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Abstract

Transcription of human-specific duplicate genes

Max L. Dougherty

Chair of the Supervisory Committee:
Evan E. Eichler, PhD
Genome Sciences

In this work, I set out to characterize new genes contained specifically within the human genome
but absent from any other, including our closest evolutionary cousins. Our interest in these genes
is twofold: First, gene duplication is a fundamental process by which evolutionary innovations at
the organismal level arise; and second, we believe that variation in these new genes is an important
and unappreciated source of phenotypic differences between individuals, both normal and
pathogenic.

The ability to interpret observed variation in a gene, such as to determine if a mutation in that
gene is likely to be impactful, requires quality annotation. This includes an understanding of gene
structure: how the gene is transcribed, processed, and which base pairs code for protein or have

other specific roles. The major challenge presented by this category of genes is that they are highly



identical to other parts of the genome, and as such, most methods of investigation struggle to tell
them apart. As will be expanded upon, this annotation is currently absent or insufficient for genes
that are specific to the human genome. Combined with evolutionary and expression analysis,
solving this annotation problem enables us to understand how new genes are created in the human
genome at the very earliest stages. Combined with surveys of natural occurring and pathogenic
variation, it enables us to understand which new genes are functional and which are not, and among
those with function, which harbor deleterious variants that can cause disease.

With these goals in mind, I set out to solve the annotation of human-specific duplicate genes
most promising for functional status. I performed a close study of one such gene, HYDIN2, where
I present an evolutionary analysis that gives insight into gene creation and associated disease
mechanism, present a survey of naturally occurring variation, and describe the complex
transcriptional pattern of a gene that serves as a case study in how duplication and rearrangement
of genome segments can lead to rapid gene innovation. Next, I present a technique to more rapidly
and rigorously study the transcription of any recently created duplicate gene. I apply this technique
to the body of human-specific duplicate genes as well as other expanded gene families. I show that
by improving upon current annotations we gain insight into the structural history, expression
pattern, and functional status of such genes. I conclude with logical next steps and promising future
directions. Ultimately, this work increments our understanding of how gene duplication leads to
evolutionary innovation specifically in human, the functional impact of these species-specific

differences, and how variation in these genes can contribute to disease.
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Chapter 1. INTRODUCTION

Genes found in structurally complex regions of the human genome are reservoirs for unexplored
variation. Such regions are dynamic, showing variation among human populations and between
humans and our closest primate relatives. But this dynamism derives from a susceptibility to
rearrangements that can result in pathogenic structural variants. The main defining feature of these
regions is the presence of large, highly identical blocks of duplicated sequence. Such duplications
have long been a thorn in the side of complete assembly and annotation of the human genome.
Persistent advances in sequencing technology and assembly methods, however, have improved
their accessibility. Human-specific duplicate genes are a product of these same processes and
represent dramatic changes to the genome that have occurred over a relatively short period of time.
Their role in underlying human-specific traits, once theoretical, is now being increasingly explored
and frequently validated. And we are just beginning to be able to better assess their roles in disease,
particularly diseases of neurodevelopment. In this introduction, I will begin by discussing the many
ways that impactful genomic differences between humans and other species have been sought out,
followed by how duplicate genes have been thought to create evolutionary novelty, and finally I
will describe what human-specific duplicate genes are and why we believe they are strong

candidates for playing a role in both evolution and disease.

1.1  IDENTIFYING HUMAN-SPECIFIC DIFFERENCES

Two of the more surprising findings of modern genetics are perhaps most surprising because of
our anthropocentric tendencies. In the presentation of the initial draft sequence of the human

genome, it was posited that it contained 30,000—40,000 protein-coding genes, despairingly “only



about twice as many as in worm or fly” (Lander et al., 2001). Later, of course, that estimate was
further reduced (Ezkurdia et al., 2014).

The other surprising finding was the result of a comparative biochemical study carried out in
1975 that sought to measure the genetic distance between human and our closest evolutionary
branch, the chimpanzee, using mostly protein polymorphisms (King & Wilson, 1975). What was
surprising about this was how little difference they found. After the sequencing of the
chimpanzee genome, we can now say that 29% of proteins are identical between the two species
and that on average proteins differ by about two amino acids (Chimpanzee Sequencing and
Analysis Consortium, 2005).

These observations have led to many alternative explanations as to what differences in the
genomes of the two species are responsible for our apparent phenotypic differences. The most
striking phenotypic difference, and the one most closely tied to our sense of self, is our increased
cognitive capacity, and all that has followed as a result. Thus, a focus on genes that are
responsible for differences in the human brain specifically is a prominent feature of such
comparative studies.

Despite the small number of protein sequence differences between human and chimpanzee, it
may be that some of these differences are particularly impactful, though identifying those
specific impactful differences from sequence alone may be challenging, as only a small fraction
of such differences appear to be under positive selection (Chimpanzee Sequencing and Analysis
Consortium, 2005). One such difference may be found in FOXP2, a highly conserved
transcription factor, mutations in which have been associated with specific language impairments

and which contains two amino acid substitutions on the human lineage specifically, despite very



high conservation throughout mammals (Enard et al., 2002). Similar examples, however, are
few.

Alternatively, it may be that regulatory differences between otherwise highly similar
proteins—when, where, and to what degree they are expressed—are behind the observed
differences (Carroll, 2008; King & Wilson, 1975). Efforts to identify key human-specific
regulatory changes follow a similar logic; genomic sequences are identified that are highly
conserved among other species but contain an excess of differences in human and designated
human-accelerated regions (HARs) (Pollard et al., 2006). One such HAR was found to be an
enhancer of FZD$, and in transgenic mice, FZD$§ under the control of the human (relative to the
chimpanzee) form of the enhancer, drove accelerated cell cycle of neural progenitor cells and
resulted in increased brain size (Boyd et al., 2015). However, most HARs, the majority of which
are intergenic, still have unknown consequences (Levchenko et al., 2018).

Finally, another proposed source of phenotypic differences is gene loss, due to the frequency
of spontaneous loss-of-function mutations and their ability to produce rapid phenotypic change
(Olson, 1999). One appealing example of this is the gene MYH16, a form of myosin expressed in
jaw muscles that contains a human-specific frameshift mutation, which is believed to be
responsible for the reduction of type II muscle fibers in human and slighter jaw musculature,
leading to a weaker jaw, and potentially relieving the cranium of the structural requirements that
constrain cranial size (Stedman et al., 2004).

While each of these sources of human-specific variation has yielded interesting anecdotes of
specific, likely impactful changes, the contribution of each type to the totality of human-specific
phenotypic differences remains unclear. Here we choose to focus on gene duplication as a major

but underexplored source of this variation.



1.2 DUPLICATE GENES AND EVOLUTIONARY NOVELTY

Most prominently associated with the notion that gene duplication is the primary mechanism by
which evolutionary novelty arises is Susumu Ohno, who proposed that purifying selection is
such a dominant force that it is rare for novel functions to arise spontaneously from accumulated
mutations. However, following duplication of a gene, the redundancy provided by the extra copy
creates a permissive state where one gene is free to accumulate previously forbidden mutations,
while the other can maintain the ancestral role (Ohno, 1970). The strongest advocate for the
importance of gene duplication, Ohno went so far as to say that the evolution of complex
multicellular organisms could not have occurred without gene duplication, popularizing the idea,
though earlier related speculations had arisen following observations of duplicated sequence in
Drosophila (Bridges, 1936; Stephens, 1951).

A different model, in which the multiple functions of an ancestral gene are partitioned
between the duplicate copies, was proposed after the observation of a single-copy gene in
chicken, whose embryonic expression pattern was recapitulated by the sum of the expression
pattern of the two duplicate copies in zebrafish (Force et al., 1999). Called the duplication-
degeneration-complementation model, it holds that separate, degenerative mutations in
regulatory sequence result in the complementary loss of expression for either copy and allow
each new copy to further specialize in their new role. A thematically similar partitioning has
been observed in an alternatively spliced transcription factor found at single copy in the human
genome; following duplication in fish, each duplicate has taken over one of the two isoforms in
human (Dermitzakis & Clark, 2001). The various expected outcomes of gene duplication are

summarized in Figure 1.1.
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Figure 1.1. Potential fates of duplicate genes.

Shown is a schematic of a gene immediately following duplication, where the bent arrows represent the promoter and
the black rectangles represent the gene body, while colored circles represent gene functions and lightning bolts
represent mutations. Starting from the upper left, the simplest fate is preservation of function, which results in an
effective increase in dosage. The most common fate for a duplicate gene is believed to be degradation, where the gene
is silenced by mutations that affect its expression and/or protein-coding capacity. Alternatively, the new duplicate pair
may undergo subfunctionalization, where each copy specializes in one of the functions of the ancestral gene. Finally,
a duplicate gene can undergo mutations that confer entirely novel function, known as neofunctionalization.

In general, these models focus on the gradual accumulation of mutations following the
duplication event, occurring over timescales much longer than human—chimpanzee divergence
time of ~6 million years. It is possible that immediate consequences of gene duplication may be
more relevant at this timescale, such as the case of the Drosophila gene jingwei, which was
created following a gene duplication that itself was subject to an in-frame retrogene insertion ~2
million years ago (Long & Langley, 1993). Immediate change such as this bypasses the slow
accumulation of mutations as proposed by the earlier models of gene duplication.

That the immediate consequences of gene duplication (the state following the duplication
event but before subsequent mutations have accumulated) may be important for the most
recently duplicated genes is supported by the evolutionary history of the duplicate gene

SRGAP2C, created ~2.4 million years ago in the human genome (Dennis et al., 2012). SRGAP2C



is a truncated copy of its ancestral gene and, consequently, produces a truncated protein.
Specifically, compared to the ancestral protein, SRGAP2C has retained the ability to dimerize
(with both itself and the ancestral protein) but lost its effector domains. Thus, by interacting with
the ancestral protein, this duplicate gene acts in a dominant negative fashion to antagonize it
(Charrier et al., 2012). This provides a glimpse into how partial gene duplication can
significantly change duplicate genes at the time of their birth, thus leading immediately to novel
functions for the duplicate copy. It is worth noting, however, that subsequent amino acid
substitutions appear to have strengthened its effectiveness (Charrier et al., 2012; Sporny et al.,
2017). The importance of the immediacy of change appears to be a recurring theme in the study

of human-specific duplicate genes, which will be expanded upon in Chapters 2 and 3.

1.3 THE CHALLENGES AND THE PROMISE OF HUMAN-SPECIFIC DUPLICATE

GENES

Human-specific duplicate (HSD) genes are genes that have been created by duplication of
genomic segments containing genes in whole or in part, where the duplication event has occurred
on the human lineage, that is, after the evolutionary divergence from chimpanzee approximately
6 million years ago (Dennis et al., 2017; Sporny et al., 2017). There are estimated to be about
218 HSD genes (Dennis et al., 2017; Sudmant et al., 2010), ranging in size from 5 kbp to 362
kbp, and in age from 5.3 to 0.3 million years, though there are likely more yet to be discovered.
HSD genes are currently a frontier in our understanding of two types of variation: the variation
that exists between the human species and its closest evolutionary cousin, the chimpanzee, and
the variation that exists between individuals and populations within the human species. The

former addresses essential questions about human origin, identity, and uniqueness. The latter



addresses currently unexplored variation that contributes to phenotypic differences between
individuals, including pathogenic variants.

While the premise behind our interest in HSD genes is that regions of the genome that are
most rapidly changing are likely to contain important differences between the genomes of
species, varied studies of human-specific aspects of brain development have converged upon this
group of genes (Charrier et al., 2012; Florio et al., 2015, 2018; Ju et al., 2016; Bhaduri et al.,
2018). HSD gene families are enriched for roles in neuronal cell death and neurological disease
(Sudmant et al., 2010). This, combined with the fact that species-specific gene duplications have
frequently been found to have been drivers of distinctive species-specific traits (Charrier et al.,
2012; Chen et al., 2008; Dennis et al., 2012; Duda & Palumbi, 1999; Florio et al., 2015; Ju et al.,
2016; Yim et al., 2014), draws our interest toward these genes as potential drivers of that most
distinctive human-specific feature of all: human cognition. However, it is worth noting that
HSDs are a diverse set of genes. For instance, some HSD gene families have roles related to
immunity and contain variants implicated in autoimmune or immune deficiency-related
conditions (Roy et al., 2017; Zhao et al., 2017).

Recently duplicated genes in the human genome were initially identified via two strategies:
1) array comparative genomic hybridization (CGH) using bacterial artificial chromosome (BAC)
microarrays combined with detection of increased read depth over individual BACs from whole-
genome shotgun sequencing (Sharp et al., 2005; Bailey et al., 2002) and 2) the use of cDNA-
based array CGH to identify transcribed genes that have undergone copy number change in
primates (Fortna et al., 2004; Dumas et al., 2007).

With the availability of whole-genome sequencing data from diverse humans and nonhuman

primates, regions containing HSD genes can be identified by a specific read-depth signature,



where increased read depth is observed in particular genomic segments in humans, but not in
chimpanzee and other closely related primate species (Sudmant et al., 2010). However, the
complex histories of rearrangements that characterize these regions can make them difficult to
detect (Dennis et al., 2017). Part of the reason underlying this is that HSD genes, and indeed all
segmental duplications, are not distributed randomly but rather cluster, a reflection of the
propensity for duplicate sequence to catalyze further duplications (Bailey et al., 2002; Jiang et

al., 2007).

I dosage-sensitive region I
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Figure 1.2. Large duplications predispose to further genomic rearrangements.

|

Large genomic segments of high identity, represented here by block arrows, predispose the genome to further
rearrangements by serving as templates for non-allelic homologous recombination. Unequal crossing over can result
in deletions or duplications of intervening sequence, as well as other structural variants (not shown). This architecture
is responsible in large part for many of the genomic regions whose recurrent rearrangements are associated with
neurodevelopmental disease (see also Figure 1.3).

Puzzlingly, one certain consequence of the presence of HSDs throughout the human genome
in this clustered fashion is increased genomic instability (Figure 1.2). Specifically, the presence
of long stretches of highly identical sequence dispersed through the genome, with intervening,
gene-containing, non-duplicate sequence, promotes unequal crossing over, mediated by non-
allelic homologous recombination (Lupski & Stankiewicz, 2007). Indeed, this is reflected in the

extensive overlap between regions of the genome that harbor human-specific duplications and



regions that are recurrently rearranged with pathogenic consequences, including common
microdeletion and microduplication syndromes (Figure 1.3; Dennis et al., 2017). This
observation, that the duplications that give birth to HSD genes also predispose the genome to
pathogenic rearrangement, shows that they are in fact a double-edged sword, and has led to the
hypothesis that the fitness gain provided by the creation of these new genes outweighs the fitness
cost of the increased frequency of congenital disease caused by the genomic architecture these

duplications engender (Marques-Bonet et al., 2009).
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Figure 1.3. Extensive overlap between disease-causing and gene-creating genomic rearrangements.

The locations of large, gene-containing HSDs are highlighted (blue lines) across nine different human autosomes.
Many of these HSDs overlap known disease-implicated genomic hotspots (red lines) prone to recurrent copy number
variation associated with developmental delay. The genomic hotspots labelled with red numbers (1-6) have significant
associations with specific disorders including epilepsy, autism, schizophrenia and intellectual disability (ID). Adapted
from Dennis et al., 2017.



What follows then is to understand the roles of each one of these HSD genes. Which are
functional, and which are subject to purifying, neutral, or positive selection? What specific
evolutionary processes created these new genes? What is the spectrum of natural variation in
HSD genes and do they contain pathogenic variation as well? And finally, what differences in
phenotype are derived from the presence of these genes in the human genome? To begin to
answer these questions requires first and foremost accurate sequence data, at both the genomic
and transcript level. This work takes up at a point when many HSDs have been correctly
sequenced and assembled, but their transcription is still poorly understood, therefore most of this

work focuses on the study of HSD gene transcription.

1.4  TOPICS IN THIS DISSERTATION

Dissecting the role of HSDs in human evolution and disease requires understanding their
evolutionary history, the nature of their transcription, and correct annotations that allow us to
interpret variation. The work described here seeks to advance the field of HSDs in these three
areas. Because of the inherent difficulties in studying large, nearly identical duplications, these
genes tend to be less well characterized (Dougherty, 2018 submitted).

Chapter 2 describes a focused study of a particularly intriguing HSD gene (as well as the
largest), HYDINZ2. Through careful determination of the evolutionary history of that region, we
show how HYDIN? is a large chimeric gene, created through fusion transcription between
multiple segmental duplication blocks that came together in a stepwise fashion. We show how
this amalgam of genomic duplications led HYDIN?2 to gain a new promoter that drives a pattern
of expression quite different from the ancestral gene, HYDIN (a theme that will be further
expanded upon in Chapter 3), including dramatically increased expression in the developing

brain. It was readily apparent that the gene annotation for HYDIN2 was inadequate, and so we
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used RT-PCR and long-read sequencing to determine, for the first time correct gene models for
HYDIN? that were required for its study. We explored its role as a potential cause of
microcephaly/macrocephaly in chromosome 1q21.1 reciprocal rearrangement syndromes, and
used comparative analyses, as well as queried natural variation in coding sequence, to study
selection acting on the gene.

Lessons learned from this project then led to the development of the more comprehensive
study of HSD gene transcription described in Chapter 3. Here, we developed a new technique,
also based on long-read sequencing of RNA, but using probe-based enrichment to target genes of
interest and study their transcription in both a broader and less biased way. We present a close
study of the transcription of 19 HSD gene families. We find that the themes learned in Chapter 2
are repeated throughout HSD gene families, and that many of the duplicate genes are in fact
incomplete copies of the original, and yet still the vast majority transcribed. We show how the
extent of the initial duplication event plays a large part in determining the evolutionary course of
duplicate genes, particularly with respect to expression. We find numerous cases of missing or
incomplete gene annotations, including conserved coding sequence, indicating the utility of our
method.

Finally, in Chapter 4 I discuss future directions, specifically the experiments that the
knowledge gained from this work allows. This includes 1) the extension of our method to the
more complex gene family known as morpheus, which has undergone dramatic copy number
expansion in primate genomes (Johnson et al., 2001); 2) a long-read-based genotyping method to
assign ambiguous variants identified through large-scale short-read-based genotyping to the
correct paralog; and 3) the use of single-cell RNA-sequencing methods to identify HSDs critical

to neurodevelopment.
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Chapters 2 and 3, respectively, have been modified from manuscripts published and under

review as of May 2018.
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Chapter 2. THE BIRTH OF A HUMAN-SPECIFIC NEURAL GENE
BY INCOMPLETE DUPLICATION AND GENE
FUSION

Chapter 2 is adapted with minimal modification from:
Dougherty, M. L., Nuttle, X., Penn, O., Nelson, B. J., Huddleston, J., Baker, C., et
al. (2017). The birth of a human-specific neural gene by incomplete duplication and

gene fusion. Genome Biology, 18(1), 49. http://doi.org/10.1186/s13059-017-1163-
9

First authorship is shared between MLD and XN.

2.1 ABSTRACT

Gene innovation by duplication is a fundamental evolutionary process but is difficult to study in
humans due to the large size, high sequence identity, and mosaic nature of segmental duplication
blocks. The human-specific gene hydrocephalus-inducing 2, HYDIN2, was generated by a 364
kbp duplication of 79 internal exons of the large ciliary gene HYDIN from chromosome 16q22.2
to chromosome 1q21.1. Because the HYDIN2 locus lacks the ancestral promoter and seven
terminal exons of the progenitor gene, we sought to characterize transcription at this locus by
coupling RT-PCR and long-read sequencing. 5'-RACE indicates a transcription start site for
HYDIN? outside of the duplication, and we observe fusion transcripts spanning both the 5' and 3'
breakpoints. We observe extensive splicing diversity leading to the formation of altered open
reading frames (ORFs) that appear to be under relaxed selection. We show that HYDIN?2 adopted
a new promoter that drives an altered pattern of expression, with highest levels in neural tissues.
We estimate that the HYDIN duplication occurred ~3.2 million years ago and find that it is nearly

fixed (99.9%) for diploid copy number in contemporary humans. Examination of 73
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chromosome 1q21 rearrangement patients reveals that HYDIN?Z is deleted or duplicated in most
cases. Together, these data support a model of rapid gene innovation by fusion of incomplete
segmental duplications, altered tissue expression, and potential sub-functionalization or neo-

functionalization of HYDIN? early in the evolution of the Homo lineage.

2.2  BACKGROUND

Gene duplication has long been hypothesized to be an important source of evolutionary innovation
(Ohno 1970). The great ape lineage that includes humans has experienced a surge of interspersed
segmental duplications over the last 10-15 million years (Marques-Bonet et al. 2009; Sudmant et
al. 2013). While large, highly identical duplications sensitize the human genome to recurrent
rearrangements associated with disease (Lupski 1998; Stankiewicz et al. 2004; Bailey et al. 2002;
Sharp et al. 2005), they also have the potential to drive the emergence of novel duplicate genes
and functions (Dennis and Eichler 2016). The identification of functional duplicate genes,
however, is difficult, as these duplications are typically large, highly identical, and clustered into
complex mosaic structures juxtaposing sequence blocks of diverse origin (Bailey and Eichler
2006). Furthermore, duplicated regions of the genome are frequently misassembled and are the
source of extensive copy number variation in human populations (Sudmant et al. 2015a; Sudmant
et al. 2015b).

Considerable attention has been focused on the identification of duplicate genes that have
emerged since the human—chimpanzee divergence because of their potential to contribute to
human-specific traits (Bailey et al. 2002; Fortna et al. 2004; Sudmant et al. 2010). Already two
such genes, SRGAP2C and ARHGAPI1B, have been functionally characterized by heterologous
expression studies in mouse suggesting potential roles of the duplicates in increasing dendritic

spine density (Charrier et al. 2012) and expanding the number of cortical neurons (Florio et al.
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2015), respectively. Both duplicate genes are nearly fixed for copy number in human populations
but absent from all nonhuman primates (Florio et al. 2015; Dennis et al. 2012; Dennis et al. 2017;
Anotonacci et al. 2014). In addition, both genes carry only a subset of the exons of the ancestral
gene due to incomplete segmental duplication of the progenitor locus, supporting the hypothesis
that truncation may facilitate neofunctionalization (Dennis and Eichler 2016; Dennis et al. 2012).

Chromosome 1q21.1 is one of the largest regions of human-specific segmental duplication
blocks in the human genome (Bailey et al. 2002; O’Bleness et al. 2014), and, as such, is a reservoir
for human-specific transcripts and genes (Sudmant et al. 2010; O’Bleness et al. 2014). The
presence of large blocks of directly oriented, highly identical duplicated sequence renders this
region genetically unstable (Sharp et al. 2005). Specifically, recurrent deletions and duplications
occur at this locus and have been associated with cognitive and motor impairment, articulation
abnormalities, and hypotonia (Mefford et al. 2008; Brunetti-Pierrri et al. 2008; Bernier et al. 2015).
Duplication carriers show an increased prevalence of autism spectrum disorder (ASD) and
macrocephaly, while deletion carriers show an increased prevalence of microcephaly.

The human-specific gene HYDIN2 was previously mapped to this region of chromosome 1q21
(Doggett et al. 2006), but because it was contained within an assembly gap in GRCh37/hg19, its
role in 1g21 rearrangement syndromes remained uncertain. It was postulated that HYDIN2 might
contribute to the reciprocal macrocephaly/microcephaly phenotype (Brunetti-Pierri et al. 2008),
because mutation of the ancestral HYDIN gene leads to hydrocephalus in the mouse (Davy et al.
2003). In humans, however, recessive mutations in HYDIN were found associated with primary
ciliary dyskinesia without hydrocephalus (Olbrich et al. 2012). As such, whether dosage of
HYDIN? plays a role in the 1g21.1 microdeletion/microduplication phenotype has remained

unanswered.
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With the initial discovery of the HYDIN duplication (Doggett et al. 2006), two features of the
derived locus were noted. First, although the gene duplication was truncated and did not include
the promoter, transcription was observed at HYDIN2. Second, HYDIN? transcripts appeared to
derive primarily from neuronal sources, in contrast to the ciliated tissues from which HYDIN
transcripts were originally cloned. We sought to investigate the origin and significance of HYDIN?2
transcription by reconstructing the evolutionary history of this locus, assessing patterns of human
genetic variation in both normal and disease populations, and exploring transcript diversity in

human tissues.

2.3  RESULTS

2.3.1 Molecular evolution and breakpoint analyses

The ancestral HYDIN gene is notable for its large size—its canonical gene structure occupies 423
kbp of genomic sequence and by homology to mouse is predicted to produce a 15,179 bp transcript
encoding a 5,121 amino acid protein (Figure 2.1a). Comparative sequencing of both human
HYDIN paralogs as well as the putative integration or acceptor site in chimpanzee shows that the
duplicated sequence is 364 kbp long and shares 99.4% nucleotide identity with its ancestral
paralog. The duplication includes 79 coding exons but excludes the sole promoter, as well as the
canonical polyadenylation site, though shorter isoforms of HYDIN with earlier polyadenylation
sites are recorded. For transcription to occur, this gene segment must have acquired a new promoter
and at least one novel polyadenylation site, potentially from flanking sequences.

The ancestral site on chromosome 16q22.2 is flanked by unique sequence, with no indication
of a predisposition to rearrangement. In contrast, the acceptor site occurs within a large segmental

duplication block on chromosome 1q21 that has been subject to extensive duplication and
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rearrangement over the last 25 million years of evolution (Bailey et al. 2002; Fortna et al. 2004;
Dennis et al. 2012; O’Bleness et al. 2012). This includes the hyper-expanded core duplicon for
chromosome 1 that carries members of the neuroblastoma breakpoint family (NBPF) and its
associated DUF1220 protein domain (Vanderpoele et al. 2005; Jiang et al. 2007; Popesco et al.
2006). Copies of NBPF map 36 kbp downstream of the insertion site and represent the nearest
protein-coding gene (Figure 2.1a, see also Appendix A: Figure S1). We refined the breakpoint of
the duplication integration by targeted sequencing of chimpanzee bacterial artificial chromosome
(BAC) clones. A comparison with the high-quality chimpanzee sequence indicates that the
insertion at chromosome 1g21.1 occurred at the boundary between the LTR and LINE repeats,

with concomitant loss of 841 bp of LINE sequence (Figure 2.1b) in the human lineage.
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Figure 2.1. HYDIN duplication and evolution.

a) Comparison of human genomic sequence from the donor locus on chromosome 16q22.2 (top) to the acceptor locus
on chromosome 1g21.1 (middle) shows a 364 kbp duplication (blue lines) including exons 6-84 of the 86-exon
ancestral gene HYDIN, visualized using Miropeats. Connecting lines indicate nearly identical segments (s = 1,000).
The orthologous insertion site (bottom) prior to insertion based on sequencing of chimpanzee BAC (CH251-231E10)
is shown with homology indicated (green lines). Human gene annotation (GENCODE) as well as the location of the
exons found in fusion transcripts, breakpoints (dashed boxes) and acquired novel promoter (arrowhead) are depicted.
b) Sequence alignment of the 5' and 3' breakpoints (dashed red box) shows that the duplication integrated at the
boundary of an LTR and LINE repeat with the concomitant loss of 841 bp of LINE sequence based on analysis of the
chimpanzee orthologous sequence. Uppercase bases are beyond the breakpoint while lowercase bases indicate a break
in homology. Numbers are as indicated in Figure 2.1a. ¢) A neighbor-joining phylogenetic tree based on a 315,349bp
MSA using the human paralogs as well as orthologous chimpanzee and orangutan sequences. Based on the genetic
distance (Kimura-2 parameter) and assuming a human—chimpanzee divergence of 6 mya, we estimate the duplication
occurred ~3.17 mya (95% CI: 3.09-3.24 mya, bootstrap method). d) The model depicts the simplified evolutionary
history of the HYDIN2 genomic locus as a series of juxtaposed segmental duplications that contributed novel exons
and regulatory machinery. Human-mouse comparative sequence analysis (GRCh38/GRCm38) shows that the 5' and
3' exon blocks (yellow arrows) originated as a single ~89 kbp segmental duplication mapping to human chromosome
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1p22.3. It was duplicated in the common ape ancestor (~21 mya) from chromosome 1p22.3 to chromosome 1q21.1 in
close proximity to the NBPF core duplicon and the promoter-containing segment of HYDIN? (green arrows).
Approximately 3.2 mya, an inverted duplication (109 kbp) occurred with NBPF cores defining the breakpoints at
chromosome 1g21.1 and 1q21.2. This was followed by the insertion of the 364 kbp HYDIN segmental duplication
from chromosome 16q22.2. See Appendix A: Figure S2 for phylogenetic analyses. e) Miropeats (s = 800) schematic
shows the genomic organization of the segmental duplications and surrounding gene annotation. This includes the 364
kbp HYDIN segment (blue), the 89 kbp exon-containing segment from chromosome 1p22.3 (yellow), and the larger,
109 kbp, inverted segmental duplication, shared with between chromosome 1q21.1 and chromosome 1q21.2 (green
and yellow). Inset shows DHS data for fetal brain in the ~14 kbp surrounding the first exon of HYDIN2. The new
promoter (bent arrow) corresponds to a peak of chromatin accessibility. (See also Appendix A: Figure S6, Appendix
A: Table S8).

To estimate the evolutionary age of the HYDIN duplication, we generated high-quality
sequence data for the two human HYDIN paralogs and built a multiple sequence alignment (MSA)
using orthologous sequences from chimpanzee (panTro4) and orangutan (ponAbe2) over the 364
kbp duplicated region. Phylogenetic analysis predicts that the duplication occurred approximately
3.17 million years ago (mya; 95% CI: 3.09-3.24 mya, bootstrap method) (Figure 2.1¢)—a period
corresponding to the transition between australopithecines and the genus Homo. The derived
HYDIN? duplication has inserted into evolutionarily older segmental duplications shared among
great apes (summarized in Figure 2.1d). Immediately flanking the large central segment are two
blocks, referred to here as the 5' exon block (41 kbp) and the 3' exon block (24 kbp), because they
provide exons that form fusion transcripts by joining with exons from within the HYDIN2
duplication. These two blocks were formerly a single segment that was bisected by the insertion
of the duplication from chromosome 16.

The segment composed of the 5' exon block and 3' exon block maps to two other locations in
the human genome in addition to chromosome 1q21.1 (Figure 2.1d): an inversely oriented copy
mapping 1.1 Mbp telomerically at chromosome 1q21.2 and another mapping at chromosome
1p22.3. Only the chromosome 1p22.3 locus shares conserved synteny with mouse, where it is
found as a single copy and likely represents the ancestral locus. The other two copies on

chromosome 1q21 are both associated with NBPF and form a larger homologous segment of ~109
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kbp in length. Phylogenetic reconstruction predicts that the first duplication occurred ~21 mya
(95% CI: 20.6-21.6 mya, bootstrap method; Appendix A: Figure S2a), placing the event at the root
of ape lineage after divergence from the Old World monkeys (Glazko et al. 2002). This is
consistent with our observation that this segment is found at single copy in New World and Old
World monkeys and at two copies in gibbon and orangutan.

The second duplication, from chromosome 1q21.1 to chromosome 1q21.2, shows greater
sequence identity (99.6%) than the HYDIN duplication (99.4%). Although phylogenetic timing
predicts a more recent origin for this duplication (2.31 mya; 95% CI: 2.17-2.45 mya; Appendix A:
Figure S2b) than for the HYDIN duplication, it must necessarily have occurred prior to or together
with the insertion of the HYDIN segment from chromosome 16 in order for it to have been
disrupted by the insertion. It is likely that interlocus gene conversion between human chromosome
1g21.1 and chromosome 1q21.2 copies distorts the timing of this duplication. Longer stretches of
conserved synteny between sequenced nonhuman primate clones and human chromosome 1q21.1
than between the clones and human chromosome 1q21.2 indicate that chromosome 1q21.1 is the
more likely ancestral locus. This second duplication extends further upstream to include a segment
that provides the new promoter (26 kbp) and further downstream to the segment that includes
NBPF12. Altogether, the HYDIN segment is sandwiched by two layers of duplications—the first
21 million years old, and the other 3.2 million years old—providing the genomic substrates for

novel HYDIN? flanking exons and regulatory elements (Figure 2.1e).

2.3.2  Copy number diversity and gene conversion in human populations

We assessed HYDIN copy number variation across diverse human populations, archaic hominins,
and nonhuman primate genomes by applying whole-genome shotgun sequence detection and

singly unique nucleotide k-mer (SUNK) analysis to obtain aggregate copy number estimates
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(Sudmant et al. 2010). In contemporary human populations, we observe a narrow distribution of
HYDIN copy number, centered on individuals having two diploid copies of each paralog for a total
of four aggregate copies (Figure 2.2a). As expected from our phylogenetic analysis, all nonhuman
primates have just two diploid copies of HYDIN. Neanderthal and Denisova are believed to have
diverged from modern humans approximately 700,000 years ago (Reich et al. 2010; Meyer et al.
2012; Priifer et al. 2014). Consistent with this, we observe the duplication in their genomes as well
as in three archaic human genomes (~7,000-45,000 years old), though with a greater variability,
possibly due to the relatively lower coverage and/or quality of these genomes (Fu et al. 2014;
Lazaridis et al. 2014). In total, our analysis of 2,401 human genomes from the 1000 Genomes

Project (1KG) and the Human Genome Diversity Project (HGDP; Appendix A: Figure S3),
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Figure 2.2. HYDIN copy number diversity in humans and great apes.

a) Diploid aggregate copy number for HYDIN loci based on genome sequencing data from 1KG (611 Africans, 285
admixed Americans, 400 East Asians, 376 Europeans, 451 South Asians), as well as archaic genomes and great apes
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(14 bonobos, 23 chimpanzees, 32 gorillas, 17 orangutans). Copy number was estimated using average sequence read
depth across the 364 kbp segmental duplication as described previously and represents the aggregate diploid copy
number for HYDIN and HYDIN?2. b) FISH analysis of metaphase and interphase chromosomal preparations from four
human outliers (enumerated in panel a) and one control (aggregate cn = 4 copies) confirms rare duplications (aggregate
cn=5 copies) and losses (aggregate cn=3 copies) of HYDIN restricted to HYDIN2 on chromosome 1g21.1. ¢) MIP-
based genotyping of paralog-specific copy number identifies partial duplications (top and bottom left panels),
deletions (top right panel) and putative interlocus gene conversion events (bottom right panel). Each point estimates
paralog-specific copy number (red, HYDIN; blue, HYDIN2) based on sequencing read depth over SUNs that
distinguish HYDIN paralogs. 153 MIPs were used for genotyping, and events were detected by an automated caller.
Also shown is the canonical HYDIN gene model (bottom of each plot). d) Summary of HYDIN internal structural
variation and interlocus gene conversion events based on MIP genotyping of 6,055 humans. Duplications (up arrows),
deletions (down arrows) and the sole interlocus gene conversion event (horizontal arrow) are colored according to
locus (red, HYDIN; blue, HYDIN?) and their spatial extent shown with respect to exonic structure (bottom of plot).

For five human samples that showed copy number variation, we performed fluorescent in situ
hybridization (FISH) on chromosomal metaphase spreads for validation and cytogenetic
characterization (Figure 2.2b). In all instances, rare copy number variation is restricted to the
duplicate copy, HYDIN2, on chromosome 1g21.1. We designed an orthogonal method to assay
HYDIN paralog-specific copy number at a finer scale by designing molecular inversion probe
(MIP) assays (Nuttle et al. 2013) to >153 nucleotide differences that distinguish the HYDIN
paralogs. We genotyped 6,055 DNA samples from controls as well as patients with
neurodevelopmental and autism spectrum disorders (Appendix A: Table S1). Other than patients
with the 1q21 microdeletion/microduplication syndrome, copy number variation of HYDIN2 was
rare. The assay confirmed rare deletions and duplications of HYDINZ2 (described above) as well as
rare copy number variants in HYDIN previously detected by array comparative genomic
hybridization (CGH) of autism patients (Girirajan et al. 2013). We discovered additional rare
internal duplications and deletions, ranging in size from 3 kbp to 289 kbp, affecting both HYDIN
paralogs (Figure 2.2¢-d; see also Appendix A: Figure S4 and Appendix A: Table S2). Remarkably,
two control individuals showed clear signatures of interlocus gene conversion over a common ~2
kbp region. This event is copy number neutral but clearly shows that HYDIN has served as the

donor for the conversion of sequence to HYDINZ2. Such events are rare (2/2,981 or 0.00067) but
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indicate nonreciprocal sequence exchange has occurred between HYDIN paralogs on
chromosomes 1 and 16.

In summary, we observe no heterozygous deletions in HYDIN in the 1000 Genomes Project
or the HGDP genome samples. Pathogenic mutations in the ancestral copy of HYDIN have been
observed only in the homozygous state in consanguineous families (Olbrich et al. 2012). The
HYDIN duplications (2) and deletions (1) that have been observed in autism cases are large and
include other genes (Girirajan et al. 2013). HYDIN2 copy number variation occurs rarely and is
largely restricted to individuals carrying chromosome 1q21.1 rearrangements. We have observed

no individuals with a loss of both copies of HYDINZ.

2.3.3  HYDIN? fusion transcripts

We investigated the gene structure of HYDIN2 by first considering an alignment of the
theoretical open reading frame (ORF) based on the ancestral HYDIN gene model (Figure 2.3). If
all duplicated codons were maintained as in HYDIN, the theoretical alignment would yield 21
synonymous and 32 nonsynonymous differences between the shared sequence, as well as three
deletions (Figure 2.3c). The latter includes: a 2,095 bp deletion (with intronic sequence) on
HYDIN? that eliminates the splice acceptor for exon 42, a 15 bp in-frame deletion in exon 46,
and a 1 bp deletion in exon 69. Due to the deletion of exon 42 and the frameshift in exon 69, a
premature stop codon is predicted. As a result of the incomplete gene structure with respect to

HYDIN, HYDIN? is annotated as a pseudogene by both RefSeq and GENCODE.
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Figure 2.3. HYDIN?2 transcript diversity and ORF potential.
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a) Long-range RT-PCR amplicons spanning the first exon identified by 5'-RACE to putative terminal exons 19 and
43 (primer pairs shown as half arrows) were targeted for long-read single-molecule sequencing. 12,744 amplicons
were characterized, and isoform content visualized for each product (row), with exons (columns) colored based on
whether they are part of the canonical HYDIN gene structure (blue) or exapted from flanking sequence (green). b)
HYDIN and HYDIN? transcript isoforms based on long-read sequencing of RT-PCR products. Exons corresponding
to the duplicated segment (blue shading) and flanking sequences for HYDIN (white) and HYDIN2 (green). Three
HYDIN? isoforms were identified (isoforms A, B, and F) and an isoform that spans the segmental duplication on both
sides (isoform G) was constructed from multiple overlapping reads. The full-length, canonical HYDIN
(ENST00000393567.6) and its shorter isoform (ENST00000321489.9) are shown. Exons in gray are subject to
alternative splicing. ¢) Predicted ORFs for HYDIN?2 (green bars) are shown with respect to HYDIN gene structure.
Coding differences are indicated above exons, numbered with respect to the canonical isoform of the ancestral gene.
Circles indicate synonymous (black), nonsynonymous (blue), and indel (red) differences. Note: a 2,095 bp HYDIN?2
deletion eliminates part of the intron 41 and exon 42, including the splice acceptor for exon 42. Exon 42 is skipped
and exon 41 is rarely observed in HYDIN?Z transcripts. Productive HYDINZ transcripts are unlikely to continue past
exon 42. The three longest ORFs are predicted to be 1,852 aa (Isoform F, exons 7-39), 668 aa (Isoform B; exons 7-
19) and 467 aa (Isoform A, exons 11-19); only Isoform A lacks multiple exons 5' to the ORF. ORF extensions into
the intron of terminal exons are indicated (gray).

We identified mapped expressed sequence tags (ESTs), both within and spanning the HYDIN
duplication breakpoints, as evidence that transcription might still be occurring, potentially by
way of gene fusion to neighboring sequence. To identify the new transcriptional start site, we
performed 5' rapid amplification of cDNA ends (5' RACE), using fetal brain RNA as starting
material. We identified a site 55 kbp upstream, which we define as the HYDIN2 promoter. The
high density of spliced ESTs at this location supports this as a site of transcription initiation; we
also observe a robust fetal brain DNasel hypersensitivity peak (Figure 2.1e, Appendix A: Figure
S6) consistent with its function as an alternate promoter. Although duplication of HYDIN
excluded the canonical polyadenylation site of the longest HYDIN isoform, shorter isoforms of
HYDIN that terminate at exons 15, 19, and 20 are also annotated. We identified spliced ESTs
supporting exon 19 as an alternative site of polyadenylation in HYDIN. We further investigated
alternative polyadenylation through 3' RACE and identified a potential polyadenylation site at
exon 43 of HYDIN?2.

We amplified by RT-PCR the putative full-length transcripts that spanned from the new

HYDIN?Z promoter to both the polyadenylation site at exon 19 and the polyadenylation site at
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exon 43, using fetal brain RNA as a starting material (Figure 2.3a). We also designed a series of
smaller RT-PCR products extending into the fused 3' exons. Products were sequenced with
single-molecule, real-time (SMRT) sequencing technology, which allowed us to resolve patterns
of splicing, although we note that abundance of different isoforms cannot be taken as evidence of
mRNA expression levels due to the preferential loading bias for smaller isoforms inherent to the
sequencing technology. We identified fusion transcripts with both upstream and downstream
segments beyond the HYDIN duplication breakpoints. Upstream, these transcripts begin at the
promoter identified by 5' RACE and continue into the HYDIN duplication. We observe thirteen
S'-fused exons, with considerable diversity in alternative splicing. The transcripts that begin with
these exons continue into the HYDIN duplication and then generally follow the canonical pattern
of HYDIN splicing. Downstream, we also identify fusion transcripts between the HYDIN
duplicate exons and the 3' exon block. These fusion transcripts continue into the neighboring
gene NBPF 12, a gene that itself undergoes highly variable splicing, with annotated transcripts
ranging from 1,831 bp to 7,061 bp in length.

Transcripts that begin at the new promoter and continue into the duplicated HYDIN exons are
predicted to initiate translation consistent with the HYDIN ORF at the ATG located in exon 7 or
an alternate ATG mapping to exon 11 (Figure 2.3c). Based on sequencing of transcripts, we
predict ORFs of 467 and 668 amino acids (transcript termination at exon 19) and an ORF of
1,852 (transcript termination at exon 43). These transcripts are designated HYDIN?2 isoforms A,
B, and F, respectively (Figure 2.3b). If translated, these products would represent truncated
HYDIN proteins (green bars in Figure 2.3¢). The 5' and 3' fusion exons (located in NBPF12) do
not extend ORFs beyond the HYDIN duplication. We do not find evidence of internal alternative

sites of transcription initiation, whether by ESTs, cap analysis gene expression (CAGE), or 5'
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RACE, although RACE has not been performed exhaustively throughout the 364 kbp duplicated

segment.

2.3.4  Expression analysis

Our results suggest that HYDIN2 acquired a new promoter and we hypothesize that the novel
promoter is responsible for the expression differences between the paralogs. We took advantage
of a 15 bp in-frame exonic deletion that distinguishes HYDIN2 from HYDIN to investigate the
transcript abundance in different tissues (Figure 2.4a). By designing RT-PCR primers that
flanked this deletion, we inferred relative expression of the HYDIN paralogs from the differences
in signal intensity. Next, we leveraged RNA-seq reads that could be mapped to SUNK
differences between HYDIN and HYDIN?Z to quantify relative expression levels across a panel of
tissues using data from the GTEx project (The GTEx Consortium, 2013) (Figure 2.4b). The
latter analysis allowed us to compare expression among the different isoforms characterized by

cDNA sequencing as well as quantify differences between paralogs.
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Figure 2.4. Tissue-specific expression of HYDIN/HYDIN?2 isoforms.
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a) RT-PCR analysis over a 15bp deletion in exon 46 of HYDIN2 compares the relative abundance of HYDIN (top
band, 321 bp) and HYDIN2 (bottom band, 306 bp) mRNA in different adult and fetal tissues. Images have been
inverted and brightness adjusted for clarity. Adult brain and ovary show the highest levels of HYDIN2 while HYDIN
is expressed predominantly in lung, pancreas and testis. In fetal tissues, HYDINZ is expressed more ubiquitously. b)
RNA-seq reads from various tissues (The GTEx Consortium, 2013) containing SUNKs (k = 30) were used to estimate
HYDIN and HYDIN?Z expression. Full-length HYDIN is expressed most highly in the lung and testis, while all isoforms
of HYDIN?2 are more highly expressed in brain tissues. Isoform F is not expressed at a level that is likely to be to be
significant. Boxplots indicate median and interquartile range (IQR) with outliers shown beyond 1.5 x IQR.

We observe that HYDIN is most highly expressed in ciliated tissues, such as the lung and
testis, consistent with its known function as a ciliary structural protein (Lechtreck et al. 2007).
By comparison, HYDIN2 expression is higher in the brain, while also prominent in the ovary.
Interestingly, HYDIN2 appears more broadly expressed in fetal tissues with the strongest signal
observed in fetal brain. It should be noted that the RT-PCR assay measures expression of exon
46 alone, which is not included in some shorter RefSeq isoforms of HYDIN. Comparison of this
assay with SUNK-based mapping of the GTEx data is in close agreement. This is also consistent
with the observation that cDNA clones from HYDIN2 were predominantly derived from neuronal
sources (Doggett et al. 2006). With the exception of HYDINZ isoform F, all three isoforms show
moderate levels of expression in cerebellum and cerebral cortex. The longest isoform, HYDIN2
isoform G, with both 5' and 3' fused exons shows a slightly higher level of expression, although
we note only that only HYDINZ isoform A produces a transcript without a large number of 5'
untranslated exons due to exon skipping from the first exon to exon 11 of the canonical gene
model where an alternate ATG start codon exists.

The predicted HYDIN2 promoter overlaps a DNase I hypersensitivity (DHS) peak (Figure
2.1e, Appendix A: Figure S6) in fetal brain. A number of fetal brain cDNA sequences have been
mapped to the duplicated locus of the promoter-containing block on chromosome 1g21.2 (Ota et
al. 2004; Harrow et al. 2012). Notably, at the ancestral chromosome 1p22.3 locus (Figure 2.1d),

where the 5' and 3' exon blocks sit in the absence of the promoter, there are neither annotated
p
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transcripts nor spliced ESTs. Within the DHS peak a smaller, higher copy repeat is found,
approximately 1,113 bp long. A simple BLAT search reveals that this segment has propagated
throughout chromosome 1, with ten locations that contain the full-length repeat at a level of
identity of 90% or above (Appendix A: Table S3). Many are clustered at chromosome 1q21 and
are found in association with, though not transcriptionally joined to, the NBPF core duplicon.
Eight out of ten produce spliced ESTs, many from neuronal tissues, further supporting this

segment as contributing to the expression pattern of HYDIN2.

2.3.5 Coding variation and selection in HYDIN and HYDIN2

We investigated whether there was evidence of selection acting on HYDIN2 by comparing the
ratio of nonsynonymous to synonymous changes between paralogs, using nonhuman primate
HYDIN as an outgroup (Appendix A: Table S4). We observe moderately strong purifying
selection acting on ancestral HYDIN throughout the primate lineage, with an average dN/dS
value of 0.29. HYDINZ2, in contrast, shows an elevated pairwise dN/dS value in comparison with
nonhuman primates (e.g., 0.39 for human HYDIN2 and chimpanzee HYDIN vs. 0.29 for human
HYDIN and chimpanzee HYDIN). Branch-based estimates of dN/dS that can detect adaptive
evolution after gene duplication (Bielawski et al. 2003) show a similar trend with a consistently
elevated dN/dS value for human HYDIN2 when compared to human HYDIN. This result holds if
we restrict our analysis to only those exons predicted to be part of the HYDIN2 ORF (HYDIN2
isoform A). Although none of these differences achieve statistical significance due to the limited
number of mutational differences occurring within the human lineage, it is interesting that all
three mutational changes that occurred within the HYDIN2 ORF result in amino acid changes
while only synonymous changes (n=2) occurred in the corresponding portion of ancestral

HYDIN.
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As an alternative approach, we sought to characterize and compare deleterious coding
variation between HYDIN and HYDIN2 among 3,484 probands and 2,629 healthy controls from
families with autism (O’Roak et al. 2014; Boyle et al. 2014). We targeted all coding exons with
at least five nucleotides of flanking sequence based on the canonical HYDIN gene structure using
MIPs. We identified all likely gene-disruptive (LGD) variants (frameshift, stop-gain, stop-loss or
splice-site mutations) and successfully assigned 39% of such deleterious variants to either
HYDIN or HYDIN2, made possible by singly unique nucleotides (SUNs) contained within the
target sequence of the MIP (Table 2.1). No common (>1% allele frequency) LGD variants were
observed for either paralog. Considering the canonical ancestral gene structure, we initially
observed a lower number of LGD mutations for HYDIN (n=2) when compared to HYDIN2
(n=10) in controls. Interestingly, if we restrict our analysis to the most likely ORF model
(HYDIN? isoform A), only two HYDIN2 LGD mutations remain and at an allele frequency
comparable to what has been observed for the functional HYDIN. Assuming that all unassigned
LGD mutations originate from HYDIN2, all higher frequency LGD mutations (>0.15%
frequency) correspond to ancestral exonic sequence mapping outside of the HYDIN2 ORF gene

model (Appendix A: Table S5).

Table 2.1.: Likely gene disruptive events detected in HYDIN/HYDIN2 by MIP-based sequencing of exons in
cases and controls.

Cases (N=3483) Controls (N=2629)

Protein Amino Number Number
Paralog®  Variant Exon Intron position acid N Freq. genotyped** N Freq. genotyped**
Cases only
HYDIN?2 splice_donor - 66/85 - - 1 0.03% 3431 0 0.00% 2604
HYDIN?2 splice_acceptor - 53/85 - - 1 0.03% 3432 0 0.00% 2599
HYDIN stop_gained 48/86 - 2690 Q/* 1 0.03% 3433 0 0.00% 2603
HYDIN2 stop gained 46/86 - 2540 R/* 1 0.03% 3425 0 0.00% 2598
Controls only
HYDIN?2 stop_gained 80/86 - 4563 W/* 0 0.00% 3429 1 0.04% 2599
HYDIN?2 frameshift 48/86 - 2680 G/X 0 0.00% 3427 1 0.04% 2598
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HYDIN?2 splice_donor - 42/85 - - 0 0.00% 3428 1 0.04% 2599

HYDIN splice_donor - 29/85 - - 0 0.00% 3434 1 0.04% 2603
HYDIN stop_gained 11/86 - 1330 R/* 0 0.00% 3429 1 0.04% 2599
Found in both cases and controls

HYDIN?2 splice_acceptor - 67/85 - - 11 0.32% 3430 6 0.23% 2601
HYDIN?2 splice_acceptor - 54/85 - - 1 0.03% 3426 1 0.04% 2595
HYDIN?2 frameshift 46/86 - 2485 A/X 1 0.03% 3428 1 0.04% 2600
HYDIN?2 frameshift 41/86 - 2115-2116 VI/VSX 11 0.32% 3427 10 0.38% 2598
HYDIN?2 splice_donor - 28/85 - - 1 0.03% 3430 1 0.04% 2600
HYDIN?2 frameshift 19/86 - 2531-2532 A/X 1 0.03% 3434 1 0.04% 2607
HYDIN2 splice_acceptor - 14/85 - - 4 0.12% 3429 2 0.08% 2605

*Paralog determined by presence of SUN on variant-containing MIP reads, variants identified by MIP reads that did not intersect
a SUN could not be assigned; Variants in HYDIN?2 are annotated with the exon numbering scheme from HYDIN

**Number of samples successfully genotyped for this variant (Freebayes)

We genotyped 3,483 probands and 2,629 healthy controls from families with autism using a MIP-based genotyping
assay that targeted coding exons and at least 5 flanking intronic nucleotides. LGD variants (frameshift, stop-gain,
stop-loss, and splice-site) were called using Freebayes. Only variants that could be definitively assigned to HYDIN
or HYDIN? based on the presence of an identifying SUN are shown. Variants include those seen only in cases, seen
only in controls, and those seen in both cases and controls. Most of the variants seen in HYDIN2 occur outside of the
putative coding sequence.

2.3.6  HYDINZ? and the chromosome 1q21 microdeletion/microduplication syndrome

Recurrent microdeletions and microduplications at chromosome 1q21 have been associated with
a variety of neurodevelopmental phenotypes, including microcephaly and macrocephaly. Loss or
gain of HYDIN?2 has been hypothesized to underlie these head circumference phenotypes in light
of its expression in brain, its inclusion in the typical rearrangement interval, and the association
of homozygous losses of HYDIN in mouse with hydrocephalus (Brunetti-Pierri et al. 2008; Davy
et al. 2003; Doggett et al. 2006). To explore this hypothesis, we leveraged our MIP assay
(Figure 2.5a) to genotype HYDIN paralog-specific copy number in 73 individuals carrying a
chromosome 1g21 rearrangement, corresponding to 45 independent rearrangement events (15
duplications and 30 deletions). MIP data revealed that HYDIN?Z is usually, but not always,
affected by chromosome 1q21 deletions and duplications (Figure 2.5b, Appendix A: Figure S5).

Overall, we observe that 87% of duplications (13 of 15) and 93% of deletions (28 of 30)
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examined include HYDINZ. Targeted array CGH on a subset of patients validated our whole-
genome-shotgun- and MIP-based results in every instance, confirming inclusion or exclusion of

HYDIN?2 among both 1q21 microduplications and microdeletions (Figure 2.5¢, Appendix A:

Figure S5).
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Figure 2.5. HYDIN2 and chromosome 1q21 rearrangement breakpoint variability.

We genotyped 73 patients carrying either the chromosome 1q21 microdeletion (n = 48) or microduplication (n = 25)
for HYDIN?2 copy number using MIPs. a) Patients were genotyped using 717 MIPs targeting variants that distinguish
HYDIN paralogs. Points show HYDIN paralog-specific copy number estimates (red, HYDIN; blue, HYDIN?) for two
microdeletion (13507.p1 and SAL 703574) and two microduplication (12420.p1 and 14813.x10) patients. Patients
13507.p1 and 12420.p1 show deletion and duplication of HYDIN2, respectively, while SAL 703574 and 14813x10
do not. b) Summary of results across 45 independent microdeletion and microduplication events from 73 individuals
based on MIP sequencing and analysis. ~91% of 1q21 rearrangements examined include HYDIN2.c) Array CGH
results confirm 121 rearrangements in the samples in panel a and copy number changes of HYDIN2 (blue shading)
only in patients 13507.p1 and 12420.p1. Note: log2 hybridization signal intensity (y-axis) values are depressed when
compared to unique sequence due to duplicated nature of sequence (red = deletion signal; blue = duplication signal).
Results are shown for a 4.5 Mbp region at chromosome 1g21 (GRCh38 chr1:145,500,001-150,000,000) with genes
and segmental duplications annotated (orange = 99% sequence identity or above; yellow = 98%—99%; gray = 90%—
98%). Orange triangles indicate high-identity, directly oriented NOTCH2NL-NBPF duplications, with putative
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breakpoints of the canonical 121 rearrangement shown as vertical gray dashed lines. Shown below are the locations
of NBPF core duplicons.

We also performed comprehensive segmental duplication analysis on the GRCh38 reference
haplotype to identify directly oriented duplication pairs with high sequence identity that may
confer susceptibility to nonallelic homologous recombination. For typical 1q21 rearrangements,
those that include HYDIN2, the most likely candidates are large (247 kbp), highly identical
(99.7%) segments that include truncated NOTCH?2 duplications (NOTCH2NL) adjacent to
members of the NBPF gene family (Figure 2.5¢, Appendix A: Figure S5b). For atypical
rearrangements, our data are consistent with multiple possible breakpoint locations.
Alternatively, these events may have occurred on a still undescribed haplotype structure or
originated through a non-recurrent mechanism.

We examined the phenotype of atypical carriers without copy number variation in HYDIN?.
All three atypical 1q21 microduplications excluding HYDIN?Z present with macrocephaly, and
similarly all three patients with atypical 1q21 microdeletions excluding HYDIN2 exhibit
microcephaly (Appendix A: Table S6). These observations suggest that loss or gain of a genomic
HYDIN? copy is not necessary for chromosome 1q21 rearrangement patients to manifest head
circumference abnormalities. We cannot rule out the possibilities that these individuals harbor
disruptive point mutations in HYDIN? or that atypical chromosome 1q21 rearrangements
dysregulate HYDINZ2 expression. Further studies will be necessary to elucidate the potential role

of HYDIN? in brain size and in other aspects of chromosome 1g21 rearrangement phenotypes.

2.4 DISCUSSION

HYDIN? is a human-specific gene that emerged ~3 mya, created by incomplete duplication of

the ancestral gene HYDIN. Young duplicate genes can rapidly evolve essential functions (Chen
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et al. 2013); however, unless increased gene dosage is itself beneficial, long-term maintenance of
a duplicate gene typically requires mutational change leading to functional innovation or
subfunctionalization (Lynch and Conery 2000). Incomplete gene duplication provides one
mechanism for rapid functional change because the duplicate differs in structure from its
progenitor, with potentially profound functional consequences beyond a simple dosage increase.
Such a mechanism has been postulated in the case of the human-specific incomplete duplications
of SRGAP2, where the truncated granddaughter paralog, SRGAP2C, has been shown to
antagonize the ancestral copy, SRGAP2A (Dennis et al. 2012; Charrier et al. 2012).

Interspersed duplications such as HYDIN have an additional mechanism promoting
functional divergence, namely, duplicate copies in new genomic locations are subjected to
asymmetric rates of mutation (Jun et al. 2009). Because the HYDIN duplication excluded the
promoter, naively one would expect the duplicate copy to have been silenced. In contrast, our
analysis shows that HYDIN? is actively transcribed, more highly expressed than the ancestral
paralog in many tissues. The acquisition of a novel promoter effectively created a fusion gene.
Thus, the partial duplication was “rescued” by its juxtaposition with active regulatory sequence
at chromosome 1q21.1.

The original function of this novel neuronal promoter is not clear, but 2 Mbp away at
chromosome 1q21.2 sits an earlier duplication of the HYDIN?2 flanking sequences without the
HYDIN? insertion. Here, we observe robust transcription, as evidenced by a number of
GENCODE transcripts—all classified as long noncoding RNA and most of which derive from a
fetal brain cDNA library (Ota et al. 2004). At HYDIN2, this promoter has driven an altered

expression pattern, with widespread expression in fetal tissues, decreased expression in testis and
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lung, and increased expression in brain tissues (cerebellum and cerebral cortex) and ovary being
the most prominent changes.

Long-read sequencing of cDNA from both the fetal and adult brain reveals an extraordinary
diversity of HYDIN? isoforms, including the presence of additional 5' and 3' exons within
transcripts spanning the duplication junctions. Although we can confirm expression of at least
three distinct HYDIN?2 isoforms, we favor isoform A as the most likely protein-encoding
transcript for several reasons. There is no evidence for a premature termination codon;
deleterious coding mutations in the human population are rare and the other isoforms carry an
unusually large number of untranslated exons. The presence of abnormally long untranslated
regions (UTRs) or exon junctions downstream of a premature termination codon usually
indicates strong signatures for nonsense mediated decay of mRNA (Kurosaki et al. 2013).
Similarly, a large number of 5' noncoding exons is thought to impede translational efficiency
(Kozak 1989; Kozak 1991).

In the case of HYDIN?2 isoform A, intervening untranslated exons are skipped, resulting in a
putative 467 amino acid protein with relatively short 5' and 3' UTRs. Although we know little
regarding the function of HYDIN?2, it is noteworthy that HYDIN has a structural role in motile
cilia (Lechtreck et al. 2007; Dawe et al. 2007; Lechtreck et al. 2008). Its expression in lung and
testis is consistent with the observation that recessive mutations in HYDIN cause primary ciliary
dyskinesia, with the primary phenotypes being chronic respiratory infections and male infertility
in humans (Olbrich et al. 2012). It is interesting that in addition to these deficiencies, mouse
mutants in 4y3 (Hydin™") show a more severe phenotype, developing lethal hydrocephalus due to
impaired ciliary motility and fluid flow in the developing brain. One possible explanation for this

phenotypic discrepancy between mutant mice and humans lacking functional HYDIN may be that
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human HYDIN paralogs have undergone subfunctionalization. In particular, the neuronally
expressed HYDIN2 may have assumed some of the ancestral gene’s function during human brain
development.

Our copy number analyses reveal that the HYDIN2 duplication has largely fixed in the human
population. In fact, HYDINZ2 shows the lowest degree of copy number variation in the normal
population when compared to other human-specific duplications (Sudmant et al. 2010; Dennis et
al. 2016). While it was speculated that HYDIN2 played an important role in the reciprocal
macrocephaly/microcephaly phenotype associated with 1q21.1 duplications/deletions (Brunetti-
Pierri et al. 2008), we have identified rearrangement patients with head size abnormalities
lacking altered genomic dosage of HYDIN?Z. It is plausible that altered expression or point
mutations effectively disrupt HYDIN? in these individuals, or, alternatively, that HYDIN?2
dysfunction does not contribute to their head circumference phenotypes. Distinguishing these
possibilities and determining whether HYDIN2 plays an important role in neurodevelopment
more broadly will require further functional studies complemented by large-scale genotyping in
various neurodevelopmental disease cohorts and relevant, well-phenotyped controls.

In this study we characterize the evolutionary history, transcriptional landscape, and potential
clinical impact of the human-specific duplicate gene HYDIN2. We show that HYDIN2 was
generated by the juxtaposition of multiple segmental duplications culminating with the partial
duplication of HYDIN ~3.2 million years ago. We identify a new promoter that “rescued” the
truncated gene duplicate and drives a neuronal pattern of expression. We show that long-read
sequencing can be used to understand a previously intractable large and complexly spliced gene,
and identify transcribed unannotated ORFs. We show that the reciprocal macro/microcephaly

phenotypes associated with chromosome 1q21 rearrangements can occur without HYDIN2 copy
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number changes. Ultimately we provide a clear example of how juxtaposition of transcriptionally

active segmental duplications can lead to the birth of a new gene.

2.5 METHODS

2.5.1 FISH

Metaphase and interphase spreads were prepared from lymphoblastoid human cell lines
(GM19190, GM19901, GM19201, GM20127, GM19703; Coriell Cell Repository, Camden, NJ).
FISH experiments were performed using fosmid clone WIBR2-3823N03, directly labeled by
nick-translation with Cy3-dUTP (PerkinElmer) as previously described (Antonacci et al. 2010)
with minor modifications. Briefly, 300 ng of labeled probe was used for the FISH experiments;
hybridization was performed at 37°C in 2xSSC, 50% (v/v) formamide, 10% (w/v) dextran
sulfate, and 3 mg sonicated salmon sperm DNA, in a volume of 10 pl. Posthybridization washing
was at 60°C in 0.1xSSC (three times, high stringency). Nuclei were simultaneously DAPI
stained. Digital images were obtained using a Leica DMRXAZ2 epifluorescence microscope
equipped with a cooled CCD camera (Princeton Instruments). DAPI and Cy3 fluorescence
signals, detected with specific filters, were recorded separately as gray-scale images.

Pseudocoloring and merging of images were performed using Adobe Photoshop software.

2.5.2  Sequencing and assembly of large-insert clones (BACs)

We searched for discordant BAC-end mappings that spanned the HYDIN2 insertion site at
chromosome 1g21.1 in libraries CH251 (chimpanzee) and CH276 (orangutan). One clone was
identified for chimpanzee (CH251-231E10) and one in orangutan (CH276-57C3). DNA was
isolated from these clones and SMRTbell libraries were prepped and sequenced on the Pacific

Biosciences RSII. Inserts were assembled using HGAP and Quiver-polished as previously
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described (Huddleston et al. 2014).

2.5.3  Phylogenetic analysis

Orthologous HYDIN sequences in chimpanzee and orangutan were identified using BLAT (Kent
2002a) in the UCSC Genome Browser (Kent 2002b). The human chromosome 16 HYDIN shared
sequence was used as a query against panTro3 and ponAbe2, respectively. An MSA of these
nonhuman primates as well as the duplicated sequences from chromosomes 1 and 16 (both from
CH17) was created using ClustalW (Thompson et al. 2012). An unrooted phylogenetic tree was
constructed in MEGAG6 (Tamura et al. 2013) using the neighbor-joining method (Saitou et al.
1987) with complete-deletion option, yielding a total of 315,349 positions. Genetic distances
were computed under the Kimura two-parameter model (Kimura 1980) with standard error
estimates (Felsenstein 1985) (N=500 bootstrap replicates). A Tajima’s relative rate test using
chimpanzee as the outgroup failed to reject the hypothesis that both human HYDIN paralogs are
evolving at the same rate (p=0.21). Thus the timing of the duplication event is estimated by
taking the average evolutionary distance between the two HYDIN paralogs as a ratio of the total
distance from chimpanzee HYDIN. This yields a timing estimate of 3.17 mya assuming the
divergence took place 6 mya. 95% confidence interval was estimated by the bootstrapping

method.

2.54 Copy number genotyping

Aggregate and paralog-specific copy number estimates of HYDIN/HYDIN?2 were determined
using previously described methods (Sudmant et al. 2010). Raw sequences from 236 human
individuals from HGDP (Sudmant et al. 2015a), 2,143 human individuals through Phase 3 of

1KG (Sudmant et al. 2015b), 86 nonhuman primate individuals from the Great Ape Genome
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Project [including bonobos (n=14), chimpanzees (n=23), gorillas (n=32), and orangutans (n=17)]
(Prado-Martinez et al. 2013), a Denisovan individual (Meyer et al. 2012), a Neanderthal
individual (Priifer et al. 2014), and 3 archaic hominids (Fu et al. 2014; Lazaridis et al. 2014)
were mapped to the human reference genome using mrsFAST (Hach et al. 2010). For aggregate
copy number estimates (Figure 2.2a) GRCh37 was used. For paralog-specific copy number
estimates (Appendix A: Figure S3) GRCh38 was used, as recent correction to the HYDIN2 locus

in the human genome made possible paralog-specific copy number estimates.

2.5.5 Expression quantification

Kallisto (v. 0.42.4) (Bray et al. 2016) was used to estimate the expression levels of nine
transcripts detected and putative HYDINZ isoforms (see Appendix A: Additional Data 1). We
added the HYDIN?2 sequences to the GENCODE reference transcriptome (release 25) (Harrow et
al. 2012) and generated a new index using kallisto. Transcripts per million values were then
calculated using kallisto with default parameters for all of the GTEx RNAseq samples (dbGaP
version phs000424.v3.p1) from the following tissues: cerebellum (38 samples), cerebral cortex
(31 samples), lung (133 samples), ovary (6 samples), and testis (15 samples).

To experimentally determine relative expression of HYDIN and HYDINZ in various tissues,
we took advantage of a 15 bp deletion in exon 46 of HYDIN. Identical flanking sites were chosen
for priming, so that relative expression of transcripts containing exon 46 could be measured in a
single reaction. Expected band sizes were 321 bp for HYDIN and 306 bp for HYDIN2. 5 uL of
cDNA from various adult and fetal tissues normalized for expression level was used as template
(Cloneech Human MTC Panel I, Human MTC Panel II, Human Fetal MTC Panel I [obtained
from spontaneously aborted fetuses, ages 16-40 weeks]) and PCR was performed as per

manufacturer’s instructions, with GAPDH as a positive control. Reactions were monitored by the
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level of SYBR Green I (Invitrogen) fluorescence using Bio-Rad MiniOpticon Real-Time PCR
System. Reactions proceeded for 31 cycles of amplification (19 for GAPDH reactions) and PCR
products were visualized by 20 minutes of electrophoresis using E-Gel EX Agarose Gels (4%;

Invitrogen).

2.5.6  RACE experiments

5" and 3' RACE were performed using the FirstChoice RLM-RACE Kit (Ambion) as per
manufacturer’s instructions using the nested protocol on poly-A™ RNA derived from fetal brain
(Clontech). Spliced ESTs in the HYDIN?2 locus were taken as evidence of active transcription
and pileups of ESTs with shared edges were taken as evidence of potential sites of transcription
initiation and termination and were chosen as targets for RACE. The ancestral paralog was also
targeted as a positive control. PCR products including secondary bands were gel extracted and
purified using the QIAquick Gel Extraction Kit (Qiagen) and capillary sequenced. In cases where
RACE products did not include unique sequence, PCR products were purified using the
QIAquick PCR Purification Kit (Qiagen) and cloned using the TOPO XL PCR Cloning Kit with
OneShot TOP10 Chemically Competent E. coli (Invitrogen). Cells were streaked onto agar plates
containing 50 pg/mL kanamycin and incubated overnight at 37° C. Individual colonies were
picked and subjected to colony PCR, where the insert was amplified using standard M13 forward
and reverse primers. The PCR products were purified and sequenced as before. Unique
nucleotide differences were used to infer the paralog of origin. Primers used can be found in

Appendix A: Table S7.

2.5.7  PacBio cDNA sequencing

cDNA was synthesized from poly-A* RNA using oligo(dT) priming either SuperScript II or
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SuperScript III reverse transcriptase (Invitrogen) with the following modification: an extra 50
minutes was added to the reverse transcription incubation time following the addition of 1 uL of
enzyme was added. 1 pL of from the cDNA synthesis reaction was used as template for nested
PCR with Kapa HiFi PCR Kit. PCR amplicons were purified using magnetic beads (Agencourt
AMPure XP, 1X concentration). Library preparation for PacBio sequencing of PCR amplicons
was performed using standard and approved reagents and protocols. Two SMRT cells were
sequenced: the first, which included amplicons spanning from new HYDIN2 promoter to exon 19
was run using P5C3 chemistry, the second, which included amplicons spanning from the new
HYDIN?2 promoter to exon 43, as well as intermediate fragments from exon 19 through beyond
the 3' duplication breakpoint, was run using P6C4 chemistry. Primers used can be found in

Appendix A: Table S7.

2.5.8  DANase I hypersensitivity (DHS) at HYDIN2 promoter

Chromatin accessibility, as measured by DHS, was assessed for evidence of regulatory activity
of the new HYDIN?Z promoter (John et al. 2013; Thurman et al. 2012). Because standard DHS
analysis pipelines discard multiply mapping reads, and the HYDIN2 promoter sits in duplicated
space, reads corresponding to DHS sites in fetal brain were remapped to a repeat-masked
GRCh38 using mrsFAST-Ultra (version 3.3.11) (Hach et al. 2014) before being used to
determine cut counts. Sample information including GEO accession numbers are shown in

Appendix A: Table S8.

2.5.9  MIP exon sequencing

Human reference sequence (GRCh37) of coding exons from the ancestral paralog only (+/- 5 bp)

was used as input to design single-molecule MIPs (Hiatt et al. 2013) using MIPgen (Boyle et al.

41



2014). Each MIP was designed to capture 112 bp of genomic sequence and included 40 bp
unique to the target region (split between a ligation and an extension arm of the MIP), a universal
30 bp backbone, and a degenerate 8 bp molecular tag included on the extension arm. A total of
240 MIPs were designed to cover HYDIN. MIP phosphorylation, capture, and barcoding were
performed as previously described (O’Roak et al. 2012). Briefly, oligos were pooled together at
equal concentrations (100 uM), phosphorylated, and an 800:1 excess of oligos was used for the
genomic DNA capture (100 ng). Capture reactions were incubated at 60°C for 18 hours. Finished
libraries were pooled together and sequenced using either MiSeq (2 x 150 bp) or HiSeq2000 (2 x
101 bp). Probe sequences can be found in Appendix A: Table S9.

We used the MIPgen data analysis pipeline to map and filter reads in fastq format to a
minimal human reference containing only the region containing the ancestral HYDIN paralog
(chr16:70821397-71282326) included in our MIP design with the remainder of the genome,
including HYDIN2, masked out. This masking ensured reads mapped to only the ancestral
paralog for proper variant annotation. Discovery variant calling was performed across the entire
ASD cohort per pooled sequence set containing up to 384 samples using FreeBayes
(https://github.com/ekg/freebayes) with the following command: freebayes -b <sorted bams> -f
<masked reference> -t <targeted regions>-F 0.07 -C 2 -n 4. We removed any variants with the
following feature: trinucleotide or homopolymer repeat, read depth <10, quality score <20, or
with no alleles using previously described methods (Coe et al. 2014). The resulting variant set
was annotated using the Ensembl Variant Effect Predictor (VEP) (Cunningham et al. 2015) using
the canonical transcript for each gene. Subsequently, for the ASD study, the complete list of

coding variants was used to separately genotype cases and controls to assess overall frequency of
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events in each cohort: freebayes -b <sorted bams> -f <masked reference> -s <sample list> -@

<variant_vcf> --only-use-input-alleles -F 0.07 -C 2 -n 4 --min-coverage 10.

2.5.10  Tests for selection

The full-length ancestral HYDIN sequence (NM_001270974) was used as a BLAST query to
obtain sequenced HYDIN transcripts from other primates. All codons from HYDINZ that could
align with HYDIN were used. An MSA was generated using MAFFT and manually edited for
obvious alignment errors. Bases aligning to the 15,366 nt ORF from human HYDIN were
selected and a neighbor-joining tree was generated using MEGA. The alignment and tree were
input into CODEML (Yang 2007) and dN/dS values (omega) were estimated using the Nei-
Gojobori method with pairwise deletion (Nei and Gojobori 1986). Branch-based tests were
performed by allowing additional branches to vary in their dN/dS parameter and comparing the
log-likelihood to the nested model. P-values were calculated by performing a Chi-square test

(df=2) on twice the difference between the log-likelihood values for different models considered.

2.5.11  HYDIN paralog-specific copy number genotyping using MIPs

HYDIN paralog-specific copy number was genotyped using a previously described method
(Nuttle et al. 2013) with single-molecule MIPs (Hiatt et al. 2013). Briefly, MIPs were designed
to SUNs distinguishing HYDIN paralogs (Appendix A: Table S10). MIP capture, library
preparation, massively parallel sequencing, and data analysis allowed quantification of reads
derived from each HYDIN paralog over each MIP target for each individual. These data were
input to a program that output paralog-specific copy number calls and detected duplications,
deletions, and interlocus gene conversion events. MIP data for each individual was visualized by

plotting paralog-specific HYDIN copy number point estimates across the spatial extent of
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sequence shared between paralogs. These estimates were calculated at each MIP target by
multiplying paralog-specific HYDIN read count relative frequencies by corresponding aggregate
HYDIN copy number estimates called by the genotyping program. The algorithmic details of this
program have been previously described (Nuttle et al. 2013). In this case, the program
considered 25 possible hidden underlying HYDIN paralog-specific copy number states, where
both HYDIN and HYDIN?2 were allowed to possibly have copy numbers ranging from 0 to 4 (5*5
= 25 combinations). To enable detection of internal events, highest scoring paths through
likelihood-based graphs allowing 0, 1, and 2 transitions between copy number states were
considered, with the same biologically motivated restrictions on permitted transitions as
previously detailed. Prior probabilities were set to reflect the observation that most humans have
two copies of both HYDIN paralogs, with log-likelihoods of -15, -7.5, 0, -7.5, and -15 assigned to
initial single-paralog copy number states of 0, 1, 2, 3, and 4, respectively. Probe sequences can

be found in Appendix A: Table S10.

2.5.12  Array CGH

Array CGH was performed as previously described (Sudmant et al. 2010; Dennis et al. 2012)
using a custom microarray (Agilent) with dense probe coverage across the chromosome 1q21

region.

2.6 NOTES

Ethics approval and consent to participate

The human samples included in this study did not meet the U.S. federal definitions for human
subjects research. All samples were publicly available or encoded, with no individual identifiers
available to the study authors. Samples were collected at respective institutions after receiving
informed consent and approval by the appropriate institutional review boards. There are no new
health risks to participants. Samples that fall within this category include probands with autism
and their parents from the SSC, AGRE, and TASC cohorts and individuals from representative
human populations from the 1000 Genomes Project.
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Chapter 3. TRANSCRIPTIONAL FATES OF HUMAN-SPECIFIC
SEGMENTAL DUPLICATIONS

Chapter 3 is adapted from an unpublished manuscript under review as of May, 2018:
Dougherty, M. L., Underwood, J. G., Nelson, B. J., Tseng, E., Munson, K. M.,

Penn, O., et al. (2018). Transcriptional fates of human-specific segmental
duplications. Submitted.

First authorship is shared between MLD and JGU.

3.1 ABSTRACT

High-quality sequence assembly and accurate gene annotation are critical to understanding gene
evolution but are often complicated in regions of segmental duplications (SDs). Although such
regions are particularly important for gene innovation, a basic understanding (e.g., gene structure
and protein-coding potential) is still incomplete, incorrect, or lacking for many duplicate genes.
We developed a method to yield full-length transcript information and confidently distinguish
between nearly identical genes/paralogs. We used biotinylated probes to enrich for full-length
cDNA from duplicated regions, which were then amplified, size-fractionated, and sequenced using
single-molecule, long-read sequencing technology, permitting us to distinguish between highly
identical genes by virtue of multiple paralogous sequence variants. We examined 19 gene families
as expressed in developing and adult human brain, selected for their high sequence identity
(average >99%) and overlap with human-specific SDs. We characterized the transcriptional
differences between related paralogs to better understand the birth-death process of duplicate genes
and particularly how the process leads to gene innovation. In 48% of the cases, we find that the
expressed duplicates have changed substantially from their ancestral models due to novel sites of

transcription initiation, splicing, and polyadenylation, as well as fusion transcripts that connect
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duplication-derived exons with neighboring genes. This transcriptional diversity occurs early
during evolution likely in in the absence of selection. We detect unannotated open-reading frames
in genes currently annotated as pseudogenes, while relegating other duplicates to pseudogene
status. Our method significantly improves gene annotation, specifically defining full-length
transcripts, isoforms, and open-reading frames for new genes in highly identical SDs. The
approach will be more broadly applicable to genes in structurally complex regions of other

genomes where the duplication process creates novel genes important for adaptive traits.

3.2 BACKGROUND

Genomic duplication is one of the primary forces by which novel genes evolve within species
(Ohno 1970). Numerous studies have shown that recently duplicated sequences often provide the
substrates for positive selection and the emergence of gene innovations important for species
adaptation (Yim et al. 2014; Duda and Palumbi 1999; Chen et al. 2008; Dennis et al. 2012; Charrier
et al. 2012; Florio et al. 2015; Ju et al. 2016). Among apes, for example, novel human-specific
genes (e.g., SRGAP2C, ARHGAPI11B, TBCID3 and BOLA2B) have recently been identified and
implicated in promoting progenitor cell proliferation, altering neuronal spine density, increasing
excitatory/inhibitory synaptic density, and affecting iron homeostasis early in development
(Dennis et al. 2012; Florio et al. 2015, 2016; Ju et al. 2016; Nuttle et al. 2016). Notably, the extent
of the duplication with respect to the ancestral transcriptional unit appears to play an important
role in determining the potential outcomes for duplicate genes (Figure 3.1). While a complete
gene duplication might alter dosage, a truncated protein or altered expression pattern points to an
entirely different fate for a recently duplicated gene. Despite such examples, our understanding of
the birth and death of duplicate genes near their point of inception has been limited by poor gene

annotation in these regions. Indeed many of these genes were absent from the annotation of the
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human genome until recently. Incomplete annotation further limits our ability to delineate paralog-

specific expression patterns that could inform the functional significance of novel genes.
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Figure 3.1. Possible transcriptional fates.

For a complete gene duplication, a new copy is created that is most likely to maintain the isoform structure of the
ancestor. Incomplete duplications result in only a portion of the ancestral gene being duplicated. This can lead to a
truncated duplicate gene or a fusion transcript, where additional exons are acquired from flanking sequence. For 3'
truncations, transcription may persist until a polyadenylation signal or a new exon is encountered. For 5' truncations,
a promoter unlike that of the ancestral gene must be used if such duplicates are to be transcribed. Specific examples
of known human-specific genes by type are indicated.

Duplicated genomic segments of high sequence identity (>90%) (also known as segmental
duplications, or SDs) pose particular challenges for gene annotation because: 1) they are enriched
in assembly gaps (Alkan et al. 2011), 2) they are more prone to copy number polymorphism among
individuals of the same species (Sudmant et al. 2015), and 3) different paralogs are difficult to

distinguish because of their high sequence identity. Standard short-read RNA-sequencing (RNA-
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seq) data are generally insufficient for characterizing high-identity duplicate genes because most
reads do not map uniquely and the data yield almost no information regarding overall transcript
structure (i.e., splice isoforms). Paralogous sequence variants (PSVs) are too sparse even within
paired-end short-read sequence data to accurately reconstruct paralog-specific isoforms. As a
result of such mappability and annotation challenges, these regions are typically excluded from
large-scale RNA-seq expression analyses or disease association studies. For example, in a recent
analysis by Lan and Pritchard, ~50% of all recent duplicate genes (ds < 0.1) were either filtered or
deemed unassayable using short-read sequence data (Lan and Pritchard 2016). Similarly, studies
that attempt to identify recurrent de novo mutations associated with disease typically exclude such
gene models as targets (lossifov et al. 2014). This already difficult problem is made even harder
in organisms like mammals, which display complex patterns of transcription initiation, alternative
splicing, intron retention, and polyadenylation (Steijger et al. 2013; Nilsen and Graveley 2010;
Barbosa-Morais et al. 2012).

Recent advances in long-read RNA-seq provide the possibility for full-length transcript
sequencing obviating the need for transcript assembly. Even among the most recently duplicated
regions, long reads would contain a sufficient number of PSVs to be assigned to their respective
paralogs with confidence. Long-read transcriptomics, thus, presents a simple solution, although
low levels of expression may lead to some duplicate genes being missed by whole-transcriptome
RNA-seq. To overcome these limitations, we develop a method that combines advances in long-
read, full-length cDNA sequencing with target enrichment to study the transcription of highly
identical duplicate genes. We target gene families that have expanded in the human genome
following the evolutionary divergence from chimpanzee (~6-7 million years ago), since we

hypothesize that their degree of sequence identity (>98.4%) would make them most susceptible to
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incomplete or incorrect annotation (Dennis et al. 2017). We use full-length reads from long-read
(Pacific Biosciences or PacBio) sequencing technology to generate ab initio transcript and gene
annotations, then compare these models to current annotation standards (RefSeq (O’Leary et al.
2016) and GENCODE (Harrow et al. 2012)) to demonstrate improved annotation.

These new transcript models allow us to more accurately assess short-read sequencing data in
order to explore expression differences among paralogous transcripts. Our analysis identifies new
protein-encoding gene models, reclassifies other loci as likely pseudogenes, resurrects predicted
pseudogenes back to gene status, and corrects other previously unrecognized annotation errors.
More importantly, the analysis provides insight into the diverse and dynamic transcriptional fates
of duplicated loci, including their potential to acquire novel promoters and form fusion genes with
patterns of expression that sometimes differ from those of ancestral loci. The approach developed
here will be more generally applicable to the investigation of gene innovations by duplication as

more high-quality genomes emerge in the near future.

3.3 RESULTS

3.3.1 Targeted capture and sequencing of duplicate gene transcripts

In order to study the transcription of recently duplicated genes, we sought an approach that met
the following criteria: 1) sequence reads would be sufficiently long to carry at least one
distinguishing PSV; 2) data would originate from full-length cDNA molecules, representing
complete transcripts; and 3) sequence reads would be sufficiently abundant to capture the diversity
of major isoforms for any given duplicated locus. The first goal is largely met by application of
PacBio sequencing technology. For the second, we employed a widely used strategy based on

reverse transcriptase (RT) template switching, which enriches for full-length cDNA molecules
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(Zhu et al. 2001). Finally, to focus on duplicate genes, we designed a complementary
oligonucleotide capture panel to enrich for cDNA originating from paralogous loci.

We selected gene families found within and near human-specific duplications (HSDs) (Dennis
et al. 2017) as targets for probe design (Appendix B: Table S1). We generated two panels of
targeting probes: HSD1 (515 probes, Appendix B: Table S2a), representing duplicate loci where
there was no evidence of gene disruption (Dennis et al. 2017), and HSD2 (271 probes, Appendix
B: Table S2b), representing duplicate loci likely to be polymorphic and enriched for pseudogenes.
We also included nine neurodevelopmental genes from single-copy loci to serve as controls for
evaluating expression and splicing errors of unique regions as part of our annotation procedure.
Probes were designed to exonic sequence within the duplicated portion of the ancestral gene. We
used RNA derived from both developing and adult whole brain (pooled from multiple individuals)
for cDNA synthesis because previously described HSDs are enriched for roles in the structure and
function of the brain (Sudmant et al. 2010; Fortna et al. 2004). We monitored chimeric molecule
formation during PCR by implementing a dual barcoding strategy (Figure 3.2a) in which 1 of 96
barcodes is appended during first-strand cDNA synthesis to the 3' end of the molecule, and same
barcode is appended during second-strand synthesis to the 5' end of the molecule (Appendix B:
Table S3 for sequence composition). This “barcode concordant” mode allows us to detect chimeric
molecules by the presence of discordant barcodes on the ends of a single cDNA read (Appendix
B: Figure Sla), and we estimate the frequency of chimeric molecules identified by mismatched
barcodes to be ~1.2% (Appendix B: Figure Slc). We also tested a “barcode discordant” mode,
where the relationship between the 5' and 3' barcode is random, in which the pairing of barcodes
(96 x 96 arrangements) can be used as a pseudo-unique molecular identifier to monitor for PCR

duplicates in low-complexity libraries (Appendix B: Figure S1b). Additionally, we performed
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post-capture size selection of libraries using electrophoresis-based fractionation (SageELF, see

Methods) to enrich for larger cDNA.
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Figure 3.2. Transcript capture and long-read sequencing for resolution of nearly identical duplicate genes.

a) PolyA™ RNA is converted to first-strand cDNA by reverse transcriptase (RT) using a specialized oligo(dT) primer
containing the 3' barcode (BC) and an outer sequence tag for later amplification. Template-independent cDNA
synthesis extends the 3' end of the cDNA with oligo-dC. RT extends the cDNA by pairing to a template switch oligo
(TSO, SP6 sequence) with 3' rG bases. Second-strand synthesis is carried out with DNA polymerase and a primer
directed toward the SP6 sequence, containing the 5' barcode and the other outer tag. After ssDNA depletion (not
shown), the recovered ds-cDNA founder molecules are amplified before biotinylated probes designed to genes of
interest are used for hybridization capture. A final PCR step on the target-enriched cDNA generates double-stranded
molecules for long-read sequencing. b) As part of a modified Iso-Seq workflow, sequences are first error-corrected
through circular consensus sequence (CCS) generation. Then for each read, the sequences flanking the transcripts are
identified and trimmed. If such sequences are present on both ends, reads are designated as putative full-length (pFL).
pFL reads are mapped to the human reference (GRCh38) where the presence of multiple PSVs along the long read
promotes accurate mapping even in the presence of sequencing errors. To avoid confounding paralogs, confidently
mapped reads (MAPQ > 40) are partitioned into genomic segments before the Iso-Seq cluster step is performed.

Using our method, we sequenced a total of 40 SMRT cells, including unenriched whole-
transcriptome controls (n =4), HSD1-enriched cDNA (n = 30), and HSD2-enriched cDNA (n = 6)
on the PacBio RS II (Appendix B: Table S4) sequencing platform. In circular consensus sequence
(CCS) generation, multiple passes of the polymerase around a covalently closed sequencing
molecule are used for consensus-based correction (Figure 3.2b). In total, 1.4 million CCS reads

were generated, divided between developing and adult brain cDNA sources (Appendix B: Table
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S5). As expected, longer CCS reads show lower read accuracy due to fewer full passes of the
sequencing polymerase (Appendix B: Figure S2). Because the primary error modality in PacBio
sequencing involves indels, these errors are unlikely to be mistaken as PSVs and, as such, do not
significantly interfere with paralog assignability. Of the CCS reads generated for our HSD1 panel,
82% (adult brain) and 77% (developing brain) were designated by the PacBio Iso-Seq analysis
pipeline as full-length due to the presence of the expected barcode, primer sequence, and polyA
tail. Since some of these do not represent truly full-length isoforms due to possible 5' RNA
degradation, we refer to them as putative full-length (pFL) reads. pFL reads mapped to the human
reference genome (GRCh38) using GMAP (v 2015-07-23) were used for further analysis (Figure
3.2b).

Mapping of these pFL reads revealed an on-target rate of 65% (adult brain) and 62%
(developing brain) in HSD1-enriched cDNA. We estimate that this approach enriched for target
genes by >250-fold (Appendix B: Table S5). Similar results were achieved for the second probe
panel, HSD2. Out of the original set of 39 duplicate gene families screened, we focused on 19 for
a more detailed analysis. These were chosen by the following criteria: 1) they contain at least one
known protein-coding gene and the gene model contains multiple exons; 2) the corresponding
genomic loci are correctly assembled and present in more than one copy in the latest build of the
human reference genome (GRCh38); 3) the ancestral gene was expressed sufficiently in our data
to make inferences about transcriptional differences between the ancestor and duplicates; and 4)
the gene was confirmed to have been generated through segmental duplication (as opposed to
retrotransposition). The final set includes gene families corresponding to SRGAP2, NOTCH?2,
ARHGEF5, ARHGAPI11, PTPN20, FRMPD2, CHRNA7, GTF2I, GTF2IRD2, ROCKI1, COROI,

HYDIN, FAM72, SLX1B, GPR89, FCGRI1, NFCI, CD8B, and BOLA2 (Appendix B: Table S6).
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3.3.2  Classification of duplication events

We initially classified each HSD as complete or incomplete depending on whether the SD event
in the genome carries the entire transcriptional unit of the ancestral gene or a merely a truncated
portion (Figure 3.3a, see also Figure 3.1). Of the 19 gene families (or 12 non-ancestral paralogs),
eight are “complete” and these tend to be those with smaller ancestral genes. Note that some gene
families (e.g., GTF2IRD?2) contain both “complete” and “incomplete” duplicates, hence the sum
of the two categories exceeding the total count. We further classify the incomplete HSD gene
families (n = 12, 19 non-ancestral paralogs) by what portion of the gene body is truncated relative
to the ancestral gene. We categorize duplicates as 3' truncations and 5' truncations. 3'-truncated
paralogs retain ancestral transcription start site (TSS) but lack some downstream exons (e.g.,
SRGAP2C (Dennis et al. 2012; Charrier et al. 2012), ARHGAPI11B (Florio et al. 2015, 2016)),
while 5'-truncated paralogs have lost upstream exons and their ancestral promoter (e.g.,
CHRFAM7A (Gault et al. 1998)).

We took advantage of the full-length cDNA sequences to classify the consequences of the SD
with respect to transcript or isoform structure of the duplicate genes. Truncated transcripts are
simply shortened versions of the ancestral transcript while fusion transcripts are linked to upstream
or downstream sequence through splicing to a gene segment homologous to another annotated
gene. By this metric, recently duplicated genes show a range of transcript models. Based on counts
of pFL reads, we classified truncated genes as predominantly truncated (<20% pFL reads
belonging to this gene demonstrate bridging transcription), predominantly fusion (>80% pFL reads
demonstrate bridging transcription), or both (Figure 3.3a, see also Appendix B: Table S7). We
distinguished exaptation events (inclusion of a novel exon or promoter) from gene fusions when

bridging exons are themselves not known homologs to any other gene. In this study, promoter
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exaptation rescues the transcriptional activity of two 5'-truncated genes, ROCKIP and HYDIN2,
the latter confirming earlier observations (Dougherty et al. 2017). Only two of the 5'-truncated
gene duplications examined (GTF2IRD2P1 and COROIB) have lost expression in brain as a

consequence of promoter loss; thus, of the 31 duplicate paralogs analyzed, 29 retain expression.
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Figure 3.3. Transcriptional fates of human-specific duplicate genes and expression correlation between

ancestral and duplicate gene copies.

a) We classify 19 gene families (31 duplicate paralogs in GRCh38) by the transcriptional characteristics of the
duplicate genes. In 8 of 19 gene families and 12 of 31 paralogs, the duplication includes the complete gene (with
respect to the canonical isoform). More common are incomplete gene duplications, of which 5 of 12 gene families and
11 of 19 paralogs are 3' truncated (whereby the ancestral promoter is maintained in the duplicate gene) while 6 of 12
gene families and 7 of 19 paralogs are 5' truncated (whereby the ancestral promoter is lost). The outcomes of such
truncated duplications can be simply shortened versions of the ancestral gene (“truncation”) or transcript fusion with
adjacent sequence (“fusion”), and often both are observed. For 5' truncations, we also observe the phenomenon of
exaptation of upstream exons and regulatory elements, which provide a new promoter for what would presumably be
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otherwise transcriptionally silent genes (2 of 19 gene families). Note that duplicates of GTF2IRD? are classified as
both complete and incomplete. b) We estimated expression similarity between ancestral and duplicate copies by
calculating the pairwise correlation of the median expression levels across GTEx tissues. Duplicate genes whose
promoter was included in the human-specific SD show expression patterns that are more similar to their ancestors
than those that acquire it from new sequence.

Excluding minor (<2% of isoforms) products for each duplicate gene, we finally characterized
the protein-coding potential of sequenced duplicate gene isoforms. While open-reading frames
(ORFs) more than 100 amino acids in length could be found across duplicate gene families, we
specifically asked whether isoforms were present in which the entirety of the ancestral ORF was
intact (complete gene duplications) or the entirety of the duplicated portion of the ancestral ORF
was intact (partial gene duplications). Overall, among the 29 expressed duplicate paralogs, the
integrity of the duplicated portion of the ORF has been compromised in 17 (58%), by either
acquired frameshift mutations, changes in splicing, or multiple events. The 12 duplicate genes with
“intact” ORFs include SRGAP2C, NOTCH2NLD, ARHGEF35, FRMPD2B, FAM72B, FAM72C,
FAM72D, SLX1B, GTF2IRD2B, GPR89B, CDSBP, and BOLA2B. The relationship between ORF
length, integrity, and gene function is a complex one as ORF-disrupting mutations may in some

cases confer critical functional activity (Florio et al. 2016).

3.3.3  Frequent transcript fusion observed in 3 -truncated HSD genes

Approximately, one-third of the duplicate paralogs are 3' truncations of the ancestral gene and all
show evidence of transcription (Figure 3.3a). Included in this set are gene innovations (e.g.,
SRGAP2C, ARHGAP11B) recently implicated in cortical expansion and increased dendrite density
of the human brain (Florio et al. 2015, 2016; Dennis et al. 2012; Charrier et al. 2012). Since such
duplicates retain the 5'-proximal regulatory sequence of the ancestral locus, the pattern of
expression, as expected, is highly correlated with that of the ancestral gene (Figure 3.3b). We find

that “fusion” transcripts are common, linking the duplicate gene segment with exons from
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downstream sequence, though they rarely alter the ORF. In some cases, these fusion transcripts
represent major isoforms. The relative abundance varies by gene family and paralog (Appendix B:
Table S7). For example, SRGAP2C transcripts are predominantly truncations (5% fusion), while
for SRGAP2B the proportion of fusions increases (14%). Among NOTCH2NL paralogs, the
proportion of fusion transcripts ranges widely from 16-49%, exclusively with adjacent members
of the NBPF gene family, in which copy number variation has been associated with cranial size

(Dumas et al. 2012). Only a small fraction (<2%) of such NBPF fusions, however, maintain an
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Figure 3.4. Identification of a longer fusion isoform of ARHGAP11B expressed in dividing radial glia.

a) Partial duplication of ARHGAPI11A resulted in ARHGAP11B. b) We identified three isoforms of ARHGAP11B
based on full-length transcript sequencing and these are shown in the context of SDs. The “long” isoform
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(ARHGAPI1B 3) extends deeply into adjacent duplications; a “medium” isoform (ARHGAP11B 5) has four
additional exons beyond the duplication shared with ARHGAP114; a “short” isoform (AHRGAPI11B_6), consists
entirely of sequence shared with ARHGAP11A. ¢) Expression estimates for the three isoforms in select tissues support
the prominence of the long isoform but limited evidence for expression of the short isoform. d) /r situ hybridization
performed on sections of developing cortical brain (gestational week 18) indicates expression in cells along the
ventricle of the ventricular zone (VZ, arrowheads, magnified inset), where radial glia undergo mitosis, consistent with
long form of ARHGAP11B expressed specific to dividing ventricular radial glia, but missing from outer radial glia.
Probe targets are shown in panel a. Note that probe B is not predicted to hybridize to OTUD74 itself.

ARHGAPI1B has been implicated in basal progenitor amplification and neocortical expansion
(Florio et al. 2015, 2016). The key isoform studied by Florio et al. is a truncated form of the
ancestral locus, ARHGAP11A, with a short, modified C-terminus due to an acquired splice-site
mutation (Figure 3.4a). While we observe this specific ARHGAPIIB isoform (isoform
“ARHGAPI11 _6”), we also observe prominent longer isoforms that initiate at the same shared
ancestral promoter but differ dramatically in their downstream exons (Figure 3.4b). Continuing
beyond the annotated polyadenylation site, these longer isoforms extend downstream into other
SDs, including duplications of ULK4 (isoform “ARHGAPI11B 5”) and OTUD7A (isoform
“ARHGAP11B_3”). Expression estimates that include these new isoforms of ARHGAPIIB
suggest greater abundance in adult brain tissues (Figure 3.4¢). We designed probes that would
detect expression in aggregate (AB), of ARHGAP11A specifically (A), and of the newly discovered
longest isoform of ARHGAP11B (B) and performed in sifu hybridization on developing human
brain (Figure 3.4d). We find that the longer isoform is expressed specifically along the ventricle
where radial glia undergo mitosis. The staining is not as strong with probe B as with probe AB,
indicating that this isoform is not exclusively responsible for ARHGAPI11B expression in these
cells. However, it can be said that with current annotations alone, the picture of ARHGAP1IB

activity in these key neural progenitor cells is incomplete.
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3.3.4  Promoter loss and retention contribute to duplicate gene expression patterns

Surprisingly, we also find evidence of transcription for the majority (5/7 paralogs) of HSDs
associated with 5' truncations (Figure 3.3a). Since the TSS was lost during the duplication,
transcription necessitates the acquisition of a novel TSS. Similar to the 3'-truncated HSDs, some
duplicates encode primarily truncated transcripts, their TSS derived from an internal promoter (e.g.
FRMPD?2) while others represent fusion events, deriving their TSS from new upstream sequence.
The latter is the case for the partial duplicates of GTF2I (GTF2IP1 and GTF2IP4) whose promoter
and first exon originate from a duplication of the adjacent GATSL?2.

ROCKIP is derived from the four terminal exons and a portion of the 5" exon of the 33-exon
serine/threonine kinase, ROCKI, which duplicated to the telomeric end of chromosome 18,
adjacent to a 5 kbp satellite repeat from which the TSS was acquired (Appendix B: Figure S3).
Our capture-based sequencing approach identifies two predominant TSSs (TSS1 and TSS2) from
the adjacent upstream sequence, which we refer to as the “promoter block” (Appendix B: Figure
S3). This promoter block is primarily composed of beta and LSAU satellite repeat sequence; TSS1
maps within a beta satellite repeat ~900 bp upstream from the ROCK duplication break point, and
TSS2, which contains the microRNA MIR8078, is found ~200 bp upstream from the LSAU3
breakpoint. TSS2, however, provides an alternate first exon, with a novel translation initiation
codon and a potential short ORF of 216 amino acids (158 shared with ROCK1). Based on GTEx
data, we estimate that highest expression of ROCKIP is in the testis, consistent with the tissue
expression of MIR8078 (NR 107045.1, miRBase (Meunier et al. 2013; Kozomara and Griffiths-
Jones 2011)).

We hypothesized that this may indicate a general trend, that when a new promoter is acquired

by a 5'-truncated duplication, it would direct the expression of the new gene fusion, as was
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observed in HYDIN2 (Dougherty et al. 2017). We divided the duplicate genes into three categories
based on the nature of the duplication: truncated with a different promoter (i.e., loss of ancestral
TSS), truncated with the same promoter (usually loss of the ancestral polyadenylation site), and
whole-gene duplication. We then measured the median expression level of the duplicate gene and
ancestral gene in available tissues from GTEx and measured the correlation as a proxy for
preservation of expression pattern (Figure 3.3b). We find that when the duplicate gene maintains
the same promoter, the expression correlation coefficient is almost always quite high, while when

a new promoter is acquired, expression correlation is variable.
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Figure 3.5. Cortical expression of CD8BP and maintenance of a complete ORF.

a) CDSB was duplicated in full (canonical isoform) from the p-arm to the g-arm of chromosome 2, generating CDSBP.
We identify expressed transcripts from CD8BP that resemble those of CDSB and maintain the 210 aa ORF but with
four amino acid replacements (b). ¢) CDSBP has all but lost its ancestral expression in blood and instead has gained
expression in the brain (cortex). d) Single-cell RNA-seq data from T cells (10x Genomics) supports that CDSBP

expression has been lost specifically in T cells likely due to the duplication excluding a tissue-specific enhancer (see
text).

A notable exception to this rule is the case of CD8B and its human-specific duplicate CDSBP,
which includes the ancestral promoter but has a markedly different derived expression (Figure

3.3b). Together with CD8A, CD8B forms a heterodimer that serves as a coreceptor for the T cell
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receptor and is the defining marker of CD8+ T cells, which respond to intracellular antigens such
as those found in virally infected or cancerous cells. CD8BP is the consequence of a whole-gene
duplication (with respect to the major isoform) across the centromere of chromosome 2 (Figure
3.5a). Despite its pseudogene annotation, we find that the 210 amino acid ORF of CDSB is
maintained in CD8BP with four substitutions (Figure 3.5b). However, similarity in expression
between the paralogs is among the lowest in the pairwise comparisons we measured (p = 0.10 for
correlation across tissues). The most dramatic tissue-specific changes include a near total loss of
expressed CDSBP in whole blood and a substantial gain in brain tissues, including cortex (Figure
3.5¢). We confirmed that this loss of expression can be attributed specifically to T cells by
examining single-cell RNA-seq from 4,538 T cells derived from a healthy donor generated using
the 10x Genomics platform (data obtained from https://support.10xgenomics.com/single-
cell/datasets/t 4k), which generates sequence reads from the 3' end of the transcript (Figure 3.5d).
While most reads map equally to both paralogs, when strict mapping criteria (MAPQ > 40) are
applied, 99.9% of reads map preferentially to the 3' untranslated region (UTR) of CDS$B,
confirming that CDSBP is not expressed in circulating T cells. Therefore, it is unlikely that CD8BP
expression defines a subtype of T cells, but rather it is expressed in entirely different cell types.
We hypothesize that the loss of cis-regulatory elements at the ancestral locus may be partly
responsible for the expression change. An array of enhancers has been defined in the ~100 kbp
region that includes CD8B and its partner CD8A4 (Kieffer et al. 1997, 2002), and a complex
combinatorial relationship between these enhancers is thought to direct cell type and stage
appropriate expression (Kioussis and Ellmeier 2002). However, only two of the six enhancers are
included in the extent of the duplication and, as such, the loss of the four defined enhancers as well

as other elements may be responsible. Interestingly, this is also one of the least copy number

62



variable duplicate sequences in the human population—a property that appears to associate with

functional duplicate copies (Dennis et al. 2017).
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Figure 3.6. Inclusion of a 61 bp exon and premature stop codon in SRGAP2B.

a) SRGAP2B and SRGAP2C are duplicate copies of SRGAP2A, created by an initial 3'-truncated duplication ~3 million
years ago. From the long-read capture data, we identify a major isoform containing an additional 61 bp exon (arrow)
specific to SRGAP2B. b) Alignment of the 61 bp exon (highlighted in blue) and flanking sequence identifies a key
nucleotide change in the -1 position of the splice donor (highlighted in red). This A-to-G transition is predicted to
substantially increase the strength of the splice donor signal. ¢) Intron-spanning reads from RNA-seq performed on
cerebral cortex (GTEx) confirm that this additional exon is frequently included in SRGAP2B transcripts, while rarely
included if at all in SRGAP2A and SRGAP2C. d) Expression estimates for isoforms shown in (a) generated using
Kallisto with data from GTEx corroborates that the isoform of SRGAP2B that includes the 61 bp exon is the
predominant one in brain tissues. These subsequent mutational changes likely non-functionalized SRGAP2B leading
to the fixation of the granddaughter duplicate SRGAP2C in the human population.

3.3.5  Splicing as an indicator of selection acting on duplicate genes

Full-length isoform characterization accompanied by expression analysis facilitates identification

of shifts in the predominant isoforms between duplicate paralogs. We observed major differences
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in splicing for three gene families: ARGHAP11, SRGAP2 and FCGRI. For example, in contrast to
the highly uniform splicing of SRGAP2C, we identify two major isoforms of SRGAP2B. The more
common isoform includes a 61 bp exon not observed among the other paralogs, leading to
premature truncation of the otherwise highly homologous ORF (Figure 3.6a). The splice donor of
this exon, SRGAP2B, contains two distinguishing nucleotide variants, most importantly an A-to-
G transition at the -1 position with respect to the 5' splice site (Figure 3.6b). These SRGAP2B
mutations increase the strength of this cryptic splice donor (MaxENT score 0.24 SRGAP2C, 8.73
SRGAP2B) (Yeo and Burge 2004) making the ORF-truncating transcript the predominant form.
Counts of intron-spanning reads from short-read RNA-seq data from the human brain (cortex,
GTEx (GTEx Consortium 2013)) corroborates that this frameshifting exon is a feature unique to
SRGAP2B (Figure 3.6¢), and transcript-wide expression estimates concur (Figure 3.6d). This
difference helps explain why SRGAP2B is copy number polymorphic, why this particular paralog’s
transcript is subject to nonsense-mediated decay, and why SRGAP2C ultimately replaced the older
duplicate SRGAP2B as the functional and fixed copy in the human species (Dennis et al. 2012).
Similarly, splicing patterns differ between FCGRIA4 and FCGR1B, despite their shared 99.0%
nucleotide identity at the genomic level (Appendix B: Figure S4a). Most of this difference involves
the penultimate exon, which is constitutive in FCGRIA, but a cassette exon of varying length in
FCGRIB likely a result of a 4 bp deletion at the splice donor site. Using Shannon’s entropy of
normalized isoform abundance as a metric of increased isoform diversity (Ritchie et al. 2008), we
find that entropy for FCGRIB (3.81 bits) is much higher than that of FCGR14 (1.92 bits) (p =
1.3e-7, Kolmogorov-Smirnov test). For example, ~80% of sequence reads come from two major
isoforms of FCRG 1A, in contrast to FCRG 1B where 80% of sequence reads are distributed among

12 isoforms (Appendix B: Figure S4b). While in some cases (e.g., FCGRIB, SRGAP2B) disruptive
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splicing mutations appear to be associated with relaxed selection, in others such as ARHGAPI11B
they are thought to be the key mutational event for neofunctionalization of the duplicate (Florio et

al. 2016).

3.3.6  Exon exaptation and novel gene annotations

Our analysis of the GTF2IRD?2 gene family, associated with Williams-Beuren syndrome, (Figure
3.7a) identifies two novel isoforms. The first is an out-of-frame fusion with STAG3L2, a high-copy
pseudogene upstream of GTF2IRD?2 that we estimate accounts for 33% of GTF2IRD?2 transcripts
in brain. The second novel isoform contains a distinct first exon that is derived from the DNA-
binding domain of the Tigger7 DNA transposon and adds 162 N-terminal amino acids (Figure
3.7b). Comparative sequence analysis shows that this novel N-terminus has been conserved
throughout primate evolution and has been subjected to purifying selection (dN/dS = 0.019, p <
0.01) (Figure 3.7c). A similar phenomenon can be observed in the ancestral GTF2I, although
inclusion of the Tigger7 repeat is associated with a much less abundant isoform (Figure 3.7d,
Appendix B: Table S8). Taken together, this analysis provides strong evidence that the human-
specific gene GTF2IRD?2 (as well as GTF2IRD2B and GTF2I) has a currently unannotated isoform
that encodes a protein with a distinct N-terminal domain derived from Tigger7, of the TcMar-
Tigger DNA transposon family of repeats, and that this protein-coding sequence is under

significant purifying selection throughout the primate phylogeny.
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Figure 3.7. Discovery of novel N-terminal segment DNA-binding domains for GTF2IRD2 and GTF2I.

a) Two classes of novel isoforms were identified for the human-specific duplicate gene GTF2IRD? (transcribed from
right to left in this view), shown above the current NCBI gene annotations. The upper isoform consists of an out-of-
frame gene fusion to upstream gene S7AG3L2 while the lower isoform includes an alternative first exon, derived from
a DNA transposon (TcMar-Tigger family), yielding a new N-terminal segment. b) The proposed GTF2IRD?2 isoform
contains two additional N-terminal DNA-binding domains (helix-turn-helix domain and a Tc5 transposase DNA-
binding domain) derived from the DNA transposon Tigger7. ¢) A multiple sequence alignment of the newly identified
N-terminus predicted protein sequence shows conservation among primates. d) A heatmap of expression levels
estimated using Kallisto across tissues (GTEx) shows that the canonical form is more broadly expressed than the
transposon-containing isoform with the exception of the testis.

CHRFAM7A4 is a human-specific fusion gene that has been associated with
neuropsychiatric disease (Flomen et al. 2006; Rozycka et al. 2013; Casey et al. 2012) and is

thought to interact in a dominant negative fashion with the normally homopentameric CHRNA7 to
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decrease its efficiency as an ion channel (Araud et al. 2011). Current annotations have the longest
ORF spanning the boundary between CHRNA7 and FAM7A4 duplications; however, this is
disrupted by a 2 bp polymorphism common in European populations (Appendix B: Figure S5). All
current models of CHRFAM?7A have a shortened ORF that initiates at this exon but also contain
multiple upstream exons, which results in either a multi-exon 5' UTR or a complicated annotation
with shorter upstream ORFs. We identify a new isoform of CHRFAM7A where transcription is
initiated at this exon and, as a result, would place the 2 bp deletion polymorphism within a short
5" UTR. This isoform appears more likely to result in a translated product capable of interacting

with the ancestral CHRNA?7.

3.4 DISCUSSION

We have developed a capture-based method to target the duplicated regions of genomes and enrich
for the recovery and sequencing of full-length transcripts. This method can be systematically
applied to duplicated regions once they are defined within a genome to characterize the intron/exon
structure and to identify those duplicates most likely to maintain an ORF. This is important because
duplicate genes are often associated with evolution of novel genes important for species
adaptations (Yim et al. 2014; Sulak et al. 2016), but such innovations occur in a background where
the most frequent evolutionary fate is pseudogenization (Lynch and Conery 2000). Thus, the
method allows an investigator to quickly focus on those loci with the potential to encode proteins.
For most genomes, annotation of the evolutionarily youngest duplicates lags behind because such
transcripts are difficult to discern among paralogous loci using short-read RNA-seq data and
homology to the ancestral gene structure is used to guide transcript models (Li et al. 2015). Not
surprisingly, duplicates are often the last genes in genomes to be discovered and correctly

annotated (Church et al. 2009; Sudmant et al. 2010; Dennis et al. 2012) and are more often
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excluded from genome-wide analyses. The recovery of full-length transcripts coupled with long-
read sequencing provides a less biased approach for investigation of transcriptional fate among
recent paralogs and may be broadly applied to any genome where duplicated regions have been
characterized. Once defined, these paralog-specific transcript models allow us to better interrogate
expression differences using available short-read data.

An important finding of our study of HSDs is that most of the duplicates are transcriptionally
active despite the fact that only portions of the ancestral genes are duplicated. In our study, 94%
(29/31) of HSD paralogs show evidence of transcription even though 30 of these genes are
incomplete (Figure 3.3) with respect to ancestral structure. This is especially surprising for 5'
truncations where the promoter has been lost as part of the duplication event. Of seven such events,
five showed evidence of transcription, although these events were more likely to show differential
expression patterns when compared to 3' truncations, which showed similar spatial temporal
expression patterns to the ancestral gene. Overall, 18% (3/17) of the HSD genes show diverged
patterns of expression and such rapid changes in expression patterns might be expected for SDs
when compared to whole-genome duplication events. Studies of a recent whole-genome
duplication in the common carp (Li et al. 2015), for example, indicate that 92.5% of the genes
show some evidence of co-expression.

Expression dissociation between paralogs is sometimes taken as evidence of
neofunctionalization or subfunctionalization (Lan and Pritchard 2016). Our data suggest, however,
that expression dissociation can occur much more rapidly because of two SD properties: the first
being that HSDs are most likely to be incomplete (i.e., truncated with respect to the ancestral gene
model); second, such duplications are interspersed, preferentially duplicated to regions enriched

for other incomplete duplications (Dennis et al. 2017). As aresult, HSDs are likely to be juxtaposed
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beside other incomplete duplications providing the raw material for regulatory (e.g., CDSBP) and
exonic exaptations that quickly alter the transcript model and the expression profile of the new
duplicate without the need for purifying selection (Hahn 2009). In other cases, such as the
GTF2IRD/GTF2I gene family, which has been associated with hypersociability in both humans
and dogs (vonHoldt et al. 2017), we have identified entirely novel protein-encoding DNA-binding
domains derived from an ancient DNA transposon.

In 48% (16/33) of HSD paralogs, the gene models have changed more substantially from the
ancestral gene as a result of 5' extensions, 3' extensions, and gene fusions. Among HSDs, partial
gene duplication is the predominant mode and there is evidence that such transcripts have the
potential to encode truncated proteins that, lacking protein domains, function differently than their
ancestor. This is the model for the human-specific duplicate genes CHRFAM7A4 (Araud et al.
2011), SRGAP2C (Charrier et al. 2012), and ARHGAP11B (Florio et al. 2016)—the latter two
fixed for copy number and associated within neuronal spine maturation and cortical neuron
expansion, respectively. In the case of SRGAP2C and CHRFAM7A, the truncated duplicate acts
antagonistically inhibiting the function of the ancestral protein, and, thus, by definition may have
been partially functional at birth acting in a dominant negative manner. However, for both
SRGAP2C and ARHGAP1 1B, additional mutations occurred subsequent to the duplication event—
missense changes in the case of SRGAP2C (Sporny et al. 2017) and a splice-site mutation in
ARHGAPI1B (Florio et al. 2016)—that apparently refined (e.g., SRGAP2C) or even activated a
new function (e.g., ARHGAPI11B). These differences are confirmed in the full-length transcripts
that were generated, although our analysis predicts additional novel isoforms whose functions have

not yet been investigated.
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A key difference from previous studies on gene duplications is our focus on the most recent
events and therefore the most identical duplications. The majority of duplicate genes are thought
to become pseudogenes, with an estimated half-life of four million years (Lynch and Conery 2000,
2003), older than most HSDs (Dennis et al. 2017). Therefore, the duplication events that are the
focus of this study include genes that are transient, neutral, or near-neutral sequence ultimately
destined to be lost in the absence of selective pressure. Our results suggest that changes in the
exon-intron structure are common and are among some the earliest events that occur during the
birth-death process, likely orthogonal to the action of selection (Hahn 2009). Thus, transcriptional
divergence from the ancestral gene appears to be the most common fate, and this occurs soon after
or even at the time of the duplication event itself. We hypothesize such rapid changes in the gene
structure and transcriptional landscape facilitate the emergence of new function. In the case of
humans, a small number of these duplicates appear to be undergoing the first step of a multi-stage
process where the duplicates subsequently fix in copy number (Dennis et al. 2017) and maintain
an altered ORF ultimately leading to neofunctionalization and subfunctionalization events. Among
these, are novel genes thought to be important in neuroadaptive traits critical for the development
of the human species (Dennis et al. 2012; Charrier et al. 2012; Florio et al. 2015, 2016; Fiddes et

al. 2018; Suzuki et al. 2018).

3.5 METHODS

3.5.1  Probe design

Biotinylated oligonucleotide probes (see Appendix B: Table S2 for sequence) were designed
preferentially to constitutive exons and coding sequence within the duplicated portion of ancestral
genes as well as putative exons where annotation was absent or questionable. Repeat-masked

sequence was avoided. Because of the high homology between paralogs, probes designed to exons
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of the ancestral gene were presumed to hybridize successfully to the duplicated gene as well.
Probes were synthesized on the sense strand resulting in 515 total probes for the HSD1 panel and

271 for the HSD2 panel.

3.5.2  ¢DNA synthesis, library preparation, enrichment, and sequencing

Double-stranded cDNA was synthesized by a modified version of the standard Iso-Seq template
preparation (https://www.pacb.com/wp-content/uploads/Procedure-Checklist-Isoform-
Sequencing-Iso-Seq-Analysis-using-the-Clontech-SMARTer-PCR-cDNA -Synthesis-Kit-and-
SageELF-Size-Selection-System.pdf) protocol that incorporates a barcode/molecular identifier at
the end of each strand. This helps facilitate deconvolution of PCR duplicate sequences versus
unique founder molecules.

We synthesized specialized poly-dT oligonucleotides to prime first-strand cDNA synthesis
(Integrated DNA Technologies [IDT]) with the following configuration:

5'-

AAGCAGTGGTATCAACGCAGAGT(BCIL6bp) TTTTTTTTTTTTTTTTTTTTTTTITTITTTTTV
N-3,

where the sequence BC16bp encodes one of 96 of the 16 bp barcodes, V=(A,G,C), and N=(any
base).

We synthesized oligonucleotides for second-strand synthesis with the following configuration:
5'-AAGCAGTGGTATCAACGCAGAGT(BC16bp)ATACGATTTAGGTGACACTATAGG-3'
where the sequence BC16bp encodes one of 96 of the 16 bp barcodes. The template switch
oligonucleotide, a chimeric RNA-DNA sequence, was synthesized:

AAGCAGTGGTATCAACGCAGAGTACATrGrGrG

71



For cDNA amplification, the 5' flanking sequence in the first- and second-strand oligonucleotides
was utilized for PCR: /5Phos/ AAGCAGTGGTATCAACGCAGAGT.

PolyA RNA (20 ng) from pooled human adult brain (Clontech cat #636102) or developing
brain (Clontech cat #636106) was reverse-transcribed in a 10 uL reaction containing 50 mM Tris-
HCI (pH 8.3 at 25°C), 75 mM KCI, 3 mM MgCI2, 10 mM DTT, 0.5 mM dNTPs, 100U of Maxima
RNaseH- RT (ThermoFisher), 5 mM SP6 template switch oligo, and 10 pmols barcoded oligo-dT
primer. For experiments with concordant primers, a single barcoded primer was used for each of
96 parallel reactions. For experiments with discordant primers (a form of molecular indexing), an
equimolar mix of all 96 barcodes was used. Reactions were incubated as follows: 45°C for 1 hr,
55°C for 30 min, 45°C for 30 min, 85°C for 5 min.

After the heat kill step, the first-strand cDNA was purified by precipitation on magnetic beads
(1X AMPure PB; PacBio). The recovered material was subsequently carried into a 50 uL second-
stranding reaction in 1X Takara LA Taq HS buffer (Clontech), 200 uM dNTPs, 2.5U of Takara
LA Taq HS (Clontech), and 0.5 uM of barcoded SP6 second-stranding oligo. This oligo binds at
the 3' ends of the first-strand cDNA at the SP6 sequence added from the template switch. For
experiments with concordant primers, a single barcoded primer was used for each of 96 parallel
reactions. For experiments with discordant primers (a form of molecular indexing), an equimolar
mix of all 96 barcodes was used. The second-stranding reactions were incubated as follows: 95°C
for 1 min, 65°C for 10 min.

The second-stranding reaction was immediately stopped by depletion of primers by
Exonuclease I (NEB; 10U) and dNTPs by alkaline phosphatase (rSAP: NEB; 1U) at 37°C for 20
min. The double-stranded cDNA (“founder molecules”) were purified by precipitation on

magnetic beads (0.5X AMPure PB; PacBio).
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The double-stranded cDNA (20% of founder molecule reaction) was amplified by a 100 uL
PCR reaction in 1X Takara LA Taq HS buffer (Clontech), 250 mM dNTPs, 5U of Takara LA Taq
HS (Clontech), and 0.5 mM of the PCR primer. Reactions were incubated as follows: 95°C for 1

min, 95°C for 30 sec, 68°C for 30 sec, 72°C for 10 min, 72°C for 10 min, with the underlined steps

for 12 cycles.

Amplified double-stranded cDNA was purified by precipitation on magnetic beads (0.4-0.6X
AMPure PB; PacBio). In some cases, the cDNA was size-fractionated by an automated gel
electrophoresis and recovery instrument (SageELF, Sage Sciences). Size fractions were then
assayed on a Bioanalyzer High Sensitivity chip and amplified in batches (~1-2 kbp, 2-3 kbp, 3-4
kbp, 4-6 kbp) with the same conditions as the prior PCR. 1-3 kbp fractions were run through 5
cycles, while larger fractions required 8-10 cycles.

Biotinylated probes (~120 nucleotides) were synthesized (IDT) corresponding to known and
putative exons of target genes (sense strand). Custom blocker oligonucleotides were synthesized
(xGen blockers; IDT) to match the first- and second-strand oligonucleotides with 16 deoxyinosines
in place of the barcodes.

Enrichment was carried out on various size fractions (1 ug each) using the hybridization and
wash reagents (xGen Lockdown Reagents; IDT) according to manufacturer instructions.
(https://www.pacb.com/wp-content/uploads/Unsupported-Protocol-Full-length-cDNA-Target-
Sequence-Capture-Using-IDT-xGen-Lockdown-Probes.pdf) The final step involves resuspending
the streptavidin beads holding the immobilized enriched sample in PCR conditions (same PCR
primer as prior; Kapa HiFi Hot Start polymerase/buffer). PCR was carried out according to xGen
Lockdown instructions but with longer extension time of 5 min. Amplification reactions were

purified by precipitations on magnetic beads (0.5X AMPure PB, PacBio) and assayed both by
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fluorometer (Qubit, ThermoFisher) for dsDNA concentration and Bioanalyzer (DNA12000 chip,
Agilent) for size.

Final cDNA was purified by precipitation on magnetic beads (0.5X AMPure PB; PacBio) and
single-molecule, real-time (SMRT) sequencing libraries were prepared according to manufacturer
guidelines (SMRTbell Template Prep Kit 1.0, PacBio). Final libraries were purified by two
sequential precipitations on magnetic beads (2 x 0.5X AMPure PB, PacBio) and assayed both by
fluorometer (Qubit, ThermoFisher) for dSDNA concentration and Bioanalyzer (DNA 12000 chip,
Agilent) for size. SMRT sequencing was performed using the P6-C4 chemistry on the PacBio RS

II instrument with 6-hour movies.

3.5.3 Gene model determination from long-read RNA-seq data

A modified version of the Iso-Seq bioinformatics incorporating ToFU (Transcript isOforms: Full-
length and Unassembled; Gordon et al. 2015 PLoS One) was used for processing the long-read
RNA-seq data (all of which is available at https://github.com/EichlerLab/isoseq pipeline). For
each sequencing molecule, an intra-molecular CCS read was generated using CCS2 (deviations
from default parameters include “—minLength=100 —maxLength=10000 —minPasses=1"). The
CCS reads were then classified as pFL if the expected terminal sequences and a polyA tract were
observed.

Reads were then mapped to the human reference genome (GRCh38) using GMAP (v 2015-07-
23) and mapped pFL reads were used for further analysis. To take advantage of the higher read
qualities available through the Iso-Seq “clustering” pipeline (in which multiple reads are used to
generate a consensus isoform), but to avoid the potential for confounding by reads from separate
paralogs being merged in the same cluster, we performed this step in partitioned genomic regions

(as described in Kronenberg et al., 2018). Regions are split to ensure that no pair of SD “mates” is
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found in any one region. Only confidently mapped reads (MAPQ > 40) are input into the clustering
step, and clustering is performed separately in each region, generating consensus isoforms without
contamination from other paralogs (see Appendix B: Figure S6).

We further performed the “collapse” step whereby consensus isoforms are mapped and the
mappings are used to remove redundant isoforms. In practice, we found that this generated a
greater number of “non-redundant isoforms” for most paralogs than would be expected and that
many appeared to be fragments of isoforms, especially for genes with longer transcripts for which
we were less likely to have captured full-length isoforms on single reads. Therefore, it was
necessary to merge more than one fragment isoform from the final output of this modified Iso-Seq
pipeline to generate a full-length gene model.

Finally, newly determined isoforms were assessed for support by other data sources. This
includes reads of 5' ends of RNA molecules generated with cap analysis of gene expression
(CAGE) data from the FANTOMS consortium (Lizio et al. 2015), 3' ends of polyadenylated RNA
molecules (polyA-seq) from Leslie, Mayr, and colleagues (Lianoglou et al. 2013) remapped to
GRCh38, and various PacBio RNA-seq datasets, including: H1 human embryonic stem cell (GEO
accession GSM1254204), Iso-Seq whole transcriptome from human brain with Alzheimer’s
disease (https://downloads.pacbcloud.com/public/dataset/Alzheimer IsoSeq 2016/ accessed Dec
2016), whole transcriptome from human brain, liver, and heart
(http://datasets.pacb.com.s3.amazonaws.com/2014/Iso-seq Human_Tissues/list.html  accessed
Dec 2016), and Iso-Seq whole transcriptome generated from MCF7 human breast cancer cell line
(https://github.com/PacificBiosciences/DevNet/wiki/IsoSeq-Human-MCF7-Transcriptome

accessed Dec 2016). ANGEL (https://github.com/PacificBiosciences/ANGEL) was used to
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identify ORFs. Genomic adenine homopolymers that could lead to spurious oligo-dT priming were

identified to avoid incorrect 3' end annotation.

3.5.4  Secondary analysis of long-read RNA-seq data

Proportion of fusion (duplication-spanning) versus truncation reads: For each duplicate gene
investigated, a constitutive exon close to the breakpoint was chosen as an anchor point, and
mapped pFL reads (MAPQ > 40) including that exon were selected in order to mitigate non-full-
length reads from inflating the “truncated” count. Counts of reads that contain spliced exons
beyond the duplication breakpoint were calculated using BEDTools (Quinlan and Hall 2010).
Based on this proportion, a duplicate gene was designated as “primarily truncation” (<0.2),
“primarily fusion” (>0.8), or “both” (0.2-0.8).

Splicing disorder: The number of supporting pFL reads for FCGR1A4 and FCGR 1B isoforms output
by the “collapse” step of the modified Iso-Seq pipeline (minimum 2 pFL reads) were used as an
approximation of relative isoform abundance. Shannon’s Entropy was calculated using the isoform
abundances for each paralog with the entropy package (v1.2.1) (Hausser and Strimmer 2008

https://arxiv.org/abs/0811.3579).

3.5.5  Illumina RNA-seq

~5 ng of polyA™ RNA pooled adult human brain (Clontech cat #636102) or developing brain
(Clontech cat #636106) was used as input for the TruSeq Stranded mRNA-seq kit (Illumina) with
parameters set for ~150 bp insert-size libraries. Final purified libraries were assayed both by
fluorometer (Qubit, ThermoFisher) for dsDNA concentration and Bioanalyzer (DNA12000 chip,
Agilent) for size. Sequencing-by-synthesis (SBS) was performed on a HiSeq 2500 with 2x125 bp

reads. Reads were demultiplexed using deML (Renaud et al. 2015) yielding 61 M and 72 M reads
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for developing and adult brain, respectively, and trimmed of adapter and low-quality sequence
using Trimmomatic (Bolger et al. 2014) following quality control (QC) by FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ accessed 12 July 2016). Reads were
mapped to GRCh38 using STAR (Dobin et al. 2013) and further QC was performed using QoRTs
(Hartley and Mullikin 2015). Counts of uniquely mapping and multi-mapping reads were taken

from the output of STAR mapping (“SJ.out.tab” file).

3.5.6 Tissue-specific expression estimates

RNA-seq data from the Genotype-Tissue Expression GTEx project (dbGaP version
phs000424.v3.p1) was used to generate tissue-specific expression estimates for gene models with
Kallisto (version 0.42.4) (Bray et al. 2016). New gene models were added to a fasta file of the
reference transcriptome (GENCODE v25 “Transcript sequences”’ file
ftp://ftp.sanger.ac.uk/pub/gencode/Gencode human/release 25/gencode.v25.transcripts.fa.gz).

Redundant reference transcriptome sequences were removed (e.g., current fragments of CDSBP
were removed after our putatively corrected gene models were added). This custom transcriptome
was indexed and the Kallisto quantification algorithm was run using default parameters on each of
the GTEx samples. Results in the form of transcripts per million were analyzed in R with the aid
of dplyr (https://github.com/tidyverse/dplyr) and plotted using ggplot2
(https://github.com/tidyverse/ggplot2) and the ComplexHeatmap package (Gu et al. 2016).
Pearson correlation coefficients for duplicate-ancestral gene pairs were generated in R based on

median expression levels in each tissue, for tissues that had at least five samples.
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3.5.7 Tests for purifying selection

We tested the hypothesis that the Tigger7-derived coding sequence was under purifying selection
(dN/dS < 1) using CODEML (Yang 2007) by comparing two evolutionary models, one in which
dN/dS (omega) is fixed at 1, and one in which it is a free parameter. We used a Chi-squared test
(1 d.f.) with twice the difference in log-likelihood as the test statistic, with a significance threshold

of p <0.05, to test if the higher parameter model was a statistically significantly better fit.

3.5.8 Tissue samples and in situ hybridization

De-identified primary cortical tissue samples were collected with previous patient consent in strict
observance of the legal and institutional ethical regulations approved by the Human Gamete,
Embryo and Stem Cell Research Committee (Institutional Review Board) at the University of
California, San Francisco. Tissue specimens were fixed overnight in 4% paraformaldehyde,
dehydrated in 30% (w/v) sucrose, and embedded optimal cutting temperature solution (Tissue-
Tek). Frozen tissue blocks were sectioned at 20 um thickness using a Leica freezing microtome.
Probes used for RNA in situ hybridization were synthesized within a pCI-NEO vector flanked
by Xhol-Notl cloning sites to the antisense strand of target mRNAs (Promega): probe
ARHGAP11AB-ele2e3e4 (“AB”) was designed to bases 146 to 805 of NM_001039841.1; probe
ARHGAP11A-el12-utr (“A”) to bases 3286 to 4005 of NM_014783.4; probe ARHGAP11B-07utr
(“B”) to bases 2983 to 3688 of NR 038253.1. Digoxigenin labeled RNA probes for in situ
hybridization were generated by in vitro transcription using T7 RNA Polymerase (Roche) in the
presence of DIG-RNA Labeling Mix (Roche). In situ hybridization was performed according to a
previously described protocol and NBT/BCIP was used to develop alkaline phosphatase

conjugated to the sheep antibody against DIG (Roche) (Wallace and Raff 1999). Images were
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collected with a Leica DMI 4000B microscope using a Leica DFC295 camera. Images were

uniformly adjusted for brightness and contrast for clarity.

3.6 NOTES

Data availability

All RNA-seq data will be deposited at the Sequence Read Archive (SRA). The custom Iso-Seq
pipeline used can be found at https://github.com/EichlerLab/isoseq pipeline. Secondary
processing of sequencing data was performed using custom scripts written in Python and R, which
are available upon request.
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Chapter 4. FUTURE DIRECTIONS IN DETERMINING HSD GENE
FUNCTION

4.1 INTRODUCTION

In this chapter I will discuss what I believe are the next frontiers in the study of human-specific
duplicate genes. Ultimately, the work described in Chapters 2 and 3 are intermediate steps along
the way to determining gene function. Determining gene models, reconstructing the evolutionary
history of genes, and correcting annotations all fit into the larger goal of determining which
paralogs are functional, what functions they have, and what the impact is of previously inaccessible
naturally occurring and pathogenic variation.

These questions are inherently complicated by the fact that we are interested in highly identical
genes, and most every aspect of their study requires special experimental and analysis techniques
to account for this. I will discuss three avenues of ongoing investigation that I see as the next steps
in which this work is to be taken.

First, I will describe an application of the method described in Chapter 3 to core duplicon
genes. Core duplicons are interspersed, highly duplicated segments of the genome that are
mediators of continued rearrangements throughout the great ape lineages. Many are genic, and one
in particular, a gene family known as morpheus, also called NPIP, is of particular interest for being
under positive selection in the great ape lineage (Johnson et al., 2001). Application of the method
described in Chapter 3 to this gene family reveals which of the ~20 paralogs are transcribed and

which are silent.
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Second, I will describe a new approach for loss-of-function genotyping of HSD genes for the
purpose of determining functional status as well as disease association. I will discuss how previous
genotyping approaches based on short-read methods failed in the majority of instances to
determine paralog identity (Dennis et al., 2017), but how our long-read approach allows for such
assignment, and how this improvement in variant interpretation improves our understanding of the
functional roles of HSD paralogs.

Third, T will discuss how single-cell RNA-seq techniques can provide more specific insights
into the function of HSD genes, in particular in the developing brain. In the search for genes
underlying human-specific aspects of brain development, multiple groups have converged on HSD
genes as the result of experiments that have focused on the neural stem cells whose divisions are
thought to determine the size of the cortex (Florio et al., 2018; Bhaduri, 2018 submitted). 1 will
show data that suggest genes specifically upregulated in human in these cells are enriched for
HSDs and recent duplicate genes in general.

The work presented in this chapter represents early stages of avenues of investigation that I
hope will be expanded upon in the future. Section 1 includes work I performed with Jason G.
Underwood; Section 2 includes work I performed with Tianyun Wang and Alexandra Lewis;

Section 3 includes work performed in collaboration with Aparna Bhaduri and Alex A. Pollen.

4.2  TRANSCRIPTIONAL STUDY OF THE MORPHEUS GENE FAMILY

While HSD genes are generally found at relatively low (2-5) copy number, there are recently
duplicated gene families at much higher copy in the human genome as well (Sudmant, 2010).
These gene families have grown throughout the primate lineage and thus are not human-specific.
Their expansions follow a particular pattern, where an inner (“core’) sequence that appears to drive

the duplication is shared but the flanking sequence may differ, and accordingly have been labeled
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“core duplicons” (Jiang et al., 2007). These core duplicons are frequently found at the breakpoints
of structural variants and appear to be a major predisposing force to genomic rearrangement
(Johnson et al., 2006).

One such core duplicon found throughout chromosome 16 contains a gene family known as
morpheus, also called nuclear-pore-interacting protein (NPIP), which has expanded to over 20
copies in human and chimpanzee and shows a strong signal of positive selection (Johnson et al.,
2001). In particular, two exons of the gene (exon 2 and exon 4) show a much higher degree of
amino acid divergence between paralogs than the surrounding intronic sequence. Little is known
about the functional role of these genes, though there is some weak evidence of immune-related
function (Bekpen et al., 2017).

We sought to determine if the method described in Chapter 3 could be applied to such high-
copy core duplicon gene families as NP/P. We designed 74 oligonucleotide probes targeting both
subfamilies of paralogs (known as NPIPA and NPIPB) and used these probes for an enrichment
experiment as described in Chapter 3. We used cDNA from the complete hydatidiform mole
(CHM1), which has a haploid genome and thus is devoid of allelic diversity (Fan, 2002). We
sequenced one PacBio SMRT cell to determine the efficacy of our enrichment strategy.

By mapping the long-read RNA-seq data, we see the approximate distribution of captured
reads (Figure 4.1). Here, a density plot of mapped reads is displayed, with the probe-enriched data
on top, above the mappings of the probes in gray, and below are two RT-PCR sequencing
experiments also using RNA from CHMI as starting material (each is a single PacBio SMRT cell)
for comparison. We sequenced a total of 19,125 reads, with an on-target rate of 54%. It is apparent
from comparing the density and distribution of reads from the probe-enriched experiment that a

better coverage across NPIP paralogs on chromosome 16 was achieved.
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Figure 4.1. NPIP coverage across chromosome 16

Genome browser screenshot spanning the entirety of chromosome 16 shows improved coverage across NPIP paralogs
with probe-based capture (top) versus RT-PCR experiments (middle and bottom) targeting similar regions. For
reference, locations of designed NPIP probes as well as RT-PCR primers are also show, as well as the segmental
duplication track.

We then sought to quantify expression by counting mapped reads at each paralog (Table 4.1).
We first counted confidently mapped reads (those with a mapping quality score >40). These
numbers tell us which paralogs are expressed with certainty; however, the sum of these reads
(4,102) indicates that many reads are being excluded from these counts due to ambiguous mapping.
Thus, we also generate counts that include multiple mappings of reads. In this scenario, a read may
be counted as belonging to more than one paralog. These two counting strategies yield well-
correlated results (Pearson correlation coefficient = 0.80) and point to NPIPA 1, NPIPA6, NPIPA9Y,

and NPIPP] as the most highly expressed paralogs.
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Table 4.1. Long-read RNA-seq read counts of VPIP paralogs.

Counts Counts
(uniquely (multi-
Gene mapping) mapping)
NPIPA1 733 5021
NPIPA2 23 332
NPIPA3 17 764
NPIPAS 15 901
NPIPAG 731 5332
NPIPA7 3 1182
NPIPAS8 0 1160
NPIPA9 673 5292
NPIPB10 9 117
NPIPB11 34 236
NPIPB12 54 1049
NPIPB13 53 1136
NPIPB14 292 423
NPIPB15 0 236
NPIPB1 0 275
NPIPB2 0 211
NPIPB3 71 907
NPIPB4 158 936
NPIPB5 110 1196
NPIPB6 58 499
NPIPB7 56 293
NPIPB8 5 320
NPIPB9 80 477
NPIPP1 927 1546
Total 4102 29841

Reads from the pilot enrichment experiment were mapped to GRCh38 using GMAP, and the number of reads
belonging to each paralog was calculated in two ways. In the first, only high-confident, uniquely mapping reads
were counted. In the second, multi-mapping was allowed.

This result shows that the probe-based capture methods described in Chapter 3 can be applied
to high-copy core duplicon gene families such as NPIP. We present for the first time an estimate
of the relative abundance of specific NPIP paralogs across the entire gene family. Using a
minimum cutoff of 5 reads, we can detect with confidence transcription at 19 out of 24 paralogs
in CHM1. However, this may be an undercount, as this count excludes ambiguously mapping
reads. For example, predicted transcripts for paralogs NPIPA7 and NPIPAS are 100% identical,

and approximately 1,200 reads map to both copies equally.
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Work is underway to develop a metric to define confidence in paralog assignment, and thus to
have a more precise estimate of paralog abundance from the data. We also are expanding our scope
to other core duplicon gene families (Dennis et al., 2017; Jiang et al., 2007). With further
refinement of these methods, I believe it will be possible to thoroughly characterize the

transcription of core duplicon gene families as we have done for HSD genes.

4.3 LONG-READ-BASED LOSS-OF-FUNCTION GENOTYPING FOR DETERMINING

THE FUNCTIONAL STATUS OF DUPLICATE PARALOGS

The most common fate for a recently duplicated gene is pseudogenization and eventual loss (Lynch
& Conery, 2000). Therefore, one of the challenges inherent to studying the most recently
duplicated genes is that selection has not yet had time to purge nonfunctional copies from the
genome, as the average half-life of a duplicate gene is believed to be about 4 million years (Lynch
& Conery, 2000), which is on par with the age of HSD genes (Dennis et al., 2017). We cannot take
for granted that the presence of a duplicate gene, its fixation, or its ordered transcriptional activity
is an indicator of functional status.

However, understanding which paralogs are functional and which are not is crucial to
deciphering the roles of HSD genes in evolution and disease. For example, a frameshift variant in
one paralog may be pathogenic, but the same variant in another nonfunctional paralog would be
expected to have no effect at all. This can lead to confusion over the pathogenicity of variants. For
instance, a loss-of-function mutation (c¢.579 G>A) in the HSD gene family NCF/, which has three
copies, is causative of chronic granulomatous disease; however, this mutation appeared to be at
high frequency in the Ashkenazi Jewish population (De Boer et al., 2018; Wolach et al., 2018).
These seemingly contradictory findings turn out to result from the fact that pathogenic variants

reside on the ancestral copy, but the harmless high-frequency variant is found on a duplicate,

85



nonfunctional copy. However, the standard genotyping methods failed to distinguish these two
states. Thus, when genotyping recently duplicated genes, it is easy for the confounding of multiple
paralogs to affect the interpretation of results.

As part of a recent study of HSD genes (Dennis et al., 2017), we performed short-read-based
genotyping across 30 HSD gene families in 658 individuals from the 1000 Genomes Project (1KG)
using molecular inversion probes (MIPs) (Hiatt, 2013). Variants were called by mapping reads
exclusively to the ancestral paralog to take advantage of the generally more complete gene
annotation. This yielded 96 loss-of-function (LoF) variants, though only 33 (34%) could be
definitively assigned to a paralog, similar to the rate we found assignable when performing the
same manner of genotyping in HYDIN2 (see Chapter 2). High-frequency LoF variants in diverse
population controls have the potential to inform us of which paralogs are tolerant of such
mutations, while a dearth of such mutations informs us of which paralogs are potentially
functional. This is analogous to querying a candidate disease gene in a large-scale genotyping
database to assess its tolerance to LoF mutation (Lek et al., 2016; Samocha et al., 2014).

The remaining 63 LoF variants in HSD genes that could be assigned to a gene family, but not
a specific paralog, hold potentially valuable information about which paralogs are functional and
which are not, but that information is inaccessible in the current data. In particular, there are 10
such variants (Table 4.2) present at over 2% frequency in control populations. The lack of paralog
assignability derives from the fact that 112 bp MIP-based sequences used to genotype were not
long enough to reliably capture paralogous sequence variants (PSVs), sequence differences that
distinguish duplicate paralogs. However, a longer flanking region around the LoF variant would
have a better chance of capturing PSVs. So, we sought to re-genotype these variants in a subset of

individuals known to harbor them, but this time by generating a 2 kbp amplicon. We then subjected
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these 2 kbp amplicons to long-read (PacBio) sequencing so that we could accurately “phase” the

variants and determine to which paralog they belonged.

Table 4.2. Common unassigned LoF variants from MIP-based sequencing.

Variant Designation Coordinates Reference Consequence Gene family Pop frequency Paralog
ARHGEF_var1 chr7:144059763-144059786  GRCh37 stop_gained ARHGEF5 0.534 Unknown
ARHGEF_var2 chr7:144062632-144062632 GRCh37 stop_gained ARHGEF5 0.452 Unknown
ARHGEF_var3 chr7:144068253-144068253 GRCh37  splice_acceptor ARHGEF5 0.293 Unknown
FRMPD2_var1 chr10:49379223-49379230 GRCh37 frameshift FRMPD2 0.023 Unknown
GTF2H2C_var1 chr5:68863605-68863605 GRCh37 splice_donor GTF2H2C 0.023 Unknown
GTF2H2C_var2 chr7:74211003-74211003 GRCh37 stop_lost GTF2IRD2 0.942 Unknown
NAIP_var1 chr5:70270055-70270055 GRCh37 stop_gained NAIP 0.021 Unknown
NAIP_var2 chr5:70281265-70281267 GRCh37 frameshift NAIP 0.167 Unknown
PTPN20B_var1 chr10:48751834-48751836 GRCh37 frameshift PTPN20B 0.024 Unknown
TCAF2_var1 chr7:143417403-143417410  GRCh37 frameshift TCAF2 0.147 Unknown

10 LoF variants with allele frequencies in control populations over 2% described in Dennis et al., 2017. Common LoF
variation in control populations indicates a tolerance to mutation and can help distinguish functional from
nonfunctional duplicate paralogs.

Primers were designed to degenerate sequence such that all paralogs would be amplified by
PCR. Amplicons were designed to be ~2 kbp in length, and it was ensured that at least two PSVs
were located in the amplified region to ensure paralog distinguishability. For each unspecified
variant, 10 individuals who were positive for that variant from the MIP-based sequencing were
selected and their genomic DNA was used for amplification. PCR products were purified and
pooled at approximately equimolar concentrations, with a barcoding strategy to distinguish
individuals. All were sequenced in a single PacBio SMRT cell. Reads were demultiplexed and
mapped to the reference genome using BLASR (Chaisson et al., 2012). Each paralog was searched
for having the heterozygous variant specified, and paralog assignment was made by manual

assessment using the UCSC Genome Browser (Table 4.3).
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Table 4.3. Long-read-based genotyping results of unassigned HSD LoF variants.

Individual
Gene family Paralog 1 2 3 4 5 6 7 8 9 10 Result
ARHGEF5 ARHGEF5 + - + + - + + + + + solved -
ARHGEF34P - id. - - - - - id. - -
ARHGEF35 - - - - - - - - - - ARHGEFS
ARHGEF5 ARHGEF5 - - - + - + - - + - solved -
ARHGEF34P id. - + + + + - + + id.
ARHGEF35 paralog does not contain variant ARHGEF34P
ARHGEF5 ARHGEF5 - - + - - - id. - - - solved -
ARHGEF34P + + + + + + + + + +
ARHGEF35 paralog does not contain variant ARHGEF34P
GTF2H2C GTF2H2C - - - - - - id. - + - solved -
GTF2H2B id. id. id. - id. id. id. id. id. id.
GTF2H2 - - + + + + id. - + + GTF2H2
GTF2IRD2 GTF2IRD2 - - - - - - - - - -
GTF2IRD2B +? - - - id. - - - - +? unsolved
GTF2IRD2P1 - - - - - - - - -
NAIP NAIP id. id. id. id. id. id. id. id. id. id.
NAIP_un paralog does not contain variant solved -
NAIP_un2 - - - - - - - - - id. NAIP_un4
NAIP _un4 + - + + + + + + + id.
PTPN20 PTPN20 - - - - - - - - - - solved -
PTPN20B - - + + + + + + + - PTPN20B
TCAF2 TCAF2 - - - - id. o id. - +? - -
TCAF1P1 paralog does not contain variant
ToARZATunz -+ id. + id i4 &+ . 1 hed
_u - i.d. id. id. -
TCAF2P1 paralog does not contain variant TCAF2A
RP11-61L23.2 - +? - - - - - + - -
TCAF1 paralog does not contain variant
NAIP NAIP - - + - id. o+ - + nd. nd.
NAIP_un paralog does not contain variant n.d. n.d.
NAIP un2  id. - + - id + - 4 nd ng unsolved
NAIP_un4 paralog does not contain variant n.d. n.d.
FRMPD2 FRMPD2 -? Y Y 22 2 2?2 nd. nd
FRMPD2B 2 -2 2 2 2 5 2 2 nd ng "nsoved

Out of 10 variants examined in 10 individuals (with the exception of two variants sampled in eight individuals due to
the constraints of the 96-well format), seven could be assigned with at least mild confidence to a particular paralog.
Show for each variant is the result of manually assessing the presence (+) or absence (-) of the variant in each paralog.
Question marks indicate a low-certainty call, while i.d. indicates insufficient data (< 10 reads) and n.d. indicates the
variant was not queried in the individual. Paralog names with the “un” suffix refer to unannotated regions of homology
to the ancestral gene.

Out of the 10 variants, seven could be assigned to a particular paralog, while three could not
be assigned through manual inspection of read mappings alone. We find that the LoF variant
belongs often but not always to what is believed to be a pseudogene paralog. Two of the three
ARHGEF5 gene family variants were assigned to ARHGEF34P, though one is assigned to

ARHGEF5, the ancestral gene. For the NAIP gene family the variant belongs to a duplicate copy
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that is not part of any annotated gene, while for PTPN20, the variant is strongly indicated to be in
the duplicate pseudogene, PTPN20CP. However, the precise details of paralog-specific gene
annotations are important. For example, the TCAF gene family frameshift variant is assigned to
TCAF24; however, at this locus it does not overlap an exon, as the gene model is distinct. Thus,
we would not conclude that TCAF24 is tolerant to LoF variation. Finally, the GTF2H2 gene family
variant has been assigned to GTF2H? itself, not GTF2H2B, which appears to be a pseudogenized
duplication. This may be permitted due to the redundancy created by GTF2H2C, which maintains
the open-reading frame of GTF2H2. It is perhaps surprising that a common (53% allele frequency)
LoF variant has been assigned to ARHGEFS5. While this variant directly disrupts the ATG start
codon, it may be tolerated due to alternate translation at the next ATG codon, which is found 81
bp downstream.

To summarize this pilot experiment on assigning LoF variants in HSD gene families to specific
paralogs, we used a long-read genotyping approach, generating 2 kbp sequences (instead of 112
bp) and were able to assign 7 out of 10 of the variants to specific paralogs. Current work is
underway to develop an automated approach to paralog assignment employing an algorithm
originally designed for phasing of long reads for de novo genome assembly over duplicated
sequence (Chaisson et al. 2017).

Looking ahead, the same probe-based enrichment can be applied concurrently to genomic
DNA containing genes of interest. De novo assembly of a suspected disease region using probe-
based enrichment followed by long-read sequencing enabled the identification of a previously
undetected structural variant causing X-linked dystonia-parkinsonism (Aneichyk et al. 2018). With

the complementary abilities to assemble duplicated regions and capture full-length transcripts,
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previously inaccessible variation in duplicate genes that manifests in altered transcription can be

assessed.

4.4  SINGLE-CELL RNA-SEQUENCING IMPLICATES HSD GENES IN NEURAL

PROGENITOR CELL FUNCTION

The most salient distinguishing feature of the human species is the behavioral and cultural
differences attributed to increased intelligence, and the expansion of the cortex—in particular the
neocortex—is believed to be the basis for higher-order cognition and complex behavior (Sousa et
al., 2017). There is no simple relationship between brain size and cognitive abilities between
species. However, humans have the largest brains among extant primates (Stephan et al., 1981).
Humans are also believed to have the most cortical neurons among extant primates (Herculano-
Houzel et al., 2015). Therefore, great interest surrounds the genetic changes responsible for these
observed differences.

The neural stem cells whose proliferation gives rise to the cortex are a natural focal point of
attention for the question of what expression-related changes may relate to the difference in brain
size and neuron count. Single-cell RNA-sequencing (scRNA-seq) allows for the determination of
cell-type identity and the examination of cell-type-specific expression patterns. The brain is a
heterogeneous tissue, and as such, differences in gene expression of one particular cell type may
be lost in bulk tissue expression measurements. The neural stems cells of the neocortex are known
as radial glia, for their spoke-like morphology as observed in a cross section of the developing
neocortex. Of particular importance are the outer radial glia, which have a distinct cellular identity
and generate the majority of cortical neurons (Pollen et al., 2015).

Developments in single-cell techniques have improved our ability to focus on key cell types,

such as radial glia, and have yielded new insights into the specific expression differences that set
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apart both this cell type from others as well as this cell type in humans from this cell type in
nonhuman primates. Many techniques have been applied to isolate cells of interest. These include
laser capture microdissection of specific cortical zones (Fietz et al., 2012; Miller et al., 2014), cell
types isolated by fluorescence-activated cell sorting (Florio et al., 2015a; M. B. Johnson et al.,
2015), and microdissection followed by scRNA-seq (Pollen et al., 2015). A recent meta-analysis
of the aforementioned five datasets that sought to identify genes preferentially expressed in
progenitor cells of the human neocortex and found that 15 human-specific genes fit this expression
pattern (Florio et al., 2018).

Therefore, recent species- and clade-specific genes appear to play an important role in
expression that distinguishes the neural progenitor cells from more mature neural cell types. We
were also interested in expression differences of neural progenitor cells in the developing human
cortex as compared to those in developing nonhuman primate cortex. However, comparative
studies of human and nonhuman primate brain development suffer from a lack of primary
developing brain tissue, especially that of nonhuman primates like chimpanzee. Organoid models
derived from induced pluripotent stem cells (iPSCs) (Clevers, 2016) offer an alternative approach.
Cerebral organoids have great potential for application to scRNA-seq and recapitulate many
aspects of early brain development (Pollen et al., 2015).

Our collaborators Aparna Bhaduri and Alex A. Pollen at the University of San Francisco have
recently undertaken an effort to identify such differences (Bhaduri, 2018 submitted). They have
developed a cerebral organoid model derived from iPSCs and compared expression between
organoids derived from 10 human and 8 chimpanzee individuals. Specifically, scRNA-seq
performed on dissociated cells from such cerebral organoids was used to define orthologous cell

types and compare expression between the species. In parallel, they performed scRNA-seq on
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dissociated cells from primary tissue from 48 human and 6 macaque primary samples of
developing cortex. Using a likelihood ratio test, they identified 200 differentially expressed genes
that showed increased expression in human in both the human—chimpanzee and human—macaque
comparison.

Inspection of this list revealed that nine HSD genes were present. We tested whether the
derived gain-of-expression genes in human were enriched for HSD genes (Dennis et al., 2017)
using a one-sided Fisher’s exact test as well as by permuting identity (HSD or not) and recording
how often eight or more HSDs were up-regulated by chance. Note that a gain-of-expression gene
(DDAH]I), previously designated as an HSD gene (Dennis et al., 2017), was not counted for the
purposes of this analysis because the duplication is intronic, but conservatively the list of all HSDs
was not changed.

Because the classification of HSD genes is conservative and does not include genes that have
expanded earlier in the primate lineage or independently in both humans and other primates, we
also tested whether the same gene list was enriched for genes overlapping recent (>99% identity)
segmental duplications. Note that this should also include many of the core duplicon genes (Jiang
et al., 2007). We used a one-sided Fisher’s exact test to test for enrichment, as well as 10,000
permutations in which segmental duplications were shuffled across the genome and the proportion
of overlapping genes that were gain-of-expression was recorded; in no permutation was this
proportion greater than observed.

And so, we found that gain-of-expression genes in human are enriched for HSD genes (p =
1.3x10° by Fisher’s exact test; p = 1.6x10”° by permutation test) as well as genes overlapping
recent segmental duplications (>99% identity) in human (p = 7.0x10"'! by Fisher’s exact test; p <

107 by permutation test), supporting a role of young duplicate genes in human-specific aspects of
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cortical development. Such genes are prime candidates for comparative functional studies to

determine what specifically their contributions are to development.

4.5 CONCLUDING REMARKS

This work has included careful examination of gene duplication as a mechanism for the evolution
of novelty in human. While ultra-expanded gene families such as NPIP consist of whole-gene
duplications, one striking finding for HSD genes is just how many (19 out of 31) duplicate paralogs
we characterized are incomplete gene duplications. As a model for rapid evolution of novelty,
incomplete gene duplication is inconsistent with the classic model of Ohno whereby duplicate
copies accumulate mutations gradually over time (Ohno 1970) as well as more recent findings that
tandem duplicate genes in mammals are slow to diverge and rarely subfunctionalize (Lan and
Pritchard 2016).

The findings presented here are distinguished from such earlier work on gene duplication by
1) the timescale of our analysis—we focus on the most recently duplicate genes now that we have
methods that make their transcription accessible and 2) the interspersed nature of the duplicate
genes studied here. Not one of the duplicate genes in Figure 3.3 is a tandem gene duplication. This
is consistent with the much higher proportion of interspersed (versus tandem) duplications found
in great ape genomes (Marques-Bonet et al., 2009). The frequency of fusion transcripts that arise
from such interspersed duplications speaks to both the transcriptional promiscuity of recently
duplicated segments as well as modularity of genomic segments when placed into new contexts.

It is likely no coincidence that the most promising candidates among HSDs for roles in shaping
human neurodevelopment are 3'-truncated genes (Dennis et al., 2012; Charrier et al., 2012; Florio
et al., 2015; Fiddes et al., 2018; Suzuki et al., 2018). Maintenance of the promoter supports

maintenance of the ancestral expression pattern, allowing interaction of the new duplicate gene
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with its ancestor or other ancestral interacting partners, and a truncated protein copy immediately
presents an opportunity for neofunctionalization. The role of the frequent fusion transcripts seen
from “run-on” transcription remains to be elucidated.

While some genes discussed have the support of experimental evidence supporting function
(Charrier et al., 2012; Florio et al., 2015; Ju et al., 2016; Araud et al. 2011), for most, such evidence
is still lacking. Discussion of duplicate genes has long included the notion of the “potential” for
future, beneficial mutations (Ohno, 1970), which runs the risk of anthropomorphizing the genome
somewhat, so as to see “intent”’, where of course, the genome has no intent, nor foresight (Doolittle
and Brunet, 2017; Brenner, 1998). Is it meaningful to discuss evolutionary innovation in such
cases, or are we reading too much into genomic spasms that are currently tolerated but will
eventually be lost for lack of selective pressures?

It is worth noting that in two of the best functionally studied HSD genes, there were
intermediate stages where the duplicate gene (in both cases 3'-truncated) may have persisted with
absent or at least weaker functionality than what is believed to be the active form today. For
instance, in a separate event following its birth through duplication, ARHGAP11B underwent a
single point mutation that appears to have conferred the key ability to promote neural progenitor
activity (Florio et al. 2016). SRGAP2C has undergone five amino acid substitutions since its birth
by gene duplication without which its key ability to antagonize the ancestral SRGAP2 through
heterodimerization is much weaker (Sporny et al., 2017). While it is no surprise that subsequent
mutations should refine the selectively advantageous activities of new genes, it is worth pointing
out that in both of these instances, there appears to have been an intermediate state where the new

duplicate gene function was not yet fully realized.
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Therefore, though we must be cautious to avoid the inference of “intent”, and while not all
recently duplicate genes may be functional, it would seem that they provide fodder for further
mutational changes that may make them so. But then, how do we go on to make that critical
assignment of functionality? For even experiments based on ectopic expression of HSD genes run
the risk missing the subtleties of context, including the spatiotemporal details of expression
patterns, and the contemporary features of the early genomes where these changes initially took
place.

I believe the strongest evidence for HSD gene function will come from studies of naturally
occurring human variation. Genes (paralogs specifically) that satisfy the following conditions can
be said to have strong evidence of function: 1) expression of specific paralogs in relevant tissue
and cell types; 2) a depletion of naturally occurring loss-of-function variation in healthy population
controls versus what would be expected by chance; and 3) an association between deleterious
variation in HSD genes and disease.

To close, I see this work as a required intermediate step towards investigating these three
conditions for HSD genes. As discussed in Chapters 2 and 3, correct and complete gene annotation
is essential for interpreting sequence variation and producing accurate expression estimates.
Looking forward, I see sScRNA-seq as a key tool for further refining the expression of HSD genes
to the most relevant cell types, especially in highly heterogeneous brain tissue. In Chapter 3 we
distinguished expressed from non-expressed paralogs, and in Chapter 4, I presented a way forward
for addressing this question with a gene family with ~20 paralogs. I would expect that variation in
some of these paralogs is impactful, perhaps even pathogenic, but certainly not all are the same.
In Chapter 4, I also presented a way forward for genotyping LoF variation in HSD genes in a

paralog-specific manner. It is important to note that copy number difference in HSD genes may be
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an even more relevant form of variation than single and multi-nucleotide variants. Careful
assessment of all forms of variation in HSD paralogs will ultimately tell us the most about what

role these new genes play in making us who we are.
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APPENDIX A: ADDITIONAL MATERIAL FOR CHAPTER 2

16q22.2 1p22.3 1p22.3
1‘ 1 < Il NBPF
New
promoter

500 kbp

121.1-1921.2

4

1p12-1p11.2 1p12-1p11.2

Supplementary Figure 1. HYDIN and associated chromosome 1 duplications. The segmental
duplications that led to the formation of HYDIN2 are seen in the context of larger genomic
rearrangements on chromosome 1. Duplications are visualized using Miropeats (s = 800;
Parsons, 1995). The central sequence represents chromosome 1q21.1-1g21.2 (chr1:146061572-
150028860) with the HYDIN duplication in light blue. Also highlighted is the new HYDIN2
promoter. The homology with chromosome 16q22.2 (chr16:70611384-71368670) and
chromosome 1p22.3 (chr1:87315068-87609100) shown above the 1q21 region is the same as in
Figure le. Shown below the 1g21 region is additional homology to chromosome 1p12-1p11.2
(chr1:119530046-121401465). This region is shown twice for clarity. Locations of the core
duplicon gene NBPF, by GENCODE annotation, are highlighted as red boxes and are found at or
near the breakpoints of most observed rearrangements, including the palindromic duplication
shown at the bottom right (also described in O’Bleness, 2014).
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Supplementary Figure 2A. Timing of first duplication of the 5' and 3' segments flanking
HYDIN2. We estimate that the segmental duplication (65 kbp) that was bisected by the HYDIN?2
duplication underwent an earlier duplication from chromosome 1p22 to chromosome 1q21
approximately 21.0 mya (95% CI: 20.6-21.6 mya). This is consistent with the observation that
this segment is at haploid single-copy in marmoset, macaque, and baboon, and at haploid copy
number 2 in gibbon and orangutan.

Sequences. Sequences homologous to the three human loci were identified in primates and in
mouse using BLAT and the UCSC Genome Browser. A single homologous locus was identified
in mouse, which was used to root the tree. One homologous locus was identified in marmoset,
representing New World monkeys, and one homologous locus was identified in both the rhesus
macaque and baboon, representing Old World monkeys. This suggests the duplication occurred
after the divergence of apes from Old World monkeys. Within apes, two homologous loci were
identified in gibbon and orangutan each, suggesting that the duplication occurred within the
common ancestor of hominoids (lesser and greater apes). Multiple homologous loci of varying
lengths were identified in chimpanzee, suggesting this region has undergone further
rearrangement and amplification in that lineage.

Alignment and tree building. A 30,872 bp multiple sequence alignment (MSA) was generated
using MAFFT with sequences deriving from the single locus in mouse and marmoset, the two
loci in orangutan, and the three loci in human. The phylogenetic tree was inferred using the
maximum-likelihood method with distances estimated using the Tamura-Nei model and tested
with 50 bootstrap replicates. Branches are labeled with the number of substitutions per site and
nodes are labeled with bootstrap support.

Timing the duplication. The two loci on human 1g21 pass the relative rate test (p = 0.65,
outgroup orangutan), as do either with their ortholog in orangutan (p = 0.89 for 1q21.1 and p =
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0.61 for 1g21.2, outgroup marmoset). The locus on human 1p22.3 and its closest orangutan
ortholog also pass the relative rate test (p = 0.25). However, the 1q and 1p clades appear to be
evolving at different rates (p < 0.00001 for both, outgroup marmoset), and neither clade passes
the relative rate test with marmoset (p = 0.004 for 1q and p < 0.00001 for 1p, outgroup mouse).
In marmoset, the derived sequence sits on the long arm of chromosome 7, consistent with known
translocations that differentiate the species (Sherlock, 1996). All in all, we cannot assume the
same local rate of neutral substitution between any pair in these three clades (marmoset, 1p
clade, 1q clade).

We use the 1p22.3 clade to estimate the timing of the duplication since that region is syntenic to
the original sequence in marmoset. These estimates are based on the proportion of genetic
distance since divergence from marmoset that occurred since the duplication of our segment of
interest.

clade Ip
Dhuman 1p22.3 branch = 0.013632
Dorangutan 141M branch = 0.015181
Average(Dorangutan 141M branch, Dhuman 1p22.3 branch) =0.014407
Dlp until human-orang split = 0.012466
Dfrom divergence from marmoset to duplication = 0.015257
(Distance after duplication)/(Total distance since divergence from marmoset) =
(0.014407 + 0.012466)/(0.014407 + 0.012466 + 0.015257) = 0.63785

Time of human—marmoset divergence (Glazko and Nei 2002) = 33 mya (range
32-36)

Estimate based on clade 1p
0.63785 * 33 mya = 21.0 mya (95% CI: 20.6-21.6 mya)

We calculated 95% confidence intervals around our duplication timing estimate above using
branch length error estimates and the following approach. First, for each branch in the tree, we
set the branch length to a randomly chosen value between the actual branch length minus the
branch length error (or zero if that value is negative) and the actual branch length plus the branch
length error, inclusive. Second, we recomputed the timing estimate above using the same
calculations as for the original tree except using the modified branch length values. For these
calculations, we assumed a human—marmoset divergence of 33 mya. Third, we repeated the
above two steps until we obtained one million modified trees and corresponding timing
estimates. Finally, we sorted the estimates and reported the 25,000" and 975,000 sorted timing
estimate values as the 95% confidence interval around the corresponding timing point estimate:
20.6-21.6 mya. Note that this error is less than the error that results from uncertainty in the
timing estimate for human—marmoset divergence (Glazko and Nei, 2003).

This range of estimates, which places the duplication just after the divergence of apes and Old
World monkeys (23 mya, range 21-25), is consistent with where we place the duplication in
evolutionary history based on its presence and absence in reference genomes. It is important to
note, however, that nonhuman primate reference genomes may be incomplete, especially in these
duplicated regions.
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Supplementary Figure 2B. Timing of second duplication of the 5' and 3' segments flanking
HYDIN?2. To time the more recent duplication of the sequence immediately flanking HYDIN?2,
which occurred between 1g21.1 and 1q21.2, a new MSA was generated with sequence from the
two human loci, the homologous chimpanzee locus, and the homologous orangutan locus. The
sequences for the two human loci and the orangutan locus are the same as used in Figure S2a.
Because this region appears to have undergone further duplication in chimpanzee (data not
shown), we identified and sequenced a BAC containing homologous chimpanzee sequence
(CH251-231E10). A 209,299 bp MSA was generated using MAFFT and manually edited for
obvious alignment errors. The phylogenetic tree was inferred using the maximum-likelihood
method with distances estimated using the Kimura 2-paramter model and tested with 50
bootstrap replicates. Branches are labeled with the number of substitutions per site and nodes are
labeled with bootstrap support.

Timing the human-specific duplication. We similarly estimate the timing of the human-specific
duplication of the segments that flank HYDIN2 using orangutan as the outgroup, and a
divergence time of 6 mya (Glazko and Nei, 2003), based on the proportion of genetic distance
since divergence from chimpanzee that occurred since the duplication of our segment of interest.
The human branches pass the relative rate test (p = 0.18).

Daverage human 1¢21.1/1q21.2 branch = (0.002032 + 0.001846)/2 = 0.001939

qu human until 1q21.1/1q21.2 split = 0.002932

D1q human total = (0.002032+ 0.001846)/2 + 0.002932 = 0.004871

(Distance after duplication)/(Total evolutionary distance since divergence from
chimpanzee) = 0.001939/(0.004871 + 0.005213) = 0.1923

0.1923 *2 * 6 mya = 2.31 mya (95% CI: 2.17-2.45 mya)*

This estimate is more recent than the estimate of the HYDIN?2 duplication, however it
must necessarily have preceded the insertion of the duplicated HYDIN2 sequence. We
think it most likely that interlocus gene conversion is responsible for reducing the genetic
divergence between these segments and distorting this timing estimate.
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Supplementary Figure 3. Paralog-specific copy number estimates for 236 individuals from
the Human Genome Diversity Project (HGDP). Whole-genome sequencing data from the
HGDP were mapped to the HYDIN segmental duplication, and SUNK-based read depth was used
to assess paralog-specific diploid copy number. Both paralogs are found at copy number 2 in all
individuals shown, including 41 Africans, 21 Native Americans, 45 East Asians, 21 Oceanians,
27 South Asians, 22 Siberians, and 59 Europeans.
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Supplementary Figure 4. HYDIN internal structural variation and interlocus gene
conversion. Examples of structural variation within HYDIN paralogs and a putative interlocus
gene conversion event. Each point shows a paralog-specific copy number estimate (red, HYDIN;
blue, HYDIN?) based on sequencing data corresponding to a single MIP targeting sequence that
distinguishes HYDIN paralogs. Sequencing reads were analyzed to compute paralog-specific
read count relative frequencies for each MIP, which were multiplied by the aggregate estimated
copy number at each target site to infer paralog-specific copy number. Shown are an ~212 kbp
duplication affecting HYDINZ2 (upper left), an ~289 kbp duplication affecting HYDIN2 (lower
left), a putative ~3 kbp deletion affecting HYDIN2 in a 1g21 microdeletion patient (orange
highlight, upper right), and an ~2 kbp interlocus gene conversion event (lower right). Note that
the putative HYDIN?2 deletion shown might instead reflect interlocus gene conversion—all reads
for 11 consecutive MIPs over the highlighted interval mapped to HYDIN, consistent with zero
copies of HYDIN?2 and either two or three copies of HYDIN. Also note that the interlocus gene
conversion event identified in AU1188303 is the same as that discovered in 11094.s1 (Figure
2C, bottom right), indicating this event likely segregates at very low frequency. 153 MIPs were
used for genotyping all individuals shown except CMS 9492, a 1q21 microdeletion patient
genotyped with 717 MIPs. All events shown were detected by an automated caller. Duplicated
exons based on the canonical HYDIN gene model are indicated at the bottom of each plot.
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Supplementary Figure 5. 1q21 rearrangement breakpoint variability. a) 717 MIPs targeting
regions that distinguish HYDIN paralogs were employed to genotype HYDIN paralog-specific
copy number in 48 1q21 microdeletion and 25 1q21 microduplication patients. Points show
HYDIN paralog-specific copy number estimates (red, HYDIN; blue, HYDIN?) for three
microdeletion patients (14852.x3, CB_081113, and RB_078381) and three microduplication
patients (14862.x7, 14813.x9, and 14881.x3). These estimates were calculated as the product of
the paralog-specific read count relative frequency for a particular MIP and the aggregate
estimated copy number at the corresponding target site. The MIP results indicate that 1921
rearrangements do not always include HYDINZ2. b) The segmental duplication organization of a
4.5 Mbp region at chromosome 1q21 (GRCh38 chr1:145,500,001-150,000,000) is shown along
with array CGH profiles for the individuals in panel a. Thin colored boxes indicate sequences
duplicated between this region and another genomic locus, with colors corresponding to
sequence identity (orange = 99% or above, yellow = 98%—-99%, gray = 90%—-98%) and markings
showing orientation (right-pointing, directly oriented; left-pointing, inversely oriented) between
duplication pairs. Thick colored boxes highlight locations of several duplicated genes. Orange
triangles indicate high-identity, directly oriented NOTCH2NL-NBPF duplications, with putative
breakpoints of the canonical 121 rearrangement shown as vertical gray dashed lines. Shown
below are the locations of NBPF core duplicons. Array CGH confirms 1g21 rearrangements in
these individuals, and array data over HYDINZ2 (blue highlight) indicate a loss or gain in some
(14852.x3 and 14862.x7) but not others (all other individuals shown), validating the MIP data
shown in panel a.
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Supplementary Figure 6. The HYDIN2 promoter corresponds to a peak of chromatin
accessibility in fetal brain. Reads indicating sites of chromatin accessibility as determined by
sensitivity to DNase I digestion from various fetal brain time points (day 58 — day 142) were
mapped using mrsFAST-Ultra (Hach, 2014) to allow for measurement over duplicate sequence.
Shown is a ~14 kbp region (chr1:146479496-146493419) surrounding the acquired promoter and
first exon of HYDIN2, with a peak is visible at all time points. See Appendix A: Table S8 for
sample information.
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Supplementary Table 1. MIP-based copy-number genotyping of HYDINZ2

Number of individuals

*First number (before slash) is minimum number of unrelated chromosomes, second number
(after slash) is maximum number of unrelated chromosomes.

116

HYDIN2 HYDIN2 HYDIN2 HYDIN2
Individuals Casesor  deletions normal duplications complex
Cohort genotyped controls (CN=1) (CN=2) (CN=3) event
SVIP 16p 336 both 0 336 0 0
16p triplications 1 0 1 0 0
16p duplications 70 0 70 0 0
16p normals 187 0 187 0 0
16p deletions 78 0 78 0 0
SVIP 1q21 120 both 45 52 22 1
1q21 duplications 25 0 3 22 0
1q21 normals 46 0 46 0 0
1q21 deletions 49 45 3 0 1
HapMap/1KG 1082 controls 1 1076 4 1
AGRE Probands 941 cases 0 941 0 0
SSC Probands 787 cases 0 786 0 1
TASC Probands 890 cases 0 888 1 1
TASC Siblings 123 controls 0 123 0 0
AGRE Siblings 638 controls 0 637 0 1
SSC Siblings 1133 controls 0 1130 1 2
SSC Parents 2 controls 0 2 0 0
Cell Lines 3 controls 0 3 0 0
All Combined 6055 both 46 5974 28 7
Cases (excluding SVIP) 2618 cases 0 2615 1 2
Controls (excluding SVIP) 2981 controls 1 2971 5 4
SVIP cohorts 456 both 45 388 22 1
Number of unrelated chromosomes
HYDIN2 HYDIN2 HYDIN2 HYDIN2
Chromosomes Casesor  deletions normal duplications complex
Cohort genotyped controls (CN=1) (CN=2) (CN=3) event
HapMap/1KG_YRI 117/117 controls 171 115/115 111 0/0
HapMap/1KG_GBR 185/186 controls 0/0 185/186 0/0 0/0
HapMap/1KG_FIN 190/190 controls 0/0 190/190 0/0 0/0
HapMap/1KG_CHS 4/4 controls 0/0 4/4 0/0 0/0
HapMap/1KG_CHB 96/96 controls 0/0 96/96 0/0 0/0
HapMap/1KG_PUR 4/4 controls 0/0 4/4 0/0 0/0
HapMap/1KG_IBS 190/190 controls 0/0 190/190 0/0 0/0
HapMap/1KG_KHV 10/10 controls 0/0 10/10 0/0 0/0
HapMap/1KG_CDX 2/2 controls 0/0 2/2 0/0 0/0
HapMap/1KG_GWD 10/10 controls 0/0 10/10 0/0 0/0
HapMap/1KG_PJL 2/2 controls 0/0 2/2 0/0 0/0
HapMap/1KG_ESN 10/10 controls 0/0 10/10 0/0 0/0
HapMap/1KG_MSL 6/6 controls 0/0 6/6 0/0 0/0
HapMap/1KG_ITU 8/8 controls 0/0 717 0/0 11
HapMap/1KG_CEU 237/243 controls 0/0 237/243 0/0 0/0
HapMap/1KG_JPT 102/102 controls 0/0 102/102 0/0 0/0
HapMap/1KG_LWK 140/151 controls 0/0 140/151 0/0 0/0
HapMap/1KG_ASW 115/131 controls 0/0 113/129 2/2 0/0
HapMap/1KG_MXL 112/115 controls 0/0 112/115 0/0 0/0
HapMap/1KG_TSI 174/174 controls 0/0 174/174 0/0 0/0
HapMap/1KG_GIH 2/2 controls 0/0 2/2 0/0 0/0
HapMap/1KG_MKK 150/150 controls 0/0 150/150 0/0 0/0
HapMap/1Kg_all_combined 1866/1903  controls 11 1861/1898 3/3 171
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Supplementary Table 4. Pairwise dN/dS values for HYDIN in primates.

Species/Paralog Hur:nan Human Chimpanzee Gorilla Gibbon Macaque =~ Marmoset
duplicate ancestral
Human duplicate -
Human ancestral 0.47 -
Chimpanzee 0.39 0.29 -
Gorilla 0.28 0.23 0.24 -
Gibbon 0.29 0.28 0.28 0.26 -
Macaque 0.25 0.24 0.25 0.23 0.26 -
Marmoset 0.31 0.30 0.30 0.30 0.31 0.31 -

Supplementary Table 5: Likely gene disruptive events detected in HYDIN/HYDIN2 by MIP-based sequencing of exons.

Paralog®  Variant Exon Intron Protein position Amino acid Samples Frequency Number genotyped**

HYDIN splice_donor - 29/85 - - 1 0.04% 2603
HYDIN stop_gained 11/86  11/86 1330 R/* 1 0.04% 2599
HYDIN2 splice_acceptor - 14/85 - - 2 0.08% 2605
HYDIN2 frameshift 19/86 - 2531-2532 A/X 1 0.04% 2607
HYDIN2 splice_donor - 28/85 - - 1 0.04% 2600
HYDIN2 frameshift 41/86 - 2115-2116 VI/VSX 10 0.38% 2598
HYDIN2 splice_donor - 42/85 - - 1 0.04% 2599
HYDIN2 frameshift 46/86 - 2485 A/X 1 0.04% 2600
HYDIN2 frameshift 48/86 - 2680 G/X 1 0.04% 2598
HYDIN2 splice_acceptor - 54/85 - - 1 0.04% 2595
HYDIN2 splice_acceptor - 67/85 - - 6 0.23% 2601
HYDIN2 stop_gained 80/86 - 4563 W/* 1 0.04% 2599
unknown splice_donor - 8/85 - - 1 0.04% 2601
unknown  frameshift 17/86 - 766-768 LVL/X 1 0.04% 2597
unknown splice_donor - 31785 - - 1 0.04% 2595
unknown  frameshift 35/86 - 1771 P/X 24 0.92% 2595
unknown  frameshift 37/86 - 1885 N/X 1 0.04% 2603
unknown splice_donor - 43/85 - - 3 0.12% 2602
unknown stop_gained 45/86 - 2352 R/* 1 0.04% 2597
unknown splice_donor - 50/85 - - 1 0.04% 2598
unknown  frameshift 51/86 - 2876 T/NX 1 0.04% 2604
unknown stop_gained 52/86 - 2928 Q/* 1 0.04% 2595
unknown splice_acceptor - 52/85 - - 5 0.19% 2594
unknown splice_donor - 53/85 - - 2 0.08% 2601
unknown stop_gained 62/86 - 3504 E/* 1 0.04% 2604
unknown  stop_gained 70/86 - 3970 R/* 1 0.04% 2604
unknown splice_donor - 75/86 - - 1 0.04% 2602
unknown splice_acceptor - 83/85 - - 1 0.04% 2598
unknown stop_gained 84/86 - 4846 Q/* 1 0.04% 2602

*Paralog determined by presence of SUN on variant-containing MIP reads, variants identified by MIP reads that did not intersect a SUN could not
be assigned; Variants in HYDIN2 are annotated with the exon numbering scheme from HYDIN
**Number of samples successfully genotyped for this variant (Freebayes)
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y Table 6. P for patients having atypical chr 1q21 rearr

Individual _ Cohort 1921 CNV_number

14813.x10 SVIP duplication
14813.x9 SVIP duplication
14881.x3 SVIP duplication

CB_081113  Manchester deletion

RB_078381 Manchester deletion

SAL_703574 Salisbury  deletion

IP) Phenotype Notes

The patient is a 6-year-old Caucasian male. Facial features include macrocephaly, mild bilateral down slanting palpebral fissures and small ears
with thickened/overfolded helices and large lobes that are posteriorly rotated. Additional facial features include mild plagiocephaly, small

mouth, and tented upper lip. Physical examination reveals left 5th and right 4th-5th clinodactyly of fingers as well as 4th and 5th bilateral
clinodactyly of toes. Patient has an anterior hair whorl, a hypopigmented spot on his right abdomen and a Café-au-lait colored macule on his

left inner knee. Examination also reveals lordosis and double sacral dimples with gluteal cleft at midline (shallow, but easily visualized). Patient
currently has a significantly above average head circumference measurement (72 months: HC = 56.1, z = 2.68). Patient has a significantly above
average height and weight, but has a normal BMI of 21.4 (72 months: height = 127.5 cm, z = 2.36 weight = 34.74 kg, z = 2.83). Patient was
diagnosed with Autistic Disorder (confirmed with ADOS, ADI, and clinical judgment using DSM-IV criteria) as well as Mild Mental Retardation
(based on diagnostic history, cognitive and adaptive assessment, parent report of symptoms and clmlcal Jjudgment). He uses mostly smgle words
with occasional phrases. Patient shows autism-related impairments in language and social ion, including odd i p

echolalia, stercotyped language, limited spontancous use of gesturcs and eye contact, limited range of facial expressions, limited response to
social smile and name, difficulties with joint attention, initiation of social interaction and pretend play. Finger flapping and repetitive use of play
objects are also noted. Patient’s cognitive abilities fall in the Very Low range (Mullen Verbal IQ = 38, DAS-II Nonverbal IQ = 51) Adaptive abilities
fall in the Low range (Vineland Adaptive Composite = 64). Patient used his first single words at 54 months of age. Earlier in his history, he did
spontaneously sing/babble several simple songs, but mother reports loss of babblmysmgmg between ages 2 and 3. Abnormalities were first

noted in his development at 24 months of age. Patient has low receptive and exp ion (Vineland C ication Domain
Standard Score = 63; Mullen Receptive Language Subscale Age Equivalent = 28 months, Mullen Expressive Language Subscale Age Equivalent =
27 months). Patient is right-hand dominant. Patient evidences moderate i i in gross motor ioning and manual dexterity, per

parent report (Vineland Motor Skills Domain Standard Score = 72). Patient’s parent endorses concerns with attention problems and
hyperactivity. Patient was born at 39 weeks gestation via cesarean section due to mother’s anal fissures, but no other labor complications were
reported. Following birth, patient experienced hyperbilirubinemia but did not receive treatment. Patient was diagnosed with intermittent
constipation at 3 months of age, which has not been resolved. At 19 months of age, patient was diagnosed with heart murmurs and has a
history of chronic pneumonia. In addition, patient was diagnosed with Tics at 2 years of age. Patient has strabismus, and was initially treated
with glasses (later unnecessary). Parent reports that the patient is ively clumsy and di but no other neurological diagnoses
have been made.
The patient is a 37-year-old Caucasian male. Physical examination reveals pupillary hippus bilaterally, as well as an irregular bordered light
brown macule on the left cheek. Patient has an irregular bordered light brown macule on his right upper back, as well as an oval café au-lait
spot on his left buttock. Patient has wide-spaced 1st-2nd toes bilaterally, and very mild left concave thoracic scoliosis. Patient also has mild
plagiocephaly. Additionally, he has a mild left deviation of the gluteal cleft at the top, but no dimple. Patient has a head circumference of
60.0cm. Patient has a height of 177.5cm and a weight of 122.92kg, with a BMI indicative of obesity. Patient has a diagnosis of Depressive
Disorder Not Otherwise Specified (confirmed with rating scales, clinical judgment using DSM-IV criteria) for which he takes Sertraline. Patient
does not meet diagnostic criteria for ASD or other related disorders, but is observed to have a flat affect and flat/monotone speech. He self-
reports some social difficulties, few close friendships, and has moderately low scores on Vineland Socialization scale (Standard Score = 85). As a
child he notes he was shy, stayed to himself and did not talk much. Patient’s cognmve abilities fall in the Average range (WASI Verbal IQ =111,
Nonverbal IQ = 97, Full Scale IQ = 105). Besides the ioned scores on Socialization, his adaptive abilites fallin the Adequate range
(Adaptive Composite = 90). Academic skills are Average to High Average (WIAT-III Reading C ion = 120; Sentence C =92;
‘Word Reading = 114; Numerical Operations = 106). Patient is right-hand dominant. Patient has Low Average fine motor coordination (Purdue
Pegboard T scores, Dominant = 40.35, Non-dominant = 49.07, Both Hands = 37.68). Patient was born vaginally at full-term (exact gestational
weeks . No p or labor ications were reported. Patient wears glasses to correct vision to normal. Patient has

but no other ical problems are noted. Patient has a structural intestinal malrotation. He has had several surgeries,
including gallbladder removal, an and an orchi (for undescended testicles in childhood). Patient also has severe sleep
apnea, and uses a CPAP machine.
Patient is a 36-year old male. Physical examination reveals presence of a café au lait (location not specified). Patient also exhibits rapid and fast
postural tremor. Patient currently meets criteria for macrocephaly (435 months: HC = 59.2 cm, z = 2.86). Patient has an above average height,
an above average weight (435 months: height = 186.4 cm, z = 1.34, weight = 91 kg, z = 1.40) and a BMI indicative of being overweight (BMI =
26.2). Patient does not meet diagnostic criteria for ASD or other psychiatric disorders. Patient’s cognitive abilities fall in the Average to Above
Average ranges (WASI Verbal IQ = 107, Nonverbal IQ = 120, Full Scale IQ = 115). His adaptive abilities fall in the Average range (Adaptive
Composite = 107). Patient is right-hand dominant and has Low Average fine motor coordination (Purdue Pegboard T scores, Dominant = 40,
Non-dominant = 38, Both Hands = 38). Patient was born vaginally at 41 weeks gestation. While labor complications were endorsed, no specifics
were obtained. Patient was diagnosed with recurrent otitis media (> 8 total occurrences) at 8 years of age, eczema at 10 years of age, and
hypertension at 10 years of age. Additionally, patient was diagnosed with heart problems at 28 years of age (no specifics available) and
intermittent pneumonia at 32 years of age, which has resolved. Patient was diagnosed with head injury/loss of consciousness at 10 years of age
and macrocephaly at 15 years of age, but no other neurological problems are noted. No gastrointestinal conditions or sleep problems were
reported

father of
14813.x10

father of
RB_07838
1

Patient has similar problems and facial features as proband RB_078381. Learning disability is milder but did not do well at school. Short with a
small head size on 3rd centile.

Born at term weighing 3.16 kg. Poor growth; now short stature 0.4th — 2nd centile. Microcephalic with OFC below 3rd centile. Heart murmur
investigated by echocardiogram and found to be innocent. Dysmorphic facial features; long columella, prominent incisors with wide gap
between front teeth. Broadish thumbs and great toes, prominent fetal pads on fingers. Learning disability with IQ of 65 (mild MR), attends
special school. Poor ion. Normal Exophoria. Normal neurologic examination.

Referred ectrodactyly, ectodermal dysplasia, clefting syndrome; re-referred for array CGH with ectrodactyly on left hand, absent left foot. Mild
global delay. Height, weight, and OFC all <0.4th percentile for age. Epicanthic folds, mild micrognathia, high palate, bifid uvula, turricephaly.
Talipes of the right foot. Normal heart. Duane anomaly. Truncal hypotonia. Also have photos.
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Supplementary Table 7. Primers used in RACE and RT-PCR experiments.

a) RACE primers grouped by target region (GSP: gene-specific primer; 5' GSP refers to positive control primer)

5'RACE

target name  outer GSP inner GSP 5' GSP
4.1 TTTGTGCCTGCAGAAATGCCA GCCTCTGGGGTAGAAGAAATGT GCGATTAGAGCGGTTCAAACAA
4.2 ATGGCAGCTCCATAGAGAGA ACAAACACCTTTTCACCTGTGT ATGTGGGAGAGTCCATGCAA
4.3 AATGTGCCCCCAAATTGAGTTC TGGAGCAAAGGGCTTATCTGAA GACGATTGAACCCAATGAAGGC
4.4 GTGTTTTTGCCAGTCTCTGCTC TGAGGGTGTAAGCATTCGGTTT GCTGTTCAGATGGGATTGGTCA

3'RACE

target name __outer GSP inner GSP

6.1 CTAGCCATAACTTGGTTGCATT
6.2 GGCTTTGAGTTCAAGGTTCTGAC
6.3 AACAGAGGCGAAACACAAATCC
6.4 CTTTGCCACGGTGTCCTTCA

6.5 CCAAGAACCGGAAAGGCATC

6.6 TATAGGGCCTGTGATGATCTGA
6.7 TCTGGGAATGGAGGAAGAGACT
6.8 GGTGACCTTCTCCATCATCGTG

CTTGGTTGCATTCTCTAATCCG
AGTTCAAGGTTCTGACTGACCA
CCTGGAGGAAAAGGCCTTGAA
CGCAGATCATGCAGAACTACCA
GGCATCGCCATTATCATTCACG
AGAGGAGAAGGATGAGACTGATGA
CCTCAAGCTGTCCTGCCTTC
GATAACCCAGCCTTCACCATTC

b) Primers used in nested targeted RT-PCR of HYDIN2 transcripts
Targeted RT-PCR

outer fwd inner fwd outer rev inner rev

SMRTcelll CATCCCTTCCAGCCTCAG GGCCTTGGAAAATCGGAGC CAGTGTGTCATTCAGGTTGG TGGGTTCAATCGTCCAAAGG
AGGACTACTGAGCAAGGC GGCCTTGGAAAATCGGAGC TTGAGTTCTGGAGCAAAGGG TGGGTTCAATCGTCCAAAGG

SMRTcell2 CATCCCTTCCAGCCTCAG GGCCTTGGAAAATCGGAGC CTTCATGGCTGCGTAATCC TCCGAGCAAAGAGAGTGTCG
CCCTTTGGACGATTGAACC AGCAGTACCTATCGGATTCC CTTCATGGCTGCGTAATCC TCCGAGCAAAGAGAGTGTCG
CCAAGAACCGGAAAGGCATC GGCATCGCCATTATCATTCACG AGAAGACTCCTAGCTCATCC CATTGTTCTTGAGGATGAGAGG
GCAACGTGGGAAAGATCACC TGTGCATTGCCAGTCATTCC AGTTCCATCATCTTCCAGCC TGTATAGGCCTGAGAGCTGC
GCAACGTGGGAAAGATCACC TGTGCATTGCCAGTCATTCC AAGCTCCAGACATCCTCAGG TCACCAGGAACCTTTGCC

¢) Primers used for tissue expression measurements of HYDIN and HYDIN2
Expression RT-PCR

GAPDH_fwd
GAPDH_rev

ex46_fwdl
ex46_rev2

CATGTACTGGGACCGGAAGC
CCTTCAAAGTCTGGTGTCTGG

TGAAGGTCGGAGTCAACGGATTTGGT
CATGTGGGCCATGAGGTCCACCAC

Supplementary Table 8. Fetal brain DNase I hypersensitivity samples with GEO accession numbers.

Sample ID Tissue Timepoint Sex Sequencing* Project Accession
DS16302 fetal brain d142 F se Roadmap GSM665819
DS11877 fetal brain d122 M se Roadmap GSM595913
DS11872 fetal brain di22 M se Roadmap GSM723021
DS14464 fetal brain d117 F se Roadmap GSM595920
DS15453 fetal brain d112 U se Roadmap GSM665804
DS20231 fetal brain d109 F se Roadmap GSM878652
DS23638 fetal brain d105 M pe ENCODE  ENCBS493ZWQ
DS20780 fetal brain d105 M se Roadmap GSM1027328
DS20226 fetal brain d104 M se Roadmap GSM878651
DS20221 fetal brain d1o1 M se Roadmap GSM878650
DS14803 fetal brain d96 F se Roadmap GSM595926
DS14815 fetal brain do6 F se Roadmap GSM595928
DS14717 fetal brain dss F se Roadmap GSM595922
DS14718 fetal brain dg5s F se Roadmap GSM595923
DS23849C fetal brain dso U pe ENCODE  ENCBS694XIX
DS24711A fetal brain d76 M pe ENCODE ENCBS980LUR
DS24872A fetal brain d72 M pe ENCODE  ENCBS489VFT
DS24775A fetal brain ds8 M pe ENCODE  ENCBS852UJL
DS23813A** fetal brain ds6 U pe ENCODE __ENCBS539WGT

*pe:paired end, se:single end
**shown in Figure le
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Supplementary Table 9. Molecular Inversion Probes (MIPs) used for HYDIN exon sequencing.
MIP sequence

cagatgggtttccttcaaaggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgatacaggtaaccctggt
ccaccaagctgactgtgagctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggtgaccttcteccatcate
caaagagggggatgatatactctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgaaggctgggttatce
atccgagccgggtacagcataCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaagtcttattcgageccag
caaacaaactcagctcacgtgagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttggtctcacccaggt
gaacaggcttttccggaagtgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgttcatgtgagggaaggg
ccagactgtccttggcagcagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttgaatttcageccecctga
caaggctccatagcaggttgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaagttagtctteccgaaggt
gcagtgagaccccatctctaaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagctgagtgtagcagceca
actcctacaatcaaggcctccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctataacttcagcgatate
gttctccaacttgatggaggctgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacagctctcagggagee
gccctactcggtgaccttctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaggtgacaaatgagttet
gccteccttetettttttagcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcctgaaactcacattgtag
ggtccggettectectggtttcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtggtgectttgetatgta
gcatcactatgaagggccttgatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtacagctggcacttcte
ctttggggagctcagaagtcccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcctttcatctecececcacce
ccaatatctatcgtgaagtgccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagtaaagaatgctgtgtg
actcaggcccctceccagtgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNactatgeccaggaaaccaatg
gcaaaacaagccctatgagatcacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaggtgcgectccaage
gtctccagggccagaagtacagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgattccaggtectggttgg
cctcggtgggatggtaggtcacttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccccgggcagcagcta
gctacatccagggaggcagtcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaaaaaatttgagectcat
gctactgagaacaagagactgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgaggtaatatagccttet
gaatatgttcctggtccagtgagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagggacagcagcctet
ggacccgtggtgtatcagacgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaagaagecgtgtccectee
ccagagtcagcagctgagggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatgaacacttcctcagagaa
ggtaggacagctcccaacttcacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtaggagcccctectgage
gggcaggttgtgaaaagaacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctcaccagagtagacatata
gttattggaatctccaatgtgttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaggcctcccgactgte
cctcgagaaagtatcaactatcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttacgecctcttectett
gaaatggatagccgggctcacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttggaggctctggaage
ccttcaccagctacaactttgggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttaagagcecctctect
attccaagtactgcagcaaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttggacaatgttaaatgga
gccaccctgtecttttcaaccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaattcaactttatcaacac
gcatttgtaacatgttgatgaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctggaagctgaaggtga
catttaatgtcacagggtggacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcaaggtcttcttacace
caaggccgagggctacactaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggtaatctgectgttttgtt
aacccctgctecteccttgttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggatgcaaacaaaatgagac
caggacaactcccgectattctgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtctgctgagagactcca
gctcgggaattaggaaggtcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgccaactctaaatacatace
cctgctggtaggcaaaactacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcagaagtgtcttttaccac
cagaaggagtaggtgctattggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtaagccttgggttgagtg
gatctctgaagaaattgaaagtcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggggccaggttctaaga
gccacttatgtagtccgagtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcaatcaatgtaaacctaag
caacccagagctccgagggtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaccttatcctctcaggatte
agcagaggctgggtctgtcttgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtctccaggtggcaggttyg
agtagaggctgggtctgtcttgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtctccaggtggcaggttyg
gaagggctgtggggaaccctcgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttgtggcgagcacatttt
gtggagccctecttecgggaatcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtatcacccactececctgtet
cctgcaaatcgatcagggagcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaggccctgggttttact
aagatacctcaaaggcagtcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacagtatagatgacatgca
attctcgecttecttcacttggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaattcaacaaatgcacga
caaggacaaaaatgtaagccacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgataggaggtaaccaagt
gcacatgacattatgctgtaatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctctcactttgttctcac
aagcaaaggggtatttaaagcagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcacattcagacacaggg
actgatttgaagctgcagttcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaaagagcttttccatcta
ccaatgtggatttcgecttcatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagtttttctgtececectgtge
acataatcctggagagcttgcacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggtgcttgatgtececcca
gcatgcacacagtcaagtgggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtgtgccaaggacatagtg
atattctagagaagggaaggagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgggtacatctgacttcat
gcattatagctgtgtccaatgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttaggactaagggattce
agcttcacagtcacaaatcacagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcctccttaaggcagceca
gtgatgtcatcctcatageccctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcacttcactgetgtttet
ggacaacatccatggactggtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttgatgtcgttttecact
gctgcaaagagaagagagaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcatattggttgttgatcac
gaaagctcacacagcctccttgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtcaccactggectctag
cagaaggaaagcagggatgagtgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaagcaccctcceccaca
ctgcatgttgacctgcaggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcaaaaaagtgaatactagg
catattggttatgaagaactggcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctccctttcagectcat
aaaccccttgctcectctttaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgacaggctacaatctte
gaaggacaccgtggcaaaggcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgacactccctacagagtgt
cccecgcagatcatgcagaactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaaggcactgacacactcet
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gaagatgaacttgttctcatcctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggggccattgggage
gccaagccaaggctcgtttcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatgeccttgatatttgaagag
actctggattctcacaaaggagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcactggtacatatctgg
atatcgatggctataaactcctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaccaggtctcagatga
cactttgctagctgaagcctgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccattccttcecggaggac
gtgacagccagactatgggggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagtcaacgttgatgacctg
gaagctctcactttctcgggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagctaattgggagttgge
caaaactggctcttccagagcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccttgcaagaaaacagac
gagtgccacagatcaaagctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaatggaatgagttaagtaaa
aagcaccaccttcaccatagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaatatttcagaaggaggtg
cctattttcatcattgacatgaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaattgggatgctggca
gttggactgagatcatggaatttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcctccctttggagetet
catgcaaaaaaggaagtgaagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttgtctttcagetttte
ccctgtttageccactacgtcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtgttgaaatccctacagag
ctcctgcagagaccaggggcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttgatggeccttacatctga
aagcagcccctgcaattgaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtgaatttcaacaggcact
aacctggcagggaaagggaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtccaaacatcctgtecttg
gcagaaaatcttcttggtgttgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacctacaggggaatacac
agggatacagtgaaatcatcacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgataaccaagtctgtgga
gtacggcctgcacctgtacttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaggaatccagggtagtte
gttttaggttcaggggttcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatccgccaggccacaggcag
gatgcagcagacaatgctgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcctgacatgatctagaact
cagagccagccatcttccaattaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgccttggcatececttggt
ccaccattaaggaagtgttcaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagccttgeccectggtgac
ggaggcatccttctattttcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttttccacctgecattecte
catcttccgectgaggaaatacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagtctgaaatctgectttaa
caaatgaggtcatctttaagaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagcagggaatattggg
gtcaaagttcccgaactcatcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgtcaaccttttectttta
atcctaggaacttgctgeccagtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNataaacctgtgtggtcat
ggaagtcctgtcctgttggggtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtgcacctgcaacgttac
ggcagctctcctgtecttectcttgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcagggaggggaatctgg
acagctgggaaatggttccagcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccagtgctgtgacagtca
agatacagacctggacaacttcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtaaggggggcaaacaga
cagaagacagagatggccacatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtctcgaagacttggtct
ggtcgtctgtcatggtcaaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagaataaactgctcatgt
atcccaccatccgaagatataCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcctagacatcttgggtet
gtttaattgtctgecctttgcaactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcgggatgggtggteceg
gcccaggtccttectececttecttcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcctgacttgagacttecce
acaccagactttgaaggcttgagcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggcggagcgggagcg
cgctggtcgtecgggetcatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagggctcgecagettectecag
cgcaaggaccgggagagagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgaaggatgtccagaacat
gtcctecttggtecctggacaagagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggcagectggactectt
caaaggaccccgacaagcaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggaaaatatctgttagggaa
gggtagtaaattgcataaggagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccttctcagacattgttt
cctcttecettttgtegeteccagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtctgettetgtetectgg
aaacggagggtcaaaaaaggaaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcatgggggcccctga
ccttctetttectcaagagetccctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctggeccageeccttgge
gtctccaaaacatggatgaggaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcccacactaagacccta
ccttcagcaggcagaggaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagtttcacttaagecccaatg
cattggcagccgggagcatatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgtggccatagtaactgte
actgggactaacactgagccagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatggtgcgtgaatgccaa
gggctgatgagctgtgtgctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggagttgttgagatacaagg
gtttaatttctggggccaccagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcggtagageccctgatt
ggaaagagtgttcgtgggagcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaattcaccctectecttat
caatagacatataatgtgaaccacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccttgccctatgacgt
atggagtcgatgctcaggcagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaacccaagagaatgggcet
gtgctggaagctgtggccaacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttctctctgggacactga
ccagttccccatattgaatgttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcactgatggccatttgga
caggccacagtacatttatatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtctaaaattttcttaggaa
ggatttttttctctaatattttaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtgaacattcaagcag
cagggaaactgagcacagacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNataacatcaacagctttte
ccgtaaagtggtattaacgctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaacatcagectgtgtggte
ggtcttaacctccecctcagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcacacagctattaatgtata
gtaaactctgcggecttccagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcattgacatttctgcagaag
cagctgcaaatttaaaatatatgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgttcttggccaggecgg
cttcagagcattgacagccaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgccatttaaaaaaaacagce
caggttggatgtgacagagatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcttggagagaactagtat
ccctgttggtcgagtccaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtgttttcatecectttgetac
gtactcgtacagttctgggggcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNattcagaggggcaaaggce
gagaatctggcacaggagaatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgggctatgattcctacaa
gtgggtctgctcactgatttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttctecceccagggttgtggg
gtgggtctgctcactgatttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttctecceccagggttgeggg
aagtagcagtggccccagatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaacagtttggtttgaccte
ggagacgaggccgaggtgatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaaaccctggtgtttcagat
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cattacatgtcatgtaaaacaaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggctctagaccttge
cgcgtagtttctgtcttaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaagccatatttctttaaag
gaattaaagccaaagacacggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaggaaatgtgggttgtg
aagtccacttttccacgagagagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccaatgggccacagcte
gccacaattcagtgtggacagtgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaccccatgacacatga
aatatttccgtttcacaatgaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccatcagcaagcagagce
gaagtgagatttgacccacaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgctttctctagagcaget
aggatgatgtagccaaagtccaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccaagtgcaataggaaag
ggcgaagtccgaacccacatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaaaaaaaaaatcagacte
catagctttggactataagtcttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtctgaaacaagcacagc
cctagaacatcagaaaacaaccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttaggggtggtattgte
gaacatttcatacttttcatttgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcgtgcaggctggagcet
gaatcaagccaggaaaaacacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccaccttaccaggagctg
ccttttaaagacctcaggtactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgggaactactccagtgtg
gtttccagatacagatcgcccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgaacctgtactgtagcac
atactcacctgcttcggagtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgttactgtgggactaaataa
cacgaccaggattacaagtgtgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgactgaccaccagtctte
gagtgactccatcttgggatgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagggagaaggttgtectgg
cagagctttagcttgtgcaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaaaatctctacccgatgg
gtgaagtggaagaaggacccaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtacagaatgactttctctg
aggtagcccagcaccctgaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgggcaaaatatcaaacacct
gctctggecttgagtatattctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgctcagttagaaagtaa
ggaatccctacagacctgtgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatttttctgtcaattgatga
cctaggaagtttaatgaaatgcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatgggaaggacccttga
gtccttgtggatgaagatgccagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaatccceccttacgtt
gatggactccatctgggacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaagaaaagaaaagctacta
gccagcccaccagcaatcctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttgcaaaaactgatgtcte
gatgcagccaaaatccagctccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgagagttctgtgetggg
gaacgatactgagctcattcgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgggtggcagaagaaatte
gctacaaacaagataatggggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtctatctgagggtgttce
gtttgacccttcctacagaaacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtaaatacctggectgtee
caacaagttcacgggcagggtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctcttecctttatcacacce
gtgagactgataaatccctgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtttcctectttttetgttt
caccaagctcttccccttctgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgctgaccctagtcgaag
gcacctctcatccagectctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtatagttgttccccaaatge
gatgaaacacggggctctgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcagtagagatttatttagga
gtacccaggccaggcaattgatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggccaagctgagtaaga
gctggaaaagacgaggcaggtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcatgtcccttecttaacce
actttaagttgatcaacaagggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNattgttgctcaccatttt
cctgaacaggaatccgataggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgctcagcatatgtaacata
ccggaactggttccactattgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggcatggttccteccagaa
gttctatagatgtcaaagccctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggtcagtgccagttgaa
attgggatggacgtagataactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaagctgtgtttcatcatg
aagtggacttcgggaatatctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttttattgaaggaatggcet
gagatgaccccgctgggggtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttgcagttctgaaaatggac
caagcagcaccatccacataCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttcaaaataagcaaatacgce
gtattgaccaggtggagggcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaatactgaagaaggagaaa
gaggtggactttgggcactgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtatgtgacactgacaaatgt
gaggtggactttgggcactgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtatgtgacactgacaaaggt
ccagctcgtatttectgcacagtgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgggaggcagceccat
ccagctcgtatttectgtacagtgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgggaggcagcccat
cagcaaggtattgctccccaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctttttcgaagaccaacttg
atatttcttcecttggtccaagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNattttgaaggctcagetg
cctgactgtggcaccattcgeccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNactgcgtatcecectgggga
gagaaataaaagcccccccaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcacaatatgaaatgctttta
atgacacagcctctggaaggagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgtaaaccttccteectte
gttccagctctgcactttggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggtatggtttttgtactta
atagcttggactccacttggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgttagtttctacattcat
cctgggaaactttgaagaagagtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcatcgatgctctecttceca
gtactgtttaacagcaacaaaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaagttggaggggtcat
cccatgcctteccecectttgattCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaacaaaccccaaaagccaa
gattcacttcaactttgaattgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggtaacgtacatgaggg
accttcctgaaaaacatgaaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggtaacctgagtttacca
gccaagctctatcaacagacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatgtaataacacttacaage
aagatgttctcggagtaaaggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcatttcctgtatggtcag
gttctgtceccgaacctttgecCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagtacccacatgaatctcac
agatatgtaggttttctcgatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtataggtgatttttgtta
ggccaatcagcgaactataacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcttgaagtgtgtttgtac
gactctcccacattaagagttcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtctcatctgacctttett
gcaactggaagtggagtttgagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaactcctgtcteettt
aggaaaatcgagaatggctcgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacaagagctaaaggcatg
ccacttgtcctgtcaaatacagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgatcataccctteceecttg
gatgagaggcattttgcaaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgatgggtacaataaactt
actttcttccacaactttcaccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtccaatttcttgecatte
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cagccccaaagatattggccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagtagttgatggatttcagt
caattcctgaaaacttcagttgaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccaccccagtgaacata
atcaggcattattccagcccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatatttcccatgtttagttt
ggaactctgagggtgtaagctagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaagtacgacagagagca
gaaggaaatgtccctgaccacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaattatcctgaaagectg
aatcctttgaacatattgaccaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcaactgtcattctect
caaagcaaggttttgccaccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgtatttgttctaagacat
gtgtgagtccagaacagataaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtaacccaggacaggtaat
ggacccatatgagcctctgcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaccatatttcacaggetgg
acctttagtcccggectacttggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgttcceccagcacattggg
ccatgcacagctaatcttggtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcagagtctgactctgtcac
gaaaactgacacattttacatgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggcttgagcctgagaag
agccgcccgcactctccatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcacaatctctgecgaggacct
ggcggcggggtectgtgagttgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttgectecctccaatcateg
gggctcgtaggtttgaattcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatttgtttaataaatgageg
actccgaagcaggtgagtattcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggctttgagttcaaggt
caggactgacagcatcaccttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggagatggttctgaggagt
ccatagagccaagaggtccctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcaaagtatgtaaccagaa
aaggtagttgggttgagaacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggataaaaatggtatgcect
gccccaggcaggtatgagaatatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagtgggaggaagggtge
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Supplementary Table 10. Molecular Inversion Probes (MIPs) used for HYDIN

paralog-specific copy number genotyping.
MIP sequence

MIP set(s)*

cgctttttecttaggecgatcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacttatgctatctagacatg
cgcctctgttttectececctacaacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcctgageccctgecattee
gccagtgatgtggtctatctgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtctagagtgtagttcagag
aggctgtaggattgaaagctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNattctctcatattgagcage
gttgctctaagatcgcttcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcaacctctatagttaaaag
acagcccaggggtggtcagaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggacacagacagagggtg
acagggtctaatctcttgatctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaaggacttgcagttcta
ccatgctgtttctaaggcttcccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaaaagtgcacagaggt
agacttctctagcctgggttctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaccctggattgectggg
gcagaggtacaagcaggtgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaacaaacccaagttactct
gatcaggtgttagttgtggcaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttggcaacacagtggte
ccatgtagagataatgaaatgcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaatgagagccaacctg
atttaccccaaatcatgttcccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttcccaatatccagcaa
gaactatagagtagattccaaacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgcctgactgtcagtg
acaacatagtgcatttaacccaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgcaacagggctgccat
caacctatttagccaccctatcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagcgtaagcataccattt
atccatgtgattacaagtatttcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggcccagttctccga
gtgagctgggcctaatccacatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtaacattccccaggtgg
aaatttagcctcagattcagaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcacaaagcaaagggaac
acactcagcatgccctgacccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttcgatgttgctcategtt
cccttgatgagaaagagaaatcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttcctgaagtaccecgta
caattgcagttctgaaaatggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcaccggtattttaccat
aacacagcgagggccatgctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcagagagaaagaacacagga
ggaagggctgacattcaccctatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcctgacccctectggetg
actctgtcttctcecttggggaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagagtgaaaattgtgget
agtgtgggcttgagagtctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctggtcacatagttctttte
gcccccaagagccaactagtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgattaatgtcagtcacate
acttaccaggcatgatgtcatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgccataaactaccaagtaa
cgagtatcacatcaattgcctgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaccatatccttcctcag
caactctgattccctgettttattCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcactctgggectgecte
gcatcctcagttcaacaaaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggaagcaaaaagaacttt
caatgcctaaaaaagccaactcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtaagcccagtggaaaga
ggagggggagagaccaccatcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgttatcaagctgatcagt
actgattgtgggagaaaatatctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcgttctgagaggtacaa
agtgatgttcgtaaaaagggctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtccagtatcagtggagg
ccagcccatctgtttccatctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggaagtattctgtggtat
attccgaacctcagctgagcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagcccttattttggcatta
agatgagcccaggaggtgaggtatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcacagtgtgtggggtg
gaggtgatcagccagtgtttcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcccttatggacctgaagtg
gccctcatctgectecctcttttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctggcaggtactcagaaac
catttactcacctggttgatgaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagggctgctcggagag
cagaatgagccaggaggaatgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcatgtttatgtcctgtge
ggagaagagaaccggcttccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccattctcagaaaagaagta
ggtccactctctgectgtcagcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaatgagtttgecttcagtgg
gctgcaaatagtctttcttttaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggtgggtggtcaggtga
gtttgttccctaacagatattttcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgttgcttgtcggggte
gtatttgtcaggaaatgcctttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctccaccttccaaatcat
gttcaaagaggcacatgtttgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaagggaatttgctgatga
ggtacaagtcatccttattcccagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagccaccatgccactg
gttgttcagattgaaaatatcatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaaaacgttccctgece
gggaatagcgtgtctgggaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcgttcaggtaactggaat
atttgtgtatcagaatcacgtttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttgaggtgcgtgtacta
ggtttctgcteccttgtaactccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttctaaagggcggactt
agtcttccatatcattgtcctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaggagagtcagtccta
ggaagccttccttgactctcttgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcccttcattctecgette
gtggttttggtcctggectgcatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggttttgcaaagectgac
cccatttggctctgcagacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgatctataatctcccacaag
agggcttctctggtagatgaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatcttgaagacagaaataaa
caattcttttgggatttggttgaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagtttcctgcccaggg
ggggtcctgggcatgtcaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNattctcaatgctccatatte
gttggtagtcaaatatccttcctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggcagatgatgttggt
gtacaaaggcttcaacaatggtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgtccaaactccaaaagt
ccagagtgagtgtggaattgggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggaaaatctcagggcacec
ccctttaactaatgaactcttctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcagtgggcacttgagge
gctgtgtgaccttaagtacacgaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccagaacagaggcaact
atcaggtagggaactctgcttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcatcagttagctagttct
gtttgctcttttetttttccttcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcacattccttggetcat
ccggagacaaggcctcacaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtaagaaaaactcataccatt
aagcttttatcattcccccctcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggcacaaaggaaatge
ggaaagggatagcaccctcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcagacttaaaatatgtatgce
gtcctcaaacactgagattgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacttaaacaatgcaacaat
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gcatttggaatgacacccataCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttctttcactatagcagat
aaatgtgtacggcaaaaggttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtagcattaaaatgcaccca
ccttaaagcccatgccaagtctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtccatgectgaccactctg
gttccaggccaagtgtggacatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcgaagatttacgtggtac
atcatgtctgttttgtccatcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaacaaagctgctatttct
cccctcccacaaattttagtecctgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcctggaggeccctett
ggactaagatgaaagtattgaaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcacttgcctcaaagg
gcttttacctgaattggttattgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaagatagcatctcccag
gtccattcctttataggcagcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttttgecttcatactcact
gcacaggcttgggtcagggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatatgtaggtggcaaaatta
gatagggagactatcctgcatcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtaagcacagaagtggce
catgagatttaacccacgtctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtctatgttgctacttttge
gtgcactataactgttggctaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgtttatgtttttacgtge
gaaacaacacaaatgtccaactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacatcctgtatgtcctgg
atggaaaatcaaagggccaatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggaagattcaatgtcatcg
aacagtttatatgaaagcatggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctagtccagtcctctcet
aaacatcaccaaagtgcagagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaatgtccttgtgctggact
ggtcaagttttctgccctaacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagagcaatatttgaagaga
agctgcacataaggctaggaaataCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgccagcagaaaggagg
gccttatgtgcagettggttgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgcccagatttgctaagt
cattgaatcatgcttgctgttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccacatataaaacaagccc
acaatcaatagtgcaaactgaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgctagaaaagaaggtgt
caagctgcctctactggtttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtaaggtatagcttcaggaac
ggaaagctgttgggggaactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagttgtcttgtctccttata
ggcacattcttgtaaagatgctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaacatggggggtatggtt
attctgcctgtcacaaccccataCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcagectgatttgggacct
acctaagtttgtcaggaggttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaccaggattttggtgac
actcaaagagaaggggtcatttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaccattcataagccacgg
gtcactgggtggacagttctccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaatagaatggcctctcect
cagtgtcataagacaaagtctaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggactactgaaaagtgg
actcccaaattggtggctgttttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgtgctcctcctageca
acatttttattttcttattgggccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgactcggacaccage
ggaaacagaatcaggggccacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgagctcaagtatttgcg
gccttttaaatcaatgaaacaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtatctaggagcttggcet
acatggttagagtggacagtgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgatagttccacagatgtg
gttctttttecttcaggecctggecCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaagcattgtactggeccac
ggctgggaagaaatgtgggtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtattaatttttaageccceet
cacaaggcaatactatgaaattcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcacctctgcacttgcat
caaaacagaaaaaaaattcctgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttctccecctectgaggt
gcctatgaatcacctgggagttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggtttgctgactcatcac
atccatcgtcctgtacctgaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggagagttagtaacttcag
ggggccgcaaaccattgtaatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttcattcccttttactget
gggcactctcaggaacatctgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgggagagtcttttcattag
gggcaactccaaagggccaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaattgacccatttattta
gtaacatatttgcaggtggaaatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgctctgactccaaccct
ccctgtccagcagggectctgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctacagtggggaaaattaac
gtggagcttacagggcttctttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatttgaacaaggtgttce
gccttactcagtgttactcaaagtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaagatgctcccaageca
atgcaggagagtcagtcagagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttactcagaacctgtgac
agtaagcatggatatgtacaaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagttgttcacccatcga
gaatgaagattggtgggtctttcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccagagatttaggctge
gtctttgagtttccagactgaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttaagagataacaggecttt
gtcttccatgtggetgttgagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttactcaagttttgeottgt
ggagtttacagcccagttgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaatagatggaaaaactctg
gctgatggttatctctcttctggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtaggctctgtcagaggg
ggagtctgaagatagggcccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttataatactggcttggta
gagcagggcagggtctagtctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgctcctcttgageccttaat
caccaaatttgggaaagttccatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtccctgaagcttagaga
aagtaggcactcagcagaatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacaaatacccttttttccaa
gggttgagctcagaattcttcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacttgaactgattctttga
gtcctggtgectcctggegtgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtatacacgaaatcaccagta
ataaatggaaaatcgactttctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccttgaatgacagcaga
gtgtgagtgttctgectgcactgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcatgcattgacaggactt
gtgtgtcactcaaaggcccataaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaacctccagcaatctce
gtgcagcttcacactcccagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttctaccttctttcttgca
gaggtcctcaggccccagagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNattcaggataccaagagagg
agaatgaaaaatccttttaaggcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacatgttctccteccace
gcaattttcatttgecttctgeccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttctactcatctttgee
actgtttggagggctcaggagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatgtctttatcagcaacg
gaagggagcccacttacaggtcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcagtggtccatggtgectg
gcaacaactgatgacaaaataaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcttatgctcagccca
ccagggacatgtggagtaagcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgacatgtgggcaggtcag
ccaccaagtatcttttaaacctaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggcaaggtcatcaagag
attgttccccaaaatcggcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgttatcctttagtgteettt
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agtgcgtttgctatggcaggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaatgtttgtctcctccaaa
caatgtagggcctgattacagagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcatgggcatccaatcag
atccagactcctctctgecctgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtctcatttaatcctcacaa
agcgtgcaggatagaaataagt CTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttacgggtaccttctatg
gcagagtggaaatcgggcacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaataaccattcgataaatgt
aaactcagtgaaaaggtaacccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgaaagcaatttcaggct
gtgccaatatcagagcatcctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgtttttacttaaaagge
gtcctggctgacaacttgattccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaggcccgcatagtgag
ccttactcctecctacttctcatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgagacaggagaatagce
gaattaattgtaagccagcagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggtggtgtcatttacag
catgagatgacacagatgtggactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcccaaggctgaaagc
catgcactacactcactggggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgttaccgactttccttect
gctcaccccctcacctcttcagcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtggtctggtgeccececa
gagcatgaaaggatgcctcatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtcctgttagecctgggaaa
gctttgggtctacccagtcttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttctgectatactctttge
ccttcaagcccatgtattagaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtatgcttcatgtgtetgt
agttttgatgtgaaatacagcattCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcccagctttgcaactg
gttacaatggcaacagaaaactaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccctcaagcctccaga
gagggatagagaggtcacatcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgattcactggatgagccca
gtgcagcctgattcctaaaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtgctcctatgagaatcta
gcaaatcccacaccttcataaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgctgacttaatgactcatt
ccagttgagggcacatcctttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttatttttgtgcatgctca
caggtatggaccactacacccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttttttttgagacatggt
gggcttgtttgccctcaggtacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtagacatgctggcccag
agaaaacataaagccattatttcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgccatcagcgttctca
gagaatttggagtcaaaagccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagttagaatctctaagga
aaggcaaagtaacccttaccacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtgtaaccaccagaactt
cccagactcaaagtcacctcttaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcagcactgcacctgett
gacctctggagccaaccgaatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatctcctctectttcactt
acaatgtctgcatcccaaattaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgggtttcctatttagga
ccccataaggcagccttctctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgttgtgttcacccagtgag
gatgccctctctcectgtgaact CTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctcctgtagttectectac
gtgggagagtccatgcaactggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgtctgcagaactagaa
gagaacattctcatctgaccttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagtgtacactgtactcag
catgagagttctagttgcttcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctagcttaagaaaagggg
gtgaagcaactagaactctcatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtaagcacctgagaaggc
actataacccttccagaagtaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtccatattccagaacaag
aaaaatttccttctatctctaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgctgtgcattggaagta
agctataagcactctaaatcagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgggcttctgattagttct
caccacccctggctgaatgattaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacacgccatcacaccca
gctcaacctccttaattgctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgcttaaacaaacttgattt
acttctgctacttcctattctaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaagggagttaaagaaacg
gttttctctttggtttaagccaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctggtcttgaactccecg
gagggaaaattcagtaacttcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttactctatgcctcatct
cctagattttgaagacaaaaccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttctaacttggttctggt
gattggcatcaatgtggaatttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtctcaagctccttgace
atcaaaatggcccaacatgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaaccacttatgcctaaaat
cccttgctectttectattatttctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcageccacagtggatgg
gcacgtcgtagactctttaccgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaggaacaatggagagaa
actggtatcctttttccctctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttcaaggacaagaattcac
gggcaaacttgtctgtacttgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgctttcttgaccectgat
ggcgttattctcttgatgtctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagcagaatgttctttggt
gcattattgaagcgatcttagagcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggtattcctggggcet
cctccececgtgggaagaagtt CTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNattcgtttccagcagtttac
cagagacttggcatgggctttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgcagagaaattaatctct
catttgtaacattgatcacagagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcctaccacctgtgtca
cccatgtccacacttggcctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagtaatagtccctcatett
agggctggcctgctgttatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgaagatgagggactattac
gttttaaggtgaaaaacaaagtggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttgaatcccctggtge
acagatcacagaattagtatgcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcactagagccttgatt
gaccaccccagggtggtggcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatgagtattgaataggaaag
gcactcttcaaaaaactcatcagtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctcaccaggggctcca
gtttcttcaggtggactcttcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaatgagaagaactgcata
gccattgacttatgcaggctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaaaaaaacagcaatagga
ggatgtctccaagggaaaagctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccaggttcttctctcaag
ggttcatgcggtccaagactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaaaataggtcaagcccaga
ccaatgagcttctccttatgtttcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccaggctgatgactge
gcgatctgaactgaagattggagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacagacttcttggcaca
ggaaacattctctgtctccttttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaccacaacatggcagt
gtctctggtcttgacctatttaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgggaagagacttggacca
gttggagaatgtttccaattggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctaacccattgtatgtgg
gtcaaataagcttaagaaatactgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagggaaggagctacct
ccactggggtccatgttctgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgttccttgcaaagagggag
gctgttccaggtcagcagcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagaaacacaaatgaaatte
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caaatggcttgtttaagcttataCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctccctgacctcaagaa
aggtctggaaagaaataagaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaaaagggtgatgaaga
gggtcattactccctttctccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaccttctgeccatgattat
aagaactgccaagttgaagttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgtttctgtcaagttttte
catcttagttatcactgacagaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcacaactgctcgtctag
accttcaccacaccaggataCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgatagctgaaaatatttgtt
aaagaattgtcaaaatggccttcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtccgecgtccceccatte
cacagaaggatgctttcaatgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcactgagcccgagagata
gccagttgagtctagccatgaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagagtattaacccaccaaa
aagtcctaagcactttgatgtaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgtgtagtcagtagcag
gtgtctatataaatacagcccagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcactgtctgcccaatg
gaaacgtggtgcctccaccaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaatgaaggaggcacaagg
gactgtctggagctggagccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaattggctctagatttttat
aatctataaacagtcccgccaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgatcgatgttatttttgt
gtactgggaacacattgggcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgggctgtatttttataga
atgaatctggagacattgtgctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcacaatggccaagctgt
gtatgatatgttgggtacttgctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggtggttaccaggcatce
gtcaccatgcactacattaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgattactgcagtcaaggaa
ccctctcacttecttecctataacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaggcacccagagcatg
cacagatcagcacgactggggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcaaactttaaagtgettt
gattcagttacctccacatagtcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaccttcttcacaagge
caggacttctcaatggacctaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtaatccaggctcatcttat
caggctggtcattttattttgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctatgtttcccaggacca
ggaaacctttctgcattttaaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttccaggttgaaggaga
cactgcagagccaaataggttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttggtgcctataactaggt
aatcttgttctttgacaacaaatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggctgcggagagcta
gtgaagcactgaactttagcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgtcttgaacaggttcaa
atctgtacaacaaaaacaaaactgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgagaacacacggaca
attccgtctttgctattgtgactaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcctccagecttcatce
cctacctactactctagctttcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatggaaaggcttttcatg
gtctactttcctacctgcaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgaacatgttttcaggtac
aaagggtgaatgttgccttataCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggaaagatggctacatag
atttgtttttccttcggcatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtatttgtgcatctattctg
acatttacgaaggtcaactgtatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccaggagttcaaggctg
caattgttcctcctaccttgtcctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcctecttgecctcagect
accaggaaatgcaaaccatggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtaaaacatagagcagtcect
acacctaggaaagcaaggcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggaattagcacaaccattc
ccttacttatctttttggecctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagctgaacttcagtctet
gccggagggagttatcttctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttcttgggagagttgagaaa
accagccagggacttgggagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtaaaaactggtggaaacct
agatctcagctctttgggaaacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaagtgcattatcacgac
actgtgatcacctgaaataccaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagactaacaacagtcaca
attgcagttccctcggtgcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtaaagaatgtcttttgttt
attcggaggggcagacggattCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagtactgtttgaagtatca
gccaacatgccctggtaattttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagacagagtctcactctg
acagtaaaagaggaagtgcattcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcatgcttggccaccce
cccacaaaaattagttgggtgtggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgactacgtgtggtgge
caatgaagggtgaagcctggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcacagagaaactaagtagat
gaggaagagagtaattctagtgggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggaacgcggaagctga
cctggcttccaaagacaccacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgcatgtaaagagctcatg
cagattctactggatggatgaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtgagaattacctaaacct
ccctttgttgectgttaaacagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttcatgttaaagaggaga
cagtcccaaggaaggcatcattCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggtcagaggcccattgac
atcctgtcttggatgctgatgaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaagagttcctggtcaa
caagctgaggtctcccttggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctcactattatgtctccaag
gtgattgcagggttatttttttctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggcacacacgttcac
gcagcaaagataaaacctttaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcatgagggcctttgata
caaccttgcttgaaggaggtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttagggaatagtttaaagaa
agatgtgtgtttataattgccaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttgtgatcttctgettag
gatctcccaggaatctgctcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttcctgggtgaatttttt
atgctaaagaaagtaggaaagaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcagccaggaattggga
gctctgaaggtaaacaagataacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttgctgtggccattce
caaagccaggttgagttctcagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgttggcagggctgtgtt
atgacatgatggtctatcacagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggaatacaaggtggggga
atcagctgagtgtagtggtacgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggcatagtggctcaca
gcacccccaggccagtgectcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctctagggagaatggagte
gatacatggcacccttcctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacagaatattctcatacctg
gttttgaggatgaataagagccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatggaagatggttaaggg
cagctaagctaattaccaaaacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtctcaggtttgggaaat
ggaaattaacacaaaattgccccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcctctccacatcctcca
gagaattgcttgctccggaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcacctgaggtcaggagtte
cctgatgcaaaatccatatcttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatttctgggtaggtcatce
aacccactatttttcaggagatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaattgggtggtgattgte
gatgctttatttgaacaactctgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttacaatccggttttge
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caattttgatacaccctgtgatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtctgctcaagactgatg
aatgcaagtactttacagttgtaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttgcttgtcaagaagce
ggaaactgtagatggcttagcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcatggaaaaagaactgtg
acagtgcccggccactaaactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcgcccatccaatttttgta
cactaagctctgattttctttcttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagccagccagagact
atccccatgacttacaaactgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaagcttagcagtttcta
ggtcttttgtagtccacatgctgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgtgtgtgcaggaagge
agacacaaatacattgggcaaagcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagctaagcagctgage
gtctgaaggaaagataaacctaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggcgctgttagtgat
cctcaggatgaggaagctgaatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaaacaacaacagcaaaa
gtcattgatttggaaagaaacagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagttgcagagggaatca
gaccctcaatctctcctagcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctcttccagtacatacaat
gacaagttggtcttcgaaaaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggggagcaataccttge
ccaccaaaggtgctttagaaacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttcctgctaaaaccttt
acacagtcaacaaatggctgaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcccagatctggacactgat
gtgtatgtcttcctaagattcacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtaggtcacagtgggaac
aataggtcttgaaggaatactaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtagggaaaggggctag
gagagccagcagtgacagccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaaaatcacaaactttgcgg
caatggcaaagggtaggatagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagaaatgggactctgag
agtaccagcttttgaatttgcagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaggggagttgaage
gactggtccaaagtgtcacagcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcacagtgccagttctgg
ccatgccaaacagggccaatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggactagaagcagaactcc
gaggtggactttgggcactgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtatgtgacactgacaaatgt
cctgtgaactaaccatgcatggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggattgctagctgecatg
cagcagctatcaccttccttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatatgattggatttgcagat
ggggtcaggggaagttgtttctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagacagaactagaagcc
gaatgaatgaacaactgtccagtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcactggacagcaccat
ccttaggaaaaggaaaaggtccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccccaattcggccaaaag
atgtttatccttcaactcagccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaatcctagtgttttacge
catcccttgagctaaggcatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtacagttcagtaggggage
caatggggaaaagattctctagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagctccatccatgttget
gacatttagacctgctagtcttctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggaggaggagggagag
ggcacctctggtttgaaggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgattagtacaaggaagaat
catctgaattcctgtttcctggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcccagtggctgagggte
cacttacaagttgtggcaattaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccgtgctcctttcaccat
acttcattttatgcagaggggtgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgaaaggagcacggttt
catctgtggagggaaatgatgagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatgactccagggeccttt
aacacatacccactccccttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttgtttctgatgggtttta
cagcacgtgctaggcatgaatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaagctgagtgatggctg
gatgttgccaaattactctccaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatgctgcagtgaacagaa
aacaaagaaagaaagagaaagaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggctgaggtgggagga
ccatttatctatctcagtgtcacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaagaaagccattcgtce
gtatttctgtgcttttttgtggttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgccagggattagtgg
gcactgtggggtgactggttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgatcatagaagtagagagta
accccacctgagacctttttcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagccatctgaagtgacce
atgctggtaatggggaagaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgattttgtactggcttaa
gagaaaacgaaacagaggtagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacttattgttgcatgcaa
ccctecccggatgecatceccaatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcctcacttttgatggtac
agggttcaaggcctttctatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgaattagatatacttgect
agggaaatagtttggaatgacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaaagcagtcctaaatge
actagaacagaccctcaattcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatgtccagggagataaaa
gatgcccaactaacagtttatttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagagggagagggagag
aggtgggaggattatttcagcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgtttttggtttetttett
aactcctgaacaaactgcctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcagcatatttgatgaacct
acagaaacactagaggaaaaaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtcgaggcacaccataa
gcaaacactaaactcagctgagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcttttttcttgecccact
gtactctactgctacttcttaagtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtaaaaagcagcagcce
gctgagtaagggacacactcccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcagcaggtcccagtaag
ccttaaatttgttcatgtgacctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcagagaagaagctgge
cctctgcececcececgtececctatcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcatgggtggttaagggaa
cctgctggtaccctccccagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgttaaatgttaacttgaag
cacttctgeccttttgtggcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagattcttgcagatttcaac
atcaccagtggtcacggaattCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaacctataaagctctggcet
gagtcgtttgagcagctcgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcaagagaaacctaatacag
gccttaagccgctatatttgtgatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccaagactcccgaaag
gatgagaaacctgagaccaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatgatgacgatagctttcg
ggtggttgacttttagggctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaaaccagacagcaaaatat
gaaaacataaatcaatgccattttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggggcagctagagaga
gtgaaccaacaaggaaactttggcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcctgcagttcccaaa
aaccaagagttaaatatgtcagaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggccagtggaagtga
ccagctggccagtaagagaagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgggcccacatgaattcca
gtctggttactcaagcatgagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaagcttctgttgtataaag
atatacttcttctagcaaaaggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaagaagccctccaaa
agctccctgagtttggtaccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagatgtggagagtatttag
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ccccattttgattgetttgtcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcatgctgggtttaatac
acctcattcaaaaggatgttttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtgtccatgtgttctcat
aatctaaagaacaagagcaaaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgaggtccaggtgttg
gtcaaagccctctacacttcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcagttgaacatcagtttet
catatgctgagcatcacctctactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgttcaggcttcecgg
gtcttecttgttgctgacatacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtacggttgagagtctaaa
gactcccatagtaccgacaactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttagccaggatggtctceg
actgctaggattataggcgtgggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgggactacacgcacc
gtggggattcttgattcctcagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaggttgaggctacagtg
ggttgaattgcatgcttttagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggagatgtgactgacatt
ccgcttctaattgcatatttttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcacactacaagggaaag
caatcccggtggtgttctggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttttttttagcaaatagcee
gggacattccactcagtcactaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcattagtctgagatgggt
gcctgctggggaagacttacgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtaattttctcagcacaget
aaaacacccagtttttagccaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcatccgttgectttcgg
gtgggtcacctgtggtcgggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtaggctttttgagtccaaag
gaatgtgtactggcctctgaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgactaaaatgcatattcag
gcacacgaggaaactgagataCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtctaccactgattgattag
gaagggctcgagttaggaaaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttgttcgtccatgtggte
cattctctgtccaaggtggcctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcagtgaatctgaccatg
acattccattcagtggccagcatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNactgtggggcagtgact
gcttggtcttcccagcaggcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaacattcttctgcaaacct
ggcttggcttaatagatgagtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggggcttaaaacctagatg
gtgcactcccagggtgactttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttgatatgactctgtctte
gaaccctctttctagggaatacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggcaaatgaaaacaagg
atttttctcattctgatgttggggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcacccgecctcagecte
gtggcactgagtcgagatcacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcctggccaacatggtgaa
ggtaaatacagtaagcttttagcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccagatgttgacagcaa
cagacagcttgccagaacagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtctgatttaccactcatttt
attactcattctcaggcagttcttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgctgtctctecctget
gtcattacatattgcagaatttccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccctcagcatgtgggg
aaaattcaacctatggaaagggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtcctactcagtctgtge
ggaaaaatcagccaacccgaccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgatgacctagcgaagcac
gcttagggtcaggttttcaatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagctgagagacagagaac
gatcggagtgtaaaaggacatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcatgatgagtgcatcacc
cgggcatgtgaccaggtcaacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaacatcatggtagaagcgt
aattaacgctctttcttggaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaccatgatgttggcggag
cctcttgtcccctcaacaactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttgtaatcaagaaggtgac
ccctgcgttcecctecteccagatttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcaccacagctcctacte
cccatctccttggtgattcacatcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagctcctcecccagece
gtaggcaattctcactcatctaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcagaagtgtaagagaggg
cccecctecccacatctgecatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaagaaagaagtaaaatggac
ggctggcgctcatcatagaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaaaaatctacttttgaage
acttcgggagactgaggtaggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcacagcgcttggattcta
ggtccatctgtggttgtctaaggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgccctggecccecttaa
catataagggcacctgtggttaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgctgaattccagagett
gaccatatcattagaagctttggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggttccagggattcaa
gtaactcactggcactggttgaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgccatattacctccatt
catattctttgtggtctggaaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggtgggtactcaatca
caccatgagtactatgcagccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNattctaccaaaaagacaca
cagccattgtgaaagcagtttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgcaaatcaaaaccacaat
gataatgtctcataccagtcagaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgggctttgcagtcagt
gagtgttcagagaaggttcgtttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttatccacccaccttg
catgtttgtctttgggggctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaataataacagtgtttecta
catcaagagtttataagctgaatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggcagggaaaagggca
ccctgtctecttececctececctececCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgaactgtggaacaaaca
ggctggctccataccagagttatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgctagaggtgggage
gatgaacctgtgggcagaatcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaacttgaatttccaaacc
gcactaattccgtgaggctggt CTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagatcacagtgccagca
gatcatttactgaataggccatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtctcaaactcctgacctt
cctccaactagctgggatgaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgaataaggaagaatttttt
gttgaatttgagaactttctgcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggcaatcctcctacctt
cacagaagaacagatatgaatggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaccaacagagagcagtt
ggatacctgaaagacaactgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcatgagctattatgggtaa
gcttctcaaactatgtatctatgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaaggccctgggaagg
gaagctatctccatgttagggccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtagtcgacctgcaagt
aaaggctgccaaacaggtaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgctgtcaggtgagtagtg
gtgactttgctggagagtctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNactgcctaatttaatcttca
catctcctaagctctgagtaacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggttgggattcaggett
gaggctgaaactcaagttactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaggggaagccaactaaag
cctteccttectectgactctacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaatctgatgcaaaccatg
aatgtcaatattcttagtggtgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgcgtgatgaaagctaa
cggcaacttgaaaactacctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtaagcacaactgtttgtaa
acatttgagcaaaacaagatctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccagatgcaaggcctgaa
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ccccatggctactatcccccttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcagggaagatgtteccgg
cattagggtgatgcccccagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNattgattcattagacttgge
aatccaccatacttctttcctgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcacatgcatgtcagaca
gttccctgtagectgecagagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggtatgctgacccaaacag
gccacaggagacagtgaaacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgtagagggtcttcatace
ccacggcagctcctaaatctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgacctggagtgatttcataa
gctgactttacctctggctgaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcaccttgtctgtcaac
ggacacctttactatttctagctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgtgtctgacttcctet
atcccactaccatcttcgtgatttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccctcccttggaaget
cctatctcaagcccttgatgttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatatgtccaggttccact
gaaacccgagcctgcacttccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtacagttgecttttecceet
catctaacagggatggtaaaaataCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgccctgctttctggtg
cccctttcacacttatttttaccaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccctacaccctecectt
gtcccccgagatggatttaaatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtccctgtecccatgetttg
atgtcttctatgtgtaggcccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNattttgttaagtaagtgca
gatggtaccctctcecctatccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgtgaggacataatgtttg
ccccattttaccaatgcagggacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaatccacctgcctcage
catcgtcatatcctcaggatatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNactcgaccatcttgettg
cacctactgagaccatctccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaccatatctcctaccaaatt
cgagcttactttctcactattcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaacatgcggtgtttg
ggagctgtcacacccttatccatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctcagccccacagcca
ccaactttccccatgttcgtcagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtggggctecgtaggttt
atagaagagagagaaatgcccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgatctgtatcctatacag
ggaaactccttttaaagacctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcccagtggggaactacte
ggctgccatagacgatttcttgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggacagctcggggaaag
aagagacagggtcttgcctatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcacatctgtagtcccaget
ggtgggaatctctccaccgattaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcaacctcccaaagtge
agaaaaccccaagcaagccaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacttgacccaaacatatctt
gccagtccttcactaaagcacaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagcactgggagagctce
gctctcctteccaacccccactccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcctcaccctctgaagea
gaacatttcatacttttcatttgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcgtgcaggctggagcect
atccctctggectgeccatgtggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaatcaggaagctaggaga
gtaaggagggggactgagacagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatgacagtggggacaggg
atctcacattcggtagccacgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccccatttcctgtgattge
catatatgtggctagagagccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccaatatatcctcecctcat
cagcctgggaacccaataagcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaactctgtgecttggctece
atccaagccttttcattcctgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaggtagaagagaaagaaa
atctggttggctctataggagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagctaacacagttggtcac
gagaataaaactgtgcacaggagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttcaggtccataaggg
caaggaacccatcagtactgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccgaacccacatcatcaag
actgggtcagaatgactgctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatatttccgtttcacaatga
cacacagctcctatgtgaaccaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgagactgaatgaggcta
gggtatatgcactgtgtttactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaactgacatgacaccatt
cattttgaagattaaatgcacagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgctgagggtattaggt
actttgaccaattccaactcaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtcactgatttcttggtg
atctgaagacctcctatcttagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccatccctagaaatcectg
gttcctagtctgatttcactggggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggcagaatgccagage
gctccecttgectecctgaggagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgaaggttctcatttcatg
ccttgcccaagtcatttcagaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcggagagccagaaatac
aaggtagggcagcagggtggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttttaaattagaggatggaa
cgtaaccatttatctgtgacttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtattgaatgcccaacace
attgccactctgtctattactacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggcatattgcctectt
ccccatgacaaaatttcagaactcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtagggctgagctctg
atgaggttacagagaagcaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggggaatatttgatcaat
aaaattagtgaaaaaagtgccgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctccaaatgcagtcacat
agagctgcaacctctcagatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatacatttgcttagaaaatg
gtatggctcctagcccatcctgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggatgaggaaagecctgg
cctgctaagattctggcagactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccggagaagctctgatcet
gcaggaaagattcaggccttcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaaaatggggccataatg
ggttccaacatcttgcaaaacttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagcctcacccatgatt
ccaccttgcccggectagectcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccatgeccecggectaattttt
ccaagatatattatgtgaaaagcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggcggaggttgcagtg
ccttttatgggaaaagtttgccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgtattggaacatagecca
ggcccttttgggctaataatttgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggcatgcatgctaca
ccaacttcctccatggagtggcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacctgacaagggtgtcce
acttcgtaaccactcagaaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtccaaaattacatgtgcta
gaaaggttcttcaaaggaagggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgcaggtgtgtttgtgta
cacagaatcttcatgaagaacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgacctggaaagagccac
caccctgtccatttccttcctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcccggctaatttttgtatt
ccttatgcaaggtgaaataggacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggttgcagtgagccaag
gcttctagaaatgttgcctgcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgacttcatggcttcacat
gtagttcctcctgtectectgattcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggtctcgaactcctaac
ggaaggaggcagagcactcagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgggaaaacccagcgagga
aagagcgactttgggatgaatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtggggaccaggacaatg
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gaaaacttcccacatcacccttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacaatgattggcctcaac
ctgcatggtggagaattgaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttgggacagtttcacacta
gtggccatcttgaatccctcttacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaacaaccccccteccce
gggctataaggagagggtgaatttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgctcccacgaacacte
gagcagaagtgaaagtactggtagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtatgggaagcccage
ggagtcagaattgggatgttctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttcacagggggacactgt
accagttagaaatcctgatcttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaagcatgagttttccaa
agatgactaactctggtaagcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttctcaatttcatggect
gaggattaggtttgccagggtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgaatagatgcagagctga
acttgacgttcccagaagaggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttaagcctgtttctget
gcttgtgtcagaatgtaaatgaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccttggagcgtaatgatt
gaccagattagtctcgaactccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgcaacctctgtctcee
atttgttctgtttatgettttactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaggcagaggagggcyg
actgtacccctccatcctttctgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccctgtaaggtggeccag
gctgtcagcaaagcgttcatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaaatgcacagttggcttaa
gtgtgtgtacctatctttcaatcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggaggtggggctctga
gctggatgactgctgagggatgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggagaggagcccacagt
acatttcaatttagatgatttaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatacggccgttgtaga
cggtgagaatgctgtgctagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtacatgatcgcttatttaat
cagtggtcatttgtcacagcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggtgacactgtttctgtt
ggcagggaaagatgttaggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctcatgtttgttaacatgta
attgtgggctcttctcccctaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctcagcagtcatcaage
gatgtgatagtaggagcaggggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccatagcagagggactct
gtctccaaaacatggatgaggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccccacactaagacccta
gtagtttctgtgtggttcccagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaccccatccctgcaate
gatctcgaactgaactcctgggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacctcctgggttcaageca
ggaagagaaggaaagaaagaaaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgttcaggggcccccat
ggagactggttatagcttcacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcctagttctgtatgcttag
gactaaagaccttcctgcttccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcttgagactcttggact
gatctggaaatggagaggctgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaaggaggaaagccagaa
gtgacactccctgectgggaacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaacgaagtgaagggcatte
acaaaaacatacccacacataaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacgctgaggcaggaga
aatgaaatctgctggtgattctgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtccaccttggccteccca
gcaagaaatagaagactcaattcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcacattcatgctgetg
catcttagtcactgaccactgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagccaaagaagaggaac
caagatggtgtggaactcctgacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaacctccgecctcccagg
aatagaaacataactccctgagagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggaaccagcacaggt
gccatcgtcecttgtttctactttgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatccacctgeccttgge
gtgctaccctcttctaaattatatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtagctgggactgcagg
gaagaggcagtgtgaccgttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNattgtgctccttctgtgtta
accccaagtaggataaaatacaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggtttgcaaaaaggce
atgttccacgtgtgtttgaataCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcttcattttgecttecte
atgacccaaaaaacgatggagccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcatgtctccaagecctga
cacaaaacaagtttaaaagtgcagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacactggctgcactgce
gcaccttttccaaaatgcacaatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaccactacacgctgtg
gtgtcatgccttctaggttcctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccaggcacaaccttage
gtcctecctecececttecccctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagagtccatacctgetecte
gtcacacatctagattagtccatcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaggggtgcttctcce
caggcatgagtcaacttttaaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcatgcaccagcacgacc
gaccacccatcccgectcccgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaggcagacaattaaacaa
acaacctttgcagtccccattCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgggttattttcccttgact
caatttgaaatgtcaccagggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacatctgggctcaagcaa
cagaggaaggaagcaaggaagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagagttatagtgagttgag
cctgcccecctectecccaatcacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagttgttctggagctaaaa
atcctcecgeccecctggatacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaactgcaggaataaatcaag
ccgatatgcctgatgaacataCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgatacccatcctattgaca
atcctagaactgacaaaagaattCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcctcgccataacaatca
cattcacagctacctgaatgatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagcacaattcacaattge
ggcaaatgtatgggtaagtgcagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggggctggggtgctg
aaaaaagtcttcctttggcaaattCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaccccagcccctettg
agcaaactaatttgccaaaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggtgecttttctgtagtgt
gagaatccctatggaaaattggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaccaccagagaagacag
gatatttctgtagttacatgaagcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcctgctggacacccag
caaggagatgagaaagagagctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggttctcaaaggagagat
gttattcagggcttcttttcttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccctctcctcagtattca
caagcttctccaaagagttatcttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcccttceccatctectg
attgtaaacctaccttctgcaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcatacccecctctattte
aattcgtgaggactgaactgggtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcaatctgcccacctca
catggcctatctaaaacctttttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtgccggatggaagtga
gggccttctggtttgecttcgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctgactctcatttggtectet
gagggtttgggagaaggaggtgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtaactgagtctcecctcag
cacatctgttttagagatgaccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtttcaccatgttagcca
cctgctgaagttcatccactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtctaacttctagagcaaaga
catttcttaaccctttttcgaattCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcctgacctcgtgatet
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caacaaacctgcacatgaaccccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaggatgcttgecgggtg
ggacttctacagaggtttcctaacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctcctgectcggecte
agccaagacagtgcgtgggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaagagggattctctcaaagg
gccctgatgcagttcatataaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaccttgattttggacate
ccacagaaggaaatgccttcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttttgtattttcacaactg
gggctgacaggatgtgtgtaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaactcaagttttaattcaga
ccatcttctctttcattagatgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgctctggggagtccace
ggggcagtgggggaagctctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaactcaatcaaatcaacaaa
aactcttgaactcaaacaatcctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctcaagccatcctcce
atccctgcaatactaacaacacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagctctgcaaattttac
caaaaaagcagagacggttcttaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctatggttccaactgge
gaatgtaatgaaaaaggaaagcccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgctgggattacaggca
actttttttgtattttgtagaggcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgaggctggagtgcag
cccgtgtgeccaccctttcctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaactgacaggggaaaagte
cagggaagcaaggaagcacagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtggaatcttgectgttgg
caatggcctctcttgaccatgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttctctggtttectgtgtca
gtagggatttcaacacctaatataCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggctaaacagggctgg
gaaggatacatgacctaatccaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatgtccaagttttcttce
gtgaaataaagaacatggcttcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaagctgagtcccatca
cacttcctctcttccacgecttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttgaagaacatggagtttt
aaaattactgcaagaagatagtaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcccttctttgecccaag
ggggaaccatgacgtccaccccaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcatgaggtgcceccacce
gactatggaggaggttggagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttatacagcaaaaggactt
cctaccccatttaaatatgccaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatacctgcttctctcatt
gtggtggctggagttgcagagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcttgacaagtggaaacca
catcacaagaaactgaggtgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccttctttgcctaccatat
gaactgaggcagcagaaagctaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcctgggcactggtgatt
gtctaccaggtactgaccactcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaggtcatcaacgttgac
gtcttgtcttectettttgtacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgatgctgectgattget
ggagcctgtatgcgtgagtggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgggaaagatcacctgtga
accctcgagtattacctgggcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtctgcatgtccctgacac
gataaaagaaacttcaggagggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctactgtccaaggtagtg
cctgtagtagtgtgcacgttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttgtagggtttaaaatatt
cactgtgatagtgaggcctcccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctttcccaggetgttcecte
cagtggaataatatctcccatttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggggtgtggctgtaaa
ggggaatggttttgggttgaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaaactgtagaaaacaaagt
caacctttgtctcccgggttctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccagagcatttgccagte
gagctcaaggcaacaacaatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggtgaaaattgttaagaaa
ggaattgacatcaatgcaggcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccagaaaccaccactttct
actcctagctcatcctgcaggtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccctaatgaagcagctac
acaatctgggataggaagactagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggatggagcttggaac
gggataaattttgctttttggagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaccccagtgtcttcact
acaaaaaaaagtagtatctgcctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcagctacttggggggcect
gtgtttgtttcttcacaggcaaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgtgggtgcacagaag
gcagcaagacgttcaagaggtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaactggagcaaaggtgac
gagaaaatgagagtgaaaaagtcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaccaggtccctcccac
ggcaaaaaatgcatgttaagcctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttggcacacccagggtg
gtcagattggtgcttgatgtcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagcatgtgtagaagtttag
atggctgagaattacacaggtagtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccactgtgcctggect
gatcaataagctctctgctgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagaaatactcagccttatt
gagccgagattgtgtcactgtatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcatggtgaaaccctgte
gtgctctgcatctctgaggacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttcatttagecctgtctg
cattggcactgatttgaagctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatggaatgaaagagctttt
ggtgcatgggcaaaaagaacagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttctctgcagggaccece
cccctggagacttgataagggagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatgagctctttgaagge
ccaacccctaaactgagaactcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcagctatgcccattcatt
cacagggacttccttcctttcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtcttaaagcaggaaaatt
gtgaaatagattttgtttcctctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttggcctcccaaagt
accttgtggtgtctgcagagcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaccaaggtaaattcagtg
cattgggttagcttttctctcactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccccagcagctcactt
cctcaatcccctgtceccactctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaccctaccctgactgtgg
ccaatagcacctactccttctgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgcttcccagatggggg
gtggttctcatctgcacatacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtatggcagccattcactaa
ggaccaaaaatggtgaaaggaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgagaagcagagagctctaa
agtggagccatgtcccatggcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggtaactggacaccaatgce
gtcatctaccagagaagccctgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtgcactccagecctgggg
cggaaggctgagtcaggagaatagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgccgagacgggcagat
ggtctttaagtgacagtcatatcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccaggagctgggtcca
ccttggaatgggtaccaactctttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccactgccagectggec
cctgctggtaggcaaaactacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcagaagtgtcttttaccac
atcccaccactgtccaggtaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcagagaagccagggagac
gctgcctcagtctctcgagtaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcccggctaattattgtatt
atgcaccacagttagttgaacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggaatgttgtattcacaga
gtggagattctggaacattcagagCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaacctgggaggcggg
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gcttttctgatagatgtgtaaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatggggtttcaccatgt HYDIN full set

gtctctttccagtttcctgctcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtatgtgtgttgtcaggece HYDIN full set
cagcaatctctttacaaaaaacaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatcctggcgaggctge HYDIN full set
gtgacattaaatgtcaaggccgaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttggcctagtcaggtaa HYDIN full set
gcaaggtcttcttacacctttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtacattctggggatagage HYDIN full set
atactccgagaattgttgcaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttgattgccaaattgttg HYDIN full set
ggtattactaattctaggtccctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttgggttggttccaagt HYDIN full set
caaatcctcaggaagaaggtgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtccaggattgaccagatat HYDIN full set
caaaacagatgaagacaggttccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgatgcagccataaggcece HYDIN full set
gcaactttgctgectgagtttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaaccagagtagaaagatctt HYDIN full set
gcctctttattcaagatagaacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagccttgttctecttet HYDIN full set
cagccatggtccaacatttatgtCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggaaatggcaccctga HYDIN full set
gtgggatgttctagtccaaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatagacttggaaactgagg HYDIN full set
gcttccagaagtaattaggtaacaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccacccacctcgacct HYDIN full set
gtagagtgaagaatattgggcaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatcgcttgaacctggg HYDIN full set
ggaaacacattggagattccaataCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcatctgeccecctectggg HYDIN full set
caatggggtgttaaggaaagaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNactagacacaagaaggaaa HYDIN full set
gggtttaaagatagttgggtggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcacccattatgtattgg HYDIN full set
gcctctactgeccactgttctaatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNccagtgggtgetgetca HYDIN full set
actgattaaaatggtgcctggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcttctttacggagaatgg HYDIN full set
gaagtcatcttctcaagtcctagcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaagccagagctctcte HYDIN full set
cagggaaggctcttagaatggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgacaatgaatgacatggaa HYDIN full set
aatagagaactgggctgtctacacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcacctgecctcagecte HYDIN full set
caggaaagggaaatgatacttattCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgaaactgaggcaggga HYDIN full set
gaggaagtgttcatggaatgcatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgctgactctgggtgcta HYDIN full set
gtaagggagcagtgtctcccacccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcttagecggectgetgee HYDIN full set
cattgaggacacccttacaacatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaggaagtgaccttgge HYDIN full set
aggcagtcctctgagtctaaccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNctcatttctccattagece HYDIN full set
cctttccattcttcagectctcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtgaccccagcaagtgaa HYDIN full set
cctaactgaaccatcagctgtgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgcctgectttgacatcect HYDIN full set
gtaattccagctacttaagagctgCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcagcactttgggagge HYDIN full set
aagagtccaggctgcagataCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtactgatgtgggattgactg HYDIN full set
gtgcttgcggttctccaagttcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcccaaagtgctgggatta HYDIN full set
gatgggaccggctggctgtaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtttccagagectccattate HYDIN full set
gaaccctggagccatgcactCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtattaatacctcctacaga HYDIN full set
cactgctggatgcgtcttgcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggtaactttttttagatgt HYDIN full set
cacctatatttcaaagcatacattCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcactccecctttteecce HYDIN full set
cgctcatgctgtcttctgaccCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatgttccccagcactgatt HYDIN full set
gtaatttataattcaggtatgcacCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcccccaccttcagtaa HYDIN full set
catggcatcttcaccatgaatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgctgtttgaaagcatttta HYDIN full set
gttttcagtttaccttgcccaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNacagttacttcctctactt HYDIN full set
aatacatttcatagggcaatagttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggacacccaggagcte HYDIN full set
cacctaggaaataatggaagctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNaggcatcgtttcatttte HYDIN full set
ccgaagtctgcttccttgetaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNagtagagatggggtttcac HYDIN full set
ggaggccaacacggacagatCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtggcatacagtaatcattaa HYDIN full set
ctggaacaaagaaaacaaacaaaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtcaaactcctgacctca HYDIN full set
catgcactcctaaccactgtcaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtgggctgaaggtggaaa HYDIN full set
cctgtggttctactcctaggCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNttagcagtttatcagattag HYDIN full set
gggagagattgtctgctacttaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcaagccatatagagtcag HYDIN full set
caaaatggcaaacgcatcctttCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNgtaatcccagctactcgg HYDIN full set
gtatctaaggctctctcctctCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNatcttgtcttcactgttac HYDIN full set
cccggectgtggettctattcCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNcggctaatttttgtatttt HYDIN full set
ggtggggattattgaggaccaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNtagaagccacagtctttca HYDIN full set
gtcacaaacaaacaaacccgaCTTCAGCTTCCCGATATCCGACGGTAGTGTNNNNNNNNggtggcgcatatctgtaat HYDIN full set

*Most individuals in this study were genotyped using a reduced set of 153 MIPs targeting HYDIN singly-unique nucleotides (SUNs), a subset of 717 SUN-
targeting HYDIN MIPs designed for paralog-specific copy number genotyping.
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Additional Data 1: Measured HYDIN isoforms (fasta)

>hydin_transcript_A
AGGTACTAGCGATTCCACTGGGCGCTGTAGGCAGGGCGCACTCACCGAACTCCCCCATCCCTTCCAGCCTCAGGGCCCGCCTGGCAGGACTACTGAGCAA
GGCCTTGGAAAATCGGAGCGATTAGAGCGGCCGAGAAATCCGTCTGCCCCTCCGAATCAAAGGGGAAGGCATGGGACCTAAGATTCACTTCAACTTTGAA
TTGCTGGATATTGGGAAAGTTTTCACTGGATCTGCACATTGTTATGAGGCGATACTGTACAACAAAGACAGCATCGATGCTCTCTTCAACATGACCCCTC
CAACTTCAGCTTTGGGGGCCTGCTTTGTTTTCAGTCCCAAGGAAGGCATCATTGAACCAAGTGGAGTCCAAGCTATCCAGATCTCCTTCAGCTCTACCAT
CCTGGGAAACTTTGAAGAAGAGTTCCTGGTCAATGTCAATGGGTCACCTGAGCCTGTGAAACTGACCATTAGAGGCTGTGTCATTGGACCTACCTTCCAT
TTTAATGTTCCAGCTCTGCACTTTGGTGATGTTTCCTTTGGGTTTCCTCATACCTTGATATGTTCCCTCAATAATACCTCTTTGATCCCCATGACTTACA
AACTGCGTATCCCTGGGGATGGCCTTGGCCATAAAAGCATTTCATATTGTGAGCAGCATGTGGACTACAAAAGACCGTCTTGGACCAAGGAAGAAATATC
CTCAATGAAACCAAAAGAATTCACCATCTCTCCTGACTGTGGCACCATTCGCCCCCAGGGATTTGCTGCTATCAGGGTGACATTATGCTCCAACACTGTA
CAGAAATACGAGCTGGCACTCGTGGTGGACGTGGAGGGCATCGGAGAAGAGGTGCTGGCGCTCTTAATTGCAGCAAGGTGTGTTGTACCTGCCCTCCACC
TGGTCAATACAGAGGTGGACTTTGGGCACTGCTTCCTGAAGTACCCGTATGAGAAAACACTCCAGCTTGCCGATCAAGATGACCTCCCAGGATTCTATGA
GGTCCAGCCTCAGGTGTGTGAGGAGGTGCCTACTGTGCTGTTTTCCAGCCCCACCCCCAGCGGGGTCATCTCCCCAAGCAGCACCATCCACATACCACTG
GTCCTGGAGACCCAGGTCACTGGAGAACACAGATCCACGGTTTACATCTCAATCTTTGGGAGCCAGGACCCCCCTTTGGTATGTCACTTAAAGAGCGCTG
GAGAAGGCCCAGTTATCTACGTCCATCCCAATCAAGTGGACTTCGGGAATATCTACGTCCTAAAAGACTCTTCCAGGATTCTCAACCTATGCAACCAGTC
CTTCATTCCCGCATTTTTCCAGGCACACATGGCACACAAAAAATCCCTTTGGACGATTGAACCCAATGAAGGCATGGTTCCTCCAGAAACTGATGTTCAA
CTGGCACTGACCGCCAACCTGAATGACACACTGACATTCAAGGACTGTGTTATTTTGGACATTGAAAATAGCAGTACCTATCGGATTCCTGTTCAGGCTT
CCGGAACTGGTTCCACTATTGTTTCAGATAAGCCCTTTGCTCCAGAACTCAATTTGGGGGCACATTTTAGGTAAGGAAATCTCATGGACCAATTTTTATA
GATATCACATATGTTACATATGCTGAGCATCACCTCTACTTTAGAAAATTATTTTAAGTAATTAAAACTAGCCACCTCAGTCCCTCTCCTTTCCCATCCT
CACTCTTCCACCTCCTGATGTGTATGTCAGCAACAAGAAGACATTTTCTAGCCATAACTTGGTTGCATTCTCTAATCCGTGTCCCTCTACATGTGAGAAG
AATATGGTTTGTAGGAAATGCATTCTTTTCTCAAACTGGCCACTCTGTGATTAATTTAGACTCTCAACCGTAATTTCTCCTCTTTGATTCCAATACACTG
TTAATCCCTCTCCACAAATGT

>hydin_transcript_B
AGGTACTAGCGATTCCACTGGGCGCTGTAGGCAGGGCGCACTCACCGAACTCCCCCATCCCTTCCAGCCTCAGGGCCCGCCTGGCAGGACTACTGAGCAA
GGCCTTGGAAAATCGGAGCGATTAGAGCGGTTCAAACAATACAGAAGTGTATAAAGTAAGAATTGGAAGTCTCTTCGCTGCTCTAATCTCACTCCTCAGA
GGTGATCACTGGACCTGAGTGAGCAGAAGGCTTTTCAGAATTACAGCCTGAACTATTTCTTGAGCAATTTGGGAACTCATTTCTAAAGCAGTCCTCAGAT
TCACACAACGTAGTTTGTGACGGAGTATGCCCAGAGCAGTGTGGAAGATGATCAAAGTATGACATTTCTTCTACCCCAGAGGCTGGCATTTCTGCAGGCA
CAAATGAGCTTGGTTTTCAAGCACTGCTCTTTGAACACAAGGAATTCCTTTAATGATCACGCCGGACTATATAGACTTTGGAATCAGACTCTTTGAATTC
CAGCTCTGCCATTTACCAACTTTGACACTTTGGACAACGTCTCATTCTGTCACCCAGGCTGGAGTGCAATGGCACAATTATAGCTCACTGCAGCCTCAAA
CACCTGGGCTCAAGCAATCCTTCCACCTCTGCCTCCTGAGTAATTGGGACTACAGGTATTATGTTTCTATTAATGCAGTCTAAAGGGTTTTGGAAATCTG
GATTGTAGCAGGGCATTGTGGATCTGCCTGTTGGTGGAGAACCCTAGACTGCATGCAGCCATGCACATGATCTGGAGACACAGCAGAGACAAGGTCTTTG
TCTGTTGCTCAGGACGGAGTGTAGTGGTGCCATAGCACACTGTAATCTTGAATTTCTGGACTACTGGCATACACCACCATGCTTAGGTTCGGGCCACAAC
ATCCGTGACTTTACCGGTTTTGGTCTCTTCCTTGTAACTTTCGGCTCCAGGATGCTGCGCAGCTCCTCTCTGCACTATCTATCAGAACGTTGCTCTGCGT
GCTTGAAAGTTTCGCCAAACAGAAGTACACAAAAACAAACAGAGGCGAAACACAAATCCCCTCAGCCCTGGAGGAAAAGGCCTTGAAGCTCTTCCAGTGC
AGAGGCCACGCAGAGGACATGCTCCTACCTGTGCACATCGGCCACGCCTGGGGTGCCTCCTGGAGTCCAGGCTGCTGGCGATGGAATCCATCATGTTGCT
GATGTCACTGATTACGCCCATACGTTGACCTGTGTTACTGAAAGAGAAAAGTTTATTGTACCCATCAAAGCTAGAGGGGCACGAGCCATTCTCGATTTTC
CTGACAAGCTGAATTTTTCCACTTGTCCTGTCAAATACAGCACCCAGAAGATTCTGCTGGTACGAAACATTGGCAACAAAAATGCTGTATTTCACATCAA
AACTTGTAGGCCTTTCTCTATAGAACCAGCTATTGGAACTCTTAATGTGGGAGAGTCCATGCAACTGGAAGTGGAGTTTGAGCCACAGAGTGTGGGCGAT
CACAGTGGAAGACTTATCGTGTGTTATGACACAGGTGAAAAGGTGTTTGTATCTCTCTATGGAGCTGCCATAGACATGAATATAAGGCTGGATAAGAATT
CCTTGACCATCGAGAAAACCTACATATCTCTGGCCAATCAGCGAACTATAACCATTCACAATCGCAGTAATATCATTGCCCATTTCCTGTGGAAGGTATT
TGCTACCCAGCAAGAAGAGGACAGAGAAAAATATAGGGCCTGTGATGATCTGATCAAAGAGGAGAAGGATGAGACTGATGAGTTTTTTGAAGAGTGCATT
ACTGATCCTTTACTCCGAGAACATCTTTCTGTTCTGTCCCGAACCTTTGCGAATCAAAGGAGGCTGGTGCAGGGAGACAGCAAACTGTTCTTCAATAACG
TTTTCACTGTGGAGCCCCTGGAAGGTGATGTCTGGCCCAACTCATCAGCTGAAATCACCGTGTACTTTAACCCACTAGAAGCCAAGCTCTATCAACAGAC
CATTTACTGCGACATTTTAGGCCGAGAAATCCGTCTGCCCCTCCGAATCAAAGGGGAAGGCATGGGACCTAAGATTCACTTCAACTTTGAATTGCTGGAT
ATTGGGAAAGTTTTCACTGGATCTGCACATTGTTATGAGGCGATACTGTACAACAAAGACAGCATCGATGCTCTCTTCAACATGACCCCTCCAACTTCAG
CTTTGGGGGCCTGCTTTGTTTTCAGTCCCAAGGAAGGCATCATTGAACCAAGTGGAGTCCAAGCTATCCAGATCTCCTTCAGCTCTACCATCCTGGGAAA
CTTTGAAGAAGAGTTCCTGGTCAATGTCAATGGGTCACCTGAGCCTGTGAAACTGACCATTAGAGGCTGTGTCATTGGACCTACCTTCCATTTTAATGTT
CCAGCTCTGCACTTTGGTGATGTTTCCTTTGGGTTTCCTCATACCTTGATATGTTCCCTCAATAATACCTCTTTGATCCCCATGACTTACAAACTGCGTA
TCCCTGGGGATGGCCTTGGCCATAAAAGCATTTCATATTGTGAGCAGCATGTGGACTACAAAAGACCGTCTTGGACCAAGGAAGAAATATCCTCAATGAA
ACCAAAAGAATTCACCATCTCTCCTGACTGTGGCACCATTCGCCCCCAGGGATTTGCTGCTATCAGGGTGACATTATGCTCCAACACTGTACAGAAATAC
GAGCTGGCACTCGTGGTGGACGTGGAGGGCATCGGAGAAGAGGTGCTGGCGCTCTTAATTGCAGCAAGGTGTGTTGTACCTGCCCTCCACCTGGTCAATA
CAGAGGTGGACTTTGGGCACTGCTTCCTGAAGTACCCGTATGAGAAAACACTCCAGCTTGCCGATCAAGATGACCTCCCAGGATTCTATGAGGTCCAGCC
TCAGGTGTGTGAGGAGGTGCCTACTGTGCTGTTTTCCAGCCCCACCCCCAGCGGGGTCATCTCCCCAAGCAGCACCATCCACATACCACTGGTCCTGGAG
ACCCAGGTCACTGGAGAACACAGATCCACGGTTTACATCTCAATCTTTGGGAGCCAGGACCCCCCTTTGGTATGTCACTTAAAGAGCGCTGGAGAAGGCC
CAGTTATCTACGTCCATCCCAATCAAGTGGACTTCGGGAATATCTACGTCCTAAAAGACTCTTCCAGGATTCTCAACCTATGCAACCAGTCCTTCATTCC
CGCATTTTTCCAGGCACACATGGCACACAAAAAATCCCTTTGGACGATTGAACCCAATGAAGGCATGGTTCCTCCAGAAACTGATGTTCAACTGGCACTG
ACCGCCAACCTGAATGACACACTGACATTCAAGGACTGTGTTATTTTGGACATTGAAAATAGCAGTACCTATCGGATTCCTGTTCAGGCTTCCGGAACTG
GTTCCACTATTGTTTCAGATAAGCCCTTTGCTCCAGAACTCAATTTGGGGGCACATTTTAGGTAAGGAAATCTCATGGACCAATTTTTATAGATATCACA
TATGTTACATATGCTGAGCATCACCTCTACTTTAGAAAATTATTTTAAGTAATTAAAACTAGCCACCTCAGTCCCTCTCCTTTCCCATCCTCACTCTTCC
ACCTCCTGATGTGTATGTCAGCAACAAGAAGACATTTTCTAGCCATAACTTGGTTGCATTCTCTAATCCGTGTCCCTCTACATGTGAGAAGAATATGGTT
TGTAGGAAATGCATTCTTTTCTCAAACTGGCCACTCTGTGATTAATTTAGACTCTCAACCGTAATTTCTCCTCTTTGATTCCAATACACTGTTAATCCCT
CTCCACAAATGT

>hydin_transcript_F
AGGTACTAGCGATTCCACTGGGCGCTGTAGGCAGGGCGCACTCACCGAACTCCCCCATCCCTTCCAGCCTCAGGGCCCGCCTGGCAGGACTACTGAGCAA
GGCCTTGGAAAATCGGAGCGATTAGAGCGGTTCAAACAATACAGAAGTGTATAAAGTAAGAATTGGAAGTCTCTTCGCTGCTCTAATCTCACTCCTCAGA
GGTGATCACTGGACCTGAGTGAGCAGAAGGCTTTTCAGAATTACAGCCTGAACTATTTCTTGAGCAATTTGGGAACTCATTTCTAAAGCAGTCCTCAGAT
TCACACAACGTAGTTTGTGACGGAGTATGCCCAGAGCAGTGTGGAAGATGATCAAAGTATGACATTTCTTCTACCCCAGAGGCTGGCATTTCTGCAGGCA
CAAATGAGCTTGGTTTTCAAGCACTGCTCTTTGAACACAAGGAATTCCTTTAATGATCACGCCGGACTATATAGACTTTGGAATCAGACTCTTTGAATTC
CAGCTCTGCCATTTACCAACTTTGACACTTTGGACAACGTCTCATTCTGTCACCCAGGCTGGAGTGCAATGGCACAATTATAGCTCACTGCAGCCTCAAA
CACCTGGGCTCAAGCAATCCTTCCACCTCTGCCTCCTGAGTAATTGGGACTACAGGTATTATGTTTCTATTAATGCAGTCTAAAGGGTTTTGGAAATCTG
GATTGTAGCAGGGCATTGTGGATCTGCCTGTTGGTGGAGAACCCTAGACTGCATGCAGCCATGCACATGATCTGGAGACACAGCAGAGACAAGGTCTTTG
TCTGTTGCTCAGGACGGAGTGTAGTGGTGCCATAGCACACTGTAATCTTGAATTTCTGGACTACTGGCATACACCACCATGCTTAGGTTCGGGCCACAAC
ATCCGTGACTTTACCGGTTTTGGTCTCTTCCTTGTAACTTTCGGCTCCAGGATGCTGCGCAGCTCCTCTCTGCACTATCTATCAGAACGTTGCTCTGCGT
GCTTGAAAGTTTCGCCAAACAGAAGTACACAAAAACAAACAGAGGCGAAACACAAATCCCCTCAGCCCTGGAGGAAAAGGCCTTGAAGCTCTTCCAGTGC
AGAGGCCACGCAGAGGACATGCTCCTACCTGTGCACATCGGCCACGCCTGGGGTGCCTCCTGGAGTCCAGGCTGCTGGCGATGGAATCCATCATGTTGCT
GATGTCACTGATTACGCCCATACGTTGACCTGTGTTACTGAAAGAGAAAAGTTTATTGTACCCATCAAAGCTAGAGGGGCACGAGCCATTCTCGATTTTC
CTGACAAGCTGAATTTTTCCACTTGTCCTGTCAAATACAGCACCCAGAAGATTCTGCTGGTACGAAACATTGGCAACAAAAATGCTGTATTTCACATCAA
AACTTGTAGGCCTTTCTCTATAGAACCAGCTATTGGAACTCTTAATGTGGGAGAGTCCATGCAACTGGAAGTGGAGTTTGAGCCACAGAGTGTGGGCGAT
CACAGTGGAAGACTTATCGTGTGTTATGACACAGGTGAAAAGGTGTTTGTATCTCTCTATGGAGCTGCCATAGACATGAATATAAGGCTGGATAAGAATT
CCTTGACCATCGAGAAAACCTACATATCTCTGGCCAATCAGCGAACTATAACCATTCACAATCGCAGTAATATCATTGCCCATTTCCTGTGGAAGGTATT
TGCTACCCAGCAAGAAGAGGACAGAGAAAAATATAGGGCCTGTGATGATCTGATCAAAGAGGAGAAGGATGAGACTGATGAGTTTTTTGAAGAGTGCATT
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ACTGATCCTTTACTCCGAGAACATCTTTCTGTTCTGTCCCGAACCTTTGCGAATCAAAGGAGGCTGGTGCAGGGAGACAGCAAACTGTTCTTCAATAACG
TTTTCACTGTGGAGCCCCTGGAAGGTGATGTCTGGCCCAACTCATCAGCTGAAATCACCGTGTACTTTAACCCACTAGAAGCCAAGCTCTATCAACAGAC
CATTTACTGCGACATTTTAGGCCGAGAAATCCGTCTGCCCCTCCGAATCAAAGGGGAAGGCATGGGACCTAAGATTCACTTCAACTTTGAATTGCTGGAT
ATTGGGAAAGTTTTCACTGGATCTGCACATTGTTATGAGGCGATACTGTACAACAAAGACAGCATCGATGCTCTCTTCAACATGACCCCTCCAACTTCAG
CTTTGGGGGCCTGCTTTGTTTTCAGTCCCAAGGAAGGCATCATTGAACCAAGTGGAGTCCAAGCTATCCAGATCTCCTTCAGCTCTACCATCCTGGGAAA
CTTTGAAGAAGAGTTCCTGGTCAATGTCAATGGGTCACCTGAGCCTGTGAAACTGACCATTAGAGGCTGTGTCATTGGACCTACCTTCCATTTTAATGTT
CCAGCTCTGCACTTTGGTGATGTTTCCTTTGGGTTTCCTCATACCTTGATATGTTCCCTCAATAATACCTCTTTGATCCCCATGACTTACAAACTGCGTA
TCCCTGGGGATGGCCTTGGCCATAAAAGCATTTCATATTGTGAGCAGCATGTGGACTACAAAAGACCGTCTTGGACCAAGGAAGAAATATCCTCAATGAA
ACCAAAAGAATTCACCATCTCTCCTGACTGTGGCACCATTCGCCCCCAGGGATTTGCTGCTATCAGGGTGACATTATGCTCCAACACTGTACAGAAATAC
GAGCTGGCACTCGTGGTGGACGTGGAGGGCATCGGAGAAGAGGTGCTGGCGCTCTTAATTGCAGCAAGGTGTGTTGTACCTGCCCTCCACCTGGTCAATA
CAGAGGTGGACTTTGGGCACTGCTTCCTGAAGTACCCGTATGAGAAAACACTCCAGCTTGCCGATCAAGATGACCTCCCAGGATTCTATGAGGTCCAGCC
TCAGGTGTGTGAGGAGGTGCCTACTGTGCTGTTTTCCAGCCCCACCCCCAGCGGGGTCATCTCCCCAAGCAGCACCATCCACATACCACTGGTCCTGGAG
ACCCAGGTCACTGGAGAACACAGATCCACGGTTTACATCTCAATCTTTGGGAGCCAGGACCCCCCTTTGGTATGTCACTTAAAGAGCGCTGGAGAAGGCC
CAGTTATCTACGTCCATCCCAATCAAGTGGACTTCGGGAATATCTACGTCCTAAAAGACTCTTCCAGGATTCTCAACCTATGCAACCAGTCCTTCATTCC
CGCATTTTTCCAGGCACACATGGCACACAAAAAATCCCTTTGGACGATTGAACCCAATGAAGGCATGGTTCCTCCAGAAACTGATGTTCAACTGGCACTG
ACCGCCAACCTGAATGACACACTGACATTCAAGGACTGTGTTATTTTGGACATTGAAAATAGCAGTACCTATCGGATTCCTGTTCAGGCTTCCGGAACTG
GTTCCACTATTGTTTCAGATAAGCCCTTTGCTCCAGAACTCAATTTGGGGGCACATTTTAGCCTGGATACCCACTATTACCACTTTAAGTTGATCAACAA
GGGACGTCGGATCCAACAGTTGTTCTGGATGAATGATAGCTTCCGACCCCAGGCCAAGCTGAGTAAGAAGGGCCGGGTTAAGAAGGGACATGCTCATGTC
CAACCCCAGCCCAGTGGCTCTCAGGAGCCCAGGGATCCACAGAGCCCCGTGTTTCATCTCCACCCCGCCAGCATGGAGCTGTACCCAGGCCAGGCAATTG
ATGTGATACTCGAAGGCTATTCTGCTACTCCCAGGATAGTGAAAGAGAAGCTGGTGTGCCACGCCATCATCGGGGCACAGAAGGGGAAGAGCTTGGTGAT
GGCTGTGAACATCACCTGTGAGTTCGTCGCACCTCTCATCCAGCTCTCCACCAAGCAGCTCATCTACCGACTGGAGAAGAAACCTAACAGTATCCTGAAA
CCTGATTACCAGCCCTTGGCCGTAARAGAACATTTCCACCCTGCCCGTGAACTTGTTGCTGTCAACATCTGGACCCTTCTTTATATGTGAGACTGATAAAT
CCCTGCTGCCGGCAACTCCTGAGCCTATTAAACTGGAAATTGATGAAGAAAAAAACCTGCTGATCAAGTTTGACCCTTCCTACAGAAACGATCTGAACAA
CTGGGTGGCAGAAGAAATTCTAGCAATTAAGTATGTGGAACACCCTCAGATAGACAGCCTGGACCTGCGCGGAGAAGTGCATTACCCCAACCTCAGCTTT
GAGACAAAGGAGCTGGATTTTGGCTGCATCCTGAACGATACTGAGCTCATTCGCTACGTTACCATCACCAACTGCAGTCCGTTGGTTGTGAAGTTTCGCT
GGTTCTTCTTGGTGAATGATGAGGAAAATCAGATAAGGTTTGTGACATTGCCAAAGAAGCCCTACAGTGCCCCACTGTCCCAGATGGAGTCCATCCCAGC
AACCTCAGAGGCTGCCAGCCCACCAGCAATCCTAGTTACAGTAGAGTCCCCCGAGATGGATTTAAATGATTTTGTTAAGACTGTCCTTGTGGATGAAGAT
GCCAGGCCTGAAGAAAAAGAACTAAGAAAAACAAAAGCTTCCAGTGTGATCTCAGATGAAATAAAAATTAGCTCTACTGAAATAGAAAGAATATACTCAA
GCCAGAGCCAGGTGGAGGATCAGGAATCCCTACAGACCTGTGAACAGAATGAGATGCTTTCCATTGGGATAGAAGAAGTGTTTGATATTTTGCCCCTGTT
TGGAGTGTTGCAGCCACACAGTAGCCACCAAATATCGTTCACCTTCTATGGACACGCTAACATCATTGCACAAGCTAAAGCTCTGTGTGAAGTGGAAGAA
GGACCCACCTACGAAATAACACTGAAGGGAGAGGCGTCCCTGGTCAACTATTCCTTTGACACCAAGGATATTCACTACGGATTACAGCTGTTTGACCATG
TCACAGAGAGGGAAATCACGCTGACGAACATGGGGAAAGTTGGCTTTGAGTTCAAGGTTCTGACTGACCACCAGTCTTCTCCAGACAACCTTCTCCCTGG
AGTGCCACTAATCCTGCCTGTGTCTGGCTTTATCAGTTCACATCAAGAGCAGGTATTAAAAGTTTACTACCTACCTGGAGTACCTGAGGTCTTTAAAAGG
AGTTTCCAGATACAGATCGCCCACCTGGACCCAGAAAATATCACTCTGAGCGGAGAGGGAATCTTTCCCCAAATCTGCCTCGATCTCCCCAGGAACCTCA
CAGCAAATGAAAAGTATGAAATGTTCTTGAATCAAGCCAGGAAAAACACAGACAAAGAGTATAACAAATGTGAAATGCTCGATCACTTTGACGTAATAAC
TGAGGAAGTGCCAGAAGACGAGCCTGCTGAGGTAAGTGCTCATCTCCAGATGGAGGTAGAAAGACTTATAGTCCAAAGCTATGTCCTAGAACATCAGAAA
ACAACCACCCCTGATCCTATGGATGACCCCTGCTTCAGCCATCGGAGTCGCCGCAAACTGGCCAAAATCCAGCTACCAGAGTACATCCTGGACTTTGGCT
ACATCATCCTTGGCGAAGTCCGAACCCACATCATCAAGATCATCAACACCAGTCACTTTCCAGTGTCATTCCATGCAGACAAGCGTGTCCTTCATGAGAC
AGGATTCAGTACTGAGCTAGATCGTGTAAAGAATCTGCCTCATTGTGAAACGGAAATATTTGAAGTGAGATTTGACCCACAGGGGGCCAATCTTCCTGTT
GGAAGCAAAGAAGTCATTCTGCCCATCAAGGTGGTTGGAGGGCCAACAGTTCACATCTGTCTCCAAGCCAAGGTGACCATTCCAACCATGACTCTCTCTC
GTGGAAAAGTGGACTTTGCCACAATTCAGTGTGGACAGTGCCTGGTGGAAACTATTCAGCTTTCCAATCATCTCCAAGTCCCTTGTGAATGGTTCGTCCA
GAGCCAAAAGCCTGTTGACAAGCTGGAGAAACACATGCCGAAGTACTTAAGACAGAAACTACGCGCTGAATTAAAGCCAAAGACACGGATCTTCGAAATC
CAGCCCATTTCTGGAGTCTTGGATCCTGGTGAGAAGTCCAACGTGCAAGTGAAATTCATGCCAAAAGAAGAGAAATTCTACAGCCAAACCCTGGTGTTTC
AGATTGCCCAGAGTGCTCAAAAGCTTACCCTCCTGGCACGTGGGCAAGGTCTAGAGCCACGCCTGGAATTTAGTCCTTCAGTCCTGGATCTGGGGCCACT
GCTACTTTGTGCACCTGGAGACGAGGCCGAGGTGATAGTGAAGAATCCCTGCAACTTCCCCATTGAGTTTTATTCCTTAGAATTTGATCAGCAGTATCTC
ATAGAAGAAAAGATCTTGCGGAAGCTGAAGGGCTATGATTCCTACAACACCCTGCTGCTGCCTCCCCGCAACCCTGGGGAGAAGCTGCCCCCAGAACTGT
ACGAGTACTTCAAAGAGATAAAGAAGTCAAAAGAGGAGCAGATGAGGGCGAAATATCTGGAGAATCTGGCACAGGAGAATGAAGAGGAAGATATAACCTC
ATCAGATCAGGGAACCTCCAATAGCACAAAGAGGACATCGCTGAGCCGAGGGATCTCTGTCACATCCAACCTGGAAGAATGGCACGCCCTGTTGGTCGAG
TCCAAAACCTACCTAGAGGAAGAGGAGGATGAGGAAAGCCTGGAAAAAATCATTTTCCAAACTGACAAGCTTCAGAGCATTGACAGCCACTCCATGGAGG
AAGTTGGAGAGGTGGAAAACAACCCAGTGAGCAAAGCAATCGCTCGCCACCTGGGCATTGACATTTCTGCAGAAGGCCGCCTGGCCAAGAACCGGAAAGG
CATCGCCATTATCATTCACGGGACACCCTTGTCAGGAAAGTCAGCCAATGCCGTTAGCGTGGCCAAGTACTACAACGCAGCCTGCCTGAGCATCGACTCC
ATTGTGCTGGAAGCTGTGGCCAACAGCAACAACATCCCAGGGATCCGGGCCTGTGAGCTCTGCATCAGGGCTGCCATAGAGCAGTCCATGAAGGAAGGAG
AGGAGGCTGCTGAGTGACTGCTACCGAGGAGTGGTGTTTGATGGCCTCGACACTCTCTTTGCTCGGAATGCTGCAGCCGCCCTCCTCTGCCTGCTGAAGG
CCATTGGCAGCCGGGAGCATATATACATTCTCAACATGGCCCAGGATTACGCAGCCATGAAGGCCCGGGAGAAAGCCAAAAAGGAGCAAGAAGGCAAGGC
CTCCTACCTTTCCATTGGGCTTAAGTGAAACTTTGACATTTGCTATTCCGTTGGCGCCTCACCTCTGCCCTGTAAGGTGGCCAGGAGTTGTATTTCTGCT
TTGCTAGGAGGGAACTGGGACGCGAGTGGCTGGCTGGGAAGTTCTATGATGAACGCTTTGCTGACAGCAGGTGCATTCCTGCTTCCCTCCCATCACACTG
TACCCCTCCATCCTTTCTGCAATTACAGCCATTTTGGGTCCC

>hydin_transript_G
AGGTACTAGCGATTCCACTGGGCGCTGTAGGCAGGGCGCACTCACCGAACTCCCCCATCCCTTCCAGCCTCAGGGCCCGCCTGGCAGGACTACTGAGCAA
GGCCTTGGAAAATCGGAGCGATTAGAGCGGTTCAAACAATACAGAAGTGTATAAAGTAAGAATTGGAAGTCTCTTCGCTGCTCTAATCTCACTCCTCAGA
GGTGATCACTGGACCTGAGTGAGCAGAAGGCTTTTCAGAATTACAGCCTGAACTATTTCTTGAGCAATTTGGGAACTCATTTCTAAAGCAGTCCTCAGAT
TCACACAACGTAGTTTGTGACGGAGTATGCCCAGAGCAGTGTGGAAGATGATCAAAGTATGACATTTCTTCTACCCCAGAGGCTGGCATTTCTGCAGGCA
CAAATGAGCTTGGTTTTCAAGCACTGCTCTTTGAACACAAGGAATTCCTTTAATGATCACGCCGGACTATATAGACTTTGGAATCAGACTCTTTGAATTC
CAGCTCTGCCATTTACCAACTTTGACACTTTGGACAACGTCTCATTCTGTCACCCAGGCTGGAGTGCAATGGCACAATTATAGCTCACTGCAGCCTCAAA
CACCTGGGCTCAAGCAATCCTTCCACCTCTGCCTCCTGAGTAATTGGGACTACAGGTATTATGTTTCTATTAATGCAGTCTAAAGGGTTTTGGAAATCTG
GATTGTAGCAGGGCATTGTGGATCTGCCTGTTGGTGGAGAACCCTAGACTGCATGCAGCCATGCACATGATCTGGAGACACAGCAGAGACAAGGTCTTTG
TCTGTTGCTCAGGACGGAGTGTAGTGGTGCCATAGCACACTGTAATCTTGAATTTCTGGACTACTGGCATACACCACCATGCTTAGGTTCGGGCCACAAC
ATCCGTGACTTTACCGGTTTTGGTCTCTTCCTTGTAACTTTCGGCTCCAGGATGCTGCGCAGCTCCTCTCTGCACTATCTATCAGAACGTTGCTCTGCGT
GCTTGAAAGTTTCGCCAAACAGAAGTACACAAAAACAAACAGAGGCGAAACACAAATCCCCTCAGCCCTGGAGGAAAAGGCCTTGAAGCTCTTCCAGTGC
AGAGGCCACGCAGAGGACATGCTCCTACCTGTGCACATCGGCCACGCCTGGGGTGCCTCCTGGAGTCCAGGCTGCTGGCGATGGAATCCATCATGTTGCT
GATGTCACTGATTACGCCCATACGTTGACCTGTGTTACTGAAAGAGAAAAGTTTATTGTACCCATCAAAGCTAGAGGGGCACGAGCCATTCTCGATTTTC
CTGACAAGCTGAATTTTTCCACTTGTCCTGTCAAATACAGCACCCAGAAGATTCTGCTGGTACGAAACATTGGCAACAAAAATGCTGTATTTCACATCAA
AACTTGTAGGCCTTTCTCTATAGAACCAGCTATTGGAACTCTTAATGTGGGAGAGTCCATGCAACTGGAAGTGGAGTTTGAGCCACAGAGTGTGGGCGAT
CACAGTGGAAGACTTATCGTGTGTTATGACACAGGTGAAAAGGTGTTTGTATCTCTCTATGGAGCTGCCATAGACATGAATATAAGGCTGGATAAGAATT
CCTTGACCATCGAGAAAACCTACATATCTCTGGCCAATCAGCGAACTATAACCATTCACAATCGCAGTAATATCATTGCCCATTTCCTGTGGAAGGTATT
TGCTACCCAGCAAGAAGAGGACAGAGAAAAATATAGGGCCTGTGATGATCTGATCAAAGAGGAGAAGGATGAGACTGATGAGTTTTTTGAAGAGTGCATT
ACTGATCCTTTACTCCGAGAACATCTTTCTGTTCTGTCCCGAACCTTTGCGAATCAAAGGAGGCTGGTGCAGGGAGACAGCAAACTGTTCTTCAATAACG
TTTTCACTGTGGAGCCCCTGGAAGGTGATGTCTGGCCCAACTCATCAGCTGAAATCACCGTGTACTTTAACCCACTAGAAGCCAAGCTCTATCAACAGAC
CATTTACTGCGACATTTTAGGCCGAGAAATCCGTCTGCCCCTCCGAATCAAAGGGGAAGGCATGGGACCTAAGATTCACTTCAACTTTGAATTGCTGGAT
ATTGGGAAAGTTTTCACTGGATCTGCACATTGTTATGAGGCGATACTGTACAACAAAGACAGCATCGATGCTCTCTTCAACATGACCCCTCCAACTTCAG
CTTTGGGGGCCTGCTTTGTTTTCAGTCCCAAGGAAGGCATCATTGAACCAAGTGGAGTCCAAGCTATCCAGATCTCCTTCAGCTCTACCATCCTGGGAAA
CTTTGAAGAAGAGTTCCTGGTCAATGTCAATGGGTCACCTGAGCCTGTGAAACTGACCATTAGAGGCTGTGTCATTGGACCTACCTTCCATTTTAATGTT
CCAGCTCTGCACTTTGGTGATGTTTCCTTTGGGTTTCCTCATACCTTGATATGTTCCCTCAATAATACCTCTTTGATCCCCATGACTTACAAACTGCGTA
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TCCCTGGGGATGGCCTTGGCCATAAAAGCATTTCATATTGTGAGCAGCATGTGGACTACAAAAGACCGTCTTGGACCAAGGAAGAAATATCCTCAATGAA
ACCAAAAGAATTCACCATCTCTCCTGACTGTGGCACCATTCGCCCCCAGGGATTTGCTGCTATCAGGGTGACATTATGCTCCAACACTGTACAGAAATAC
GAGCTGGCACTCGTGGTGGACGTGGAGGGCATCGGAGAAGAGGTGCTGGCGCTCTTAATTGCAGCAAGGTGTGTTGTACCTGCCCTCCACCTGGTCAATA
CAGAGGTGGACTTTGGGCACTGCTTCCTGAAGTACCCGTATGAGAAAACACTCCAGCTTGCCGATCAAGATGACCTCCCAGGATTCTATGAGGTCCAGCC
TCAGGTGTGTGAGGAGGTGCCTACTGTGCTGTTTTCCAGCCCCACCCCCAGCGGGGTCATCTCCCCAAGCAGCACCATCCACATACCACTGGTCCTGGAG
ACCCAGGTCACTGGAGAACACAGATCCACGGTTTACATCTCAATCTTTGGGAGCCAGGACCCCCCTTTGGTATGTCACTTAAAGAGCGCTGGAGAAGGCC
CAGTTATCTACGTCCATCCCAATCAAGTGGACTTCGGGAATATCTACGTCCTAAAAGACTCTTCCAGGATTCTCAACCTATGCAACCAGTCCTTCATTCC
CGCATTTTTCCAGGCACACATGGCACACAAAAAATCCCTTTGGACGATTGAACCCAATGAAGGCATGGTTCCTCCAGAAACTGATGTTCAACTGGCACTG
ACCGCCAACCTGAATGACACACTGACATTCAAGGACTGTGTTATTTTGGACATTGAAAATAGCAGTACCTATCGGATTCCTGTTCAGGCTTCCGGAACTG
GTTCCACTATTGTTTCAGATAAGCCCTTTGCTCCAGAACTCAATTTGGGGGCACATTTTAGCCTGGATACCCACTATTACCACTTTAAGTTGATCAACAA
GGGACGTCGGATCCAACAGTTGTTCTGGATGAATGATAGCTTCCGACCCCAGGCCAAGCTGAGTAAGAAGGGCCGGGTTAAGAAGGGACATGCTCATGTC
CAACCCCAGCCCAGTGGCTCTCAGGAGCCCAGGGATCCACAGAGCCCCGTGTTTCATCTCCACCCCGCCAGCATGGAGCTGTACCCAGGCCAGGCAATTG
ATGTGATACTCGAAGGCTATTCTGCTACTCCCAGGATAGTGAAAGAGAAGCTGGTGTGCCACGCCATCATCGGGGCACAGAAGGGGAAGAGCTTGGTGAT
GGCTGTGAACATCACCTGTGAGTTCGTCGCACCTCTCATCCAGCTCTCCACCAAGCAGCTCATCTACCGACTGGAGAAGAAACCTAACAGTATCCTGAAA
CCTGATTACCAGCCCTTGGCCGTAAAGAACATTTCCACCCTGCCCGTGAACTTGTTGCTGTCAACATCTGGACCCTTCTTTATATGTGAGACTGATAAAT
CCCTGCTGCCGGCAACTCCTGAGCCTATTAAACTGGAAATTGATGAAGAAAAAAACCTGCTGATCAAGTTTGACCCTTCCTACAGAAACGATCTGAACAA
CTGGGTGGCAGAAGAAATTCTAGCAATTAAGTATGTGGAACACCCTCAGATAGACAGCCTGGACCTGCGCGGAGAAGTGCATTACCCCAACCTCAGCTTT
GAGACAAAGGAGCTGGATTTTGGCTGCATCCTGAACGATACTGAGCTCATTCGCTACGTTACCATCACCAACTGCAGTCCGTTGGTTGTGAAGTTTCGCT
GGTTCTTCTTGGTGAATGATGAGGAAAATCAGATAAGGTTTGTGACATTGCCAAAGAAGCCCTACAGTGCCCCACTGTCCCAGATGGAGTCCATCCCAGC
AACCTCAGAGGCTGCCAGCCCACCAGCAATCCTAGTTACAGTAGAGTCCCCCGAGATGGATTTAAATGATTTTGTTAAGACTGTCCTTGTGGATGAAGAT
GCCAGGCCTGAAGAAAAAGAACTAAGAAAAACAAAAGCTTCCAGTGTGATCTCAGATGAAATAAAAATTAGCTCTACTGAAATAGAAAGAATATACTCAA
GCCAGAGCCAGGTGGAGGATCAGGAATCCCTACAGACCTGTGAACAGAATGAGATGCTTTCCATTGGGATAGAAGAAGTGTTTGATATTTTGCCCCTGTT
TGGAGTGTTGCAGCCACACAGTAGCCACCAAATATCGTTCACCTTCTATGGACACGCTAACATCATTGCACAAGCTAAAGCTCTGTGTGAAGTGGAAGAA
GGACCCACCTACGAAATAACACTGAAGGGAGAGGCGTCCCTGGTCAACTATTCCTTTGACACCAAGGATATTCACTACGGATTACAGCTGTTTGACCATG
TCACAGAGAGGGAAATCACGCTGACGAACATGGGGAAAGTTGGCTTTGAGTTCAAGGTTCTGACTGACCACCAGTCTTCTCCAGACAACCTTCTCCCTGG
AGTGCCACTAATCCTGCCTGTGTCTGGCTTTATCAGTTCACATCAAGAGCAGGTATTAAAAGTTTACTACCTACCTGGAGTACCTGAGGTCTTTAAAAGG
AGTTTCCAGATACAGATCGCCCACCTGGACCCAGAAAATATCACTCTGAGCGGAGAGGGAATCTTTCCCCAAATCTGCCTCGATCTCCCCAGGAACCTCA
CAGCAAATGAAAAGTATGAAATGTTCTTGAATCAAGCCAGGAAAAACACAGACAAAGAGTATAACAAATGTGAAATGCTCGATCACTTTGACGTAATAAC
TGAGGAAGTGCCAGAAGACGAGCCTGCTGAGGTAAGTGCTCATCTCCAGATGGAGGTAGAAAGACTTATAGTCCAAAGCTATGTCCTAGAACATCAGAAA
ACAACCACCCCTGATCCTATGGATGACCCCTGCTTCAGCCATCGGAGTCGCCGCAAACTGGCCAAAATCCAGCTACCAGAGTACATCCTGGACTTTGGCT
ACATCATCCTTGGCGAAGTCCGAACCCACATCATCAAGATCATCAACACCAGTCACTTTCCAGTGTCATTCCATGCAGACAAGCGTGTCCTTCATGAGAC
AGGATTCAGTACTGAGCTAGATCGTGTAAAGAATCTGCCTCATTGTGAAACGGAAATATTTGAAGTGAGATTTGACCCACAGGGGGCCAATCTTCCTGTT
GGAAGCAAAGAAGTCATTCTGCCCATCAAGGTGGTTGGAGGGCCAACAGTTCACATCTGTCTCCAAGCCAAGGTGACCATTCCAACCATGACTCTCTCTC
GTGGAAAAGTGGACTTTGCCACAATTCAGTGTGGACAGTGCCTGGTGGAAACTATTCAGCTTTCCAATCATCTCCAAGTCCCTTGTGAATGGTTCGTCCA
GAGCCAAAAGCCTGTTGACAAGCTGGAGAAACACATGCCGAAGTACTTAAGACAGAAACTACGCGCTGAATTAAAGCCAAAGACACGGATCTTCGAAATC
CAGCCCATTTCTGGAGTCTTGGATCCTGGTGAGAAGTCCAACGTGCAAGTGAAATTCATGCCAAAAGAAGAGAAATTCTACAGCCAAACCCTGGTGTTTC
AGATTGCCCAGAGTGCTCAAAAGCTTACCCTCCTGGCACGTGGGCAAGGTCTAGAGCCACGCCTGGAATTTAGTCCTTCAGTCCTGGATCTGGGGCCACT
GCTACTTTGTGCACCTGGAGACGAGGCCGAGGTGATAGTGAAGAATCCCTGCAACTTCCCCATTGAGTTTTATTCCTTAGAATTTGATCAGCAGTATCTC
ATAGAAGAAAAGATCTTGCGGAAGCTGAAGGGCTATGATTCCTACAACACCCTGCTGCTGCCTCCCCGCAACCCTGGGGAGAAGCTGCCCCCAGAACTGT
ACGAGTACTTCAAAGAGATAAAGAAGTCAAAAGAGGAGCAGATGAGGGCGAAATATCTGGAGAATCTGGCACAGGAGAATGAAGAGGAAGATATAACCTC
ATCAGATCAGGGAACCTCCAATAGCACAAAGAGGACATCGCTGAGCCGAGGGATCTCTGTCACATCCAACCTGGAAGAATGGCACGCCCTGTTGGTCGAG
TCCAAAACCTACCTAGAGGAAGAGGAGGATGAGGAAAGCCTGGAAAAAATCATTTTCCAAACTGACAAGCTTCAGAGCATTGACAGCCACTCCATGGAGG
AAGTTGGAGAGGTGGAAAACAACCCAGTGAGCAAAGCAATCGCTCGCCACCTGGGCATTGACATTTCTGCAGAAGGCCGCCTGGCCAAGAACCGGAAAGG
CATCGCCATTATCATTCACGGGACACCCTTGTCAGGAAAGTCAGCCAATGCCGTTAGCGTGGCCAAGTACTACAACGCAGCCTGCCTGAGCATCGACTCC
ATTGTGCTGGAAGCTGTGGCCAACAGCAACAACATCCCAGGGATCCGGGCCTGTGAGCTCTGCATCAGGGCTGCCATAGAGCAGTCCATGAAGGAAGGAG
AGGAGGCTGCTGAGTGACTGCTACCGAGGAGTGGTGTTTGATGGCCTCGACACTCTCTTTGCTCGGAATGCTGCAGCCGCCCTCCTCTGCCTGCTGAAGG
CCATTGGCAGCCGGGAGCATATATACATTCTCAACATGGCCCAGGATTACGCAGCCATGAAGGCCCGGGAGAAAGCCAAAAAGGAGCAAGAAGAACGCAA
GCACAAGGGAGCTCTTGAGAAAGAGAAGGAGGGTCTCCAAAACATGGATGAGGAAGAATATGATGCCCTGACTGAGGAGGAGAAACTCACATTCGATCGG
GGGATTCAGCAGGCGCTCCGCGAGCGGAAGAAGAGGGAGCAGGAGAGGCTGGCAAAGGAAATGCAAGAAAAGAAGCTACAGCAGGAGCTGGAGCGACAAA
AGGAAGAGGATGAGCTGAAACGGAGGGTCAAAAAAGGAAAGCAGGGACCCATTAAGGAGGAGCCCCCCATGAAGAAATCTCAAGCAGCAAACAAGCAGGT
TCCTCCGCTCACCAAAGTGGATGTCAAGATGGAGACAATCGAAAGGAAAATATCTGTTAGGGAACAAACAATGTCTGAGAAGGAAGAGCTAAATAAGAAG
AAAAGGAACATGGGCGATGTCAGCATGCATGGGCTTCCTCTTGTCCAGGACCAAGAGGACAGTGAAGGGGACATCTCAAAGGACCCCGACAAGCAACTGG
CCCAGAAGTTTAAGACCTATGAATTGACACTGAAGGATGTCCAGAACATCCTCATGTACTGGGACCGGAAGCAAGGAGTCCAGCTGCCTCCTGCAGGGAT
GGAGGAAGCTCCCCATGAGCCCGACGACCAGCGCCAGGTCCCCTCGGGTGGGCGCAGGGGCCGCAAGGACCGGGAGAGAGAGCGCCTGGAGAAGGAGCGC
CTGGAGAGGGAGAAGGCGGAGCGGGAGCGCCTGGAGAAGCTGCGAGCCCTGGAGGAGCGGAGCGACTGGGAGGGGGAAGGGGAGGAGGACCACGAAGAGA
AGAAGGAGAAGGACCTGGGCGTACCCTTCCTTAACATCCAGACACCAGACTTTGAAGGCTTGAGCTGGAAGCAGGCCCTAGAGAGCGACAGGCTTCCCAA
AGGAGAGCAGATCCTAGACATCTTGGGTCTGGGTGCCTCCGGACCACCCATCCCGCCTCCCGCCTTATTCTCAATCGTCTCCTACCCGGTGAAGCGGCCA
CCTTTGACCATGACAGACGACCTGGAGCATTTTGTATTTGTGATCCCACCATCCGAAGATATATCTCTGGATGAAAAAAAAGAAATGGAAATAGAATCAG
ACTTTTTGGCCACCACAAACACTACAAAGGCTCAAGAGGAGCAGACCAGCTCATCTAAGGGGGGCAAACAGAAAATGAAAGAAAAGATAGACCAAGTCTT
CGAGAGTCAGAAAGACAAGCGTCACATGGCCTTAAACAGGAAGGTCCTTTCTGGGGAACCTGCTGGAACCATTTCCCAGCTGTCAGATACAGACCTGGAC
AACTTCAACGGGCAGCACTCCCAGGAGAAATTCACCAGACTGAATCACTTCCGGTGGATCGTGCCAGCCAATGGCGAGGTAACGTTGCAGGTGCACTTCT
CTTCTGATGAGTTCGGGAACTTTGACCAAACCTTTAACTTTGAGATCCTAGGAACTTGCTGCCAGTACCAGCTCTACTGCCGAGGCATCTGCACTTACCC
ATACATTTGCCAAGACCCAAAAGTGGTATTTCCTCAGCGGAAGATGGACATGAAGACAAATGAGGTCATCTTTAAGAAGTATGTTATGAGCACGGAGACG
TACTACTTTGGGCCACTACTTTGTGGAAAATCAAGAGATAAGTACAAGTCATCCTTATTCCCAGGCAACATGGAGACGCTAACAATCCTGAACACTTCCT
TAATGGTGGTGGAGGCATCCTTCTATTTTCAGAATGATGTCAAAGCAAACACGTACTTCCTGGAACCCAACACCATGGTCCTGAAACCCAATGAGAAGCA
GATATTAAACGTATGGGCCTACCCTACTTCAGTTGGTGTCTTTGAAGACAGCATTGTCTGCTGCATCAATGACAACCCAGAGCCAGCCATCTTCCAATTA
AGCTGCCAGGGGATCCGCCCGGAACTAGAGCTGGAACCCAGGCAATTACATTTTGACCGGCTCTTGCTGCACAGACAGGAATCCAGGGTAGTTCTTCTCC
GCAATGTCACGCTCCTGCCTGTGGCCTGGCGGATCACCAGCCTGGAGCACTTGGGTGATGATTTCACTGTATCCCTGATGCAGGGGACCATCCCCCCTGA
GGCTGAGTACGGCCTGCACCTGTACTTTCAGCCCACCAAGCCTGTCAACATCAAGAAGGCTATTCGGTTGGAGGTTTTAGATGCAGAAAATCTTCTTGGT
GTTGTTCAGATTGAAAATATCATGGTCTTTGCAGAGGCATACGACATCGCCTTGGACATCACCTTCCCCAAAGGAGCTGAAGGGGGACTGGATTTTGGGA
TTGTCAGGGTCACAGAGGAGGCGAAGCAGCCCCTGCAATTGAAGAACCGTGGGAAATATGAGATCGCGTTCAGCTTTTCCGTGGACTCTGTAGGGATTTC
AACACCTAATATAAATTCCATGATCTCAGTCCAACCCAAAAAGGGTTCACTGACCCCAACAGAAAAACCCACAAATGTCCAAGTTTTCTTCCATGCAAAA
AAGGAAGTGAAGATTGAGCACCAGCCTGTTCTGCGCTGTCAGATTATTGAGCCCAATATTTCAGAAGGAGGTGAGATCATTGCCAGCATCCCAATTAAGT
TTTCCGCGAATGCAGTATATTCCAAATACAACATCACCCCCTCCTCTGTCATCAACTTTGGAGCTTTGATCTGTGGCACTCGTAAAAGCACCACCTTCAC
CATAGAAAATCAAGGTGTTACTGACTTCAAGTTCGCCCTTTATAAGCTGACAGGGGAGAGCCCCATTCATCAAAAGAAAGCAGCCAGCCACGTCAGACAT
GCAAGATCCCGAGAAAGTGAGAGCTTCTACAAAACTGGCTCTTCCAGAGCAGCCAAGTTCTCTGACACGATTCAGAAAGAAGTAACCACCACAGGCCAGG
CCCGCTTCGCCCATGGCATGTTCACCGTGTACCCTGGGTTTGGCTCCATTCCTTCCGGAGGACAGCAGGTCATCAACGTTGACTGTGTGGCTGACCCCAT
GGGAAAGTGTGAGGAGTTTATAGCCATCGATATCTCCGGCCGAGACCCTGCAGTCCACCCTGCCGGCATTCCTTACACTTTGCTAGCTGAAGCCTGTCTA
CCAGCCTTCGTGACCGAAAACAATGCCTTGATATTTGAAGAGCACCAGATATGTACCAGTGCCAACCTGCACCACATCCTGCAGACCATAGAGAGCGGGG
GGCTGTTCGTCGAGGATGAGAACAAGTTCATCTTCTGCAATGTCCTGGTGGGCCGCCAAGCCAAGGCTCGTTTCAAGATCAGCAACGTGGGAAAGATCAC
CTGTGATGTCAACATTGTAGTCAGGCCTATCTCCAATAAGCCCTTTGCCCGCATCGTCGACATTTTTGAAGTGGAACCCAGCAAGATGTGCATTGCCAGT
CATTCCCATGCCTTTGCCACGGTGTCCTTCACCCCGCAGATCATGCAGAACTACCAGTGCATCTTTGAGGCTACCTTGGATGGCTTGCCCAGCACTCTGG
CCAAGAGCCGAGGCCTCGTGTTTGACATCGCTGGTGAGGGGAACCTCCCTCGAGTGACGGTTGTGCGGCCAGTTCTTCATAACCAATATGGAAACCCCTT
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GCTCCTCTTTAAGAGGCTTCTCCTTGGTCATTCAGAGAAGCTGCCTCTCATCCTCAAGAACAATGGTGTCCTCCCTGCCCAGCTGCATGTTGACCTGCAG
GATGAGCTAGGAGTCTTCTCCCTGAAAGGGAGGCCCACCACCGCGTATATCTACATCACAGAGGAAAACAAACCACATGTAAAAGCAAAGAAAGCTCACA
CAGCCTCCTTGGTTGTTTCTCCTGGAGATACAGCTGAATTTGATGTCGTTTTCCACTCCCAGAAGGTTGGGAGGATGAGAGGTATCATCCACTTGTCAGT
GATCAACAACCAATATGAGGAGACCTCCATCCACATGGTGGGAGAGGGCTATGAGGATGACATCACCTTGGACAACATCCATGGACTGGTGGCCCCCACC
AGCCAGGAAGACATAAGTATCTCTGAGTTCACAGAGATCATCGAGGACAATGATATGGAAGACTTGGTGGCAGCTGCTCTGGTGGACCACATCCAATTTG
GGGACTGCCACATTGGACACAGCTATAATGCGAGCTTCACAGTCACAAATCACAGCCAAGTGAACTTGATACGGTTTGAATGGCCTGTTTCAGCTACAAT
TGCTTTCTCCCCACAGATGGGCCATCTCCACCCTGGGTGTGCCAAGGACATAGTGGTGACCATGAAGTCAGATGTACCCATCAACCTAAAGAATATGCGG
ATCAGGTGCAAGCTCTCCAGGATTATGTTTCAGCTCCCTACAGACCAGATCCCCGACTGGGATGACCGCATGCACACAGTCAAGTGGGTGGACGTACCCA
GAAACATGCCTGGGACTTTCACTACAAAACGAAAAGTGATAGAGACGGATCCGGAACCTGCTCACTCAGTACTAGAAGAAAACTACCAAGAACTGCAGCT
TCAAATCAGTGCCAATGTGGATTTCGCTTCATACCATTGCCAAGCAAGAGATGTGCGCTTTAAGGAAACCTTGGTTTACCAGACCCGAGTGTTTGAGTTC
GATGTGATTAATTCAGGACGTGTCCAGCTGGAATTCAGCTGGCTCTCAGAAGATACCTCAAAGGCAGTCAGCTTTGCAAAACCAGATCACCAAGGTTCAG
CTCAAAAAGATCAGCTTAGTCAGGGCACGAGGCACACAGGCAGCACCCTGGACAGCACCATGGACCACTGGGCCGAGGGTTCCCCACAGCCCTTCTCTGT
GGAGCCCTCTTCGGGAATCGTGCCGGTGGGGAAGATCAGAAGTTCAAAGTAAAATTCTCCCCGTTGGACATTGGAGACTTCGAGAGCAACCTTTTCTGCC
AGATTCCCAACCTGCCACCTGGAGAGCAAGGTCCGGTCCTGGTAGCAAAAGGGCGGAGCACCTTGCCCATCTGCCATTTTGATCTGAAAGACTCGGACTA
CATAAGTGGCCATCAGCGCAACCCAGAGCTCCGAGGGTCCAGTGGGGGAGCTCTGGATCCAAACACCCGGGTGATTGAGTTCACCACTGTGGGCATAGGA
GGGAAGAATCTCCGGACCTTTACCATCCTAAACCCAGCCAATAGCACCTACTCCTTCTGCTGGATCTCTGAAGAAATTGAAAGTCTCCAGAACCCTGCAG
CATTCACATGCCTTACAGAAAAGGGCTTCATCCACCCTGAAAAGAAAGCCGAGATCGTGTTCCAGTTCACACCTTTCCATCTGGGCATCACTGAGTCATC
ATGGACCTTCCTAATTCCCGAGCACAACATCACAGTCCCTTTCCTGCTGGTAGGCAAAACTACCGAACCTCTCATCTCTCTGAACAAGTCACACCTCAAC
TTCAGCTCTCTCCTCATTGGCAGAGAAGCCAGGGAGACTGTGCAGATCATCAACAAGGAGGAGCAGGGGTTCGATTTTTCCTTCCAGGACAACTCCCGCT
ATTCTGAAGGTTTCAGCAACAGCCTGCTTGTATGTCCCATGGAAGGCTGGATCCCACCACTGTCCAGGTTCCCAATTGATATTTTCTTCACTCCAAAGCA
GCAAGGAGATGTGAACTTTAATTTGATCTGCAATGTGGAAAAGAAAGTCCACCCTGTGACATTAAATGTCAAGGCCGAGGGCTACACTATGAATGTGGAG
ATCAAGTGCAAGGACAGGACAGGCTCCATCACTCTGTTGACTCCCAACCAGACTAACATCATCAACTTCTATGAGGTGGAGTTAAATGAATGTGTCCAGT
GTGAATTCAACTTTATCAACACTGGAAAGTTCACCTTCAGCTTCCAGGCACAGCTGTGTGGCTCCAAAACCTTGCTGCAGTACTTGGAATTTTCACCCAT
CGACAGCACTGTGGATGTAGGACAGAGTGTACATGCCACCCTGTCTTTTCAACCATTAAAGAAGTGTGTCTTGACAGACCTGGAACTCATAATCAAGATC
AGCCATGGTCCAACATTTATGTGCAACATCTCAGGCTGTGCTGTGAGCCCGGCTATCCATTTCTCCTTCACCAGCTACAACTTTGGGACCTGCTTTATCT
ATCAAGCTGGGATGCCCCCATACAAACAAACCCTGGTAATTACCAACAAGGAAGAAACACCTATGAGCATAGATTGTCTGTACACCAACACCACTCACCT
CGAGGTGAACTGCCGTGTTGATGTGGTAAAGCCAGGAAACACATTGGAGATTCCAATAACTTTTTATCCTCGAGAAAGTATCAACTATCAAGAACTCATT
CCCTTTGAAATCAATGGGCTCTCACAACAAACAGTCGAAATCAAAGGGAAGGGTACCGAAATGAAGATTTTAGTCCTAGATCCAGCCAACAGGATTGTGA
AGTTGGGAGCTGTCCTACCAGGGCAGGTTGTGAAAAGAACAGTTTCCATCATGAACAACAGCCTGGCCCAGCTCACATTTAATCAGTCCATTCTGTTCAC
AATTCCAGAACTCCAGGAACCCAAGGTCCTCACCCTGGCGCCCTTCCACAACATCACACTGAAGCCCAAAGAAGTCTGTAAACTGGAAGTCATCTTTGCC
CCGAAGAAGCGTGTCCCTCCCTTCTCTGAGGAAGTGTTCATGGAATGCATGGGGCTCCTGCGCCCCCTCTTCCTCCTTAGCGGCTGCTGCCAGGCCCTGG
AGATCTCACTGGACCAGGAACATATTCCCTTTGGACCCGTGGTGTATCAGACGCAAGCCACGCGTCGCATCCTCATGTTGAACACAGGCGATGTGGGTGC
AAGGTTTAAATGGGACATCAAAAAATTTGAGCCTCATTTCTCCATTAGCCCAGAAGAAGGCTATATTACCTCAGGCATGGAGGTTTCTTTTGAAGTGACC
TACCATCCCACCGAGGTGGGAAAGGAGAGCCTTTGTAAAAAAATTCTCTGCTACATCCAGGGAGGCAGTCCTCTGAGTCTAACCCTGTCTGGAGTCTGCG
TGGGACCACCTGCAGTAAAAGAGGTAGTGAATTTCATGTGCCAGGTGCGCTCCAAGCACACGCAGACCATCCTGCTGTCAAACTGCACCAACCAGACCTG
GAATCTGCACCCCATCTTTGAGGGCGAGCACTGGGAGGGGCCTGAGTTCATCACCCTGGAGGCCCACCAGCAAAACAAGCCCTATGAGATCACCTACAGG
CCCCGCACCATGAACTTGGAGAACCGCAAGCACCAGGGCACCCTCTTCTTCCCCCTCCCAGATGGGACCGGCTGGCTGTATGCTCTGCATGGGACTTCTG
AGCTCCCCAAAGCTGTAGCCAATATCTATCGTGAAGTGCCATGTAAGACCCCCTACACTGAGCTTCTGCCAATCACCAACTGGCTGAACAAGCCCCAGAG
ATTCCGGGTCATCGTGGAAATACTGAAACCAGAGAAGCCGGACCTAAGCATCACTATGAAGGGCCTTGATTACATTGATGTACTGTCTGGCTCTAAGAAA
GACTACAAGCTGAACTTCTTTTCCCACAAGGAGGGAACGTACGCTGCAAAGGTGATCTTCCGAAACGAGGTGACAAATGAGTTCTTGTACTACAATGTGA
GTTTCAGGGTCATCCCTTCAGGCATCATCAAAACCATCGAGATGGTGACCCCAGTCCGGCAAGTTGCGTCAGCCTCCATCAAGTTGGAGAACCCTCTGCC
CTACTCGGTGACCTTCTCCACAGAATGCCAGATGCCCGACATCGCCCTGCCCTCCCAGTTTGTGGTGCCTGCCAACTCCGAGGCGGGTGATGTGAAGATA
AATGTGATAACGTCTACAAAGTCCTCCAAATTCTCGGGATGAAATGTGCTATGTAAATGGAACACAGCCCCGTTATGATTGAAGTTTAATGCAGCAGCTC
TCAGGCCTATACAGGGAATGCAGTCTGGCTGGAAGgcattctgaaggcaaatcctgttTAGACCCAGGCAAAGGTTCCTGGTGACCCAGGCTCTCATGAG
CAGATTGTCCCTTATCATTCTCCTGAGGATGTCTGGAGCTTCAGTGCTGTGTGCTCTTGGCCTCCACACTGGGGGTGCCACCAACTCCCACTGTCCAGGG
CTTCTGGTGGACTCTCCGAGGCACCGATGTAGAAACTTACCCATTCAGTGCACCAAGAGCAGCCTCACATGGTGTGGGCCGACATGAAGAGCTGCCAGAT
CCAACAGCCCTTGAAGATAAGGATGGTCAAACAAAATAATATCATACCTGGAGAAACTCAGATCTTGCTAAGATTTACTGGTTGGGAATCCAAAGTTAAT
GCCAAGAAGCAGCTGCCAGTTGGGATCAAATGTGAGCCTATGGATCAAGAAAATGAGCAAACAGGTGGCCATGAAACAGATGGTCATAGAATTGTTTCAG
TGCTTGTGAGTGCAGCAACCCAAGAGTGTCTTATCTGAAATACCACCAGGAATGTCTGGACACAGTAGACAAAGGTTTTTCAACTGGATGCCTTAGGATA
CATGCTTCCAAAAACAAAGTAGCCAAAAAGAAACCagagtcacagaatatcagagccagaggaacatttggagACGGTTACCTGGCACGCTGGCCACAAT
CTACCTCACTCTTATCAGAGTCTGAGCAGTGCTTTCAGCTCTGAGTTGAGGCACCTCGAACCTTGTTTTTGTGGTGAAGGATCCTAAAGTGCTGTGGGGA
GTGATCACATTTTTCACAACATCCCTGACTCCACCTCTTCTGCCACAAACGTCAGCATGGTGGTATCAGCCGGCCCTTGGTCCAGCGAGAAGGCAGAGAT
GAACATTCTAGAAATCAACGAGAAATTGCGCCCCCAGTTGGCAGAGAACAAACAGCAGTTCAGAAACCTCAAAGAGAGATGTTTTCTAACTCAACTGGCC
GGCTTCCTGGCCAACCGACAGAAGAAATACAAGTATGAAGAGTGTAAAGACCTCATAAAATTTATGCTGAGGAATGAGCGACAGTTCAAGGAGGAGAAGC
TTGCAGAGCAGCTGAAACAAGCTGAGGAGCTCAGGCAATATAAAGTCCTGGTTCACTCTCAGGAACGAGAGCTGACCCAGTTAAGGGAGAAGTTACGGGA
AGGGAGAGATGCCTCCCGCTCATTGAATGAGCATCTCCAGGCCCTCCTCACTCCGGATGAGCCGGACAAGTCCCAGGGGCAGGACCTCCAAGAACAGCTG
GCTGAGGGGTGTAGACTGGCACAGCAACTTGTCCAAAAGCTCAGCCCAGAAAATgatgaagatgaggatgaagatgttcaagttgaggaggatgagAAAG
TACTGGAATCATCTGCCCCCAGGGAGGTGCAGAAGGCTGAAGAGAGCAAAGTCCCTGAGGACTCACTGGAGGAATGTGCCATCACTTGTTCAAATAGCCA
CGGCCCTTGTGACTCCATCCAGCCTCACAAGAACATCAAAATCACATTTGAGGAAGACAAAGTCAACTCAACTGTGGTTGTAGACAGAAAATCCTCTCAT
GATGAATGTCAGGATGCTCTAAACATTCTCCCAGTCCCTGGCCCCACCTCTTCTGCCACAAACGTCAGCATGGTGGTATCAGCCGGCCCTTTGTCCAGCG
AGAAGGCAGAGATGAACATTCTAGAAATCAATGAGAAGTTGCGCCCCCAGCTGGCAGAGAAGAAACAGCAGTTCAGAAGCCTCAAAGAGAAATGTTTTGT
AACTCAACTGGCCGGCTTCCTGGCCAAGCAGCAGAACAAATACAAATATGAAGAGTGCAAAGACCTCATAAAATCTATGCTGAGGAATGAGCTACAGTTC
AAGGAGGAGAAGCTTGCAGAGCAGCTGAAGCAAGCTGAGGAGCTCAGGCAATATAAAGTCCTGGTTCACTCTCAGGAACGAGAGCTGACCCAGTTAAGGG
AGAAGTTACGGGAAGGGAGAGATGCCTCCCGCTCATTGAATGAGCATCTCCAGGCCCTCCTCACTCCGGATGAGCCGGACAAGTCCCAGGGGCAGGACCT
CCAAGAACAGCTGGCTGAGGGGTGTAGACTGGCACAGCACCTTGTCCAAAAGCTCAGCCCAGAAAATgatgaagatgaggatgaagatgttcaagttgag
gaggatgagAAAGTGCTGGAATCATCTTCCCCCAGGGAGATGCAGAAGGCTGAAGAAAGCAAAGTCCCTGAGGACTCACTGGAGGAATGTGCCATCACTT
GTTCAAATAGCCACGGCCCTTGTGACTCCAACCAGCCTCACAAGAACATCAAAATCACATTTGAGGAAGACAAAGTCAACTCATCTCTGGTTGTAGACAG
AGAATCCTCTCATGATGAATGTCAGGATGCTCTAAACATTCTCCCAGTCCCTGGCCCCACCTCTTCTGCCACAAACGTCAGCATGGTGGTATCAGCCGGC
CCTTTGTCCAGCGAGAAGGCAGAGATGAACATTCTAGAAATCAATGAGAAGTTGCGCCCCCAGCTGGCAGAGAAGAAACAGCAGTTCAGAAGCCTCAAAG
AGAAATGTTTTGTAACTCAAGTGGCCTGCTTCCTGGCCAAGCAGCAGAACAAATACAAATATGAAGAGTGCAAAGACCTCCTAAAATCTATGCTGAGGAA
TGAGCTACAGTTCAAGGAGGAGAAGCTTGCAGAGCAGCTGAAGCAAGCTGAGGAGCTCAGGCAATATAAAGTCCTGGTTCACTCTCAGGAACGAGAGCTG
ACCCAGTTAAGGGAGAAGTTACGGGAAGGGAGAGATGCCTCCCGCTCATTGAATGAGCATCTCCAGGCCCTCCTCACTCCGGATGAGCCGGACAAGTCCC
AGGGGCAGGACCTCCAAGAACAGCTGGCTGAGGGGTGTAGACTGGCACAACACCTTGTCCAAAAGCTCAGCCCAGAAAATGATAACGATGACGATGAAGA
TGTTCAAGTTGAGGTGGCTGAGAAAGTGCAGAAATCGTCTTCCCCCAGGGAGATGCAGAAGGCTGAAGAAAAGGAAGTCCCTGAGGACTCACTGGAGGAG
TGTGCCATCACTTGTTCAAATAGCCATGGCCCTTATGACTCCAACCAGCCACATAGGAAAACCAAAATCACATTTGAGGAAGACAAAGTCGACTCAACTC
TCATTGGCTCATCCTCTCATGTTGAATGGGAGGATGCTGTACACATTATCCCAGAAAATGAAAGTGATGATGAGGAAGAGGAAGAAAAAGGGCCAGTGTC
TCCCAGGAATCTGCAGGAGTCTGAAGAGGAGGAAGTCCCCCAGGAGTCCTGGGATGAAGGTTATTCGACTCTCTCAATTCCTCCTGAAAGGTTGGCCTCA
TACCAGTCTTACAGCAGCACATTTCACTCATTAGAGGAACAGCAAGTCTGCATGGCTGTTGACATAGGCAGACATCGGTGGGATCAAGTGAAAAAGGAGG
ACCAAGAGGCAACAGGTCCCAGGCTCAGCAGGGAGCTGCTGGCTGAGAAAGAGCCTGAAGTCTTGCAGGACTCACTGGATAGATGTTATTCAACTCCTTC
AGTTTATCTTGGACTGACTGACTCATGCCAGCCCTACAGAAGTGCCTTTTACGTATTGGAGCAACAGCGTGTTGGCTTGGCTGTTGACATGGATGAAATT
GAAAAGTACCAAGAAGTGGAAGAAGACCAAGACCCATCATGCCCCAGGCTCAGCAGGGAGCTGCTGGCTGAGAAAGAGCCTGAAGTCTTGCAGGACTCAC
TGGATAGATGTTATTCGACTCCTTCAGGTTATCTTGAACTGCCTGACTTAGGCCAGCCCTACAGAAGTGCTGTTTACTCATTGGAGGAACAGTACCTTGG
CTTGGCTCTTGACGTGGACAGAATTAAAAAGGACCAAGAAGAGGAAGAAGACCAAGGCCCACCATGCCCCAGGCTCAGCAGGGAGCTGCTGGAGGTAGTA
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GAGCCTGAAGTCTTGCAGGACTCACTGGATAGATGTTATTCAACTCCTTCCAGTTGTCTTGAACAGCCTGACTCCTGCCAGCCCTACAGAAGTTCCTTTT
ATGCATTGGAGGAAAAACATGTTGGCTTTTCTCTTGACGTGGGAGAAATTGAAAAGAAGGGGAAGGGGAAGAAAAGAAGGGGAAGAAGATCAAAGAAGAA
AAGAAGAAGGGGAAGAAAAGAAGGGGAAGAAGATCAAAACCCACCATGCCCCAGGCTCAGCAGGGAGCTGCTGGCTGAGAAAGAGCCTGAAGTCTTGCAG
GACTCACTGGATAGATGGTATTCGACTCCTTCAGTTTATCTTGGACTGACTGACCCATGCCAGCCCTACAGAAGTGCCTTTTACGTATTGGAGCAACAGC
GTGTTGGCTTGGCTGTTGACATGGATGAAATTGAAAAGTACCAAGAAGTGGAAGAAGACCAAGACCCATCATGCCCCAGGCTCAGCAGGGAGCTGCTGGC
TGAGAAAGAGCCTGAAGTCTTGCAGGACTCACTGGATAGATGTTATTCGACTCCTTCAGGTTATCTTGAACTGCCTGACTTAGGCCAGCCCTACAGAAGT
GCTGTTTACTCATTGGAGGAACAGTACCTTGGCTTGGCTCTTGACGTGGACAGAATTAAAAAGGACCAAGAAGAGGAAGAAGACCAAGGCCCACCATGCC
CCAGGCTCAGCAGGGAGCTGCTGGAGGTAGTAGAGCCTGAAGTCTTGCAGGACTCACTGGATAGATGTTATTCAACTCCTTCCAGTTGTCTTGAACAGCC
TGACTCCTGCCAGCCCTACAGAAGTTCCTTTTATGCATTGGAGGAAAAACATGTTGGCTTTTCTCTTGACGTGGGAGAAATTGAAAAGAAGGGGAAGGGG
AAGAAAAGAAGGGGAAGAAGATCAAAGAAGAAAAGAAGAAGGGGAAGAAAAGAAGGGGAAGAAGATCAAAACCCACCATGCCCCAGGCTCAACAGCGTGC
TGATGGAAGTGGAAGAGCCTGAAGTCTTGCAGGACTCACTGGATAGATGTTATTCGACTCCATCAATGTACTTTGAACTACCTGACTCATTCCAGCACTA
CAGAAGTGTGTTTTACTCATTTGAGGAACAGCACATCACCTTTGCCCTTGACATGGACAATAGCTTTTTTACTTTGACGGTGACAAGTCTCCACCTGGTC
TTCCAGATGGGAGTCATATTCCCACAATAAGCAGCCCTTACTAAGCCGAGAGGTTTCATTCCTGCAGGCAGGACCTATAGGCACCTGAAGATTTGAATGA
AACTATAGTTCCATTTGGAAGCCCAGACATAGGATGGGTCAGTGGGCATGGCTCTATTCCTATTCTCAGAGCATGCCAGTGGCAACCTGTGCTCAGTCTG
AAGACAATGGACCCACGTTAGGTGTGACACGTTCACATAACTGTGCAGCACATGCCGGGAGTGATCAGCCGGACATTTTAATTTGAACCATGTATCTCTG
GGTAGCTACAAAATTCCTCAGGGATTTCATTTTGCAGGCATGTCTCTGAGCTTCTATACCTACTCAAGGTCAGTGTCATCTTTGTGTTTAGTTCATCCAA
AGGTGTTACCCTGGTTTCAATGAACCTAACCTCATTATTTGTGTCTTCAGTGTTGGCTTGTTTTAGCTGATCCATCTGTAACACAGGAGGGATCCTTGGC
TGAGGATTGTATTTCAGAACCACCAACTGCTCTTGACAATTGTTAACCCACTAGGCTCCTTTGGTTAGAGAAGCCACAGTCCTTCAGCCTCCAATTGGTG
TCAGTACTTAGGAAGACCACAGCTAGATGGACAAACAGCATTGGGAGGCCTTAGCCCTGCTCCTCTCAATTCCATCCTGTAGAGAACAGGAGTCAGGAGC
CGCTGGCAGGAGACAGCATGTCACCCAGGACTCTGCCGGTGCAGAATATGAGCAATGCCAtgttcttgcagaaaacgecttagectgagtttcataggagg
taatcaccagacaactgcagaatgtagaacactgagcaggacaactgacctgtctccttcacatagtccatatcaccacaaatcacacaacaaaaaggag
aagagatattttgggttgaaaaaaagtaaaaagataATGTAGCTGCAtttctttagttattttgaaccccaaatatttcctcatctttttgttgttgtca
ttgatggtggtgacatggacttgtttatagaggacaggtcagctctctggctcaatgatctacattctgaagttgtctgaaaatgtcttcatgattaaat
tcagcctaaactttttgctgggaacactgcagagacaatgctgtgagtttccaacctcagecccatctgcgggcagagaaggtctagtttgtccatcacca
ttatgatatcaggactggttacttggttaaggaggggtctaggagatctgtcccttttagagacaccttacttataatgaagtacttgggaaagcggttt
tcaagagtataaatatcctgtattctaatgatcatcctctaaacattttatcatttattaatcctcecctgectgtgtctattattaTATACATATCTCTA
CGCTGCAAATTTTGGGTCTCAATTTTTACTGTGCCTTTGTTTTTACTAGTGTCTGCTGTTGCAAAAAGAAGAAAACATTCTCTGCCTGAGTTTTAATTTT
TGTCCAAAGTTAATTTTAATCTATACAATTAAAACCTTTTGCCTATCACTCTGGACTTTTGGATTGTTTTTTACATTCAGTGTTATAATATTTGATTATG
CTGATTGGTTTTGGTGGGTACTGATGTGAATTAATAAAAACATTTCATTTCCATGTT
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APPENDIX B: ADDITIONAL MATERIAL FOR CHAPTER 3

Supplementary Figures
a Concordant scheme
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Figure S1. Barcoding strategy. A. In the concordant barcode scheme, 1 of 96 identical barcodes are
appended to the 3° and 5’ ends of transcript sequences during first strand and second strand synthesis,
respectively. This allows for detection of false chimeric sequences generated during amplification. B. In
the discordant barcode scheme, 1 of 96 barcodes are appended at random to 3’ and 5’ ends of transcript
sequences. In this method, the combination (96x96) can be used as a pseudo-unique molecular identifier,
to measure the frequency of PCR duplicates. C. The concordance of reads from libraries prepared under
both schemes is shown, measured as number of putative full-length reads with barcodes that are the same
or different. Among discordant-scheme libraries, we obtain 1.0% reads with matching barcodes,
consistent with a 1 in 96 chance. Among concordant-scheme libraries, we obtain 93.7% reads with
matching barcodes, indicating that 6.3% are not as expected. When we examine which barcode pairs
comprise these unexpectedly discordant reads, we observe that the majority of these (80%) are derived
from two particular pairings of barcodes (in both orientations), here labelled by their position in a 96-well
plate. Contamination specifically between the barcodes of wells C6 and D6, and wells C7 and D7, are
mostly responsible. Because pattern holds true for all concordant-scheme libraries over multiple separate
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library preparations, we believe this is most likely due to a manufacturing error that led to contamination.
Eliminating those “problem pairings”, we observe a rate of 1.2% discordancy, indicating that chimeric
formation during PCR is rare.
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Figure S2. CCS read quality is highly dependent on read length. In both fetal brain (A) and adult
brain (B), there is an inverse relationship between read length and the number of passes by the sequencing
polymerase. This determines the number of subreads from which a given read is generated, which directly
affects read quality. Each point represents a CCS read. Reads with a high number of passes (i.e.,
subreads) have very high average read quality. When reads are binned by size (C, D) we see that reads
smaller than 3 kbp have on average >99.9% read quality, but that for reads over 6 kpb, that falls to ~92%.
The ICE algorithm clusters these low quality reads and uses the resulting multiple sequence alignment to
arrive at cluster-based isoforms with >99% read quality. Data is shown for HSD1-enriched cDNA, for
which we generated the most sequencing reads. Quality values are taken from the “rq” field of bost-CCS
bam files. E and F. Size distributions of putative full-length reads designated for (A) adult brain and (B)
fetal brain.
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Figure S3. Promoter exaptation in the 5’-truncated duplicate gene ROCKI1P. The final 4 exons and
preceding splice donor of the large gene ROCK ] underwent an inverted intrachromosomal duplication on
chromosome 18, generating ROCKIP. “Rescue” of 5’-truncated gene is facilitated by promoter borrowing
from the adjacent duplication block, that creates two nearby transcription start sites (TSS 1 and TSS 2)
that overlap a microRNA identified in testis. ROCK P has highest expression in the testis, in contrast to
the ancestral widely expressed ROCK gene, likely indicating a role for this acquired promoter in
ROCKIP’s expression pattern. A stop gain on the penultimate exon of ROCK 1P makes the open-reading
frame even shorter than by duplication alone, possibly indicating neutrality of the coding sequence.
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Figure S4. Relaxed selection on splicing results in increased disorder of isoforms. A. A random
subset of ~25 reads each for FCGRIA4 and FCGRIB is shown. A visually striking difference in the
orderliness of isoforms is apparent, with FCGRIB appearing substantially more disorderly. When
compared to the ancestral paralog FCGRI1A4, FCGRIB displays a greater diversity of splice isoforms,
particularly due to variable choice of splice donor and acceptor sites at exon 5, as well as exclusion of
exon 5. In FCGRIA, this lack of incorporation of this exon is not observed (<0.4%). B. Cumulative
distributions of isoform abundances in FCGRI14 (blue) and FCGRIB (red) are plotted. The 2 most
abundant FCGR1A4 isoforms comprise 80.6% of the total FCGRIA reads, while for FCGRIB, it is not
until the 12th most abundant isoform that 80.3% of total reads is reached, indicating a significant
“flattening out” of relative isoform abundances (p = 1.3e-7), also manifesting as an increase in the
entropy of this distribution.
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Figure SS. Identification of 5’-truncated CHRFAM?7A isoform. Single-molecule long-read sequencing
of probe-enriched cDNA generated from pooled fetal and adult brain yielded 1308 putative full-length
CHRFAM7A reads (MAPQ > 40). 60% of these reads spanned the CHRNA7 duplication boundary and
included upstream exons from the FAM7A4 block, while 40% of reads were initiated from a transcription
start site internal to the CHRNA7 block, in the vicinity of the splice acceptor of the exon paralogous to
exon 6 of canonical CHRNA7 (referred to as CHRFAM?7A exon 6). While we do not have access to the
genotypes of the individuals from whom these reads were generated, three alleles can be discerned from
variants within the transcribed sequence: the reference allele, the 30363533G>A allele, and the 2 bp A
allele. The 2 bp A allele causes a frameshift in the open-reading frame (ORF) found in some of the
duplication-spanning isoforms, but is outside the ORF that begins in CHRFAM7A exon 6, which is
contained in the other duplication spanning isoforms as well as the non-spanning isoform. 2 bp A
transcripts have a smaller proportion of duplication spanning isoforms when compared to transcripts
without the deletion. Reads with the 30363533G>A allele are almost exclusively duplication-spanning,
while the other two alleles share a similar ratio. Naively, the non-spanning isoform should have a greater
probability of having the relevant, translated ORF, given it is unaffected by the 2 bp A and has a 5> UTR
that is shorter and composed of fewer exons.
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Figure S6. Pre-partitioning of reads mitigates generation of in silico isoform chimeras. Sown is a
UCSC Genome Browser screen shot of the 3°-UTR of FAM724, a gene with 4 reference paralogs. A
cluster of PSVs which distinguish this paralog from all others are shown below the segmental duplication
track (orange bars, indicating >99% sequence identity). Below the PSVs are two tracks showing a random
selection of 10 isoforms from the output of ICE mapped back to the genome using GMAP with a
mapping quality cutoff of 40. The above track uses the default application of the ICE pipeline, and in
silico chimeric reads are apparent, as a consequence of the clustering and alignment of reads from not
only FAM?724 but also other FAM7?2 paralogs, resulting in apparent SNVs corresponding with known
PSVs. The bottom track uses ICE after an additional “partitioning” step, wherein putative full-length
reads are first mapped with a mapping quality cutoff of 40, then partitioned into separate regions to ensure
that reads belonging to different paralogs are not clustered together during ICE. Applying this strategy,
the spurious variants disappear, indicating the output of ICE is no longer confounded by mixing paralogs.
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Supplementary Tables

Gene Duplication No humanCN Length No.
Design Category Reigi Family typet  Copiest reversions**** (anc) probes Notes
HSD Panel | HSD chrl NOTCH2 partial 5 ? 11474 8
515 total probes  HSD 1q12 GPR89 complete 2 X 2150 12
HSD chrl FAM72 complete 4 X 2400 4
HSD chrl SRGAP2 partial 4 X 4917 29 includes 21 designed to SRGAP2A and 8 designed to SRGAP2C
HSD 2p11.2,2q13 CD8B complete 2 X 934 7  complete for canonical gene model (other isoforms exist that are truncated)
HSD 2qg21.1 TISP43 complete 2 2036 12
HSD 2q21.1 CFC1 complete 2 X 1447 11
HSD 7911.23 GTF2! partial 3 X 4445 18
HSD 7q11.23 NCF1 complete 3 X 1459 10
HSD 7q11.23 GTF2IRD2 partial 3 X 625 10
HSD 10q11.22 GPRIN2 complete 2 X 1823 12
HSD 10q11.22 PTPN20 partial 2 X 1885 11
HSD 10911.22 NPY4R complete 2 X 1800 10
HSD 10q11.22 FRMPD2 partial 2 X 1892 10
HSD 15913.3 ARHGAP11 partial 2 X 5898 33 includes 2 designed only to ARHGAP11B
HSD 16p11.2 BOLA2 complete 3 X 1012 6
HSD 16p11.2 CORO1A partial 3 1815 2
HSD 16p11.2 SLX1A complete 3 828 5
HSD 16g22.2,1921.1 HYDIN partial 2 X 3122 80 includes 3 designed only to HYDIN2
HSD 18q11.1,18p11.2 ROCK1 partial 2 6648 5
ASD 1921.3 POGZ n/a 1 6153 22
ASD 14q11.2 CHD8 n/a 1 7475 49
ASD 20q13.13 ADNP n/a 1 5966 19
ASD 21q22.13 DYRK1A n/a 1 5088 17
splicing 2p16.3 NRXN1 n/a 1 5575 43
splicing 11913.1 NRXN2 n/a 1 3535 32
splicing  14924.3-31.1 NRXN3 n/a 1 8578 38
HSD Panel Il HSD 1921.1,14923.1  GNRHR2 partial 2 1035 4
525 total probes  HSD 1921.1,14923.1 RBMS8 partial 2 4974 5
HSD chr1 FCGRI1A complete 4 X 2268 7
HSD chr1 HIST2H2BF  complete 4 X 999 8 includes 4 designed to HIST2H3D
HSD 2p11.2,2q13  LINC00152  partial 2 518 5
HSD 2p11.2,2q13 ANAPC1 partial 2 7753 48 complex duplication
HSD 5q13.2 OCLN partial 2 6451 13
HSD 5q13.2 GTF2H2 complete 2 1951 8
HSD 5q13.2 SERF1 complete 2 1935 2
HSD 5q13.2 SMN1 complete 2 1641 6
HSD 5q13.2 NAIP partial 3 5880 30
HSD 16p11.2/6p DUSP22 complete 2 3518 6
HSD  6p22.2,9q22.3  ZNF322 partial 2 4892 11
HSD 7935 TCAF2 partial 2 2997 23
HSD 7q35 OR2A1***  complete 2 933 11
HSD 7935 ARHGEFS5 partial 3 5505 40
HSD 10q11.22 LOC643650 complete 2 2872 8
HSD 15q13.3 CHRNA7 partial 4 3443 10
HSD 7935 TCAF1 partial 2 5682 18
ASD 4q25-26 ANK2 n/a 1 8082 47
ASD 6q25.3 ARID1B n/a 1 9609 30
ASD 12p13.1 GRIN2B n/a 1 5941 38
ASD 17p13.1 KDM6B n/a 1 6704 20
ASD 21q22.2 DSCAM n/a 1 7055 50
SV gene 1p21.1 amylase n/a 61t 1862 60 includes AMY1A,AMY1B,AMY1C,AMY2A AMY2B
SV gene 17921.31 KANSL1 n/a 1 5059 17

$For HSDs, rounded haploid copy number in HGDP. Derived from Dennis et al. 2017 Table S1.
Exceptions are NOTCH2,GNRHR2,RBM8,LINC00152,ANAPC1,ZNF322,LO0C643650 (taken from

GRCh38), SLX1A (inferred, adjacent to BOLA2).
***aka "OR3A"

$$Highly polymorphic, 6 in reference counting 1 pseudogene

****Derived from Dennis et al. 2017 Table S8
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Table S2a. HSD1 probe design sequences

SequenceName Sequence
117722_4941114_NOTCH2_1_1_1 GTA, T T TGCCTGCCTGTCTCATCCCTGTGCAAATGGAAGTACCTGTACCACT TTCTCCTGCAAATGCCT TT AAT
117722_4941114 NOTCH2 1 1 2 AATGT! TGATGTCAATGAGTGTGACATT TGGTGGCACCTGCCTCAACCTGCCTGGTTCCTACCAGTGCCAGTGCCCT T
117722°4941114 NOTCH2_1_1_3 T TACT! TGTATGTGCCCTGT TCACCTTGTGTCAA TG TGGTGACTTCACTTTTGAGTGCAACTGCCTT
117722_4941115 NOTCH2 2 1 1 TG TTCT TATTGT T T T TGGT TTGT T T T
11772274941115 NOTCH2 2 1 2 T TTGTGT T T TGTGCCT TGCCAGTACTCAACATCTCATCCATGCTTTGTGTCT! T
11772274941115 NOTCH2 2 1 3 T TACT! TCTCATCCATGCTTTGTGTCT: TGCCT TGCCATATGCT: TACCTATGAGTGCACCTGTCAAGT
117722_4941116_NOTCH2 3,4 _1 ACCGAGAAGAT! TCTGCTGT TGCT! TCTGGCTGT TGCATTGCAGTGTCGAGATGGCTATGAACCCTGTGTARAT
117722°4941116_NOTCH2 3,4 _1 T TCTGGCTGT TGCATTGCAGTGT! TGGCTATGAACCCTGTGTAAA TGTGTTACCTACCACAA' TACTGCAA
117722_4941117_SRGAP2C_1 GCAAGTGA: A TTCCGATCCAGTCTGCGCTGTT TCCCGTTTGGGATTTGATTT TCTTT TCT ARAAACCGCGAL
117722°4941117 SRGAP2C_1 AACCGCGA: T A, TCCCT T TGTT TT
11772274941117_SRGAP2C_1 TGTTGT TTCCACT TGTGTCGTTGATGT T TGCAGTTCT TAATGCTGAGGCT! T TCTAGCA(
117722_4941117_SRGAP2C_1 T T TCT T TCTGCAT TAGCCGT T
117722°4941117_SRGAP2C_1 T TTCTGCCCT TCTT T TGGATCTATCAATTCA
117722_4941117_SRGAP2C_1 TTTCCGTGGATCTATCAATTCACAATTCGAATT TGACGTCTX AATTC: TA T T T TACT TCAAAG
117722_4941123_SRGAP2C_8 TT TCTGT! TGT T TGGT. ACAACTGCAGTCT TTATCCACTCTAAAGATTGAAAACGAAGAGGTGAGTTTCTTCCTTAGG
117722_4941123_SRGAP2C_8 TT TCTGT! TGT T TGGT. ACAACT! TCT TTAT! TCTAAAGATTGAARACGAAGAGGTGAGTTTCTTCCTTAGGA
117722_4941130_GPR89_1-14 1 1 TGAGTTTCCTCATCGACT TCATGATTACCT! T TTTGGGTGGCTTTTCTTCA" TT A AGATACGTCAGTATGTTGT.
11772274941130_GPR89_1-14_1 2 TGTTGT TCTTCTCCGTGACGTTTGCATTTTCTT TGTTTGAGCTCATCATCTTTGARAT T T ACTGGARAATGAA
117722_4941130_GPR8Y_1-14_1 3 AAATGRACCTGTGTGTAATTCTGCTGATCCTGGTTTTCATGGTGCCTTTTTACATT T TATCCGACTACTGCATARACA TGCTTTTTTCCTGTCTCT
117722°4941130_GPR89_1-14_1 4 TGTCTCTTATGGCTGACCTTTATGTATTTCTTCTGGAA, TTTCCCATTCT A, ATCTTATCCAT TCAT TTGGTGTGATT
11772274941130_GPR8Y_1-14_1 5 TGTGATTGGAGTGACTCTCATGGCTCTTCTTTCTGGATTTGGTGCTGTCAACT TACACTTACATGTCTTACTTCCT TG TATTCT TGGAACG
117722_4941130_GPR8Y_1-14 1 6 TGGA: T AACCATGGATATGATCATAAGC! T ACAATGTT TGCATAACARACCATCAGGTTTCT
117722_4941130_GPR89_. TTCT AATGATAAARAGTGTT TT T AGTGARAATCTTACTCTTATTCAACAGGA ATGCTT TTA; TTT AACAGCT
117722_4941130_GPR8Y_1-14_1_ AACAGCTGATCTATATGCT: TAGAATACTCCAARACCTTC: TTTTCTT TTTTTCTCTATTT TGTTTGGAAAAT
117722_4941130_GPR89_1-14_1 9 TCAT! T. T TATTGTTTTTGAT! T TCCTGT! AGATCACTGTGAATTATCTGGGAATCCAATTTGATGTGAAGTTTTGGTCCCAAC
117722_4941130_GPR89_. TCCCAL TTTCCTTCATTCTTGTTGGAATAATCATCGT TCCAT! TGATCACTCTT TTCTTTTAT TCTCT. TAAGTCCT TGTCATT
117722_4941130_GPR89_1-14_1_ TGTCATTGTCCTGCTATT. TAAT TGTACTTTGTCTCCTCTGTGCTGCTGATCCGAATGAGTATGCCTTTAGAAT, TAATCACTGAAGTCCT ACT
11772274941130_GPR8Y_1-14_1 12 GAGAACTGCAGTTCAACTTCTAT TTGGTTTGATGTGATCTTCCTGGT TCTCTCT TACTCTTCCTCTATTTGGCTCACAA, AAATGGCAC
117722_4941131_HYDIN2 1_1_2 TCCTGAAAT TATCCCTGGCT ACCAACCTTT T T TCTAGTGAT! TACATGAATGCTTTAAAAGCTAGAACA
11772274941132 HYDIN2 2__ TACT. TTCCACT TGT. T T TCCCTTCCAGCCT! T T T
11772274941132 HYDIN2 2__ TTCCACT TGT. T T TCCCTT T T T TTGGAAAAT
117722_4941139_POGZ_4_1__ TGTCAT TGCCTGGAGT T T TTCCCTAATCATTTCCCTACTTACGTACACTGCTCTCTGTGTCGCTAT TGCTGTTCT
11772274941139_POGZ_4_1 TGCCTGGAGT T T TTCCCTARTCATTTCCCTACTTACGTACACTGCTCTCTGTGTCGCTAT TGCTGTTCT TT TGATCAA
117722_4941140_POGZ_5_1__ GTGACAAT: T TGTTCCTGTATCCTCTAATGAT T T TGACCTCCTCAATGGACCCTCTGCCTGT
11772274941140_POGZ_5_1 TGAT. T T TGACCTCCTCAAT! TCTGCCTGTCTTCCTTTAT TG T ARAT
11772274941141_POGZ_6_1__ AGGACAAAATTGAACACAAGCTTCA, TARAACCTTCCGTAAACCCA TT
117722_4941141 POGZ_6_1_: CACTGCAACAAATGCCGGCTGCAGTTTCTCTTTGCCAAGGACAAAATTGAACACAAGCTTCA, TAAA, TT TAAACCCA. T v.¥ AG
117722_4941142_POGZ_7_1_. TGTGTCAATATCGCTCCTCACTCTACTCT TCCATTTT TGATCCAT TCTGCTCT TTATTGCCT TCTTCARARATGGCAATGCA
117722_4941142_POGZ_7_1_: TCT T TTTT! TGAT! T TCTGCTCT TTATT! TGAAGGTCTTCAARAATGGCAATGCATTCCAACAGCATTACATGAGGCACCAG
11772274941143_POGZ_9_1__ TTCAT TATGAA, T TCGAT T T T TGT TTTCCACTCCCTTCCAGCTTCAGTGCCA
11772274941143_POGZ_9_1 T T T TAT TGTT. TTTTCCACTCCCTTCCAGCTTCAGTGCCACTTGGAARATGTTCATAGTCCCTATGAATCTACTA
1177224941144 POGZ_10_1 TACTGTT AATGGTTGAAT TCCCTGGATT TGTCCCAT A T TCCTGTTGCTT
1177224941144 POGZ_10_1 TTGCTT TCTTCT TATTCCTGCTCTGT TACCARAGT. ACCAAATGAGAACGT! TGCCGT AACTCATTAT
117722_4941144_POGZ_10_1 TGTAGATGACTTCTACT. T AAGT T AATTTCCCTAAGGT ACATCTTTCCGA TTGT AAAGGCTAAARAACAATATTCG
1177224941145 POGZ_12_1 TT TTTGTCACT TGGT ARATAGCAATGAA( AATTGGTGAATACCCTT TCCCTT TCCT
1177224941145 P0GZ_12_1 TGGTGAAT. TT TCCCTT i TGGTGGTGTCCAACA, TCTGCTCATGGCTCTCARAGA TGAGTCTTCAATGARAG
117722_4941146_POGZ_13_1 T TTTGTT TTGGAGTT TGTTCT T T TCCACAATGCCT! T
1177224941146 POGZ_13_1 TG T TCAT! TCTTACCATT TCCCACAGTCCCAGT TCCACT TTCT. T
117722_4941146_POGZ_13_1 TCCACT TTCT T T TAGCTGTTCAGTCT! TCAR, ATCCCAAGCTAG
11772274941147_POGZ_2 1 CTGGCAATCCTTTGGT! TCAT! T TCT TGGTTACT TATT TGTTCAGGTCATGCAGAATG
11772274941147_POGZ_2_1 TCT TGGTTACT TATT TGTTCAGGTCATGCAGAATGCCAATCATGTGACTAGTTCCCCTGTGGCCTCACAACCA ACT.
117722_4941148_POGZ_3_1__ TTTCTGT TCTCGGCTCCAGT! TCGCT TGCTTCTGTT TCTCTACAT TA
11772274941148_POGZ_3_1_: TCGCT TGCTTCTGTT TCTCTACAT T TCTTGT TAATTGCCAACAACAATG
117722_4941149_FAM72A_1-4_1_1 TTT TGCGTGTCCATCCTGTGTTGCARATTCTGTARACAAGTGCTCAGCTCT. ATGAAGGCTGTTTTGCTGGCTGAT. AAATA
117722°4941149 FAM72A 1-4_1 2 TACTGAAAT TTTTCTCT TCCCTCCT TGGACTTCACTGGAAGATGCTATTT ARATCTGCAAATGTAAACTGAAGGACATCGCATGTTTAARATG
11772274941149 FAM72A_1-4_1 3 GTTTARRATGT TGTGATTGTTCCATGTAGTTCCTGTCTTCTTT ACA TTCTGGATGTTT ACA
117722_4941149 FAM72A 1-4_1 4 GATATTA TAGACT TGTAAACGTCCTACTTT T T TGTGTTARATATCT A
11772274941150 SRGAP2A 2 1 1 TCCGTGCTCAGCT! TGARAT! TGTGAGCTTCGGGTGCAACTGT T TTCTT AGATGGACT
117722_4941150_SRGAP2A 2 1 2 T TTCTT T TACT TT ATTCAA
11772274941151 SRGAP2A 3 1 1 GAAGGAT! TGTTCTCTCTCCAGTCAACTGCTGGAATCTCCTCTTAA, AGC TACCACCCTGAGTGACATCTACCTGAATAATATCATTCCT
11772274941151 SRGAP2A 3 1 2 CTCTTAA TGAAGC! T TGAGTGACATCTACCTGAATAATATCATTCCTCGATTT T T TCTTTAAARAG
117722_4941152 SRGAP2A 5 1 1 GTGATGA: TAT TGT. TCAGTGCT AACT: ‘ARATTGGTAAATCGGTAA:
11772274941152_SRGAP2A 5 1 2 TCGGTAA TCCCCTGACT TTCGCAT TGT TCA(

117722_4941153 SRGAP2A 6 1 1 CGTCAAGCCAAGT ATAAGCTGA, TCAR TGAGTACTTGCTGGCTT ACCAATGCATCTGTCTTCAAGTACTACATCCATGACCTATCT
11772274941153 SRGAP2A 6_1 2 AAGT ATAAGCTGA: TCAR TGAGTACTTGCTGGCTT ACCAATGCATCTGTCTTCAAGTACTACATCCATGACCTATCTGACCTTATTGAT
11772274941154 SRGAP2A 7 1 1 TGTTGTGACTT T TGCAAGTCTGA TCT. TTCCTCTCTGCTGAGTTARACCTGGAACAGTCGAAGCATGAGGGTCTGGATGCCATCGAGAATGCAGTAGAR
117722_4941154 SRGAP2A 7 1 2 ATCGAGAAT! TAGAAAACCT TCAT T ACAACGTCTTCT TATGAAGTTTGAGTTT T
11772274941155 SRGAP2A 9 1 1 G AAT AACCAT! TGACTGT ATGTGTCTGACTGCTTCCAGT TCCATGGAGTCCGTCAAC T
117722_4941155 SRGAP2A 9_1 2 T TCCATGGAGTCCGTCAAGT! TCTCT TT TTGCT ACCAGCA: CACA
117722°4941156 _SRGAP2A 10-14_1 1 TGAAAGAGT TCAT! AGTTACAAGCCAAGCATGACCTT! A, T TTGCAGTCT
11772274941156_SRGAP2A 10-14_1 2 TT TCT. TCAACT T TTCCTCT AAGCTGTATCCGGTTTAT
117722_4941156_SRGAP2A 10-14_1 3 TCTGGTGGTGGAAAGCTGTATCCGGTTTAT T TTTT TG T TGGAAGTGAATGACATCAAAAATGCCTTT
117722°4941157 SRGAP2A 15 1 1 T TGACATGGATTCCATAGCTGGTGTCCT! TTTACTT TCTCTT TCTTTCAT
117722 4941157 SRGAP2A 15 1 2 T TGACATGGATTCCATAGCTGGTGTCCT! TTTACTT TCTCTT TCTTTCATGACCTGATGGCCTGCGTCA
117722_4941158 SRGAP2A 17 1 1 TTTAT T T T TCTGCTT TCGCTAATGTCA( TG TGAA
11772274941158 SRGAP2A 17_1 2 cca TGAATGAGCTGATCARAACCATCATCAT, TCTT TGTCT G
117722_4941159_SRGAP2A 19 1 1 AATGT T TT TTTGACT TATCCTTT TCCCTGCTGCTTT. T TGGT
117722°4941159_SRGAP2A 19 1 2 TCCTTTAAG TCCCTGCTGCTTT. T T TGGCAT TCAT! ATCAGTACATCGTGGTCCAAGACAC
117722_4941160 NRXNL 1 1 1 CCAACCCA: TAT T TGAT! T TATGGTCGTT TGTGCAT
11772274941160 NRXN1 11 2 T T TGTGCATCCTTATCCTCCTCTATGCCATGT T A TGAAGGCTCATACCAT T TAACT
11772274941160 NRXN1 11 3 CGRAAACTACATCAGTAACT TCCAAT TGTTGT A AAAGCTCCAACAAAAAT! AAGGATAA! GTCTG
117722_4941161_NRXN1 3_1_1 GGCGTCAGCTCACAATCTTCAATAGCCAAGCAACCATAATAAT TT TCTCT! TGTACT. TGGCTTGAAAGTTCTGAATA
11772274941161 NRXN1 3_1 2 TGAAAGTTCTGAAT A, T TAGTGGGAAATGTGAGACTGGTTGGTGAAGTGCCTTCCTCTATGACAACTGAGT TGCCAT
117722_4941161 NRXN1 31 3 GAGTCA T T TG TCAATTAT T T TTAGCCA(
11772274941162 NRXNL 4 1 1 AGTTTAATGT T T TTGAAGAATCCAATGCAATCATTAATGATGGGAAATACCATGTAGTTCGTTT! TGGT
11772274941162 NRXNL 4_1 2 TTGAAGAATCCAATGCAATCATTAATGATGGGAAATACCATGTAGTTCGTTT TGGTGGCAATGCCACGTTGCA TGGCCAGTGATCGAGCGCTACCCTGCAS
117722 4941163 NRXN1 5 1 1 T TATATCTTTAGCAA AAT TATAAGT TCCT, T T TGTTCAGARAG
117722_4941163 NRXN1 5_1 2 T T TGTT TATTGGTGCGAGT! TTCTTCAGGCTTGGGTGACTACCT.

117722 4941164 NRXNL 6_1 1 T TCATGTTCCAATCAAGGTGTGTGCTTGCAACA, ATGGCTTCAGCTGTGACTGTAGTATGACTTCCTT TCTGCAATGACC
11772274941165 NRXN1 7_1 1 G TAAAGARACATACAAATCCTTACCARAACTTGT TTTCAAGGCTGCCTGGCATCAGTT A T
11772274941165 NRXN1 7_1 2 TTGTACAT TTT TGCCTGGCATCAGTT A TCATCTCCGATGCTCTTTT! T TGAAG
117722_4941166_NRXN1 8_1_1 TACTTACATTACGTGTTTGATTTGGGAAATGGTGCT TCAT \GGAAGCTCAAATARACCTCTCAATGACAATCA( TGATGATAT ACCT
11772274941166_NRXNL 8_1 2 ATGACAATCAGT TGATGATAT T AAAATCACAACGCAAAT! TT TCAAGA
117722_4941167_NRXNL 9 1 1 GICARAT: TGATCATACT TTCCAT T TCAT! TATCTTTCTTCTGTCCCCTCCAACTTCATT T T
11772274941167_NRXN1 9 1 2 CCTCCAACTTCATT: TT TTTAATGGAAT TACATT TGTGTAAAA TGT TTAATGCCAGATTTGGCTT ACA
11772274941167_NRXN1 9 1 3 TGAGCTTAAT TTTGGCTT TCAT. TCCTGTCACCTTCAAGACCAAAT TATGTTGCCTTAGCTACCT TACACTTCTATGCATCTTTTTT
117722_4941167_NRXN1 9 1 4 CCTTGCAAGCCT TTCTATGCAT TTCAAGACAACATCCCTAGAT TTCTATAT ATGGAAAT TGGTT G
117722°4941168 NRXN1 10 1 1 GCARAGGTCCCGAGACTCTTTTTGCTGGCTATAACCTCAATGATAA TGCGTGTAGTT: TTTAAAGTTA; GGA TGA
117722_4941168 NRXN1 10 1 2 AAGGTCCCGAGACTCTTTTTGCTGGCTATAACCTCAATGATAA TGCGTGTAGTT: TTTAAAGTTA, GGA TGACAG
11772274941169 NRXN1 11 1 1 AGGCAACGGTTTTGAGCTAT TTTATGARAATTCAGCT TAGTCATGCAT. TGAGGATGTTTCCTTACGGTTCCGATCCCAGCGTGCATATGGCATT
117722°4941169 _NRXN1 11 1 2 TTACGGTTCCGAT! TGCATATGGCATTCT TTCT TCT T T T TGTGAAACT TCAATCTAG
117722_4941170 NRXN1 12 1 1 TACCATTTCTGT! TTGCGTACTCCCTACACTGCTCCTGGT! TGAGATTCTGGACCTGGATGATGAGTTGTA( AAATAAAGCTGGCCTTGTCT
1177224941170 NRXN1_12_1_2 T ARATARAGCT TTGTCTT! TGT! TGCTCTGCT TATGGCTACGT TGCAT! TTCATCGA' AAGCARAGATAT
117722_4941170 _NRXN1 12 1 3 TTTGTTCATCGAT AAGCARAGATAT AATGGCTGAAGTTCAAAGTACTGCTGGAGTGAAGCCTTCCTGCT AGCAARACCGTGCCTT: TTGC
117722°4941170 NRXN1 12 1 4 AAACAGCARAACCGTGCCTT TTGCAAARACAATGGCAT TCTGTGATTGTT TATCTTGGCAGGTCCT

117722 4941171 NRXN1 13 1 1 T ARAATAATGATGT T TTATCTCGACT AGCA TCCTAAGATGAAGATCCATGGAGTGGT TTTARATGT TGTT

117722 4941171 NRXN1 13 1 2 TTGCAACTTT TCACCTTTGAR, TCTTTCATCTCTTTGCCTARATGGAATGC: TGGCTCCATATCATTTGATTTCCGT

117722°4941171 NRXN1 13 1 3 AGAGCCAAATGGCCTCAT! AGCCA T TGATARAGGT TTCTTT T
117722_4941171 NRXN1 13 1 4 T TCTACCTCCTCCT TGGGGT TACTATAAAAATAAA TGT TGAATGATGGAGAATGGTATCATGTGGACTT TCA
117722°4941172 NRXN1 14 1 1 GTGACAATATCAGTGGATGGGATTCTT. T AGA, TGCTGGGGTCTGATGACTTTTTCTATGT! T TT
1177224941172 NRXN1_14_1_2 ACGCRAGA TGCT TCTGATGACTTTTTCTATGT T TTCCAGGGTCACCAGTCAGTAACA, TGTCTCAAAGAG
117722_4941173 NRXN1 15 1 1 TTCARAGGATCTGAATACTTCTGCT TTGTCTCAAA TTCARA, ATGAAATAACTCTGTCATTTARAACCCTT
117722°4941173 NRXN1_15 1 2 TAACTCTGTCATTTAARACCCTT TGGACTGATGCTT: TGGGAAATCGGCTGATTATGTCAATCTTGCCCTGAARAAT TGTCTCTCTGGTCATT T
117722_4941173 NRXN1 15 1 3 TGTCTCTCTGGTCATT T T TGTGAATGGAAAGTTTAATGATAATGCCTGGCATGATGTGAAAGT T T
117722 4941174 NRXN1 17 1 1 T TGCT! TGTTTTCTTCTGTGCCTCTCGCTGCTGCTCCTGGGCT TGGAGTTT ATGG
117722 4941174 NRXN1 17 1 2 AGGGCCAAT! TTCCCCAAGTGGA T TGAGCTT TCAAGACT TCGTGCTCTACTT TTCT
117722_4941174 NRXN1 17 1 3 TTCT TTCCT TGATT: T TCAGCTTCTCCATCTTCTGCGCTGAS T T

117722 4941174 NRXN1_17_1 4 A T T T T TCTTCAT TGGGT TCAAGTCCA T T
117722_4941174 NRXN1 17 1 5 T TGTT TTTTCGT TCAAGCTCACCCTGGCCT T TTCGT
117722°4941174 NRXN1 17 1 6 TGGATTCGTGACGT TCAACTCCT TCCT T T T

117722 4941174 NRXN1 17 1 7 TGTGCCT TGTGTGCTCCGT TGTGCGACTGCT! TT AG
117722°4941175 CDBB 1 1 1 GeeTe TTTGT TGCCTGCAT T TACT T TGCTTAACCCATGGAT ARACAT, AGRAG
11772274941176_CDBB 2-4_1 1 TTGATTTCCTT: AGAAGT T T TT TTTGTA TT
117722°4941176_CDBB 2-4_1 2 TTGT. T TTGGCCTGCTGGTGGCTEGCGTCCTGETTCTGCTGGTTTCCCTGGGAGTGGCCATCCACCTGT TTCGTTTCATGAAACA
11772274941177_CDBB 5_1__ TCTCCAT TCAGTCCT TGCATACATAAAGGTGCAAACCAACA TGATGCTGTCCT TARAATCTCCCTCAGTAACAT! TCTACTGGCT
11772274941177_CDBB 5_1 T TCTGGGATT TATCCA T TGTTT
117722°4941177_CDBB 5_1 TGCAAGCCGGTTCATTCTCAATCTCACAAGCGTGAAGCCGGA, TGGCATCTACTTCTGCATGATCGT TGACCTT TCAGCTGAGTGT
11772274941178_CDBB 6_1__ TCCT! TGTCT: TG TGTGGCTCCTCT T
117722°4941179_TISP43 1 1 2 GGGA T T TCCCTCCTCTGGCCAATCCTCCT T TCTAGTCCACCTCGT T
11772274941180_TISP43 2 1 1 T TGAATAAGATCATGGT TATAACGAGT TGGGGAGTGACATCACCCTGCT T TCATGTGGAATTC
11772274941180_TISP43 2 1 2 T TCATGTGGAATTCAGCT TCCT! TGCCTT ACCA TGGCT TGACAGCTCCTGCTGGATATCTGGTTGGGGAATGGT! T
117722°4941181 TISP43 3 1 1 TCTTCCTGCCT: T T TCGGTGTCAT TGTCT: TCCTTTTT T TGACT A
11772274941181 TISP43 3 1 2 TGTCT: TCCTTTTT T TGACT AT TGCTGT TCATAAC; TTT
117722°4941182_TISP43 4 1 1 TGTTCCTACGT: T TGGCCTGCCTGTCCATGAAGTTCCTCTGGCCTCCTCCGATTCTGTGGCTGCARATCCACACCT. T TGCT!
11772274941182_TISP43 4 1 2 TGCT! T T T TTCAGTCT ACCCGA T
11772274941182_TISP43 4 1 3 T TTGTCTAAGGTCACTT AAT A TCT T TTGTGCTTTCCATGAGT
117722_4941182_TISP43 4 1 4 TGAGT: TGTTT T TGTCTCACCTT: TGCCT! TCTAGCTGGCCTGTCTCTAGT! TTCTATCTGGT: AGGGAG




117722_4941182_TISP43 4 GGTCAGT TACT T ACAGA T TGAGTGGTGCT. AGT! TGCGTGGTTTTCCCT
11772274941182_TISP43 4 _ TGCGTGGTTTTCCCT TCGT TGTGTTGT TACTGGCTCCCTCTCCARAATCGACCCTGGGTGAGCT AG
117722°4941182_TISP43 4 1 TGGAGGCGAGAAGGCAGTGTCCATTTCACAAACTAACCAAAAT TCT TGA, TGTAGCTGGGAATGGAGGA"

117722°4941183 CFC1 1 1 1 ACCCGAAAGACTTCCTGGCCT TGCTACTCTTGCTGCCCTGCGCACT T

117722_4941183 CFC1 11 2 TCCT T TGGTCCCTTCCGTCCT T TCGCCTTTAATTTTCTAT
117722°4941183 CFC1 11 3 T TCGCCTTTAATTTTCTATGITGTARATA T TAAGCTGA, TGGGT ATAAATATTTTCATGARAGCG
11772274941184 CFC1 2-3 1 1 TGCGT T TACCTGCGTGCT! TTCTGCGT T T TGAAT
117722°4941184 CFC1 2-3 1 2 TGAAT T T T TCTGCAGGTGCATCTT TGCACTGCCT T TGACCGCTGT
11772274941185 CFC1 4 1 1 GCTATC ATA, T TT T TCACCGCTCAACTGGACCTCCA A
117722_4941185 CFC1_4_1 2 CTCAGA. T T T T TCATTT! 'TCCCCTACTCCCGGGCTTTCGGAGAGG
11772274941186 CFC1 6 1 1 GTGAGAAAATGGCTCGTCACCTTGGAT T T TCACTCCTGCTGCTGTCAGCACTGTAAACACT

11772274941186 _CFC1 6_1 2 GCCCAAGT: TCT TTGTTCTT T TGCCTGTCACT: TAGCT ACTCAAGAT T
117722_4941186_CFC1_6_1_3 T ACTCAAGAT. T TTTCTCCT \GGGAAGGG. T ATCTTCTGTACTCGTCCATTCTGTGT T TAA TTCARATG
117722_4941186_CFC1_6_1 4 GGAGTAA, TTCAAA' TCTT! TT TTTCCTGGAAACTGATCTT T TAAGAG] TCTCAAACCAAAAATGA(
117722_4941187_GTF2I_. 1 TGATGATTATTCT! TCT \AAGGCCAAT T. T T AGCGGAA 'CAACTTCGAGAAATGGA
117722 4941157 GTFZI 1 ATGGRATGCTCGCATCACTGATCTACGTAAACAAGTTGAAGAATTGTTTGAAAGGAAATATGCTCAAGCCATAAAAGCCAA, T TGACGAT! TAC TCTTTTX TCT
117722°4941187_GTF2I_1-21 TT TCTACTTACGGAATTCCT TT TTCGTTTT
117722_4941187_GTF2I_ T T TTGAT T T A ATCACTAAATTAAGARAGATGG
117722°4941187_GTF2I_ T TGAAGCCAAGGCTGTACCGTACCAAAA! TGATCTGTA(
117722_4941187_GTF2I_ TGGAATCCCA TCATTCAAGTGGGCAATCGAATTAA, A, TTCTGACT
11772274941187_GTF2I_ T TGTCAGAATTACCAAGCT: AGCAAG ATTTGAAATTTGCTC
117722°4941187_GTF2I_ TATCCTGTGTTTGAATCAA TTCTTGTAT T CTT TACCTG
117722_4941187_GTF2I_ TAATAAAATCAAGTTCGTTGTTAAAAAACCTGA! TACTT! TCCTH AT TAGTAAAATA
117722 4941157 GTFZI ' 1-21 1 10 AAATAAACACTAA! TTT T AA; TCCT! ATTCAA, TTCCTGAAATT T TAATAACAACAATCCTCAAACCTCAG
117722_4941187_GTF2I_ TCAGCTGTT T TTCTAACGTTCCCTT TTTGAGGCCTGGAATGCCAAAAT TAAAACAGAAAGTTGA
11772274941187_GTF2I_ GTTGARAATCTCTTCAATGAGAAAT TCTTGGCCTTARACAAGCTGT! T TTATTTGAGTCTTT TT

117722 4941157 GTFZI ' 1-21 1 13 T TGT TT! T TTTTH TT! TACT! MCAMGCCMMTTR TTCATCATTAARAAGCCCGAAATGTTT!
117722_4941187_GTF2I_ TT TCCTCT T ARAATAAATTCAT AATGTTAATACTACTGCATCAGGTGT! TT TCATTCAGGTGACAATT
117722°4941187_GTF2I_ TGATGATAATGAAAGACTCTCGARAGTTG: T TAAGAGAACAAGTGAATGACCTCTTTAGTCGGAA T TATGGGTTTTCCTGTGARA
117722_4941187_GTF2I_1-21_1 16 TGARAGTT! T. AAATCACAATTA! T TGTGTGGTAGTTGAT! TGTCCTTCAA! TACCTGGAAATCAGCTCCA' \GGATCT
11772274941187_GTF2I_ TCTT TCT ARATT TCATT TTT T ATAACCAGCTGGTTGATCAGAGTGAGT TGATACAAGAATCAGC
117722°4941187_GTF2I_1-21_1_ TCAGCTGAACCA: T T T TGAT TCTCAGATCAAGCAAGA TGGTAGACCTCTTCCCTCCT,
117722_4941188 NCF1 1-11 1 1 T TTCATCCGTCACAT T TTCGT. TGTACATGTTCCTGGTGAAA TG TGGT
117722_4941188 NCF1_1-11 1 2 TCT. T TCT. TTCCATARAACCTT: TGTTCCCTATT TCAAT: TCAT T TCCCAAG
117722_4941188 NCF1_1-11 1 3 AAGTGGTTT! TT T TCATGA TCT TGTCCCCACCTCCTCGACTTCTT
117722°4941188 NCF1_1-11_1 4 TTCAAGGT! TGATGACCT T TACTT A T T TCAT!
117722_4941188 NCF1_1-11_1 5 TCCT T T T T T TGGCTCTGT TGGTGGAGGTCGT TTGGTGGTTCTGT
117722_4941188 NCF1_1-11 1 6 TGTCAGATGARAGCAA, TGGAT: TCCTTCCT T T TATGCAGGTGAGCCATACGT! TCAAG
117722_4941188 NCF1_1-11 1 7 AAGGCCTACACTGCT TGTCCCTGCT T TGTTGAGGTCATT! TCCT! TGGTGGGTCAT: T T
117722_4941188 NCF1_1-11 1 8 TACTTCCCGTCCATGT. ARAGT TG T TCGTCCAT T
11772274941188 NCF1_1-11_1 9 T T TAT TCCGTTTT TCGAGGA(
117722_4941188 NCF1_1-11_1 10 TCTAR, TCAT! AGCGGAAGCTGGCGTCTGCCGTCT!
117722_4941189 GTFZIRDZ 1- 13 11 TGTAAAGAACT "AAGTCCAAGGCAGAAGT! T T TGT. A TGTTTGTCGT TTTTGTTAA TTTTCAG
11772274941189_GTF2IRD2 TTTCAGAA ARATACTGCGT! TGTGAGGTGARACCTCCCTGCCCT T TCCACT AACGGAAATACT T
117722_4941189_GTF2IRD2 T TATTTCTGCTTTTGTTATGGTAA TGGTGCCTGTTCCCTA T TCGGCTGTGGTA TT
117722°4941189 GTF2IRD2 1-13_1 4 T TTGCCTTT T TT TTGCAACCCTGAAATGGATTT ACAA ATTCATCATAAAT TTCCT.
117722749411597GTFZIRD27 T T T T "AAGTGARA( TCAATGTGAAAACTGA: TTCTH TT
117722_4941189_GTF2IRD2_. AAGCAGAAGCTGTCTCAGT TCAGAAGATCCTAATTACTATCAATATAATATGC TTCTTY nrmwcm@TmTA@mTG
117722_4941189_GTF2IRD2_1 GmTGGMTTACCMTGGR TT T TGGT! TT 'CAA| TGAAAATC( ACAAATTCATCCAGTX 'TCT
117722_4941189_GTF2IRD2_ AATTCT! TT TCTT. TCGTT T TGTT! TAATGAGAAGG! TTAT! T GATTmCAGCTMGAGMCMGTTAATGACCTC
11772274941189_GTF2IRD2 TCTTT. A, TGAAGCAATTGGCGTGGATTTCCCTGTGARAGTTCCCT TCACATTCAACCCTGGCTGTGTGGTGATTGATGGCA T
117722_4941189_GTF2IRD2

131 10 TGGTATT! TATCTGGARATCAGTT! T AAATTCACAGTCAT! TT TTGAGCTCAGTAAT
117722_4941190 GPRIN2 1 1 1 TGAGCT T T TG TCTTCCAGCCTGCT T
117722_4941190 GPRIN2 1 1 2 CTCCGCAAGACT T TCT
11772274941190 GPRIN2_1 1 3 TCT T T TGTGGGCAATGTGTCCACCA! TGACCTGTGT TAGTGCTGCTGCT
11772274941190 GPRIN2_1 1 4 TGCTAT TT TGGTCCGT TGCT TCAGCTGCTCAGCCCT TG T
117722_4941190 GPRIN2 1 1 5 TCAGCT TGGTACTT TGGCTCCTGAGGATGAGACTTCTAACTCAGCCTGGAT T
117722_4941190 GPRIN2 1 1 6 TCAGTTGT T AAGCT! TGGCT, TGCCATGCTCT:
117722_4941190 GPRIN2 1 1 7 T TGCTCTACTCTGT: TGGTGGCTGCTGCCATGCCCTA TCCTGGCCTTTCCCAAACTAGTGGCGT T
117722°4941190 GPRIN2 1 1 8 TCTGGGCT T TGGGGT TCCACTGTAGGTTGT TCCCTGGGCATTCCCATTGCT TTTGGGGT T

11772274941190 GPRIN2_1_1 9 TCT. AAGATGTGT TGACCT TGACTT T TG TGCTGGT

117722°4941190 GPRIN2 1 1 1 T T TCCGT TGCATGTGTT TAACTCTGGGGTCCA( TCCCCTGT TG
11772274941190 GPRIN2_1__ TGTGCGATGGGAT! TGACAT TGT. TGCGGT TGGAGGTGCTCGGTGTGGCCAT TGGAGATGCAGTT!
117722_4941190 GPRIN2 1 1 12 TGTCT T TGTCATGCAGT: TGCT! TGCT!

117722°4941191 PTPN20 1 1 1 GTGAACAARAATTGTTT TACTAACT TTTGGCCTGACT! T TCCTTTT TTTTACCAGTCT! AAC
117722°4941191 PTPN20_1 1 2 T TTTGGCCTGACT! T TCCTTTT TTTT. TCT ACAACATGTCTT T T
117722_4941192 PTPN20 3,4 1 1 TTTTTGAAAATAAAGTTAATT \GGTAAAACTTTCTCTT TTT TAATGATTATGAGGATGTTTT TTCAGAAAGTGGCAGTGATCCCAGCATGT
11772274941192 PTPN20 3,4 1 2 CAGARAGT! TGAT! T T % T TCTCTCCCCTCTACTTTCT
117722_4941193 PTPN20 5 1 1 T AAATTGTTT! TAGATCAGTTGGCTCAGATT TTAATATTCAATTTTCA' T TTTGARAATCCT
117722°4941193 PTPN20 5 1 2 TCAGTTGGCTCAGATT TTAATATTCAATTTT T TTTGAAAATCCT TATGATATCA! ATTTATG
11772274941194 PTPN20 7 1 1 TGATT: TTCCTCT A TACATCAAT ATAGTCAATTGT CGCTACT TGCTGAGCA
117722_4941194_PTPN20_7_1 2 TGCT! T. T TTTT 'AAATGGTGTT AAATAATTCAAATGTTATT! ATGAT. AGGTGGAATTATCARATGCTACCATTACTGGCCCA
117722 4941194 PTPNZO 7 3 TTACT! TTTCT \Gi TTGGAATTGAA! TT TGTATT! T. TACTT! TATTTCATCATTCGAATGTTTCAAGTTGTGGAGRAGTCC
117722_4941195 PTPN20 8 1 1 ACGGGAACTAGTCACTCTGTARAACAGTTGCAGTT T TCCTGCCT TAGCTTCATARAATATATTCGTTA' GG T
11772274941195 PTPN20 8 1 2 TATGC: TT TGGTTGTTCACT! T TTCCTATGTGTGGATGTCGTGTTCTGTGCCATCGTAAAGAACTGTT
11772274941196 NPY4R 1 ATGAACACCTCTCACCTCCTGGCCTTGCTGCTCCCARRATCT AGGTGAAAACAGAAGCAA: T TTCTCT TT TTCCGT T
117722°4941196 _NPY4R 1__ T TGATGGTCTTCATTGTCACTTCCT. TGTCGT TCCTGGGTAACCTCTGCCTGATGTGTGTAACT CA: acc
11772274941196 _NPY4R_ GACCAACCTGCTTAT: TGGCCTTCTCTGACTTCCTCATGTGCCTCCTCT T TCT. TCAT! TACTGGATCTT TCTGCAA
117722_4941196_NPY4R_ CTCTGCAAGATGT TTCATCCAGTGCATGTCGGT! TCTCCATCCTCTCGCTCGTCCTCGT TCAGCTCATCATCAACCCA

11772274941196 NPY4R 1__ TCT TACCT T TCATCTGGGTCATTGCCTGTGTCCTCTCCCTGCCCTT TCCTGGAGAATGTCTT AGA) TCCA
11772274941196 _NPY4R_ T TCTGGAGTTCCT! TGGTCTGT TCCT TGGCT: TCT, TTCCTGCTCCTCTTCCAGTACTGCCT T
117722_4941196_NPY4R_ TGGGCTTCATCTTGGICTGTT. TCT. TGTTT T TTGCGA TCAAT
11772274941196 NPY4R 1__ AGGTCAATGTGGTGCTGGTGGTGATGGTGETGGCCTTTGCCGTGCTCTGGCTGCCTCTGCATGTGTT T T T ACC
117722_4941196_NPY4R TGGGAACCTCATCTTCTTAGTGT! TTGCTTX T T TGTGT! TTCATCTAT! TTTCT! ACACCMCTTCMGMGGAGATCMGGCCCTGGTGCTGAC
11772274941196 NPY4R_1_1_10 GTGCTGACTT TCT TG TACAT TCT TCCCT! TAAGTGGCAGGTCCAATCCCATTTAA
11772274941197 FRMPDZ 1 1 2 TATTCCTTCTCATCTCCTCT, TTT A T T T A TOC T TAA AT CCTAC LSS TCOATGACTAT G TANTCAAG
117722_4941198 FRMPD2 2 1 1 TGAACTCT AAGAATT: TGTACTGACTCATGT TCCTGGAT TGCCTCCCCAGA!
117722°4941198 FRMPD2 2 1 2 c TGGGTCT TCTTCCCARA T A, T TTCCTT TTCTCCTGAGT
117722_4941198 FRMPD2 2 1 3 TCATTTATGCAAACTTY AATCAACAT TCTT ARACTGCTATTCAGTTTGTGATATCATGAGACTTGGAAG
11772274941199 FRMPD2 4_1 1 GTCCTARGTTTGAAGTCARACT TGCCAATGGTTTGGGATTCAGTTTCGT T TCTCAARAGTGATCTTGT TCT
117722°4941199 FRMPD2 4_1 2 TCTTGT TCTTT TTGCAGCTGGT: TTATCCT TGAATGGAAGGT! TCATCTT
1177224941200 FRMPD2 5,6 1 1 T TCCT TGGATGGAGTGATTCTGT T TGTGCAGTGCCTGACGGGT! T TGGT TCCCCA
1177224941200 FRMPD2 5,6_1 2 T TGTCCTTCTGCT. TGTTTCCTTGGT T TTCGAGCTGTGTCT
117722_4941201 FRMPD2 9 1 1 TGTTGGTGGARATA, T TTCTGGGETCTCCTCT TCCTGAGCTTCGGGT. TTGT

11772274941201 FRMPD2 9 1 2 CAGGGA TTGT AATACTGAAGAACT TGGCTGGGGT TT T TCAGCTTTCCTTTCTGCCGTTARAG
11772274941202_ NRXN2__ T TCTT TGCCAT T T T TG TCTACTACAATGGGCTCAAGGTGCT
1177224941202 NRXN2__ GCTCAAGGTGCT TG T TCACCT T TCCGTGCTGCTCA T
11772274941202_NRXN2_. TGCTGGCT TCAT! T TGGCCACT T

117722_4941203_NRXN2 3 __ T TGATCTTT TT T TAGT AATACCACGTGGTGCGCTTCACT!
11772274941203 NRXN2_ T T AAT TGGTGCGCTTCACT TGCA T T T
11772274941204 NRXN2_ TACATCTT TCATCACCT. TGGATCGCCT TGGGCTT

117722_4941204 NRXN2 4_ TGGATCGCCT TGGGCTT TGTGCTGGT T T TACCTGCAGCTGCACAT
11772274941205 NRXN2_ TGCACT TCCT TCTGCT ATGGCTTCACCTGCGACTGCACCATGACTTCCTA TGTCTGCAATGATC
1177224941206 NRXN2_ TTGTACATT T AGAATATGTT: TGGTGGCCT ATGGCTTTCAGGGCTGCCTGGCCTCAGTGGACCT! TCT
11772274941206_NRXN2_ TGGTGGCCT TGGCTTT TGCCTGGCCTCAGT T TCT TCAT! T TGTGAT!
11772274941207_NRXN2_ TACGTGTTTGACCT T TCCTT \GGGGAACT A TCAATGACA TGGTGGTGT ACGT
1177224941207 _NRXN2_ ATGACA, T TGGTGGTGT TCAAGATTGACT! TG T AACCTCGATCTCARAG
11772274941208_NRXN2_ T TAT TGGAGTT T TTTATCTCCGTGGTGCCCTCCAACTTCAT ATCTGAGTGGGCT
117722_4941208_NRXN2_8__ CCTCCAACTTCAT TCTGAGTGGGCTCGTGTTCAAT T TGACATCACCTACTGTGAGCTCAATGCTCGCTTTGGCCTGCGTGCCA
11772274941208_NRXN2_ TGAGCTCAATGCTCGCTTTGGCCTGCGTGCCATCGT TCCCGTCACCTT T TACCTGGCACT: TCCAAGCCTATGCTTCCATGCACCTCTTCT
117722 4941205 NRXNZ CGCTCCAA( TATGCTT! T TCTTCTT! TT TGAT! TTCTTCTGTTCAACT! ACGGCAATGACTTCATTGTCATCGAGCTGGTCAAGG
117722_4941209_NRXN2_9_ TAA; AACGCTGTT! AGCTCAATGACAAT! TGAGGGTGGT TGCAGCTGTCTGT TGACTGT
117722°4941210 NRXN2_10_1 1 TCCTGAGCTACGATGGCTCCATGTACAT TCATGCTGCCT. TGTCCCTGCGTTTCATGT A T
117722_4941210 NRXN2_10_1 2 TGCGTTTCATGT T TCAT! T T T T T T TCACTGICAACCTCG
117722°4941211 NRXN2 11 1 1 TCCATCTCAGTGAATAGT TTCTT TTCTGGACCTGGAGAGTGAGCTGTACCT TCT T T
11772274941211 NRXN2_11 1 2 GGTCTCCCTGAGGGGGGCCGEET T T T TACGTGGGCTGT TCTTCATAGAT: T
117722°4941211 NRXN2 11 1 3 TCTTCATAGAT: T T TGGCT T TG T TTTTGCT TGTGCATCT T
117722°4941211 NRXN2_11 1 4 T T TCTGT TTCATCTGTGACTGCAT TTTCT! TCT
117722°4941212 NRXN2 12 1 1 TGGTCTATAAGAACAATGACTTCAAATTGGAACTAT! AGATGAAGCT TTGTCATTCCGCTGT TGTGGCTGCCCT
11772274941212 NRXN2 12 1 2 TGGCTGCCCT TGTGACCTTT T TTTGT T TGGCTCCATCTCCCT TT ATGGGC
11772274941212 NRXN2_12 1 3 TGGGCTGCTGCTCTT T T TCTGCT TACTTTGCCAT TCTA
117722°4941212 NRXN2_12 1 4 TCTATCTTCTGCT! TGGGAT T T AGGTCAATGATGGCGAGTGGTGTCACGTGGACTT ARA
117722°4941213 NRXN2_13 1 1 T TCT T T TGCTGGGCTCTGATGACTTCTTCTACAT! TGACCT
117722_4941213 NRXN2 13 1 2 TGCTGGGCTCTGATGACTTCTTCTACAT! TGA( T T ACAACTTCATGGGCTGCCTCARGGAC
117722°4941214 NRXN2 14 1 1 G TTCAAAGGCAATGAGTTCTTCTGCT. TG T ATGAGATCACACTGGCCTT! ACGCA
11772274941214 NRXN2_14_1 2 TGGCCTT ACGCA TGATGCTGCAT T TACGT: TGTCCCTCAAGTCT TGTCTGGCTGGTCATCAACCTAGGCT
117722_4941214 NRXN2_14_1 3 TGTCTGGCTGGTCAT TAGGCTCAGGTGCCTT T TCAATGGCAAGTTCAACGACA T T A
11772274941215 CHD8 2 1 1 T TGGAGT TAATCACCTTGATGT TCCCTGTCATCAATA, AT TTTGCTGGTGGGTGAGGAT T T
117722°4941215 CHD8 2_1 2 TGTCATCAATA T TTTGCTGGTGGGT T T TGAACTGGAGATGT TCAT! TGTTGAT TTTCT.
11772274941216 CHD8 4 1 1 TCGTGTCCTGATAAACCGTATTGACCTCGT TGTACTCT T TTCTAC AATGGTA Accac
117722°4941216 CHD8 4_1 2 TTGCT TCCCTCATTGACTCCT TGACTCTCCAGT! T
117722_4941216 CHD8 4 1 3 CTTCCA" TCTGCAGT T AACTT TGGA TTCAAATCAAAGAT
11772274941217 CHD8 5_1 1 T T T TCTATGAT TCTCCTGTCCCTCACTATGT TGGATTCCCARATGAA( ACAAATGACCCCTGAGCTTCTGCTACTGCAS
1177224941217 CHD8 5_1 2 G TCTCCTGTCCCTCACTATGT: TGGATTCCCARATGAA( ACAAATGACCCCTGAGCTTCTGCTAC A, TCTGA aG
117722°4941218 CHD8 6_1 1 TAACCTGTTCAT T T TCTCTACCGTAT TTGCTT T ACA TTTT
117722°4941218 CHD8 6_1 2 TCGGCTGGCATTGTGT TCCTGGTCCTGAAT AAT TGTTCGGCATGA TTCT TGGGGT A T
1177224941218 CHD8 6_1 3 CAACATCAT TTCTCTTTTCTGGCT TAT ACCATCA: TCCATCCTTGTCACGCTGCTCTACTCCACTGCT
117722°4941218 CHD8 6_1 4 TATACCT TGCCT T TGCTCCTGTTGAARAGT T T TCT TCTGACTTTARAGCTAGA
1177224941218 CHD8 6_1 5 TGGT T TAT TCTGATACT TCTGGTTT AGTGTTCCACCAGTCARACTGGAGGAT!
11772274941218 CHD8 6_1 6 TGATT: TCTGAGCTGGACTT TG TCTTCTTCTTCTTCCTCATCCTCAT T TCCAGCACTGATGAGAGTGAGGA' TAA
11772274941219 CHD8 7_1 1 ATGGACA T TGGTGTCTACGTTTGGTGTGGAATATGA TGCAGTTCCATTGGGATCGCTT TTTTGCTCGACT. A
1177224941219 CHD8 7_1 2 TCGCTT TT T AAGCCTT. TACTTCCATGGCTTTGTGGCCAT TAT T T
11772274941220 CHD8 8_1 1 T TGGCCT TCT T T TT TCTAGT TAT T ‘AAATGAAGATAG
1177224941220 _CHD8 8_1 2 G Y ARATGA T TTCAAGC! T AACAACG
11772274941221 CHD8 11 1 1 TATGAGAAATATAAT TTATGTTTCCT AAGCAAT T TGTT TTCTCTGACA
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117722_4941221 CHD8_11 1 2
11772274941222 CHD8 14 1 1
11772274941222 CHD8 14 1 2
11772274941223 CHD8_15_1 1
117722°4941223 CHD8_15_1 2
11772274941224 CHD8_16_1 1
11772274941224 CHD8_16_1 2
117722°4941225 CHD8_18_1 1
11772274941225 CHD8_18_1 2
117722°4941226 _CHD8 19 1 1
11772274941226 CHD8_19 1 2
11772274941227_CHD8 20 1 1
117722°4941227_CHD8 20_1 2
11772274941228 CHD8 21 1 1
11772274941228 CHD8 21 1 2
11772274941229 CHD8 22 1 1
11772274941229 CHD8 22 1 2
11772274941229 CHD8 22 1 3
11772274941230_CHD8 23 1 1
117722_4941230_CHD8 231 2
11772274941231 CHD8 24 1 1
11772274941231 CHD8 24 1 2
11772274941232 CHD8 251 1
11772274941232 CHD8_25_1 2
11772274941232 CHD8 25 1 3
11772274941233 CHDB 26 1 1
11772274941233 CHD8_26_1 2
11772274941234 CHD8 27 1 1
11772274941234 CHD8 27_1 2
11772274941235 CHD8 32 1 1
11772274941235 CHD8_32_1 2
11772274941236 NRXN3 1 1 1
11772274941236_NRXN3 11 2
11772274941236_NRXN3 11 3
11772274941236_NRXN3 11 4
11772274941236 NRXN3 1 1 5
11772274941236 NRXN3 11 6
11772274941237_NRXN3 31 1
11772274941237_NRXN3 31 2
11772274941237_NRXN3 31 3
11772274941238 NRXN3 4 1 1
11772274941238 NRXN3 4 1 2
117722_4941239 NRXN3 5 1 1
11772274941239 NRXN3 5_1 2
117722_4941239 NRXN3 5 1 3
11772274941239 NRXN3 5 1 4
11772274941240 NRXN3 6 1 1
117722_4941240 NRXN3 6_1 2
11772274941240 NRXN3 6_1 3
117722_4941240 NRXN3 6_1 4
11772274941241 NRXN3_7_1 1
11772274941241 NRXN3_7_1 2
117722_4941242 NRXN3 8_1 1
11772274941243 NRXN3 9 1 1
117722_4941243 NRXN3 9 1 2
11772274941243 NRXN3 9 1 3
11772274941243 NRXN3 9 1 4
117722_4941244 NRXN3_10_1
11772274941244 NRXN3_10_1_.
117722°4941245 NRXN3_11__
11772274941245 NRXN3_11__
11772274941246 NRXN3 12 1
117722°4941247_NRXN3_13_
11772274941247 NRXN3_13__
117722_4941248 NRXN3 14 1
11772274941248 NRXN3_14_
11772274941249 NRXN3_16__
117722°4941249 NRXN3_16 1 2
11772274941249 NRXN3_16_1 3
1177224941250 ARHGAP11A 12 _
1177224941250 ARHGAP11A 12_
11772274941250_ARHGAP11A 12_
1177224941250 ARHGAP11A 12__
117722°4941250_ARHGAP11A 12_
117722_4941250_ARHGAP11A 12 1 6
11772274941250 ARHGAP11A 12
11772274941250_ARHGAP11A 12_
117722_4941250_ARHGAP11A 12 1 9
1177224941250 ARHGAP11A 12 1 10
117722_4941250_ARHGAP11A 12 1 11
11772274941250 ARHGAP11A 12 1 12
11772274941250_ARHGAP11A 12 1 13
1177224941250 ARHGAP11A 12_
11772274941251 ARHGAP11B 1 |
117722_4941251 ARHGAP11B 1
11772274941260 ARHGAP11A 1
11772274941260_ARHGAP11A 1_
117722_4941261 ARHGAP11A 2
11772274941261 ARHGAP11A 2
117722_4941262_ARHGAP11A 4_
11772274941262 ARHGAP11A 4_
11772274941262_ARHGAP11A 4_
117722_4941263_ARHGAP11A 5_
11772274941263 ARHGAP11A 5_
117722_4941264 ARHGAP11A 6_
11772274941264 ARHGAP11A 6_
11772274941265 ARHGAP11A 8
117722_4941265_ARHGAP11A 8
11772274941266_ARHGAP11A 9
1177224941266 ARHGAP11A 9 1
11772274941267_ARHGAP11A 11 1 1
11772274941267_ARHGAP11A 11 1 2
11772274941273_BoLA2 1 1 1
11772274941273 BOLA2_
1177224941273 BOLA2_
11772274941274 BOLA2_
11772274941274 BOLA2_
1177224941275 BOLA2
11772274941277_COROIA _
1177224941277 _COROIA
11772274941278 SLXIA 1 -
11772274941278_SLX1A_
117722°4941279_SLX1A 4—
11772274941279_SLX1A
117722°4941279_SLXI1A
11772274941280_HYDIN 1
11772274941281 HYDIN .
1177224941282 HYDIN
117722°4941283 HYDIN 4_
1177224941284 HYDIN
1177224941285 HYDIN_
1177224941286 _HYDIN
1177224941287 _HYDIN
11772274941288_HYDIN
1177224941289 _HYDIN 10_1
11772274941290 HYDIN 11
11772274941291 HYDIN 12_
117722_4941292 HYDIN 13
11772274941293 HYDIN 14_1_
117722_4941294 HYDIN 15 __
11772274941295 HYDIN 16__
11772274941296 HYDIN 18 1
117722°4941297_HYDIN 19
11772274941298 HYDIN 20__
117722°4941299 HYDIN 21 1_
11772274941300_HYDIN 23
11772274941301 HYDIN 24_
117722_4941302_HYDIN 25 1 _
11772274941303_HYDIN 26__
117722_4941304_HYDIN 28__
11772274941305_HYDIN 29__
11772274941306_HYDIN 32_
117722_4941307_HYDIN 33
11772274941308_HYDIN 34__
117722_4941309_HYDIN 35 1
117722_4941310_HYDIN 36__

1
1
1
1
1
1
1
1
1
1]
1
1
1)
1
1]
1
1
1
1
1
1
1]
1]
1
1
1
1]
1]

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

ATATAAT T TTATGTTTCCT ARGCAAT TCGAGTGTT TTCTCT AGG
GTCTATCTATCCCTGTGCCTCG! TAAAGTCACAA ATATCCAT ATG
AAAAGTAAAGTCACAA TATCCAT T AATATA; T TTTGTTCCAAGATGAAAGT TATAAGAAGCACTTGAAACATCAGTGTAACAA
T T TCAT! TT TAT T TTTGT!
TTCTCGTGTACTGTCTTCT, T, T TGAAAATATTAA TTCATCT TTGATT. TGAAAATGGCAAGACAAAAGAATTGCAGAATCATTCAG
AATA; TAATT! ARACAA; TTT TCTGAAAGATGATGACCTGGTGGAATTCTCTGATTTGGAAAGTGAGGATGA'
GGAATTCTCTGATTTGGAAAGT TGAT! T T TCATCATGCCT. TGACTGCTTT TCTCCTGGTATAT
ATCCA; TTCTCT: \GATCTTTT: T; TCA" ATGAAGGCTCY TCTTG
ATCAT! TGAAGGCTC T TCTTGTTAAGACGAACTACAACCATCACCATTGAATCTGAAGGAAAAGGTTCCACCTTTGCTAAG
AAGCTGT! TGT TCATCACTCGTAATTCCT, TTT TCAAGTTGGGGTTGGAT
TACCGCCTCATCACTCGTAATTCCT TTT T TT TT TGTGCTTCAATCCATGAGTGGT! A
TATT! TT T TT TT TGACT! TTTGTCTTCTTACTGTGT, TGGT!
TCTTCTTACTGTGT TGGT! TT TCTT TGCTGATACCTGCATCATCTTTGATTCAGACTGGAATCCACAAAAT! T
CTGCTGAAGAAAAAATCCTAACAGAATTCCGT TT TCATGACTTT TGGTTCGTT AACTGGTTCTTATT! TTGCTT
CAAACTGGTTCTTATT TTGCTTCCAAAGCTTAAAGCTGGT TAAAGTTCTGATCTTCTCTCAGATGGT TGCCT T
GTTCAAAAGCT. TTCTTAAGCCAATGAT TC; T T AACAGGAAACA T TGACTAAT
CTT¢ ARCAGGAAACA T TGACTAATAT TACTAT TTTCTCCTTCCTTT! TCATACCAA
TTTCTCCTTCCTTT! TCAT, TGCCTAATCTACTTAACACAATGATGGAGT by TATCTCATCAATG
GAACACAAGGTGCTACT! TTGCAARATACTGTAGAAGA; TTGCTTCATTTCT T TTTCCCTCAGAAT T TT
TTGCAARATACTGTAGAAGA; TTGCTTCATTTCT T TTTCCCTCAGAAT T ATCT AG
TCAT! T. TTT TCTGAT TTTT TGATTTTGTCAGATTGTCCTGAGCTTCGTGAAATTGAAT! TTGTGTTATCATTGATGAAGCC
TTTTGT TTGTCCT TTCGTGAAATTGAAT! TTGTGTTATCATT TCGA( AARACCGTAATTGCAAGCTGCTTGATAGTCT! T T
GCAGAACTGCATCCTGGCTGAT T T AAACTATTCAGTCCATTGCCTTCT! TGT ATCCATGGTCCCTTCTTGGTCAT! TGT
TGCAGGA TGT TCCATGGTCCCTTCTTGGTCAT! TGT ATTACTA ATTTAAT ARTGA TGTA(
ATTACTAACT ATTTAAT ARTGA TGGCAGT ATT TATGAAATGTA AAGAT
AATCGT TGCCT TT TAT TGAATATAAAAACAGAA TATCAGT! TT TCTTT AC
TCGT! T TT TAT TGAATATARAAACAGAAACCAGCTAC TATCAGT TTGGCTGCTCTTT ACAG
TACCTGGTGAAATGGTGCTCTCT TAT T TTGA TT ATTTAA; ATTCAGTCAAGGCAC
GTGAAATGGTGCTCTCT! TAT T TT TT ATTTAA; TTCAGT ACTCAAAAGGGTG
Al TCAAACCGCCAAGTTAAGC! TAT T AAGATCACAGATGA' ATGTAACTGGTCCAATAARACCT! T
TGAT! TGTAACTGGTCCAATAAAACCT! TATCCT AGA: T TTCCATGCAGTTCTTTGT!
by T T TCGGTTTTCTT! T T T TCCCTGCT! TCTGCCT TTGAGTTCAT T T,
T T T T TGAGTTT TTCAAGACCAACGTCTCTA TGCTCCTCTACCTGGATGA TCTGCGACTTCCTATGCCTCT
TGGTGGAT! TT T TT T T T TGCTGTCCAACA TGAA TGGCACTTCCTCATGGT T T
T TGCT! TT T TACATGGATGTGGTCAGTGACTTGTTCCTTGGTGGAGTCCCTACTGACAT, T
TTCT! T TGAT! TT TT TTCTGGATCT TATGGAAACT T TT TGT TGGAT!
™ T T TCCCTGTGAAAATGGT TCTGCTTTCT TGTGACTGTTCTACCACTGGCTAT TCTGCTCAGAAG
T TGT TTT T TGTGCT. TGTCT! T ATGAAATCACCCTCTCCTTT. TA
TCTCCTTT. T, TCAT! T TGACTATGTCAACCTGGCTCTGAAGGATGGT TCTCCTTGGTCATTAACCT! T
TCTCCTTGGTCATT T T T TT TGAATGGAAAATTCAACGACA, TGGCATGATGTCAAA( T
GTGACAATCTCTGTGGAT TTCTT. T T TAT TGCT! T TTCTTCTAT CCAAGTACCGCTGACTTGCCT
ACTC; TAT TGCT! T TTCTTCTAT CCAAGTA TGACTTGCCTGGCT TGT ACAACTTCAT! TGCCTTARAGAG
TT AGAATAAT TCCGTCT TGTCT! by T AGATGAAAATCT TTGT! TGAGAAT TGGA(
™ T T T TTACAT bt AGTGGAACACTAAACGTAT TCCATCTCCTTTGACTT ATGGCC
TGATCCTCTTCACT ARGCCCC T AGAATACARRAGT TTCTTT TGGAACTCCTCGA' ACCTGTA
GATGGCAACCTGTACTTGCTGCTT! T T TCARAGTGAA, T CAATGAT! AATGGTACCATGTGGACATT ™ .y
TACTATATCAGT TT TCCTGGACC TGTA TGCTGGCCTTATTC
T TGCT! TTATTCT TGT T TGCT! TATGGCTACGT! TGCAT! TATTCATT! AGAACAT
TATTCATTGAT! \GAACATT TGCT! TGTCAAGTCCTCCTGTTCACGGATGA T by
TGAGT! T T, TGCAAGAATAATGCTGT TTCATCT TA( AAGGG
TCCATCCT! TATGAT TGTACAT TCATCAT TGGTCATGCATA TGTCCTT TTCATGT T
TT TTCATGT TGCTGGTGGCT. T T TGCGTCTGGAGCTGGA TGTCAAGCTCATGGTTAACTTAG
can; TTGTA' AGCTCAATGACAACGAG! TT T CTTAAGTTAACCGTGGATGATGATGTGGCTGAGG
GTACAATGGT! T, TTT TT ACATTGAAACGGGAATCAT 'y TACATCTCCGTTGT T AT by
T T TCATGTTTAAT! TTCTCTACATTGACTT ARRATGGT TTGATTATTGT! T TCGTTTTGGA ACA
T T TCGTTTT TCATCGCT! TGT TTTAAGACCA; TACCTGAGCCTTGCCACTCTT TT. TCCAT! T
TCTT: TT. TCCAT! TCTTCTT TT T TGGCTTCATTCTCTTCAATAGTGGTGATGGCAATGACTTCATTGCAGTCGAGCTTGTCAAGG
TATAT TACGTTTTT T 'y T TGTGATCAAAGGCA. TGAATGACA TGTCGTCATCACT ATAGTAACAC
ATGACA T TGTCGTCATCACT ATAGTA! TCAT. TGAAA AAGTGGTCACT AAT ARAATCTGGATTTGARAG
TGATCTCTATATGGCTGGT! TGT T AAGCTCGT TCT TGGCTTT TGTCT. TCAGT! TT by
TCGT! TCT TGGCTTT TGTCT. TCAGT! TT TCATCAATGATGCTCTTCAT TCGAGCGTGGCTGTGAAG
T, T TTCATGT! T ACA; TT TGTGATTGTTCTATGACCTCTTATT! A TGCAATGATC
CTGGCGCTACGTACATCTT! T TTATCCTCT. T TT T TT TGTGAAGG
T TT T TT TGT TGGCATCTTGGT! ATCGACAGTGCT! TGACTTCCTCCAGCTT T,
GAJ TTGTCTT T TTGACATCTCCAT! TGTAAA' ART TGTGGT. TT
TC; TGTAAA" AAT TGTGGT. TT TGCA( T AGTGAATGAACATTATCCT.
TT. TCTT: T AAT TTGGT! A, TCTTCCAAGGCCAACTCTCT TCTATTATGATGGTTTGAAAGTACTGAACA
TTATGATGGTTTGAAAGTACT T ACAACccCAATATTAAAATCAATGGAAGTGTTC TGGT! TCCCATCAATTT ACA; T
TTTT ACA: T AATGTCTACTACTGT TACT T ACT. ACCCGTAAGAATCGCTCT. TT
GTTC TCAGTAAGT TTACTAACT ACAA ATGTCT TAATAATTCAAGTTTTCAAGA! AR
GATGCAAATGAAGCTT AAAATCTT! AAACTCTTT T AAAGTCACCTGCTACTTCATGTGAACTCA( TTCCAATTTARAC
T TARACAATAAGCATAATAGCAACATAACAAGT TCTT. TGAAAATA; TGAAAGTTCAAAA; TTTTCTGAATCTGGAAGTAATCT
GTAATCTT TTGATGAAT TCATCAGTAACTA, TAAAATTAACTGAACCAT T; TCTATTTGAAACTAATG
ACTAATGATTT( ATC; TATGA TGGTAAAGGTGAAAAATGTTTTT TTTTCA( TTCAAACTCAAACATTTAATAGAGAA
TAGAGAAACAACTATAAAATGTTATT T TGAAGATGGAACA' TTCATTCAAATA AR AGCAAGCAAGAATTCT T T
AAGAAATAAAGAAACAGCAGTCCCCAAAGGATAAACTAAATAATAAATTAAAAGAGAATGAGA, ATGGAAGGTAACTT AAGT T, TAGAT
TAGATCCTCTTTCT T, TGTTGTAACAAACTTGTCAAAACCT, TATGAGAATTGCTAA! TCAT! 'y TTTCTGAAAGT
TGAAAGTTCACAAAT ACATAGAAAGGTTTCTGAT T ACAAGCTTTCTTTAAATGAACCAAATAGAATAAAAGTCAAGTCACCTCTTAAGTTTCAGCGTAC
TACTCCTGTTCGTCAGTCCGT AGAATTAATTCTTTGTT! T TAAGTT AGTCTTGGT! TTCTCCTTTGGTCAAATCAG
ARATCAGT! T TGCTCTTTCCTCTT AAGTGCATCAAAAGATTCCTCTGTTTCATGTATCAAATCAGGTCCTAAAGAACAGAAGTCCATGTCATGTGAAGAGTCA
AGAGTCAAATATTGGTGCAATTTCARAGTCAAGCAT! TCGAAATCTTTCTTAA TTCAGTGAATGCTTCTCTTAGGTCTACT A
TTTATAAACAGAAGATCTTATCT AGTTAAGGTTCCCTTGGATGATCTGACTAATCAT! AR, TTGTAAATAACAACAT TTTCTTCT! TAAATA
ATAAATA, T T TGGTACAAAGGTTCTCCAAAACATCCTAT! TCAATTACT ACAAGTAAACCT TAA
TGT b TGGT! TT TGTT! T TTCTAT AGGTGAAGGGTGTCCGT! AGTGCGAT! A;
TGGT! TT TGTT! T TTCTAT AGGTGAAGGGTGTCCGT! AGTGCGAT! TGAA! AATAGGG
TGT Y T TT TGTT: T TTCTAT AGGTGAAGGGTGTCCGT! AGTGCGAT! A
T TT TGTT! T TTCTAT AGGTGAAGGGTGTCCGT! T T A AATAGGG
GGTAAA, TACCTTTTAAT! T TTCTGCTGT. T, TT TTGCACATCTTT. TATTCAT
CCAGAATAT TT TTTCTTGTCGATGCTT TCTTT TATTCAT AAATCAGGATCTGTGATT TAAAAGCACTARAG
AATAAAGTGGATCATGGT TTGCCTATCTTCT TCCTTGTGATAT! TTCTT T TTCT! TGATTTGCATGAA
TTCT! TGATTT TTTTGAAAGCTCA, TAAAGCT TGTTGCTCTCCTGT!
TCA: TAAAGCT TGTTGCTCTCCTGTCTTCT TTCAT! TACTTCTTTAACTTTCTCAGGAATGTTTCTCTTA
u T ATA; TCTT! TAATATT TCTTCTT AGTGA TGTCTTCTAACAC; T TT.
T TCTTCTT AGTGA. TGTCTTCTAACAC; T TT T TCTTATCGATTATGCAT
TGT T TGTTGGGTATTGATGGTCTCTGTGCTACTCCATCA( T GAAGGTGAATATGAAACTCCTGGTGAATATA
T, TGTTGGGTATTGATGGTCTCTGTGCTACTCCAT! T \GAAGGTGAATATGAAACTCCTGGTGAATATAAGAGAAAGAGAAGACAAAGTGTAGGAG
TATCTGAAT TGATTCTT. AATGCTAAGCGTACATT! TTCTCATGGTTTCTCAAGT. TCCATCAAGCACAATTTTAACTTTG
TT TTCTCATGGTTTCTCAAGT. TCCATCAAGCACAATTTTAACTTTGAGCTGTT! AGTAATCTCTTCAAT. TTCTACA( TAT
T TCGAT. T TCATCT TTCACTCTCTCCTGTACTCATT! vy TTTGATCACTGCAGGT AGGCGAAGTAAAAGAAT' ARA
TACAAGCT TCATCT TTCACTCTCTCCTGTACTCATT! TTTGAT AGGCGAAGTAAAAGAATTGCAGGCAAAAAAGTTTGCAG
TGTTCTGGTGT! AAAGTGTT! TT AAATCAACAAAGTTTAAAAAATCGAATTGAATCTGTAAAAACAGGTTTGCTTTTTAGCCCAGATGTTGAT
AAAGTGTTGGTT! GCAATCAACARAGTTTAAAARATCGAATTGAATCTGTAARA
TTGTTGCTGT TGCTGTTTATCAAGCAATGCT TTGAAGAATATTCCTGTTTTGGAGACTGCCTATAAGTTA! TGACTTGTGCCCTAAACAACCTCCTGC
by TGTTCTGAAATAARACAT! TTTTAAGAATCATGTGTTCAATGT ATGCAAA AATTTGACCTCAGT! TGACT.
TTGGAAATGCCAAAAACT TCTTTAATTGTAATGACTTTGTTTTAT TT TTTTCTCATT TATTTCACTGTCATGTCAACATGTCT! AATCAC
TTGGATCCT. TGACTAT T TGGTCATT T T TTGTGGTA ATCTCAGTCTTGAATTTACT T
TTGGATCCT. TGACTAT T TGGTCATT T TT TTGTGGT TCTCAGTCTTGAATTTACT! T
T T T TCCATGCCTTTGAACAGAAA; A TGGGAT
ACCAGAAAATAA; TCT TGTGGCT T TGAGTGGATGGGTGTGAATGGCTGACCCT! TCTACTT
T TCTACTT T TGTCTCCT! TGT TTCTGGAGCTCCTGCACCGT TGGAGCTT! ATCTCCTCCT T
TGGGT! T TTTTT! TCTACCTGCTCTACT! T, TCTACGT TTCACTGTCAACACTGCTCGT
TCTACGT TTCACTGT! TGCTCGT T by T
GATG, TTGTGT TGGCTGCCTGCT TGTGATCT! TT TTCT! A
T TT TTCT! T TTGCTGT TGCTT! TGATCTGGCTGTGCCAGATGGACACT
TGCTGT TCACTGCTT TGATCTGGCTGT! T TAGA T ATT: T T
TGATCTT by TGACAAATGAGTTCTTGTACT TGAGTTT TCATCCCTTCAGGCATCATCAAA TCGAGAT T
TT TCATCGTGGARATACTGAA T TCACT. TT ATGTACTGTCTGGCTCT TACAAGCTGAACTTCTT
TCTTCTT T TGGCTGTATGCTCTGCAT! TTCTGAGCT AAGCTGTAGCCAATATCTATCGTGAAGTGCCATGT,
GTAGTGAATTT T T T TCCTGCTGTCAA T T TCTT! T
GTTTAAAT TCAAAAAATTT! TCATTTCTCCATT. TCAGGCAT! TTTTGAAGTGACCTACCAT! TGGGAAA
TCCTT. T TT T AGCCCAAAGAAGTCTGTAAACTGGAAGTCATCTT! G: TGTCCCTCCCTTCT TGTTCATGGAA
TAGAT! T TT TGTCCT. TTTCCATCATGAACA ™ TTTAATCAG
TCTGT. T T T T TGTTGATGT A A AGATTCCAATA; T AAGTATCAACTA
T TGGT! TCT TGTGCT TATCCATTTCTCCTTCA( T, TGCTTTATCTAT! T
AATGAATGTGT TGTGAATTCAACTTTAT TGGAAAGTT TTCAGCTT! TGTGGCTCCAAAACCTTGCT TACTTGGAATTTTCA
GTTCCCAATT CTT ARGC TGAACTTTAATTTGATCTGCAATG! T TGT TTAAATGTCA;
TGTGCAGATCATTAAC: TTTTTCCTT T TATTCT T TGCTT
TCGTGTT TT TTTCCATCT TCACTGAGTCATCAT! TTCCTAATT TCACAGTCCCTTTCCTGCT! ARACT ACCTCTC
TTT TCCTAAACCCAACCAAT TACTCCTTCTGCTGGATCT! TTGAAAGTCT! T TTCACATGCCTT TTCAT
TT T T TCCTGGT TT ATCTGCCATTTTGAT! A T TACATAAGT AT A
T TCAAAAAGAT TTAGT TGCAT T TT TCTCT! TCTT!
T kY TGCTCACTCAGTACT TACCAAGAACTGCAGCTTCAAATCAGTGCCAATGTGGATTTCGCTTCATACCAT AGCA T
T T TGGGTGT T T T TGT TCAACCTAAAGAATAT ATCA(
TGCTCTGGT T TTT T T TATAAT TTCACAGTCACAAAT! AGTGAACTTGATACGGTTTGAATGGCCTGTTTCAG
ci T TCCTTGGTTGTTTCTCCT! TGAATTTGATGTCGTTTTCCACT
T TCGTGTTT! TCGCT! TCCCT! TGACGGTT! TTCTTCATAACCAATATGGAAACCCCTTGCTCCTCTTTAA
TTT TCGT! ARGTGGA. TGTGCATT! TCATTCCCATGCCTT! TGTCCTT TCA" T T
TTCGT! AAACAATGCCTTGATATTT TATGT. T TGTTCGTCGAGGA' ACA
TT T TGTT: TGT TGGGTTTGGCTCCATTCCTT TCATCAACGTTGACTGTGT! T
ATTATT( TATTTY TCAT! T ATTAAGTTTT! AAT ARTACAACATCA(
CTTTTCCGTGGACTCTGTAGGGATTTCAACACCTAATATARATTCCATGATCTCAGTCCAACCC; TTCAC AC] CCACAAATGTCCAAGTTTTCTTCCA
ACAGGAAT! TTCT! TGT TCCTGCCTGT T T TGATGATTTCACTGTATCCCTGA' T
ATATTAAACGTAT T, TACTTCAGTTGGTGTCTT! TTGTCTGCTGCATCAATGACA, TCTTCCAATTA;
GTACAAGTCATCCTTATT TAACAATCCTGA TTCCTTAATGGT TCCTTCTATTTTCAGAATGATGTCAAAGCAAACACGTACTTCCT
TGGTATTTCCT! T AGACARAT TCATCTTTAAGA TT. TACTACTT T T AAAATCAAGAGATAA
ACTGAATCACTT! TGGAT! T, TT T TTCTCTTCTGATGAGTT TT ARCCTTTA; AGAT
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117722_4941311 HYDIN 37 1 1
117722°4941312_HYDIN 38 1 1
117722_4941313 HYDIN 39 1 1
117722°4941314 HYDIN 40_1 1
117722_4941315 HYDIN 41 1 1
11772274941316_HYDIN 42 1 1
11772274941317_HYDIN 43 1 1
117722_4941318 HYDIN 44_1 1
117722°4941319_HYDIN 45 1 1
117722_4941320_HYDIN 46 1 1
117722°4941321 HYDIN 47 1 1
117722°4941322 HYDIN 48 1 1
117722_4941323 HYDIN 49 1 1
117722°4941324 HYDIN 50_1 1
117722_4941325 HYDIN 51 1 1
11772274941326 HYDIN 52 1 1
11772274941327 _HYDIN 53 1 1
117722°4941328 HYDIN 54 1 1
11772274941329 HYDIN 55 1 1
117722_4941330_HYDIN 56 1 1
11772274941331 HYDIN 57 1 1
117722°4941332_HYDIN 58 1 1
117722_4941333 HYDIN 59 1 1
117722°4941334 HYDIN 61 1 1
117722_4941335 HYDIN 62 1 1
11772274941336_HYDIN 63 1 1
11772274941337_HYDIN 64_1 1
117722_4941338 HYDIN 65 1 1
117722°4941339_HYDIN 66_1 1
117722_4941340_HYDIN 67 1 1
117722°4941341 HYDIN 68 1 1
117722°4941342_HYDIN 69_1 1
117722_4941343 HYDIN 71 1 1
117722°4941344 HYDIN 73_1 1
1177224941345 HYDIN 76 1 1
11772274941346_HYDIN 77 1 1
117722°4941347_HYDIN 78 1 1
117722_4941348 HYDIN 79_1 1
11772274941285 HYDIN 6_1 3
117722_4941299 HYDIN 21 _

11772274941313 HYDIN 39__
117722_4941313 HYDIN 39__
117722°4941313 HYDIN 39
117722°4941349 _ROCK1_1 1
1177224941349 _ROCK1_1 1
1177224941350 ROCK1 2 1

1

1

1
1
1
117722_4941338_HYDIN 65 1
1
1
1

1177224941350 ROCK1 2__
1177224941350 ROCK1_2
11772274941351 ADNP_1 1 -
117722_4941351_ADNP_1

1177224941351 ADNP_

1177224941351 ADNP_
1177224941351 ADNP_
1177224941351 ADNP_
1177224941351 ADNP_
1177224941351 ADNP_1__
11772274941351_ADNP_1_1 13
1177224941351 ADNP_1__ 1 14
1177224941351 ADNP.
1177224941351 ADNP_
1177224941351 ADNP_
11772274941351 ADNP_1_1__
117722_4941351 ADNP_1_1 19

4
x 5 4
117722_4941353 DYRKIA 1
117722°4941353 DYRKIA_1
117722_4941354 DYRKIA 2
11772274941355 DYRKIA 3
11772274941355 DYRKIA 3
117722_4941356_DYRKIA 5
11772274941356_DYRKIA 5
117722_4941356_DYRKIA 5
11772274941357_DYRKIA 6
11772274941357_DYRKIA 6
117722_4941358 DYRKIA 7
11772274941358 DYRKIA 7

8

8

8

GCTC TCATCT ARCAGARAA' T TCTTCGAGATT! A TCACAT TTAAACAGGAAGGTCCTT

TCCT. TCTTGGGTCTGGGTGCCT! T T TTATTCTCAAT! T T
TTCCT! by AAGTGGATGT! ATC TATCT ACAAACAATGT TARAT; TGGGCGAT
TGC: T A A T
AACGCAAGCAC; TCT TCTCCAAA! A AT TGA TCACATTCGAT CAGCAGG
TGAGTGACTGCT. TGGTGTTTGAT! T TCTCTTTGCTCAGAAT TCCTCTGCCT T TT
TTTCCT TCT T TGGCTCAGTGTTAGTCCCAGTGT TGATGAGCTGTGTGCT T TTCTCGT by
TGGGTCAAAACGTCAT. T TGACACCT! TT. TCCGAGATGACTCT AATTARACC' TG
TT. TACT. TGCCT! by TCCATTGTGCT! T ACAGCAACAACAT ™ ™
CTGACAAGCTT T TC ARACA, ARGCAATCGCT ACCT ATTGACATTT
TCAT! T ACCTCCAAT T TCTCTGTCACATCCAACC! TGTTGGTCGAGT
TCTT! AGCTGA; TTCCT TGCTGCTGCCT! TGTACGAGTACTTCAAAGAGATAAAGAAGTCAAAA
AATTCT. A TGGTGTTT! T TGCTCAAAAGCTT TCCTGGCA TCT T T TCCTTCAGTCCT
CTGGAGAA, TACTTAAGACAGARACT TGAATTAAAGCCAA; TCTTCGAAAT TTTCT! TCTTGGATCCTGGTGAGAAGTCCAAC
TGGTT! TT TCTGTCTCCAAGCCAAGGT! ATGACTCTCTCT! TGGACTT! TTCAGTGTGGACAGTGCCTGGT!
TTCAGTACT TAGATCGTGTAAAGAATCTACCTCATT ARCGGAA T TCTTCCTGT AGCAAAGAAGTCATTCT!
AAT T. TACATCCT! TTTGGCTACATCATCCT AGTCCGA TCAT! AAGATCAT TCACTTTCCAGTGTCATTCCA' AGCG
GTAAGTGCTCATCT! T A AAGCTATGTCCT AR TGATCCTATGGATGA( TGCTTCAGCCATCGGAGT!
CARATGAAAAGTATGAAATGTTCTTGAATCA! by APAAATGTGAAA; TCGATCACTTT! TAATA
TTTATCAGTT T AAAGTTTACTACCTACCT TACCTGAGGTCTTT T T AAATATCACT
CTGTTTGACCATGT! T T TTGGCTTTGAGTT TTCT! TCTTCT TTCTCCCTGGAGT
TGTTT! TGTTT! TGT T, AATATCGTTCACCTTCTA' T TCAT! AGCTAAAGCTCTGTGTGAAGTGGAA
ARATAAAAATTAGCTCTACTGAAAT; TATACT TGGAGGATCAGGAATCCCT, T ACAGAATGAGATGCTTTCCATT AGAA
T. TGT T TCCAT! T TCCT T
CCTATTAAACTGGAAATT TGCTGAT TTT TTCCT 'y T ACA; TTCT ATTA ACAC
ARACCTA; TATCCTGAAACCTGATT TT TAAAGAACATTT! T T TTGTTGCTGT TCT TT TGAGACTGATAAA
ATAGT T TCAT! TGATGGCTGTGAACATCACCTGTGAGTTCGTCGCACCTCTCATCCAGCTCT AG
TGGAT. TATT TTTAAGTTGATCAACA T T TTCTGGATGAATGATAGCTT TGAGT TTAA
GCACACAAAAAATCCCTTT TTGAACCCAATGA; TGGTTCCT! A ATGTTCAACTGGCA( ACCTGAA TGACATT! TGTGTT
TATGT! TAA, TTATCTACGTCCATCCCAATCAAGTGGACTT TATCTACGTCCTAAA! TCTTCCAGGATTCTCAACCTA!

TGTGT! TACTGTGCTGTTTT TCATCT by T, TGGT! ACACAGA
TGTGTTGTACCT! T TGGTCAAT. TTT TGCTTCCTGAAGTA( TA" CCAGCTTGCCAATCAAGATGACCTCCCAGGATTCTA
TTTCCTCATACCTTGATATGTTCCCTCAATAATACCTCTTTGAT TGACTTACAAACTGCGTATCCCT T TT TAAA, TTTCATATT T

TGCTCTCTT ™ T TTCAGCTT! TGCTTTGTTTTCAGT! TCATTGAACCAAGTGGAGT
GGCCTGTGATGATCTGAT TGAT! AGTGCATTACTGATCCTTTACT! TCTTTCTGTTCTGT! TTTGCGAATCA
GTGAAA; TTTGTATCTCTCTAT! T T, TGAATATA! TGGATAAGAATTCCTTGACCAT! TACATATCTCT! T ACTATAACCA
CTTTCTCTAT TATTGGAACTCTTAAT TGCAACTGGAAGTGGAGTT! T ATCA( TCGTGTGTTAT!
TT. TACGTT TGTGTT. T, TCAA! TTCTCGATTTT! AGCTGAATTTTTCCACTTGTCCT
TGCT! T TCT TATTCCCTT TGGTGTAT! TCGCATCCTCATGA' TGTGGGTGCAAG
T T T TCCAT! T ATAAGTATCTCTGAGTT! TCAT! ATA" TGGCAX
CCCCGAAGTTTA, TATGAATT! T TGT TCCTCATGTA( AGCA TCCAGCTGCCT! TGAGC
TTTTGGCTGCATCCT! TACT! TCATTCGCTACGTT T TGCAGTCCGTTGGTTGTGAAGTTTCGCTGGTTCTTCTTGGTGAATGA' T TAAG
TCT ™ TGTTTCATCT TGGAGCTGT. TGTGATACT TATTCTGCTACTCCCA
GAGGA. T TT TGGA(
ACCACGAAGGGAAGAAGGAG, T T, TTCCT T TTT TTGAC T
TGT T TGCTGTT TGTTCT AC; TGGGTAACT! TCCCTAAGAATCCACCATCTGGTTTTG
GARAAT TTTTGTTCGTGCTT T TTTCT. ACTGCAAATCAGTCTTT AAGTGGTCAAAAATACAT
ATACTATATGCAAATGAAGGTGAATCT TACAACAAGC! TAATTTCCAAAATCACAA T TACACTCTACCA
TAATTTCCAAAATCACAA T, TCT TTTCCT TTGTGATGCCT! AACCTCTCT T T TAGAGT
GTGCCARACCTCTCT T T T, TGT \GATGCCATGTTAA T T T 'ABAG
TAT AAACCTTTCT! TTGTCCATTTTCCT MRR&JJ TTCTCTGCCTACAAAAGTCATTT AATGTCCATAGTGAAGACTTTGAAAATAGGATTCTCCTT
CCTTAATT TACTGTACCTT! TT TTAAAATATTTCATGCT T T TTTCAAAGATAA
ATAAAAACAAARATGAT TTAAACCTA T T TGTAAGAAGT TT AGATCCTCTTTATGAA
TTT TTTT T TTACAT A TCACTCAAT T TT T CACTGC
CTGCA; TGCCTTTT! AAGTCCTAT TGTCAT TGAA( TATCAGGTCACTGCCATGAT AATGTAGTGGT
ARCCTCAAGAC T T TCGGTTCCCTTGCTTCTGGARATGT! TCTTTACCATCA
TCACAGCAGATGGTGAATCGACTCTCAATACCAAAGCCTAACTTAAATTCT TCAACATGATGT! TGTTCAT
TTGGTCAGTCAAT TGGGTCT TTTCCATTCCTCAACAATCTCAGTCTGTAAAGCAGTTACTTCCAAGTGGAAACGGAAGGTCTTA
TTAT TTGGGT T TACTCCCTGCAGTCTGCTAATGCCTCTTCTCTCTCAT
T TGTTAGGTCAGT! TTCCAAACCTGCT T T, TTCCTCAACTCAAAAGTGGAAAATATGTACAATCTGTAATGAGCTT
TTTTTCCTGAAAATGTCTATAGTGT! TT ATAA T T TACATTATGAAAATACACAATTTTACT ARTGCCTCTACT
ACTGTAATCGCTATTT. TACTCTGCT TATGTTAATTCATGGTCTGTCTTGTCCATATT! TTCAACTTTCAATGAT TGCGGA
TGGTT! TTGAT! TAAA, TTCTACTTTGAGTTTTGATTT T T TCCATCTCCTGGTAACTACATACAATCTG
TCT TGAATCTGTTGCTT ARATAATCCT! TTCCTCCAA AAGGTT TATCCCTGTAAAAAGTTCACCT!
TAT; T TTTGTCCTCTTTGCTTTTCAATCCTAAA, TATCTGATGCACTTGCACATCACTT. AG
CAAGTTATTCAGACGGTTCAT T T TACAAATGTATCCATTGCCTTGGTGTGTAT. T by TATCACTCTGCATCTAGTTCACT
T T CCAAA, TAAGACAAAT TCT TTAATCAGTCTCCAAGTCTGGCACCT TT. AATGGAATTTCCCTT
TGAAAAAACGAA TGATAGTGATT! TTCTT! CTGA TGTT: TTT TCAT!
TATGA; TTTCTAACAAAGTATTTCAACAA TTGAGAAGCT TTA TGACATCGCTTCCCAT
GTTGTAA TCGT! AGA: TT TTAAAATAATAAAGAACAAG TTTTCTGAATCA T. TGCGACTTCTTGAGCTCA! CARA
AAGAATGGGTTGCCATTAAAATAATAAAGAACAAG] TTTTCTGAATCA TGCGACTTCTTGAGCTCATGAACAAACATGACACTGARATGARATACT
T AACCTTCATCTGTT! TT TCATTTTCATTCCATGCTGCT TTCAGAT T ATTCACATCAGT. TGACCGT!
TGGCT! T TT TCAGT T Y ARCATAAGT TTTCTGCCTTATCATATT! ACCTCTAACTAACCAG
TGATGCCTGATATTGTCATGTT AACCTT! TGCT! TTTCTGTTGACTTGATCAAAACATACA, TATTAATGAG
TTTACTAT GA TTCTAGTCAT; GGAAGGTTT ATGGTTATGATGAT TA
CGGAAGGTTT. TGGTTATGATGAT ARRAAC ATGGATCGTTACGARATTGACTCCTT! AAGGTTCCTTTGGA
TGCATTTGAA; TTTCGAA, TCTCT! AAATGCTGTCCTACAACCTCTATGACTT AACACCAATTT TCTCTTTGAACCTAA
GAAACACCAATTTCCGAGGGGTCTCTTTGAACCTAACACGAAAGTT TGCACTGCACTGCTTTTCCTT T TTCACTGTGATCTAAAAC
CTCCAGA TTCACTGTGATCTAAAACCTGAAAATATCCTTCTTTGTAACCCCAA, TGCAATCA. ACTTTGGCAGTTCTTGTCAGT
TAT TCGCTTTTATCGGTCT TGCTACT TGCCTTAT! TT TTGATATGTGGTCCCT TGTATTTTGGTT! AAATGCACACTGGA
TATCGGTCT TGCTACT TGCCTTAT! TT TTGATATGTGGTCCCT TATTTTGGTTGAAATGCACA TCTGTTCAGTGGT
TAGAT! TGAATAAA, TTCTGGGTATT! TCATATTCT AGCACCAAAAGCAAGAAAGTTCTTT TTGCCAGATGGCACTT ACTTAAAG
GTGGAAGTTCTGGGTATT TGCTCATATTCT! AGCACCAAAAGCAAGAA TTCTTT TTGCCAGATGGCACTTGGAACTTAAAGAAGACCAAAGATGGAAAACGG
GAGTACAA; ACCCGTAAACTTCAT TTCTT T TGCT! AGTCAGGTCATACGGTCGCTGACTACTTGAAGTTCAAA
TCGCTGACTACTTGAAGTTCAA, TCATTTT TTGATTAT! AAACTCGAATTCAA( T TTTCTT TGAT!
CAGTTTCTTCARGAAAACAGCTGATGAAGGTACAAATACAAGTA: TATCT TCTCAGTCTT T TACATCGTCAAGCTCAG

152



Table S2b. HSD2 probe design sequences

SequenceName Sequence

176360_8716475_GNRHR2_2 TGTTCCTGTT TCCACT TCCCTTTCACTCAGTGTGT! A TTCAAGGCTCAATGGCA: TATAACCTCTTCACCTTCTGCT
176360_8716475_GNRHR2_2 TATAACCTCTTCACCTTCTGCTGCCTCTTTCTGCT TGACTGCCAT TCTGCTAT TTGTCCTCAGTGTGT T
176360 8716476 _RBMB_1_1 T TGCTAGATCTT: TTT TGGAT: TTCACAAAC GGAAGGGTCGCGGCTTT
176360 8716476 _RBMB_1_1 ACGGAAGGGTCGCGGCTTTGGCT TGCGT A

176360 8716476 _RBMB 1 1 TCTGTT TGGATTCTCTTTGTAACTGGAGT T AATT TTAAAAACATTCATCTCAACCTCGACA
176360 8716476 _RBMB_1_1 TTCATCT T TCTAGTTGAATATGAAACATAC: TGCTA" TCAR' 'GATGGGA
176360 8716476 _RBMB 1 1 T T T TTGACTGGTGTTTTGTT T ARAGGC T TCGCT
176360 8716477 FCGRIA 1 1 1 TTCTAATTTGGCTCT: TCTTCAATATCTTGCATGTT TTTCACTGCT T TGGTTCTTGACAACTCTGCT,

176360 8716478 FCGRIA 4_1 1 TGGCTACTACT TCT T A, TGTACAATGTGCTTTACTATCGARATGGCARAG
176360_8716478_FCGR1A 4 _1 2 GGCAA! TTT. TTTTT TGGAATTCTAACCT TT AAACCAACATAAGTCACAAT "ACCTACCATTGCTCAC A T T. T

176360 8716478 FCGRIA 4_1 3 AGCAGGAATATCTGTCACT! TATTT TCCAGTGCTGAATGCATCTGTGACATCCCCACT TCTGGTCACCCTGAGCTGTGAAACAAAGTTGCTCTT
176360 8716478 FCGRIA 4_1 4 TGCTCTT TGGTTT TTTACTTCTCCTTCT TCCTCTGAATACCAAATACTAACTGCTAGAAGAGARGACTCTG
176360 8716478 FCGRIA 4_1 5 TCT T AAATGTCCTT, TGAGTT AAGTGCTTGGCCTCCAGTTACCAACTCCTGTCT! T
176360 8716478 FCGRIA 4_1 6 TCATGTCCTTTTCTATCT TGGGAATA: TGTTCTCTGGGTGACAATACGTARAGAAC AATCTCTTTGGATTC
176360 8716479 HIST2H2BE | TAGTTCGGATTACTTCTTTAAGTCTCTTTTCTCTTTTTT ARAAT T AATCCGCTCCTGCT: T TGTTACGARAGT
176360 8716479 HIST2H2BF TGTTACGARAGT AGAAGCGCA TACTCCGTTTACGTGT T T TCTCGT
176360 8716479 HIST2H2BF TCTCGT T TCATGAACTCCTTCGT TCTT T T TACAACA: T TCACAT
176360 8716479 HIST2H2BF. T TCACAT T T TGCT TG TCA( T T
176360 8716480 HIST2H3D 1 1 1 T TACT T TGGCTACCAA,

176360 8716480 HIST2H3D 1 1 2 TGAAGA, T TGGCT: T T TCTACGGAGCTGCTGAT TGCCCTT TGGT
176360 8716480 HIST2H3D 1 1 3 TGCCCTT TGGT. T TTT TGCGCTTCCAGAGCT TGAT! TACCTGGT TGTT
176360_8716480_HIST2H3D 1 1 4 TACCTGGT TGTT TG T TGACCATCA' T T T
176360 8716481 LINC00152 1 1 1 T TTCTTAGTCGTGTGTACATCATT TARATGACTGGATGGTCGCTGCTTTTTAAGTTTCARATTGACATT! T
176360 8716481 LINC00152 1 1 2 TGGTCGCTGCTTTTTAAGTTTCAAATTGACATT T TGCCTGTCTTCAGATCTT TT TCTCCTT
176360_8716482_LINC00152 2 1 1 AATAACT TGAAACAGGAAGCTCT. TCGAAT ARATCACGACT TCTACCTGT T
176360_8716482_LINC00152 2 1 2 TACCTGTT T T TGAAAGATTCCCT! TGGTT TGTGGACTCTGAGGCCTCTGCATTT TGGTCTGCCTGTGATATTT
176360_8716482_LINC00152 2 1 3 TTT TGGTCTGCCTGT TCATGGGCTGGTCTGETCGGTTTCCCATTTGTCTGGCCAGTCTCTATGTGTCTTAATCCCTTGTCCTTCATTARAAGCARAACTARAGA
176360 8716483 _ANAPC1 1 1 1 ATGTCGAACTTCTAT! A TGAT TTTGTTCCTTTTGGT! TAATGCTTTGAACCTTCAACTTCGC
176360 8716483 ANAPC1 1 1 3 TAAGTGAAATT TGGACTAT TCTATGTTGCTGGAA TGATA" TAAA T AAGCATTT T
176360 8716483 ANAPC1 1 1 5 TAACATGCAT T TTACATAGCTTCATTACCATTTCAGGTTGCARATGTT! TAA ATTGCTGTTTGAACGA TTCTTCACATGAAGTACC
176360 8716483 ANAPC1 1 1 7 TTGTAGATCATGCAATGARAATTGTTTTCCTCAATACT TCTATTGTAATGACTTATGATGCTGTTCAARATGTGCATTCTGTGTGGACTCT TCAAAT A
176360_8716483_ANAPC1 1 TTT TTACTCCT TT! T T TCAT! TCT. TTCT! TCACCTTCTATTTCCAACATGGCAGCTCTAAGTCGTGCTCATTCTCCTGCGT
176360_8716483_ANAPC1_1_. ACCAGAA: TTGTTCCT TGTGTATT TTT Al TTACTAATAT! TTCACAAGCCTCAARAGTGTTTATTACATCTGACCTATG
176360 8716483 ANAPCL 1 AAGGATX T TGCTGGICT AACCTGGTGCTAT TTCGGGT CCTGGACTGCCAGCT
176360 8716483 ANAPCL 1 T T TTCAAAACTTCATGATTCTCTCTATAAT TTGTACTTT T TTACATTCATTCTATCAGAGATCCTGTCCAT T
176360 8716483 ANAPCL 1 __ TCAGATGCTTGTCAAGTGGT TGT TGCT! TTATCACT T TGACTTGTCTCAT! TGAT! TT
176360_8716483_ANAPC1 1 1 19 T TGTT! TCTCATCTTT TCTTTATGTCT! TCCTT! \GCTTCACAGATGAAGGAT! TCTCAGTCTGGATTCTTCT. TT
176360 8716483 ANAPCL 1 Ca; TTAAAATT TTATGTAGATCATT T TTGT T TGT TTGATCCAGGTCAA! TCAT!
176360 8716483 ANAPCL 1 TCTTGAGTATTGCACTGTACAT TGAT! TTTCTGATGAATCCT ACCAGAATAACTAT AGTTGCAAGTAGAAC:

176360 8716483 ANAPC1 1 1 25 TTCCCAT T TTTATCACTGT TGCCT TGTCTGTCTCTTGATTGGACGTCAGGATCTTT \GGAAACTTA
176360 8716483 ANAPCL 1 1 27 TAAGGGT! T TTCTT T TCCTGTCCGTGT TAGTGCAGT. T T TT
176360 8716483 ANAPC1 1 1 29 TCCTCGGAACACAACAGT T TCGATGTGCCT TTTCATAATGGTGTGGCTGCTGGCCT TAGCTCCTGCCT!
176360 8716483 ANAPC1 1 1 31 CTCAATATCCATGACTACT TGAAATGACAAGCATT TGCTACTTGGTGTTTCT ARACT TGGATATGTCTATTACT TTCTT TT
176360 8716483 ANAPC1 1 1 33 CAGAAGTCCTGTTGGCT TCCTGGTCCTGAAATGGAATACT ATACTCCTTAGCTGCTGGCTT TGGGCATGGTCTGCTT T
176360 8716483 ANAPC1 1 1 35 TTATCAAATC; TAAATGTGGATGTGACTTGT! TGCTACTCTAGCTTTGGCTATGATCTACTTARAAACCAATA TCTATTGCAGATTGGCT
176360 8716483 ANAPC1 1 1 38 TGCTTGICTCTGGGTTTTCGATTTGCTGGCTCAGAAAACTTAT TTTAACTGTTTGCATAAATTTGCCAA: T TAATGCTTCTGTT.
176360 8716483 ANAPCL 1 TTTAT TT T TATCATCT AR
176360 8716483 ANAPCL 1 TCCT TCCAATGGGATGGCAA TTGGCT G GO TAACAGGAACTCTGAAGCCCGGGCT M ICAAGCCAGARACAATCTCAGCATCACTICTGATCCAGE
176360 8716483 ANAPC1 1 __ T T T TCTTTATGAACTCGGAATTCCTCCCTGTTGTGAAGT! T
176360 8716484 OCLN_1_1__ TGTCAT TCTTGARAGT TCCTT. TGATGAATTCAAACCGAATCATTA' AGCAAT ATGTTCGACCAATGCTCTCT
176360 8716485 OCLN 2 1 TCTGGATCTCTATATGGTTCACARATATAT T ACCA: T TACTGGACTCTACGTGGAT TATCACTACTGTGTTGTGGAT:
176360_8716486_OCLN_3_1 A T TG T ARRATGTGT TGCCTT TCTGACTAT ACAGTCCCAT!
176360 8716486 OCLN_3_1 CATACTCTTCCAATGGCARAGTGAATGACA TCTTCCTATAAAT TTCCTGAAGTGGTT TTCCATTAACTTCGCCTGTGGATGACTTCA
176360 8716486 OCLN_3_1 TGGT TT AGGTC: TCACTA! T A
176360_8716486_OCLN_3_1 CTGGCGGCGAGTCCTGTGAT TGGAT: TAT TATCACTTCAGATCAACAAAGACAACTGT TTTTGACACT T ATACA
176360 8716486 OCLN_3_1 TTACAATCAGA TGAGATCAATAAAGAACTCTCCCGTTT! AAGA TGAAGAGTACATGGCTGCTGCTGATGAATACAATAGAC
176360_8716486_OCLN 3_1 TGAAGCAAGTGA TCT TTACAAAAGT: TCAT TTAAAGAGCAAATTGTCACACATCAAGAAGATGGTT AAACATAG
176360 8716487 GTF2H2 1 1 1 TTGTT T TCAAAAT TTGGAATAATTGTAACTAAGAGTAAAAGAGCTGAAAAATTGACTGAACTTTCAGGARACCCAAGARAA
176360 8716487 GTF2H2 1 1 2 AAAACATATAACGTCTT TGGATATGACCT! TCTCTTTATAATTCCCT TGGCTATGCAGACTCTAAA! TGCCT TACAAGTCG
176360 8716487 _GTF2H2 1 1 3 GTCGAGAAGTACTAATCATCTTT TT TT TCCATCT TCTAATCA, TAM TARA TGTTACTGGATTGICT
176360 8716487 GTFZHZ 1 5 TAGCTCAAGTTCT TGCT! TTATTCGTAT TTTCCT! TTGCTTCTTTAT AR, TCTTTCAGCAT! 'ATTTGGAT! ATACTGA
176360 8716487 _GTF2H2 1 1 7 TCTTACCATCATTTGTTTCCTTTGGATGCTTTTCAAGAAATT TAGAAGAATATAA TTATGGATGT TTGAAAGACCAACATGTTTAT
176360 8716487 GTF2H2 1 1 8 TTGTGCTGT ARATGTTTTCTGTGTGGACTGTGATGTTTTTGTTCATGATTCTCTACACTGTTGCCCTGGCTGTATTCATAAGATT TCCTTCAGGTGTTT
176360 8716488 SERF1 1 1 1 GTGGAAATCAACGAGAACT ' AATTAGC: TTGACTGCCTCT TCTGAGA
176360 8716488 SERF1 1 _1 2 TTGACTGCCTCT TCTGAGATCAT AGA, TAN TCT TGA
176360 8716489 _SMNL 1 1 1 T T T T TGCTGTT TGATTCTGACATTTGGGAT! TGAT.
176360 8716489 _SMN1 11 2 T TGATARA AAGCTGTGGCTTCATTT TGCTCTAAAGAATGGTGACATTTGTGARACTT TARACCAAAA, T c
176360 8716489 _SMN1 11 3 CCACACCT: TGCT. TAAAAGCC: TACT TTCCTT TGGAA AATGTTCTGCCATTTGGT T
176360 8716489 _SMN1 11 4 TGGT TTGCATTT TACCATTGCTTCAATT TGTGTTGT "GGATAT ARATCTGTCCGATCTA
176360_8716489_SMN1 1 1 5 GCARAATCTGT TCTACTTT TCTGT! T. T. ATMTATAGMCMTGCTCMGAGMTGMMTGAMGCCMGTTTCMCAGATGAMGTGAGMCTCCAGGTC
176360_8716489_SMN1_1_1 6 AAAGTGAGAACT! TCTCCTGGAAATARAT! TAACATCAAGCCCAAATCTGCTCCATGGAACTCTTTTCT!

176360 8716490 NAIP 1 1 1 CCAAAGTAGCAATCAGT AACTTGAGAACCTAAAGCTTTCAATCAATCACAAGATT T AATTTCTTT! AACT
176360 8716490 NAIP 1 1 2 T TCT TTT TATCARAGCT ACAGTCAAGICTTTGAGTCAATGTGTGTTACGACT TCATTAGACTGAACATGTT
176360 8716490 NAIP 1 1 3 TTAAGTTGGCTCTTGGAT TGATATTGCATTGCTTAATGT! TCCTCAATCTAAGTACTTAACTATTCTCCAGARATGGATACTGCCGTTCTCTCCAATCATT
176360_8716490 NAIP 1 1 4 TTCAGAAATAAATGTGAATTTCTT! TAAGAAATCCT T AAGCTACA; TT T TGAATTCCTGGGT
176360 8716490 NAIP 1 1 5 T TTACCTATGGCAT TTATT TCTTTGCTTACGAAGAACT TGGACTCTTTT TCAGCTGTGGGAGT

176360 8716490 NAIP 1 1 6 T A TCTTTTCT TATAA TCGTCCAGTGCTTTTCCTGT T T T T
176360_8716490_NAIP_1 1 7 TGTTTT! TTGT! TTTCT AAATATGAAGTCCT! T T TT T AACTTTGTG TT. AACCACAAGTGAAAGCAATCTTGAA
176360 8716490 NAIP 1 1 8 AAGATTCAAT TCCTATAGT AAT GGT T ICAAGAGGCAAAGAATCTGAA!

176360 8716490 NAIP 1 1 9 TGTCTTTGCTTGATATCTCTTCCGAT TTGCTGGGCTGTGATCTGTCTATTGCTTCAAA T AACCT AGAACCTCTGGTGCT!
176360 8716490 NAIP 1 1 13 TGCCTATTGATTGCTGTCCGTACAA T TACCT T AAGCATTTCCCTTTTATAATACTGTCT! ARG
176360 8716490 NAIP 1 1 17 TT T TTCT. TCCTGCCTTCCAAGAATTTCT! TGAGGCTGATTGAACTCCTGGATT ACATCA
176360 8716490 NAIP 1 1 21 TCAAGGGAG; TGACTTTGGGT: TT TTGTCATTGT TCCACTTCCCAAT, AATA T
176360_8716490_NAIP_1_1_25 TCTT TGTCT. TCTGT! ACAGGAACTGCTTCT! TGCCTTCCCT TCTCTTGAAGTCTCA
176360 8716490 NAIP 1 1 26 T TCACAAGACCARATCTTT ATATAAATGTTTTTTCAGT
176360_8716490_NAIP 1 1 27 ATTTCCAAACTT T. MCTAGTMMTTMTTCMMTTCTCCmCCTTCATGTTTTCCATCTGMGTG
176360 8716490 NAIP 1 1 28 TGTAACTTCTTTTCGGATTTTGGGTCTCTCAT AATTAAGT ATT AAGCCGTCCCATTTGTTGCCAGTTT
176360 8716490 NAIP 1 1 29 CAA, TCT AATCTTGA: TTTCCT TCAGAAAMATTTGCCT TCTTAGTAACC TTGATCCTT
176360 8716490 NAIP 1 1 30 TCCTACT TGGAATTTAT AACTGATCAT TG TTCATTGICT TCCTCTCATTTTT TTTGAAT TGGTGGARAT
176360 8716491 DUSP22_ 1 1 1 ATGGGGAATGGGATGAACAAGAT TGTACAT ACTTCARA ACAAT AGAACAAGGT TATTCTGICTGT TAGT
176360 8716491 DUSP22_1 1 2 TTCTGTCTGT T TATGTT AATACCTGTGCAT T TCTCAARA( TTTCAAAGAAAGTATTARATTCA
176360 8716491 DUSP22_1 1 3 CARAGAAAGTATTAAATTCATT: T T T TGCCTTGTACACT! TGACACTGGTGATCGCATACATCAT T
176360 8716491 DUSP22_1 1 4 T TGACTTT TGCGTGCTGGGA T T ARG
176360 8716491 DUSP22_1 1 5 T TCAGTAT T CAAAAACATTCTGGGTAAATATAAGG
176360 8716491 DUSP22_1 1 6 CATTCTGGGTARATATAAGGAGCA TGACCTACGATAATTAT TAA
176360 8716492 2ZNF322_1 1 1 ATGTACACTT TGTAAT ACTC TATATAATGTAT! TATGCAT T
176360 8716492 2NF322_1 1 3 TGATATGTGTGAGAARACCTTTGTCCAAAGCTCAGATCTTACTT TT AACCTTATAAATGTAGCAA, TTTTGGCATCACTT
176360 8716492 ZNF322_1 1 5 AGCGA, TACT! AACCATATCTATGTAGTGAGTGTGACAAATGCTTCAGTAGAAGTACAAACCTCAT TCGAAGAACT AACCATTTAAGTGTC
176360 8716492 2ZNF322_1 1 7 TTCATTGTACATAARAGAGTTCAT TAT TGGTGCCTGTGAAARATGCTT AATCAGACCTTATCGT!

176360 8716492 2ZNF322_1 1 9 CACTTTTAAATGCCTTGAATA! TTTAACTGTAGCTCAGATCTTATTGTACAT! TTCACA TCAGTGGTCTGCGTGTGAGAGTGGCTTCCT
176360 8716492 ZNF322 1 1 11 T TTTGTCTGTAATGT TCTTGAGCTT T TGCGT T TGTCTT
176360 8716493 TCAF2 1 1 1 T TTGCTGCTGCTGCGTT TCATGGATGGAGTGACATGCTGGGATGT TCCCCAGTGAACTCCTTCTTAT TT T
176360 8716493 TCAF2 11 2 AGA T TGATGGTGAATGACA, TGCTCATTGCTGCCTCCTCCT, TCGTGGTTGTGTCCCAT TACCTGTCGCATACTGGCTT
176360 8716493 TCAF2 1 1 3 TGTCGCATACTGGCTTGGCTCCATTTCTCCTCAATGCAGTGAGCTGGCTCTGTCCCTGTCCT TCCCGT ACCTCTAGTAAACATCCT,
176360 8716493 TCAF2 11 4 CTAGTARACAT TGCTGGGCT TCAAGCCAGA: TGTATCAATGCCTACAATGACACCTTGAC TGAT
176360 8716493 TCAF2 1 1 5 GACTGCAACGCTGATCCAGTTTGTGARA TTGTTAAT TGGTA TGCTCT T ACAA
176360 8716493 TCAF2 1 1 6 TTCCCTGGGAACAAGGT TGTAGCTGGAGTGTACTT T TTCAAGGTCTCTAAGA: TCCCACTCCATGT!
176360 8716494 TCAF2 2 1 1 TAT T T TCAGAGCTGGACATY T TGCTTGT TGGCCTTCCCTCT
176360 8716494 TCAF2 2 1 2 TTCCCTCT TGGATGCCTCACTCAACTGCTTCCT TGCT! T TGCCTGCTCTGTGCTCCCAAGA!
176360 8716494 TCAF2 2 1 3 T TTCTTGCTCAATGCGGTGCGCT A ACACARATCTAAAAGATCTGTGTCCTCTCCTATCGGAGCATGGCCTGCAAT
176360 8716494 TCAF2 2 1 4 TGGCCTGCAAT: T TTGTGTGICTACT! TACA T TGGCTGAGGGT: T
176360 8716494 TCAF2 2 1 5 T TGCTGAT TGGTGGT T T T TTGGCTGGCTTCCCTGGTAACATCATCCTCAACTGCTTTGGCCT TCCT
176360 8716494 TCAF2 2 1 6 T T TCTCAA, TGCTT T T TACCACTT TCTCTCAATT TAT. ATG
176360 8716494 TCAF2 2 1 7 ATGGGAACT! TGT A TTGATGGT TTCCT TT TGCTTACATATCCC! TCCTGAG
176360 8716494 TCAF2 2 1 8 TCCT TGCT. TCTGGCCT T ARATCCAGTT TGACTCCTAT TGCGGTGCTCTCCCTGGCCACTGGGCTGGCTCACTCT
176360 8716494 TCAFZ 2 1.9 T T T T TGCT! TT TCCTCCAGTTTGTAC TCAAA TCA( TGGAGATCAATGGAATCAACCCAG
176360 8716495 TCAF2 3_1 1 GCAACAATGATTGCTGGGTGAGT. TCTACCT ‘ARRATGCAGAAGTCTCACTGTCTGAAGCTGCTGCCTCTGCTGGCCT

176360 8716495 TCAF2 3_1 2 T T TGACCTT TATCT: TGGTGACTCACCAATGCTGGA T TCAGTCTCCTGCCTCT
176360 8716495 TCAF2 3_1 3 TCAGTCTCCTGCCT TCCTCTACGTCAT T TGTGCCTGTCACTAT TGTGCCTGCCCCATACTACAAGCTGG
176360 8716496 TCAF2 5 1 1 A, TCGCT TGGCTCCCT T TCATCCT! ACCACAAACCTT TGAAGGA
176360 8716496 _TCAF2 5 1 2 TGTGCT TCTGGGATGAGATGAT T T TGAGCCCTTCCCTTT T 'GTGGCTGATGTGCAGATCTCAGCT
176360 8716497 TCAF2 6 1 1 TGGAT: T TCATGT TGGAGTCT TCATCAATGAGAT: T TCCATGA( acc
176360 8716497 _TCAF2 6_1 2 ACCA TGGAT TT T TGTAACCTTTGGTCAGTCTACGTGCATGARACAGTCCTGGGGAT! T

176360 8716497 _TCAF2 6 _1 3 T TCT T TCA: TGTGTGACTGGAATGTA' AACATATCT
176360 8716498 OR2AL 1 1 1 TGT T TGT T T TGTGGAGTCTGGAGTCCAGTGAGAT
176360 5716495 ORZAI 112 CAGGTGTGAGAGGAARGAAGTA( TGT TCT T T TGGT! ATT T AAGAG
176360 8716498 OR2AL 11 3 TGGTCCCATT T TCTGAATCCT T TCTGTGACCATTGTCT
176360 8716499 OR2AL 2 1 1 T TGGT TTCCTCCTACTGGGATTTCT TTCAGATGCTCCTCTTTGGGCTCTTCTCCCTGTTCTATATCTTCACCCTGCT!
176360 8716499 OR2AL 2 1 2 GGGA TCCT TCATCTCACTGGACT T TGTACTTCTTCCTCTCACACCTGGCTGTCGTCGACATCGCCT,

176360 8716499 OR2AL 2 1 3 TGCT! TCCTGCAT TCTCCTTTGCTGGCT TTTCTCTGTTTGAGTTT TGTCTCCTGCTGGTGCTGATGT
176360 8716499 OR2AL 2 1 4 TGTCCTACGATCGTTACGT! T TCTCCGATACTCCGTCATCATGACCTGGAGAGTCTGCATCAS TCACTTCCTGGACGTGTGGCTCCCTCCTGGCTCT
176360 8716499 OR2AL 2 1 5 T TGTGGTTCTCATCCT TGCCCTTCTCT: TCATGAAATCAACCACTTCTTCTGTGAAATCCTGTCTGTCCT TGGCCTGTGCT: TGGCTCAACCAG
176360 8716499 OR2AL 2 1 6 TGGTCATCTTT: TGCGTGTTCTTCCT TGGTGCTTGTCTCCTACTCGCACAT TCCTGAGGATCCAGT

176360 8716499 OR2AL 2 1 7 GCAG TTCT TGCTCCT TCTGCGTGET TCTTCTTT TGCCATCATCATGTACA! T AT AAAGGTCT
176360 8716499 OR2AL 2 1 8 TCTTTTTT ACCCAACACTTA T AAGGGT TCATTCCTAA
176360 8716500 ARHGEFS5 1 1 1 T T T TCTCCTCCCATCTCT TT TTATCCCTGAGGCTCCCA' TCTCTGCCTT T AAGCT
176360_8716500_ARHGEFS 1 1 5 TTGGGATCT TCTT TAACTCTGGT T TCCT ACCAGAATGAA(

176360 8716501 ARHGEF5 1 2 2 GTCCAGA: T T TCT TCAAACCTTTT CAAOANCTARTGGRARAE




176360_8716501 ARHGEFS 1 2 6
176360 8716501 ARHGEF5 1 _2 10
176360_8716501 ARHGEF5 1 2 14
176360 8716501 ARHGEF5 1 2 19
176360 8716501 ARHGEFS 1 _2 20
176360 8716501 ARHGEF5 1 2 21
176360 8716501 ARHGEF5 1 2 22
176360_8716501 ARHGEF5 1 2 23
176360 8716501 ARHGEF5 1 2 24
176360 8716501 ARHGEFS 1 2 25
176360 8716501 ARHGEF5 1 2 26
176360 8716501 ARHGEF5 1 2 27
176360 8716501 ARHGEFS 1 2 28
176360 8716501 ARHGEF5 1 2 29
176360 8716501 ARHGEFS 1 _2 30
176360 8716501 ARHGEF5 1 2 31
176360 8716501 ARHGEF5 1 2 32
176360_8716501 ARHGEF5 1 2 33
176360_8716502_LOC643650_1 1 1
176360_8716502_LOC643650_1 1
176360 8716503 LOC643650_2_
176360 8716503 LOC643650_2_
176360_8716503_LOC643650_2
176360_8716503_LOC643650_2
176360_8716503_LOC643650_2
176360 8716503 LOC643650_2_
176360 8716504 CHRNA7_1 -
176360 8716504 CHRNA7_1__
176360 8716504 CHRNA7_1__
176360 8716504 CHRNA7 1 1 -
176360 8716504 CHRNA7_1__
176360 8716504 CHRNA7_1__
176360 8716504 CHRNA7 1 1
176360 8716504 CHRNA7_1__
176360 8716504 CHRNA7_1__
176360 8716504 CHRNA7 1__
176360 8716505 _TCAF1
176360_8716505_TCAF1
176360 8716505 _TCAF1_
176360 8716505 _TCAF1 2__
176360 8716505 TCAF1 .
176360 8716505 _TCAF1__
176360 8716505 _TCAF1 2__
176360 8716505 _TCAF1__
176360_8716505_TCAF1
176360 8716505 TCAF1 2__
176360 8716505 _TCAF1__
176360 8716505 _TCAF1
176360 8716505 TCAF1 2 1 13
176360 8716505 TCAF1 2 1

176360 8716505 TCAF1
176360 8716505 _TCAF1__
176360 8716505 _TCAF1
176360 8716505 _TCAF1__
176360 8716507 AMY1A
176360 8716507 AMY1A
176360 8716507 AMY1A
176360 8716507 AMY1A
176360 8716507 AMYIA 1__
176360 8716507 AMY1A
176360 8716507 AMY1A
176360 8716508 AMY1B 1
176360 8716508 AMY1B_
176360 8716508 AMY1B
176360 8716508 AMY1B 1
176360 8716508 AMY1B
176360 8716508 AMY1B 1 1
176360 8716508 AMY1B 1 1
176360 8716511 KANSLI 1 1 .
176360 8716511 KANSL1_1
176360 8716511 KANSL1 1 _
176360 8716511 KANSL1 1 _
176360 8716511 KANSL1 1__
176360 8716511 KANSL1 1 _

176360 8716511 KANSL1 1 _
176360 8716511 KANSL1 1 _
176360 8716511 KANSL1 1 1 14
176360 8716511 KANSL1 1 1 16
176360 8716511 KANSL1 1__
176360 8716512 ANK2 1 1 1
176360 8716512 ANK2 1 1 5
176360 8716512 ANK2 1 1 9
176360 8716512 ANK2 1 1 13
176360 8716512 ANK2 1 1 17
176360 8716512 ANK2 1 1 21
176360 8716512 ANK2 1 1 24
176360 8716513 ANK2 26 1 1
176360 8716513 ANK2 26 1 5
176360 8716513 ANK2 26 _1 9
176360 8716513 ANK2 26 1 13
176360 8716514 ANK2 37 _1 1
176360 8716514 ANK2 37 1 5
176360 8716514 ANK2 37 _1_10
176360 8716515 ARIDIB 2 1 1
"1
3

176360 8716516 ARIDIB 3 __
176360 8716516 ARIDIB 3 1 .
176360 8716516 ARIDIB 3 1 7
176360 8716516 ARIDIB 3 1 11
176360 8716516 ARIDIB 3 1 15
176360 8716516 ARIDIB 3 1 19
176360 8716516 ARIDIB 3 1 23
176360 8716516 ARIDIB 3 1 28
176360 8716517 GRIN2B_1 1 1

176360 8716517 GRIN2B_1__
176360 8716517 GRIN2B_1__
176360 8716517 GRIN2B_1__
176360 8716517 GRIN2B_1__
176360 8716517 GRIN2B_1 1 21
176360 8716517 GRIN2B_1 1 25
176360 8716517 GRIN2B_1 1 29
176360 8716517 GRIN2B_1__
176360 8716517 GRIN2B_1 1 38
176360 8716518 KDMEB _
176360 8716518 KDMEB_
176360 8716520 KDM6B_8_1__
176360 8716520 KDMEB_
176360 8716520 KDMEB
176360 8716520 KDMEB_8__
176360_8716520_KDMEB
176360 8716521 DSCAM_
176360 8716521 DSCAM_
176360 8716521 DSCAM_
176360 8716521 DSCAM_
176360 8716521 DSCAM_
176360 8716521 DSCAM_
176360 8716521 DSCAM_
176360 8716521 DSCAM_

176360 8716521 DSCAM_
176360 8716521 DSCAM_
176360 8716521 DSCAM_1__ 1 a5
176360_8716521_DSCAM_1_1_50

TAGATCAAA; T T TGT TGGTCTTT! TGCATCTGTGACTCCT
TCT TCT T TTTCAGCAT TACTGCCTTATCCA( TCTCAAGAATCCATCTCAA
TGCT! T ACA; T, T, TGATT! TTCCTCCCATTTCTGCT TAGCTCAAGGATCT by
T TCCAGC! T TGTGGCTCCTAC ACAAGCACA,
T TTCCATCTTGCCT TCTT! TT T T T TTGTTTTT! C; A
™ TTTT! TGCTCCAAACTCAT TCCT! TGCTTT. TGTTGTCCTGAATA. T TGT
TAGCTCT T AGTCGTAC TCTCCAT T TCCCT! ART! T
TGCGCA: TCTCCAT AGACCAAAAGCTGCA TCAAATTTGAGCTGATTGTGT TCCTACCT! AGTCTAAACAT TGGAT!
ATTTCCRACTTTCR& TTCACT TTT TGGCTCTTCTCTCGTTT T TTCCTTT
TATGT! TAGT! TT TCTACCTGCCTTATGT TAT TT
AGAGCCTGATGRATAGCRACAGCF TTT TCT T TTTCCCT TCCTTTCTGATTCT TCA
GCCTCAARACT! TGGCTCCT! TGAT! ACTGCAATAACAATG
™ TAATCT. TTTGAGTGCAAAATATT TCATTTCTCAGTCACGCTGGCTGGTGAARA TGACA
TT TTCAGTGCTT T TGA; TCCACCTGCACCTCTTCAATGACTGTCTGCTGCTGTCT TTCCT!
TATTT: TGCTCCCTTCTCCTCCATT! TGTGAAATGAAGCTACATGGACCT! AAAACCTGTTCCGACTCTTT! by
TTCCTCTT! TCAAAGTGAAAAGCTTCGGTGGATCT! TT T TTCT! T T T TGCCTT
T. ATGATGAATT! TGGTGATGGTGACT TGA( T TGAGGCT
TGGTTTCCTGT! TTCATTT T ACC! TCATCGAGTCAAGA( AACT T ACAGCAAGCCTAA
AAT TTTCAA, TT T T TGTGGGTCACT! TGACCCATGTGGGT by
™ TGTGGGTCACT! T T TT T
AGATGAAAAGATGGGCCAGGAGTCCAGTTTCTGGAAGGCCAAGAATCGAAGTAGCAAGCT TTTT T AGAAT
T TGT TGCCAAA TGCT! T TGGTGCTCACAGCT! TTAAGGCA
™ TTAAGGCACAAGTCT! T T TGTATCAGAACCT' TACT TTCCCAGACTGCCTCT TGTAAGAA
TGTAAGAAT TTTCTTCT. TT TCTCTT TTTTCTCAGTCATCACTGTATCCCTGCCACTCA ACAACTCCCAGCTT!

T TT TT T T TCGATTCTCT TTACCTGGTATCATCTCTGGTCTCAGCTCT
TGGTCT T TAGCTCCTCT T TCCTGT TCCTTGCT! TGCCT! TAACTTGTTTGCT TCCA
TGCTGAT T TT T, TGTTGGTGAATTCTTCT ATTGCCAGTACCTGCCT TATT TTCCTGCTACATCGATGTACGCT
TGGTTTCCCTTTGAT! TGCAAACTGAAGTTTGGGTCCTGGTCTT TGGTCCTTGGATCTGCAGA TATCAGTGGCTATAT! AATGGAGAA
GAGAAT! TAGT! T TTCTATGAGT Aj TAC ATGTCACCTTCACAGTGACCA' TCTACTAT!

TAT by TGCTGAT TGTGTGCTCATCT T TGCTGGTGTTCCTGCTTCCTGCAGATT TTTCCCT! TCTTACTCTCTCT
TCTCTT. TCTTCATGCTGCTCGTGGCT T T TTCGGTACCATTGATA TACTT! TGATCATCGT TCTCGGTGGTGGT
TGGT! TGATCGTGCT T, TCATCCTTCTGAACTGGT! TGGTTCCTGCGAATG:

T T TGT ACGGGAACCTGCTGTACAT
TACAT! TT T TGTGT! TCT T T TGCT! T
GGCA T T TACAT TT 'y T TGGAAGTT!
TGTGT! TGTGCCTCAT TTCTCGGTCTT! TCATCTGCACCAT ATCCTGATGT TCCCAACTT TGTCCAA, TTT
TTGTGAAGAT! TCT TTCTGCAT! TTT TGGACAT TCGGATTGTTTCCCATCCCAGCTGCTAGTGCAT! TTT TTT

by T, TGGCTGT T T, TGGTTGTGACT! T TGTT: A TTTCT!
CTCAATGCTGT TGGCT! T TGAGT! TCCTCGCA T T AT
TCT T TGTCTACTGCTT! TGAGT! T TCAAGGA; TGGTGGT

TTCAAGA, TGT TTTGGCTCGATT! AACCTCCTCCTCAA TTTGGCAT! TTACAAGCCAAAGCCTCAAT! TTTCGTACTCCTA
AR T, TATCACTT! T T TT TG! T TGGT!
TTTCCT TT TCCCTGCCTACATGTCTGTGCATCGACT TGCTAAGT! T TT T, TGTTATCAA

TGACT! TATGCTTT! T TCTCTCTGTTAGT AATTGA; TAT T
TCAGAATCTCCTAT! T T T TGGATGAGTACT! TCTACAT AGGCAA! TCTCACTGCCTGAAGCT
TGCTGCCT! T T T TTTT TCGTAATTA TGCTGCT AACCCACAAA
AATCGAT TGCCTCT be TCCTCTATATAATTGTGCCT ACAGCAAACTGGGTTCTGTGCCTGTCA( TGTGCATGCTCCATACT

TAT T TCATTCTGAC AATCTTCGTACT AC
T TGCT! TCT T TGAT! T TGGGAGCTGA( TTCCCTTT! TGCCT! T TGCAGATCTCAGT
TGGATGCAT T, TCATGT TCT T TCATCAACGAGAAGCTCAT ACCA TCCAT! ACC
TT T TGTGTATGTGCA TCTT! ATTCCT TGCCAATATTGCTCT!
T TT T TCT TCCCAATGTGAAARACTGGAATGCA! A T TTTGGTT
TTCATCCGTCTCTT T T ARATGT! AAATGAATCTGTGGGTCAAGATGTTCT! CTGG
TCCGTTCTTT T T T TGGCT. "ATCT 'GAAATTGTACCTCCT! T
ATGAAGTTCTTTCTGTTGCTTTT! TTGGGTTCTGCT! TCAGTATT! AATACACAACA TCTATTGTTCATCTGTTTGAAT! TATTGCT
TTAGCTATAAATT. TCTGGAAATGAAGATGAATTTAGAA! T ACAATGTT TT TGGATGCTGTAATTAATCATATGTGT
CTGGAAGT ACTACAATGATGCTACT! T TCGTCTGACTGGTCTTCTTGATCTT! TTACGTGCGTTCT. TT AATATA
TTCCCT AGTAAACCTTTCATTT TTGATCTGGGT! ATTAAA; TGACTACTTTGGTAA' ATTCAAGTATGGTGCAAAA
CAATCA; T TCTATTCTTACCTTCT TGCT TGTACAAAATGGCAGTT TTGCTCATCCTTA AGTAATGTC
GCAATGACTGGGTCTGT! T AATAAGGA, AATGTAGTGGA' T TATGATAA' ACCAAGTGGCTT
ATTAATGGCAAT! TTAAAATTTACGTTTCTGAT AAGCTCATTTTT TCTGCTGAAGAT! AATTCATGCTGAATCTARATTGTAR
ATGAAGCTCTTTTGGTTGCTTTT! TTGGGTTCTGCT! TCAGTATTCCTCAAATACACAACAAGGACGAACATCTATTGTTCATCTGTTTGAAT TGGGTTGATATTGCT
CTCTTGAATGTGAGC! T TCTCT! AATGAAAATGTTGCCATT TTTCAGACCTT! T ACCAG
GGTAATGCTGT ACA. TACCTGT! TTACTT T TTT AGTCCCATATTCTGGAT ATGGTARATGTAARACT
TATGAACCATCTCATT TTGGTGTT! TT TTGATGCTT TGT TARAGGCA AACTGCATAATCTAAACAGTAACTGGTT
AACT CGCAAGTGGAA TGTCTTACTTAAAGA. TTTCATGCCTT! TTGTCTTTGTGGATAACCATGACA
TCAAGCTACCGT" ARAA TTAATGATTGGGT AATGATAAT ACTAAAGAAGTTACTATTAAT! TACTTGT
TTTT TTGTTTTCAACAATGATGACT TTTTCTTTAACTTTGCAAACTGGTCTTCCTGCT! TGATGTCATTTCT AAAT
TCAGAATGGAAAT TATTGT T TGGCTT TCATGTTTCTGACTTGGAATATCGAATTCGT vy TTT
ACAA TACGTGCTAATA, 'GATAGTTCT! T T TTATTTCTT TTAGTTCTGA( TCATGGGACTGATA
TAACACTCTT! TGTCT! T T TCTGAT ACAATTACATAAGAAGCA TGAATCTCGTCTCTTCATCATCTGATGGCACCTGTGT
™ TCCTGTACT TGTAAGA, TTGTT T TCTTTCCAAGAAGGTT iy by
TCT TTT TGATGTT TGCATTT TGCTGAAATCTCA( ACA; AAATCAAACCT ARAAGTTATCGCTTAAGCACAG
TCT TT TCGT. AATTGGT! TCCTTCCTAACAACAGCCAAGCTGT! by A
TT TTCAT! TGAAGTGTT T T TT TACT TCCT! TCCCTT TCT
TCCT! TT TCTAGCT T T TCATTT ACAACATTGTCA
TGA: TAT TT TGCATGCCAAAT! TGGCT! T
TCCT TCAT! T T TGCCT! TGATGT T, ACTCTTTGT! TACTCCCAT
TGGAT! TCTGT! TT T TGT T T T
T T TCCCATTGT TCAAGAGT! ATCT TCACA
TCT ATGCAAGCTTCCTCCGTGCT! Al T TAT T TCAATACCTGCAATCAGAATGGACTCAACGCTCTC
AAT GGG T T TCTGCATATT T ART! TTCTGCTTCAGAA' TGCTGACGTACAATCCAAGATG
T TGT TGTT TGTTGATGATGTCACCCT. T, TCCACGTTGCT! ACTGT! "ACTACCGTGTA
GAJ TTTACATATT TAAGACAGARATTGT! TGCTTCT TATGGCTCATCCAGA' TACAAAT T
ARGCAAGGRGTARCT TCCATCTGGCCT TTACCTTGCTTCTGGAT TATCCACATGTCAACT
GTGGTCGACACCCTGAAGGTTGT TAT" ‘ACAAACTARATGT. TGACT! TTCTTGATGTTTCTGAT

TTGTGATT! TCT TTCTTATCGCCTAA TTCTAGTCCTATTCAT

TTTCCT T TGGTGCT T AATCATTATTCCACCTCGGAAATGTACTGCTCCAACGCGAGTCACCTGCCG
TGGAT! T, 'GAATCT ATCAT! TT TACTTTGCAGTGGTGTCTCGTAT ATCT

T. TT. TTTGTCAATGAATGTGTTTCCTTTACAACAAACGTGTCTGCCAGGTTCTGGCT! TCGACAGATCCAGGAATCCGTTACTTTTGCAT! TAT

T TGGTGCAT! TATTTGCAACTTAAACATCACTTT ARGGAAT T TCAAGA, TCGATAT! TCAGARRA
by T T TGATCACCTTGGCTTCA( AATTCATCAAA
TTATT! TTTT T T AAACT T TCTTTCCCCAAACTCACAAGGAGCAAGTTCAACAGGATTTCTCAGGGAAAATGCAAGAC

TTATGGT TGT T TATTCCAAAGTTATAA TTGTATTGAAGA ACAATGAGT

TGGAT! TGGT! TCAGTTGTAT T T, TCATTCTCAGCCT TCCGT. TAT TCCA(
T TCAGT. TGAGTGGTT. TATT T TATCT! T
TACAGCAAG; T TTT TCTGTCTGGCTCCATTGAT! T ACGGAAGCAACTTTGAGCTCAGCAGTCAGTGCAT! T AG
TGCT! TCAGTAGCT TAACTCAAGT TT T T, AGGTAACTACT TATAGT T AGT
ACA; TCT T T T T TCTGTGGGTCTT ATGTCT
CA. T T TACCTGTTTGCCTTTGAGTGCAAGATCGAA TCTT! ARA
CCTGGA: TTT TGTACAACCARAGTCCCT! ATGTCTAACCT A
T T T TCGTCCT T TGATATGCCTTATCCCT T
™ TGTGATGATGTCCCTTAAAT TCTTTTGGCT T TTT TATTAATATTCTTCTGTAT TGTTGCTACTTTCAATCTCTCCCAC
TATCT. TGCATCCAT T T TCTGTAATGAACT ACCATGAACA! TCCAACATCCT! T AG
T T T TCCT! TCAGT! TGT AATTCTCCTT! T TTGAT! TCCGATGTCTCTGA(
ATCA; A TGGT! TACCT! T TGGA( T TTC! TGT
T, TGTTT! TGT T ACAACAAGTCCTCAGT A T ACA; TGCTCA(
TGGAAGCTCTCTGGCTCACT! TTTGTCACAA' T T AT TCTTCTACATGT TGGCTCT
TATT ATAACT AATGCAT! TTCA TAGATGATGCATTGCTCT! AR, TGGTGGACCCT
TACAT! T TCACT! TCAATGAGGA, T TGGT! TTCTCTGT! TT TCAGTGTCATGGTGT! ATG
GAGTGGAACCT T TAGTCACTGAGTATCTGATCAATGTCACTTT TTTGTCCTTCAGTGAAGATGGCTACCAGATGCA
TACATCTTT T TGACTGGCTATGGCT TGGATCGT! AGTCT! TGCCT! AGTT
TGGTGTTTGCT! T TCCTCGATTTCATTT! TCT TCCT! AT TCCTCTATGATAATGGCA
TGCAT! T TTT T TGAGCTGTGCT! TGGAGCT TCAT! TCCTCGTAGCGCA
TGTACGAGT T, TGCT. TTCGCT T
GAATGCCAAGGT@AAA@GG TTT TCCTACCTTT T TCT AACCGAAGATCAACA TCA; T,
TTGT! T TT TT T, TCATCCTTCCAGGAGTCT! AGGATGAGGA
TGTACAT ATAACAACTTCTGCTCCGTCAACATCAACAT! TGCGAGTGGTT! T.
T, T T, T T AGAACGTCAAATCCATCGT ATGATTCACGTGTCATGGAACGTGGCTCGCACGGTCAAAAT TT
TT TTT TTTCT! T T
TGGT! T T TT T TCCT!
TCT T TTCCGAATCGGGAATCT TTCACTGCATCT! AACCT TAATGAATATGGCAGTTCCAA TCGGCC
TACGTTAAGCAAGCA! T T T AT, T AT TTGA" A
CTCCAAGTCCT. TGGTAT T AT T T TTCGCTACGCTGAACTACGA

TT AAGCAGA T TATT. TGCATT ATAACA; ATCTGATGAA, AACTTACAAGTACAAGCTCCTGCACGAATCCTGACCTTC
TCTGCT TAT T ARAACAT TTCACTGGA T T TCCAGGTGCT TT

TCAGT. TGGT! TGT TTCTTCT AATCAT! TCT TGCTCCTGATGGT T TTCACCT

TGGTTTCTTTTCCTGCCATGCTATTAATTCTT. TGGAATAATTCAGCTCACAGTGCAAGTTCCTGCGATGAT TCCTATCCAAAT

A TCATCCTCAATTGTTCTGCT TGTACCT TCGTGTGGAAATTCTCTAAAGTT TTTCAT. TTTGAGTTTCCAAGATT
T T by T ACAATGGAACTCTTAAACTTTCAGATG! ‘GTGCAACGTGTTGGTTCAACCACA
CAGGAAGGTTAAA! TGGGT. TTTCCTTGTCCT! TCTCCTGGTA AATGGTGAAATCCTCAACCCTGGAAAAAATGT
GTCCA; T AACTGCTA! T, TGT A T TCATCACAT TT T ATGAAGATGGATTGT.
TTATT! TGAAAATCCTT! TTAGAAGT TGT TCAAGGCTGATGTGGATACTGGCTCTCTCCTTGTT TT ARTG
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Table S3. Barcoded end sequences

£ Al
£ B1
£ Cl
£ D1
£ EL
£ F1
£ Gl
£ HL
£ A2
£ B2
£ c2
£ D2
£ E2
£ F2
£ G2
£ H2
£ A3
£ B3
£C3
£ D3
£ E3
£ F3
£ G3
£ H3
£ A4
£ B4
£ ca
£ D4
£ E4
£ F4
£ G4
£ H4
£ A5
£ B5
£C5
£ D5
£ E5
£ F5
£.G5
£ HS
£ A6
£ B6
£ C6
£ D6
£ E6
£ F6
£ G6

f_H6

£ a7
£ B7
£C7
£ D7
£ E7
£ F7
£ G7
£ HT
£ A8
£ B8
£ c8
£ D8
£ E8
£ F8
£ G8
£ HS
£ A9
£ B9
£Co
£ D9
£ E9
£ F9
£ G
£ HO
£ A10
£ B10
£ C10
£ D10
£ E10
£ F10
£ G10
£ H10
£ All
£ B11
£ Cl11
£ D11
£ E11
£ F11
£ G11
£ H11
£ Al2
£ B12
£ C12
£ D12
£ E12
£ F12
£ G12
£ H12

AAGCAGTGGTATCAACGCAGAGTTACTAGAGTAGCACTCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTGTGTATCAGTACATGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTACACGCATGACACACTCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGATCTCTACTATATGCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTATGATGTGCTACATCTCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCGTCTATATACGTATACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTATAGAGACTCAGAGCTCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTAGATGCGAGAGTAGACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCATCACTACGCTAGATCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTATGTGATCGTCTCTCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCGTGTCGCGCATATCTCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTATATCAGTCATGCATACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGAGATCGACAGTCTCGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCACGCACACACGCGCGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGTAGTCTCGCACAGATCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGCTCGACTGTGAGAGACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTAGAGATGTGTGATGACCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTACGACTACATATCAGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTATCTCTGTAGAGTCTCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTAGAGAGAGACATGCGCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTACTCTCGCTCTGTAGACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTCTATGTCTCAGTAGTCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGAGACTAGAGATAGTGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTACGCGTGTACGCAGACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGCACATACACGCTCACCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTACAGTGCGCTGTCTATCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTCACATATGTATACATCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTACACACAGACTGTGAGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTGCTCTCGTGTACTGTCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGTGTGAGATATATATCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCTCAGTGTGACACATGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTAGATATCATCAGCGAGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGTGCAGTGATCGATGACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTGACTCGCTCATAGTCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTATGCTGATGACGCGCTCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTCGATATACGACGTGCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTCGTCATACGCTCTAGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCGACTACGTACAGTAGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGTCTGATAGATACAGACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCTGATGCGCGCTGTACCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTACGTGAGCTCACTCGCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTATAGAGAGTGTCTCAGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCATAGAGAGATAGTATCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTATCTCGAGATGTAGCGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGATCGACTCGAGCATCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTATGCTCACTACTACATCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCGTGCACATCTATAGCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTATGACTAGTGTACTACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGACGTGTCGTAGATATCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTATAGCGACGCGATATACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTATCGCTGTGTCTATAGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTGTCGTCTATCATGTACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCACACGAGATCTCATCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCGTGAGTAGTCAGACGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTCTCGACTGCACATATCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTATACACACTCGCTCGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGTCGTAGCTGCTGTATCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCTGTACTAGAGCGTCTCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTCGAGTGTATAGCTCACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTACTGTGACAGTATGATCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTGTCTGAGACGCATACCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTATCGCATCGCAGAGACCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTACTCATATATGCTACCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGTAGAGTGATCGCGTCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTACGACAGTCAGAGTATCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTATATATAGCTGATGCGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTGCTATCTGAGATACTCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCAGCAGATCATGTCGACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTACTATCGCAGCTCAGTCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCGTCTCTCGTCTGTGCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGAGTCTCGATATACTACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTCTGTCGATATACACTCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTACGTGCTCTATAGAGACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTATCAGCACGACATGCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGCTCTCACGATATCAGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTCTCATGTGTGAGCTACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCGTAGCTCAGACACTCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTTCAGAGACACTACGAGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTATCGAGCAGCAGTCGTCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGCTAGTCGATGACAGCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGTCTCTCTCTCACGCACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTACACACTCTATCAGATCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTAGCGTAGCATCTGAGCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCTACGATGCTATGTATCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCGACTAGATCTATCATCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTAGTCGTGACTATGCTCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGTATAGACAGATGTGCCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGCACTCAGAGACGCGACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCACGACTATATGCTCTCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTAGTCACACGCACGCTGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCATACATCGCGCAGTACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCTATCTAGCACTCACACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTACACGTGATAGCTACGCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTCGCTAGAGATCTGCTACATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGATACTGACACACTATCATACGATTTAGGTGACACTATAGGG
AAGCAGTGGTATCAACGCAGAGTGAGCTGATGTACATGTCATACGATTTAGGTGACACTATAGGG
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GAGTGCTACTCTAGTAACTCTGCGTTGATACCACTGCTT
CATGTACTGATACACAACTCTGCGTTGATACCACTGCTT
AGTGTGTCATGCGTGTACTCTGCGTTGATACCACTGCTT
GCATATAGTAGAGATCACTCTGCGTTGATACCACTGCTT
CAGCAGTATAGACTGTACTCTGCGTTGATACCACTGCTT
AGATGTAGCACATCATACTCTGCGTTGATACCACTGCTT
CGATCAGCTGAGCGCGACTCTGCGTTGATACCACTGCTT
GTCGCGACGTCAGTGTACTCTGCGTTGATACCACTGCTT
TATACGTATATAGACGACTCTGCGTTGATACCACTGCTT
AGCTCTGAGTCTCTATACTCTGCGTTGATACCACTGCTT
TCTACTCTCGCATCTAACTCTGCGTTGATACCACTGCTT
CACGATAGTCGCTATGACTCTGCGTTGATACCACTGCTT
ATCTAGCGTAGTGATGACTCTGCGTTGATACCACTGCTT
TGCATGCACAGATGCGACTCTGCGTTGATACCACTGCTT
GAGAGACGATCACATAACTCTGCGTTGATACCACTGCTT
AGATATGCGCGACACGACTCTGCGTTGATACCACTGCTT
TATGCATGACTGATATACTCTGCGTTGATACCACTGCTT
CGAGACTGTCGATCTCACTCTGCGTTGATACCACTGCTT
CGCGCGTGTGTGCGTGACTCTGCGTTGATACCACTGCTT
CACACGCGCGTGCTCGACTCTGCGTTGATACCACTGCTT
ATCTGTGCGAGACTACACTCTGCGTTGATACCACTGCTT
TCTCTCACAGTCGAGCACTCTGCGTTGATACCACTGCTT
GTCATCACACATCTCTACTCTGCGTTGATACCACTGCTT
CTGATATGTAGTCGTAACTCTGCGTTGATACCACTGCTT
AGACTCTACAGAGATAACTCTGCGTTGATACCACTGCTT
GCGCATGTCTCTCTCTACTCTGCGTTGATACCACTGCTT
TCTACAGAGCGAGAGTACTCTGCGTTGATACCACTGCTT
ACTACTGAGACATAGAACTCTGCGTTGATACCACTGCTT
TGTGATACTGCGAGCAACTCTGCGTTGATACCACTGCTT
ACTCTATCACACACAGACTCTGCGTTGATACCACTGCTT
TATCGCGCTCTCACTGACTCTGCGTTGATACCACTGCTT
CACTATCTCTAGTCTCACTCTGCGTTGATACCACTGCTT
TCTGCGTACACGCGTAACTCTGCGTTGATACCACTGCTT
GTGAGCGTGTATGTGCACTCTGCGTTGATACCACTGCTT
ATAGACAGCGCACTGTACTCTGCGTTGATACCACTGCTT
ATGTATACATATGTGAACTCTGCGTTGATACCACTGCTT
CTCACAGTCTGTGTGTACTCTGCGTTGATACCACTGCTT
ACAGTACACGAGAGCAACTCTGCGTTGATACCACTGCTT
GATATATATCTCACACACTCTGCGTTGATACCACTGCTT
CATGTGTCACACTGAGACTCTGCGTTGATACCACTGCTT
GCTGACACTAGCTGACACTCTGCGTTGATACCACTGCTT
CTCGCTGATGATATCTACTCTGCGTTGATACCACTGCTT
TCATCGATCACTGCACACTCTGCGTTGATACCACTGCTT
GACTATGAGCGAGTCAACTCTGCGTTGATACCACTGCTT
GCACGTCGTATATCGAACTCTGCGTTGATACCACTGCTT
CTAGAGCGTATGACGAACTCTGCGTTGATACCACTGCTT
CTACTGTACGTAGTCGACTCTGCGTTGATACCACTGCTT
TCTGTATCTATCAGACACTCTGCGTTGATACCACTGCTT
GTGAGTCAGAGATCTAACTCTGCGTTGATACCACTGCTT
GTACAGCGCGCATCAGACTCTGCGTTGATACCACTGCTT
GCATCGTGCACGAGTGACTCTGCGTTGATACCACTGCTT
GCGAGTGAGCTCACGTACTCTGCGTTGATACCACTGCTT
CTGAGACACTCTCTATACTCTGCGTTGATACCACTGCTT
ATACTATCTCTCTATGACTCTGCGTTGATACCACTGCTT
CGCTACATCTCGAGATACTCTGCGTTGATACCACTGCTT
TGACACGAGTGATCGTACTCTGCGTTGATACCACTGCTT
GATGCTCGAGTCGATCACTCTGCGTTGATACCACTGCTT
ATGTAGTAGTGAGCATACTCTGCGTTGATACCACTGCTT
GCTATAGATGTGCACGACTCTGCGTTGATACCACTGCTT
TCGTGCATGTGCAGTCACTCTGCGTTGATACCACTGCTT
TAGTACACTAGTCATAACTCTGCGTTGATACCACTGCTT
ATATCTACGACACGTCACTCTGCGTTGATACCACTGCTT
TATATCGCGTCGCTATACTCTGCGTTGATACCACTGCTT
CTATAGACACAGCGATACTCTGCGTTGATACCACTGCTT
CACGCTATCAGTGAGAACTCTGCGTTGATACCACTGCTT
TACATGATAGACGACAACTCTGCGTTGATACCACTGCTT
GATGAGATCTCGTGTGACTCTGCGTTGATACCACTGCTT
AGTATCATGTGTATCTACTCTGCGTTGATACCACTGCTT
CGTCTGACTACTCACGACTCTGCGTTGATACCACTGCTT
ATATGTGCAGTCGAGAACTCTGCGTTGATACCACTGCTT
AGCAGCTACGATCGTAACTCTGCGTTGATACCACTGCTT
CGAGCGAGTGTGTATAACTCTGCGTTGATACCACTGCTT
ATACAGCAGCTACGACACTCTGCGTTGATACCACTGCTT
AGACGCTCTAGTACAGACTCTGCGTTGATACCACTGCTT
TGAGCTATACACTCGAACTCTGCGTTGATACCACTGCTT
ATCATACTGTCACAGTACTCTGCGTTGATACCACTGCTT
GTATGCGTCTCAGACAACTCTGCGTTGATACCACTGCTT
ATATCACACGTGAGTGACTCTGCGTTGATACCACTGCTT
GTCTCTGCGATGCGATACTCTGCGTTGATACCACTGCTT
GTAGCATATATGAGTAACTCTGCGTTGATACCACTGCTT
ACATCAGAGAGATCTGACTCTGCGTTGATACCACTGCTT
GACGCGATCACTCTACACTCTGCGTTGATACCACTGCTT
ATACTCTGACTGTCGTACTCTGCGTTGATACCACTGCTT
AGTATCTCAGATAGCAACTCTGCGTTGATACCACTGCTT
TCGACATGATCTGCTGACTCTGCGTTGATACCACTGCTT
ACTGAGCTGCGATAGTACTCTGCGTTGATACCACTGCTT
TAGTATATCGAGACTCACTCTGCGTTGATACCACTGCTT
GTGTGTACACATGACAACTCTGCGTTGATACCACTGCTT
AGTGTATATCGACAGAACTCTGCGTTGATACCACTGCTT
TCTCTATAGAGCACGTACTCTGCGTTGATACCACTGCTT
GCATGTCGTGCTGATAACTCTGCGTTGATACCACTGCTT
CTGATATCGTGAGAGCACTCTGCGTTGATACCACTGCTT
TAGCTCACACATGAGAACTCTGCGTTGATACCACTGCTT
CTCGCGACACATCTGAACTCTGCGTTGATACCACTGCTT
GAGTGTCTGAGCTACGACTCTGCGTTGATACCACTGCTT
CTCGTAGTGTCTCTGAACTCTGCGTTGATACCACTGCTT



Table S4. SMRT cells sequenced

Probe Panel
unenriched
unenriched
unenriched
unenriched
unenriched
unenriched
unenriched
unenriched
unenriched
unenriched
unenriched
unenriched
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1
HSD1

RNA source
fetal brain

fetal brain

fetal brain

fetal brain

fetal brain

fetal brain

adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
adult brain
fetal brain

fetal brain

fetal brain

fetal brain

fetal brain

fetal brain

fetal brain

fetal brain

fetal brain

fetal brain

SMRT cell

m160213_030055_42134_c100957952550000001823213806221632_s1_p0
m160213_030055_42134_c100957952550000001823213806221632_s1_p0
m160213_030055_42134_c100957952550000001823213806221632_s1_p0
m160213_153305_42134_c100957952550000001823213806221634_s1_p0
m160213_153305_42134_c100957952550000001823213806221634_s1_p0
m160213_153305_42134_c100957952550000001823213806221634_s1_p0
m160213_091647_42134_c100957952550000001823213806221633_s1_p0
m160213_091647_42134_c100957952550000001823213806221633_s1_p0
m160213_091647_42134_c100957952550000001823213806221633_s1_p0
m160213_214921_42134_c100957952550000001823213806221635_s1_p0
m160213_214921_42134_c100957952550000001823213806221635_s1_p0
m160213_214921_42134_c100957952550000001823213806221635_s1_p0
m160614_013904_42139_c100966090630000001823217407061600_s1_p0
m160614_013904_42139_c100966090630000001823217407061600_s1_p0
m160614_013904_42139_c100966090630000001823217407061600_s1_p0
m160614_075731_42139_c100966090630000001823217407061601_s1_p0
m160614_075731_42139_c100966090630000001823217407061601_s1_p0
m160614_075731_42139_c100966090630000001823217407061601_s1_p0
m160614_141925_42139_c100966090630000001823217407061602_s1_p0
m160614_141925_42139_c100966090630000001823217407061602_s1_p0
m160614_141925_42139_c100966090630000001823217407061602_s1_p0
m160614_203953_42139_c100966090630000001823217407061603_s1_p0
m160614_203953_42139_c100966090630000001823217407061603_s1_p0
m160614_203953_42139_c100966090630000001823217407061603_s1_p0
m160226_223848_42134_c100969612550000001823215707061691_s1_p0
m160226_223848_42134_c100969612550000001823215707061691_s1_p0
m160226_223848_42134_c100969612550000001823215707061691_s1_p0
m160410_030309_42134_c100991602550000001823221607191632_s1_p0
m160410_030309_42134_c100991602550000001823221607191632_s1_p0
m160410_030309_42134_c100991602550000001823221607191632_s1_p0
m160410_091947_42134_c100991602550000001823221607191633_s1_p0
m160410_091947_42134_c100991602550000001823221607191633_s1_p0
m160410_091947_42134_c100991602550000001823221607191633_s1_p0
m160410_153941_42134_c100991602550000001823221607191634_s1_p0
m160410_153941_42134_c100991602550000001823221607191634_s1_p0
m160410_153941_42134_c100991602550000001823221607191634_s1_p0
m160511_012116_42134_c100977902550000001823223308031671_s1_p0
m160511_012116_42134_c100977902550000001823223308031671_s1_p0
m160511_012116_42134_c100977902550000001823223308031671_s1_p0
m160416_210737_42134_c100991652550000001823221607191683_s1_p0
m160416_210737_42134_c100991652550000001823221607191683_s1_p0
m160416_210737_42134_c100991652550000001823221607191683_s1_p0
m160226_100605_42134_c100946382550000001823214306251677_s1_p0
m160226_100605_42134_c100946382550000001823214306251677_s1_p0
m160226_100605_42134_c100946382550000001823214306251677_s1_p0
m160619_122419_42134_c101009602550000001823230710211661_s1_p0
m160619_122419_42134_c101009602550000001823230710211661_s1_p0
m160619_122419_42134_c101009602550000001823230710211661_s1_p0
m160621_233748_42134_c101009382550000001823230410211661_s1_p0
m160621_233748_42134_c101009382550000001823230410211661_s1_p0
m160621_233748_42134_c101009382550000001823230410211661_s1_p0
m160622_143919_42134_c101009382550000001823230410211664_s1_p0
m160622_143919_42134_c101009382550000001823230410211664_s1_p0
m160622_143919_42134_c101009382550000001823230410211664_s1_p0
m160701_124807_42134_c101025152550000001823232111041602_s1_p0
m160701_124807_42134_c101025152550000001823232111041602_s1_p0
m160701_124807_42134_c101025152550000001823232111041602_s1_p0
m160615_030030_42139_c100966090630000001823217407061604_s1_p0
m160615_030030_42139_c100966090630000001823217407061604_s1_p0
m160615_030030_42139_c100966090630000001823217407061604_s1_p0
m160615_092105_42139_c100966090630000001823217407061605_s1_p0
m160615_092105_42139_c100966090630000001823217407061605_s1_p0
m160615_092105_42139_c100966090630000001823217407061605_s1_p0
m160615_154414_42139_c100961261270000001823212707011620_s1_p0
m160615_154414_42139_c100961261270000001823212707011620_s1_p0
m160615_154414_42139_c100961261270000001823212707011620_s1_p0
m160615_220452_42139_c100961261270000001823212707011621_s1_p0
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Movie name
IsoSeq_FS_JU-moviel
IsoSeq_FS_JU-movie2
IsoSeq_FS_JU-movie3
IsoSeq_FC_JU-moviel
IsoSeq_FC_JU-movie2
IsoSeq_FC_JU-movie3
IsoSeq_AS_JU-moviel
IsoSeq_AS_JU-movie2
IsoSeq_AS_JU-movie3
IsoSeq_AC_JU-moviel
IsoSeq_AC_JU-movie2
IsoSeq_AC_JU-movie3
adult_brain_elf_6-A-moviel
adult_brain_elf_6-A-movie2
adult_brain_elf_6-A-movie3
adult_brain_elf_7-A-moviel
adult_brain_elf_7-A-movie2
adult_brain_elf_7-A-movie3
adult_brain_elf_8-A-moviel
adult_brain_elf_8-A-movie2
adult_brain_elf_8-A-movie3
adult_brain_elf_9-A-moviel
adult_brain_elf_9-A-movie2
adult_brain_elf_9-A-movie3
adult_brain_amp_0.4x-A-moviel
adult_brain_amp_0.4x-A-movie2
adult_brain_amp_0.4x-A-movie3
adult_brain_amp_0.4x-B-moviel
adult_brain_amp_0.4x-B-movie2
adult_brain_amp_0.4x-B-movie3
adult_brain_amp_0.4x-C-moviel
adult_brain_amp_0.4x-C-movie2
adult_brain_amp_0.4x-C-movie3
adult_brain_amp_0.4x-D-moviel
adult_brain_amp_0.4x-D-movie2
adult_brain_amp_0.4x-D-movie3
adult_brain_elf_78-B-moviel
adult_brain_elf_78-B-movie2
adult_brain_elf_78-B-movie3
adult_brain_elf_78-A-moviel
adult_brain_elf_78-A-movie2
adult_brain_elf_78-A-movie3
adult_brain_amp_0.6x-moviel
adult_brain_amp_0.6x-movie2
adult_brain_amp_0.6x-movie3
adult_brain_elf_6-B-moviel
adult_brain_elf_6-B-movie2
adult_brain_elf_6-B-movie3
adult_brain_elf_7-B-moviel
adult_brain_elf_7-B-movie2
adult_brain_elf_7-B-movie3
adult_brain_elf_8-B-moviel
adult_brain_elf_8-B-movie2
adult_brain_elf_8-B-movie3
adult_brain_elf_9-B-moviel
adult_brain_elf_9-B-movie2
adult_brain_elf_9-B-movie3
fetal_brain_amp_0.4x-B-moviel
fetal_brain_amp_0.4x-A-moviel
fetal_brain_amp_0.4x-C-moviel
fetal_brain_amp_0.4x-D-moviel
fetal_brain_elf_78-B-moviel
fetal_brain_elf_78-A-moviel
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m160615_220452_42139_¢c100961261270000001823212707011621_s1_p0
m160615_220452_42139_¢c100961261270000001823212707011621_s1_p0
m160226_034933_42134_c100946382550000001823214306251676_s1_p0
m160226_034933_42134_c100946382550000001823214306251676_s1_p0
m160226_034933_42134_c100946382550000001823214306251676_s1_p0
m160226_162210_42134_c100969612550000001823215707061690_s1_p0
m160226_162210_42134_c100969612550000001823215707061690_s1_p0
m160226_162210_42134_c100969612550000001823215707061690_s1_p0
m160409_081409_42134_c100991582550000001823221607191687_s1_p0
m160409_081409_42134_c100991582550000001823221607191687_s1_p0
m160409_081409_42134_c100991582550000001823221607191687_s1_p0
m160409_143034_42134_c100991602550000001823221607191630_s1_p0
m160409_143034_42134_c100991602550000001823221607191630_s1_p0
m160409_143034_42134_c100991602550000001823221607191630_s1_p0
m160409_204649_42134_c100991602550000001823221607191631_s1_p0
m160409_204649_42134_c100991602550000001823221607191631_s1_p0
m160409_204649_42134_c100991602550000001823221607191631_s1_p0
m160416_145117_42134_c100991652550000001823221607191682_s1_p0
m160416_145117_42134_c100991652550000001823221607191682_s1_p0
m160416_145117_42134_c100991652550000001823221607191682_s1_p0
m160510_190442_42134_c100977902550000001823223308031670_s1_p0
m160510_190442_42134_c100977902550000001823223308031670_s1_p0
m160510_190442_42134_c100977902550000001823223308031670_s1_p0
m160619_061122_42134_c101009602550000001823230710211660_s1_p0
m160619_061122_42134_c101009602550000001823230710211660_s1_p0
m160619_061122_42134_c101009602550000001823230710211660_s1_p0
m160618_213601_42134_c101009522550000001823230710211677_s1_p0
m160618_213601_42134_c101009522550000001823230710211677_s1_p0
m160618_213601_42134_c101009522550000001823230710211677_s1_p0
m160701_001557_42134_c101025152550000001823232111041600_s1_p0
m160701_001557_42134_c101025152550000001823232111041600_s1_p0
m160701_001557_42134_c101025152550000001823232111041600_s1_p0
m160701_063435_42134_¢c101025152550000001823232111041601_s1_p0
m160701_063435_42134_c101025152550000001823232111041601_s1_p0
m160701_063435_42134_c101025152550000001823232111041601_s1_p0
m170527_015245_42134_¢c101190302550000001823271509291792_s1_p0
m170527_015245_42134_c101190302550000001823271509291792_s1_p0
m170527_015245_42134_¢c101190302550000001823271509291792_s1_p0
m170527_081100_42134_c101190302550000001823271509291793_s1_p0
m170527_081100_42134_c101190302550000001823271509291793_s1_p0
m170527_081100_42134_c101190302550000001823271509291793_s1_p0
m170507_073233_42134_c101190152550000001823271509291706_s1_p0
m170507_073233_42134_c101190152550000001823271509291706_s1_p0
m170507_073233_42134_¢c101190152550000001823271509291706_s1_p0
m170507_135004_42134_c101190152550000001823271509291707_s1_p0
m170507_135004_42134_c101190152550000001823271509291707_s1_p0
m170507_135004_42134_c101190152550000001823271509291707_s1_p0
m170507_200337_42134_c101190172550000001823271509291780_s1_p0
m170507_200337_42134_c101190172550000001823271509291780_s1_p0
m170507_200337_42134_c101190172550000001823271509291780_s1_p0
m170508_043407_42134_c101190172550000001823271509291781_s1_p0
m170508_043407_42134_c101190172550000001823271509291781_s1_p0
m170508_043407_42134_c101190172550000001823271509291781_s1_p0
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Table S5. Summary sequence statistics

SMRT cells putative full-

Probe panel RNA source sequenced CCSs length reads on target rate* enrichment
Unenriched adult brain 2 92906 84348 0.122%, 0.058% n/a
Unenriched fetal brain 2 91908 85597 0.080%, 0.052% n/a
HSD1 adult brain 15 572266 468425 70.8% 580x
HSD1 fetal brain 15 488252 376375 64.9% 811x
HSD2 adult brain 3 107364 102944 88.2% 1521x
HSD2 fetal brain 3 81394 77787 90.2% 1735x

*mapped putative full-length reads; for unenriched samples, percentages refer to HSD1 and HSD2, respectively

CCS: circular consensus sequence
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Table S6. Analyzed gene set

Gene Family Paralog Status Features Counts
Segment of Pseudo pFL reads
Duplication gene Other (currently 5' exten- 3' exten- Segdup Gene (no mapq
Family Gene type duplicated names State "'? annotated) New ORF  sion/alt sion/alt Fusion Fusion Fused with pFL reads
SRGAP2 SRGAP2A partial - SRGAP2 anc FALSE FALSE FALSE FALSE FALSE FALSE 9642 26433
SRGAP2 SRGAP2B partial 5 dup FALSE FALSE FALSE TRUE TRUE FALSE 5921 19686
SRGAP2 SRGAP2C partial 5' dup FALSE FALSE FALSE FALSE FALSE FALSE 8146 19407
SRGAP2 SRGAP2D partial 5' dup FALSE FALSE FALSE FALSE FALSE FALSE 2561 15112
FAM72 FAM72A complete - FAM72A anc FALSE FALSE TRUE FALSE FALSE FALSE 508 1746
FAM72 FAM72B complete whole FAM72B dup FALSE FALSE FALSE FALSE FALSE FALSE 565 1795
FAM72 FAM72C complete whole FAM72C dup FALSE FALSE FALSE FALSE FALSE FALSE 357 1695
FAM72 FAM72D complete whole FAM72D dup FALSE FALSE FALSE FALSE FALSE FALSE 373 1797
HYDIN HYDIN partial - HYDIN anc FALSE FALSE FALSE FALSE FALSE FALSE . 2573 10123
HYDIN HYDIN2 partial mid HYDIN2 dup TRUE TRUE TRUE TRUE TRUE TRUE NBPF12 9697 11722
ROCK1 ROCK1 partial - ROCK1 anc FALSE FALSE FALSE FALSE FALSE FALSE . 2253 2833
ROCK1 ROCK1P partial 3 ROCK1P1 dup TRUE true (?) TRUE FALSE TRUE FALSE iRNA MIR803 652 1955
ARHGAP11 ARHGAP11A partial - ARHGAP11? anc FALSE FALSE FALSE TRUE FALSE TRUE SCG5 1541 1736
ARHGAP11 ARHGAP11B partial 5' ARHGAP11t dup FALSE FALSE FALSE FALSE TRUE FALSE 276 731
PTPN20 PTPN20A partial - PTPN20 itappears ani  FALSE FALSE FALSE FALSE FALSE FALSE . 2651 2820
PTPN20 PTPN20B partial 5' PTPN20CP tappears dup  TRUE FALSE FALSE TRUE TRUE TRUE BMS1P7 467 657
FRMPD2 FRMPD2A partial - FRMPD2 anc FALSE FALSE FALSE TRUE FALSE FALSE 6753 18382
FRMPD2 FRMPD2B partial 3 FRMPD2B dup TRUE TRUE TRUE TRUE FALSE FALSE 10964 17700
GTF2I GTF2IBc partial - GTF21 anc FALSE FALSE FALSE TRUE FALSE FALSE 31444 103278
GTF2I GTF2IBm partial 3 GTF2IP1; dup TRUE FALSE FALSE FALSE FALSE FALSE 8197 125488
GTF2| GTF2IBt partial 3 GTF2IP4; dup TRUE TRUE FALSE TRUE FALSE FALSE . 49266 116083
GTF2IRD2 GTF2IRD2Bc mixed - GTF2IRD2 anc FALSE FALSE TRUE FALSE TRUE TRUE STAG3L2 1105 2581
GTF2IRD2 GTF2IRD2Bm mixed whole GTF2IRD2E dup FALSE FALSE TRUE FALSE FALSE FALSE 1246 2505
GTF2IRD2 GTF2IRD2Bt mixed 3 GTF2IRD2I dup TRUE FALSE FALSE FALSE FALSE FALSE 20 1091
NCF NCFBc complete - NCF1 anc FALSE FALSE FALSE FALSE FALSE FALSE 261 578
NCF NCFBm complete whole NCF1C dup TRUE TRUE FALSE FALSE FALSE FALSE 172 615
NCF NCFBt complete whole NCF1B dup TRUE TRUE FALSE FALSE FALSE FALSE . 188 630
GPR89 GPR89C_cent  complete - GPR89A anc FALSE FALSE FALSE FALSE FALSE FALSE na 15641 27991
GPR89 GPR89_telo complete whole GPR89B dup FALSE FALSE FALSE false (?) false (?) FALSE na 12195 27871
CD8B CD8B_p complete - CD8B anc FALSE FALSE FALSE FALSE FALSE FALSE 104 633
CD8B CD8B_q complete 5'for minor it CD8BP dup TRUE TRUE FALSE TRUE FALSE FALSE 550 644
NOTCH2 NOTCH2 partial - NOTCH2NLily not from | FALSE FALSE FALSE FALSE FALSE FALSE B 3281 5292
NOTCH2 NOTCH2NLA partial 5 dup FALSE TRUE FALSE TRUE TRUE TRUE NBPF10 580 5028
NOTCH2 NOTCH2NLB partial 5 dup FALSE TRUE FALSE TRUE TRUE TRUE NBPF14 654 4794
NOTCH2 NOTCH2NLC partial 5 dup FALSE TRUE FALSE TRUE TRUE TRUE NBPF18 291 4104
NOTCH2 NOTCH2NLD partial 5' dup FALSE TRUE FALSE TRUE TRUE TRUE NBPF26 330 4494
BOLA2 BOLA2_cent complete whole BOLA2_cer unk FALSE FALSE FALSE FALSE FALSE FALSE na 309 1473
BOLA2 BOLA2_telo complete whole BOLA2 tel unk FALSE FALSE FALSE FALSE TRUE TRUE SMG1P6 16556 17989
CORO1A CORO1A_cent partial - CORO1A ily not from | FALSE FALSE FALSE FALSE FALSE FALSE na 17653 17745
CORO1A CORO1A_telo partial 3 CORO1A ur dup TRUE FALSE FALSE FALSE FALSE FALSE na 25 26
SLX1A SLX1A_cent complete whole SLX1A tfrom Denni:  FALSE FALSE FALSE TRUE FALSE TRUE SULT1A3 412 1889
SLX1A SLX1A_telo complete whole SLX1B t from Denni:  FALSE FALSE FALSE TRUE FALSE TRUE SULT1A4 1390 3062
FCGR1A FCGR1A complete - anc FALSE FALSE FALSE FALSE FALSE FALSE na 4857 6953
FCGR1A FCGR1B complete whole dup FALSE FALSE FALSE FALSE FALSE FALSE na 1580 7066
FCGR1A FCGR1C complete whole FCGR1CP dup TRUE TRUE FALSE FALSE FALSE FALSE na 588 3140
ARHGEF5 ARHGEF34P partial 5 dup TRUE TRUE FALSE FALSE TRUE TRUE OR2A7 69 128
ARHGEF5 ARHGEF35 partial 5' (shorter) dup FALSE FALSE FALSE FALSE TRUE FALSE na 76 98
ARHGEF5 ARHGEFS partial - anc FALSE FALSE FALSE FALSE FALSE FALSE na 195 273
CHRNA7 CHRFAM7A partial 3 dup FALSE FALSE FALSE FALSE TRUE FALSE na 1368 3654
CHRNA7 CHRNA7 partial - anc FALSE FALSE FALSE FALSE FALSE FALSE na 2666 4287

Note a: Taken from Dennis 2017 Table S9 unless otherwise specified
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Pseudo: Previously annotated only as pseudogene
5' extension/alt: 5' extension of transcript or alternate promoter

3' extension/alt: 3' extension of transcript or alternate polyadenylation

Segdup Fusion: Transcript extends into another segdup
Gene Fusion: Transcript fuses with another annotated gene



Table S7. Fusions vs. truncations in 3' truncated genes

Proportion of

Type of duplication-
Gene Family Gene Type of truncation  extension spanning reads Designation
NOTCH2 NOTCH2NLC Loss of PAS 3 0.25 intermediate
NOTCH2 NOTCH2NLD Loss of PAS 3 0.38 intermediate
ARHGEF5 ARHGEF34P Loss of PAS 3 0.45 intermediate
NOTCH2 NOTCH2NLB Loss of PAS 3 0.49 intermediate
HYDIN HYDIN2 Loss of PAS 3 0.69 intermediate
ARHGAP11 ARHGAP11B Loss of PAS 3 0.86 primarily fusion
ANAPC1 ANAPC1 (3) Loss of PAS 3 0.87 primarily fusion
PTPN20 PTPN20B Loss of PAS 3 0.88 primarily fusion
ANAPC1 ANAPC1 (1) Loss of PAS 3 0.89 primarily fusion
ARHGEF5 AHRGEF35 Loss of PAS 3 0.93 primarily fusion
SRGAP2 SRGAP2C Loss of PAS 3 0.05 primarily truncation
SRGAP2 SRGAP2D Loss of PAS 3 0.10 primarily truncation
SRGAP2 SRGAP2B Loss of PAS 3 0.14 primarily truncation
NOTCH2 NOTCH2NLA Loss of PAS 3 0.16 primarily truncation
ANAPC1 ANAPC1 (1) Loss of TSS 5' 0.34 intermediate
ROCK1 ROCK1P Loss of TSS 5' 0.46 intermediate
CHRNA7 CHRFAM7A Loss of TSS 5' 0.55 intermediate
GTF2I GTF2IP4 Loss of TSS 5' 0.67 intermediate
GTF2I GTF2IP1 Loss of TSS 5' 0.68 intermediate
HYDIN HYDIN2 Loss of TSS 5' 0.90 primarily fusion
FRMPD2 FRMPD2B Loss of TSS 5' 0.04 primarily truncation
ANAPC1 ANAPC1 (3) Loss of TSS 5' 0.10 primarily truncation
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Table $8. Quantification of isoform abundance for Tigger-derived exon

Sequencing GTF2I GTF2IRD2* GTF2IRD2 GTF2IRD2B

Data source technology RNA source alt exon exon 1 alt exon exon 1 alt exon exon 1 alt exon exon 1

Transcript Capture (a) PB human brain 16% 48 261 92% 403 34 92% 154 14 92% 251 21

Data release (b) ONT GM12878 cells 3% 6 214 0% 0 102 — — Counts of long-

(c) PB human iPS cells 80% 4 1 nd nd nd read transcripts

(c) PB chimp iPS cells 83% 5 1 nd nd nd

(c) PB gorilla iPS cells 0% ] 2 nd nd nd

(c) 1 human iPS cells 10 (1) 188 (14) - 0(1) 0(12) 0(1) 0(12)

(c) | chimp iPS cells 0(0) 108 (12) - 0(2) 0(s) 0(2 0(5) )

(0 | gorill: iPS cells 0(0) 122 (12) - 0(0) 0(0) 0(0) 0(0) _C°”c:_ts of splice

(© I adult brain 1(0) 58(2) - 0(4) 1(33) 1(4) oz | M0 ds";:')spa"“'"g

() | fetal brain 0(0) 58(1) — 0(6) 0(20) 0(6) 1(20)

GTEx | brain - cortex 6(0) 472 (10) - 1(97) 4(199) 0(97) 16 (199)

GTEx | brain - cortex 2% 0.43  25.69 - 27% 0.65 1.80 9% 0.49 4.89 In silico expression

GTEX | brain - cerbellum 1% 047 41.92 - 41% 161 2.35 20% 2.14 8.66 estimates by
Kallisto (tpm)

* Without discrimination between GTF2IRD2 and GTF2IRD28B

PB = PacBio; ONT = Oxford Nanopore; | = Illumina; nd = no data

a) Sum of counts of putative full-length reads from adult and developing brain

b) Direct RNA sequencing; https://github.com/nanopore-wgs-consortium/NA12878
c) Kronenberg et al. 2018 in press

d) uniquely mapping reads (multimap reads)
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