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Abstract

Formation of Chimeric Genes by Copy Number Variation as a

Mutational Mechanism in Schizophrenia

Caitlin Fields Rippey

Chair of the Supervisory Committee:
Professor Mary-Claire King

Departments of Medicine (Medical Genetics) and Genome Sciences

Chimeric genes are caused by structural genomic rearrangements that fuse together
portions of two different genes to create a novel gene. Chimeras may differ from their parent
genes in localization, regulation, or function. We screened 122 individuals with schizophrenia
and 120 controls for germline rearrangements anywhere in the genome leading to chimeras.
Three cases and zero controls harbored such events: fusions of MATK to ZFR2, of DNAJAZ2 to
NETO2, and of MAP3K3 to DDX42. Each fusion produces a stable protein when exogenously
expressed in cultured cells. Temporal expression data indicate that the parent genes of all three
chimeras are expressed in the brain during development. We detected the chimeric transcripts of
DNAJA2-NETO2 and MAP3K3-DDX42 in patient lymphoblasts; parent genes of the MATK-
ZFR2 chimera are expressed only in the brain. Formation of chimeras involved loss of critical
domains of parent genes. Subcellular localizations of DNAJA2-NETO2 and MAP3K3-DDX42

are dramatically altered compared to their parent genes. The MATK-ZFR2 chimera includes a



novel, frame-shifting splice variant of the previously uncharacterized ZFR2 gene. In contrast
with the nuclear localization of full-length ZFR2, frameshifted ZFR2 localizes preferentially to
dendritic branch sites, and its chimera is predicted to be highly overexpressed during
development. Germline chimeric mutations in schizophrenia provide a new model for functional
interpretation of structural variation in human illness, and implicate new genes and pathways in

schizophrenia pathogenesis.
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Chapter 1: Introduction

1.1 Schizophrenia Clinical Background

Schizophrenia is a complex and debilitating psychiatric illness affecting ~1% of the
population worldwide. It is defined by three principal types of symptoms: positive (e.g.
hallucinations and delusions), negative (e.g. lack of affect, social withdrawal) and cognitive (e.g.
disturbances of memory and attention). The positive symptoms are often the most conspicuous,
but functional outcome is more closely linked to negative 2 and cognitive ** symptoms.
Currently available antipsychotic medications can be effective against positive symptoms but
provide little relief from negative and cognitive symptoms °. The pharmacological properties of
antipsychotic medications are highly variable, but have in common an effect on dopaminergic
transmission, with variation in binding affinity for individual dopamine receptor subtypes as well
as variation in off-target binding accounting for differences in efficacy and side effect profiles.
Discovery of novel drug targets and medications better able to manage the entire symptom
spectrum is a major goal of schizophrenia research.

Although schizophrenia generally manifests in adolescence or early adulthood, multiple
converging lines of evidence suggest that schizophrenia is a neurodevelopmental disorder, with
earliest impacts on brain function arising during gestation ®. Both genetic predisposition and
environmental exposure, particularly during the perinatal period, have long been known to
contribute to schizophrenia risk, but the genes and pathways involved have been elusive until

recently.



1.2 Schizophrenia genetics

Family and twin studies of schizophrenia have long supported a strong genetic
component. The lifetime risk of schizophrenia is 5 to 20 times higher in first-degree relatives of
affected probands compared to the general population, and the proband-wise concordance is 40-
65% for monozygotic twins versus 0-28% for dizygotic twins is 0-28% "%, Notably, even the
relatively high concordance between monozygotic twins does not approach 100%, suggesting
that environmental and/or epigenetic factors are likely to play a critical role in determining the
penetrance of specific mutations.

The earliest evidence for specific genetic causes of schizophrenia emerged from
cytogenetic studies. Recurrent microdeletions at 22g11.2 lead to variable cardiac, palate, and
facial structural abnormalities, known also as DiGeorge syndrome or velocardiofacial syndrome.
The long-standing observation that approximately 25% of deletion carriers also exhibit
symptoms of psychosis established 22g11.2 as one of the earliest putative schizophrenia loci ¥ 1°.
A balanced translocation t(1;11)(q42.1;914.3) in a large Scottish pedigree disrupts the gene
DISC1 on chromosome 1 as well as two non-coding RNAs on chromosome 11 2, Of 29 adult
family members who carry the translocation, 18 have a major mental illness, including 7 with
schizophrenia. Of 37 family members screened who do not carry the translocation, none have a
major mental illness.

With the emergence of technologies to screen genome-wide for smaller and smaller
variants, the evidence that rare mutations of all sizes are important in schizophrenia has

continued to grow. Case-control studies of copy number variants (CNVSs) in schizophrenia have

firmly established that rare, gene-disrupting CNVs, particularly large CNVs, are collectively



more common in schizophrenia *****. Our group reported a 3-fold enrichment of rare, large (>100
kb) genic CNVs in cases as compared to controls, with an even higher rate among individuals
with juvenile onset schizophrenia *3. Subsequent studies have confirmed and extended this
finding. There is strong evidence that recurrent deletions at chr1g21.1, chr3g29, chr15qg13.3, and
chr2p16.3 (NRXN1) and duplications at chr16p11.2 and chr7g36.3 (VIPR2) contribute to
schizophrenia (for review *®). These recurrent events arise in regions whose genomic architecture
predisposes them to rearrangement, for example by non-allelic homologous recombination of
flanking segmental duplications. Family-based studies have further revealed a role for de novo
copy number and single nucleotide variants *"2*.

The spectrum of schizophrenia mutations summarized here highlights two noteworthy
features of psychiatric genetics. First, as mentioned above, many schizophrenia mutations exhibit
incomplete penetrance, with known damaging mutations occasionally present in apparently
healthy individuals. Second is the highly variable expressivity of individual mutations. Nearly
every known schizophrenia CNV exhibits phenotypic variability among carriers, with significant
genetic overlap between schizophrenia, autism, bipolar disorder, seizure disorders, intellectual
disability, and other neuropsychiatric conditions (for review *°). Evidence for a two-hit model of
developmental delay, in which one rare CNV modulates expressivity of another, suggests that
genetic epistasis may be one source of this variability ?*. Identifying genetic, epigenetic, and
environmental modulators of penetrance and expressivity, both rare and common, may prove
clinically relevant 24,

This combination of features contributes to the incredible complexity of psychiatric

genetics. The early 20th century psychopathologist Karl Jaspers, writing before the structure of

DNA was known, predicted that “a psychic phenomenon is never a characteristic belonging to a



gene in the same sense as a physical phenomenon may be” ?. In the current era of whole
genomes and high throughput sequencing, Malhotra and Sebat conclude that “genes do not code

for behavior” °

. While devastating mutations clearly contribute to disordered mental processes,
there is no one-to-one relationship between a given mutation and a given behavioral phenotype.
Rather, a particular mutation more likely influences a basic cellular process or pathway, which
when modulated by genetic background, stochastic variability, environmental exposures and
social environment, emerges as a complex combination of ordered and disordered behaviors that
can vary dramatically from individual to individual. Because neuroplasticity and adaptability are
critical features of the central nervous system, it stands to reason that behavioral traits are
exquisitely sensitive to the manifold influences on the brain. A major challenge now facing
psychiatrists and geneticists alike is the integration of clinical, genetic and neurobiological data
to establish diagnostic categories that are not defined only by behavioral symptom clusters, but

more closely reflect the underlying neurobiological alterations. This may allow improved

targeting of psychosocial and pharmacological treatments.

1.3 Neurodevelopmental pathways emerging from genetic studies

Functional analysis of emerging schizophrenia genes is beginning to reveal critical
features and pathways, which include neurogenesis, glutamate signaling, and synaptic
connectivity, as described below.

Proliferation of neuronal precursor cells in the ventricular zone of the developing human
neocortex gives rise to post-mitotic neurons that then migrate to their final position in the brain.

A small population of these cells persists in the adult subventricular zone and dentate gyrus,



contributing to ongoing adult neurogenesis®®. Multiple schizophrenia genes have been shown to
regulate these two critical developmental pathways, proliferation and migration. For example,
knockdown of DISC1 in mice impairs precursor proliferation in adult and developing brain %,
and accelerates neuronal integration, resulting in mispositioning and aberrant morphological
development of new neurons in the dentate gyrus 2. Neuregulin-1 and its receptor ERBB4
interact to enhance neuronal precursor proliferation and regulate subsequent organization of cells
in the subventricular zone #**°. Glutamate is the primary excitatory neurotransmitter in the brain,
and has been hypothesized based on clinical and neurobiological evidence to play a role in
schizophrenia, particularly through its interactions with N-Methyl D-Aspartate receptors
(NMDAR) (for recent review, see *). DISC1, Neuregulin-1, ERBB4 and VIPR2 have all been
shown to modulate glutamate signaling ***. Beyond glutamate, schizophrenia genes also impact
overall synaptic connectivity, including neurite outgrowth and dendritic spine morphology .
Functional studies continue to refine the spectrum of experimental phenotypes resulting

from mutation of schizophrenia genes, and provide a framework within which causality of novel

candidate mutations can be evaluated.

1.4 Chimerism as a unique mutational mechanism

I have discussed the literature supporting a role for rare structural variants in
schizophrenia and related neurodevelopmental disorders. The mechanisms by which these
variants lead to disease are as heterogeneous as the mutations themselves, and likely include

40; 41

gene dosage effects - both overexpression * and haploinsufficiency , unmasking of recessive

alleles by a deletion on one chromosome 24, and epistatic interactions between multiple events %



%2 In addition, some rearrangements have been shown to result in the formation of novel
chimeric genes. Gene fusions are uniquely suited to play crucial roles in both evolution and
disease because the novel genes that result can differ from parent genes in localization,
regulation, and/or function .

Adaptive chimeric genes have been incorporated into genomes across many phyla,
including a handful identified in the hominid lineage. For example, PMCHL1 and PMCHL2 are
primate-specific chimeric genes expressed in human testis and developing brain*. Both are
derived from the melanin-concentrating hormone (MCH) gene through a complex process
involving exon shuffling, retrotransposition, and emergence of novel splice sites, and have
undergone selection in the primate lineage. Both genes are transcribed into non-coding RNAs
whose functions are not yet known*. The human polyubiquitination coeffector gene UEV1 is
fused to the gene Kua by transcriptional read through of adjacent genes. While UEV1 is a
nuclear protein, Kua as well as Kua-UEV1 fusion proteins are located in the cytoplasm; this
change in localization may alter UEV1’s ubiquitination targets. A final example is the
evolutionarily recent insertion of a retrotransposable element into intron 5 of the chromatin
remodeling gene ERCC8, which codes for the protein CSB *. This insertion leads to translation
of an in-frame CSB-transposase fusion protein that is as abundant as CSB in many human cell
lines, and is evolutionarily conserved down to marmoset. The fusion protein has some functions
in common with its full length counterpart, CSB. For example, both CSB and the fusion protein
promote DNA repair after UV damage, although presumably by different mechanisms as the
fusion protein lacks critical domains*’. Conversely, after oxidative damage, only the full length
protein promotes DNA repair, while the fusion protein is inhibitory*’. These fusion events

illustrate the unique properties of chimeric genes in the emergence of novel protein functions.



Because chimeric genes can combine functional features of their parent genes, they are able to
enhance phenotypic diversity while preserving domains necessary for protein-protein
interactions. Whereas other mutations proceed step by step through functional space, the
dramatic nature of chimeric mutations effectively allows them to leap through functional space
3 A recent study compared the phenotypic impacts of different classes of engineered mutations
in the eleven genes of the yeast mating pathway“®. The authors found that recombination of
functional domains into chimeric genes led to a striking diversification in mating response while
whole gene duplications, single domain duplications, and co-expression of distinct functional
domains did not. A survey of 14 conserved chimeric genes in Drosophila melanogaster revealed
that these genes are frequently at the center of selective sweeps *. Parent genes and chimeras
had striking regulatory differences, at the level both of subcellular localization and tissue-
specific expression. The authors also note that many apparently functional chimeras result from
mid-domain breaks, and suggest that functional units of peptide modularity may be smaller than
generally thought.

Despite their potential for novel and beneficial functions, the majority of newly arising
chimeras are likely detrimental. Analysis of the formation and preservation of chimeric genes in
the genome of Drosophila melanogaster revealed that over evolutionary time, chimeric genes are
formed at a lower rate than simple duplications®’. By modeling the evolutionary dynamics of
chimera preservation versus decay, the authors conclude that the vast majority of newly
emerging chimeras are eliminated by natural selection, with only1.4% of chimeras preserved. By
comparison, they estimate that simple duplications are preserved at a higher rate of 4.1% ,
although this difference was not statistically significant Somatic formation of oncogenic fusion

genes provides another example of their deleterious potential. The best characterized of these in



humans is the Bcr-Abl fusion in chronic myelogenous leukemia, which acts as a constitutively
active form of the Abl kinase >'. Subsequent studies have revealed that many cancers may in fact
result from structural rearrangements leading to diverse fusion genes (for summary see >, *%).
Less is known about the role in disease of chimeras that arise in the germline. Our group
previously reported a rare deletion in a patient with juvenile onset schizophrenia resulting in
expression of a chimera of SKP2- SLC1AS3 predicted to alter the expression and function of
SLC1A3, a glial glutamate transporter that regulates neurotransmitter concentration at excitatory
synapses **. The well-documented t(1;11) translocation described previously disrupts the gene
DISC1 on chromosome 1 and the non-coding RNA Boymaw on chromosome 11 *2. This leads to
a decrease in DISC1 transcript level, and also produces multiple chimeric transcripts fusing
DISC1 and Boymaw >*. Recent evidence suggests that the resulting fusion proteins have altered
localization compared with DISC1 and lead to severe mitochondrial dysfunction when
exogenously expressed >°. These mutations provide anecdotal evidence that germline chimerism
may play a role in schizophrenia pathogenesis. A systematic survey of copy number variation in

persons with autism revealed potential candidate chimeric events but no difference in frequency

between cases and controls °°.

1.5 Outline of Dissertation

Genetic studies of schizophrenia have firmly established that rare CNVs, collectively, are
implicated in schizophrenia pathogenesis. Some CNVs have been shown to result in formation of
chimeric genes. Chimeras are uniquely prone to producing dramatic functional changes which

are often deleterious. These observations led me to ask a series of questions. To what extent do



rare CNVs result in formation of chimeric genes? Are CNVs in DNA of individuals with
schizophrenia more likely to result in chimeras than CNVs in controls? And finally, what are the
functional effects of chimeric genes arising in individuals with schizophrenia? My doctoral
research aimed to address these questions. To do so, | focus on newly arisen chimeric genes in
patients with schizophrenia and in controls. | hypothesize that brain-expressed chimeric genes in
these subjects contribute to schizophrenia by acting as damaging mutations, and that we can gain
insight into critical neuronal pathways by studying the genes involved.

In the first part of this study, | detected and characterized at the genomic and transcript
level chimeric genes resulting from CNVs in 124 individuals with schizophrenia and 122
matched controls. Focusing on those chimeras most likely to have a detrimental impact on the
brain, | asked whether there are more such events in cases than in controls. For all candidate
events | tested whether chimeric RNA was present in lymphoblasts of carriers. | also compared
spatial and temporal expression profiles of parent genes using publicly available transcriptome
data from brain, both in brain subregions and across developmental time points. Because of the
significant genetic overlap between neurodevelopmental illnesses, | then searched for these same
candidate chimeras in individuals with autism spectrum disorder. Finally, | genetically
characterized additional chimeras detected in our case-control series that are not likely to be
involved in schizophrenia but may contribute to other phenotypes. These are potential targets of
ongoing natural selection in the human lineage.

In the second part of this study, | functionally characterized fusion proteins resulting from
three candidate schizophrenia chimeras. By exogenously expressing fusions and parent genes in
mammalian cells, | evaluated protein stability and subcellular localization for all events. When

possible, | tested fusion protein function in targeted assays of known parent protein functions.



When chimeras involved poorly characterized genes, | used bioinformatics tools including
protein-protein interactions, developmental co-expression, and sequence homology to predict

likely gene functions, and resulting impact of fusion events.

To my knowledge, this is the most comprehensive study to date of germline chimerism

and its potential role in disease.
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Chapter 2: Discovery and genetic characterization of chimeric genes in

individuals with schizophrenia

2.1 Introduction

Structural rearrangements arise continuously in the human genome, and while many are
benign, a subset contributes to disease, particularly neurodevelopmental illnesses such as
schizophrenia ***”. Functional analysis of strong candidate genes impacted by recurrent and/or
de novo rearrangements continues to reveal new cellular functions and pathways in
schizophrenia pathogenesis. Still, only a fraction of likely causal mutations have so far been
discovered and characterized; efforts to demonstrate causality of individual rare events are of
critical importance to expanding our understanding of this devastating illness.

As outlined in the introduction, a subset of genomic rearrangements results in the
formation of novel chimeric genes. A wealth of evidence has demonstrated that gene fusions are
uniquely suited to play crucial roles both in evolution and, when they arise somatically, in
disease. Anecdotal reports suggest that germline chimeras may play a role in schizophrenia, but a
comprehensive survey has yet to be carried out.

We hypothesize that brain-expressed chimeric genes contribute to schizophrenia by acting
as damaging mutations, and that we can gain insight into critical neuronal pathways by studying
the genes involved. In the first part of this project, we test this hypothesis by asking whether
cases have a higher burden of rare chimeras with potential to result in expression of functional
fusion proteins in the brain. We then go on to define genetic attributes of these chimeric events

that may contribute to emergent functions.
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2.2 Results

2.2.1 Discovery of Chimeric Genes

We screened DNA from 124 individuals with schizophrenia and 122 matched controls
using array comparative genomic hybridization (aCGH) then scanned genome-wide for copy
number variants (CNVs) longer than 30kb using a sliding window method described previously
%8 We eliminated events present in the Database of Genomic Variants *° or in 122 additional
unaffected controls run on the same platform. We detected 158 rare, gene-disrupting CNVSs in
cases and 137 in controls. From these events, | selected those predicted to delete or duplicate
both the 5’ end of one gene and the 3’ end of another, as these CNVs should produce chimeras. |
also visually inspected the aCGH data for all rare CNVs predicted to disrupt only one gene in
order to find chimeric genes that were overlooked due to a mis-called breakpoint. To detect
chimeras formed by inverted tandem duplications I designed breakpoint primers to test for an
inverted orientation when a duplication disrupted two genes on opposite strands. Neither of these
latter two approaches yielded additional putative chimeras. Breakpoints of all candidate chimeric
events were obtained by PCR with diagnostic primers followed by Sanger sequencing.

Several filters were applied to each validated event: (1) breakpoints occurred in introns
rather than mid-exon so that transcript structure could be predicted, (2) the predicted protein
product included >5% of the protein coding sequence of at least one gene, (3) the 5’ parent gene
was expressed in brain, as determined by RT-PCR or scientific literature, and (4) the event was
absent in 2,972 NHLBI control individuals (ref?).

Three candidate chimeric events passed through all the filters, all of which were in cases.

12



These are fusions of:
e Megakaryocyte-associated tyrosine kinase (MATK) to Zinc-finger RNA-binding
protein 2 (ZFR2) (MATK-ZFR2) (Fig. 1A)
e DNAJ homolog subfamily A member 2 (DNAJA2) to Neuropilin and tolloid-like
2 (NETO2) (DNAJA2-NETO?) (Fig. 1B)
e Mitogen-activated protein kinase kinase kinase 3 (MAP3K3) to DEAD box

protein 42 (DDX42) (MAP3K3-DDX42). (Fig. 1C)

Our previous study of 150 cases and 268 controls screened with a lower resolution aCGH
platform revealed chimeras meeting passing these filters in three other cases (including the event
discussed in the introduction) and none in controls *. Overall, matching on evaluation platform,
six chimeric events meeting our criteria were detected in 172 cases versus zero in 390 controls

(p=0.00023 by two-tailed Fisher’s exact test). Characteristics of the candidate chimeric genes

are indicated in Table 1.

Length of Brain
5'GENE 3'GENE predicted Expression
Gain/ Size (size in (size in same fusion 5' 3 Age at
Coordinates (hg19) Loss (kb) a.a.) a.a.) frame proteins gene | gene Race onset
chr19:3800538- Gain 46.7 MATK ZFR2 Y 0 (5-UTR) + Y Y White 20
3847280 (508) (939) 839
chr16:47004235- Gain 121 DNAJA2 NETO2 N 120+11 Y Y White 26
47124878 (412) (525) novel
chrl7:61737993- Loss 150 MAP3K3 DDX42 Y 128 + 554 Y Y White 16
61887860 (657) (938)
chr5:36154948- Loss 503 SKP2 SLC1A3 Y 93 +436 Y Y White 13
36657630 (424) (542)
chr7:100,460,221- Gain 15668 CAV1 SLC12A9 N 65 +23 Y Y Black 18
116,179,210 (178) (914) novel
chr11:33,304,314- Gain 279 Cllorfal HIPK3 Y 1068 + Y Y White 22
33,583,526 (1855) (1215) 1215

Table 1. Chimeric genes in persons with schizophrenia

No chimeras satisfying criteria laid out in text were found in 390 controls. Events in italics are from **. MAP3K3-
DDX42 breakpoints sequenced to nearby Alu. “Same frame” indicates whether the second gene is predicted to be in
the same frame as the first one when fused. Length of fusion proteins is written as amino acids contributed by 5’
gene + amino acids contributed by 3’ gene. Brain expression determined by RT-PCR of human brain cDNA or
scientific literature.

13



2.2.2 Evaluation of transcripts of parent and chimeric gene mMRNA

I next obtained lymphoblast RNA from each individual and designed primers to detect
the predicted chimeric mRNA. For DNAJA2-NETO2 and MAP3K3-DDX42, the full predicted
chimeric transcript and additional isoforms resulting from alternate splicing of one or both parent
genes were amplified and sequenced (Fig. 2A and B). MAP3K3-DDX42 had two stable
transcripts. MAP3K3-DDX42 transcript 2 is spliced at novel sites, with the donor site in the
middle of MAP3K3 exon 3 and the acceptor site in DDX42 exon 17. Both MAP3K3-DDX42
fusions are in frame. DNAJA2-NETO2 also had two stable transcripts, both out-of-frame, adding
11 (transcript 1) or 8 (transcript 2) novel frameshifted codons before a premature stop.

The chimeric MATK-ZFR2 transcript could not be amplified from patient lymphoblasts,
consistent with the expression profiles of the two parent genes, both of which were expressed
only in adult and fetal brain (Fig. 2C and D). Evaluation of the parent gene ZFR2 revealed a
previously undocumented transcript, characterized by deletion of ZFR2 exon 15 (95 base pairs),
and therefore an altered reading frame. Both ZFR2 transcripts were consistently detected in all

brain regions (Fig. 2E) and may therefore be included in brain-expressed MATK-ZFR2 chimeras.

2.2.3 Spatial and temporal brain expression patterns of parent genes

One potential pathogenic mechanism for chimeric genes is alteration of the temporal and
spatial expression patterns of a parent gene as the result of fusion to new regulatory sequences.

We compared temporal expression patterns of parent genes forming each chimera using RNAseq

14



data from human prefrontal cortex from the BrainSpan Atlas of Developing Human Brain *° and
microarray data from mouse brain ® 2 both at multiple developmental time points (Fig. 3 and
Fig. 4). Parent genes MAP3K3 and DDX42 both had relatively constant and even expression
levels throughout development. DNJA2 had a similar pattern, while its fusion partner NETO2
was substantially higher in the prenatal period than in the postnatal period in humans.
Interestingly, developmental expression of NETO2 was reversed in mice and appeared to rise
over the course of development. A particularly striking finding was the upregulation of MATK in
human brain between the late fetal period and early infancy while ZFR2 expression remains at a
relatively constant low level (Fig. 3C). We observed a similar pattern in developing mouse brain
(Fig. 4C). Fusion of MATK and its upstream regulatory elements to most of the coding sequence
of ZFR2 may lead to aberrant overexpression of ZFR2 isoforms 1 and 2 at critical developmental
times.

We also compared expression patterns of parent genes across brain sub-regions and in
whole adult and fetal brain using publicly available data from a meta-analysis of more than 1000
published microarray experiments ® (Fig. 5). The relative patterns were different for each parent
pair. Both DDX42 and MAP3K3 were expressed fairly evenly across all brain regions, with
expression of DDX42 consistently higher than that of MAP3K3 (Fig. 5A). DNAJA2 was
expressed at the same or higher levels than its 3’ partner NETO2 in all adult brain regions, but
this pattern was sharply reversed in fetal brain (Fig. 5B). This result is consistent with the overall
pattern we observed in human RNAseq data for these two genes (Fig. 3B), and differs from that
seen in mouse brain (Fig. 4B). And finally, the observed expression for MATK and ZFR2 in
whole adult and whole fetal brain mirrors that observed above for these two genes (Fig. 5C).

Data from sub-regions indicates that the striking difference in expression between the two may
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be driven primarily by high MATK expression in just a few areas, notably the cingulate cortex,
pons, caudate nucleus, and globus pallidus.
Temporal and spatial expression of parent genes in the brain may partially determine

functional consequences of these fusion events.

2.2.4 Putative schizophrenia chimeras in children with autism spectrum disorder

Because of the significant genetic overlap between schizophrenia and other
neurodevelopmental illnesses, | sought to determine if these or similar events were also present
in exomes from 411 families identified via a proband with simplex autism spectrum disorder
(ASD) (Niklas Krumm, personal communication). A duplication of most of ZFR2 was detected
in an individual with ASD, inherited from an apparently healthy parent and also transmitted to a
healthy sibling (Fig. 8A). I note however that the MATK exon duplicated in the chimeric event in
our series is not targeted by exome capture and as such the chimera would not be detected in the
autism family. Furthermore, the breakpoints of the duplication in our series occur at 43-base pair
regions of microhomology, and as a result this region may be moderately prone to recurrent
rearrangements. Unfortunately additional DNA was not available from the child with autism to
determine if the event is actually a MATK-ZFR2 chimera. Additionally, an intragenic ZFR2
deletion was present in one autism proband, also inherited from a healthy parent and transmitted
to a healthy sibling (Fig. 8B). Neither of the other two putative schizophrenia-associated events

(MAP3K3-DDX42 or DNAJA2-NETO?2) was found in probands with ASD.

2.2.5 Additional chimeric genes in our study
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Events that did not pass through our filters are unlikely to be schizophrenia risk genes.
Some may nonetheless form chimeric genes with novel functions, and are potentially interesting
from the perspective of human diversity and ongoing evolution. Characteristics of validated rare

chimeras eliminated by filters described previously are enumerated in Table 2.

Expression
Length of in brain
5'GENE 3'GENE predicted
Coordinates Gain/  Size (size in (size in same fusion 5’ 3 Frequency Age at
(hg19) Loss (kb) a.a.) a.a.) frame proteins gene gene incontrols Race onset
Cases
chr14:69,921,835- ) PLEKHD1  SLC39A9 .
69,979,453 Gain 57.6 (506) (307) Y 186 + 121 Y Y 3/2972 White 16
Controls
chr9:33,140,885- ) B4GALT1 BAG1
33,262,114 Gain 121 (398) (345) Y 139+ 153 Y Y 4/2972 Black NA
lacks splice
chr17:9,981,338- ) GAS7 MYH1 .
10,416,002 Gain 140 (476) (1939) NA accS?t;;tor Y N 0/2972 White NA
chr5:59,639,346- DEPDC1B PDE4B 15+5 .
59,986,710 Loss 347 (529) (644) N novel N Y 0/2972 White NA
chr3:101,005,281- . IMPG2 SENP7 167 + 26 .
101,108,239 Gain 103 (1241) (1050) N novel N Y 0/2972 White NA

Table 2. Additional chimeras in cases and controls

“Same frame” indicates whether the second gene is predicted to be in the same frame as the first one when fused.
Length of fusion proteins is written as amino acids contributed by 5’ gene + amino acids contributed by 3’ gene.
Brain expression determined by RT-PCR of human brain cDNA (PLEKHD1, SLC39A9, BAGALT1, BAG1, GAS7)
or scientific literature (remaining genes). Frequency in controls is based on exome data from 2972 NHLBI controls.

Of these, we believe GAS7-MYH1 and DEPDC1B-PDE4B are unlikely to be functional.
Breakpoints of GAS7-MYHL fall in intron 1 of GAS7, which is more than 100kb in length, and in
the middle of an exon of MYHL1. As a result the predicted chimeric pre-mRNA lacks a splice
acceptor site, and is unlikely to be spliced appropriately. Indeed, we were unable to detect either
parent gene or the chimeric transcript in lymphoblasts. DEPDC1B-PDE4B is an out of frame

fusion that would include only 15 of the 529 amino acids of DEPDC1B, and none of PDE4B.
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Even if the resulting mMRNA escaped nonsense-mediated decay (NMD), the resulting protein
lacks substantial coding sequence and is unlikely to be functional. IMPG2-SENP?7 is also out of
frame, but includes >10% of the coding sequence of IMPG2 and may therefore be functional, if
not targeted for NMD. IMPG2 expression is limited to the retina ® and fusion proteins are
unlikely to be expressed in other tissues.

The two remaining chimeras are more likely to be functional. The in-frame PLEKHD1-
SLC39A9 fusion (Fig. 9A) was present in one case and in 3/2972 controls. It was also observed
in the exome of one ASD proband, inherited from a healthy parent and also transmitted to a
healthy sibling. We detected two chimeric transcripts in lymphoblasts of the individual carrying
this event in our series, one encoding each alternate 3’-UTR of SLC39A9 (Fig. 9B). Furthermore,
when exogenously expressed in Human Embryonic Kidney 293 (HEK?293) cells, both transcripts
were translated into stable proteins (Fig 9C and D). PLEKHD1 and both fusion proteins
appeared as appropriately sized bands by western blotting. SLC39A09 is predicted to have a
molecular weight of 32.4 kD, but runs close to the 15 kD marker. (Fig. 9D) suggesting that the
protein product may be cleaved. In other replicates of this experiment (not shown) no band was
detectable in lysates from cells transfected with SLC39A9. SLC39A9 codes for the zinc
transporter ZIP9, which was recently shown to enhance AKT and ERK phosphorylation in
immune cells by regulating intracellular zinc concentration ®°. PLEKHDL1 is an uncharacterized
gene that has an N-terminal pleckstrin homology (PH) domain. PH domains exist in a wide range
of proteins (including, coincidentally, AKT) and are generally involved in intracellular signaling
by binding to phosphatidylinositol lipids and recruitment of target proteins to the cell membrane
% Both genes are expressed in the brain as well as in many other tissues, and the fusion proteins

likely are as well. The fusions contain both the PH domain of PLEKHD1 and the Zinc
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transporter domain of ZIP9. Although this fusion gene is unlikely to be involved in

schizophrenia, it may still have a newly evolved function in the brain or in other tissues.

The in-frame B4AGALT1-BAG1 fusion (fig. 10A) was present in one control in our series
and in 4/2972 additional controls. One control also carried the reciprocal deletion. As with the
PLEKHD1-SLC39A9 chimera, the duplication was observed in one ASD proband and their
healthy parent and sibling. Chimeric transcripts were present in lymphoblasts of the control in
our series. BAGALTL1 codes for a metabolic enzyme with two main isoforms. One localizes to the
Golgi apparatus and catalyzes lactose biosynthesis in the mammary gland °” . The other
localizes to the cell surface and is involved in a variety of cell-cell and cell-matrix interactions,
particularly during development. Recessive mutations in BAGALT1 cause congenital disorder of
glycosylation type 2D (CDG2D). Disorders of glycosylation caused by mutations in other genes
include profound psychomotor and mental retardation, but individuals with BAGALT1
glycosylation disorders generally have no neurological symptoms, consistent with low
BAGALT1 expression in brain ® "°. The 3’ gene of this chimera, BAG1, It has many alternately
translated isoforms, including a short isoform that includes the same protein domains that are
included in the fusion gene. It interacts with the oncogene BCL2 and enhances its anti-apoptotic
effect and as such is found to be overexpressed and otherwise dysregulated in many cancers *".
In the brain, it regulates neuronal differentiation " and promotes axonal outgrowth ">. Multiple
studies have now demonstrated that overexpression of BAG1 in the brain is neuroprotective in
diverse models of brain injury and disease "°"®. Because this fusion results from a duplication, it

likely results in overexpression of BAG1 protein domains, particularly in tissues where

BAGALT1 is expressed (Fig. 10B). This may include low-level overexpression in the brain, in
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which case it may be neuroprotective. In other tissues it may modulate cancer risk or cancer
progression. Its presence at low frequency in the population makes it an interesting target for

further study.
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2.3 Discussion

Array CGH data from the present study revealed that a small subset of CNVs (~3% in
this series) produces chimeric genes. Furthermore, combining these data with our previous study,
I found an increased burden of highly rare, likely brain-expressed chimeric genes in cases, with 6
in 172 cases compared with 0 in 390 controls. This finding substantially expands on previous
anecdotal evidence supporting a role for individual chimeric genes in schizophrenia. Because
each of these events arises in only a single affected individual in our series, these findings do not
demonstrate causality for any one chimera. They do suggest, however, that rare chimeric genes
as a group contribute to schizophrenia. This finding is consistent with multiple lines of evidence
suggesting that newly emerging chimeric genes are uniquely likely to be deleterious.

A previous study of similar events in individuals with autism did not show a similarly
increased burden of chimeric events among cases *°. This may reflect a fundamental difference
between the two illnesses, or may result from differences in event calling and filtering. That
study reported a higher average number of chimeric genes per individual, both cases and
controls, suggesting a difference in rates of false positive or false negative calls between our
event calling algorithms. The filters we applied to prioritize likely functional chimeras were not
used in that study and may have further narrowed down candidate events; we note however that
even without those filters we see more chimeric events in cases than in controls.

Of four case-specific chimeras tested (three from the present study) three were expressed
in patient lymphoblasts; the fourth is expected to be brain-specific based on parent gene
expression patterns. These events — particularly MATK-ZFR2 and DNAJA2-NETO2 - fuse genes

with strikingly divergent temporal and/or spatial expression patterns. Regulatory dysregulation is
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likely to be a critical component of functional impact of chimeric genes in the context of the
whole organism.

I also identified two likely functional chimeras present at low frequency in controls.
These are unlikely to play a role in schizophrenia, but may code for proteins with novel functions

that are involved in other illnesses or in the emergence of phenotypic diversity.
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2.4 Materials and Methods

Subjects

Our case series is 124 patients with schizophrenia or schizoaffective disorder whose diagnostic
status was assessed by chart review and confirmed by diagnostic interview, using the Structured
Clinical Interview for DSM-1V disorders (SCID) for adults, or the KID-SCID for youth. Subjects
consented to a blood draw. DNA was extracted from whole blood for array CGH, and
lymphoblastoid cell lines were also generated in our lab for each subject. These cell lines were
used for RNA and protein analyses.244 unrelated, race-matched controls were drawn from 4000
individuals older than 30 years, without mental illness, from NIMH distribution 5
(http://zork.wustl.edu/nimh/home/index.html). These individuals have been screened against a
wide range of psychiatric disorders, including schizophrenia, bipolar disorder, and major

depression.

Demographic characteristics

By self-report, ethnicities of 124 cases were: 87 white (70.2%), 20 black (16.1%), 10 mixed-
ancestry (8.1%), 4 unknown (3.2%), 1 Native American (0.8%), 1 Chinese (0.8%), and 1 Filipino
(0.8%). 244 NIMH controls were: 196 white (80.3%), and 48 black (19.7%). Average age of
onset of schizophrenia in our series was 19 years (standard deviation =5.0 years; range=9 - 35

years).
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Array Comparative Genomic Hybridization

DNA from 124 individuals with schizophrenia and 244 controls was hybridized to Nimblegen
HD2 (Roche Nimblegen, Madison, WI, USA) microarray slides against a well-characterized
reference subject, SKN1. The HD2 array features 2.1 million probes spaced at an average of 1.2
kb across the genome. aCGH data was normalized and CNVs were called using a sliding-
window algorithm with a 10-probe (~10 kb) minimum size threshold. Controls were split into
two groups: half were used for the identification of normal variation and half were used to test
for rare chimeric genes. Rare CNVs were defined as having <30% overlap with a CNV identified

in our control sample or in the Database of Genomic Variants .

Exomes

To identify events in autism cases and in controls, we used exome sequencing data from 2,972
individuals from the NHLBI Exome Sequencing project (approximately 2/3 white, 1/3 black)
and 411 families with autism spectrum disorder proband, mother, father, and unaffected sibling)
from the Simons Simplex Collection. CNVs were derived using CoNIFER ", and were screened

for events involving either gene of each chimera.

Breakpoint validation

In order to determine genomic breakpoints, PCR primers were designed from approximately 1kb

boundaries surrounding each CNV based on HD2 probe locations on the SignalMap track on the
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Genome Browser. Long-range PCR amplification was performed on genomic DNA from the
appropriate subject, using Takara LA Tag (TaKaRa Bio, Otsu, Shiga, Japan) as described in the
manufacturers protocol. PCR products were electrophoresed on 0.8% agarose gels, extracted,
and sequenced with BigDyeV3.1 (Life Technologies, Carlsbad CA) chemistry on an ABI
3130XL capillary instrument. Sequencing reactions were primed with breakpoint primers and
additional sequencing primers as necessary. Experimentally derived sequences were aligned to
the UCSC Genome Browser and exact genomic breakpoints determined. Primers sequences and

PCR conditions are in included in Appendix A.

Transcript analysis

First strand cDNA synthesis of patient lymphoblast cell line RNA or of total RNA from different
human tissues (Clontech Laboratories Inc, Mountain View CA) was performed with SuperScript
111 (Life Technologies, Carlsbad CA) primed with random hexamers and/or gene-specific
primers. Chimeric transcripts or parent genes were amplified with PCR primers targeted to

flanking exons. Products were purified after gel electrophoresis and Sanger sequenced.

Expression levels of chimeric genes in different human tissues and brain sub-regions

For analysis of parent gene expression across developmental time points in human brain, we

used RNAseq data from the BrainSpan Atlas of Developing Human Brain

(http://www.brainspan.org). Normalized gene expression levels for 26 different brain tissues in

10 different developmental periods were obtained from the BrainSpan RNAseq dataset v3 of
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developing human brain. Tissue qualification, processing and dissection, and experimental and
bioinformatics procedures are described in the technical white paper of the dataset

(http://help.brain-map.org/display/devhumanbrain/Documentation). Normalized values of

expression of parent genes were obtained from 149 frontal cortex samples at different
developmental age. Developmental ages were grouped into 10 developmental periods: early fetal
(8-12 weeks gestation), early-mid fetal (13-18 weeks gestation), late-mid fetal (19-24 weeks
gestation), late fetal (25-38 weeks gestation), early infancy (birth-5 months), late infancy (6-18
months), early childhood (19 months-5 years), late childhood (6-11 years), adolescence (12-19
years), and adulthood (20-60+ years). Median values for each gene in each period were
calculated and plotted.

Analysis of developmental brain expression in mouse was based on two published microarray
datasets using the Affymetrix Mouse Genome 430 2.0 Array. Dataset GSE8091 ®* was used for
ages: E9.5 (6 biological replicates), E11.5 (4 biological replicates), and E13.5 (6 biological
replicates). Dataset GSE16675 ®* was used for ages: E14.5, P1, P7, and P90 (9 biological
replicates each from 3 mouse strains). The dataset also included liver samples which were not
included in the analysis. GeneSpring 12.1 Biological Signficance module was used for
normalization. A total of 52 CEL files were used as input. 45,101 probes were matched.
Developmental groups were defined for each CEL file. 41,183/45,101 probes were filtered with
20" percentile cut-off. Medians of filtered, normalized probe values were used to plot expression
figures.

For analysis of expression patterns in different human brain regions, we used a published dataset
in which expression levels of genes in 128 human tissues were curated from 1,068 gene

expression microarrays . Mean expression levels of each parent gene in available brain regions

26


http://help.brain-map.org/display/devhumanbrain/Documentation

were extracted from the dataset and plotted.
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Figure 1. Array Comparative Genomic Hybridization data showing formation of chimeric genes in

individuals with schizophrenia

Deletion (red dashed lines) and duplications (blue dashed lines) result in the formation of MAP3K3-DDX42 (A),
DNAJA2-NETO2 (B), and MATK-ZFR2 (C) chimeric genes. Each box shows: genomic coordinates, impacted
genes with direction of transcription, regions targeted by PCR primers for breakpoint validation (red arrows),
histograms of aCGH hybridization Z-scores, and resulting chimeric gene. 5 parent genes are green, 3’ parent genes

are purple.
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Expression
5 gene Chimera
Event mRNA model Name Brain LBs LBs

A MAP3K3-DDX42

I—l—H—'—H—“-H-H—|-|-h transcript1 Y Y Y ——

I—|—H—h transcript2 Y Y Y
3 £

MAP3K3-DDX42 cDNA sequence
MAP3K3 ex_S DDX42 ex 9

A A A G A TG G Caa

!
\ f (1A { \
ANA AN M“”[\A \. ,[
i \'\"F \“" \A v ‘/\f i \ \\‘ \ ‘f ‘/\J‘ \\

DNAJA2-NETO2 cDNA sequence

DNAJA2ex3  NETO2ex8
¢ A A

AT T CAAAAA G A

transcript 2 transcript 1

B  DNAJA2-NETO2

-—p transcript1 Y Y Y\
transcript2 Y Y Y\

—

C MATK-ZFR2

I-H-H—|—|-|-|-H-|—|—|—H-|—|-ﬁ transcript1 Y N N

transcript2 Y N N
3

DNAJA2 ex 3 NETO2 ex 9
T C f T C AT T CCC TG0 C

transcript 2 transcript 1

Primers: MATK: exon 1-3 ZFR2: exon 2-4 Primers: MATK: exon 1-3 ZFR2: exon 13/14-16/17

Figure 2. Characterization of parent and chimeric gene mRNA

MAP3K3-DDX42 (A) and DNAJA2-NETO2 (B) chimeric transcripts (two each) were detected by RT-PCR in patient
lymphoblasts. Red arrows indicate exons targeted by forward and reverse primers. Sanger sequence traces show
chimeric junctions. Expression of 5’ parent genes was also tested by RT-PCR in human brain cDNA and in patient
lymphoblasts. MATK-ZFR2 chimeric transcripts were not present in patient lymphoblasts (C). RT-PCR of cDNA
from human tissue panel showed expression of parent genes MATK (M) and ZFR2 (Z) only in brain and fetal brain
(D). RT-PCR of cDNA from human brain subregions showed expression of MATK and ZFR2 throughout the brain
(E). We also detected a ZFR2 splice variant characterized by skipping of exon 15, also expressed throughout the
brain (E).

Tissue legend: Brn = Adult brain; F Br = Fetal Brain; Liv = Liver; Hea = Heart; Ske = Skeletal muscle; Pan =
Pancreas; Pla = Placenta; Kid = Kidney; Lym = Lymphoblasts; DNA = genomic DNA (negative control); CC =

Cerebral cortex; Cer = Cerebellum; Put = Putamen; Hip = Hippocampus; FL = Frontal lobe; TL = Temporal lobe.
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Figure 3. Normalized expression of chimera parent genes in developing human brain

Normalized expression values for each chimeric gene pair averaged from 149 human frontal cortex samples

taken at different developmental ages. Data were obtained from the Allen Brain Atlas BrainSpan RNAseq dataset.
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Figure 4. Normalized expression of chimera parent genes in developing mouse brain

Normalized expression values for each chimeric gene pair in mouse brain at multiple developmental

timepoints. Data were obtained from two publicly available microarray datasets.
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Figure 5. Expression of parent genes MAP3K3 and DDX42 in human brain subregions

Normalized mean expression levels are shown for MAP3K3 and DDX42 in human brain subregions grouped by
anatomical location. Data were obtained from a publicly available dataset of microarray data curated from 1068
published studies.
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Figure 6. Expression of parent genes DNAJA2 and NETO2 in human brain subregions

Normalized mean expression levels are shown for DNAJA2 and NETOZ2 in human brain subregions grouped by
anatomical location. Data were obtained from a publicly available dataset of microarray data curated from 1068
published studies.
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Figure 7. Expression of parent genes MATK and ZFR2 in human brain subregions
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anatomical location. Data were obtained from a publicly available dataset of microarray data curated from 1068
published studies.
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Figure 8. Copy number variants in ZFR2 in simplex autism families

Rare CNVs derived from exome data in simplex autism quads (proband, unaffected sibling, mother and father) using
CoNIFER. x-axis shows genomic coordinates, y-axis shows normalized Z-scores derived from exome read-depth.
Targeted genes and transcription direction are indicated, as well as predicted location of duplication (blue bar) and
deletion (red bar). We detected one potential MATK-ZFR2 chimera (A) and one intragenic deletion in ZFR2 (B).
Both CNVs were inherited from apparently healthy father and transmitted to unaffected sibling.
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Figure 9. Features of PLEKHD1-SLC39A9 chimeric gene present in one case and multiple controls

aCGH data shows duplication (blue dashed lines) resulting in the formation of PLEKHD1-SLC39A9 chimeric gene.
Indicated on the figure: genomic coordinates, impacted genes with direction of transcription (including two
SLC39A9 transcripts involving distinct 3’-UTRs), histograms of aCGH hybridization Z-scores, and chimeric genes
resulting from PLEKHD1 fusion with each SLC39A9 transcript (A). Both transcripts were detected in patient
lymphoblast cDNA by RT-PCR. Expression of 5’ parent gene PLEKHD1 was also tested by RT-PCR in
lymphoblast and brain cDNA. (B) C-terminal V5 epitope-tagged mammalian expression constructs for parent genes
and two chimeric isoforms. Known functional domains are indicated. (C) Each construct was transfected into
HEK?293 cells, and protein expression ascertained by western blots stained for V5 and actin loading control (D)
Ladder is shown along with molecular weights in kD.
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aCGH data shows duplication (blue dashed lines) resulting in the formation of B4GALT1-BAG1 chimeric gene.
Indicated on the figure: genomic coordinates, impacted genes with direction of transcription, histograms of aCGH
hybridization Z-scores, and resulting chimeric gene (A). Known protein domains of parent genes are indicated along
with domains present in predicted fusion protein. (B)
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Chapter 3: Functional evaluation of fusion proteins

3.1 Introduction

In Chapter 2 | presented genomic evidence that rare germline chimeras, as a group,
contribute to schizophrenia. This may be because chimeras are especially prone to producing
drastic functional changes, by such mechanisms as shuffling of protein functional domains,
recombination of regulatory regions and alterations in subcellular localization signals. In this
chapter, I functionally characterize at the molecular and cellular levels three chimeric genes
unique to individuals with schizophrenia in our series. To accomplish this, | generated epitope-
tagged expression vectors for each chimera and its parent genes. Then, in mammalian cells, |
compared expression levels and subcellular localization for each chimera-parent set. | also
compared chimera and parent activity in gene-specific functional assays when gene functions
were known. When possible, | focused functional analysis on pathways and cellular mechanisms
potentially pertinent to neurodevelopmental processes.

For some genes involved in these chimeras, little or no functional information was
available. For these, | used bioinformatic tools including analyses of sequence homology, protein
structure, developmental co-regulation and protein-protein interactions to establish potential
functional roles.

My goal with these studies is twofold. First, to determine whether these newly arisen
germline chimeras share the often dramatic functional features of somatic chimeras and ancient
chimeras targeted by selection. Second, to identify genes and pathways potentially relevant to

schizophrenia.
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3.2 Results

For those events with detectable transcript in lymphoblasts, | tested whether fusion
proteins were present in patient lymphoblasts by western blotting. No bands of sizes other than
those observed in control samples were observed for the MAP3K3-DDX42 fusion, and only a
very faint band of the predicted fusion size was observed for the DNAJA2-NETO2 fusion. This
suggests that in lymphoblasts, these fusion proteins are present at very low levels or not at all.
However, their expression in brain may be different, and they may be able to exert an effect even
at low levels of expression. Therefore, to test whether the predicted proteins are able to be stably
synthesized, and to characterize their subcellular localization and function, I cloned chimeric

transcripts and full-length parent genes into epitope-tagged mammalian expression vectors.

3.2.1 Functional characterization of MAP3K3-DDX42 fusion proteins

The MAP3K3-DDX42 fusion is unique in our series in several critical ways. First, it is the
only chimera resulting from a deletion, so the resulting fusion protein is acting against a
backdrop of only a single functional copy of its parent genes. Second, it is the only event to
impact more genes than the two involved in the fusion; in this case, three interstitial genes are
wholly deleted (LIMD2, STRADA, CCDC47), one of which — STRADA - is known to regulate
dendritic and axonal outgrowth 2% 8. And finally, the chimera contains substantial coding
sequence from both constituent genes, such that the fusion protein could impact two separate
pathways. For the present study, | focused on function of fusion proteins relative to their 5’

parent gene, MAP3Ka3.
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MAP3K3-DDX42 fusion proteins were 75.1 kD and 12.9 kD (Fig. 11A and B). MAP3K3
is 70.9 kD and DDX42 is 103.0 kD. In transfected HEK293 cells, localizations of both fusion
isoforms differed from those of their parent proteins (Fig. 12). MAP3K3 was predominantly
cytoplasmic and DDX42 was predominantly nuclear, consistent with previously reported
localizations (e.g. 3% ). By contrast, localization of transfected MAP3K3-DDX42 isoforms 1
and 2 was highly variable: preferentially or exclusively in the nucleus in some cells, in the
cytoplasm in others, and in still others, diffused equally throughout the cell. A similar pattern
was observed for MAP3K3-DDX42 isoform 1 and parents in transfected mouse cortical neurons
(Fig. 13). Because of low transfection efficiency in primary neurons, | could not image enough
cells to similarly quantify localization. However, based on visualization of ~10 cells, MAP3K3-
DDX42 appears to be more frequently localized to the cytoplasm than in HEK293 cells.

The canonical role of MAP3K3 is activation of the mitogen-activated protein kinase
(MAPK) Extracellular signal-related kinase 5 (ERK5) . In response to extracellular signals,
MAP3K3 and its downstream kinase MEKS5 are activated by heterodimerization and
phosphorylation, and in turn phosphorylate ERK5 %8¢, Dimerization is mediated by N-terminal
PB1 (Phox Bem 1p) domains & and phosphorylation by C-terminal kinase domains .
Expression of a truncated MAP3K3 PB1 domain or a kinase-dead MAP3K3 results in dominant
negative inhibition of ERK5 activation %%, MAP3K3-DDX42 isoform 1 includes an intact PB1
domain but has the DDX42 helicase domain in place of its kinase domain (Fig. 11A), and may
therefore act in a similar fashion. | sought to determine whether this fusion protein binds to
MEKS5. Immunoprecipitation of transfected HEK293 cells indicated that MAP3K3 and
MAP3K3-DDX42 isoform 1 bind endogenous phosphorylated MEK5, whereas DDX42 and

MAP3K3-DDX42 isoform 2 do not (Fig. 14). This suggests that MAP3K3-DDX42 isoform 1
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likely acts as a dominant negative inhibitor of ERKS5 signaling.

MAP3K3 also has a non-canonical role in activation of three other MAPK cascades: p38
MAPK 82899 jNK 859 and ERK1/2 % Its activity in these pathways is not thought to
involve heterodimerization at the PB1 domain ®” ®. | compared the activation of each of these
pathways in cells transfected with MAP3K3 or MAP3K3-DDX42 fusions alone, or co-
transfected with MAP3K3 and fusions. MAP3K3, but not MAP3K3-DDX42 fusions, activated
ERK1/2 and p38, as predicted by the lack of a kinase domain in fusion proteins (Fig. 15 A-D).
These data also suggest that both fusions may slightly suppress activation of ERK1 and p38.
JNK was not activated by MAP3K3 or the fusion proteins, but there was evidence that JINK

activation was suppressed by the fusion proteins (Fig. 15 A and E).

3.2.2 Functional characterization of DNAJA2-NETO?2 fusion proteins

DNAJA2-NETO?2 fusion proteins were 14.7 kD and 14.3 kD (Fig. 16). DNAJAZ2 is 45.7
kD. Observed expression level of isoform 1 was lower than that of isoform 2 and of full length
DNAJAZ2. This may result from nonsense mediated decay of DNAJA2-NETO?2 transcript variant
1 as its premature termination codon arises >100 nucleotides 5° of the nearest exon boundary .
DNAJA2-NETO?2 fusion localization was also altered in HEK293 cells. The parent protein
DNAJA2 was excluded from the nucleus as has been previously reported *® whereas fusion
proteins were consistently expressed throughout the nucleus and cytoplasm (Fig. 17).

Two in vitro demonstrations of DNAJA2 function have been previously published. One
group showed that DNAJA2 enhances folding of beta-adrenergic receptor, which is the G-

protein coupled receptor responsible for cyclic AMP (CAMP) synthesis. Cells co-transfected with
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DNAJAZ? and beta-adrenergic receptor produced significantly more cAMP when stimulated with
isoproterenol than cells transfected with beta-adrenergic receptor alone *. Another group showed
that DNAJAZ significantly reduced luciferase aggregation following heat shock, as measured by
the proportion of luciferase in the insoluble fraction vs. the soluble fraction of cell lysate *'. |
repeated both of these assays using the protocols provided by the authors, however | did not see
an effect of DNAJAZ2 in either case (not shown). Accordingly, | was unable to use these assays to
test functional changes resulting from DNAJA2-NETO2 fusions.

DNAJA2 is a co-chaperone of Heat-Shock Protein 70 (HSP70), thought to play a general
role in folding of neural G-protein coupled receptors *. Little is known, however, about its
specific targets. We used in silico tools to predict likely targets of DNAJA2 in the brain. First,
we used a database of published protein-protein interactions to find all proteins shown to interact
with DNAJAZ2; a total of 792 genes were found to interact with DNAJAZ2. In order to identify
interacting proteins most likely to be relevant to schizophrenia, we searched that list for genes
developmentally co-expressed with DNAJA2 in the second trimester in the dorsolateral
prefrontal cortex. This yielded 52 genes that physically interact with and are co-expressed with
DNAJAZ2 (Table 3). The protein classes most highly represented (14 genes each) were the “Heat
shock protein and chaperone” family, consistent with DNAJAZ2 functionality within that
pathway, and, intriguingly, nucleic acid-binding proteins, including both DNA- and RNA-
binding proteins (Fig. 18). This list also included a number of genes with roles in functions
known to be disrupted in schizophrenia. These included DYNC1LI1, a dynein subunit gene
involved in neuronal development. Engineered mutations in this gene in mice result in altered
function of the developing cortex and increased anxiety behaviors *. ARF4 regulates dendritic

spine development in the dentate gyrus region of the hippocampus, and mice with mutations in
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this gene showed deficits in memory-related pattern separation tasks *. DLD encodes a
mitochondrial dehydrogenase with a direct role in adult neurogenesis and neuroprotection *°% %%,
The diversity of genes on this list points to the potential for broad-ranging cellular impacts

potentially resulting from alteration of DNAJA2 function.
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Nucleic Acid

Gene R at DFC Chaperone Binding
YWHAE 0.993 Y
DYNCI1LI1 0.965
CCT2 0.954 Y
DNAJB6 0.953 Y
PTGES3 0.95 Y
COPB1 0.949
SNX4 0.947
CFL2 0.942
MATR3 0.941 Y
SAMHD1 0.936
POLR2B 0.934 Y
ACTR3 0.93
ATG3 0.929
CSE1L 0.92
DLD 0.917
TCP1 0.917
SKP1 0.916 Y
CCT6A 0.911 Y
PFDN1 0.911
ARF4 0.907
HSPD1 0.906 Y
TTC27 0.903
SSBP1 0.899
XPO1 0.897
PSMC6 0.896
SUCLA2 0.895
LRPPRC 0.894 Y
DNAJA1 0.89 Y
NDUFA5 0.89
VBP1 0.885 Y
MSH2 0.88 Y
HSPA9 0.874 Y
GTF2B 0.873
PPP1CC 0.869
HDAC2 0.865 Y
HNRNPH2 0.861 Y
DDX1 0.859 Y
CCT8 0.856 Y
DHX15 0.854 Y
XRCC5 0.85 Y
CCT4 0.844 Y
RPS3A 0.831 Y
PSMC2 0.829
SERBP1 0.827 Y
TPM3 0.825
WDR48 0.823
SMARCA5 0.82 Y
Clorf25 0.815 Y
DNAJB11 0.809 Y
HSPA4 0.808 Y
GMPS 0.806
HSP90AA1 0.803 Y

Table 3. DNAJAZ2 interacting partners co-expressed in developing prefrontal cortex
Table lists 52 genes that both physically interact with DNAJAZ2 and whose expression is correlated with that of

DNAJAZ2 in the dorsolateral prefrontal cortex during the second trimester. Genes that are members of Chaperone
and Nucleic acid binding are indicated.
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3.2.3 Functional characterization of MATK-ZFR2 fusion proteins

MATK-ZFR2 fusion proteins were 97.3 kD and 97.8 kD (Fig. 19). Both include a 5’-
UTR of MATK and all but the first exon of ZFR2, and as a result, lack a natural start codon.
Observed molecular weights of the fusion proteins were consistent with translation initiation
occurring at the first Methionine codon in ZFR2 exon 2, Met41, which is in the correct reading
frame and has a strong Kozak sequence (GGGATGG) *®. Expression of the novel ZFR2 isoform
2 was higher than expression of ZFR2 isoform 1 (Fig. 19B). The same was true for their
respective fusions. Isoform 2 lacks exon 15 and the resulting frameshift leads to a longer protein
with 198 novel amino acids (Fig. 20A). This novel C-terminus contains no putative conserved
domains and has no homologs by BLAST-p search. Instead, the exon-skipping and subsequent
frameshift disrupt the highly conserved dimerization zinc finger (DZF) domain and alter the
conserved secondary structure (Fig. 20B). These differences in secondary structure may
contribute to functional divergence between the two isoforms. Maintenance of two functional
open reading frames of nearly 600 base pairs requires a high degree of sequence constraint.
Because 3 out of every 64 codons are stop codons, | estimate that the probability of maintaining
an open reading frame of 198 codons by chance is 0.000074. We sequenced exons 16-19 of
chimpanzee ZFR2 and found that a frameshift of the homologous region would also produce a
novel protein product of 198 amino acids, whereas an analogous frameshift in mouse or rat Zfr2
would result in an earlier stop, after 77 codons (Fig. 20C).

Because MATK and ZFR2 are expressed only in brain, we evaluated localization in
transfected mouse cortical neurons. Localization of MATK-ZFR2 chimeras did not appear to

differ from their full-length ZFR2 counterparts. Exogenously expressed ZFR2 isoform 1 and
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MATK-ZFR2 isoform 1 localized predominantly to the nucleus (Fig. 21A and B). In many
neurons, they were present exclusively in the nucleus, but in some they were expressed diffusely
throughout the nucleus, cell soma, and processes. In contrast, ZFR2 isoform 2 and MATK-ZFR2
isoform 2 were almost entirely excluded from the nucleus, and showed a granular staining
pattern in all cell compartments where they were present (Fig. 21C and D). Within the dendrite,
ZFR2 isoform 2-containing granules localized preferentially to branch sites (Fig. 22).

Sequence comparison of ZFR2 isoform 1 and its well-characterized homolog ZFR
revealed potentially functionally important differences between ZFR, ZFR2 isoform 1, and ZFR2
isoform 2 (Fig. 23). Nuclear localization of ZFR2 isoform 1 may be directed by a nuclear
localization signal (NLS) that is disrupted by the frameshift in ZFR2 isoform 2. By homology, it
appears that ZFR2 has one putative NLS at amino acids 913-933, consisting of two clusters of
basic amino acids separated by 11 spacer amino acids, consistent with the structure of a typical
bipartite NLS *®. This NLS is within the region disrupted by the frameshift, which may explain
why isoform 1 but not isoform 2 localizes to the nucleus (Figs. 19A, 23). Interestingly, ZFR also

has a second, more N-terminal NLS, which is entirely absent from ZFR2.
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3.3 Discussion

3.3.1 Functional characterization of chimeric genes

MAP3K3-DDX42

Our results suggest that MAP3K3-DDX42 isoform 1 is likely to act as a dominant
negative inhibitor of ERKS5 signaling by binding to activated MEKS5 (Fig. 24A). The ERK5
signaling cascade is critically important in neuronal differentiation and proliferation,

neuroprotection, and adult neurogenesis ****%

and may be misregulated in neuropsychiatric
illnesses including autism and major depressive disorder 1%, Our findings also suggest that
both MAP3K3-DDX42 isoforms may have slight inhibitory effects on JNK, p38, and ERK1
signaling, all of which function in the brain, in processes including synaptic plasticity and
inflammation *°***!, These effects may be more pronounced against a genetic background
haploid at this locus, as in the patient’s cells.

DDX42, the 3’ parent gene of MAP3K3-DDX42, is a brain-expressed RNA helicase
thought to mediate response to viral infection of the central nervous system (CNS) **2. Recently,
DDX42 was shown to modulate the effect of ASPP2, known primarily as a major apoptosis
inducer 3. DDX42 interferes with the induction of apoptosis by ASPP2, and excludes ASPP2
from the nucleus. Intriguingly, a new, brain-specific function for ASPP2 has recently emerged:
control of polarity and proliferation of neural progenitor cells during CNS development ™.

ASPP?2 targeting to the apical junctional complex in these neural progenitors is thought to be

critical for these functions. MAP3K3-DDX42 isoform 1 includes the DDX42 residues that bind
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ASPP2, but the protein is mislocalized. DDX42 was predominantly nuclear whereas the
subcellular localization of fusion isoform 1 is highly variable. Aberrant cytoplasmic localization
of the fusion protein, including the C-terminus of DDX42, may allow it to access ASPP2 at the
apical junctional complexes, potentially interfering with its critical role in neural progenitor
proliferation (Fig. 24B).

Our evaluation of MAP3K3-DDX42 structure and function reveals unique features of
chimeras compared to other mutation types. Inclusion of functional domains from two proteins
allows the aberrant protein products to be involved in multiple pathways. Furthermore, one
fusion gene may act both by dominant negative and gain-of-function mechanisms, due to
variable localization. In a subset of cells, fusions are present in the same compartment as each
parent, allowing them to carry out predicted dominant negative functions like inhibition of
MAPK pathway signaling. However, in other cells, fusions are mislocalized relative to parent

proteins, enabling a potential gain-of-function such as aberrant binding to ASPP2.

DNAJA2-NETO2

DNAJA2-NETO?2 is an out-of-frame chimera, and as such NETO2 does not contribute
any protein coding sequence to the fusion protein. However, the contribution of a naturally
occurring 3’-end to the MRNA may improve ability of the RNA processing machinery to
recognize and maintain this aberrant mMRNA, compared with deletions or duplications that result
in a simple truncation. 3’-UTRs have been shown to have profound, sequence-dependent
regulatory effects on their respective genes, via microRNA binding, polyadenylation,

translational control, and mRNA localization (for recent review see ***). NETO2 is involved in
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157116 g its 3’ end should stabilize rather than destabilize the

glutamate signaling in the brain
chimeric mRNA in brain tissue.

DNAJA2 is a brain-expressed member of the J-protein family, which are co-chaperones
of Heat Shock Protein 70 (HSP70) proteins *°. It has been shown to promote degradation of the

cardiac hERG potassium channel ***

and to enhance HSP70-mediated refolding of neural G-
proteins ®. These roles are likely mediated by two distinct but interrelated functions of DNAJA
proteins. First, they activate folding by HSP70 via ATP hydrolysis (Fig. 25A) 2. Second, they
homodimerize, forming clamp-like structures that bind target proteins for delivery to HSP70
120 The first function is shared by all J-proteins, and is mediated by the N-terminal J-domain.
The latter function is specific to DNAJA proteins, and is mediated by central and C-terminal
domains. DNAJA2-NETO?2 fusion proteins include only the J-domain. Similar mutations in
other J-domain family proteins have been studied. One pertinent study showed that expression of
an isolated J-domain in mammalian cells completely blocks luciferase refolding by endogenous
HSP70 and impairs cell growth *2*. This dominant negative effect may result from inefficient
ATPase activity of the isolated J-domain, which therefore prevents binding and activation by
full-length J-proteins and other chaperones (Fig. 25B). Alternatively, toxicity may result from
overactivation of HSP70s by free J-domains, trapping potentially important target proteins within
the refolding machinery. DNAJA2-NETO?2 fusion proteins may have an analogous dominant
negative function, preventing proper folding of key substrates. Furthermore, the observed

mislocalization of DNAJA2-NETO2 proteins to the cytoplasm may also contribute to a

deleterious effect via a gain-of-function mechanism.

MATK-ZFR2
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ZFR2 is a previously uncharacterized gene, similar by sequence homology and predicted
protein structure to ZFR, a member of the double-stranded RNA binding family*??. ZFR interacts
with the brain-expressed RNA binding protein Staufen2, and together they mediate transport of
ribonuclear particles (RNPs) into neurites *?°. The ZFR2 region homologous to the Staufen?
binding residues of ZFR is quite divergent, suggesting that ZFR and ZFR2 may have different
binding partners. Mice have orthologs to both ZFR and ZFR2; loss of Zfr is embryonic lethal *2*
125 . elegans have a single gene orthologous to ZFR and ZFR2, Y95B8A.7, which when
targeted by RNAI leads to defects in axon guidance *°.

Localization of ZFR2 isoform 1 is similar to endogenous expression of ZFR in neuronal
cells: present at high levels in the nucleus and low levels in the cytoplasm. By contrast, the
newly characterized ZFR2 isoform 2 was excluded from the nucleus, and showed preferential
localization of granules to dendritic branch sites. This staining pattern is similar to that of other
neuronal RNA-binding proteins, such as Staufen and FMRP in Drosophila neurons *¥’, and
Zipcode binding protein 1 (ZBP1), which regulates the formation of dendritic arbors in
hippocampal neurons 8. Interestingly, ZBP1 was enriched at branch points of developing but
not mature neurons, suggesting that its role is in establishment rather than maintenance of
branching. There is considerable evidence that ZFR2 isoform 2 is functional. It is ubiquitously
expressed in human brain regions, is stable when exogenously expressed, and localizes to
dendritic branching sites similar to other members of the mMRNA granule transport system. If so,
the frameshift differentiating ZFR2 isoforms 1 and 2 may have acted as an evolutionary
mechanism for the emergence of a novel protein in the primate brain. Frameshifting has been

proposed and demonstrated to be a source of new proteins that can be targeted by selection, but

50



generally in the evolutionarily permissive context of a prior gene duplication *#°. To our
knowledge, this is the first description of a frameshift resulting in translation of such extensively
overlapping open reading frames.

Based on the evidence presented above, ZFR2 isoform 1 may play a role in nucleo-
cytoplasmic shuttling of RNPs, like its homolog ZFR. ZFR2 isoform 2 may transport RNPs
containing mRNA coding for proteins involved in branching and target them to appropriate sites
in the dendrite, where their translation regulates branching (Fig. 26A). The fusion of ZFR2 to the
5’-UTR and putative regulatory regions of MATK may result in overexpression of two isoforms
of ZFR2 in the brain of the individual carrying this mutation at critical developmental time
points. The result may be disruption of dendritic arborization, either positively (Fig. 26B) or

negatively.
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3.4 Materials and Methods

Expression Constructs

Full length MAP3K3, DDX42, DNAJA2, MAP3K3-DDX42 transcripts 1 and 2,
andDNAJA2-NETO2 transcripts 1 and 2 were amplified from patient lymphoblast cDNA using
Phusion polymerase (New England Biolabs, Ipswich MA). M-D chimeras and parents were
amplified with a reverse primer mutating the natural stop codon and PCR products were directly
cloned into TOPO-TA pcDNA3.1 C-terminal VV5/His tagged mammalian expression vector (Life
Technologies, Carlsbad CA). D-N chimeras and parents were first cloned into a TOPO-TA
sequencing vector (Life Technologies, Carlsbad CA), then moved into an N-terminal VV5-tagged
pcDNA3 expression vector (custom vector gift of Wendy Roeb) using the Gateway system (Life
Technologies, Carlsbad CA). ZFR2 transcripts 1 and 2 and MATK-ZFR2 transcripts 1 and
2constructs were assembled using the Gibson method . In brief, MATK, ZFR2 and pcDNA3.1
C-terminal VV5/His were PCR amplified using primers with overlapping overhangs of ~20 base
pairs, denatured, annealed, and ligated together. MATK fragment was amplified from genomic
DNA. ZFR2 fragments were amplified from human brain cDNA (Clontech Laboratories Inc,
Mountain View CA). We were unable to amplify full length ZFR2, so we performed nested PCR
to amplify two halves of ZFR2 separately. All constructs were fully Sanger sequenced and free

of non-synonomous PCR errors.

Cell culture and transfections

Human Embryonic Kidney 293 cells (ATCC, Manassas VA) were grown in DMEM
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supplemented with 10% Fetal Bovine Serum and 1% Penicillin/Streptomycin. Cortical neurons
from neonatal (PO) C57BL/6 mice of either sex mice, were plated at a density of ~25,000-
50,000/well onto a bed of confluent wild-type astrocytes on poly-D lysine and collagen treated
coverslips in 12- well plates. Neurons were cultured in MEM with B27 and 10% horse serum. To
prevent proliferation of astrocytes, mitotic inhibitor (5 uM 5-fluoro-2'-deoxyuridine and 12.5 pM
uridine) was added to the neuronal cultures at 2 days in vitro (DIV). Cells were grown for a total
of 10-12 days. Experiments were performed according to the guidelines for the care and use of
animals approved by the Institutional Animal Care and Use Committee at the University of
Washington. All transfections were performed with Lipofectamine 2000 (Life Technologies,
Carlsbad CA) according to manufacturer instructions. Cortical cells were co-transfected after 9
or 10 DIV with GFP pCMV (0.6ug) and experimental construct or empty vector (2.4ug). Media

was changed after 4 hours, and transfections proceeded for 24 hours.

Immunocytochemistry

HEK?293 cells or cultured neurons were fixed with 4% paraformaldehyde for 20 minutes
at room temperature. Neurons were then permeablized with 1XxPBS/0.5% Triton x100 for 10
minutes at room temperature, and then blocked in 5% normal goat serum (NGS)-0.25%Triton-
X/PBS for 1 hour at 4°C. Cultured cells were incubated overnight at 4°C with Mouse
monoclonal anti-V5 primary antibody (1:200, Life Technologies, Carlsbad CA). Next, sections
were rinsed 4 times in PBS and incubated in Alexa 568 (red)-conjugated goat secondary
antibodies (1:400, Life Technologies, Carlsbad CA) for 1-2 hours at room temperature. Sections

were washed 3 times in PBS, mounted on slides using ProLong Gold Antifade media containing
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DAPI (Life Technologies, Carlsbad CA).

Western Blotting and Immunoprecipitation

HEK?293 cells or patient lymphoblast cell lines were lysed in RIPA buffer (50mM Tris-
HCL (pH 7.4), 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl,1mM EDTA) with
cOmplete mini protease inhibitor cocktail tablets (Roche Diagnostics Corporation, Indianapolis
IN) and Halt Phosphatase Inhibitor Single-Use Cocktail (Thermo Fisher Scientific, Rockford IL)
and quantitated by the Bradford method. We separated 10-50ug total protein by SDS/PAGE,
transferred to Immobilon-FL membrane (Millipore, Billerica MA), and incubated overnight with
primary antibody and for one hour with IRDye conjugated secondary antibodies (LI-COR
Biosciences, Lincoln NE), followed by analysis with an Odyssey infrared imaging system (LI-
COR Biosciences, Lincoln NE). For analysis of MAPK activation, blots were probed first with
phospho-specific antibodies, stripped with NewBlot™ stripping buffer (LI-COR Biosciences,
Lincoln NE), and reprobed with antibody to total JNK, p38 or actin. Primary antibodies used
were: mouse anti-V5 (1:5000, Life Technologies, Carlsbad CA), rabbit anti-B-actin (1:1000,
Santa Cruz Biotechnology, Santa Cruz CA), mouse anti-p-actin (1:10000, Sigma-Aldrich, St.
Louis MO), rabbit anti-MEKS5 [EP648Y] (1:10000, Abcam, Cambridge MA), rabbit anti-
phospho-MEKS5 [sc-135702] (1:500, Santa Cruz Biotechnology, Santa Cruz CA), rabbit anti-p-
ERK1/2 [9101] (1:1000, Cell Signaling Technology, Danvers MA), mouse anti-phospho-JNK
[sc-6254] (1:500, Santa Cruz Biotechnology, Santa Cruz CA), rabbit anti-phospho-p38 MAPK
[3D7] (1:1000, Cell Signaling Technology, Danvers MA), rabbit anti-JNK [56G8] (1:1000, Cell

Signaling Technology, Danvers MA), rabbit anti-p38a. [sc-728] (1:500, Santa Cruz
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Biotechnology, Santa Cruz CA) .

For immunoprecipitation, transfected HEK293 cells were lysed with NP-40 buffer (1%
NP-40, 0.15M NaCl, 0.01M Sodium phosphate) with same protease and phosphatase inhibitors
and quantitated as above. 50ul protein G Dynabeads (Life Technologies, Carlsbad CA) were
incubated with mouse anti-V5 (1:100, Life Technologies, Carlsbad CA) for 15 minutes at room
temperature. Conjugated beads were incubated with 400ug lysate for 90 minutes at 4°C. Beads
were rinsed 3x in NP-40 buffer, transferred to a new tube, and eluted in 30ul LDS sample

loading buffer with 2.5% 2-mercaptoethanol.

Microscopy

Immunofluorescence images were acquired on a Zeiss 510 META confocal microscope
using a 40x or 63x oil immersion objectives. Gain and offset were adjusted for each image to
optimize dynamic range. For localization in HEK293 cells, we measured fluorescence intensity
of DAPI and transfected protein along a 30 um line drawn through the center of each transfected
cell in a 40x image using Plot Profile function in imageJ. Dendritic localization was analyzed in
images taken with a 63x objective and 3-4x zoom. Images were acquired in z-series (0.4 um
steps) then rendered using maximum-intensity projections and analyzed in imageJ. Profiles of
GFP and Alexa 568 fluorescence were made using the Plot Profile function for a rectangular
selection around the longest straight segment of a dendrite. Branching sites were indicated
manually based on GFP imaging of dendrites. To correct for variation in background staining
intensity and transfection efficiency, fluorescence values were normalized and mean intensities

at and between branching sites calculated. To correct for increased fluorescence at branch sites
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due to widening of dendrites, we divided normalized mean Alexa 568 fluorescence intensity by
normalized mean GFP fluorescence intensity. Data presented are from 3 independent

experiments.

DNAJAZ co-expression analysis

Physical interactions from the Homo sapiens database were collected from GeneMANIA 2011-
08-03 release which consisted of 150 studies ***. Co-expression based network analysis used
existing data-sets in BrainSpan Atlas of Developing Human Brain . For interacting genes, we
calculated expression correlation coefficients with DNAJA2 in human dorsolateral prefrontal

cortex in the 2" trimester. Co-expression was defined as correlation coefficient |R| >= 0.8.
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Figure 11. Structure and expression of MAP3K3-DDX42 fusion proteins
C-terminal V5 epitope-tagged mammalian expression constructs for parent genes and two chimeric isoforms.
Known functional domains are indicated. (A) Each construct was transfected into HEK293 cells, and protein

expression ascertained by western blots stained for V5 and actin loading control (B). Ladder is shown along with
molecular weights in kD.

57



MAP3K3-DDX42 MAP3K3-DDX42
A MAP3K3-V5 DDX42-V5 Isoform 1V5 Isoform 2-V5

V5/DAPI overlay

ﬂ
>
V4

23

w

P=43x10
P=17x10 "
P=46x10"°
. p=7.5x10°" P=17x10%
—
0.8
“u
@
(¥}
S 0.6
c
o
S
8 04
]
a.
N I .
0 +—— T M —

MAP3K3  DDX42 (n=146) M-D isoform 1 M-D isoform 2
(n=126) (n=114) (n=67)

B Predominantly nuclear
Both nuclear and cytoplasmic

W Predominantly cytoplasmic

Figure 12. Altered localization of MAP3K3-DDX42 fusion proteins in HEK293 cells

V5 immunostaining of transfected HEK293 cells shows cytoplasmic localization (arrows) of MAP3K3 and nuclear
localization (triangles) of DDX42. In contrast, the localization of both M-D fusion proteins is highly variable,
ranging from exclusively nuclear (triangles) to exclusively cytoplasmic (arrows). (A) To quantify this effect, we
binned cells into three categories according to V5 staining: predominantly nuclear, both nuclear and cytoplasmic, or
predominantly cytoplasmic. Frequency of cells in each category is shown for both parent genes and both fusion
proteins (B). We show P-values from chi-squared comparisons of distributions between each group.
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Figure 13. Altered localization of MAP3K3-DDX42 fusion proteins in cultured cortical neurons

V5 immunostaining of transfected mouse cultured cortical neurons shows cytoplasmic localization of MAP3K3 and
nuclear localization of DDX42. We show representative images of cells transfected with predominantly cytoplasmic,
nuclear and cytoplasmic, and predominantly nuclear localization of MAP3K3-DDX42 isoform 1. Scale bars

represent 10 pm.
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Figure 14. MAP3K3-DDX42 isoform 1 binds phosphorylate MEK5

Lysates from HEK293 cells transfected with empty vector or MAP3K3-DDX42 parent gene or chimeric constructs
were immunoprecipitated with a V5 antibody. Western blots were run for input lysates (A) and immunoprecipitated
lysates (B) and stained with antibodies to V5, MEKS5 and phospho-MEKS5. After immunoprecipitation, we see
phospho-MEKS5 bands only in the MAP3K3 and MAP3K3-DDX42 isoform 1 transfected cells, suggesting that both
bind phospho-MEKS5. None of the constructs appeared to bind unphosphorylated MEKS5.
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Figure 15. Effect of MAP3K3-DDX42 on signaling by MAP Kkinases

HEK293 cells were transfected with combinations of MAP3K3 and MAP3K3-DDX42 constructs to observe their
effect on activation of MAP kinases. Western blots were probed with antibodies specific to phosphorylated ERK1/2,
p38 and JNK, followed by antibodies to actin, total p38 and total INK. Representative blots and optical density of
each band normalized to appropriate loading control are shown in (A). Mean normalized densitometry values from
three replicate experiments are shown for ERK1 (B), ERK2 (C), p38 (D) and JNK (E). Error bars represent S.E.M.

Transfection conditions were: empty pcDNA vector (VEC), MAP3K3 (MAP + VEC), MAP3K3-DDX42 isoform 1
(VEC+M-D is0.1), MAP3K3-DDX42 isoform 1 (VEC+M-D is0.2), or co-transfected with MAP3K3 and either M-D
long (MAP + M-D iso0.1) or M-D short (MAP + M-D is0.2). Empty vector was included to control for total amount
of transfected DNA.
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Figure 16. Structure and expression of DNAJA2-NETO2 fusion proteins

N-terminal V5 epitope-tagged mammalian expression constructs for DNAJA2 and two chimeric isoforms. Known
functional domains are indicated. (A) Each construct was transfected into HEK293 cells, and protein expression
ascertained by western blots stained for V5 and actin loading control (B). Ladder is shown along with molecular
weights in kD.
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Figure 17. Altered localization of DNAJA2-NETO2 fusion proteins in HEK293 cells

V5 immunostaining of transfected HEK293 cells shows nuclear exclusion of DNAJA2, compared with increased
nuclear expression of both DNAJA2-NETO2 chimeras (A). We quantified localization by measuring fluorescence
intensity of either DAPI (B) or V5 (C) along a 30pum line drawn centered on the nucleus. Plots show the average
fluorescence intensity of indicated number of cells taken from three independent experiments; error bars represent
S.EM.
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Figure 18. Functional classes of DNAJA? interacting partners co-expressed in developing prefrontal

cortex

Using publicly available databases, we established a list of 52 genes that both physically interact with DNAJA2 and
whose expression is correlated with that of DNAJAZ in the dorsolateral prefrontal cortex during the second
trimester. Chart shows proportion of those genes in indicated protein classes based on annotation in Panther.
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Figure 19. Structure and expression of MATK-ZFR2 fusion proteins

C-terminal V5 epitope-tagged mammalian expression constructs for both isoforms of ZFR2 and both respective
chimeric isoforms. Known functional domains are indicated (A). Each construct was transfected into HEK293 cells,
and protein expression ascertained by western blots stained for V5 and actin loading control (B). Ladder is shown
along with molecular weights in kD.



ZFR2 exon 16

DNA C.(.l’C(.AGCEAE.EG(.CCIG(&GC(AIGC{.IGRT(GI(&TEAG(.C.TC{T(.A[.(.(.ACCTCTGCCGG({.IGTG(CCA[C‘IC;[.(.{.GG{(.CTGLCAG(_( rgc
A R A [ Q P C I ] G W kD L R R vV P T W G L P A ]
< Q P A A i R ] B 0 G P > p I3 [« A [} 3 S

ZFR2 exon 17
DNA GCCATGOAGC TGLTGGTGGAGAAGGLTGT GAGCAG TGLGGLTOGGLCCLTGGLLCCLGGGLATGLAGT CAGGLGAGTCLTGGAGT GLGTGGCLACAGGGALCGL TCCTGACAG
(LR AT MO ET L LTV ET K V RS S _BEM A NG P G SD._. R 1] C ATG_T[[T

ZFR2 exan 18

DR A GGG OO oL L A GAT T aC G AGAGAGAL CACA L ACAT G LT CGAGC A T GAC LT CCARGAGE GOGANGACGTGACCCCCAGCEECCAG
5 VI R ODT Q ) 3 ] ] 0 O S [+

ZFR2 exon 19

DMA GCACGCCCTGLGAATGCTGGCCTTCCGGCAGACCCACAAGGTCCTGGGCATGGATCT CCTGCCGLCCAGACACCOGGCTGGEGGCCCGCTTCCGGAAGAGE CAACGGGGACCTGGCGAGGGAGAGGAGGGLGCAGGGGAGAAGAAGCGG
L SRS M SES A SRR SO0 T CHY K WL 0 L PEP R PR CLC G CAC R CRD R CKD R B0 R DG P RGeS E G WAN G REN K NKN R

i A T R o BHE G [ g 1 _F c B B E [ w BEN c BN C Bew & BEN G

ZFR2 exon 19 (continued)

DA GGCCGGCGEGELEEAGAGEGGL TEGT GTGAGCEGEC TACC TCLCCCACCTGLGGEECT TTGCATCCC TGEAC TCCTGGACGTGTGCGCGE COACCAATGECTGCT TCATCCCCGALGT TGGACAATGGTCATTTCCTTTTGAGT AR
soform 1 EENMT DR O - R
B A B 0 R

Isoform 2

B ZFR2 Isoform 1 exon 15-19 C

O+ Pl .
T T o Human
“himpanzee PAAMRDRHQGPEGPLEACAH
o N | 1y T Mouse

SEQRPARMRDRHQGPEGFLPACAH SLGHGAAGGEGCEQCGWAPGE B22

GGEGCECRGWAPGE B22

1

B
3
=
@
b
P F 756
R R ALY AR Y i
| B = RS, . R

on )i A A Human a72
§ an JEN L TN WA Chimg 872

300 9
= o r Mouse 06

0 a0 e0 &0 @0 130 140 1sn 1m0
Human
ZFR2 Isoform 2 exon 15-18 Chimpanzee

é ¥ o H — — O H Mouse
'% DD p—— . vl
[ A M N Ay :un-m ) 561
R YY) Y0P crmeances 567
£ = A "M VRN Mouse 965
9 200 At Ll "\ i Wi

<
g 00 V‘F ¥ Human i PFE* 972
E -ho0 Chimpanzee FFE* 8972

kL) 40 60 #0 10a 120 140 160 180 Mouse a0

D retic [@shest [@Tum

Figure 20. ZFR2 isoform 2 frameshifted C-terminus

Skipping of ZFR2 exon 15 results in a frameshift but not in a premature stop. The two open reading frames in ZFR2
exons 16-19 are shown in (A). We compared the predicted secondary structures of the differing C-termini and
showed dramatic differences, particularly in helical content (B). We then compared equivalent frameshifted
translations of exons 16-19 of human, chimpanzee, and mouse ZFR2. Red highlighted residues are positions where
the frameshift leads to a premature stop in mouse but not in human or chimpanzee.
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Figure 21. Localization of ZFR2 isoforms and MATK-ZFR2 fusion proteins in cultured cortical

ZFR2 |soform 2 MATK-ZFR2 Isoform 2

V5/DAPI overlay

V5/GFP overlay

neurons

V5 immunostaining of transfected mouse cultured cortical neurons shows diffuse expression of ZFR2 isoform 1 (A)
and MATK-ZFR2 isoform 1 (B) throughout the nucleus and cytoplasm, with brighter puncta in the nucleus not co-
localized with nucleoli. ZFR2 isoform 2 (C) and MATK-ZFR2 isoform 2 (D) are largely excluded from the nucleus.
In dendrites they have a granular staining pattern, with many granules present at branch sites (triangles).
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Figure 22. ZFR2 isoform 2 and MATK-ZFR2 isoform 2 localize preferentially to dendritic branch

sites

MATK-ZFR2 Isoform 2

Representative micrographs of cultured mouse cortical cells transfected with ZFR2 isoform 2 (A) or

MATK-ZFR2 isoform 2 (B). Dendritic morphology was visualized by cotransfected GFP. (C) and (D) show

fluorescence profiles of boxed area. Horizontal gray bars indicate manually annotated branch sites. (E) shows mean

intensities of V5 fluorescence along non-branching and branching segments of dendrites, divided by mean GFP

fluorescence at those segments to correct for increased dendrite diameter at branch sites. P-values represent

significance by 2-tailed T-test. Error bars represent SEM.
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Figure 23.
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Figure 24. Predicted effects of MAP3K3-DDX42 proteins on ERKS5 and ASPP2 pathways
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Figure 25. Predicted effects of DNAJA2-NETO2 fusion proteins on HSP70
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Chapter 4. Summary and Future Work

4.1 Summary and Discussion

In the first part of this study, | detected and characterized at the genomic level CNVs
leading to formation of chimeric genes in individuals with schizophrenia and in controls. | found
that a small proportion of rare CNVs (~3% in this series), both deletions and duplications, result
in chimera formation. Most of these (5 out of 7 tested) were transcribed into chimeric mMRNA
detectable in carrier lymphoblasts. Furthermore, there was an increased burden of rare, brain-
expressed chimeric genes among individuals with schizophrenia. The prevalence of such events
among cases evaluated by two different aCGH platforms was 6/172, or 3.5%, in contrast to zero
among 390 controls. This finding supports a role for chimeric events in schizophrenia.

The second part, functional analysis of three case-specific chimeric events, showed that
these chimeras differ dramatically in genomic and transcript architecture, in the functions of the
genes involved, and in the predicted mode of action. | presented evidence that MAP3K3-DDX42
fusion proteins have a dominant negative impact on MAP kinase signaling. | also demonstrated
that fusion proteins are dramatically mislocalized when exogenously expressed, which may
contribute to an additional gain-of-function effect, potentially on establishment of neuron
polarity by DDX42-interacting-protein ASPP2 Because this chimera results from a deletion,
these effects may be further amplified by reduced expression of parent genes in the patient’s
cells. DNAJA2-NETO?2 fusion results in translation of two stable truncated proteins that are
mislocalized to the nucleus. Similar truncations in related proteins have been shown to act as

dominant negative inhibitors of protein refolding. We identified candidate genes that may be
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specific targets of DNAJA2 chaperone activity in prefrontal cortex. Decreased chaperoning of
these proteins could disrupt a wide range of critical processes. MATK-ZFR2 fusion proteins, on
the other hand, are nearly identical to their parent ZFR2 proteins and their subcellular
localizations are unchanged by fusion to MATK. Their function is likely to be equivalent to that
of ZFR2; in this case, it is most likely their regulation that is affected. Based on parent gene
expression patterns, we predict that MATK-ZFR2 fusions are likely to be dramatically
overexpressed during late fetal development, potentially impacting RNP shuttling and dendritic
arborization.

Our analysis of the previously uncharacterized gene ZFR2 revealed an alternately spliced
variant resulting in an intriguing frameshift. Rather than resulting in a premature stop, the
frameshift codes for what is essentially a new protein with 198 novel C-terminal amino acids.
We provide evidence that the frameshifted protein is new in the primate lineage, and is involved
in dendritic branching. If so, this represents a striking evolutionary mechanism that has not been
previously observed, to our knowledge.

For private or very rare mutations, including these chimeras, a proof of causality can best
be approached by functional analysis. Some genes may impact these or other critical functions
under experimental conditions without contributing to schizophrenia risk. The ongoing
refinement of the spectrum of experimental phenotypes resulting from mutation of schizophrenia
genes will improve our ability to test causality of novel candidates. In addition, genetic criteria
including recurrence, linkage within families, and de novo mutation as well as bioinformatic
analyses of protein-protein interactions, networks, and co-expression during development also
contribute to evaluation of causality. We suggest that a focus on chimerism as a mutational

mechanism allows the identification of mutations that are likely to prove damaging when
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evaluated functionally. These findings suggest a role for germline gene fusions in schizophrenia,
implicate new candidate genes and pathways, and provide a new approach to the identification of

likely pathogenic variation.

4.2 Future Directions

One limitation of this study is the array CGH platform used, which, though state-of-the-
art at the time, has a relatively low resolution of ~1 probe per kb with many technical difficulties
in correct event calling. Since we began this study, transformative new sequencing technologies
have emerged. Exome and whole genome sequencing data in large case series can be readily
exploited to detect chimeric genes, and will reveal whether the overall contribution of this class
of mutation to schizophrenia is similar to that in our series. Similar analyses in other
neurodevelopmental illnesses may also be revealing. Beyond their role in disease, chimeras are
intriguing candidates for emerging traits in the human lineage. We focused on extremely rare,
case-specific chimeras, but a population genetics approach to chimeras present in specific
populations, or chimeras undergoing selection has the potential to reveal fascinating new
variants.

Furthermore, this analysis was limited to germline chimerism, but somatic mutations
arising in development may also produce chimeras whose expression is restricted to the CNS, or
even to specific brain regions. Deep sequencing of DNA and RNA from post-mortem brain
tissue of affected individuals has the potential to reveal such somatic mutations, chimeric or
otherwise.

On a much broader note, one of the key challenges facing geneticists and clinicians

concerned with psychiatric illness is how to incorporate these complex genetic findings into
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clinical practice. A daunting possibility is a complete overhaul of diagnostic categories, with new
clinical entities defined both by genotype and phenotype. While | believe that serious gaps in our
current knowledge preclude a comprehensive new nosology at present, targeting future studies to
specifically fill in those gaps will prove useful. These approaches may include pharmacogenetic
studies of subjects with known genetic lesions and targeted resequencing of genes involved in
neurodevelopmental illnesses in mentally ill probands, regardless of diagnostic status. Another
approach that I think will be enormously revealing is the generation of induced pluripotent stem
cells (iPSCs) from many individuals, particularly with known genetic lesions. It may be that
phenotypic characterization of neurons derived from these iPSCs will define groups of mutations

leading to shared cellular phenotypes.
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Appendix: Primer sequences

Name Primer sequence Purpose Target
MATK_F TTGGCATCCTGGCTGAGACG MATK expression cDNA
MATK_R TGGAGAAGCAACACCCCTCTC MATK expression

ZFR2 ex4 F GGTAGGTGTATCCCGAGGACAAG ZFR2 expression cDNA

ZFR2 ex2 R ACAACCCACTCCTGGGATGG ZFR2 expression

ZFR2-MATK_F GGTAGGTGTATCCCGAGGACAAG MATK-ZFR2 chimera expression patient cDNA
ZFR2-MATK_R AAGCAGTTGGTTAGCGAAGGG MATK-ZFR2 chimera expression

ZFR2_ex13-14_F | CCCGGCAGCTCCAGATGG ZFR2 expression, alternate splicing of exon 15 cDNA

ZFR2 ex16-17 R | CATGGCCCAGGCTGGC ZFR2 expression, alternate splicing of exon 15

Dupl6 bkpt F CACAAACATGCCATCATATTGAGGGCTGGG DNAJA2-NETO2 breakpoint primers patient gDNA
Dupl6 bkpt R ATGACAGATACGGAGAGCAAGGTCTTCGGG | DNAJA2-NETO?2 breakpoint primers

Dupl9 bkpt F TTAGATGAGTCAGGGTTCCAGCAGAGAACG MATK-ZFR2 breakpoint primers patient gDNA
Dupl9 bkpt R GGGTTGCTAGGCGACATCGGTGAGTGTAGG | MATK-ZFR2 breakpoint primers

Dupl4 bkpt F AGAGTTCCTGTTGCTCCACATCCTTGCCAG PLEKHD1-SLC39A9 breakpoint primers patient gDNA
Dupl4 bkpt R GTTGACATCTGGGTAAAATGCGGAGGGTTG PLEKHD1-SLC39A9 breakpoint primers

Dell7 bkpt F GCCTCCTTGACAGACATTTTCGTTCCTCAG MAP3K3-DDX42 breakpoint primers patient gDNA
Dell7_bkpt R CTGCATCGAGAAGACCTTGAACAATCCCAG MAP3K3-DDX42 breakpoint primers

MAP-DDX_cl_F ATGGACGAACAGGAGGCATTGAACT cloning of MAP3K3-DDX42 patient cDNA
MAP-DDX _cl R CGAACTGTCCCATCGACTTTTCTTG cloning of MAP3K3-DDX42

DDX42 WT cl F | GGCACCATGAACTGGAATAA cloning of full-length DDX42 patient cDNA
DDX42 WT cl R | TTTAGCACATCCCCTCGAAC cloning of full-length DDX42

MAP3K3_WT _cl

F ~ 7 7 | CACCATGGACGAACAGGA cloning of full-length MAP3K3 patient cDNA
MAP3K3_WT _cl

R ~ 7 7 | GCGCCGTGAGAGCTGAGTACA cloning of full-length MAP3K3

DNA-NET cl_F ATGGCTAACGTGGCTGACACG cloning of DNAJA2-NETO2 patient cDNA
DNA-NET cl_R TGAGAAGTCAATGGATATGGATGCT cloning of DNAJA2-NETO2

DNAJA2_WT cl_

F ATGGCTAACGTGGCTGAC cloning of full-length DNAJA2 patient cDNA
DNAJA2_WT cl_

R TTTGCAGAGTTGACTGATGG cloning of full-length DNAJA2

PLEK-SLC cl F | ATGTTCACGTCCAAGTCCAACTCGG cloning of PLEKHD1-SLC39A9 patient cDNA

PLEK-SLC ¢l R

GTAATGCTGGTGTCCTACTGACAGG

cloning of PLEKHD1-SLC39A9
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PLEK WT cl_F GATGTTCACGTCCAAGTCCA cloning of full-length PLEKHD1 patient cDNA
PLEK WT ¢l R | AGGAGCGCCCATCTCTTT cloning of full-length PLEKHD1
SLC_WT clF AAAGGAGGGCAGAATGGA cloning of full-length SLC39A9 patient cDNA
SLC WT cl R CATTGAATGCTGGTGTCC cloning of full-length SLC39A9
ZFR2_nestl_F AAGATGGCGACGAGTCAGTATTTC outer nesting primers for first half of ZFR2 brain cDNA
ZFR2 nestl R GCTGAACACCTCCTCCACATATTC outer nesting primers for first half of ZFR2
ZFR2 nest2 F TGGGGGAAACCAGCCCAACC outer nesting primers for second half of ZFR2 brain cDNA
ZFR2 nest2 R GAGGTAGGCGGCTAACACGAG outer nesting primers for second half of ZFR2
MATK- ZFR2_nestl
ZFR2 gibs F2 cgggttgctaggcgacatcgCGCCCAGCCTCCGACC | MATK-ZFR2 isoform 1 Gibson assembly PCR product
MATK- GAAGCGAAGCACTCGCCCTTCGTCGCTGAA
ZFR2 gibs R2 CACCTCCTCCACATATTC MATK-ZFR2 isoform 1 Gibson assembly
MATK- CTCGTGTTAGCCGCCTACCTCAAGGGCAATT miniprepped
ZFR2 gibs F4 CTGCAGATATCCAG MATK-ZFR2 isoform 1 Gibson assembly vector
MATK- accaactgcttgattttgctAAGGGCAATTCCACCACA
ZFR2 gibs R4 CTGG MATK-ZFR2 isoform 1 Gibson assembly
MATK- ZFR2_nest2
ZFR2_gibs_F3 GAATATGTGGAGGAGGTGTTCAGCG ZFR2, MATK-ZFR2 isoform 1 Gibson assembly PCR product
MATK- CTGGATATCTGCAGAATTGCCCTTGAGGTAG
ZFR2 gibs R3 GCGGCTAACACGAG ZFR2, MATK-ZFR2 isoform 1 Gibson assembly
MATK- CCAGTGTGGTGGAATTGCCCTTagcaaaatcaag
ZFR2 gibs F1 cagttggttagcg MATK-ZFR2 isoform 1 Gibson assembly gDNA
MATK- GAAGGGTCGGAGGCTGGGCGcgatgtcgectage
ZFR2 gibs R1 aacccg MATK-ZFR2 isoform 1 Gibson assembly
AGTGTGGTGGAATTGCCCTTATGGCGACGAG ZFR2_nestl
ZFR2 gibs F1 TCAGTATTTCGAC ZFR2 isoform 1 and 2 Gibson assembly PCR product
GAAGCGAAGCACTCGCCCTTCGTCGCTGAA
ZFR2 gibs R1 CACCTCCTCCACATATTC ZFR2 isoform 1 and 2 Gibson assembly
outer nesting primers for C-terminus of ZFR2
ZFR2 nest3 F GCAACTCAGCCTCCCAAAGTG isoform 2 brain cDNA
outer nesting primers for C-terminus of ZFR2
ZFR2 nest3_R ATCTCCTGCCGCCCAGACACCG isoform 2
ZFR2 _is02_gibs_ ZFR2 nest3

F2

CTCGTGTTAGCCGCCTACCT

ZFR2 isoform 1 and 2 Gibson assembly

PCR product

ZFR2_is02_gibs_
R2

atatctgcagaattgcccttTGACTCAAAAGGAAATGA
CCA

ZFR2 isoform 1 and 2 Gibson assembly

ZFR2_is02_gibs_
F1

AGTGTGGTGGAATTGCCCTTATGGCGACGAG
TCAGTATTTCGAC

ZFR2 isoform 2 Gibson assembly

miniprepped
ZFR2 isoform2
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ZFR2_is02_gibs_

R1 GAGGTAGGCGGCTAACACGAG ZFR2 isoform 2 Gibson assembly

ZFR2_is02_gibs_ | GGTCATTTCCTTTTGAGTAAAAGGGCAATTCT miniprepped
F3 GCAGATATCCAG ZFR2 isoform 2 Gibson assembly ZFR2 isoform2
ZFR2_iso2_gibs_ | GTCGAAATACTGACTCGTCGCCATAAGGGCA

R3 ATTCCACCACACTGG ZFR2 isoform 2 Gibson assembly
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