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Despite the importance of duplicate genes for evolutionary adaptation, accurate gene annotation is often incomplete, in-

correct, or lacking in regions of segmental duplication. We developed an approach combining long-read sequencing and

hybridization capture 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 am-

plified, size-fractionated, and sequenced using single-molecule, long-read sequencing technology, permitting us to distin-

guish 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 segmental duplications (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 duplica-

tion-derived exons with neighboring genes. We detect unannotated open reading frames in genes currently annotated as

pseudogenes, while relegating other duplicates to nonfunctional status. Our method significantly improves gene annota-

tion, 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.

[Supplemental material is available for this article.]

Gene 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 innova-
tions important for species adaptation (Duda and Palumbi 1999;
Chen et al. 2008; Charrier et al. 2012; Dennis et al. 2012; Yim
et al. 2014; Florio et al. 2015; Ju et al. 2016). Among apes, for exam-
ple, novel human-specific genes (e.g., SRGAP2C, ARHGAP11B,
TBC1D3, and BOLA2B) have recently been identified and implicat-
ed 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 (Fig. 1).

Duplicated genomic segments of high sequence identity
(>90%; also known as segmental duplications [SDs]) pose particu-
lar 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 dis-
tinguish because of their high sequence identity. Standard short-
read RNA-sequencing (RNA-seq) data are generally insufficient
for characterizing high-identity duplicate genes, and as a result,
these regions are typically excluded from large-scale RNA-seq ex-
pression analyses or disease association studies. For example, in a
recent analysis by Lan and Pritchard (2016), ∼50% of all recent
duplicate genes (ds < 0.1) were either filtered or deemed unassay-
able using short-read sequence data. Similarly, studies that attempt
to identify recurrent de novo mutations associated with disease
typically exclude such gene models as targets (Iossifov et al.
2014). This already difficult problem is made even harder in verte-
brates, which display complex patterns of transcription initiation,
alternative splicing, intron retention, and polyadenylation (Nilsen
andGraveley 2010; Barbosa-Morais et al. 2012; Steijger et al. 2013).

Recent advances in long-read RNA-seq provide the possibility
for full-length transcript sequencing obviating the need for tran-
script assembly. Even among themost recently duplicated regions,
long reads would contain a sufficient number of paralogous
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sequence variants (PSVs) to be assigned to their respective paralogs
with confidence. Long-read transcriptomics, thus, presents a sim-
ple 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 com-
bines advances in long-read, full-length cDNA sequencing with
target enrichment to study the transcription of highly identical
duplicate genes. A similar approach was recently used to aid in
the annotation of long noncoding RNAs (Lagarde et al. 2017).
We target gene families that have expanded in the human genome
following the evolutionary divergence from chimpanzee (∼6–7
Myr ago), since we hypothesize that their degree of sequence iden-
tity (>98.4%) wouldmake themmost susceptible to incomplete or
incorrect annotation (Dennis et al. 2017). We use full-length reads
fromPacific Biosciences (PacBio) long-read sequencing technology
to generate ab initio transcript and gene annotations and then
compare these models to current annotation standards (RefSeq
[O’Leary et al. 2016] and GENCODE [Harrow et al. 2012]) to dem-
onstrate improved annotation.

Results

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 ap-
plication of PacBio sequencing technology. For the second, we em-
ployed a widely used strategy based on reverse transcriptase (RT)

template switching, which enriches for full-length cDNA mole-
cules (Zhu et al. 2001). Finally, to focus on duplicate genes, we de-
signed a complementary oligonucleotide capture panel to enrich
for cDNA originating from paralogous loci (Fig. 2A).

We selected gene families found within and near human-
specific duplications (HSDs) (Dennis et al. 2017) as targets for probe
design (Supplemental Table S1).We generated twopanels of target-
ing probes: HSD1 (515 probes) (Supplemental Table S2A), repre-
senting duplicate loci where there was no evidence of gene
disruption (Dennis et al. 2017), and HSD2 (271 probes) (Supple-
mental Table S2B), representingduplicate loci likely to be polymor-
phic and enriched for pseudogenes as well as eight single-copy loci
to serve as controls. Probeswere designed to exonic sequencewith-
in the duplicated portion of the ancestral gene. We used RNA de-
rived from both developing and adult whole brain (pooled from
multiple individuals) for cDNA synthesis because previously de-
scribed HSDs are enriched for roles in the structure and function
of thebrain (Fortna et al. 2004; Sudmant et al. 2010).Wemonitored
chimeric molecule formation during PCR by implementing a dual
barcoding strategy (Fig. 2A) inwhich one of 96 barcodes is append-
ed during first-strand cDNA synthesis to the 3′ endof themolecule,
and same barcode is appended during second-strand synthesis to
the 5′ end of the molecule (for sequence composition, see Supple-
mental Table S3). This “barcode concordant” mode allows us to
detect chimeric molecules by the presence of discordant barcodes
on the ends of a single cDNA read (Supplemental Fig. S1A), and
we estimate the frequency of chimeric molecules identified by
mismatched barcodes to be ∼1.2% (Supplemental Fig. S1C). We
also tested a “barcode discordant” mode, where the relationship
between the 5′ and 3′ barcode is random, in which the pairing of
barcodes (96×96 arrangements) can be used as a pseudo-unique
molecular identifier tomonitor for PCRduplicates in low-complex-
ity libraries (Supplemental Fig. S1B). Additionally, we performed
post-capture size selection of libraries using electrophoresis-based
fractionation (SageELF; see Methods) to enrich for larger cDNA.

By using our method, we sequenced 40 total SMRT cells, in-
cluding unenriched whole-transcriptome controls (n=4), HSD1-
enriched cDNA (n=30), and HSD2-enriched cDNA (n=6) on the
PacBio RS II sequencing platform (Supplemental Table S4). In cir-
cular consensus sequence (CCS) generation, multiple passes of
the polymerase around a covalently closed sequencing molecule
are used for consensus-based correction (Fig. 2B). In total, 1.4 mil-
lion CCS reads were generated, divided between developing and
adult brain cDNA sources (Supplemental Table S5). As expected,
longer CCS reads show lower read accuracy due to fewer full passes
of the sequencing polymerase (Supplemental Fig. S2). Because the
primary errormodality in PacBio sequencing involves indels, these
errors are unlikely to be mistaken as PSVs and, as such, do not sig-
nificantly interfere with paralog assignability. Of the CCS reads
generated for our HSD1 panel, 82% (adult brain) and 77% (devel-
oping brain) were designated by the PacBio Iso-Seq analysis
pipeline as full-length due to the presence of the expected barcode,
primer sequence, and poly(A) tail. Since some of these do not
represent truly full-length isoforms due to possible 5′ RNA degra-
dation, 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) (Wu andWatanabe 2005) were used for fur-
ther analysis (Fig. 2B).

Mapping of these pFL reads revealed an on-target rate of 65%
(adult brain) and 62% (developing brain) in HSD1-enriched cDNA
with an estimated enrichment of more than 250-fold (Supplemen-
tal Table S5). Similar results were achieved for the second probe

Figure 1. Possible transcriptional fates. For a complete gene duplication,
a new copy is created that is most likely tomaintain the isoform structure of
the ancestor. Incomplete duplications result in only a portion of the ances-
tral gene being duplicated. This can lead to a truncated duplicate gene or a
fusion transcript, where additional exons are acquired from flanking se-
quence. For 3′ truncations, transcription may persist until a polyadenyla-
tion 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.
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panel, HSD2. Out of the original set of 39 duplicate gene families
screened, we focused on 19 for a more detailed analysis, including
SRGAP2, NOTCH2, ARHGEF5, ARHGAP11A, PTPN20, FRMPD2,
CHRNA7, GTF2I, GTF2IRD2, ROCK1, CORO1, HYDIN, FAM72A,
SLX1A, GPR89A, FCGR1A, NFC1, CD8B, and BOLA2 (Supplemen-
tal Table S6).

Classification of duplication events

We initially classified each HSD as complete or incomplete de-
pending on whether the SD event in the genome carries the entire
transcriptional unit of the ancestral gene or a merely a truncated
portion (Fig. 3A; see also Fig. 1). Of the 19 gene families (or 12 non-
ancestral paralogs), eight are “complete,” and these tend to be
those with smaller ancestral genes. We further classify the incom-
plete HSD gene families (n=12, 19 nonancestral 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 [Charrier et al.
2012; Dennis et al. 2012] and ARHGAP11B [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 clas-
sify the consequences of the SD with respect to transcript or iso-
form 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 anno-
tated 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), pre-
dominantly fusion (>80% pFL reads demonstrate bridging tran-
scription), or both (Fig. 3A; see also Supplemental Table S7). We
distinguished exaptation events (inclusion of a novel exon or pro-
moter) from gene fusions when bridging exons are themselves not
known homologs to any other gene. In this study, promoter exap-
tation rescues the transcriptional activity of two 5′-truncated
genes, ROCK1P1 and HYDIN2, the latter confirming earlier obser-
vations (Dougherty et al. 2017). Only two of the 5′-truncated gene
duplications examined (GTF2IRD2P1 and CORO1AP) have lost ex-
pression in brain as a consequence of promoter loss; thus, of the 31
duplicate paralogs analyzed, 29 retain expression.

Excluding minor (<2% of isoforms) products for each dupli-
cate gene, we finally characterized the protein-coding potential
of sequenced duplicate gene isoforms. Overall, among the 29 ex-
pressed duplicate paralogs, the integrity of the duplicated portion
of the open reading frame (ORF) has been compromised in 17
(59%), by either acquired frameshift mutations, changes in splic-
ing, or multiple events. The 12 duplicate genes with “intact”
ORFs include SRGAP2C, NOTCH2NLD, ARHGEF35, FRMPD2B,
FAM72B, FAM72C, FAM72D, SLX1B, GTF2IRD2B, GPR89B,
CD8BP, and BOLA2B. The relationship betweenORF length, integ-
rity, and gene function is a complex one as ORF-disrupting muta-
tions may in some cases confer critical functional activity (Florio
et al. 2016).

Frequent transcript fusions observed in 3′-truncated HSD genes

Approximately, one-third of the duplicate paralogs are 3′ trunca-
tions of the ancestral gene, and all show evidence of transcription

BA

Figure 2. Transcript capture and long-read sequencing for resolution of nearly identical duplicate genes. (A) Poly(A)+ 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 cDNAwith oligo-dC. RT extends the cDNAby 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, 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 se-
quencing. (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.
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(Fig. 3A). Included in this set are gene innovations (e.g., SRGAP2C,
ARHGAP11B) recently implicated in cortical expansion and in-
creased dendrite density of the human brain (Charrier et al.
2012; Dennis et al. 2012; Florio et al. 2015, 2016). Since such du-
plicates 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 (Fig. 3B). We find that “fusion”
transcripts are common, linking the duplicate gene segment
with exons from 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 (Supplemental Table S7). For example, SRGAP2C tran-
scripts 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% to 49%, exclusively with adjacent mem-

bers of the NBPF gene family, in which
copy number variation has been asso-
ciated with cranial size (Dumas et al.
2012). Only a small fraction (<2%) of
such NBPF fusions, however, maintain
an ORF.

ARHGAP11B has been implicated in
basal progenitor amplification and neo-
cortical expansion (Florio et al. 2015,
2016). The key isoform studied by Florio
et al. (2015, 2016) is a truncated form
of the ancestral locus, ARHGAP11A,
with a short, modified C terminus due
to an acquired splice-site mutation (Fig.
4A). While we observe this specific
ARHGAP11B isoform (“ARHGAP11_6”),
we also observe prominent longer iso-
forms that initiate at the same shared an-
cestral promoter but differ dramatically
in their downstream exons (Fig. 4B).
Continuing beyond the annotated polya-
denylation site, these longer isoforms
extend downstream into other SDs, in-
cluding duplications of ULK4 (isoform
“ARHGAP11B_5”) andOTUD7A (isoform
“ARHGAP11B_3”). Expression estimates
that include these new isoforms of
ARHGAP11B suggest greater abundance
in adult brain tissues (Fig. 4C). We de-
signed probes that would detect expres-
sion in aggregate (AB), of ARHGAP11A
specifically (A), and of the newly discov-
ered longest isoform of ARHGAP11B (B)
and performed in situ hybridization on
developing human brain (Fig. 4D). We
find that the longer isoform is expressed
specifically along the ventricle where ra-
dial glia undergo mitosis. The staining is
not as strong with probe B as with probe
AB, indicating that this isoform is not ex-
clusively responsible for ARHGAP11B
expression in these cells. However, it
can be said that with current annotations
alone, the picture ofARHGAP11B activity
in these key neural progenitor cells is
incomplete.

Promoter loss and retention contribute to duplicate gene

expression patterns

We also find evidence of transcription for themajority (five of sev-
en paralogs) of HSDs associated with 5′ truncations (Fig. 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., FRMPD2) while others
represent fusion events, deriving their TSS from new upstream se-
quence. 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 GATSL2.

ROCK1P1 is derived from the four terminal exons and a por-
tion of the fifth exon of the 33-exon serine/threonine kinase,

A

B

Figure 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 eight of 19 gene families and 12 of 31
paralogs, the duplication includes the complete gene (with respect to the canonical isoform). More com-
mon are incomplete gene duplications, of which five of 12 gene families and 11 of 19 paralogs are
3′ truncated (whereby the ancestral promoter is maintained in the duplicate gene), while six of 12
gene families and seven of 19 paralogs are 5′ truncated (whereby the ancestral promoter is lost). The out-
comes of such truncated duplications can be simply shortened versions of the ancestral gene (“trunca-
tion”) 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 ele-
ments, which provide a new promoter for what would presumably be otherwise transcriptionally silent
genes (two of 19 gene families). Note that duplicates of GTF2IRD2 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 pro-
moters were included in the human-specific SD show expression patterns that are more similar to their
ancestors than those that acquire it from new sequence.

Transcription of human-specific genes
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ROCK1, which duplicated to the telomeric end of Chromosome
18, adjacent to a 5-kbp satellite repeat from which the TSS was ac-
quired (Supplemental Fig. S3). Our capture-based sequencing ap-
proach identifies two predominant TSSs (TSS 1 and TSS 2) from
the adjacent upstream sequence, whichwe refer to as the “promot-
er block” (Supplemental Fig. S3). This promoter block is primarily
composed of beta and LSAU satellite repeat sequence; TSS 1 maps
within a beta satellite repeat ∼900 bp upstream of the ROCK1
duplication break point, and TSS 2, which contains the
microRNA MIR8078, is found ∼200 bp upstream of the LSAU3
breakpoint. TSS 2, 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
Genotype-Tissue Expression (GTEx) data, we estimate that highest
expression of ROCK1P1 is in the testis, consistent with the tissue
expression of MIR8078 (NR_107045.1, miRBase (Kozomara and
Griffiths-Jones 2011; Meunier et al. 2013).

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 ob-
served in HYDIN2 (Dougherty et al. 2017). We divided the dupli-
cate genes into three categories based on the nature of the
duplication: truncatedwith a different promoter (i.e., loss of ances-
tral TSS), truncated with the same promoter (usually loss of the an-
cestral 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 (Fig.
3B). We find that when the duplicate
gene maintains the same promoter, the
expression correlation coefficient is al-
most always quite high, while when a
new promoter is acquired, expression
correlation is variable.

A notable exception to this rule is
the case of CD8B and its human-specific
duplicate CD8B2, which includes the an-
cestral promoter but has a markedly dif-
ferent derived expression (Fig. 3B).
Together with CD8A, CD8B forms a het-
erodimer that serves as a coreceptor for
the T-cell 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. CD8B2 is the consequence of a
whole-gene duplication (with respect to
themajor isoform) across the centromere
of Chromosome 2 (Fig. 5A). Despite its
pseudogene annotation, we find that
the 210 amino acidORFofCD8B ismain-
tained in CD8B2 with four substitutions
(Fig. 5B). However, similarity in expres-
sion between the paralogs is among the
lowest in the pairwise comparisons we
measured (P= 0.10 for correlation across
tissues). The most dramatic tissue-specif-
ic changes include a near total loss of ex-
pressed CD8B2 in whole blood and a
substantial gain in brain tissues, includ-

ing the cortex (Fig. 5C). We confirmed that this loss of expression
can be attributed specifically to T cells by examining single-cell
RNA-seq from 4538 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 gen-
erates sequence reads from the 3′ end of the transcript (Fig. 5D).
While most reads map equally to both paralogs, when strict map-
ping criteria (MAPQ>40) are applied, 99.9%of readsmappreferen-
tially to the 3′ untranslated region (UTR) ofCD8B, confirming that
CD8BP is not expressed in circulating T cells. Therefore, it is unlike-
ly thatCD8B2 expressiondefines 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 chan-
ge. An array of enhancers has been defined in the ∼100-kbp region
that includes CD8B and its partner CD8A (Kieffer et al. 1997,
2002), and a complex combinatorial relationship between these
enhancers is thought to direct cell type and stage-appropriate ex-
pression (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 el-
ements may be responsible. This is also one of the least copy num-
ber variable duplicate sequences in the human population—a
property that appears to associate with functional duplicate copies
(Dennis et al. 2017).

A

B

C D

Figure 4. Identification of a longer fusion isoform of ARHGAP11B expressed in dividing radial glia.
(A) Partial duplication (duplicated sequence represented by blue shading) of ARHGAP11A 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 (ARHGAP11B_3) extends deeply into ad-
jacent duplications; a “medium” isoform (ARHGAP11B_5) has four additional exons beyond the duplica-
tion shared with ARHGAP11A; and a “short” isoform (AHRGAP11B_6) consists entirely of sequence shared
with ARHGAP11A. Note that all three isoforms share the same ORF, and fused exons are predicted to be
noncoding. (C) Expression estimates based on short-read RNA-seq data for the three isoforms in select
tissues support the prominence of the long isoform but limited evidence for expression of the short iso-
form. (D) In 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 undergomitosis, 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. Probe B is not
predicted to hybridize to the ancestral OTUD7A gene (Methods).
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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 iso-
forms between duplicate paralogs. We observed major differences
in splicing for three gene families: ARGHAP11A, SRGAP2, and
FCGR1A. 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 other-
wise highly homologous ORF (Fig. 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 re-
spect to the 5′ splice site (Fig. 6B). These SRGAP2B mutations in-
crease 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 hu-
man brain (cortex, GTEx) (The GTEx Consortium 2013) corrobo-
rates that this frameshifting exon is a feature unique to SRGAP2B
(Fig. 6C), and transcript-wide expression estimates concur (Fig.
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 re-
placed the older duplicate SRGAP2B as the functional and fixed
copy in the human species (Dennis et al. 2012).

Similarly, splicing patterns differ between FCGR1A and
FCGR1B, despite their shared 99.0% nucleotide identity at the ge-
nomic level (Supplemental Fig. S4A). Most of this difference in-
volves the penultimate exon, which is constitutive in FCGR1A,
but a cassette exon of varying length in FCGR1B, likely a result
of a 4-bp deletion at the splice donor site. By using Shannon’s en-
tropy of normalized isoform abundance as a metric of increased
isoform diversity (Ritchie et al. 2008), we find that entropy for
FCGR1B (3.81 bits) is much higher than that of FCGR1A (1.92
bits; P=1.3 ×10−7, Kolmogorov-Smirnov test). For example,
∼80% of sequence reads come from two major isoforms of
FCRG1A, in contrast to FCRG1B, where 80% of sequence reads

are distributed among 12 isoforms
(Supplemental Fig. S4B). While in some
cases (e.g., FCGR1B, SRGAP2B) disruptive
splicing mutations appear to be associat-
ed with relaxed selection, in others such
as ARHGAP11B, they are thought to be
the key mutational event for neofunc-
tionalization of the duplicate (Florio
et al. 2016).

Exon exaptation and novel gene

annotations

Our analysis of the GTF2IRD2 gene fam-
ily, associated withWilliams-Beuren syn-
drome (Fig. 7A), identifies two novel
isoforms. The first is an out-of-frame fu-
sion with STAG3L2, a high-copy pseudo-
gene upstream of GTF2IRD2 that we
estimate accounts for 33% of GTF2IRD2
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

(Fig. 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) (Fig. 7C). A similar phenomenon can be observed in the an-
cestral GTF2I, although inclusion of the Tigger7 repeat is associat-
ed with a much less abundant isoform (Fig. 7D; Supplemental
Table S8). Taken together, this analysis provides strong evidence
that the human-specific gene GTF2IRD2 (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 selec-
tion throughout the primate phylogeny.

CHRFAM7A is a human-specific fusion gene that has been as-
sociated with neuropsychiatric disease (Flomen et al. 2006; Casey
et al. 2012; Rozycka et al. 2013) and is thought to interact in a dom-
inant-negative fashion with the normally homopentameric
CHRNA7 to decrease its efficiency as an ion channel (Araud et al.
2011). Current annotations have the longest ORF spanning the
boundary between CHRNA7 and FAM7A duplications; how-
ever, this is disrupted by a 2-bp polymorphism common in
European populations (Supplemental Fig. S5). All current models
of CHRFAM7A have a shortened ORF that initiates at this exon
but also contain multiple upstream exons, which results in either
a multiexon 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 iso-
form appears more likely to result in a translated product capable
of interacting with the ancestral CHRNA7.

Discussion

We have developed a capture-based approach to target the
duplicated regions of genomes and enrich for the recovery and se-
quencing of full-length transcripts for genes associated with the
evolution of novel genes important for species adaptations (Yim

A C

B D

Figure 5. Tissue-specific loss and gain of expression in CD8B2 and maintenance of ancestral open-
reading frame (ORF). (A) CD8B was duplicated in full (canonical isoform) from the p-arm to the q-arm
of Chromosome 2, generating CD8B2. (B) We identify expressed transcripts from CD8BP that resemble
those of CD8B and maintain the 210 aa ORF but with four amino acid replacements. (C) Tissue-specific
expression estimates generated using Kallisto and GTEx RNA-seq data indicate that, relative to CD8B,
CD8B2 has almost entirely lost expression in blood and gained expression in brain (cortex). Transcripts
per million (tpm) plotted with log scale. (D) Single-cell RNA-seq data from T cells (10x Genomics) sup-
ports that CD8B2 expression has been lost specifically in T cells likely due to the duplication excluding
a tissue-specific enhancer (see text). While multimap RNA-seq reads map to both paralogs because
they lack singly unique nucleotides (SUNs) that distinguish the two, uniquely mapping reads from T cells
map exclusively to ancestral CD8B.
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et al. 2014; Sulak et al. 2016) but where gene annotation is fre-
quently in error (Church et al. 2009; Sudmant et al. 2010;
Dennis et al. 2012; Li et al. 2015). This approach confirmed previ-
ously identified isoforms of BOLA2 and HYDIN that were charac-
terized by RT-PCR and RACE strategies. An important finding of
our study of HSDs is that most of the duplicates are transcription-
ally active despite the fact that only portions of the ancestral genes
are duplicated. In our study, 94% (29/31) of HSD paralogs show ev-
idence of transcription even though 30 of these genes are incom-
plete (Fig. 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 with 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 chang-
es in expression patterns might be expected for SDs when com-
pared 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 coexpression.

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 occurmuchmore rapidly because of two SD prop-
erties: the first, 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 re-
gions enriched for other incomplete duplications (Dennis et al.
2017). As a result, HSDs are likely to be juxtaposed beside other in-
complete duplications providing the raw material for regulatory
(e.g., CD8B2) and exonic exaptations that quickly alter the tran-
script model and the expression profile of the new duplicate with-
out the need for purifying selection (Hahn 2009). In other cases,
such as the GTF2IRD/GTF2I gene family, which has been associat-
edwith 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 transcript fusions (Supplemental
Note). Among HSDs, partial gene duplication is the predominant
mode, and there is evidence that such transcripts have the poten-
tial to encode truncated proteins that, lacking protein domains,
function differently than their ancestor. This is the model for
the human-specific duplicate genes CHRFAM7A (Araud et al.
2011), SRGAP2C (Charrier et al. 2012), and ARHGAP11B (Florio
et al. 2016)—the latter two are fixed for copy number and associat-
ed within neuronal spine maturation and cortical neuron expan-
sion, 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 man-
ner. However, for both SRGAP2C andARHGAP11B, additionalmu-
tations occurred subsequent to the duplication event—missense

A

C

B D

Figure 6. Inclusion of a 61-bp exon and premature stop codon in SRGAP2B. (A) SRGAP2B and SRGAP2C are duplicate copies of SRGAP2, created by an
initial 3′-truncated duplication∼3Myr ago. From the long-read capture data, we identify amajor isoform (here SRGAP2B_2) containing an additional 61-bp
exon (arrow). (B) Alignment of the 61-bp exon (highlighted in light 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. (C) Intron-spanning
reads from GTEx RNA-seq data from brain (cortex) were counted for each paralog if they were consistent with the canonical exon 2–3 junction (above), or
consistent with the extra 61-bp exon (below), with counts for SRGAP2 (red), SRGAP2B (green), and SRGAP2C (blue) shown. Boldface denotes uniquely map-
ping reads. The additional exon is frequently included in SRGAP2B transcripts, while rarely included if at all in SRGAP2A and SRGAP2C. (D) Expression es-
timates for isoforms shown in A generated using Kallisto and GTEx RNA-seq data corroborate that the isoform of SRGAP2B that includes the 61-bp exon is
the predominant one in neural tissues. These subsequent mutational changes likely nonfunctionalized SRGAP2B and are consistent with the fixation of the
granddaughter duplicate SRGAP2C in the human population.
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changes in the case of SRGAP2C (Sporny et al. 2017) and a splice-
site mutation in ARHGAP11B (Florio et al. 2016)—that apparently
refined (e.g., SRGAP2C) or even activated a new function (e.g.,
ARHGAP11B). 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.

A key difference fromprevious studies on gene duplications is
our focus on the most recent events and therefore the most iden-
tical duplications. The majority of duplicate genes are thought to
become nonfunctional, with an estimated half-life of 4 Myr
(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-neu-
tral sequence ultimately destined to be lost in the absence of selec-
tive 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 ac-
tion 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 struc-
ture and transcriptional landscape facilitate the emergence of new
function. In the case of humans, a small number of these dupli-
cates appear to be undergoing the first step of a multistage 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 (Charrier
et al. 2012; Dennis et al. 2012; Florio et al. 2015, 2016).

Methods

Probe design

Biotinylated oligonucleotide probes (for sequence, see Supple-
mental Table S2) were designed preferentially to constitutive
exons and coding sequence within the duplicated portion of an-
cestral genes as well as putative exons where annotation was

A

B

C

D

Figure 7. Discovery of novel N-terminal segment DNA-binding domains forGTF2IRD2 andGTF2I. (A) Two classes of novel isoforms were identified for the
human-specific duplicate gene GTF2IRD2 (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 upstreamgene STAG3L2while the lower isoform includes an alternative first exon, derived fromaDNA transposon
(TcMar-Tigger family), yielding a newN-terminal segment. (B) The proposed GTF2IRD2 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. (C) A multiple sequence alignment of
the newly identified N-terminus predicted protein sequences 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.
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absent or questionable. Repeat-masked sequence was avoided.
Because of the high homology between paralogs, probes designed
to exons of the ancestral gene were presumed to hybridize success-
fully to the duplicated gene as well. Probeswere synthesized on the
sense strand, resulting in 515 total probes for the HSD1 panel and
271 for the HSD2 panel.

cDNA synthesis, library preparation, enrichment, and sequencing

Double-stranded cDNA was synthesized by a modified version
of the standard Iso-Seq template preparation protocol (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) that
incorporates a barcode/molecular identifier at the end of each
strand to facilitate deconvolution of PCR duplicate sequences ver-
sus unique foundermolecules (for details of cDNA synthesis oligo-
nucleotides, see Supplemental Note). Poly(A) RNA (20 ng) from
pooled human adult brain (Clontech catalog no. 636102) or devel-
oping brain (Clontech catalog no. 636106) was reverse-transcribed
in a 10 µL reaction containing 50 mM Tris-HCl (pH 8.3 at 25°C),
75 mM KCl, 3 mM MgCl2, 10 mM DTT, 0.5 mM dNTPs, 100 U of
Maxima RNase H− RT (Thermo Fisher Scientific), 5 µM SP6 tem-
plate switch oligo, and 10 pmol barcoded oligo-dT primer. For ex-
periments with concordant primers, a single barcoded primer was
used for eachof 96parallel reactions. For experimentswithdiscord-
ant primers (a formofmolecular indexing), an equimolarmix of all
96 barcodes was used. Reactions were incubated as follows: 1 h at
45°C , 30 min at 55°C, 30 min at 45°C, and 5 min at 85°C.

After the heat kill step, the first-strand cDNA was purified by
precipitation on magnetic beads (1× AMPure PB; PacBio). The re-
covered material was subsequently carried into a 50 µL second-
stranding reaction in 1× Takara LA Taq HS buffer (Clontech), 200
µM dNTPs, 2.5 U of Takara LA Taq HS (Clontech), and 0.5 µM 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 sec-
ond-stranding reactions were incubated as follows: 1 min at 95°C,
10 min at 65°C.

The second-stranding reaction was immediately stopped by
depletion of primers by Exonuclease I (NEB; 10U) and dNTPs by al-
kaline phosphatase (rSAP: NEB; 1U) for 20 min at 37°C. The dou-
ble-stranded cDNA (“founder molecules”) were purified by
precipitation on magnetic beads (0.5× AMPure PB; PacBio).
Double-stranded cDNA (20% of founder molecule reaction) was
amplified by a 100 µL PCR reaction in 1× Takara LA Taq HS buffer
(Clontech), 250 µM dNTPs, 5 U of Takara LA Taq HS (Clontech),
and 0.5 µM of the PCR primer. Reactions were incubated as fol-
lows: 1 min at 95°C, 30 sec at 95°C, 30 sec at 68°C for 30 sec, 10
min at 72°C, 10 min at 72°C for 10 min, with the underlined steps
for 12 cycles.

Amplified double-stranded cDNA was purified by precipita-
tion on magnetic beads (0.4–0.6× AMPure PB; PacBio). In some
cases, the cDNAwas size-fractionated by an automated gel electro-
phoresis and recovery instrument (SageELF, Sage Sciences). Size
fractions were then assayed on a Bioanalyzer high sensitivity
chip and amplified in batches (∼1–2, 2–3, 3–4, 4–6 kbp) with the
same conditions as the prior PCR; 1- to 3-kbp fractions were run
through five cycles, while larger fractions required eight to 10
cycles.

Custom blocker oligonucleotides were synthesized (xGen
blockers; Integrated DNA Technologies [IDT]) to match the

first- and second-strand oligonucleotides with 16 deoxyino-
sines in place of the barcodes. Enrichment was carried out on var-
ious size fractions (1 µg each) using the hybridization and wash
reagents (xGen lockdown reagents; IDT) according tomanufactur-
er instructions (https://www.pacb.com/wp-content/uploads/Un
supported-Protocol-Full-length-cDNA-Target-Sequence-Capture-
Using-IDT-xGen-Lockdown-Probes.pdf). The final step involves
resuspending the streptavidin beads holding the immobilized en-
riched 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 (0.5× AMPure PB, PacBio) and assayed both
by fluorometer (Qubit, Thermo Fisher) for dsDNA concentration
and Bioanalyzer (DNA12000 chip, Agilent) for size.

Final cDNA was purified by precipitation on magnetic beads
(0.5× 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 × 0.5× AMPure PB, PacBio) and assayed both by fluorometer
(Qubit, Thermo Fisher) for dsDNA concentration and Bioanalyzer
(DNA 12000 chip, Agilent) for size. SMRT sequencing was per-
formed using the P6-C4 chemistry on the PacBio RS II instrument
with 6-h movies.

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) 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-molecu-
lar CCS read was generated using CCS2 (deviations from default
parameters include “–minLength=100 –maxLength=10000 –min-
Passes=1”). The CCS reads were then classified as pFL if the expect-
ed terminal sequences and a poly(A) tract were observed. Reads
were then mapped to the human reference genome (GRCh38) us-
ing GMAP (v 2015-07-23) (Wu andWatanabe 2005), and mapped
pFL reads were used for further analysis (for details ofmapping, see
Supplemental Note). Finally, newly determined isoforms were as-
sessed for support by other data sources, including 5′ CAGE (cap
analysis of gene expression) and 3′ poly(A)-seq (Supplemental
Note) (Lianoglou et al. 2013; Lizio et al. 2015). ANGEL (https://
github.com/PacificBiosciences/ANGEL) was used to identify
ORFs. Genomic adenine homopolymers that could lead to spuri-
ous oligo-dT priming were identified to avoid incorrect 3′ end
annotation.

Illumina RNA-seq

About five nanograms of poly(A)+ RNA pooled adult human brain
(Clontech catalog no. 636102) or developing brain (Clontech
catalog no. 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 fluorom-
eter (Qubit, Thermo Fisher) for dsDNA concentration and
Bioanalyzer (DNA12000 chip, Agilent) for size. Sequencing-by-
synthesis was performed on a HiSeq 2500 with 2×125-bp reads.
Reads were demultiplexed using deML (Renaud et al. 2015) yield-
ing 61 M and 72 M reads for developing and adult brain, respec-
tively, 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
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using STAR (Dobin et al. 2013), and further QC was performed us-
ing QoRTs (Hartley and Mullikin 2015). Counts of uniquely map-
ping andmultimapping reads were taken from the output of STAR
mapping (“SJ.out.tab” file).

Tissue-specific expression estimates

RNA-seq data from the 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 tran-
scriptome (GENCODE v25 “Transcript sequences” file ftp://ftp.
sanger.ac.uk/pub/gencode/Gencode_human/release_25/gencode.
v25.transcripts.fa.gz). Redundant reference transcriptome se-
quences were removed (e.g., current fragments of CD8BP were re-
moved after our putatively corrected gene models were added).
This custom transcriptome was indexed, and the Kallisto quantifi-
cation algorithm was run using default parameters on each of the
GTExsamples.Wenote thatestimates of expression levels arebased
on nonstranded RNA-seq data andmay be confounded by overlap-
ping antisense transcription and other mapping artifacts. Results
in the form of transcripts per million were analyzed in R (R Core
Team 2016) 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 (R Core Team 2016) based on median expres-
sion levels in each tissue for tissues that had at least five samples.

Test for purifying selection

We tested the hypothesis that the Tigger7-derived coding se-
quence was under purifying selection (dN/dS < 1) using CODEML
(Yang 2007) by comparing two evolutionarymodels, one inwhich
dN/dS (omega) is fixed at one, and one in which it is a free param-
eter. We used a χ2 test (1 d.f.) with twice the difference in log-like-
lihood as the test statistic, with a significance threshold of P<0.05,
to test if the higher parameter model was a statistically signifi-
cantly better fit.

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 speci-
mens were fixed overnight in 4% paraformaldehyde, dehydrated
in 30% (w/v) sucrose, and embedded optimal cutting temperature
solution (Tissue-Tek). Frozen tissue blockswere sectioned at 20-µm
thickness using a Leica freezing microtome. 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) (for probe design, see Supple-
mental Methods). 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 (Sigma catalog no. 11093274910) (Wallace and Raff
1999). Images were collected with a Leica DMI 4000B microscope
using a Leica DFC295 camera and were uniformly adjusted for
brightness and contrast for clarity.

Data access

The data generated in this study, including PacBio and Illumina
RNA-seq data, have been submitted to the NCBI BioProject data-

base (https://www.ncbi.nlm.nih.gov/bioproject) under accession
number PRJNA475610. The custom Iso-Seq pipeline used is avail-
able on GitHub (https://github.com/EichlerLab/isoseq_pipeline)
and our custom script for Iso-Seq data processing is available as
Supplemental_File_S3.py.
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