mice were 

bred with wild-type (wt) C57/Bl6 males from the animal colony over 5 successive 

generations. Animals were housed in same-sex, single-genotype cages, 5 mice per 

cage, on a 12 hr light/12 hr dark cycle with access to chow and water ad libitum. The 

fifth-generation offspring (n=10 per sex per genotype, 40 total) were aged to at least 10 

weeks prior to the initiation of behavioral phenotyping. P0 pups were used from multiple 

litters for each experiment requiring primary neurons. Statistical analyses for behavioral 

experiments were conducted by t-test of pooled male-female group means, or 2-way 

ANOVA for experiments with several factors (eg, genotype and trial). Behavioral 

experiments and offline analyses were carried out by a blinded observer, and other than 

tests requiring consecutive days, animals were permitted at least 4 days rest between 

different behavioral tasks. Other than beginning and concluding the tests, the 

investigator was outside the room during the tasks. Other than the overnight tasks, 

behavioral experiments were carried out at the same time every day, in the early 

afternoon. All breeding, husbandry, behavioral, and euthanasia manipulations were 

carried out in accordance with the Institutional Animal Care and Use Committee 

(IACUC) at the University of California, San Diego.  

Statistics: Detailed statistical methods are included in the description of individual 

experiments. Statistical analysis was conducted with GraphPad Prism 7 software. The a 



	 24 
	

threshold for statistical significance was set at 0.05. In general, for comparison of 2 

group means, t-test was used. For comparison of more or more factors (eg, genotype 

and sex), 2-way ANOVA was used. Biological replicates were individual mice (animal 

behavior experiments). 

Neurologic and Metabolic Assays:  Animals were weighed once at 10 weeks age. 

Next, animals were assayed for grasping strength on the grip strength grid inserted into 

the Omnitech Animal Grip Strength Meter (Columbus, OH). The mean of three 

measurements was recorded and normalized by body weight. Next, animals were 

assayed on a composite neurologic scoring scale as described previously[56]. Briefly, 

each animal was observed in 4 separate tasks and scored from 0 (unaffected) to 3 

(severely affected), with a maximum total of 12 per mouse. The ledge test measures the 

animal’s motor coordination on an elevated ledge (0=mouse gracefully lowers itself into 

cage; 1=mild loss of footing while otherwise coordinated; 2=fails to use hind limbs or 

lands on head in cage; 3=falls off ledge or fails to move entirely). Hindlimb clasping is 

commonly observed in neurodegenerative disease (0=hindlimbs splayed outward; 

1=one hindlimb retracted ≥50% of time; 2=both hindlimbs retracted ≥50% of time; 

3=both hindlimbs entirely retracted). Gait measures coordination (0=body weight evenly 

supported on all 4 limbs; 1=tremor or limb; 2=severe tremor or limp, lowered pelvis, or 

feet pointed outward; 3=difficulty moving, abdomen dragging). Kyphosis is frequently 

observed in the context of neurodegeneration (0=mouse can easily straighten spine as 

it walks; 1=mild kyphosis; 2=unable to straighten spine, persistent mild kyphosis; 

3=pronounced kyphosis while walking or resting). Composite total scores were recorded 
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for each mouse. Then, animals were subject to the rotorod test of motor learning and 

coordination as described previously[57]. The trials were conducted on an accelerating 

rotorod, (Columbus Instruments, Columbus, OH), with 4 trials per day over 2 

consecutive days, with constant acceleration from 0-40rpm over 60 seconds, with 100 

seconds total per trial. Data were collected as latency to fall from the rotorod or cling to 

the rotorod without ambulating for one revolution.  

Behavioral Assays: The open field test is a measure of activity and anxiety in 

animals that is relevant to animal models of autism[58] and was conducted as 

described[57]. The task itself is conducted in an open field apparatus (Omnitech 

Electronics, Columbus, OH) plexiglass box, 48 cm x 48 cm containing photo beams that 

detect motion. The 11 week old naïve animal is placed in the box and allowed to move 

freely for the 1 hour test period. Automated tracking of locomotion in the 3 consecutive 

20 minute periods is plotted as a metric of animal activity.  

 The Barnes maze is a cognitive task that encompasses spatial learning and 

recall. Assays were conducted as described previously[59], at 16 weeks age. 

Specifically, the Barnes maze was a 1m diameter, flat white plastic disk. Around the 

perimeter were 20 symmetrical holes, one of which (the target) contained a closed 

plastic escape box filled with fresh animal cage bedding for each trial. The maze itself 

was elevated above the ground 1 m. The position of the escape chamber relative to the 

room was randomized for each mouse but remained the same across trials per animal. 

In each 3 minute trial, the animal was placed in the center of the maze in the dark, the 

room was illuminated, and latency to solve the maze and enter the escape chamber 
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was measured. Following an initial 1 minute acquisition trial to acquaint the mouse with 

the maze and escape chamber, 4 trials per mouse per day were conducted for 4 

consecutive days. A probe trial was conducted on day 5 and day 12 in which the hole 

covering the escape chamber was closed, to confirm that the animal indeed used 

spatial cues from the room. The maze was cleaned and disinfected to remove any 

olfactory cues between all trials. 

The elevated plus maze as a proxy for anxiety is an example of a conflict test 

that measures animal preference for an open, exposed arm versus a closed arm of the 

plus[58]. The plus maze was constructed of opaque plastic and elevated 1 m above the 

ground; it consists of 4 33 cm x 5 cm arms, two of which are enclosed with 25 cm high 

walls. During the single 10 minute test period, the 11 week old animal was placed in the 

center of the maze and allowed to move freely[57]. Time spent in the open and closed 

arms of the maze was measured offline by video analysis.  

The light dark box is another metric of anxiety in animal models of autism and is 

a conflict task[58] between the brightly lit versus dark halves of the 50cmx25cm 

chamber. The single 10 min trial was conducted in 12 week old animals as described 

previously[57], in which animals were freely allowed to move between the halves of the 

chamber. Time spent in the light versus dark halves of the box was recorded by offline 

video analysis.  

The marble burying task is another test of anxiety and repetitive behavior that is 

relevant to animal models of autism[58]. In a single 30 min trial as described 

previously[60], the 12 week old animals were introduced into a clean cage with fresh 
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bedding, 5cm deep, with 20 cleaned, disinfected marbles laid on top in a 4x5 grid 

pattern, evenly spaced. At the end of the 30 min period, the number of marbles buried 

(≥2/3 volume submerged) was measured.  

Nesting behavior is an important component of animal models of ASD[58]. In this 

single overnight (8 hr) test, as described previously[59, 61], the 12 week old animal was 

singly housed in a clean cage with fresh bedding with a pressed cotton Nestlet (Ancare, 

Bellmore, NY). In the morning, the nest formed was visually inspected and assigned a 

score (1=untouched; 2=partially torn; 3=mostly shredded, but no single nest site; 

4=single but flat nest; 5=single, 3-dimensional, complex nest). 

The 3-chamber social interaction test developed by Crawley and colleagues[58] 

is perhaps the best known behavioral assay for animal models of autism. The 3-

chamber test was conducted on 13-14 week old animals as described previously[59]. 

The box itself was 20 cm x 40 cm x 22 cm, with clear plexiglass walls and 2 plexiglass 

interior dividers to separate the 3 separate chambers; a hole in the dividers permits free 

movement between between them. In all tests, the subject animal was placed in the 

empty center chamber and allowed to move freely through the 10 min test period, with 

the time spent in each chamber (left or right) measured by offline video analysis, with 

the contents of each chamber randomized for each experimental mouse. In the first test, 

for sociability and social approach, one chamber contained a sex- and age-matched but 

unfamiliar mouse (stranger 1) contained within a smaller wire mesh container permitting 

reciprocal snout-snout interactions; the other chamber contained a similar container, but 

empty. In the second test, for social-novelty preference, the initial unfamiliar mouse 
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remained contained in the wire mesh container and now served as an investigated 

unfamiliar mouse (stranger 1). The second, previously empty chamber was now filled 

with a new, age- and sex-matched but completely unfamiliar mouse (stranger 2) to the 

experimental mouse. In the third test, for social-preference, one chamber was filled with 

an unfamiliar sex- and age-matched mouse (stranger 3), while the other was filled with 

a cagemate animal.  

Animal genotyping was carried out on tissue collected from P0-P5 pups, with 

DNA extracted and subject to polymerase chain reaction (PCR, Table 1.1) using the 

Kapa Hot-Start genotyping kit (Kapa Biosystems, Wilmington, MA).  

Histopathology and immunohistochemistry  

Mouse brain tissue for histopathological or immunohistochemical analysis was 

processed as follows. Animals were deeply anesthetized (ketamine 100mg/kg and 

xylazine 10mg/kg, intraperitoneal [IP]), and perfused transcardially with 4% 

paraformaldehyde (PFA) in phosphate-buffered saline (PBS), with brains cryoprotected 

overnight in 30% sucrose for histological and immunohistochemical analysis. Brain 

tissue was frozen and sectioned into 5µm (histology) or 30µm (immunohistochemistry) 

thick sections. Hematoxylin and eosin (H&E) or Golgi (Rapid Golgi Stain, FD 

Neurotechnologies) staining was performed on paraffin-embedded coronal sections. 

Immunohistochemistry was performed on coronal sections through sensory cortex, with 

permeabilization (15 minutes, room temperature, 0.25% Triton-X in PBS followed by 3x 

washes in PBS), blocking (4 hours, 4°C, 3% bovine serum albumin (BSA) in PBS), 

primary antibody (see Table 2.2 for antibody dilutions in 1% BSA in PBS, overnight, 
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4°C, followed by 3x PBS washes), secondary antibody (see chart for dilutions in 1% 

BSA in PBS, 4 hours, 4°C, followed by 3x PBS washes), and nuclear staining (4’,6-

Diamidino-2-Phenylindole (DAPI), 0.1µg/mL in PBS, 10 minutes, room temperature). To 

avoid confounding from the GFP transgene in Setd5+/- tissues or primary cells, no-

secondary antibody negative controls were employed in the 488 nm channel in all 

experiments. While GFP could be detected by staining with an anti-GFP primary 

antibody, no endogenous GFP expression was observed. Stained sections were 

mounted (Fluoromount) for fluorescence microscopy (Zeiss Apotome Microscope).  

Fluorescent microscopy was conducted and with a Zeiss inverted microscope 

and images analyzed by a blinded observer. Except where otherwise mentioned, 1µm 

image slices were obtained, with 10µm z-stack projections used for analysis of neuronal 

morphology.  

 

2.2 Results 

We took advantage of the previously described Setd5GFP mouse model[49], 

which replaces the heterozygous mouse Setd5 exon1 with GFP upstream of the 

translation initiation site, hitherto referred to as Setd5+/-. We backcrossed the animals 

onto wild-type C57/Bl6 background for at least 5 consecutive generations. To elucidate 

the neurobehavioral correlates of Setd5 LoF, we subjected 2 independent cohorts of 

adult animals (n=5 per sex, per genotype, per each independent experiment) to 

established behavioral assays in animal models of ASD[58, 62]. The 3-chamber social 

interaction test captures differences in the experimental animal’s preference for 
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interacting with a known versus novel animal and is frequently employed in animal 

models of autism. In the 3-chamber test of social interaction, no genotype-dependent 

differences were detected in overall sociability as measured by time spent in in the 

subchamber with a novel animal (303.4±9.354 vs. 323.6±11.17 s, P=0.1825 Fig. 2.1a, 

left). Interestingly, in the test of social-novelty preference, Setd5+/- animals spent 

significantly less time with the novel animal (266.1±13.9 vs. 323±17.85 s, P=0.0216, 

Fig. 2.1a, center) and significantly more time with the familiar animal versus their wt 

cohorts (192.6±12.48 vs. 243.1±15.78 s, P=0.0219, Fig. 2.1a, center). Moreover, in the 

social preference test, Setd5+/- animals spent significantly less time with a cagemate 

animal (306±21.33 vs. 244.2±19.37 s, P=0.0458, Fig. 2.1a, right) and significantly more 

time with a novel animal versus their wt cohorts (201.7±16.62 vs. 266.8±18.37 s, 

P=0.0170, Fig. 2.1a, right). We conducted additional tests to assay anxiety levels, 

finding that while Setd5+/-
 mice spent significantly reduced time in the open arms of the 

elevated plus maze versus wt controls (153.3±15.91 vs. 99.25±11.81 s, P=0.0096, Fig. 

2.1b), there was no difference in time spent in the light half of the light-dark box 

(196.4±11.53 vs. 207.5±10.48 s, P=0.4786, Fig. 2.1c). In tests of repetitive behavior, 

Setd5+/- animals showed no differences in percentage of marbles buried (47±6.858 vs. 

44.75±6.172 percent, P=0.8086, Fig. 2.1d) but did build significantly less complex nests 

in the overnight nest-building task (nest scores 4.4±0.2103 vs. 3.35±0.2927, P=0.0074, 

Fig. 2.1e). We also conducted a 1-hour open field test as a proxy for activity and 

anxiety, finding significantly elevated activity levels among Setd5+/- animals over the 

course of the 1 hr test (P<10-4, Fig. 2.1f), with mutant animals displaying reduced 
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thigmotaxis when stratified by sex (genotype P=0.0343 Fig. 2.1g). Finally, the Barnes 

maze task of cognition and spatial memory and recall was conducted; Setd5+/- animals 

displayed significantly reduced performance over the course of the 16 trials versus wt 

controls (P<10-4, Fig. 2.1h). When stratified by sex, similar patterns in significance 

emerged by 2- and 3-way ANOVA (Figure 2.3, Table 2.3).  

Adult animals (n=10 per sex, per genotype, age=10 weeks) were weighed and 

then assayed with a battery of neurologic tests[56] (0=unaffected; 1=mildly affected; 

2=moderately affected; 3=severely affected). No genotype-dependent differences in 

weight were observed (P=0.1711, Fig. 2.3a). On tests of motor coordination, gait, 

kyphosis, and hindlimb clasping, no genotype-dependent differences in composite score 

were observed (P=0.5625, Fig. 2.3b). Grip strength normalized to body weight was also 

no different in wild-type versus mutant (P=0.3115, Fig. 2.3c). As a more sensitive test of 

motor learning and coordination, animals were subject to a 2-day rotorod task, in which 

no genotype-dependent differences in fall latency were observed (P=0.7647, Fig. 2.3d). 

To exclude any motor circuitry-dependent effects on spontaneous locomotor activity, 

fixed coronal brain sections from adult animals were stained for the pre- and post-

synaptic markers VGLUT1 and PSD-95, respectively as previously described[63]. The 

synaptic zones of motor cortex (M1, P=0.5395, Fig. 2.3e) and dorsal striatum 

(P=0.4693, Fig. 2.3e) showed no genotype-dependent differences in the density of 

colocalized synaptic puncta.  

 
2.3 Figures 
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Table 2.1. Primer and shRNA sequences 
 
 
 

 

 

 

 

 

 
Table 2.2. Antibodies used 

 

 

 

 

 

 

 
 
 
 

  

Gene Symbol Purpose Forward Primer Reverse Primer
LIN28 Pluripotency ccagtggatgtctttgtgcacc gtgacacggatggattccagac
NANOG Pluripotency ctccaacatcctgaacctcagc cgtcacaccattgctattcttcg
PAX6 Ectoderm ctgaggaatcagagaagacaggc atggagccagatgtgaaggagg
FGF5 Ectoderm ggaatacgaggagttttcagcaac ctccctgaacttgcagtcatctg
MSX1 Mesoderm gactcctcaagctgccagaaga acggttcgtcttgtgtttgcgg
FLK1 Mesoderm tgatcggaaatgacactgga cacgactccatgttggtcac
AFP Endoderm gcagaggagatgtgctggattg cgtggtcagtttgcagcattctg
FOXA2 Endoderm ggaacaccactacgccttcaac agtgcatcacctgttcgtaggc
SETD5 Sequencing acactcttatgatagagtatcgtg ccaaagccaaatctcttg
Setd5 Genotyping acgtttccgacttgagttgc aatactccgaggcggatcac
SETD5- shRNA shRNA taggtcgtcattgccatcagacttacgga
SCR - shRNA shRNA cctaaggttaagtcgccctcg

Application Antibody Dilution Manufacturer Catalog
immunocytochemistry MAP2 1:2000 Abcam 5392

CTIP2 1:500 Abcam 25B6
VGLUT1 1:500 Synaptic systems 135011
HOMER1 1:500 Synaptic systems 160003
GFAP 1:1000 Dako Z0334
NEUN 1:1000 Millipore 377
GAD65/67 1:1000 Abcam 11070
Ki67 1:1000 Abcam 15580
SOX2 1:1000 Abcam 79351
NESTIN 1:1000 Abcam 134017
NANOG 1:1000 Fisher 1997
LIN28 1:1000 Abcam 63740
GFP 1:1000 Abcam 290

Western HA 1:1000 Abcam 9110
H3 total 1:1000 Abcam 1791
H3K4me1 1:1000 Abcam 8895
H3K4me2 1:1000 Abcam 7766
H3K4me3 1:1000 Abcam 8580

Immunohistochemistry BRN2 1:500 Santa Cruz 6029
TBR1 1:500 Abcam 31940
CTIP2 1:500 Abcam 25B6
PSD95 1:500 Abcam 18258
SATB2 1:500 Abcam 51502

Flow cytometry CD24-PE 1:3000 Abcam 218742
CD45-AF647 1:600 Biolegend 103124
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Table 2.3. Expanded statistics displaying P values and F statistics for 2- and 3-way 

ANOVAs. 

  

Behavioral task Genotype P; F Sex P ; F Time/trial/age P ; F GxS P ; F GxT P ; F SxT P ; F GxSxT P ; F
Sociability 0.5235; 0.4151 0.3055; 1.081 0.2025; 1.685
Social-novelty preference <0.0001; 20.26 0.8546, 0.0341 0.1034; 2.793
Social-preference 0.2533; 1.348 0.7571; 0.0971 0.0066; 8.315
Light-dark box 0.4688; 0.5361 0.6276; 0.2393 0.0680; 3.540
Marble burying 0.8106; 0.0583 0.3275; 0.9853 0.6134; 0.2598
Elevated plus maze 0.0112; 7.146 0.9100; 0.0130 0.4685; 0.5368
Nest building 0.0071; 8.15 0.8296; 0.0185 0.5010; 0.4620
Barnes maze <0.0001; 21.8 0.0002; 13.65 <0.0001; 6.878 0.0023; 9.386 0.2152; 1.271 0.1883; 1.313 0.7576; 0.7273
Open field <0.0001; 18.27 0.3495; 0.8829 <0.0001; 16.1 0.7527; 0.998 0.7978; 0.2265 0.9955; 0.0045 0.9234; 0.0797
Open field time in center 0.0343; 4.891 0.0103; 7.433 0.0004; 15.72
Brain dimension Genotype P; F Sex P ; F Time/trial/age P ; F GxS P ; F GxT P ; F SxT P ; F GxSxT P ; F
Brain mass 0.0904; 3.027 <0.0001; 810.6 0.5794; 0.5541
Cortical length 0.0683; 3.533 <0.0001; 595.1 0.9367; 0.0655
Cortical A-P length 0.2545; 1.341 <0.0001; 325.8 0.5723; 0.5669
Cortical area 0.2005; 1.700 <0.0001; 951.4 0.9444; 0.0573
Cortical thickness 0.0615; 3.56 <0.0001; 408.2 0.0763; 2.628
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Figure 2.1. Setd5+/- animals display autism-relevant behaviors. a) 3-chamber social 
interaction test. Left: No genotype-dependent differences in social approach [(novel 
P=0.1825, t1,18=1.387, DF=18); (empty chamber P=0.6347, t1,18=0.4833, DF=18)]. 
Center: Het mice demonstrate significantly increased preference for familiar and 
significantly reduced preference for novel animal in social-novelty preference [(familiar 
*P=0.0219, t1,18=2.51, DF=18); (novel *P=0.0216, t1,18=2.515, DF=18)]. Right: Het 
animals demonstrate significantly reduced preference for cagemate and significantly 
increased preference for novel in social preference [(cagemate *P=0.0458, t1,18=2.145, 
DF=18); (novel *P=0.0170, t1,18=2.629, DF=18)]. b) Het mice spend significantly less 
time in open arms of elevated plus maze (*P=0.0112, F1,36=7.146, DF=1). c) No 
significant genotype-dependent differences in time spent in light chamber of light-dark 
box (genotype P=0.4688, F1,36=0.5361, DF=1). d) No significant genotype-dependent 
differences in marbles buried (genotype P=0.8106, F1,36=0.0583, DF=1). e) Het mice 
build significantly less complex nests in overnight nest-building task (genotype 
**P=0.0074, Mann-Whitney ranked U=105.5, DF=1). f) Het mice are hyperactive in open 
field (genotype ****P<10-4, F1,2=18.27, DF=1). g) Significant genotype effect on time 
spent in central 25% of open field (genotype *P=0.0343, F1,32=4.891, DF=1). h) Het 
mice are impaired on Barnes maze (genotype ****P<10-4, F1,15=21.8, DF=21.8). 
Statistics: n=10 total animals per sex, per genotype; 2-way ANOVAs for factors 
genotype and sex (b-d,f-h); t-test of pooled male-female data (a); Mann-Whitney ranked 
test (e). Graphs are representative of pooled male and female data for each genotype, 
with replicates as individual animals and error bars mean±SEM.  
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Figure 2.2. No gross metabolic or neurologic deficits observed in Setd5+/- adult mice. a) 
No genotype-dependent differences in body weight (genotype P=0.1711, F1,36=1.951, 
DF=1). b) No genotype-dependent differences in gross neurologic function as 
composite score of gait, ledge balance, kyphosis, and hindlimb clasping (genotype 
P=0.5265, F1,36=0.4091, DF=1). c) No genotype-dependent differences in grip strength 
normalized by body weight (genotype P=0.5745, F1,36=0.3211, DF=1). d) No genotype-
dependent differences in performance on rotorod task of motor coordination (genotype 
P=0.7647, F1,7=0.0891, DF=1). e) No genotype-dependent differences in synaptic 
density in M1 (P=0.5395, t1,16=0.627) or dorsal striatum (P=0.4693, t1,16=0.7412). 
Statistics: a-d n=10 total animals per sex, per genotype; 2-way ANOVAs for factors 
genotype and sex; replicates=individual mice with error bars representing mean±SEM. e 
n=3 male 12wk old animals per genotype; unpaired t-test of group means; replicates=3 
M1-dorsal striatum containing sections per animal with error bars representing 
mean±SEM.  
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Figure 2.3. Behavioral data stratified by sex. a-c) Three-chamber social interaction 
task, measured by ratio of time spent per chamber. d) Percent time spent in light half of 
light-dark box. e) Percent of total marbles buried in marble burying task. f) Percent time 
spent in open arms of elevated plus maze. g) Nest complexity scores in nest building 
task. h) Latency to solve maze in Barnes maze task. i) Total locomotion distance 
traveled in open field task. j) Time spent in central 25% of open field chamber. 
Statistics: expanded statistics found in Table 2.3. n=10 total animals per sex, per 
genotype; 2-way ANOVAs for factors sex, genotype, and trial or time where applicable. 
Graphs are representative of stratified male and female data for each genotype, with 
replicates as individual animals and error bars representing mean±SEM. 
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Chapter 3 
 
 
 
 
 
 
 

Deficit in CTIP2+ cortical layer in Setd5+/- brains  
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3.1 Methods 

Fluorescent microscopy was conducted with a Zeiss inverted microscope and 

images analyzed by a blinded observer. Except where otherwise mentioned, 1 µm 

image slices were obtained, with 10 µm z-stack projections used for analysis of 

neuronal morphology. Except where otherwise mentioned, images were quantified with 

ImageJ software. Replicates for all measurements were considered as the average of 2 

measurements per image, with each individual image as a single replicate. Two to three 

images per animal were obtained, in coronal brain sections containing motor (M1) 

cortex.  

Mouse brain tissue for histopathological or immunohistochemical analysis was 

processed as follows. Animals were deeply anesthetized (ketamine 100 mg/kg and 

xylazine 10 mg/kg, intraperitoneal [IP]), and perfused transcardially with 4% 

paraformaldehyde (PFA) in phosphate-buffered saline (PBS), with brains cryoprotected 

overnight in 30% sucrose for histological and immunohistochemical analysis. Brain 

tissue was frozen and sectioned into 5µm (histology) or 30µm (immunohistochemistry) 

thick sections. Hematoxylin and eosin (H&E) or Golgi (Rapid Golgi Stain, FD 

Neurotechnologies) staining was performed on paraffin-embedded coronal sections. 

Immunohistochemistry was performed on coronal sections through sensory cortex, with 

permeabilization (15 minutes, room temperature, 0.25% Triton-X in PBS followed by 3x 

washes in PBS), blocking (4 hours, 4°C, 3% bovine serum albumin (BSA) in PBS), 

primary antibody (see Table 2.2 for dilutions in 1% BSA in PBS, overnight, 4°C, followed 

by 3x PBS washes), secondary antibody (see Table 2.2 for dilutions in 1% BSA in PBS, 
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4 hours, 4°C, followed by 3x PBS washes), and nuclear staining (4’,6-Diamidino-2-

Phenylindole (DAPI), 0.1µg/mL in PBS, 10 minutes, room temperature). Stained 

sections were mounted (Fluoromount) for fluorescence microscopy (Zeiss Apotome 

Microscope).  

 

3.2 Results 

Aberrant cortical lamination is a hallmark of both mouse models[64, 65] and 

human ASD[66]. To determine whether Setd5 haploinsufficiency impacted cortical 

lamination during late neurodevelopment, we subjected fixed P1 and P10 brain sections 

to immunohistochemistry staining for superficial cortical neuron marker Brn2 (purple) 

and deep cortical neuron markers Ctip2 (green) and Tbr1(red)[44, 67] as described 

previously[65] (Fig. 3.1a-b). Cell layers were measured in images, at least 2 per animal, 

of coronal sections corresponding to the Allen Developing Mouse Brain Reference Atlas 

sections 90-140[68] containing M1. In P1 brain sections, no differences in thickness of 

the deepest or most superficial layers were observed: (TBR1+ layer, P=0.9090; BRN2+ 

layer, P=0.5906, Fig. 3.1c,g), although the CTIP2+ layer was significantly thinner in 

Setd5+/- sections (144.2±7.78 vs. 113.9±6.25 µm, P=0.0055, Fig. 3.1e). Similarly in P10 

brain sections, no differences in thickness of the deepest or most superficial layers were 

observed (TBR1+ layer, P=0.0945, Fig. 3.1d; BRN2+ layer, P=0.0883, Fig. 3.1g), 

although the CTIP2+ layer was significantly thinner in Setd5+/- sections (214.3±7.11 vs. 

178.4±6.99 µm, P=0.0012, Fig. 3.1e). Despite the differences in total layer thickness, no 

genotype-dependent differences were detected in cell density within the respective 
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cortical layers at P1 or P10 (TBR1+ layer, P=0.7481, P=0.2191 Fig. 3.1d; CTIP2+ layer, 

P=0.1064, P=0.4667, Fig. 3.1f; BRN2+ layer, P=0.5256, P=0.1166 Fig. 3.1h).  

 
3.3 Figures 
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Figure 3.1 Significantly reduced thickness of CTIP2+ cortical neuron layer in Setd5+/- 

postnatal brain. a-b) Representative images of fluorescent P1 cortical sections, scale 
bar=50 μm. c,e,g) Immunohistochemical quantification of P1 cortical layers. At P1 no 
differences observed in thickness of TBR1+ layer (P=0.9090, t1,56=0.1148, DF=56) or 
BRN2+ layer (P=0.5690, t1,56=0.5729, DF=56), despite a significantly thinner CTIP2+ 
layer in Setd5+/- cortex (**P=0.0055, t1,56=2.887, DF=56). At P10 no differences 
observed in thickness of TBR1+ layer (P=0.0945, t1,43=1.71, DF=43) or BRN2+ layer 
(P=0.0883, t1,43=1.744, DF=43), despite a significantly thinner CTIP2+ layer in Setd5+/- 
cortex (**P=0.0012, t1,43=3.466, DF=43). d,f,h) Cell density quantification, normalized to 
wild-type at each age. At P1, no difference in cell density within TBR1+ layer (P=0.7481, 
t1,55=0.3228, DF=55), CTIP2+ layer (P=0.1064, t1,55=1.642, DF=55), or BRN2+ layer 
(P=0.5256, t1,55=0.6388, DF=55). At P10, no difference in cell density within TBR1+ 
layer (P=0.2191, t1,42=1.248, DF=42), CTIP2+ layer (P=0.4667, t1,42=0.7345, DF=42), or 
BRN2+ layer (P=0.1166, t1,42=1.602, DF=42). Statistics: n=6 total animals per genotype, 
per age with n=2-3 images from distinct sections through M1 cortex as replicates, and t-
test of group means. An individual replicate was considered the average of two 
separate measurements through the thickest and thinnest segments of the 
corresponding cell layer in a single image. Bars represent mean±SEM.   
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Chapter 4 
 
 
 
 
 
 
 

Setd5+/- neurons demonstrate morphological abnormalities   
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4.1 Methods 

Primary cortical neurons from postnatal day 0 (P0) offspring of Setd5+/+ x Setd5+/-

matings were harvested as described previously[69]. Cells were plated on poly-ornithine 

(PO, 10 µg/mL) and laminin (1µg/mL) coated tissue-culture plates. Culture density was 

determined by application (immunocytochemistry/Ca2+ imaging: 50 k cells/well of 96well 

(w) plate; multielectrode array: 200k cells/64 electrode array). Cells were cultured in 

Neurobasal medium + B27 supplement (Gibco) and cultured in vitro up to 5 weeks. To 

arrest glial proliferation in preparations for immunocytochemistry, cytosine arabinoside 

(araC, Tocris #4520) was added to all cultures except where indicated for Ca2+ imaging 

at 2 µM for 24 hours beginning at 3 DIV.  

For preparations processed by immunocytochemistry, cells were washed once 

with PBS, and then fixed in 4% PFA in PBS for 15 min at RT. Fixed cells were washed 

3x in PBS and then permeabilized in 0.1% Triton X-100, 15 minutes at RT. Cells were 

washed 3x in PBS and incubated 4hrs at 4°C in blocking solution (3% BSA in PBS). 

Cells were then incubated 4°C ON in primary antibody solution (antibody diluted in 1% 

BSA in PBS). Cells were washed 3x in PBS and then incubated in secondary antibody 

solution, 4hr at 4°C. Cells were washed 3x in PBS and incubated in DAPI (0.1µg/mL in 

PBS) for 10min at RT. Cells were sealed in Fluoromount G for fluorescence microscopy. 

For morphological analysis, n=33-39 CTIP2+ MAP2+ neurons per genotype, 

representing n=12 animals per genotype, were analyzed by Neurolucida Explorer (MBF 

Bioscience, Williston, VT) for the metrics of soma size, total neurite length and number, 

and Sholl analysis. For synaptic analysis, n=51-55 CTIP2+ VGLUT1+ neurons per 
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genotype, representing n=12 animals per genotype, were counted. Synaptic puncta 

were counted as colocalized overlapping HOMER1+ and VGLUT1+ puncta along MAP2+ 

neurites. To ensure standardization of analysis, only cells with a pyramidal soma shape, 

with at least 2 neurites emanating from the cell body were included. As a quantification 

of cell death, cells were also processed by terminal deoxynucleotidul transferase dUTP 

nick end labeling (TUNEL, Click-iT TUNEL Imaging Assay, Life Technologies). Briefly, 

fixed permeabilized cells were exposed to the terminal deoxynucleotidyl transferase 

enzyme, which can incorporate a modified dUTP nucleotide into damaged cellular DNA. 

Cells were then exposed to the click copper-catalyzed detector and imaged by 

fluorescence microscopy, with labeled cells considered to be apoptotic. All analyses 

were conducted by a blinded observer. Statistical comparisons were conducted by 

unpaired, 2-tailed t-test.  

 

4.2 Results 

We cultured primary cortical neurons harvested from P0 Setd5+/+ and Setd5+/- 

animals to investigate the neuronal correlates of the observed behaviors and cortical 

lamination defect[66, 70]. WT (left) and het (right) neurons are depicted (Fig. 4.1b, scale 

bar 100 µm); when subjected to Sholl analysis, were found to have significantly fewer 

intersections with 10 µm concentric circles (F1,1640=169.8, P<10-4, Fig. 4.1a). Setd5+/- 

neurons also had significantly smaller soma size (257.7±16.2 vs. 216.2±11.19 µm2, 

P=0.0461, Fig. 4.1c) and significantly reduced neuritic outgrowth (848.1±62.41 vs. 

452.2±46.27 µm, P<10-4, Fig. 4.1d) despite no significant differences in total neurite 



	 53 
	

number (3.282±0.127 vs. 3.091±0.1649, P=0.3545, data not shown). When stained by 

immunocytochemistry for the pre- and post-synaptic markers VGLUT1 and HOMER1, 

respectively, Setd5+/- neurons had reduced density of colocalized pre- and post-synaptic 

puncta on MAP2+ neurites (11.16±0.4508 vs. 7.569±0.2818 puncta/50 µm, P<10-4, Fig. 

4.1e-g, scale bar 5 µm). To determine whether differences in cell viability contributed to 

the observed morphological differences, fixed cells were subject to terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL). No difference in percent 

apoptotic neurons was detected (14.57±2.895 vs. 10.21±2.254 percent, P=0.3220, Fig. 

4.2a). To determine whether Setd5 LoF impacted excitatory:inhibitory balance, a major 

aspect of aberrant network connectivity in ASD[64], fixed cultures were stained for the 

excitatory and inhibitory markers VGLUT1 and GAD65/67, respectively. No differences 

in percent VGLUT1+ cells (77.09±4.389 vs. 70.87±3.457 percent, P=0.2821, Fig. 4.2b) 

or percent GAD65/67+ cells (32.5±4.22 vs. 38.52±3.154 percent, P=0.2700, Fig. 4.2b) 

were detected. To exclude any effects of culture heterogeneity on morphology and 

synaptogenesis observed in neurons, cell cultures were fixed and stained for the mature 

postmitotic neuron marker NeuN and glial marker GFAP, in which no differences in 

percent neurons (82.55±3.10 vs. 80.72±4.04 percent, P=0.7181, Fig. 4.2c) or glia 

(17.45±3.10 vs. 19.28±4.04 percent, P=0.7181, Fig. 4.2c) were observed. As a further 

inquiry into culture heterogeneity, no genotype-dependent difference in percent positive 

CTIP2+ neurons was detected (48.43±3.40 vs. 51.60±4.11 percent, P=0.5571, Fig. 

4.2d).  
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4.3 Figures 
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Figure 4.1. Setd5+/- primary cortical neurons display signs of morphological alterations 
consistent with hypoconnectivity. a) Het neurons present significantly fewer 
intersections by Sholl analysis (genotype ****P<10-4, F1,1640=169.8, DF=1).  b) 
Representative traces of wt (left) and het (right) neurons are depicted (scale bar 100 
µm). c) Het neurons have significantly smaller soma (*P=0.0461, t1,70=2.031, DF=70). d) 
Total neuritic outgrowth is significantly reduced among het neurons (****P<10-4, 
t1,70=4.94, DF=70). e) HOMER1+ VGLUT1+ colocalized synaptic puncta are significantly 
less dense in MAP2+ neurites of het neurons (****P<10-4 t1,104=6.643, DF=104). f-g) 
Representative image of wt and het neurite synaptic puncta quantification; top=merge 
MAP2 (gray), VGLUT1 (red), HOMER1 (yellow); center=VGLUT1 (red); 
bottom=HOMER1 (yellow); *asterisks represent colocalized synaptic puncta, while 
†dagger represents uncounted non-colocalized punctum, scale bar 5 µm. Statistics: 
n=neurons from12 total animals per genotype from 3 total experiments. a-d=39 Setd5+/+ 
and 33 Setd5+/- CTIP2+ neurons, with group means compared by t-test (b-d) or 2-way 
ANOVA (a) for factors radius and genotype. f=55 Setd5+/+ and 51 Setd5+/- neurons, with 
group means compared by t-test. Replicates as individual neurons (a-e) with error bars 
representing mean±SEM. 
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Figure 4.2 Primary culture quality control. a) No difference in percent apoptotic neurons 
(P=0.3220, t1,45=1.001, DF=45). b) No differences in percent excitatory (VGLUT1+, 
P=0.2821, t1,16=1.113, DF=16) or inhibitory neurons (GAD65/67+, P=0.2700, t1,16=1.143, 
DF=16). c) No differences in percent neurons (NeuN+ MAP2+, P=0.7181, t1,30=0.3644, 
DF=30) or glia (GFAP+, P=0.7181, t1,30=0.3644, DF=30). d) No differences detected in 
percent CTIP2+ neurons (48.43±3.40 vs. 51.60±4.11 percent, P=0.5571, t1,28=0.5943, 
DF=28). e-f) Images of primary neuron cultures plated atop MEA, scale bar=400 μm. 
Statistics: n=neurons from12 total animals per genotype from 3 total experiments. a=31 
Setd5+/+ and 16 Setd5+/- images, with group means compared by t-test. b=9 each 
Setd5+/+ and Setd5+/- images, with groups means compared by t-test. c=19 Setd5+/+ and 
13 Setd5+/- images, with groups means compared by t-test. d=15 each Setd5+/+ 15 
Setd5+/- images, with groups means compared by t-test.  Replicates as individual 
images with error bars representing mean±SEM.  
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Chapter 5 
 
 
 
 
 
 
 

Setd5+/- cortical neurons are delayed in network development   
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5.1 Methods 

Cells analyzed by MEA electrophysiology were plated at 250k cells/MEA of 12w 

plate (Axion Biosystems, Atlanta, GA) and cultured up to 32 DIV. Beginning at 8 DIV, 

recordings were conducted every 1-3 days through 32 DIV on the Axion Maestro 

system (Axion). Recordings measured spontaneous electrical spiking activity, 5.5 

standard deviations (s) above noise, through a 0.1-300Hz filter, proceeded 10min, and 

discarded the initial 60 seconds (s) from the analysis. Raw data were analyzed by the 

NeuralMetrics tool (Axion). Weighted mean firing represented the mean firing rates from 

only active electrodes (5 spikes/min); normalized burst frequency defined as 5 spikes 

with maximum inter-spike interval (ISI) of 100µs; electrodes per burst defined as the 

number of electrodes participating in a single bursting event; and synchrony index as a 

unitless measure of firing synchrony, between 0-1, with 1=greatest synchrony, as a 

metric of inter-electrode cross correlogram of firing events (Table 5.1). Data were 

representative of several experiments combined, with neurons from at least n=12-13 

animals per genotype. For local field potential (LFP) computation, raw 64-channel MEA 

recordings (12500Hz) were low-pass filtered and down-sampled to 1000Hz (MATLAB 

resample.m). Power spectral density (PSD) were computed using Welch’s method 

(pwelch.m) with window length of 2-seconds and step length of 1-second. For each 

culture, a single recording yields a 64-by-1000 power matrix, where 64 represents the 

number of MEA channels and 1000 represents the number of frequencies (0-500Hz at 

0.5Hz resolution). For power comparison over time, baseline spectral power was taken 

to be the first day of recording (3 DIV), and all subsequent PSDs were normalized per 
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frequency to 3 DIV and logged to compute log10 power ratio. First recording, by 

definition, has log power ratio of 0 at every frequency. Band-specific log10 power ratio 

were computed as the following: first take the normalized median log10 power ratio over 

the specified frequencies (1-10 Hz for low frequency, 100-150 Hz for high frequency), 

then compute the median over all 64 channels. Finally, compute the mean and standard 

deviation over samples from the same condition. 2-way ANOVA (anova2.m) was run on 

the above genotype-pooled power ratios over time. Statistics were analyzed as 2-way 

ANOVA for the factors genotype and DIV.   

Imaging experiments were performed on a Zeiss microscope equipped with a 

fluorescein filter set (excitation 485/20 nm, emission 525/30 nm). Images were acquired 

at 30-msec intervals for 20-30 seconds using a CCD camera (Orca Flash). To detect 

changes in intracellular calcium concentration, we used Fluo-4 AM, a fluorescent 

calcium indicator (Life Technologies). Cultured cortical neurons (14-21 DIV) were 

loaded with 2 µM Fluo-4AM for 30 minutes in the CO2 incubator in loading buffer (132 

mM NaCl; 4.2 mM KCl; 1.8 mM CaCl2, 5 mM D-glucose, 10 mM HEPES; adjusted to 

pH 7.4) or in the conventional cell culture media. Subsequently, left at room temperature 

for additional 15 minutes to achieve a complete de-esterification of the dye. After the 

incubation with the dye, neurons were washed 3 times with the conventional media and 

were stored in the CO2 incubator for additional 10 min to recover. During experiments, 

we have recorded the spontaneous network activity of our Control and Het neurons for 

the same period of time.  Acquisition and analysis were performed using Zen Pro 

software (Zeiss) and FIJI 2 software. To extract the data from raw movies, a user 
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manually determined regions of interest (ROIs) that exhibited considerable contraction-

driven intensity changes, and plotted changes in intensity vs. time. Fluorescence 

intensity was measured over the entire cell body, and responses were presented as 

arbitrary units (AU).  

For neuronal activity correlation analysis, we have developed the custom-made 

algorithm using OriginPro 2017 platform. Briefly, we use the rolling window of a 

predetermined length to analyze the signal intensity trace from each individual neuron. 

The algorithm calculates the ratio of the maximal value of the fluorescent signal of the 

(N+1) test window to the average value of the test window (N). By comparing the 

several calculated values in succession, this approach determines the initial moment of 

the fluorescent signal intensity increase. By calculating the first derivative of the 

intensity signal, we have confirmed the accuracy of this approach. Next, we are 

identifying the correlation between all the individual fluorescent signal traces. Two or 

more traces are considered to be correlated, when the fluorescent signal start will be 

(t±1) where “t” is an individual time point. In order to compare the level of correlated 

neuronal activity for individual wells with the different number of identified neurons in 

each well, we are using the normalized correlated value for our test samples.  

All animal protocols were approved by the Cleveland Clinic Institutional Animal 

Care and Use Committee. All experiments were conducted in accordance with the 

principles and procedures outlined in the National Institutes of Health Guidelines for the 

Care and Use of Experimental Animals. Setd5+/- and Setd5+/+ littermates were used. 
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Animals were anesthetized with a mixture of ketamine (100 mg/kg, ACE Surgical 

Supply Co, Brockton, MA) and xylazine (10 mg/kg, Sigma-Aldrich, St. Louis, MO) and 

placed in a stereotactic apparatus (David Kopf Instruments, Tujunga, CA). For 

hippocampal recordings, pedestal gold-plated stainless-steel electrodes (0.2 mm in 

diameter; PlasticsOne, New York, NY) were placed bilaterally in the intermediate 

regions of hippocampi (LH, left hippo-campus; RH, right hippocampus; 2.48 mm 

posterior to the bregma, 2.63 mm lateral from the midline, and 3.38 mm deep from the 

dura). Stainless-steel screws (E363/96/2.4/SPC; PlasticsOne, New York, NY) were 

placed on the dura mater over bilaterally frontal motor cortex (LC, left primary motor-

cortex; RC, right primary motor-cortex, 0.5 mm posterior to the bregma, 2.45 mm lateral 

from the midline). An additional stainless-steel screw was placed just to the right of the 

frontal sinus and served as a referential electrode (REF). The five electrodes were then 

connected to a plastic plug (MS363; 6 Channel, PlasticsOne, New York, NY), which was 

fixed to the skull with dental cement (Orthodontic Resin liquid (651002) and powder 

(651006); Caulk®, Milford, DE). Mice were left unrestrained for 5 days to allow for 

recovery from surgery before further manipulation, and prolonged EEG recording were 

performed.  

Continuous EEG recoding and video monitoring was performed on each mouse. 

During EEG monitoring, mice had free access to food and water ad libitum. EEG 

(CEEG) was monitored for 16 hours/day for 3 consecutive days. EEG data were 

acquired and analyzed by using a Vangard system (Vangard, Cleveland, OH). EEG 

sampling rate was 100 Hz, and the recording filter was set at 5.3 Hz and 30 HZ for low- 
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and high-frequency, respectively. The correlations between EEG events and overt 

behavioral responses were assessed by using split screen video monitoring system. 

Epileptic spikes and seizure activities were analyzed from EEG data. Epileptic 

spikes (ictal spikes) were defined as paroxysmal electrical activity: they last 20-150 ms 

and their amplitude is greater than two times of average background EEG activity.  

Seizure activity is scored when epileptic spikes persist longer than 10 seconds. Seizure 

frequency and duration was measured. Once EEG recording was complete, mice were 

sacrificed and the location of electrodes was confirmed with H&E staining. 

 

5.2 Results 

To ascertain the functional consequences of altered morphology and 

hypoconnectivity among Setd5+/- cortical neurons, cells were cultured atop a 

multielectrode array (MEA), with serial recordings obtained beginning at 8 DIV (Table 

5.1). Representative raster plots of spontaneous spike activity from 21 DIV are depicted 

(Fig. 5.1a, scale bar 20 s). When spontaneous neural recordings were analyzed, 

Setd5+/- neurons had significantly reduced weighted mean firing rate (P<10-4, Fig. 5.1b). 

Bursting activity also had genotype-dependent differences: Setd5+/- neurons had 

significantly reduced normalized burst frequency (P=0.0002, Fig. 5.1c), with bursts 

spreading to significantly fewer electrodes (P<10-4, Fig. 5.1d). Moreover, Setd5+/- 

neuron firing was significantly less synchronous (P=0.0004, Fig. 5.1e). To ensure 

spiking originated from neuronal-initiated firing, 10 nM TTX was added to the cultures, 

which abolished spiking (data not shown). Complementary to the spiking results, local 



	 66 
	

field potential (LFP) recordings (Fig. S5.1a) show genotype-dependent low- and high-

frequency power changes (Fig. S5.1b), providing evidence for network-level differences 

in activity. Low frequency (1-10Hz) transients in the LFP – markers of network 

synchronized depolarization[71] – were not significantly different between genotypes 

overall, although intervals of difference did emerge, especially within the second week 

in culture (6-11 DIV). Interestingly, high-frequency (100-150 Hz) power - sometimes 

known as broadband or high gamma power, an index of local circuit firing rate[72] – was 

significantly different between genotypes (P=0.0042, Fig. S5.1d), with particularly 

pronounced differences in the 6-11 DIV critical period.  

Quality controls to ensure culture heterogeneity did not contribute to network-

level electrophysiological differences were conducted. While cell viability was shown to 

be comparable between genotypes (Fig. S4.1a), to ensure that variation in cell density 

did not contribute to network connectivity, cells were imaged and observed at 

comparable coverage of the MEA (Fig. S4.1e-f), and total protein collected from each 

well was comparable between genotypes (P=0.6142, data not shown).  

While MEA analysis provides a global overview of network connectivity, it lacks 

single-cell resolution. To this end, we employed optical recordings using a dye to 

monitor calcium transients (Fig. 5.1f, scale bar 50 µm) and quantified the neuronal 

traces (3 representative traces, Fig. 5.1g). Neurons from Setd5+/- cultures demonstrated 

reduced synchrony of spontaneous transients, with significantly fewer neurons 

participating in correlated firing (0.292±0.0454 vs. 0.053±0.021 correlated firing 

response ratio, P<10-4, Fig. 5.1h).  
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As select SETD5 LoF patients demonstrate epileptic activity[51, 52], and to 

determine whether network-level deficits in cultured Setd5+/- cortical neurons mirrored 

electrophysiological abnormalities in vivo, we subjected adult mice to 

electroencephalogram (EEG) via hippocampal-implanted electrodes. Neither Setd5+/+ 

nor Setd5+/- animals showed spontaneous seizure activity (Fig. 5.2a-b), and no 

genotype-dependent differences in seizure threshold were detected when sub-

convulsive doses of PTZ were successively injected prior to recording (t=0.5373, 

P=0.6549, Fig. 5.2c-f). 

 

5.3 Figures 
 

Table 5.1 Parameters for multielectrode array recordings 

 

Parameter Details
Weighted mean firing rate Spike defined as activity ≥5.5 standard deviations above background

Active electrodes considered >5 spikes/min

Bursting activity 5 spikes with <100us interspike interval (ISI)
Active electrodes considered >5 spikes/min

Electrodes per burst Number of electrodes participating in burst activity

Synchrony index Proprietary unitless (0-1) index derived from area under curve (AUC) 
of cross-correlogram of firing activity from all active electrodes
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Figure 5.1 Setd5+/- cortical neurons trail wt counterparts in development of 
synchronized neural networks. a) Raster plots depict spontaneous firing activity in 8 
electrodes from a single well (wt, top; het, bottom) showing a qualitatively different firing 
pattern (scale bar 20 s). b) Spontaneous spike activity is significantly reduced in het 
cells (genotype ****P<10-4, F1,341=22.37, DF=1). c) Burst frequency in active electrodes 
is significantly reduced in het neurons (genotype ****P<10-4, F1,286=15.98, DF=1). d) 
Burst activity spreads across significantly fewer electrodes in het neurons (genotype 
****P<10-4, F1,179=17.08, DF=1). e) Synchrony index among het neurons lags 
significantly behind wt (genotype ***P<10-3, F1,379=12.86, DF=1).. f) Representative 
images depicting circled regions of interest (ROIs) in wt (top) and het (bottom) primary 
neuron cultures for quantification of calcium signaling, scale bar 50 μm. g) Trace of 
spontaneous Ca2+ signal depicting synchronized firing activity in neurons h) Significantly 
reduced correlated firing activity among het neurons (****P<10-4, t1,12=10.65, DF=8). 
Statistics: (b-e) n=neurons from 12 Setd5+/+ and Setd5+/- animals each; 2-way ANOVAs 
for factors genotype and DIV; replicates=individual wells (neurons from 1 animal/well) 
pooled from 3 separate experiments. f-h n=neurons from 5 animals per genotype (583 
Setd5+/+ or 505 Setd5+/- active total neurons), with each animal as a single replicate and 
t-test of group means. Error bars representing mean±SEM. 
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Figure 5.2 Spectral analysis of MEA local field potential (LFP) data. a) Example LFP 
trace after low-pass filtering raw MEA signal at 500 Hz. b) Example power spectral 
densities (PSD) from Setd5+/+ (black) and Setd5+/- (gray) cultures. Blue and yellow 
boxes denote low- and high-frequency regions of interest for c) and d), respectively. c-
d) Log10 power ratio baselined to first day of MEA recording for low-frequency (1-10 Hz, 
c) and high-frequency/broadband gamma (100-150Hz, d) power, with genotype-
dependent differences in power ratio for high-frequency only [(entire time period: low-
frequency F1,45=0.55, P=0.4644 and high-frequency F1,45=10.17, **P=0.0042); (6-11 DIV 
only: low-frequency F1,11=18.91, **P=0.0074 and high-frequency F1,11=33.36, 
**P=0.0022). Statistics: replicates defined as data from neurons of individual animals, 
n=8 Setd5+/+ and n=4 Setd5+/-. Asterisks indicate significance by 2-way ANOVA 
comparison of the mean power ratio for factor genotype.  
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Figure 5.3 Setd5+/- animals fail to demonstrate elevated seizure activity by EEG. (a) 
EEG is monitored for 16 hrs/day for 3 days. (b) Ten-week-old Setd5+/- and littermates 
exhibit neither epileptic spikes nor seizure activities. (c) To determine seizure threshold, 
a sub-convulsive dose of PTZ (20mg/kg) is injected (IP) was injected into wild-type 
littermates and SETD5+/- mice (n=5, each) at 15 minutes intervals for 4 times until mice 
display seizure activities. (d) Representative images show that gradual development of 
epileptic spikes and seizure activities in both Setd5+/- and littermates. (e) Both Setd5+/- 
and littermates show increased epileptic spikes as PTZ dose increases (repeated 
measures two-way ANOVA, (P<10-4, F(19.46)=64.47); however, no statistical difference 
is found between Setd5+/- and littermates (F(0.22) =0.2, P=0.6499). (f) PTZ dose and 
time to induce seizure activities are not different between between Setd5+/- and 
littermates (t1,8=0.5373, P=0.6549, DF=8). Statistics: n=5 (wt) or n=3 (het) adult animals 
used as biological replicates (a-b) and n=5 each wt and het adult animals used as 
biological replicates (c-f), with ANOVA of group means compared at each timepoint post 
injection (e) and t-test of mean seizure threshold per animal (f).  
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Chapter 6 
 
 
 
 
 
 

Transcriptomic analysis of Setd5+/- cortical progenitors  
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6.1 Methods 

Animals were harvested at E18.5 from timed matings by plug detection. 

Suspensions of primary neurons were obtained as described previously[69], with the 

addition of 10 µM flavopiridol throughout the dissection media. CD24 was chosen as a 

marker of embryonic cortical neuron progenitors[67, 73, 74]. In preparation for sorting, 

cells were resuspended in FACS buffer (2% FBS, 5 mM EDTA in PBS), stained 20 min 

in antibody cocktail (CD24 and CD45, dilutions see Table 2.2), and filtered through 30 

µm cell strainer. An unstained control was also prepared. Meanwhile, compensation 

beads were prepared (Flow Cytometry Compensation Beads, Molecular Probes) with 

0.5 µg each antibody. Gating was set as follows: cells+ (FSC-A high, SSC-A low) dead- 

(FSC-A low, DAPI+), neural progenitors (CD24+ CD45-), singlets (FSC-W low), live 

(DAPI-). Collected cells were then processed for library preparation.   

Total RNA was isolated from cells and purified using Direct-zol RNA MiniPrep Kit 

with DNase digestion according to the manufacturer’s instructions (Zymo Research). 

RNA-seq libraries were prepared from poly(A)-enriched mRNA as described 

previously[75]. Poly A enriched mRNA was fragmented, in 2x Superscript III first-strand 

buffer with 10mM DTT (Invitrogen), by incubation at 94°C for 9 minutes, then 

immediately chilled on ice before the next step. The 10 µL of fragmented mRNA, 0.5 µL 

of Random primer (Invitrogen), 0.5 µL of Oligo dT primer (Invitrogen), 0.5 µL of 

SUPERase-In (Ambion), 1 µL of dNTPs (10 mM) and 1 µL of DTT (10 mM) were heated 

at 50°C for three minutes. At the end of incubation, 5.8 µL of water, 1 µL of DTT (100 

mM), 0.1 µL Actinomycin D (2 µg/µL), 0.2 µL of 1% Tween-20 (Sigma) and 0.2 µL of 

Superscript III (Invitrogen) were added and incubated in a PCR machine using the 
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following conditions: 25°C for 10 minutes, 50°C for 50 minutes, and a 4°C hold. The 

product was then purified with RNAClean XP beads according to manufacture’s 

instruction and eluted with 10 µL nuclease-free water. The RNA/cDNA double-stranded 

hybrid was then added to 1.5 µL of Blue Buffer (Enzymatics), 1.1 µL of dUTP mix (10 

mM dATP, dCTP, dGTP and 20 mM dUTP), 0.2 µL of RNAse H (5 U/µL), 1.05 µL of 

water, 1 µL of DNA polymerase I (Enzymatics) and 0.15 µL of 1% Tween-20. The 

mixture was incubated at 16°C for 1 hour. The resulting dUTP-marked dsDNA was 

purified using 28 µL of Sera-Mag Speedbeads (Thermo Fisher Scientific), diluted with 

20% PEG8000, 2.5M NaCl to final of 13% PEG, eluted with 40 µL EB buffer (10 mM 

Tris-Cl, pH 8.5) and frozen -80°C. The purified dsDNA (40 µL) underwent end repair by 

blunting, A-tailing and adapter ligation as previously described (Heinz, S. et al. 

Molecular Cell 38, 576-589 (2010)) using barcoded adapters (NextFlex, Bioo Scientific). 

Libraries were PCR-amplified for 9-14 cycles, size selected by gel extraction, quantified 

Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific) and sequenced on either a 

Genome Analyzer II (Illumina) or Hi-Seq 2000 (Illumina) for 51 cycles. 

Libraries were sequenced on HiSeq 4000 or NextSeq 500. Following library 

preparation, samples were sequenced by single end 50 base pair (bp) reads on 

HiSeq4000 (Illumina). All sequencing was conducted using an Illumina Hi-Seq 4000 

sequencer using single-end 50bp reads. All data were aligned to the mm10 assembly of 

the mouse genome, and all subsequent data analysis was performed using HOMER, 

and detailed instructions for analysis can be found at http://homer.salk.edu/homer/ [76]. 

Each sequencing experiment was normalized to total of 107 uniquely mapped tags by 

adjusting the number of tags at each position in the genome to the correct fractional 
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amount given the total tags mapped. Sequence experiments were visualized by 

preparing custom tracks for the UCSC genome browser. Differentially expressed genes 

were identified using HOMER as described previously[77].  

 

6.2 Results 

CD24+ cortical progenitors were sorted from E18.5 primary cortical neuron 

suspensions (Fig. S6.1a-d) to uncover a potential molecular mechanism underlying 

morphological and physiological differences between wt and het cortical neurons. When 

processed for RNA-Seq, downregulated genes beyond the false discovery rate FDR 

P=0.05 significance level were processed for bioinformatics analysis. Gene ontology 

analysis of the differentially expressed (203 total with FDR P<0.05) genes in Setd5+/- 

cells included, in descending order of statistical significance of downregulated gene 

families: extracellular matrix organization (P=0.0007), vasculature development 

(P=0.0105), glial cell differentiation (P=0.0182), positive regulation of transferase activity 

(P=0.024), and lung development (P=0.0347, Fig. 6.1). The lack of neuron-specific 

families of genes among the most differentially expressed may reflect a true lack of 

transcriptional differences at this stage of development or may be due to dilution of true 

transcriptional differences only present in a smaller subpopulation of cells.  

 

6.3 Figures 
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Figure 6.1 RNA-Seq gene ontology results 
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Figure 6.2 Sorting scheme for RNA-Seq of E18.5 cortical progenitors. a) Cells were 
sorted from initial single-cell suspension of primary cortical homogenates. b) Neural 
progenitors (CD24+) were sorted away from cells of hematopoietic origin (CD45-) and 
sorted for c) singlets and d) DAPI- live cells (27.7±1.59 percent of total events), n=cells 
collected from 4 animals per genotype.  
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Chapter 7 
 
 
 
 
 
 
 

Downstream molecular targets of SETD5 
 
 
 

 
 
 
  



	 87 
	

7.1 Methods 

For the histone methyltransferase (HMT) assay, hemagluttinin (HA)-tagged wild-

type, SET-domain deletion (ΔSET), or isoleucine->methionine (I298M) human SETD5 

cDNA was first cloned into a lentiviral pLVX plasmid backbone (Fig. S7.1), under the 

control of the CMV promoter. The plasmid was transfected (Lipofectamine 2000) into 

HEK293T cells cultured in 10% fetal bovine serum (FBS). Following 48 hours 

incubation, cells were lysed and protein purified with anti-HA agarose resin (Pierce 

#26181). The purified eluent from 1 10 cm plate of confluent cells was used per each 50 

μL reaction. In addition to the protein, reaction mixtures contained: reaction buffer (50 

mM Tris-HCl, pH 8.6, 0.02% Triton X-100, 2 mM MgCl2, and 1 mM DTT), 1 mM s-

adenosylmethionine (SAM, New England Biolabs # B9003S), 1 μg histone H3.1 (New 

England Biolabs #M2503S). Reaction mixtures were mixed thoroughly and incubated at 

30 °C for 8 hours. Reaction product was subject to SDS-PAGE, transferred to 

nitrocellulose membrane, and immunoblotted (Table 2.2) with primary antibody and 

HRP-conjugated secondary antibody, and visualized by autoradiography. HMT activity 

was assessed based on presence or absence of bands corresponding to H3K4me1, 

H3K4me2, or H3K4me3.  

 

7.2 Results 

To gain insights on the molecular function of SETD5, we transfected HA-tagged 

wt or SET-domain deletion (ΔSET) human SETD5 cDNA into HEK293T cells (Fig. 7.2a-

b), affinity-purified the recombinant SETD5, and performed an in vitro HMT assay with 
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recombinant H3.1 and s-adenosylmethionine (SAM). Immunoblotting showed SETD5 

had SET domain-dependent HMT activity, with no signal detected in the ΔSET reaction 

product blotted with H3K4me1, H3K4me2, and H3K4me3 (Fig. 7.1a). Full view of this 

assay, including a novel putative ASD-implicated mutation, shows that H3K4 HMT 

activity is not impacted by I298M mutation (Fig. 7.3).  

 

7.3 Figures 
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Figure 7.1 SETD5/Setd5 loss of function downstream molecular targets. a) Immunoblot 
of products from in vitro methyltransferase activity using purified recombinant HA-
tagged human SETD5 protein. Wild-type, but not DSET, SETD5, has methyltransferase 
activity on H3, with bands corresponding to H3K4me1, H3K4me2, and H3K4me3 
observed. No methylated products are observed in absence of enzyme, s-
adenosylmethionine (SAM), or SET domain. 
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Figure 7.2 a) FLAG-hSETD5 cDNA plasmid map. b) FLAG-hSETD5 cDNA plasmid 
sequence.  
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b 
TTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGA
TTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGC
TTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCA
GTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCC
TCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTT
TGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGT
AAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATT
CTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCG
GGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGC
AAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCT
CATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCGACGGATCGGGAGATCAACTTGTTT
ATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCA
TGTCTGGATCAACTGGATAACTCAAGCTAACCAAAATCATCCCAAACTTCCCACCCCATACCCTATTACCACTGCCAATTACCTGTGGTTTCATTTACTCTAAACCTGTGATTC
CTCTGAATTATTTTCATTTTAAAGAAATTGTATTTGTTAAATATGTACTACAAACTTAGTAGTTGGAAGGGCTAATTCACTCCCAAAGAAGACAAGATATCCTTGATCTGTGGAT
CTACCACACACAAGGCTACTTCCCTGATTAGCAGAACTACACACCAGGGCCAGGGGTCAGATATCCACTGACCTTTGGATGGTGCTACAAGCTAGTACCAGTTGAGCCAGAT
AAGGTAGAAGAGGCCAATAAAGGAGAGAACACCAGCTTGTTACACCCTGTGAGCCTGCATGGGATGGATGACCCGGAGAGAGAAGTGTTAGAGTGGAGGTTTGACAGCCG
CCTAGCATTTCATCACGTGGCCCGAGAGCTGCATCCGGAGTACTTCAAGAACTGCTGATATCGAGCTTGCTACAAGGGACTTTCCGCTGGGGACTTTCCAGGGAGGCGTGG
CCTGGGCGGGACTGGGGAGTGGCGAGCCCTCAGATCCTGCATATAAGCAGCTGCTTTTTGCCTGTACTGGGTCTCTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCTG
GCTAACTAGGGAACCCACTGCTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTTT
TAGTCAGTGTGGAAAATCTCTAGCAGTGGCGCCCGAACAGGGACTTGAAAGCGAAAGGGAAACCAGAGGAGCTCTCTCGACGCAGGACTCGGCTTGCTGAAGCGCGCACG
GCAAGAGGCGAGGGGCGGCGACTGGTGAGTACGCCAAAAATTTTGACTAGCGGAGGCTAGAAGGAGAGAGATGGGTGCGAGAGCGTCAGTATTAAGCGGGGGAGAATTA
GATCGCGATGGGAAAAAATTCGGTTAAGGCCAGGGGGAAAGAAAAAATATAAATTAAAACATATAGTATGGGCAAGCAGGGAGCTAGAACGATTCGCAGTTAATCCTGGCCT
GTTAGAAACATCAGAAGGCTGTAGACAAATACTGGGACAGCTACAACCATCCCTTCAGACAGGATCAGAAGAACTTAGATCATTATATAATACAGTAGCAACCCTCTATTGTG
TGCATCAAAGGATAGAGATAAAAGACACCAAGGAAGCTTTAGACAAGATAGAGGAAGAGCAAAACAAAAGTAAGACCACCGCACAGCAAGCGGCCGGCCGCTGATCTTCAG
ACCTGGAGGAGGAGATATGAGGGACAATTGGAGAAGTGAATTATATAAATATAAAGTAGTAAAAATTGAACCATTAGGAGTAGCACCCACCAAGGCAAAGAGAAGAGTGGTG
CAGAGAGAAAAAAGAGCAGTGGGAATAGGAGCTTTGTTCCTTGGGTTCTTGGGAGCAGCAGGAAGCACTATGGGCGCAGCGTCAATGACGCTGACGGTACAGGCCAGACA
ATTATTGTCTGGTATAGTGCAGCAGCAGAACAATTTGCTGAGGGCTATTGAGGCGCAACAGCATCTGTTGCAACTCACAGTCTGGGGCATCAAGCAGCTCCAGGCAAGAATC
CTGGCTGTGGAAAGATACCTAAAGGATCAACAGCTCCTGGGGATTTGGGGTTGCTCTGGAAAACTCATTTGCACCACTGCTGTGCCTTGGAATGCTAGTTGGAGTAATAAAT
CTCTGGAACAGATTTGGAATCACACGACCTGGATGGAGTGGGACAGAGAAATTAACAATTACACAAGCTTAATACACTCCTTAATTGAAGAATCGCAAAACCAGCAAGAAAAG
AATGAACAAGAATTATTGGAATTAGATAAATGGGCAAGTTTGTGGAATTGGTTTAACATAACAAATTGGCTGTGGTATATAAAATTATTCATAATGATAGTAGGAGGCTTGGTA
GGTTTAAGAATAGTTTTTGCTGTACTTTCTATAGTGAATAGAGTTAGGCAGGGATATTCACCATTATCGTTTCAGACCCACCTCCCAACCCCGAGGGGACCCGACAGGCCCG
AAGGAATAGAAGAAGAAGGTGGAGAGAGAGACAGAGACAGATCCATTCGATTAGTGAACGGATCTCGACGGTATCGCCTTTAAAAGAAAAGGGGGGATTGGGGGGTACAG
TGCAGGGGAAAGAATAGTAGACATAATAGCAACAGACATACAAACTAAAGAATTACAAAAACAAATTACAAAAATTCAAAATTTTCGGGTTTATTACAGGGACAGCAGAGATCC
AGTTTATCGATAAGCTTGGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCC
ATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGA
CGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGC
GGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGA
CTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCGTTTAGTGAACCGTCAGATCGCCTG
GAGACGCCATCCACGCTGTTTTGACCTCCATAGAAGACACCGACTCTACTAGAGGATCGCTAGCGCTACCGGACTCAGATCTCGAGCTCAAGCTTCGAATTCATGTACCCAT
ACGATGTTCCAGATTACGCTATGAGCATTGCAATCCCTCTGGGAGTCACCACATCAGATACATCCTACTCAGATATGGCTGCTGGATCAGACCCTGAATCTGTGGAGGCTAG
TCCAGCAGTTAATGAGAAGAGCGTGTATTCCACTCATAATTATGGGACCACTCAGAGGCATGGGTGTCGAGGACTGCCTTATGCTACGATCATCCCTCGTTCTGACCTGAAT
GGCCTGCCGTCGCCTGTAGAGGAACGCTGTGGAGACAGCCCGAACTCTGAAGGAGAAACTGTACCTACCTGGTGTCCTTGTGGTCTTTCTCAGGATGGCTTCCTTCTCAAC
TGTGACAAGTGCAGGGGAATGAGCAGGGGGAAGGTTATTAGACTTCATCGGCGGAAGCAGGACAACATATCAGGTGGGGATAGCAGTGCAACAGAAAGCTGGGATGAGGA
GCTTTCTCCTTCCACTGTGTTGTATACAGCAACACAGCACACACCTACAAGCATCACCTTAACTGTTAGAAGAACCAAACCCAAGAAGCGGAAAAAGAGTCCAGAAAAGGGT
CGTGCAGCACCAAAGACGAAGAAAATCAAGAATTCTCCCTCTGAAGCACAGAATTTAGATGAGAATACAACTGAGGGCTGGGAAAATCGGATAAGACTATGGACTGACCAGT
ATGAAGAAGCTTTCACTAATCAGTACAGTGCAGATGTACAGAACGCGCTTGAACAACACCTACATTCTAGCAAGGAATTTGTGGGCAAACCTACTATTTTAGACACTATTAATA
AGACTGAATTGGCCTGTAATAACACAGTTATTGGTTCCCAAATGCAGTTACAGCTGGGAAGAGTCACTCGTGTTCAAAAGCACCGGAAGATCCTGAGGGCTGCAAGAGATTT
GGCTTTGGACACTCTTATAATAGAGTATCGTGGGAAAGTCATGTTACGACAGCAATTTGAGGTCAATGGGCATTTCTTCAAAAAACCATACCCCTTTGTGCTCTTCTACTCAAA
ATTCAATGGTGTAGAGATGTGTGTGGATGCCCGTACTTTCGGTAATGATGCTCGGTTCATCAGAAGATCATGTACACCAAATGCAGAGGTGCGACACATGATTGCAGATGGG
ATGATTCACCTGTGCATCTATGCTGTGTCTGCCATCACCAAGGATGCTGAGGTCACCATAGCATTTGATTATGAGTATAGTAACTGTAATTATAAAGTGGACTGTGCCTGTCA
CAAGGGAAACCGGAATTGTCCTATACAAAAAAGGAATCCTAATGCTACAGAACTGCCACTCCTACCACCTCCTCCAAGCCTACCCACCATTGGAGCAGAGACTAGACGTAGA
AAAGCACGACGGAAAGAGCTAGAGATGGAGCAGCAGAATGAGGCTTCAGAGGAGAATAATGACCAGCAATCACAAGAAGTTCCAGAAAAAGTAACTGTATCCAGTGATCAT
GAGGAAGTAGACAATCCAGAAGAAAAACCAGAAGAAGAGAAAGAAGAGGTTATAGATGACCAGGAGAACCTAGCTCATAGCAGGAGGACCAGGGAAGATAGAAAGGTAGAA
GCCATCATGCATGCTTTTGAAAACTTAGAGAAAAGAAAGAAGCGGCGGGATCAGCCCTTGGAACAGAGCAACTCTGATGTAGAGATTACTACAACCACCTCAGAGACTCCTG
TTGGTGAAGAGACAAAAACTGAAGCCCCTGAATCTGAAGTTAGCAACTCTGTTTCAAATGTTACCATCCCAAGCACCCCACAGAGTGTTGGTGTGAATACCCGGAGGTCTTC
CCAAGCAGGGGATATTGCTGCAGAAAAACTAGTCCCCAAGCCACCTCCAGCAAAGCCTTCTAGGCCCCGGCCGAAGAGTCGAATTTCTCGGTACAGGACCAGTTCAGCCCA
AAGACTAAAGCGTCAGAAGCAGGCCAATGCACAGCAGGCAGAATTGTCACAAGCTGCCTTGGAAGAGGGAGGAAGTAACAGTTTAGTAACTCCTACTGAAGCTGGAAGTCT
AGACAGTTCAGGAGAAAACAGGCCATTAACAGGGTCTGACCCAACTGTGGTGTCAATTACTGGATCCCATGTCAACCGTGCTGCATCTAAATACCCCAAAACCAAAAAGTAT
CTAGTTACAGAATGGTTGAATGACAAAGCAGAGAAGCAAGAGTGCCCTGTTGAGTGCCCTTTACGTATCACAACGGATCCAACTGTACTGGCAACGACCCTAAACATGTTAC
CAGGTCTTATCCATTCCCCGTTAATTTGCACCACCCCCAAACACTACATTCGCTTTGGCTCACCCTTTATCCCTGAGAGACGTCGAAGGCCCCTTCTGCCTGATGGCACATTC
AGCTCCTGTAAGAAGCGCTGGATAAAACAAGCCTTAGAAGAAGGGATGACTCAAACATCATCTGTACCCCAAGAGACTAGAACTCAGCACCTATACCAAAGCAATGAGAATA
GTAGCTCTTCTAGTATCTGCAAAGACAATGCAGACTTGTTGAGCCCATTAAAGAAATGGAAGTCTCGCTATCTGATGGAGCAGAATGTCACCAAGTTACTTCGGCCTCTGTCT
CCAGTCACACCACCCCCTCCCAATTCAGGCTCAAAGAGTCCCCAGCTGGCCACACCTGGCTCATCTCACCCAGGAGAAGAGGAGTGTCGAAATGGATACAGCCTCATGTTT
TCACCAGTCACATCTCTTACTACTGCTAGTCGCTGCAACACTCCTCTACAGTTTGAGCTTTGTCACCGAAAAGACCTGGATTTGGCAAAAGTAGGATACCTTGACTCCAACAC
TAACAGCTGTGCTGATAGACCTTCCCTACTCAACTCAGGTCATTCTGACCTGGCTCCTCATCCCTCCCTCGGACCCACTTCTGAGACTGGTTTCCCAAGCAGAAGTGGAGAT
GGACATCAGACCCTCGTGAGAAACTCAGACCAGGCATTTCGGACAGAGTTCAACTTGATGTATGCCTACTCCCCTTTGAATGCTATGCCTCGAGCAGATGGACTGTATCGAG
GATCTCCTCTAGTGGGGGATAGGAAGCCTTTACATTTGGATGGGGGATATTGTTCCCCTGCAGAAGGATTTTCCAGCAGATATGAACATGGCTTAATGAAAGACCTCTCTCG
TGGATCCTTGTCACCTGGTGGTGAAAGGGCCTGTGAAGGAGTCCCATCTGCCCCCCAGAACCCACCACAGAGGAAAAAAGTATCCCTGCTGGAGTACCGAAAACGGAAACA
AGAAGCTAAGGAAAATTCTGCTGGTGGGGGAGGTGACTCTGCACAGAGCAAAAGCAAGTCTGCAGGAGCTGGGCAAGGCAGCAGTAACTCCGTTTCCGACACTGGTGCCC
ATGGTGTGCAGGGATCCTCAGCCCGAACTCCATCTTCCCCTCACAAAAAATTCTCCCCATCTCATTCCTCTATGTCCCATTTGGAGGCGGTAAGCCCATCAGATTCCAGAGG
CACTTCTTCATCTCACTGCAGACCTCAAGAGAATATCAGCAGTAGGTGGATGGTTCCCACATCAGTAGAACGACTCCGAGAAGGAGGGAGCATCCCCAAGGTCCTCCGAAG
CAGCGTGAGGGTGGCCCAAAAGGGAGAGCCCTCTCCCACATGGGAGAGTAACATCACAGAGAAAGACTCAGACCCTGCAGATGGAGAAGGCCCAGAGACATTAAGCTCAG
CACTCTCTAAAGGAGCAACAGTTTACAGCCCTTCCAGATACAGCTACCAGCTCCTGCAGTGTGATAGTCCTCGGACAGAATCACAAAGCCTCCTTCAGCAGAGTTCCTCCCC
CTTCAGAGGACATCCTACACAGTCTCCAGGATACAGTTATCGAACTACTGCACTGAGACCTGGAAACCCCCCCTCTCACGGTTCTTCAGAATCATCCCTCTCTTCCACGTCCT
ATTCCAGCCCCGCCCACCCTGTGTCCACAGACTCGTTGGCCCCATTTACGGGGACACCAGGGTATTTTAGCAGCCAGCCACATTCTGGAAACAGCACTGGCAGCAATCTTC
CAAGGAGGAGCTGCCCTTCTAGTGCTGCTAGCCCTACCCTGCAGGGACCCTCAGACTCGCCAACCTCAGATTCAGTTTCTCAGTCCAGCACAGGAACTCTGAGTTCCACCT
CCTTTCCTCAGAACTCTAGGTCGTCATTGCCATCAGACTTACGGACTATCAGTCTGCCCAGTGCTGGGCAGTCAGCTGTCTACCAGGCCTCCAGGGTATCTGCGGTTTCCAA
TTCACAGCACTACCCACACCGTGGGAGTGGGGGTGTGCACCAGTACCGACTCCAGCCACTGCAAGGGTCAGGAGTCAAGACTCAGACGGGACTTTCCGGGGATCCACCG 
 
 
 
 
 

Figure 7.2 (cont’d) a) FLAG-hSETD5 cDNA plasmid map. b) FLAG-hSETD5 cDNA 
plasmid sequence. 
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GTCATGGCCCAGTCCAAGCACGGCCTGACCAAGGAGATGACCATGAAGTACCGCATGGAGGGCTGCGTGGACGGCCACAAGTTCGTGATCACCGGCGAGGGCATCGGCT
ACCCCTTCAAGGGCAAGCAGGCCATCAACCTGTGCGTGGTGGAGGGCGGCCCCTTGCCCTTCGCCGAGGACATCTTGTCCGCCGCCTTCATGTACGGCAACCGCGTGTTC
ACCGAGTACCCCCAGGACATCGTCGACTACTTCAAGAACTCCTGCCCCGCCGGCTACACCTGGGACCGCTCCTTCCTGTTCGAGGACGGCGCCGTGTGCATCTGCAACGC
CGACATCACCGTGAGCGTGGAGGAGAACTGCATGTACCACGAGTCCAAGTTCTACGGCGTGAACTTCCCCGCCGACGGCCCCGTGATGAAGAAGATGACCGACAACTGGG
AGCCCTCCTGCGAGAAGATCATCCCCGTGCCCAAGCAGGGCATCTTGAAGGGCGACGTGAGCATGTACCTGCTGCTGAAGGACGGTGGCCGCTTGCGCTGCCAGTTCGA 
CACCGTGTACAAGGCCAAGTCCGTGCCCCGCAAGATGCCCGACTGGCACTTCATCCAGCACAAGCTGACCCGCGAGGACCGCAGCGACGCCAAGAACCAGAAGTGGCAC
CTGACCGAGCACGCCATCGCCTCCGGCTCCGCCTTGCCCTGAGCGGCCGCGACTCTAGATAATTCTACCGGGTAGGGGAGGCGCTTTTCCCAAGGCAGTCTGGAGCATGC
GCTTTAGCAGCCCCGCTGGGCACTTGGCGCTACACAAGTGGCCTCTGGCCTCGCACACATTCCACATCCACCGGTAGGCGCCAACCGGCTCCGTTCTTTGGTGGCCCCTT
CGCGCCACCTTCTACTCCTCCCCTAGTCAGGAAGTTCCCCCCCGCCCCGCAGCTCGCGTCGTGCAGGACGTGACAAATGGAAGTAGCACGTCTCACTAGTCTCGTGCAGAT
GGACAGCACCGCTGAGCAATGGAAGCGGGTAGGCCTTTGGGGCAGCGGCCAATAGCAGCTTTGCTCCTTCGCTTTCTGGGCTCAGAGGCTGGGAAGGGGTGGGTCCGGG
GGCGGGCTCAGGGGCGGGCTCAGGGGCGGGGCGGGCGCCCGAAGGTCCTCCGGAGGCCCGGCATTCTGCACGCTTCAAAAGCGCACGTCTGCCGCGCTGTTCTCCTCT
TCCTCATCTCCGGGCCTTTCGACCTGCAGCCCAAGCTTACCATGACCGAGTACAAGCCCACGGTGCGCCTCGCCACCCGCGACGACGTCCCCAGGGCCGTACGCACCCTC
GCCGCCGCGTTCGCCGACTACCCCGCCACGCGCCACACCGTCGATCCGGACCGCCACATCGAGCGGGTCACCGAGCTGCAAGAACTCTTCCTCACGCGCGTCGGGCTCG
ACATCGGCAAGGTGTGGGTCGCGGACGACGGCGCCGCGGTGGCGGTCTGGACCACGCCGGAGAGCGTCGAAGCGGGGGCGGTGTTCGCCGAGATCGGCCCGCGCATG
GCCGAGTTGAGCGGTTCCCGGCTGGCCGCGCAGCAACAGATGGAAGGCCTCCTGGCGCCGCACCGGCCCAAGGAGCCCGCGTGGTTCCTGGCCACCGTCGGCGTCTCG
CCCGACCACCAGGGCAAGGGTCTGGGCAGCGCCGTCGTGCTCCCCGGAGTGGAGGCGGCCGAGCGCGCCGGGGTGCCCGCCTTCCTGGAGACCTCCGCGCCCCGCAA
CCTCCCCTTCTACGAGCGGCTCGGCTTCACCGTCACCGCCGACGTCGAGGTGCCCGAAGGACCGCGCACCTGGTGCATGACCCGCAAGCCCGGTGCCTGACCGCGTCTG
GAACAATCAACCTCTGGATTACAAAATTTGTGAAAGATTGACTGGTATTCTTAACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGCTTTAATGCCTTTGTATCATGCTATT
GCTTCCCGTATGGCTTTCATTTTCTCCTCCTTGTATAAATCCTGGTTGCTGTCTCTTTATGAGGAGTTGTGGCCCGTTGTCAGGCAACGTGGCGTGGTGTGCACTGTGTTTGC
TGACGCAACCCCCACTGGTTGGGGCATTGCCACCACCTGTCAGCTCCTTTCCGGGACTTTCGCTTTCCCCCTCCCTATTGCCACGGCGGAACTCATCGCCGCCTGCCTTGC
CCGCTGCTGGACAGGGGCTCGGCTGTTGGGCACTGACAATTCCGTGGTGTTGTCGGGGAAGCTGACGTCCTTTCCATGGCTGCTCGCCTGTGTTGCCACCTGGATTCTGC
GCGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCAATCCAGCGGACCTTCCTTCCCGCGGCCTGCTGCCGGCTCTGCGGCCTCTTCCGCGTCTTCGCCTTCGCCCTCAG
ACGAGTCGGATCTCCCTTTGGGCCGCCTCCCCGCCTGGAATTAATTCTGCAGTCGAGACCTAGAAAAACATGGAGCAATCACAAGTAGCAATACAGCAGCTACCAATGCTG
ATTGTGCCTGGCTAGAAGCACAAGAGGAGGAGGAGGTGGGTTTTCCAGTCACACCTCAGGTACCTTTAAGACCAATGACTTACAAGGCAGCTGTAGATCTTAGCCACTTTTT
AAAAGAAAAGAGGGGACTGGAAGGGCTAATTCACTCCCAACGAAGACAAGATATCCTTGATCTGTGGATCTACCACACACAAGGCTACTTCCCTGATTAGCAGAACTACACA
CCAGGGCCAGGGGTCAGATATCCACTGACCTTTGGATGGTGCTACAAGCTAGTACCAGTTGAGCCAGATAAGGTAGAAGAGGCCAATAAAGGAGAGAACACCAGCTTGTTA
CACCCTGTGAGCCTGCATGGGATGGATGACCCGGAGAGAGAAGTGTTAGAGTGGAGGTTTGACAGCCGCCTAGCATTTCATCACGTGGCCCGAGAGCTGCATCCGGAGTA
CTTCAAGAACTGCTGATATCGAGCTTGCTACAAGGGACTTTCCGCTGGGGACTTTCCAGGGAGGCGTGGCCTGGGCGGGACTGGGGAGTGGCGAGCCCTCAGATCCTGCA
TATAAGCAGCTGCTTTTTGCCTGTACTGGGTCTCTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCTGGCTAACTAGGGAACCCACTGCTTAAGCCTCAATAAAGCTTGC
CTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGTAGTAGTTCATGTCAT
CTTATTATTCAGTATTTATAACTTGCAAAGAAATGAATATCAGAGAGTGAGAGGCCTTGACATTGCTAGCGTTTTACCGTCGACCTCTAGCTAGAGCTTGGCGTAATCATGGTC
ATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAA
TTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCC
GCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGG
AAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACG
CTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCT
GTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCC
CGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGC
GAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAA
AGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGG 
 

Figure 7.2 (cont’d) a) FLAG-hSETD5 cDNA plasmid map. b) FLAG-hSETD5 cDNA 
plasmid sequence. 
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Figure 7.3 Human SETD5 I298M mutation retains histone methyltransferase activity. a) 
Immunoblot of products from in vitro methyltransferase activity using purified 
recombinant HA-tagged human SETD5 protein. Wt, but not DSET, SETD5, has 
methyltransferase activity on H3, with bands corresponding to H3K4me1, H3K4me2, 
and H3K4me3 observed. I298M, a candidate human SETD5 missense mutation, had no 
effect on H3K4 methylation activity. No methylated products are observed in absence of 
enzyme, s-adenosylmethionine (SAM), or SET domain.  
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Chapter 8 
 
 
 
 
 
 
 

Anatomic characterization of Setd5+/- brain  
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8.1 Methods 

For magnetic resonance imaging analysis, n=11-12 per group (Setd5+/+ and 

Setd5+/-) of 8 week female mice were deeply anesthetized (ketamine: 150mg/kg and 

xylazine 10mg/kg) and perfused in PBS with 2mM gadoteridol (ProHance, Bracco 

Diagnostics) followed by 4% PFA with 2mM gadoteridol. Skulls were dissected and 

brains imaged by MRI. A multi-channel 7.0 Tesla MRI scanner (Varian Inc., Palo Alto, 

CA) was used to image the brains within their skulls. Sixteen custom-built solenoid coils 

were used to image the brains in parallel[78].  

In order to detect volumetric changes, we used the following parameters for the 

MRI scan: T2- weighted, 3-D fast spin-echo sequence, with a cylindrical acquisition of k-

space, a TR of 350 ms, and TEs of 12 ms per echo for 6 echoes, field-of-view equaled 

to 20 x 20 x 25 mm3 and matrix size equaled to 504 x 504 x 630. Our parameters output 

an image with 0.040 mm isotropic voxels. The total imaging time was 14 hours. 

To visualize and compare any changes in the mouse brains the images are 

linearly (6 followed by 12 parameter) and non-linearly registered together. Registrations 

were performed with a combination of mni_autoreg tools[79] and ANTS (advanced 

normalization tools)[80, 81]. All scans are then resampled with the appropriate 

transform and averaged to create a population atlas representing the average anatomy 

of the study sample. The result of the registration is to have all images deformed into 

alignment with each other in an unbiased fashion. For the volume measurements, this 

allows for the analysis of the deformations needed to take each individual mouse's 

anatomy into this final atlas space, the goal being to model how the deformation fields 
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relate to genotype[82, 83]. The jacobian determinants of the deformation fields are then 

calculated as measures of volume at each voxel. Significant volume differences can 

then be calculated by warping a pre-existing classified MRI atlas onto the population 

atlas, which allows for the volume of 182 different segmented structures encompassing 

cortical lobes, large white matter structures (i.e. corpus callosum), ventricles, 

cerebellum, brain stem, and olfactory bulbs[82, 84-86] to be assessed in all brains. 

Further, these measurements can be examined on a voxel-wise basis in order to 

localize the differences found within regions or across the brain. Multiple comparisons in 

this study were controlled for using the False Discovery Rate[87].  

 
 
8.2 Results 

Region-specific differences in brain volume and connectivity are frequently 

observed in human ASD patients and animal models by magnetic resonance imaging 

(MRI)[88, 89]. Region-specific differences in brain volume and connectivity are 

frequently observed in human ASD patients and animal models by magnetic resonance 

imaging (MRI)[88, 89]. Absolute and relative differences in brain volume were calculated 

by analysis of MRI from adult mouse brains. No difference beyond the FDR was 

observed in total brain volume (P=0.2606, Fig. 8.1a), total relative cortical volume 

(P=0.1910, Fig. 8.1b), relative amygdala volume (P=0.0471, FDR=0.21), or total relative 

hippocampus volume (P=0.4131). However, when individual subregions were 

normalized to total brain volume, significant genotype-dependent differences were 

observed in several specific regions. Brain regions whose relative size differences 
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exceeded the false discovery rate (FDR) P=0.05 are overlaid in the coronal series 

(blue=smaller, red=larger, Fig. 8.1e). For absolute size differences, see Fig. 8.2. 

Specifically, the following autism-relevant brain regions emerged as regions of 

significant difference in Setd5+/- brains beyond the FDR: secondary auditory cortex[90] 

(larger, FDR P=0.03), dorsolateral orbital cortex (larger, FDR P=0.01) and frontal 

association cortex[91] (larger, FDR P=0.03). In the hippocampus, differences in the CA2 

oriens layer fell short of statistical significance (FDR P=0.06). A complete list of P values 

for relative brain region size differences is provided in Table 8.1. 

 

8.3 Figures 

Table 8.1 FDR P values indicating brain subregion differences between Setd5+/- and 
Setd5+/+ mice 

 
  

Volumes_Setd5

Page 1

Relative Volumes
FDR

amygdala 0.21
anterior_commissure_pars_anterior 0.19
anterior_commissure_pars_posterior 0.48
basal_forebrain 0.82
bed_nucleus_of_stria_terminalis 0.77
cerebellar_peduncle_inferior 0.05
cerebellar_peduncle_middle 0.08
cerebellar_peduncle_superior 0.10
cerebral_aqueduct 0.08
cerebral_peduncle 0.50
colliculus_inferior 0.81
colliculus_superior 0.77
corpus_callosum 0.13
corticospinal_tract_pyramids 1.00
cuneate_nucleus 0.68
facial_nerve_cranial_nerve_7 0.57
fasciculus_retroflexus 0.32
fimbria 0.99
fornix 0.30
fourth_ventricle 0.19
fundus_of_striatum 0.19
globus_pallidus 0.58
habenular_commissure 0.68
hypothalamus 0.51
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Table 8.1 (cont’d) FDR P values indicating brain subregion differences between 

Setd5+/- and Setd5+/+ mice 
 
 
  

Volumes_Setd5

Page 1

Relative Volumes
FDRVolumes_Setd5

Page 1

fourth_ventricle 0.19
fundus_of_striatum 0.19
globus_pallidus 0.58
habenular_commissure 0.68
hypothalamus 0.51
inferior_olivary_complex 0.55
internal_capsule 0.50
interpedunclar_nucleus 0.40
lateral_olfactory_tract 0.50
lateral_septum 0.10
lateral_ventricle 0.68
mammillary_bodies 0.19
mammilothalamic_tract 0.23
medial_lemniscus_medial_longitudinal_fasciculus 0.33
medial_septum 0.19
medulla 0.19
midbrain 0.24
nucleus_accumbens 0.08
olfactory_peduncle 0.43
olfactory_tubercle 0.43
optic_tract 0.75
periaqueductal_grey 0.10
pons 0.76
pontine_nucleus 0.20
posterior_commissure 0.27
pre_para_subiculum 0.08
stria_medullaris 0.95
stria_terminalis 0.06
striatum 0.44
subependymale_zone_rhinocele 0.73
superior_olivary_complex 0.68
thalamus 0.96
third_ventricle 0.68
ventral_tegmental_decussation 0.57
lobules_1_2_lingula_and_central_lobule_ventral 0.03
lobule_3_central_lobule_dorsal 0.54
lobules_4_5_culmen_ventral_and_dorsal 0.96
lobule_6_declive 0.75
lobule_7_tuber_or_folium 0.10
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Table 8.1 (cont’d) FDR P values indicating brain subregion differences between 

Setd5+/- and Setd5+/+ mice 
 

 

  

Volumes_Setd5

Page 1

Relative Volumes
FDRVolumes_Setd5

Page 1

lobule_8_pyramis 0.18
lobule_9_uvula 0.68
lobule_10_nodulus 0.05
anterior_lobule_lobules_4_5 0.19
simple_lobule_lobule_6 0.36
crus_1_ansiform_lobule_lobule_6 0.38
crus_2_ansiform_lobule_lobule_7 0.94
paramedian_lobule_lobule_7 0.95
copula_pyramis_lobule_8 0.58
flocculus_FL 0.13
paraflocculus_PFL 0.68
trunk_of_arbor_vita 0.27
lobule_1_2_white_matter 0.10
lobule_3_white_matter 0.86
trunk_of_lobules_1_3_white_matter 0.19
lobules_4_5_white_matter 0.84
lobules_6_7_white_matter 1.00
lobule_8_white_matter 0.10
trunk_of_lobules_6_8_white_matter 0.35
lobule_9_white_matter 0.19
lobule_10_white_matter 0.12
anterior_lobule_white_matter 0.27
simple_lobule_white_matter 0.40
crus_1_white_matter 0.20
trunk_of_simple_and_crus_1_white_matter 0.68
crus_2_white_matter 0.62
paramedian_lobule 0.19
trunk_of_crus_2_and_paramedian_white_matter 0.80
copula_white_matter 0.05
paraflocculus_white_matter 0.68
flocculus_white_matter 0.08
dentate_nucleus 0.05
nucleus_interpositus 0.19
fastigial_nucleus 1.00
Cingulate_cortex_area_24a 0.19
Cingulate_cortex_area_24a.1 0.10
Cingulate_cortex_area_24b 0.75
Cingulate_cortex_area_24b.1 0.08
Cingulate_cortex_area_25 0.75
Cingulate_cortex_area_29a 0.10
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Table 8.1 (cont’d) FDR P values indicating brain subregion differences between 

Setd5+/- and Setd5+/+ mice 
	Volumes_Setd5

Page 1

Relative Volumes
FDRVolumes_Setd5

Page 1

Cingulate_cortex_area_29b 0.05
Cingulate_cortex_area_29c 0.20
Cingulate_cortex_area_30 0.55
Cingulate_cortex_area_32 0.86
Amygdalopiriform_transition_area 0.62
Primary_auditory_cortex 0.68
Secondary_auditory_cortex_dorsal_area 0.29
Secondary_auditory_cortex_ventral_area 0.03
Caudomedial_entorhinal_cortex 0.78
Cingulum 0.96
Claustrum 0.64
Cortex_amygdala_transition_zones 0.28
Claustrum_dorsal_part 0.24
Dorsal_nucleus_of_the_endopiriform 0.65
Dorsal_intermediate_entorhinal_cortex 0.81
Dorsolateral_entorhinal_cortex 0.37
Dorsolateral_orbital_cortex 0.01
Dorsal_tenia_tecta 0.84
Ectorhinal_cortex 0.50
Frontal_cortex_area_3 0.81
Frontal_association_cortex 0.03
Intermediate_nucleus_of_the_endopiriform_claustrum 0.81
Insular_region_not_subdivided 0.05
Lateral_orbital_cortex 0.29
Lateral_parietal_association_cortex 0.47
Primary_motor_cortex 0.13
Secondary_motor_cortex 0.47
Medial_entorhinal_cortex 0.75
Medial_orbital_cortex 0.86
Medial_parietal_association_cortex 1.00
Piriform_cortex 0.95
Posterolateral_cortical_amygdaloid_area 0.62
Posteromedial_cortical_amygdaloid_area 0.21
Perirhinal_cortex 0.47
Parietal_cortex_posterior_area_rostral_part 0.80
Rostral_amygdalopiriform_area 0.75
Primary_somatosensory_cortex 0.89
Primary_somatosensory_cortex_barrel_field 0.39
Primary_somatosensory_cortex_dysgranular_zone 0.08
Primary_somatosensory_cortex_forelimb_region 0.14
Primary_somatosensory_cortex_hindlimb_region 0.10
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Table 8.1 (cont’d) FDR P values indicating brain subregion differences between 
Setd5+/- and Setd5+/+ mice	

 
 
 
 
  

Volumes_Setd5

Page 1

Relative Volumes
FDRVolumes_Setd5

Page 1

Primary_somatosensory_cortex_jaw_region 0.08
Primary_somatosensory_cortex_shoulder_region 0.75
Primary_somatosensory_cortex_trunk_region 0.78
Primary_somatosensory_cortex_upper_lip_region 0.68
Secondary_somatosensory_cortex 0.05
Temporal_association_area 0.49
Primary_visual_cortex 0.13
Primary_visual_cortex_binocular_area 0.28
Primary_visual_cortex_monocular_area 0.12
Secondary_visual_cortex_lateral_area 0.95
Secondary_visual_cortex_mediolateral_area 0.68
Secondary_visual_cortex_mediomedial_area 0.20
Claustrum_ventral_part 0.14
Ventral_nucleus_of_the_endopiriform_claustrum 0.66
Ventral_intermediate_entorhinal_cortex 0.75
Ventral_orbital_cortex 0.10
Ventral_tenia_tecta 0.40
CA10r 0.32
LMol 0.42
CA1Rad 0.66
CA2Py 0.27
CA20r 0.06
CA2Rad 0.80
CA3Py_Inner 0.40
CA3Py_Outer 0.80
CA30r 0.33
CA3Rad 0.64
SLu 0.20
MoDG 0.76
GrDG 0.49
PoDG 0.54
CA1Py 0.68
Olfactory_bulb_glomerular_layer 0.03
Olfactory_bulb_external_plexiform_layer 0.03
Olfactory_bulb_mitral_cell_layer 0.18
Olfactory_bulb_internal_plexiform_layer 0.06
Olfactory_bulb_granule_cell_layer 0.08
Accessory_olfactory_bulb_glomerular_external_plexiform_and_mitral_cell_layer 0.84
Accessory_olfactory_bulb_granule_cell_layer 0.27
Anterior_olfactory_nucleus 0.81
subiculum 0.68
Medial_amygdala 0.35
Medial_preoptic_nucleus 0.15
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Figure 8.1 Anatomical differences in brain region volume in Setd5+/- adults. a) No 
genotype-dependent difference in brain volume (409.7±5.29 vs. 417.5±4.16 mm3, 
t1,21=1.156, P=0.2606). b) No genotype-dependent difference in relative cortex volume 
(29.81±0.16 vs. 30.09±0.13 mm3, t1,21=1.35, P=0.1910). c) Genotype-dependent 
difference in relative amygdala volume does not exceed FDR (8.331±0.145 vs. 
8.693±0.082 percent, t1,21=2.109, FDR P=0.21). d) No genotype-dependent difference 
in relative total hippocampus volume (4.842±0.042 vs. 4.885±0.0288 percent, 
t1,21=0.8351, P=0.4131). e) Coronal series highlighting regional relative size differences 
with significance exceeding FDR threshold=0.05 (blue=smaller, red=larger). Statistics: 
n=12 (wt) or n=11 (het) adult brains as independent replicates, with bars representing 
mean±SEM. Brain region size normalized to total brain volume. t-test for comparison of 
group means of 178 brain regions, with statistical significance assigned at F≥4.0, 
corresponding to FDR P≤0.05.   
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Figure 8.2 Absolute differences in brain region volume. Coronal series highlighting 
regional size differences with significance exceeding FDR (blue=smaller, red=larger). 
Statistics: n=12 (wt) or n=11 (het) adult brains as independent replicates. 
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9.1 Discussion 

The advancement of a mechanistic understanding of ASD pathogenesis remains 

a major goal in developmental neurobiology. SETD5 has emerged as an intriguing ASD-

risk candidate, guiding us to investigate the Setd5 animal model to shed light on the 

contributions of this gene to neurodevelopment. Construct validity of the Setd5 mouse 

with human ASD patients harboring SETD5 mutations is of critical significance in 

extrapolating the findings of the animal model to human ASD etiology.  

The Setd5+/- adult animal recapitulated key features of human ASD, including 

those manifest by SETD5 LoF human patients[51, 52]. The three-chambered test of 

social interaction captures differences in social interaction preferences in numerous 

animal model of ASD[62]. Although Setd5 het animals had normal social approach 

tendency, when faced with the task of discriminating between a familiar versus 

unfamiliar conspecific, mutant animals showed no preference for novel versus familiar, 

in contrast to controls. This pattern differs from other animal ASD models in that 

reduced sociability and lack of preference for social novelty were frequently observed 

together, including in the Nlgn4, Slc6a4, and Gabrb3 models[62], thus pointing to a 

more specific deficit in social recognition, rather than globally impaired socialization in 

the Setd5+/- animals. The conflict tests as proxies for anxiety yielded a mixed picture 

revealing signs of increased anxiety in the elevated plus maze, although this was not 

observed in the light-dark box test, and similarly the marble burying task, which can 

reveal anxiety and repetitive behavior[92] showed no genotype effects. Nest building, a 

home cage activity related to social behavior[93], revealed a minor deficit among 
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Setd5+/- animals. The Barnes maze task detected a cognitive and spatial learning deficit 

in Setd5+/- animals, a behavioral domain implicated in other ASD models[94, 95]. Finally, 

the open field test revealed hyperactivity consistent with other mouse ASD models[96], 

although the reduced thigmotaxis evidenced by increased time in the central area of the 

chamber differed from other ASD models[97, 98]. Reduced open-field thigmotaxis, 

reflective of potentially reduced anxiety in contrast to the elevated plus maze results, 

suggests task-specific manifestations of anxiety levels in the Setd5 mutant animals.  

Findings from our in vitro and in vivo experiments echo published reports of 

existing animal models of autism and extend those findings at the level of physiology, 

which in the Setd5+/- neurons and brain appear to converge on a picture of cortical 

hypoconnectivity. Synaptogenesis is variously impacted in animal models of autism, 

from significant decreases in excitatory post synaptic currents (mESPCs) among CA-1 

hippocampal neurons from neurexin-1a mice[99] to increased synaptic density among 

cortical neurons in Fragile-X mice[100]. Cortical neurons from Setd5+/- animals 

demonstrated reduced synaptic density, in agreement with some animal ASD models 

but in contrast to accepted human ASD synaptic involvement[101]. Importantly, this was 

not attributed to culture heterogeneity, as the CTIP2+ proportion of cells was 

comparable across genotypes in the current study. We observed significantly reduced 

neuritic outgrowth, density of synaptic puncta, and soma size in cultured Setd5+/- deep-

layer cortical projection neurons. These deficits affected cortical layer V neurons 

positive for CTIP2, a population of cortical subprojection neurons implicated in human 

ASD pathogenesis[66], which were found as a point of convergence among distinct 



	 116 
	

ASD-related mutations[102]. Moreover, postmortem samples from human ASD samples 

showed reduced soma size in prefrontal cortical layer V neurons[103]. 

 These data were corroborated by networks of Setd5+/- cortical neurons cultured 

atop a MEA, demonstrating reduced synchrony, with similar findings in Ca2+ transients 

measured optically. At a higher level of analysis of MEA data, significant genotype-

dependent differences in high frequency activity were observed over the course of the 

culture, with focal differences in both low- and high-frequency activity specifically in the 

second week in vitro. These findings suggest a critical period of in vitro maturation 

during the second week in culture, in which Setd5+/+ cultures showed both higher and 

more synchronized network activity, potentially leading to a more mature circuit via 

activity-dependent synapse formation and a sustained developmental difference 

persisting into the future.   

Since these differences were not attributed to genotype-dependent culture 

heterogeneity, an intrinsic property of the neurons themselves may be responsible. 

Interestingly, 3 existing animal ASD models recapitulated these findings, with reduced 

spontaneous firing observed in layer V neurons[104]. Despite morphological and 

electrophysiological evidence for hypoconnectivity, no evidence of E:I imbalance, a 

leading hypothesis in autism pathogenesis[64], was detected in Setd5+/- neurons. 

However, a lack of genotype-dependent differences in glutamatergic versus GABAergic 

neurons in culture does not rule out E:I imbalance in vivo requiring more advanced 

methods of detection[105, 106]. However, adult Setd5+/-  mice did not demonstrate 

spontaneous epileptic activity or decreased epileptic threshold, in contrast to some 
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SETD5 human ASD/ID patients[107]. Taken together, these findings point toward 

cortical hypoconnectivity in Setd5 haploinsufficiency. 

Upon examination of developing cerebral cortex, early postnatal P1 and P10 

brains showed a deficit of cortical lamination as indicated by reduced thickness of the 

CTIP2+ neuron layer. This difference may suggest a defect of differentiation or 

maturation of this cell type. RASopathies affecting MAPK signaling have been 

implicated in autism pathogenesis[108]. Layer V CTIP2+ neurons specifically depend on 

ERK/MAPK signaling during development, with reduced CTIP2+ cell number and 

corticospinal tract axon length observed in Map2k1/2 deletion mice[109]. Thus, CTIP2+ 

cortical projection neurons may be exquisitely sensitive to MAPK signaling and 

represent an upstream nidus for downstream autistic-like behavioral manifestations. 

Further work at the single-cell level may elucidate whether MAPK signaling is indeed 

altered in Setd5+/- layer V neurons. 

Extensive anatomical imaging data are available for both human ASD patients 

and genetic animal models. The most recent mega-analysis of human ASD MRI data 

found consistently decreased volume of the putamen, amygdala, and nucleus 

accumbens; and increased frontal but decreased temporal cortex thickness[110]. 

Setd5+/- brains showed no evidence of overall macrocephaly, although significant 

volume differences were observed in several ASD-implicated brain subregions including 

regions of frontal cortex important for learning. An MRI analysis of 26 mouse models 

found consistent abnormalities of parieto-temporal and frontal lobes, cerebellar cortex, 

hypothalamus, and striatum, clustering the known models into 3 groups based on 
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connectivity of size changes in brain regions[88]. Setd5+/- brains lacked the hallmarks of 

Ellegood et. al’s Group 1 (increased large white matter tract size) and Group 3 

(decreased frontal cortex size) and thus may cluster approximately in Group 2 

(decreased hippocampal size).[88] These data provide an interesting insight into the 

downstream neuroanatomical consequences of Setd5 haploinsufficiency, though it is 

premature to claim a causal relationship with observed behavioral phenotypes, 

especially the deficits of social interaction and cognition, as the studies were not 

conducted in identical animals (ie, correlating an animal’s behavior results with 

postmortem MRI analysis)[65].  

To provide a possible explanation for our neurobehavioral findings, we probed 

the molecular role of SETD5. We found that purified recombinant human SETD5 had 

activity on a recombinant H3 substrate, with HMT activity detected on H3K4 and that the 

HMT activity required the SET domain. However, transcriptomic analysis was less 

informative, as gene ontology analysis revealed significant differential expression of 

non-neuronal genes in Setd5+/- cells. Single-cell transcriptomic analysis to analyze 

subtle differences in cellular subpopulations will be required to fully elucidate the 

molecular consequences of Setd5 haploinsufficiency in the developing brain.  

In conclusion, we report here a new animal model for ASD, with autism-relevant 

CNS phenotypes at the cellular, network, and behavioral levels. Importantly, the animal 

model has validity with observed human ASD patients harboring SETD5 mutations. Our 

work represents an advancement in the field by elucidating further mechanistic insight 

into the molecular role of Setd5/SETD5, through a biochemical assay demonstrating 
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conclusive HMT activity against H3K4. However, the current study was limited 

biochemically and molecularly by lack of available SETD5 antibodies and mouse 

models, such as a cell-type specific Setd5 knockout. Further work will provide more 

detailed analysis of the connection between a potentially altered histone PTM profile 

and downstream alteration of CNS developmental genes. Nonetheless, these data yield 

more insight into the etiologic basis for SETD5 LoF ASD patients and provide a formula 

for investigating the contribution of ASD susceptibility genes.  
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Appendix A 
 
 
 
 
 
 
 

In vitro modeling of human SETD5 mutation  
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A.1 Methods 

 Induced pluripotent stem cells (iPSCs) were cultured on matrigel-coated 

(Corning) dishes in mTeSR (Stem Cell Technologies) media as previously 

described[111]. Following 7 days in mTeSR, media was changed to N2: DMEM/F12 

plus 0.5x N2 supplement (Gemini Bio-Products) with 1 μM dorsomorphin (Tocris 

Bioscience) + 1 μM SB431542 (Stemgent). Following 2 days in N2, cells were manually 

lifted and transferred to suspension culture to form embryoid bodies (EBs) in N2 for 8 

days (for neural induction) or N2+1% FBS for 30 days (for pluripotency testing). For 

neural induction, embryoid bodies were mechanically dissociated and cultured on 

matrigel with NGF: DMEM/F12 plus 0.5x N2 supplement plus 1x Gem21 supplement 

(Gemini Bio-Products) with 20ng/mL FGF-2 and 1% penicillin-streptomycin. Following 7 

days in vitro, rosettes were manually picked and mechanically dissociated into a single-

cell suspension. Neural progenitor cells (NPCs) were subsequently plated onto poly-

ornithine/laminin culture dishes.  

 Quality control was conducted by immunocytochemistry and reverse-

transcriptase PCR (RT-PCR). iPSC colonies were stained by immunocytochemistry with 

a cocktail of pluripotency markers (Ki67, NANOG, LIN28, Table 1.2). For EBs, mRNA 

was extracted with TRIzol (Life Technologies) and purified (RNeasy kit, Qiagen) then 

reverse-transcribed into a complementary DNA library (cDNA, Qiatect Reverse 

Transcription Kit, Qiagen). For RT-PCR, 1ng cDNA was input into a PCR (Expand High 

Fidelity PCR System, Roche) using primers against pluripotency markers (pluripotency: 

NANOG, LIN28; ectoderm: PAX6, FGF5; mesoderm: MSX1, FLK1; endoderm: AFP, 

FOXA2; Table 1.1). PCR product was visualized by agarose gel electrophoresis and 
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considered positive if a band of the appropriate size was detected. For quality control of 

NPCs, an NPC clone passed if cells stained positive for NPC markers (Ki67, SOX2, 

Nestin) by immunocytochemistry. To confirm the correct SETD5 genotype, DNA was 

extracted from NPCs (DNeasy kit, Qiagen) and 1ng input into a PCR using primers 

flanking the region of interest in SETD5 (Table A.1). PCR product was purified 

(Nucleospin Kit, Macherey-Nagel) and sent for Sanger sequencing.  

 Lentiviral packaging was begun with plasmid DNA (sequences, Table 2.1). 

Plasmid was amplified in E.coli and purified (PureLink HiPure Plasmid Mixprep kit, 

Invitrogen). Plasmid DNA plus third-generation lentiviral packing genes were transfected 

(Lipofectamine 3000, Invitrogen) into HEK293T cells grown in DMEM/F12 plus 10% 

FBS. Following 48hrs incubation, supernatant was harvested and ultracentrifuged. 

Lentiviral particle-containing pellets were resuspended in DMEM-high glucose (4.5g/L). 

A titration curve of lentiviral transduction on NPCs included 1, 10, or 100uL of 

concentrated lentiviral particles.  

 

A.2 Results 

Prior to differentiation into cell type(s) of interest for in vitro disease modeling and 

drug screening, it is imperative to perform pluripotency quality control[112]. In the 

present study, wt (3 clones from 1 unaffected control individual), rescue I298M (2 

clones, genome edited from SETD5 I298M affected individual), and SETD5 I298M (3 

clones from SETD5 I298M affected individual) were selected. All clones were derived 

from Sendai virus reprogramming of the four Yamanaka factor genes OCT4, SOX2, 

KLF4, and C-MYC into fibroblasts of patient skin biopsies[113]. All clones showed 
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comparable typical iPSC colony morphology (Fig. A.1A) were found to express 

pluripotency markers SOX2, NANOG, and LIN28 as described previously[111] (Fig. 

A.1B-F). When cultured in suspension, all iPSC lines generated spherical embryoid 

bodies (EBs, Fig. A.2A) that expressed markers of pluripotency, ectoderm, mesoderm, 

and endoderm by RT-PCR (Fig. A.2B).  

Three dimensional EBs formed neuro-ectodermal neural rosettes when 

transferred into 2-D (Fig. A.3A). When dissociated into a single-cell monolayer, NPCs 

were found to express NPC markers Ki67, SOX2, and Nestin (Fig. A.3B-F). SETD5 

genotype was confirmed by Sanger sequencing, showing the expected control (WT_1, 

WT_2, WT_3, RESCUE_1, RESCUE_2), or heterozygous SETD5 I298M mutations 

(I298M_1, I298M_2, I298M_3). CRISPR/Cas9 genome editing corrected the SETD5 

I298M mutation, producing a heterozygous silent mutation (ATA=wt, ATC=rescue) that 

did not affect the predicted protein sequence (isoleucine).  

To ascertain the effects of SETD5 loss in a neural cell type, wt NPCs were 

treated with a lentivirus harboring anti-SETD5 short hairpin RNA or scramble shRNA. 

The plasmid construct included a TurboGFP reporter as a marker of successfully 

transduced cells (Fig. A.4). Titrating the lentiviral dose with 3 different serial dilutions 

found that infected cells died within 1 day of transduction. The lentiviral dose only 

affected transduction efficiency, ranging from 5-30%. No transduced cells were found to 

survive beyond 1 day post-transduction.   
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A.3 Figures 
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Figure A.1: iPSC colonies express pluripotent markers. a) Phase contrast images 
(scale bar 400μm) of iPSC colonies, including 3 wt clones, 2 rescue clones (I298M 
background, genome-edited to wt), and 3 I298M clones. b-f) All clones express 
pluripotency markers SOX2, NANOG, and LIN28 (scale bar 50 μm).  
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Figure A.2: iPSC colonies generate embryoid bodies. a) Phase contrast images (scale 
bar 400μm) of embryoid bodies in suspension at 30DIV.b) Embryoid bodies express 
pluripotency markers, plus markers from 3 germ layers: ectodermal, mesodermal, and 
endodermal in all clones, from RT-PCR.  
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Figure A.3: Embryoid body-derived neural rosettes generate NPCs. a) Phase contrast 
images (scale bar 400μm) of neural rosettes. b-f) NPCs express characteristic markers 
Ki67, SOX2, and Nestin (scale bar 20μm). g) Sanger sequencing chromatograms 
demonstrate SETD5 nucleotide sequence and predicted SETD5 amino acid sequence 
in wt, rescue, and I298M NPC clones (note: I298M mutation is heterozygous).  
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Figure A.4: Lentiviral plasmid containing anti-SETD5 shRNA sequence. a) Plasmid 
map. b) Plasmid sequence. 
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GTCGACGGATCGGGAGATCTCCCGATCCCCTATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATC
TGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAGTAGTGCGCGAGCAAAATTTAAGCTACAACAAGGCAAGGCTTGACCGACAAT
TGCATGAAGAATCTGCTTAGGGTTAGGCGTTTTGCGCTGCTTCGCGATGTACGGGCCAGATATCGCGTTGACATTGATTATTGA
CTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGG
CCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTT
TCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCC
CTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACA
TCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGG
GATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAA
CTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGCGCGTTTTGCCTGTACTGGGTCT
CTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCTGGCTAACTAGGGAACCCACTGCTTAAGCCTCAATAAAGCTTGCCTTGA
GTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATC
TCTAGCAGTGGCGCCCGAACAGGGACTTGAAAGCGAAAGGGAAACCAGAGGAGCTCTCTCGACGCAGGACTCGGCTTGCTGA
AGCGCGCACGGCAAGAGGCGAGGGGCGGCGACTGGTGAGTACGCCAAAAATTTTGACTAGCGGAGGCTAGAAGGAGAGAGA
TGGGTGCGAGAGCGTCAGTATTAAGCGGGGGAGAATTAGATCGCGATGGGAAAAAATTCGGTTAAGGCCAGGGGGAAAGAAA
AAATATAAATTAAAACATATAGTATGGGCAAGCAGGGAGCTAGAACGATTCGCAGTTAATCCTGGCCTGTTAGAAACATCAGAAG
GCTGTAGACAAATACTGGGACAGCTACAACCATCCCTTCAGACAGGATCAGAAGAACTTAGATCATTATATAATACAGTAGCAAC
CCTCTATTGTGTGCATCAAAGGATAGAGATAAAAGACACCAAGGAAGCTTTAGACAAGATAGAGGAAGAGCAAAACAAAAGTAA
GACCACCGCACAGCAAGCGGCCGGCCGCTGATCTTCAGACCTGGAGGAGGAGATATGAGGGACAATTGGAGAAGTGAATTAT
ATAAATATAAAGTAGTAAAAATTGAACCATTAGGAGTAGCACCCACCAAGGCAAAGAGAAGAGTGGTGCAGAGAGAAAAAAGAG
CAGTGGGAATAGGAGCTTTGTTCCTTGGGTTCTTGGGAGCAGCAGGAAGCACTATGGGCGCAGCGTCAATGACGCTGACGGT
ACAGGCCAGACAATTATTGTCTGGTATAGTGCAGCAGCAGAACAATTTGCTGAGGGCTATTGAGGCGCAACAGCATCTGTTGCA
ACTCACAGTCTGGGGCATCAAGCAGCTCCAGGCAAGAATCCTGGCTGTGGAAAGATACCTAAAGGATCAACAGCTCCTGGGGA
TTTGGGGTTGCTCTGGAAAACTCATTTGCACCACTGCTGTGCCTTGGAATGCTAGTTGGAGTAATAAATCTCTGGAACAGATTTG
GAATCACACGACCTGGATGGAGTGGGACAGAGAAATTAACAATTACACAAGCTTAATACACTCCTTAATTGAAGAATCGCAAAAC
CAGCAAGAAAAGAATGAACAAGAATTATTGGAATTAGATAAATGGGCAAGTTTGTGGAATTGGTTTAACATAACAAATTGGCTGT
GGTATATAAAATTATTCATAATGATAGTAGGAGGCTTGGTAGGTTTAAGAATAGTTTTTGCTGTACTTTCTATAGTGAATAGAGTT
AGGCAGGGATATTCACCATTATCGTTTCAGACCCACCTCCCAACCCCGAGGGGACCCGACAGGCCCGAAGGAATAGAAGAAGA
AGGTGGAGAGAGAGACAGAGACAGATCCATTCGATTAGTGAACGGATCGGCACTGCGTGCGCCAATTCTGCAGACAAATGGCA
GTATTCATCCACAATTTTAAAAGAAAAGGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGCAACAGAC
ATACAAACTAAAGAATTACAAAAACAAATTACAAAAATTCAAAATTTTCGGGTTTATTACAGGGACAGCAGAGATCCAGTTTGGTT
AGTACCGGGCCCGCTCTAGGAATTCCCCAGTGGAAAGACGCGCAGGCAAAACGCACCACGTGACGGAGCGTGACCGCGCGC
CGAGCGCGCGCCAAGGTCGGGCAGGAAGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAG
AGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGT
TTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGGTTTATATATCTT
GTGGAAAGGACGCGGGATCCACTGGACCAGGCAGCAGCGTCAGAAGACTTTTTTTTGGAAcgtctcAAGCTTGTCGACCCTGTGG
AATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGC
AACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAA
TTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCGGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAG
GCTTTTGCAAAAAGCTAGCTTACCATGACCGAGTACAAGCCCACGGTGCGCCTCGCCACCCGCGACGACGTCCCCAGGGCCG
TACGCACCCTCGCCGCCGCGTTCGCCGACTACCCCGCCACGCGCCACACCGTCGATCCGGACCGCCACATCGAGCGGGTCA
CCGAGCTGCAAGAACTCTTCCTCACGCGCGTCGGGCTCGACATCGGCAAGGTGTGGGTCGCGGACGACGGCGCCGCGGTGG
CGGTCTGGACCACGCCGGAGAGCGTCGAAGCGGGGGCGGTGTTCGCCGAGATCGGCCCGCGCATGGCCGAGTTGAGCGGT
TCCCGGCTGGCCGCGCAGCAACAGATGGAAGGCCTCCTGGCGCCGCACCGGCCCAAGGAGCCCGCGTGGTTCCTGGCCACC
GTCGGCGTgTCGCCCGACCACCAGGGCAAGGGTCTGGGCAGCGCCGTCGTGCTCCCCGGAGTGGAGGCGGCCGAGCGCGC
CGGGGTGCCCGCCTTCCTGGAGACCTCCGCGCCCCGCAACCTCCCCTTCTACGAGCGGCTCGGCTTCACCGTCACCGCCGAC
GTCGAGTGCCCGAAGGACCGCGCGACCTGGTGCATGACCCGCAAGCCCGGTGCCTGAGTTTGTTTGAATGAGGCTTCAGTAC
TTTACAGAATCGATAAAATAAAAGATTTTATTTAGTCTCCAGAAAAAGGGGGGAATGAAAGACCCCACCTGTAGGTTTGGCAAGC
TAGCTTAAGTAACGCCATTTTGCAAGGCATGGAAAAATACATAACTGAGAATAGAGAAGTTCAGATCAAGGTCAGGAACAGATG
GAACAGCTGAATATGGGCCAAACAGGATATCTGTGGTAAGCAGTTCCTGCCCCGGCTCAGGGCCAAGAACAGATGGAACAGCT
GAATATGGGCCAAACAGGATATCTGTGGTAAGCAGTTCCTGCCCCGGCTCAGGGCCAAGAACAGATGGTCCCCAGATGCGGT
CCAGCCCTCAGCAGTTTCTAGACATGTCCAATATGACCGCCATGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTAC
GGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACG
ACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGT
ATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTCCGCCCCCTATTGACGTCAATGACGGTAAAT 
 
 
 
 
 
 
Figure A.4 (cont’d): Lentiviral plasmid containing anti-SETD5 shRNA sequence. a) 
Plasmid map. b) Plasmid sequence. 
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GGCCCGCCTGGCATTATGCCCAGTACATGACCTTACGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTA
CCATGGTGATGCGGTTTTGGCAGTACACCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATT
GACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAATAACCCCGCCCCGTTGACGCAAATG
GGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCGTTTAGTGAACCGTCAGAATTTTGTAATACGACTCACTATA
GGGCGGCCGGGAATTGATCCGGTACCGAGGAGACTGCCGCCGCGATCGCCGGCGCGCCAGATCTCAAGCTTAACTAGTTAGC
GGACCGACGCGTACGCGGCCGCTCGAGATGGAGAGCGACGAGAGCGGCCTGCCCGCCATGGAGATCGAGTGCCGCATCACC
GGCACCCTGAACGGCGTGGAGTTCGAGCTGGTGGGCGGCGGAGAGGGCACCCCCGAGCAGGGCCGCATGACCAACAAGAT
GAAGAGCACCAAAGGCGCCCTGACCTTCAGCCCCTACCTGCTGAGCCACGTGATGGGCTACGGCTTCTACCACTTCGGCACCT
ACCCCAGCGGCTACGAGAACCCCTTCCTGCACGCCATCAACAACGGCGGCTACACCAACACCCGCATCGAGAAGTACGAGGA
CGGCGGCGTGCTGCACGTGAGCTTCAGCTACCGCTACGAGGCCGGCCGCGTGATCGGCGACTTCAAGGTGATGGGCACCGG
CTTCCCCGAGGACAGCGTGATCTTCACCGACAAGATCATCCGCAGCAACGCCACCGTGGAGCACCTGCACCCCATGGGCGAT
AACGATCTGGATGGCAGCTTCACCCGCACCTTCAGCCTGCGCGACGGCGGCTACTACAGCTCCGTGGTGGACAGCCACATGC
ACTTCAAGAGCGCCATCCACCCCAGCATCCTGCAGAACGGGGGCCCCATGTTCGCCTTCCGCCGCGTGGAGGAGGATCACAG
CAACACCGAGCTGGGCATCGTGGAGTACCAGCACGCCTTCAAGACCCCGGATGCAGATGCCGGTGAAGAAAGAGTTTAAACG
GCCGGCCGCGGTCTGTACAAGTAGGATTCGTCGAGGGACCTAATAACTTCGTATAGCATACATTATACGAAGTTATACATGTTT
AAGGGTTCCGGTTCCACTAGGTACAATTCGATATCAAGCTTATCGATAATCAACCTCTGGATTACAAAATTTGTGAAAGATTGAC
TGGTATTCTTAACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGCTTTAATGCCTTTGTATCATGCTATTGCTTCCCGTATGG
CTTTCATTTTCTCCTCCTTGTATAAATCCTGGTTGCTGTCTCTTTATGAGGAGTTGTGGCCCGTTGTCAGGCAACGTGGCGTGGT
GTGCACTGTGTTTGCTGACGCAACCCCCACTGGTTGGGGCATTGCCACCACCTGTCAGCTCCTTTCCGGGACTTTCGCTTTCC
CCCTCCCTATTGCCACGGCGGAACTCATCGCCGCCTGCCTTGCCCGCTGCTGGACAGGGGCTCGGCTGTTGGGCACTGACAA
TTCCGTGGTGTTGTCGGGGAAATCATCGTCCTTTCCTTGGCTGCTCGCCTGTGTTGCCACCTGGATTCTGCGCGGGACGTCCT
TCTGCTACGTCCCTTCGGCCCTCAATCCAGCGGACCTTCCTTCCCGCGGCCTGCTGCCGGCTCTGCGGCCTCTTCCGCGTCTT
CGCCTTCGCCCTCAGACGAGTCGGATCTCCCTTTGGGCCGCCTCCCCGCATCGATACCGTCGACCTCGATCGAGACCTAGAAA
AACATGGAGCAATCACAAGTAGCAATACAGCAGCTACCAATGCTGATTGTGCCTGGCTAGAAGCACAAGAGGAGGAGGAGGTG
GGTTTTCCAGTCACACCTCAGGTACCTTTAAGACCAATGACTTACAAGGCAGCTGTAGATCTTAGCCACTTTTTAAAAGAAAAGG
GGGGACTGGAAGGGCTAATTCACTCCCAACGAAGACAAGATATCCTTGATCTGTGGATCTACCACACACAAGGCTACTTCCCTG
ATTGGCAGAACTACACACCAGGGCCAGGGATCAGATATCCACTGACCTTTGGATGGTGCTACAAGCTAGTACCAGTTGAGCAA
GAGAAGGTAGAAGAAGCCAATGAAGGAGAGAACACCCGCTTGTTACACCCTGTGAGCCTGCATGGGATGGATGACCCGGAGA
GAGAAGTATTAGAGTGGAGGTTTGACAGCCGCCTAGCATTTCATCACATGGCCCGAGAGCTGCATCCGGACTGTACTGGGTCT
CTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCTGGCTAACTAGGGAACCCACTGCTTAAGCCTCAATAAAGCTTGCCTTGA
GTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATC
TCTAGCAGCATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCG
CCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTC
CCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGC
GTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACC
CCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGG
CAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGC
TACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGC
AAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCT
TTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGATTACGCCCCGCCCTGCC
ACTCATCGCAGTACTGTTGTAATTCATTAAGCATTCTGCCGACATGGAAGCCATCACAAACGGCATGATGAACCTGAATCGCCA
GCGGCATCAGCACCTTGTCGCCTTGCGTATAATATTTGCCCATGGTGAAAACGGGGGCGAAGAAGTTGTCCATATTGGCCACG
TTTAAATCAAAACTGGTGAAACTCACCCAGGGATTGGCTGAAACGAAAAACATATTCTCAATAAACCCTTTAGGGAAATAGGCCA
GGTTTTCACCGTAACACGCCACATCTTGCGAATATATGTGTAGAAACTGCCGGAAATCGTCGTGGTATTCACTCCAGAGCGATG
AAAACGTTTCAGTTTGCTCATGGAAAACGGTGTAACAAGGGTGAACACTATCCCATATCACCAGCTCACCGTCTTTCATTGCCAT
ACGGAACTCCGGATGAGCATTCATCAGGCGGGCAAGAATGTGAATAAAGGCCGGATAAAACTTGTGCTTATTTTTCTTTACGGT
CTTTAAAAAGGCCGTAATATCCAGCTGAACGGTCTGGTTATAGGTACATTGAGCAACTGACTGAAATGCCTCAAAATGTTCTTTA
CGATGCCATTGGGATATATCAACGGTGGTATATCCAGTGATTTTTTTCTCCATACTCTTCCTTTTTCAATATTATTGAAGCATTTAT
CAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAA
AAGTGCCACCTGAC 
 

Figure A.4 (cont’d): Lentiviral plasmid containing anti-SETD5 shRNA sequence. a) 
Plasmid map. b) Plasmid sequence. 
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Blocking Zika virus vertical 
transmission
Pinar Mesci1, Angela Macia1, Spencer M. Moore1, Sergey A. Shiryaev2, Antonella Pinto2, 
Chun-Teng Huang2, Leon Tejwani  1, Isabella R. Fernandes1, Nicole A. Suarez1,  
Matthew J. Kolar  3, Sandro Montefusco4, Scott C. Rosenberg5,6, Roberto H. Herai7, 
Fernanda R. Cugola  8,9,10, Fabiele B. Russo8,9,10, Nicholas Sheets11, Alan Saghatelian3, 
Sujan Shresta11, Jeremiah D. Momper12, Jair L. Siqueira-Neto4, Kevin D. Corbett  5, 
Patricia C. B. Beltrão-Braga8,9,10, Alexey V. Terskikh2 & Alysson R. Muotri1

The outbreak of the Zika virus (ZIKV) has been associated with increased incidence of congenital 
malformations. Although recent efforts have focused on vaccine development, treatments for infected 
individuals are needed urgently. Sofosbuvir (SOF), an FDA-approved nucleotide analog inhibitor of 
the Hepatitis C (HCV) RNA-dependent RNA polymerase (RdRp) was recently shown to be protective 
against ZIKV both in vitro and in vivo. Here, we show that SOF protected human neural progenitor cells 
(NPC) and 3D neurospheres from ZIKV infection-mediated cell death and importantly restored the 
antiviral immune response in NPCs. In vivo, SOF treatment post-infection (p.i.) decreased viral burden 
in an immunodeficient mouse model. Finally, we show for the first time that acute SOF treatment of 
pregnant dams p.i. was well-tolerated and prevented vertical transmission of the virus to the fetus. 
Taken together, our data confirmed SOF-mediated sparing of human neural cell types from ZIKV-
mediated cell death in vitro and reduced viral burden in vivo in animal models of chronic infection and 
vertical transmission, strengthening the growing body of evidence for SOF anti-ZIKV activity.

The outbreak of the Zika virus (ZIKV) has been associated with an increase in newborns with congenital mal-
formations in Brazil in the past two years1,2. A new report describing 13 infants born in Brazil between 2015 and 
2016 showed that although they did not have microcephaly at birth, they subsequently had head growth deceler-
ation to the point of microcephaly concomitant with significant neurologic abnormalities3.

Given the growing threat of ZIKV spread, some researchers have focused on prophylactic measures by screen-
ing FDA- approved drugs to repurpose for ZIKV4–6, while still other researchers worldwide have focused on vac-
cine development. Accordingly, a DNA vaccine to protect against ZIKV was recently proposed, with promising 
results in vivo7,8. While immunization initiatives are important, there is a need to develop clinical strategies to 
treat ZIKV-infected individuals, including pregnant women for whom prevention of infection is no longer an 
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option. Indeed ZIKV infection during the first trimester confers the greatest risk of congenital microcephaly, thus 
highlighting the urgent need for treatment of infected mothers9.

To provide a potential treatment against the detrimental effects of ZIKV infection we focused on testing the 
antiviral Sofosbuvir (SOF), a clinically-approved RNA-dependent RNA polymerase (RdRp) inhibitor, both in 
vitro with ZIKV-infected human neural progenitor cells (NPCs) and in vivo with mouse models. Recently, con-
verging evidence that SOF is protective against ZIKV infection in different cell types was reported, although 
the precise gene expression-level events in target cells have not been described10–13. SOF is a nucleotide analog 
pro-drug used in combination with other drugs for the treatment and cure of chronic infection with hepatitis 
C virus (HCV), a member of Flaviviridae family14–18. Upon intracellular conversion to its active triphosphate, 
SOF acts on HCV by inhibiting its RNA polymerase, inhibiting replication14,15. We found that the RNA poly-
merases of HCV and ZIKV showed strong similarities in their active sites, and thus confirmed that SOF could 
also act on ZIKV-infected cells. Our data corroborated the findings of other groups19,20 and expand on these 
findings by showing that SOF treatment rescued apoptotic human NPCs infected with multiple ZIKV strains, 
both in monolayer and 3D culture. In addition, SOF also restored antiviral response gene expression in human 
NPCs. Furthermore; we found that SOF inhibited ZIKV more efficiently in NPCs than in Vero cells. SOF was 
previously shown to be protective in interferon-response compromised mouse models and in neonatal Swiss 
mice12,13. To extend these findings to another animal model, we chose a mouse compromised in adaptive immu-
nity to test SOF. We found that while the placebo group had significantly increased viral load, SOF-treated mice 
had reduced serum ZIKV. Finally, we tested the efficacy of SOF in blocking viral vertical transmission in the 
ZIKV-permissive SJL strain21. Importantly, viral burden was reduced in SOF-treated dam serum during preg-
nancy. Fetuses of SOF-treated dams did not show detectable ZIKV amplification, suggesting that SOF was (1) 
well-tolerated by ZIKV-infected SJL dams and, most importantly, (2) was able to arrest ZIKV replication in vivo in 
pregnant SJL females abolishing vertical transmission. The results presented here demonstrate that repurposing 
the FDA-approved antiviral SOF has efficacy against ZIKV in vitro and in vivo and warrants further molecular 
and translational investigation.

Results
RdRp domain is highly conserved between Hepatitis C and Zika virus. The Flaviviridae viral family 
includes both HCV and ZIKV22. Both HCV and ZIKV RdRp-encoding genes lie within NS5B and NS5 domains 
of the viral genome, respectively. These domains are highly conserved, especially in the active site residues, among 
Flaviviridae members8,22 (Fig. 1a–c). The NS5B C-terminal GDD motif catalyzes nucleotidyl transfer (Fig. 1c) and 
is highly conserved in Flaviviridae family (Fig. 1a–c; Supplementary Fig. 1A–B). The high sequence homology 
among the Flaviviridae RdRps suggests the possibility for a common target and mechanism of action. SOF is a 
2′-modified nucleotide analog, and upon intracellular phosphorylation from its prodrug state, inhibits cataly-
sis by incorporating into the growing RNA chain and terminating synthesis17. Since SOF-triphosphate inhibits 
the HCV RdRp14,23 and given the conserved structural similarities of the RdRp domain within the Flaviviridae 
family, we confirmed that SOF could also inhibit ZIKV replication by targeting RdRp (Fig. 1b–c). Recently, the 
crystal structure of the ZIKV NS5 protein was released (PDB ID: 5TFR; Longenecker, K.L., Upadhyay, A.K., 
Cyr, M., http://www.rcsb.org/pdb). We overlaid the ZIKV NS5 (containing the RdRp domain) structural model 
onto a recent structure of HCV NS5B bound to dsRNA and SOF (PDB ID 4WTG23) (Supplementary Fig. 1C, 
Supplementary Video 1). This comparison shows that the active sites of the two polymerases are indeed similar, 
with all residues contacting SOF conserved between HCV NS5B and ZIKV NS5. The close structural similarity 
suggests that SOF could interact with ZIKV NS5 and could inhibit its RNA polymerase activity (Supplementary 
Fig. 1C, Supplementary Video 1).

Sofosbuvir inhibits ZIKV replication in human iPSC-derived NPCs. Previous work has demonstrated 
that ZIKV infection slows growth of human neural progenitor cells (NPCs) and neurospheres in vitro21,24–26  
and adversely affects mouse neural progenitors and radial glia19,27. To test if SOF arrests ZIKV replication, human 
induced pluripotent stem cell (hiPSC)-derived NPCs were chosen as the cellular model since they mimic the 
proliferative growth restrictions leading to microcephaly21. SOF blocked ZIKV activity with IC50s of 13.6 µM 
and 30.9 µM in NPCs and Vero cells (used as a cell-based infection system), respectively (Fig. 2a,b). The antivi-
ral effect of varying concentrations of SOF was further assessed in multi-step growth curves on ZIKV-infected 
NPCs by qRT-PCR of viral genome copies (Fig. 2C, Supplementary Table S1). Next, we evaluated whether SOF 
treatment could rescue the apoptotic phenotype of ZIKV-infected NPCs. NPCs were infected with ZIKV MOI 
0.1 or 1, 24 hours after plating and maintained 96 hours in culture. In mock-infected conditions, around 15% of 
cells were found to be apoptotic (Fig. 2d; Supplementary Fig. 2A–C). Upon ZIKV infection with an MOI 0.1 or 
1, the percentage of TUNEL+ NPCs significantly increased to 25–40% (Fig. 2d), similarly to previous observa-
tions21. SOF treatment in the mock-infection had no effect on apoptosis (Supplementary Fig. 2B). SOF decreased 
significantly the percentage of TUNEL+ NPCs at different doses tested (Fig. 2d). In addition, SOF significantly 
decreased the expression of the early apoptotic marker, cleaved caspase 3 (CC3), in ZIKV-infected hiPSC-derived 
NPCs and hiPSC-derived cortical neurons, using a different viral strain with higher MOI (Brazil-ZKV 2015, MOI 
10) (Supplementary Fig. 2D–F).

We next assessed the ability of NPCs to form tridimensional neurospheres upon ZIKV infection. As previously 
shown21, ZIKV-infected vehicle-treated neurospheres showed reduced size (diameter) and viability (number of 
surviving neurospheres) over time, but SOF treatment at different doses successfully rescued these phenotypes 
(Fig. 2e–g; Supplementary Fig. 3A–D). To measure SOF efficacy in rescuing molecular phenotypes, we meas-
ured the antiviral response gene expression signature in human NPCs in monolayer at 120 hours post-infection 
(p.i.) (Fig. 2h; Supplementary Fig. 3e). We found several dysregulated genes upon ZIKV infection: including but 
not limited to increased expression of CCL5, CXCL9, CXCL10, CXCL11, MAP2K3, IFNB1, ISG15, NLRP3 and 
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decreased expression of IKBKB, IRAK1, PIN1, MYD88; this pattern of gene dysregulation in response to ZIKV 
infection serves as a biomarker, reversal of which would be a desirable attribute of efficacious therapy. SOF treat-
ment reversed most of the dysregulation of antiviral response genes tested, showing a similar gene expression 
pattern between SOF-treated ZIKV-infected NPCs and mock-infected NPCs (Fig. 2h; Supplementary Fig. 3E). In 
conclusion, our in vitro studies suggest that SOF blocks replication of different ZIKV strains, supporting our in 
silico predictions and confirming previous publications10,12,28–30.

SOF rescues Zika viral burden in mice. Next, we assessed the efficacy of SOF in vivo. While this manu-
script was under preparation, SOF was shown to protect against ZIKV in immunocompetent mice treated with 
an anti-IFNAR1 blocking antibody and in neonatal Swiss mice12,13, However, the first model has major limi-
tations, as 20% of untreated ZIKV-infected mice survived, questioning the utility and efficiency of interferon 
(IFN)-response depleted mice to test drugs against ZIKV infections. And the second model only used neonatal 
pups for ZIKV infections. Thus, we chose the NOD/SCID adult immunodeficient mouse as a model for ZIKV 
infection (Fig. 3a). NOD/SCID mice can control the initial viral burden through an intact interferon response. 
However, this mouse model lacks functional T or B cells and has defective natural killer cells, a class of cytotoxic 
innate lymphocytes that rapidly respond to virally infected cells in the absence of antibodies, mimicking bet-
ter the human condition31,32. Another advantage of the NOD/SCID model is the lack of confounding antibody 

Figure 1. The RdRp domain is conserved between HCV and ZIKV. (a) Phylogenetic dendrogram showing 
HCV and ZIKV belonging to Hepacivirus and Flavivirus genera, respectively, within the Flaviviridae family. 
Phylogenetic tree of RNA polymerase domain of HCV and ZIKV strains was based on Maximum-likelihood 
approach. This tree is intended to highlight the degree of similarity (branch length) of the RNA polymerase 
from different viruses. The longer the branch is in the horizontal dimension, the larger the amount of change. 
The units of branch length are amino acid substitutions per site. (b) Schematic of HCV and ZIKV protein 
structures. Both viruses have their RNA-dependent polymerases (RdRp) within the NS5B and NS5 domains, 
respectively. (c) Capsid protein; prM: precursor of Membrane protein; E: Envelope protein; p7: Viroporin, NS: 
Non-structural proteins. (c) RNA polymerase amino acid sequence conservation and DPP domain between 
different members of Flaviviradae family including HCV, West Nile virus, Japanese encephalitis, Dengue virus 
and ZIKV. Highlighted sequences correspond to amino acid sequence conservation between strains. Light gray 
corresponds to amino acid conservation in 4 strains, and dark gray correspond to amino acid conservation 
in 5 strains (all represented strains). The blue box indicated by the arrow corresponds to the GDD amino acid 
domain that is conserved in all 5 represented virus strains (highlighted as dark gray).

Fig. B.1 
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Figure 2. SOF blocks ZIKV replication in vitro. (a,b) Dose-response curves of SOF against ZIKV in NPCs 
and in Vero cells, respectively. SOF was tested in 10 points dose-response with two-fold dilution starting at 
50 µM, in triplicates. The graphs show the antiviral activity (%) based on reduction of the cytopathic effect by 
quantification of the cytopathic effects of ZIKV ± SEM on NPCs (a) and Vero cells (b,c). Multi-step growth 
curve of vehicle or SOF-treated ZIKV-infected (ibH 30656, MOI = 0.1) NPCs at different concentrations 
over time as measured by viral genome copies of RNA using qRT-PCR. Data represents means ± SD (n = 3 
replicates); two-way ANOVA, followed by Tukey’s multiple comparison tests. ****P < 0.0001 compared to 
DMSO (vehicle) treated NPCs at 120 hours p.i. Note that SD cannot be seen in the log scale. (d) The percentages 
of apoptotic cells were calculated, averaged, and graphed accordingly (ibH 30656, MOI = 0.1, 96 hours p.i.) in 
the presence of SOF at different doses (1 nM, 100 nM, 1 µM, 10 µM, 20 µM and 50 µM). One-way ANOVA tests 
with Tukey multiple comparisons were performed to compare to ZIKV-infected different groups. The presented 
values are means of TUNEL+/DAPI+ percentage ± SD (n = 6 images per condition), **P < 0.01, ***P < 0.001, 
****P < 0.0001 TUNEL+/DAPI+ percentage decreases with different doses of SOF. (e) Representative images 
of mock-infected human neurospheres (left panel), ZIKV-infected vehicle-treated neurospheres (middle panel) 
and ZIKV-infected SOF-treated (20 µM) (right panel) neurospheres image (ibH30656, MOI = 0.1, 180 hours 
p.i.), scale bar: 500 µm. (f) Quantification of neurosphere diameter (µm) at 180 hours p.i. One-way ANOVA tests 
with Tukey multiple comparison were performed to compare different groups. The bars represent the number of 
spheres counted averaged and plotted for each condition ± SD (n = 6 images captured per condition), *P < 0.05, 
***P < 0.001 (n ≥ 100 neurospheres counted per condition). (g) Neurosphere amount was counted over time 
after infection with ZIKV (ibH30656, MOI = 0.1 at 48, 96 and 120 hours p.i.) treated with vehicle or with SOF 

Fig. B.2 
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response in testing prospective antiviral agents. A previous study compared survival after ZIKV infection in two 
mouse models, IFN-α/β and IFN-γ receptor knockout AG129 and SCID32, and found that AG129 mice survived 
18.5 days while SCID mice survived 40 days following an identical infection of 2 × 103 PFU/ml. These data sug-
gest that animal survival depends on the viral load and adaptive immunity and not solely IFN response32. In our 
study, NOD/SCID mice were infected with 108 PFU ZIKV intravenously (IV), and started to lose weight around 
day 11 with mean survival of 21± 3.36 days (Supplementary Fig. 4A–C). ZIKV infected animals progressively 
developed severe disease requiring euthanasia (weight loss, hunched back, hindlimb paralysis). In a subsequent 
experiment mice were randomized to receive vehicle or SOF 50 mg/kg/day intraperitoneally (IP) beginning at 
day 1 p.i., for 10 days, to study antiviral activity at peak viremia33–35 (Fig. 3a). The dosage of SOF (50 mg/kg/day) 
used in our in vivo experiments was determined after calculating the animal equivalent dose (AED) from the 
recommended 400 mg/day dose for chronic HCV infection in humans. This calculation takes into account the 
lower metabolic rate in larger animals, requiring a smaller drug per body weight dose among other criterion36. 
SOF treatment was well tolerated in mice: no marked changes in body weight (Supplementary Fig. 4D), fur, 
consistency of the stool or behavior (data not shown) during the treatment similar to previous work18. All mice 
from the ZIKV-infected vehicle-treated group had increased serum viral load, measured by plaque assays. Serum 
from ZIKV-infected SOF-treated mice failed to form plaques (Supplementary Fig. 4E,F). Consistently, qRT-PCR 
of viral RNA extracted from the serum of ZIKV-infected vehicle-treated mice revealed high levels of viral RNA. 
In contrast, SOF-treated ZIKV-infected mice had significantly less ZIKV RNA (Fig. 3b, Supplementary Table S2).

SOF is indicated for oral (PO) administration in humans. In healthy subjects administered the clinical 
SOF dose of 400 mg PO daily, average steady state concentrations of the predominant circulating metabolite 
GS-331007 were 463 ng/mL37. Hence, we considered whether SOF exposure depends on route of administra-
tion (PO versus IP). We delivered 50 mg/kg/day SOF to naïve mice daily for 4 days by IP or PO (Supplementary 
Fig. 4G) After 4 days, sera were extracted and subjected to liquid chromatography/mass spectrometry analy-
sis, demonstrating average minimum serum concentrations (Cmin) of the predominant circulating metabolite 
GS-331007 of 608 and 588 ng/mL in the IP and PO-treated groups, respectively, with no significant differences 
between groups, suggesting that SOF has antiviral activity against ZIKV at concentrations that have been shown 
to be safe in humans. Indeed, when we repeated the initial experiment with NOD/SCID mice infected with ZIKV 
to compare the efficacy of PO versus IP, both delivery routes significantly decreased viremia after 10 days in a 
similar fashion (Fig. 3c).

Finally, as the abolition of vertical transmission is of critical interest in the context of congenital ZIKV infec-
tion, we tested the efficacy of SOF to block ZIKV vertical transmission in the ZIKV-permissive SJL strain21. 
Pregnant females were infected with 2 × 105 PFU (Asian ZIKV strain PA 259459) at embryonic day (E) 12.5 as 
previously described38. Dose and timing of the viral inoculum were selected based on our previous publication 
and caused a similarly robust ZIKV infection of SJL dams, corroborating previous work38. The viral inocula-
tion dose was selected as comparable to vector-borne inoculation39 (Fig. 3d; Supplementary Fig. 4A). The mice 
were randomized to receive 50 mg/kg/day of SOF or vehicle PO from E13.5–E18.5, when they were euthanized 
and the fetuses extracted (Fig. 3d). The viral RNA was detected in all vehicle-treated dam sera at E18.5, and in 
heads of their respective fetuses (Fig. 3e). Immunohistochemistry against Flavivirus Group Antigen in brain 
cross-sections of E18.5 embryos coming from SOF-treated dams showed a reduction of ZIKV compared to 
fetuses from VEH-treated dams (Fig. 3f,g). In addition, no obvious congenital malformations or weight loss were 
detected between fetal groups at this stage when infected with ZIKV at 2 × 105 PFU (Supplementary Fig. 4H). The 
viral burden was significantly reduced in SOF-treated dam serum at E18.5 (Fig. 3h). Fetuses of SOF-treated dams 
did not show any detectable ZIKV amplification, suggesting that SOF was (1) well-tolerated by ZIKV-infected SJL 
dams and, most importantly, (2) was able to arrest ZIKV replication in vivo in pregnant SJL females abolishing 
vertical transmission.

Discussion
Here we obtained similar results regarding the reduction in ZIKV infection-induced cell death in a 2D model, and 
a rescue of ZIKV-mediated decreased neurosphere size in 3D cultures with SOF treatment, adding to the mount-
ing evidence that SOF can act against ZIKV10,12,28–30,40. In addition, we show that treatment with SOF further 
restored the antiviral response gene expression signature of ZIKV-infected NPCs. We also tested SOF in an in vivo 
immunodeficient mouse model. SOF treatment reduced serum ZIKV burden in all treated mice. Importantly, we 
show here for the first time that SOF was also well tolerated in pregnant dams and abolished vertical transmission 
of ZIKV to the fetuses.

The prevailing ZIKV model describes a causal relationship between maternal infection, neonatal micro-
cephaly and motor defects manifesting several months after birth41, thus implicating vertical transmission21,27. 
Therefore, effective treatment must focus on reducing viral replication in pregnant women and thus the risk of 
vertical transmission to the fetus. However, it is still unclear how vertical transmission occurs in vivo. Recently, we 

(20 µM). Bars represent the number of neurospheres ± SD at a given time (48, 96 and 120 hours p.i.). Two-way 
ANOVA tests with Tukey multiple comparison were performed to compare different groups, *P < 0.05 (n = 2 
independent experiments). (h) Human antiviral response expression signature in human NPCs in monolayer 
at 120 hours p.i.: mock, ZIKV-infected (ibH30656, MOI 0.1) vehicle or SOF-treated (50 µM) (threshold = two-
fold). Bars represent fold changes detected by qPCR from 96 different genes tested, between ZIKV-infected 
compared to mock-infected NPCs (in white) and between ZIKV + SOF-treated compared to mock-infected 
NPCs (in black). Note that there are fewer dysregulated genes between ZIKV-infected compared to mock NPCs 
upon SOF treatment (less black bars) than the ZIKV-infected untreated ones.
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generated hiPSC-derived microglia and NPCs to mimic and study the neuro-immune interactions during embry-
ogenesis29. Microglia, the macrophages of the central nervous system (CNS), are generated in the yolk sac and 
invade the brain during embryogenesis to become resident macrophages42. Given the timing of their invasion, 

Figure 3. SOF blocks ZIKV replication in vivo. (a) Schematic of the experimental design for mice infection: 8 
weeks-old NOD/SCID female mice were intra-venously injected with 108 PFU of ZIKV (ibH 30656). One day 
p.i. mice were randomized to receive either vehicle or SOF at 50 mg/kg/day IP or PO. (b) RNA viral load was 
measured in the serum of infected mice by qRT-PCR. One-way ANOVA tests with Tukey multiple comparison 
were performed to compare to MOCK-vehicle (VEH) group, *P < 0.05 (n = 3 technical replicates, n = 3 mice 
per group). Each dot represents the average of n = 3 technical replicates per mouse ± SEM. (c) RNA viral load 
was measured in the serum of infected mice by qRT-PCR. Each dot represents a mouse: vehicle n = 5 mice, 
SOF IP n = 5 mice, SOF PO n = 5 and monitored for 10 days before euthanasia and blood collection. One-
way ANOVA tests with Tukey multiple comparison were performed to compare to vehicle group, *P < 0.05. 
Bars represent ± SD. (d) Schematic of the experimental design for infection of SJL pregnant mice. SJL dams 
were ZIKV-infected (PA 259459) with 2 × 105 PFU at E12.5. At E13.5, they were randomly assigned to receive 
vehicle or SOF (50 mg/kg/day) PO. At E18.5, mice were euthanized for blood and fetus collection. (e) RNA 
viral load was measured in the fetus heads mice by qRT-PCR. Each dot represents a fetus head (vehicle-
treated n = 8 pooled from 3 independent litters, 1 did not amplify and SOF-treated, n = 6 fetus heads from 
3 independent litters). Student’s t-test was performed to compare the two groups; Bars represent the average 
viral load ± SD (**P < 0.01), n. d. = not detected. (f) Immunohistochemistry against Flavivirus Group Antigen 
(brown) and counterstained in Mayer’s hematoxylin (blue) in brain cross-sections of E18.5 fetuses from mock-
infected, ZIKV-infected vehicle-treated, or ZIKV-infected, SOF-treated dams. Scale bars 4 mm. (g) All data 
are represented as mean ± SD (n = 6 per condition: 3 embryos, 2 slides each embryo per condition) and were 
analyzed with one-way ANOVA (Turkey’s Multiple Comparison post test). **P < 0.01. (h) RNA viral load was 
measured in the dam serum by qRT-PCR. Each dot represents one mouse ± SD (vehicle-treated n = 3 and SOF-
treated, n = 3). n. d. = not detected. Student’s t-test was performed to compare the two groups (P = 0.2902).

Fig. B.3 
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microglia could spread the virus in the developing brain during its CNS infiltration acting as a Trojan horse29. We 
found that microglial cells could indeed transmit ZIKV to NPCs in vitro and importantly, when microglia-NPC 
co-cultures were treated with SOF, ZIKV infection of NPCs was limited29. Although out of scope of the present 
study, one limitation of our work is the lack of congenital disease, showing that SOF treatment can prevent birth 
defects in the newborn pups. To this end, a recent study treated neonatally ZIKV-infected pups with SOF and 
showed that short- and long-term sequelae could be prevented13, thus supporting our hypothesis regarding the 
benefits of SOF treatment of ZIKV- infected pregnant women. Future studies should focus on the treatment of 
congenital disease using SOF and analysis of other tissues such as placenta, spleen, thymus etc. Taken together 
with our current study, there is strong converging evidence that SOF is a reasonable option to block vertical 
transmission, possibly acting by limiting the infection of microglia thus restricting viral spread to the fetal brain. 
SOF is labeled as FDA pregnancy category B, indicating that while no controlled studies have been conducted in 
pregnant women receiving the drug, animal studies have not demonstrated risks to the fetus16,18. Indeed, a clini-
cal trial has recently commenced recruiting pregnant women with chronic HCV (NCT02683005) to study the 
effects of SOF during pregnancy. Comparable nucleotide/nucleoside analog antivirals such as acyclovir (herpes 
simplex virus) and the HIV anti-retrovirals are routinely used during pregnancy to prevent perinatal transmission 
and have not shown elevated risks of birth defects43,44. The placental transfer and tissue distribution of SOF and 
related metabolites was previously evaluated using quantitative whole body autoradiography in pregnant female 
rats administered a single 20 mg/kg oral dose of 14C-sofosbuvir45. Importantly, SOF-derived radioactivity was 
detected in fetal brain with exposures that were 5-fold higher than those observed in pregnant dams at 24 hours 
post-dose. This finding indicates that SOF may have sufficient brain penetration to inhibit viral replication in 
the developing fetal brain while also achieving systemic exposure necessary to block replication at other sites. 
No deleterious SOF effects on fetal development have been observed at the highest doses tested in gestating rats 
and rabbits (Gilead Sciences). Interestingly, a study showed that SOF delivered at 44 mg/kg/d or 440 mg/kg/d 
for 14 days did not cause liver toxicity in the chimeric TK-NOG mice with humanized livers18. Pregnancy cate-
gory B states a treatment should be used during pregnancy only if the potential for benefit justifies the potential 
risk to the fetus46. However, in pre-clinical reproduction toxicity studies, SOF had no effects on embryo-fetal 
and pre-and post-natal development at exposures at least 10-fold greater than the mean clinical exposure at 
the approved SOF dose of 400 mg (Sofosbuvir For Treatment of Chronic Hepatitis C Infection Antiviral Drugs 
Advisory Committee Meeting Briefing Document, Gilead Sciences, 2013). Moreover, SOF has been shown to be 
brain and placenta-penetrant47. In line with this, our data indicate that SOF abolishes vertical ZIKV transmission 
in pregnant immunocompetent mice. Although the animal dosages (50 mg/kg) used experimentally exceed the 
human dose (400 mg) by weight, species scaling by body surface area corresponds to a scaled human equivalent 
dose (HED) of 4 mg/kg, less than the human SOF dose for a 70 kg individual36. Therefore, our results suggest that 
SOF used as a treatment for ZIKV could be prescribed at the same dosage as it is used for HCV patients.

Finally, in addition to the risks in pregnant women, in adults, a high incidence of Guillain-Barré syndrome has 
been linked to ZIKV infection48, as well as other ZIKV-infection sequelae, which include meningoencephalitis49, 
uveitis50, and acute myelitis51. It is possible that other clinical manifestations of ZIKV infection will surface in the 
near future. Given our results, treatment with SOF could also arrest or help to prevent the development of other 
clinical manifestations observed in adults.

Research in the use of nucleotide/nucleoside analog inhibitors to combat ZIKV infection has accelerated in 
the last year, with demonstrated antiviral activity among 2′-C-methylated nucleosides in cultured Vero cells and 
in a mouse model32,52. In this study, we took advantage of the similarities between the RdRp domain of HCV 
and ZIKV and hypothesized that SOF; an FDA-approved drug indicated for treatment of chronic HCV infec-
tion, could also arrest ZIKV replication. Our work and others’ recently published studies, have shown SOF to 
be protective against different strains of ZIKV including the strain isolated from a microcephalic case in Brazil, 
used in the present study along with others. However, both our work and that of others have found a higher IC50 
of SOF against ZIKV when compared to HCV. Interestingly, we found the IC50 of SOF against ZIKV in human 
NPCs to be lower than in Vero cells, suggesting greater potency in this cell type. Nonetheless, our calculated IC50 
values against SOF suggest reduced potency against ZIKV versus HCV. This is perhaps not surprising given that 
SOF was initially designed for chronic HCV infection targeting the liver - a different virus and different cell type 
versus our models, thus highlighting potential cell-type specific differences in drug metabolism37 (Sovaldi ® Full 
Prescribing Information, Gilead Sciences, Inc, 2013). Other SOF analogs tested both in vitro and in vivo have 
shown greater potency than SOF32,52,53. Future research should focus on developing ZIKV-specific SOF analogs. 
Nonetheless, currently SOF remains the only FDA-approved drug readily available and is still protective against 
ZIKV as we and other groups have shown10–13,52,53. SOF regimen for HCV infection is very costly in the United 
States, though it is less expensive in low-income countries such as Brazil, and a generic version could address the 
imminent public concern of the Zika outbreak. However, although the cost of SOF regimen is lower in developing 
countries, it still remains out of reach for many individuals in low-income areas to treat HCV-infected patients, 
making it even more challenging to treat ZIKV-infected individuals. Thus, there is an urgent need to make SOF 
less costly worldwide, which could increase assistance to HCV- and ZIKV-infected patients. Thus, our results 
warrant further study of the immediate application of SOF treatment to ZIKV-infected adults since no other 
treatments are currently available.

In conclusion, our data illustrate the advantage of immediate translational potential through repurposing 
the nucleotide analog SOF that is already in wide clinical use for chronic HCV infection. In the wake of limited 
outcome data available for long-term effects of congenital ZIKV and no therapeutic options, multiple basic and 
translational options merit investigation. Our data strengthen the body of evidence for targeting ZIKV replication 
with nucleotide analog RNA-polymerase inhibitors in general, and SOF in particular. These promising data war-
rant further preclinical studies of SOF to insure efficacy and safety for congenital ZIKV infection.
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Materials and Methods
Animals. Nod.Scid. 8-week-old NOD/SCID (NOD.CB17-Prkdc < scid > /J) mice were purchased from the 
Jackson Laboratory. Mice received a single intra-venous (IV) injection of 100 µl ZIKV-infected (ibH 30656) Vero 
cell supernatant containing 108 PFU on day zero (n ≥ 6 mice). The mouse groups were randomized and exper-
imenters were blinded to group assignment and treatment. The control group received a single IV injection of 
100 µl of filtered conditioned media from uninfected Vero cells, used as mock-infection (n = 6 mice). Of note, 
no signs of inflammation that could be attributable to any floating cells captured in the conditioned medium was 
observed in mock-infected mouse group. The mock-infected animals failed to display any observable side effects 
from the mock-infection including changes in weight, gross locomotor activity or fur consistency. The next day, 
infected mice received an intra-peritoneal (IP) injection or oral gavage (PO) of 50 mg/kg/day of SOF (Acme 
Biosciences, Palo Alto, CA) (diluted in vehicle: DMSO and Tween 80 (0.5% v/v)/polyethylene glycol-400(49.5% 
v/v) for IP and PO respectively) (n = 3), and the placebo group received only vehicle (n = 3). Although the animal 
dosages (50 mg/kg) used experimentally exceed the human dose (400 mg) by weight, species scaling by body 
surface area corresponds to a scaled human equivalent dose (HED) of 4 mg/kg, less than the human SOF dose 
for a 70 kg individual36. Mice were injected with SOF and monitored daily for 10 days. On day 11, mice were 
euthanized and blood was collected for downstream applications. All animal procedures were approved by the 
Institutional Animal Care and Use Committee (IACUC) of the University of California. All procedures followed 
institutional guidelines. For survival experiments, end stage was defined when the mouse had lost 20% of their 
initial body weight and therefore needed euthanasia.

Infection of SJL pregnant dams. Timed pregnant (E12.5) SJL mice 2–3 month of age (Jackson 
Laboratories, Bar Harbor, ME, USA) were infected intravenously (retro-orbital injection, RO) with 200 µl of 
ZIKV (strain PA 259459) containing 2 × 105 PFU of virus particles as previously described38. This dose and tim-
ing of the infection during pregnancy was sufficient to cause a robust ZIKV infection in SJL mice38. SOF (50 mg/
kg) was delivered daily by oral gavage for six days (E13.5–18.5). The animals were euthanized to obtain fetal 
tissues and collect blood samples from mothers. All the experiments were performed with the approval of the 
Sanford Burnham Prebys Medical Discovery Institute IACUC Committee protocol AUF#16–049.

ZIKV NS1 ELISA. A monoclonal antibody-based enzyme-linked immunosorbent assay (ELISA) was per-
formed for the quantitative detection of the Zika Virus nonstructural protein NS1 (BioFront Technologies). 
Briefly, cell culture supernatants from ZIKV strains ibH 30656, and PA 259459 were collected, lysed, clarified and 
further incubated in a ZIKV NS1 ELISA assay plate. Anti-NS1 HRP-conjugate and HRP substrate were used as 
detection method. After adding the quenching solution, absorbance values were acquired (450 nm) and analyzed 
using a standard curve generated from recombinant Zika Virus (rZIKV) NS1 protein.

Real-time PCR from the NOD/SCID mice samples. Following euthanasia, whole blood of each mouse 
was collected and allowed to coagulate at RT for 30 minutes. After coagulation, the blood was centrifuged at 
16,000 × g for 10 minutes for separation of the serum (~150 µl of serum per mouse). The serum volume was 
divided into two tubes: (1) to treat the Vero cells for plaque assay and (2) for RNA extraction. To extract the RNA 
from the serum, QIAamp viral RNA isolation kit (Qiagen) was used according to the manufacturer’s instructions. 
A total of 250 ng of total RNA was reverse transcribed using QuantiTect Reverse Transcription Kit (Qiagen) 
including a step of genomic DNA wipe out. Approximately 15 ng of cDNAs were used per reaction and PCRs 
were carried out in a final volume of 20 µl. Triplicate samples were analyzed in a CFX96 Touch Real-Time PCR 
Detection System (Bio-rad) using iQ™ SYBR® Green Supermix (Bio-rad). The run method was as follows: 3 min-
utes at 95 °C, 42 cycles of 10 seconds at 95 °C followed by 30 seconds at 58 °C, and a melting curve was performed 
to confirm the identity of the amplified product. The primers used are ZIKVF9027: CCT TGG ATT CTT GAA 
CGA GGA; ZIKVR9197c: AGA GCT TCA TTC TCC AGA TCAA, as previously reported54. In all cases, the 
standard curve method was used for quantitative analysis of expression levels, based on serial dilutions of PCR 
product amplification of the ZIKV genome.

Real-time PCR from the SJL mice samples. 100 µl of blood samples were obtained from the pregnant 
(E18) SJL mice. The RNA was extracted from each sample using the NucleoSpin RNA Kit (Macherey-Nagel 
GmbH, Duren, Germany) accordingly to the manufacturer’s instructions. Purified RNA samples were quantified 
using NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and stored at −80 °C. 
All real-time assays were performed by using the QuantiTect Reverse Transcription Kit (QIAGEN, Valencia, 
CA, USA) with amplification in the LightCycler 480 II instrument (Roche, Indianapolis, IN, USA) following the 
manufacturer’s protocol.

The real-time reaction was performed in triplicates with the LightCycler 480 SYBR Green I Master Mix rea-
gents (Roche, Indianapolis, IN, USA). Primers (ZIKV-835 5′-TTG GTC ATG ATA CTG CTG ATT GC-3′ and 
ZIKV-911c 5′-CCT TCC ACA AAG TCC CTA TTG C-3′) specific for ZIKV were synthesized by IDT Inc. (San 
Jose, CA, USA) and were previously described55. The amplification was done by: initiation 95 °C for 10 minutes 
followed by 50 amplification cycles of 95 °C for 15 seconds, 60 °C for 30 seconds, and 72 °C for 30 seconds.

ZIKV RNA from fetuses’ heads were detected using TaqMan® Universal Master Mix II, no UNG 
(Thermofisher). The primers used are: ZIKV835: TTG GTC ATG ATA CTG CTG ATT GC; ZIKV911c: CCT 
TCC ACA AAG TCC CTA TTG C and the probe ZIKV860FAM: CGG CAT ACA GCA TCA GGT GCA TAG 
GAG. The samples were carried out in 20 µl reactions and the run method was as follows: 10 minutes at 95 °C, 
42 cycles of 15 seconds at 95 °C followed by 1 minute at 58 °C. The sensitivity of the ZIKV real-time assays was 
evaluated by titration of serial dilution of virus with previously known titer. Samples with Ct values above 40 were 
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excluded from the analysis and represented as non-detected samples (n.d.). GraphPad Prism was used as fitting 
software.

Human antiviral response qPCR array analysis in NPCs. 500 ng of total RNA from mock, ZIKV 
(strain ibH 30656)-infected at an MOI of 0.1 and ZIKV-infected treated with 50 µM SOF NPCs were extracted at 
120 hours p.i. and submitted to gene expression analysis Human antiviral response genes using the RT2 Profiler 
PCR Array (cat. no. PAHS-122ZD - Qiagen) according to the manufacturer’s protocols. qPCR was on a CFX96 
Touch Real-Time PCR Detection System (Bio-rad). To evaluate gene expression, we established a twofold up- or 
downregulation compared to mock infected samples. Data was analyzed using the RT2 profiler RT–PCR array 
data analysis software v3.5.

Viral culture and amplification. The ZIKV strain ibH 30656, isolated from human blood in Nigeria, the 
strain (PA 259459), isolated from human blood in Panama and Brazil-ZKV2015 isolated from a febrile case in 
the state of Paraiba (Brazil) were amplified using the African green monkey kidney cells (Vero) and titers deter-
mined by plaque assay as previously reported21. Both strains of ZIKV isolated from Nigeria and Panama were 
obtained from the World Reference Center for Emerging Viruses and Arboviruses at the University of Texas 
Medical Branch, Galveston. Vero cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS; 
HyClone, Logan, Utah) and 1% penicillin/streptomycin (P/S). The cells were maintained at 37 °C and 5% of CO2.

Plaque forming assay. Monolayers of Vero cells plated on 48-well plates were exposed to different dilutions 
of the supernatant from yield-reduction assays for 1 hour at 37 °C. Next, cells were washed with PBS and DMEM 
containing 1% FBS and 0.4% Agarose (Ultrapure Life technologies) (overlay medium) was added to cells. After 7 
days at 37 °C, the monolayers were fixed with 4% of paraformaldehyde in PBS and stained with a 0.1% solution of 
crystal violet in 70% methanol. The virus titers were calculated by scoring the plaque forming units (PFU) using 
the following formula: number of plaques/(dilution factor × volume).

Human stem cell culture. For the generation of NPCs, cells were differentiated and maintained as pre-
viously described56–58. Two control iPSC lines maintained in mTeSR media were switched to N2 [DMEM/F12 
media supplemented with 1x N2 NeuroPlex Serum-Free Supplement (Gemini) with the dual SMAD inhibitors 
1 µM of dorsomorphin (Tocris) and 10 µM of SB431542 (Stemgent)] daily, for 48 hours. After two days, colo-
nies were scraped off and cultured under agitation (95 rpm) as embryoid bodies for seven days using N2 media 
with dorsomorphin and SB431542. Media was changed every other day. Embryoid bodies were then plated on 
Matrigel-coated dishes, and maintained in DMEM/F12 supplemented with 0.5 × of N2 supplement, 0.5 × Gem21 
NeuroPlex Serum-Free Supplement (Gemini), 20 ng/mL basic fibroblast growth factor (bFGF, LifeTechnologies) 
and 1% penicillin/streptomycin (P/S). After 7 days in culture, formed rosettes from the plated EBs were manually 
selected, gently dissociated with StemPro Accutase (LifeTechnologies) and plated onto 10 µg/mL poly-L-ornithine 
(Sigma)/5 µg/mL laminin (LifeTechnologies) coated plates. Neuronal progenitor cells (NPCs) were maintained 
in DMEM/F12 with N2, Gem21, bFGF and P/S. To induce cortical neuron differentiation, FGF was retrieved as 
previously described57. The cortical neurons were allowed to differentiate for 4 weeks before infection with ZIKV. 
The media was changed every other day. NPCs were expanded as soon as confluent, using StemPro Accutase for 
5 minutes at 37 °C, centrifuged and replated with NGF with a 1:3 ratio in poly-L-ornithine/Laminin-coated plates. 
All the cell lines tested negative for mycoplasma contamination. All experiments were approved and performed in 
accordance with the Institutional Review Boards (IRB) and Embryonic Stem Cell Research Oversight (ESCRO) 
guidelines and regulations.

In vitro infection. NPCs and neurons were infected with the ibH 30656 or Brazil-ZKV2015 strain of ZIKV 
as described before21. The viruses were used at MOIs of 0.1 and 1 for TUNEL assays and MOI of 0.1 or 10 for the 
neurosphere assays. For mock controls, the same volume of supernatant from Vero cells was added to each exper-
iment. For the vehicle of SOF treatment, equivalent volume of DMSO corresponding to the highest SOF dose was 
added into the culture media (0.1% of DMSO). For neuronal infection, NPCs were previously differentiated for 28 
days and then neurons were infected at an MOI = 10. NPCs and neurons were treated immediately after infection 
and every 24 hours for the duration of the experiment. SOF (Acme Bioscience AB3793) was added to cell culture 
supernatant at the desired concentration.

Neurosphere assay. NPCs were plated and infected as described above. After the infection, fresh media 
containing different concentrations of SOF (10 and 20 µM) or vehicle (0.1% DMSO) was added. The next day, 
cells were lifted and cultured under gentle agitation (95 rpm) as neurospheres for 24 hours. At 48, 72, 120 and 
180 hours p.i., images of neurospheres were captured using EVOS Cell Imaging System (ThermoFisher) and ana-
lyzed with ImageJ software. We measured the neurospheres size and viability over time, in the absence of media 
change to avoid any viral load decrease in the media. The size of neurospheres was measured as the area (number 
of pixels) calculated using ImageJ software.

Histology and immunohistochemistry. Mouse embryo at E18.5 were fixed for 48 hours in 4% formal-
dehyde in PBS, transferred to sucrose, and embedded in paraffin. Then serial sections of 5 µm were prepared, 
cutting along the sagittal axis of the embryo. Slides were deparaffinized and rehydrated through a series of xylenes 
and graded ethanol. Antigen retrieval was performed in a pressure cooker at 7.5 psi placing the slides in 0.1 M 
Tris-HCl buffer (pH 9) for 15 minutes. Slides were rinsed in room temperature distilled water for 6 times, fol-
lowed by 5 minutes washing in PBS. Endogenous peroxidase activity was then quenched by incubation with 
3% hydrogen peroxide in PBS for 30 minutes at room temperature. Slides were in PBS for 5 minutes washed 
and incubated over-night at 4 °C with the primary antibody (Flavivirus Group Antigen, Millipore, #MAB10216) 
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diluted 1:250 in Dako Antibody Diluent with Background Reducing Components (Agilent, #S3022). Slides were 
rinse in PBS three times for 5 minutes and then incubated with the secondary antibody polymer HRP conjugated 
(Abcam, #ab2891, goat anti mouse) for 30 minutes at room temperature, followed by three times washing in 
PBS and a 3-minute incubation with the DAB complex, prepared as directed by manufacturer (ImmPACT DAB 
Peroxidase Substrate, Vector Laboratories, #SK-4105). Slides were washed three times in PBS and three times 
in water, before being counterstained in Mayer’s hematoxylin, dehydrated with a series of graded ethanol and 
xylenes and finally mounted. Sections were scanned and acquired using Aperio automated system (Leica) and 
analyzed with ImageScope (Leica).

Immunofluorescence and imaging analyses. Cells were fixed with 4% paraformaldehyde for 20 min-
utes at room temperature. Next, samples were permeabilized in 1×-PBS containing 0.1% (v/v) Triton X-100 for 
10 minutes. Fixed cells were next incubated with blocking solution [1% fetal bovine serum, (Life Technologies) 
in 1xPBS]. After 1 hour, the primary antibodies directed against the following were added: Anti-Flavivirus 
D1–4G2–4–15 (polyclonal mouse, Millipore, 1:250), cleaved caspase-3 (rabbit, Cell Signaling #9661, 1:400), 
Nestin (rabbit, Abcam ab105389, 1:500) were added (diluted in blocking solution) and samples were incubated 
overnight at 4 °C. Slides were then washed two times with 1x-PBS, and incubated with the secondary antibody 
for 30 minutes at 4 °C. Secondary antibodies (all conjugated to Alexa Fluor 488, 555 and 647) were purchased 
from Life Technologies and used at a 1:1000 dilution. After the 30 minutes incubation, samples were washed 
twice (1× -PBS), incubated for 5 minutes with and fluorescent nuclear DAPI stain, and mounted with Slow fade 
gold antifade reagent (Life Technologies). Samples were imaged using an Axio Observer Z1 Microscope with 
ApoTome (Zeiss). Captured images were analyzed with Zen software from Zeiss. For TUNEL analysis, NPCs 
were plated, infected after 24 hours, and fixed 96 hours p.i. with 4% paraformaldehyde for 20 minutes. Samples 
were permeabilized with 0.25% Triton X-100 for 15 minutes and then stained for TUNEL (Click-iT TUNEL 
assay kit from Life Technologies). Cells were then blocked with 10% fetal bovine serum for 60 minutes and then 
incubated in primary antibodies (anti-Nestin antibodies purchased from Abcam and anti-flavivirus antibodies 
purchased from Millipore) overnight at 4 °C and stained with secondary antibodies and DAPI (Life Technologies, 
1:5000) diluted in a phosphate buffer saline (PBS) 1x solution for 5 minutes the following day prior to mounting 
(Life Technologies, ProLong Gold). Images were blindly collected using an Axio Observer Z1 Microscope with 
ApoTome (Zeiss) and blindly analyzed with ImageJ software.

Yield-reduction assay. Vero cells were seeded in 384-well plate and ~90% confluence (4000 cells/well) in 
50 µl of media (DMEM with 10% FBS) and NPCs were plated at a density of 10,000 cells/well in 384 well plate. 
A serial dilution was prepared in stock plate starting at 10 mM with 2-fold dilution and 10 dilution points. 250 
nL of compound using an Acoustic Transfer System (EDC Biosystems) were transferred from stock plate in 
triplicate for each concentration. After adding the compound, the plate was incubated for 10 minutes before 
infection. NPCs were then infected with ZIKV at an MOI of 1 and Vero cells at an MOI of 5 (ibH 30656) and com-
pleted the volume of the wells to 50 µl with DMEM/F12 supplemented with 0.5 × of N2 supplement, 0.5 × Gem21 
NeuroPlex Serum-Free Supplement (Gemini), 20 ng/mL basic fibroblast growth factor (bFGF, LifeTechnologies) 
and 1% penicillin/streptomycin (P/S). After 96 hours of incubation the plates were fixed with 4% formaldehyde 
and stained with 5 µg/ml of DAPI for 1 hour. The plate was read in the Perkin Elmer ImageXpress Micro XL 
automated microscope and analyzed by a custom MetaXpress software algorithm able to identify and quantify 
apoptotic nuclei. The software calculated the number of apoptotic nuclei and the total number of nuclei per well. 
The apoptotic ratio was calculated dividing the number of apoptotic cells by the total number of cells (percentage 
of apoptosis). The normalized antiviral activity was calculated based on the average apoptosis in the positive 
control group (not infected wells, 100% antiviral activity) and the average apoptosis in the negative control group 
(infected and not treated, 0% antiviral efficacy). The dose-response curve was calculated using GraphPad software 
with the nonlinear regression curve fit, dose-response inhibition with variable slope (four parameters). For Vero 
cells, after 6 days of incubation, 5 µl of Resazurin 0.2 mg/ml was added (Santa Cruz Biotecnology, sc-206037), 
incubated for 1 hour at 37 °C and then the plate was read (excitation/emission -560/590) with EnVision 2104 
MultiLabel Reader (PerkinElmer). The IC50 was calculated using Prism GraphPad: non-linear curve fitting with 
variable slope (four parameters) with the following model:

= + − + − ∗ .∧Y Bottom (Top Bottom)/(1 10 ((LogEC50 X) HillSlope

Sofosbuvir and GS-331007 analysis. GS-331007 was purchased from Cayman Chemical. Extraction and 
analysis of GS-331007 was performed using a modified protocol of a previously reported method59. Extractions 
were performed by adding 300 µl of ethyl acetate to 50 µl of serum (6:1 v/v). Samples were then vortexed for 
60 seconds followed by centrifugation at 2200 × g for 5 minutes. The organic layer (top) was collected and dried 
under a stream of nitrogen. The extract was then dissolved in 50 µl of 1:1 ACN:H20 and 10 µl was analyzed by liq-
uid chromatography mass spectrometry (LCMS) using a Thermo TSQ Quantiva instrument. LC separation was 
achieved using a Gemini 5U C18 column (Phenomenex). SOF and GS-331007 was resolved via isocratic flow at 
0.4 ml/minute for 5 minutes using 50:50 ACN:H2O with 0.1% formic acid as solvent. MS analyses were performed 
using electrospray ionization (ESI) in positive ion mode with the following source parameters: spray voltage of 
3.5 kV, ion transfer tube temperature of 325 °C, and vaporizer temperature of 275 °C. MRM was used to detect 
SOF (m/z 530.2 → 243, CE = 20 V) and GS-331007 (m/z 261.1 → 113, CE = 13 V). Concentrations of SOF and 
GS-331007 in serum samples were calculated by referring to a prepared calibration curve.

ZIKV and HCV representative elements selection. According to a recently updated nomenclature, 
HCV is classified into 7 genotypes, which are subdivided into 67 epidemiologically diverse subtypes60,61. To create 
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the phylogenetic tree, we selected representative elements from ZIKV and HCV. HCV is subdivided in 7 gen-
otypes, the following representative virus were used for phylogenetic analysis: genotype 1-M62321, M67463; 
genotype 2-D00944, AB047639; genotype 3-D17763, D28917; genotype 4-Y11604, FJ462435; genotype 5-Y13184, 
AF064490; genotype 6-Y12083, AY859526; genotype 7-EF108306. We also selected a set of representative strains 
from ZIKV, corresponding to the Asian and the African virus lineages62. On total, seven representatives from 
African lineages (accession numbers: KF268948, KF268950, KF268949, LC002520, AY632535, HQ234500, 
HQ234501) and five representatives from Asian lineages (accession numbers: KJ776791, KF993678, JN860885, 
EU545988, HQ234499).

ZIKV NS5 structural modeling. Residues 396–731 of ZIKV polymerase NS5 (unpublished; PDB ID 5TFR) 
were structurally aligned with residues 84–386 of HCV NS5 (PDB ID 4WTG; 12) in PyMOL. The rotamer for 
ZIKV NS5 residue D540 was manually adjusted to match that of HCV; the difference likely arose due to the lack 
of substrate in the ZIKV NS5 structure. Structures overlays and movies were generated in PyMOL.

Virus amino acid sequences. Virus amino acid sequences corresponding to the RNA polymerase from 
both flaviviruses (NS5 protein) and hepacivirus (NS5b protein) were downloaded from ViPR web resource63 
(URL: https://www.viprbrc.org/), and based on completed sequenced molecules. The downloaded flaviviruses 
sequences and corresponding accessions are: West Nile Virus (genbank: KC60175664), Japanese Encephalitis (gen-
bank: JX13137465), Dengue Fever (genbank: NC_00264066) and ZIKV (genbank: KU49755567). The downloaded 
Hepacivirus amino acid sequence and corresponding accession is: Hepatitis C Virus (genbank: EF42462568). As 
the RNA polymerase (RNApol) from both flaviviruses and hepaciviruses are contained within NS5 protein and 
NS5b protein respectively, we extracted only the RNApol amino acid sequences for subsequent analysis.

Phylogenetic tree construction of RNA polymerase. Amino acid sequences corresponding to RNA 
polymerase from both Flavivirus and Hepacivirus were subjected to phylogenetic tree analysis using the online 
software resource Phylogeny.fr69. The software is based on a built-in pipeline with chaining programs with rec-
ognized accuracy as follow: MUSCLE for multiple alignment70, Gblocks for alignment refinement71, PhyML for 
tree building72, and TreeDyn for tree rendering73. All parameters are set up to default, as they are suitable for the 
investigated virus69.

RNA polymerase amino acid sequence conservation analysis. Amino acid sequences correspond-
ing to RNA polymerase from both Flavivirus and Hepacivirus were subjected to multiple amino acid sequence 
alignment for DPP domain detection and sequence conservation using Clustall OWS software available through 
Jalview 2.9.074. After final sequence alignment, DPP triamino acid sequence was located using textual search.

Statistical analysis. One-way ANOVA tests followed by a Tukey multiple comparison test were used to 
compare groups and Student’s t-test to compare means of two groups. For statistical analysis of data containing 
two variables (time and treatment), two-way ANOVA tests followed by a Tukey multiple comparison test was 
used. Kaplan-Meier Log Rank test was used for survival curves.
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