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ABSTRACT

Innovation in Duplication: Structural Diversity and Regulatory Control of Human Genes: 7TBC1D3

Xavi Guitart

Chair of the Supervisory Committee:
Evan Eichler

Genome Sciences

Segmental duplications (SDs) are a major source of genomic innovation, responsible for the
genomic instability that accelerates novel gene function but also causes disease. Despite their
importance, SDs have historically remained difficult to study due to their high sequence identity
and copy number polymorphism, making them all but impossible to resolve with short-read
sequencing and assembly. Recent advances in long-read sequencing and de novo genome
assembly have made it possible to resolve these regions at haplotype resolution, enabling
systematic investigation of complex duplicated gene families. This thesis leverages these
technological advances to study the evolution, structural diversity, and regulation of 7TBCID3, a
primate-specific SD gene family implicated in neuronal progenitor proliferation, cortical

expansion, and cancer.

TBCID3 is a young and highly duplicated gene family dispersed across chromosome 17, with
the majority of paralogs embedded in two large SD clusters at 17q12. Prior functional studies
demonstrated that 7BC1D3 promotes cellular proliferation in both cancer and

neurodevelopmental contexts, yet it remained unclear how a gene family with extreme copy



number variation could contribute to tightly regulated developmental processes. In this work, I
address this paradox by integrating long-read genome assemblies, comparative primate

genomics, population-scale human variation, and paralog-resolved transcriptomics.

In Chapter 2, I reconstruct the evolutionary history and human diversity of 7BC/D3 using
haplotype-resolved assemblies from 69 human haplotypes and 11 nonhuman primate species. [
show that TBC1D3 independently expanded in at least five primate lineages and that humans
experienced a recent expansion approximately 2—3 million years ago. Human haplotypes exhibit
extraordinary structural diversity, differing by up to ~1 Mbp and more than 20 gene copies,
making 7BC1D3 one of the most structurally variable gene families in the human genome.
Despite this variability, signatures of positive selection are detected along the African ape
lineage, and I show that all human-expressed copies share a derived, human-specific
modification of the protein C terminus, suggesting functional divergence during recent human
evolution. Using a pangenomic and phylogenetic framework, I define distinct paralog groups and
demonstrate that 7TBC1D3 expression is overwhelmingly restricted to a single paralog group

located at the telomeric end of cluster 2.

Chapter 3 investigates the regulatory basis of this striking paralog-specific expression. I
demonstrate that 7TBC1D3 expression in human neural contexts is driven by a position-effect
mechanism in which a fixed, copy number-constrained promoter derived from the neighboring
gene NPEPPSP] has been duplicated and fused upstream of a specific TBC1D3 paralog. Using
comparative epigenomics, long-read transcriptomics, and neuronal differentiation models, I show
that this NPEPPSP1-TBCI1D3 fusion creates a dominant regulatory architecture that restricts

transcription to a single copy despite extensive underlying copy number variation. This



mechanism provides a parsimonious explanation for how TBCID3 expression and function may

remain stable while the surrounding gene family continues to diversify structurally.

In Chapter 4, I describe experimental efforts to interrogate the functional consequences of
human-specific modifications to 7TBC1D3, including the derived C-terminal extension. Although
these experiments were not ultimately successful, their outcomes inform hypotheses regarding
protein localization, posttranslational regulation, and context-dependent function that motivate

future work.

This thesis establishes a generalizable framework for studying complex SD gene families by
integrating haplotype-resolved assemblies, evolutionary analysis, and paralog-aware regulatory
interrogation. The findings reveal how SDs contribute to gene family expansion, regulatory
innovation, and protein evolution, allowing rapid structural diversification. More broadly, this
work demonstrates how long-read genomics enables direct investigation of genomic regions that
have played a disproportionate role in human evolution and disease yet have remained largely

inaccessible until now.
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CHAPTER 1. INTRODUCTION

1.1 EVOLUTION BY SEGMENTAL DUPLICATION

While studying bilaterian diversification during the Cambrian explosion, evolutionary biologists
observed that anatomical innovation often emerges from a repeated body plan, where
redundancy permits individual segments to evolve new functions without compromising overall
viability (Holland, 2012). This anatomical evolutionary characteristic has its basis in an eloquent
genetic analog: gene duplications introduce functional redundancy, reduce selective pressure,
and create evolutionary “space” for diversification. This genetic principle was first formalized by
geneticist Susumu Ohno, who recognized gene duplication as a major driver of evolutionary
novelty (Ohno, 1970). Building on this foundation, Ed Lewis and others uncovered deeply
conserved clusters of duplicated homeotic genes—Hox genes—that pattern the body plans of
metazoans (Lewis, 1978). These genes exemplify how duplication, followed by divergence, can

underlie the evolution of entirely new anatomical structures and functions.
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Figure 1. 1 Evolution of Hox genes through duplication

(A) Origin of Hox genes. The diversity of Hox gene families critical for development originated through
the duplication and divergence of an ancestral Hox. (B) Diversity of Hox gene copies in animals. During
development, different animal lineages duplicated and diverged Hox gene families, contributing to novel
body plans. (C) Drosophila vs. human development. Orthologous Hox gene families (colored) duplicated
and diverged in different ways leading to divergent body plans between Drosophila and H. sapiens

(adapted from Chambon et al. 1997 and Heffer & Pick, 2013).
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One mechanism by which genes duplicate are segmental duplications or SDs: these are defined
as duplications of DNA sequences of 1 kbp in length or greater and at least 90% or more
identical to one another (IHGSC 2001). They arise by different methods, including duplicative
transposition (Johnson et al. 2006), nonallelic homologous recombination (Ebert et al. 2021),
and fork stalling and template switching (Lee et al. 2007). However, once formed, SDs provide a
substrate of genomic instability and further duplication events (Marques-Bonet & Girirajan et al.
2009). SDs are exciting evolutionarily because they are enriched for genes, and responsible for
significant adaptations—recent studies into the previously described Hox genes now suggests
that the four Hox paralogs critical for mammalian body plans likely arose through segmental
duplication (Ambreen et al. 2014). Other notable examples include SD genes contributing to size
and longevity in blue whales and elephants (Bukhman et al. 2024, Sulak et al. 2016), extreme
diving capacity in sperm whales (Zhang et al. 2025), and immunity in domesticated animals

(Feng et al. 2017).

1.2 HUMAN EVOLUTION BY SEGMENTAL DUPLICATION

Comparative human genetics, notably the Human Genome Project and the accompanying mouse
and chimpanzee genome projects, investigates the genetic differences that distinguish our species
from others. This work gives us an evolutionary baseline of our genome and, more practically,
provides a basis by which to reduce the sample space of our over 6-billion-base-pair genome to
select regions that are conserved, unique to us, and potentially pathogenic if altered in some way.
Researchers involved in these projects were initially surprised, and to some extent exasperated,

at the paucity of human-specific differences at the gene level: we had essentially the same
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number of genes as Drosophila or nematodes, and at the protein level are nearly identical to
chimpanzees (International Human Genome Sequencing Consortium, 2001). Investigators
offered explanations for the lack of differences—our human-specific traits may be due to a few
and high-effect point mutations (Enard et al. 2002) or specifically by gene loss (Stedman et al.
2004). Perhaps most significantly, though, the community has focused on non-genic regulatory
sequences as the dominant sequence responsible for human phenotypic changes (King & Wilson,

1975).

Another underappreciated aspect of human genetic divergence is divergence through SDs.
Among mammals, primate genomes are conspicuous outliers in their composition and
distribution of SDs, which tend to be larger and more distantly dispersed across the genome than
expected by chance (Bailey et al. 2006). This structure represents a mixed blessing. SDs
accelerate evolution. Numerous studies have identified human-specific SD-derived genes critical
for our most recent and rapidly evolving biological systems, specifically immunity, metabolism,
and neurodevelopment (Bailey et al. 2006; Pramanik et al. 2011; McLellan et al. 1997; Dennis et
al. 2017). For neurodevelopment, numerous studies have identified human-specific duplicated
genes amplifying cell proliferation of neuron progenitors (Florio ef al. 2016; Namba et al. 2020,
Dougherty et al. 2018), dendrite and synaptic plasticity and connectivity (Charrier et al. 2012;

Dong et al. 2024), and neoteny (Florio et al. 2018).

Segmental duplication, however, contributes to novel phenotypes in ways besides novel genes.
Duplicated sequences provide a substrate for ectopic recombination (i.e., non-allelic homologous
recombination; Kim et al. 2008). With more distal duplications, these recombinations can and do
rearrange large genomic regions or even entire chromosomes (Armengol ef al. 2003). In these
events, even a conserved, homologous protein may find itself in a new regulatory context with
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novel function. LRRC37, for example, is an ancient and conserved gene that predates the
divergence of mice and humans. However, the gene family underwent significant duplication and
rearrangement in human lineage, leading to broad expression across tissues, whereas Lrrc37

remains testis-specific in mice (Bekpen et al. 2012).

This rapid evolvability of SDs comes with a consequence: genetic instability. SDs mediate
recurrent duplication and deletion syndromes, which typically arise de novo and cause
debilitating phenotypes in the population. For example, SDs mediate the recurrent duplication
and deletion of chr22q11.2, the greatest genetic risk factor for autism (Ousley et al. 2009). Other
examples include 16p11.2 microduplication (Weiss et al. 2008), 15q13.3 microdeletion (Dibbens
et al. 2009), and 6p22.1 associations with schizophrenia, autism, and intellectual disability (Shi
et al. 2009). Ultimately, the adaptive benefits these dynamic regions provide may outweigh the
risk of their presence, which is why common, highly heritable disorders with reduced
reproductive success persist (Stefansson et al. 2008; Marques-Bonet & Girirajan et al. 2009;

Itsara et al. 2009).

1.3 ADVANCES IN SEQUENCING AND ASSEMBLY

Despite their enrichment for rapidly evolving and disease-associated genes, SDs remain
underrepresented in genomics research due to persistent challenges in mapping and assembly.
Traditional platforms like Sanger sequencing and short-read next-generation sequencing (NGS)
lack the read length needed to resolve near-identical paralogous sequences, limiting their ability
to distinguish recent duplications. While read-depth—based copy number estimation offered some
insight into structural diversity (Sudmant et al. 2010), it fell short of resolving sequence-level

variation. Bacterial artificial chromosome (BAC) libraries provided a partial solution by isolating
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individual variants for sequencing. However, the approach was technically laborious and still left

many regions unresolved in the reference genome.

Recent innovations in highly accurate, long-read sequencing from Pacific Biosciences (PacBio)
and Oxford Nanopore Technologies (ONT) have finally made SDs tractable in genomics
research. PacBio high-fidelity (HiFi) sequences reads of roughly 15 kbp with >99.9% sequence
accuracy, while ONT has achieved ultra-long sequencing of reads over 100 kbp and >95%
sequence accuracy (Logsdon ef al. 2021). These read lengths and high accuracies enable a single
read to span numerous sparse variants of high-identity duplicated genomic DNA. With these
anchoring polymorphisms, genomes can be confidently assembled to new telomere-to-telomere
(T2T) contiguity (Rautanian et al. 2023). Thanks to this technology, the Human Genome Project
was finally completed, and the Human Pangenome Reference Consortium (HPRC; Nurk ef al.
2022; Liao et al. 2023) and Human Genome Structural Variation Consortium (HGSVC; Fairley

et al. 2020) are characterizing structural diversity at the population level.

1.4 TBCID3: A DYNAMIC SD GENE FAMILY IMPLICATED IN
NEURODEVELOPMENT

The reference-quality assemblies produced by the Primate T2T projects, HPRC, and HGSVC
now make it possible to characterize complex gene families that were previously inaccessible
due to limitations in genome assembly (Dishuck et al. 2025, Bolognini et al. 2024, Plender et al.
2024, Real et al. 2025). These resources enable us to ask foundational questions about gene
family evolution (e.g., how and when did the gene arise, and which copies are under selection?),

variation across human populations (e.g., which copies are polymorphic versus fixed, and which
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are linked to disease?), and functional impact (e.g., which copies are transcribed, epigenetically

regulated, or translated into protein?).

TBC1D3 is a medically relevant, structurally complex SD gene family. The gene family is spread
across chromosome 17, but the majority of copies, and all transcribed copies in humans, are
situated in two SD clusters, Cluster 1 and Cluster 2, at 17q12 (Hodzic et al. 2006). This gene
family is young, only present in primates, and the paralogs are, on average, over 99% identical to
one another. These two clusters are responsible for the recurrent 17q12 duplication and deletion
(i.e., RCAD - Renal Cyst and Diabetes) syndromes. These microdeletions and duplications are
phenotypically variable, but both often present with intellectual disability, developmental delay,

and autism (Mitchel et al. 2016; Mefford et al. 2016).

TBCI1D3 was first reported in the context of cancer—where it was observed in over 15% of
prostate cancers—and reported as an oncogene (Pei et al. 2002). Knockdown and ectopic
expression experiments of the gene family revealed 7TBCID3’s capability of promoting cell
proliferation (Frittoli et al. 2008; Wainszelbaum et al. 2008, 2012). These studies provide strong
evidence that TBCID3 functions in the cytosol, where it amplifies both EGF and IGF pathways
to increase cell metabolism and growth, but relied on expression and regulation in immortalized
cell lines, including K562 and 293T cells. However, tissue-specific expression from GTEx

shows that TBC1D3 is enriched in the brain (GTEx Consortium, 2020).

In 2016 Ju et al. showed that, when expressed in the brain, TBC1D3 promotes proliferation of
outer radial glia, the precursors to cortical neurons. With both transgenic and transduction
experiments, they showed that introducing 7BC/D3 to mouse embryos results in expansion of

the frontal cortex and cortical folding. Later functional investigations by the group showed that,
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in neuron progenitors, TBC1D3 localizes to the nucleus, where the protein inhibits G9a
methyltransferase, a H3Kme2 histone methylation factor, to prevent chromatin remodeling and
nuclear differentiation, delaying neuron differentiation and promoting extra rounds of cell
division (Hou et al. 2021). Follow-up research by the group also found 7BC/D3 may be

implicated in delay of synaptic maturation (Dong et al. 2024).

1.5 RESEARCH GOALS:

This thesis represents a deep exploration of TBC1D3, one of numerous primate-specific SD gene
families. The objective is to leverage new sequencing modalities to characterize the evolution,
variation, and regulation of 7TBCID3, whose high sequence identity has, until recently, stifled
thorough investigation. Understanding a gene’s role in human evolution and disease requires
accurate assembly, comparisons of the locus between humans and with other primates, and an

understanding of the gene’s regulation and function in development.

Chapter 2 begins this work by characterizing TBC1D3’s evolution in primates and its variation in
the human population. In this chapter, I show evidence for a unique and dynamic evolution, with
multiple rounds of independent expansion, and a human-specific, derived modification of the
final 41 amino acids of the carboxy terminus. We also compare human diversity at 7BC/D3 and
show that the gene family maintains incredible copy number and structural diversity. We
complete the work with a pangenomic characterization of the individual paralog members of the

gene family and show that TBC1D3 expression may be constrained to a select few paralogs.

Next, in Chapter 3, we test the hypothesis of paralog-specific regulation, elucidating an exciting

regulatory mechanism that explains tolerance for high copy number polymorphism of 7TBC1D3.
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We use two separate epigenetic modalities, comparative transcriptomics, and a neuronal
developmental model, to show that TBC1D3 expression is controlled via fusion with

NPEPPSP1, an upstream neighbor and copy number-constrained promoter.

In Chapter 4, I provide a brief summary of our attempts to investigate human-specific
modifications to 7TBCI1D3. We describe the experimental design, the results of the failed

experiment, and hypotheses explaining why the experiment did not succeed.

Finally, in Chapter 5, I discuss the future directions, both for characterization of TBC/D3 and
other segmentally duplicated gene families in humans. This includes knock-down experiments
targeting the fixed 7BC1D3 promoter and association studies of a subset of structural haplotypes
with an inversion-breaking NPEPPSPI-TBC1D3 fusion regulation. I will also discuss what

resources are still missing.

As of February 2026, Chapter 2 has been published, and Chapter 3 has been submitted for peer

review.
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CHAPTER 2. INDEPENDENT EXPANSION, SELECTION AND
HYPERVARIABILITY OF THE TBC1D3 GENE FAMILY IN

HUMANS

Chapter 2 is adapted with minimal modification from:

Guitart, X., Porubsky, D., Yoo, D., Dougherty, M. L., Dishuck, P. C., Munson, K. M., Lewis, A. P.,
Hoekzema, K., Knuth, J., Chang, S., Pastinen, T., & Eichler, E. E. (2024). Independent expansion,
selection, and hypervariability of the TBC1D3 gene family in humans. Genome Research, 34(11), 1798—

1810. https://doi.org/10.1101/gr.279299.124

Author Contributions: X.G. and E.E.E. conceived the project; X.G. assembled genomes, performed QC
analyses, and conducted the analyses relevant to all manuscript figures; D.P. identified the HG01109
human inversion; D.Y. computed nucleotide diversity of unique sequence flanking 7TBC1D3 clusters;
M.L.D. conducted the probe capture experiments for fetal brain Iso-Seq data; P.C.D. provided technical
and scientific consultation and assisted in Iso-Seq library processing; K.M.M. and A.P.L. generated
PacBio HiFi and Iso-Seq sequencing data; K.H. and J.K. generated ONT sequencing data; S.C. processed
samples and DNA necessary for mouse lemur genome assembly; T.P. generated iPSC Iso-Seq libraries;

X.G. and E.E.E. drafted the manuscript. All authors read and approved the final manuscript.
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2.1 ABSTRACT

TBCI1D3 is a primate-specific gene family that has expanded in the human lineage and has been
implicated in neuronal progenitor proliferation and expansion of the frontal cortex. The gene
family and its expression have been challenging to investigate because it is embedded in high-
identity and highly variable segmental duplications. We sequenced and assembled the gene
family using long-read sequencing data from 34 humans and 11 nonhuman primate species. Our
analysis shows that this particular gene family has independently duplicated in at least five
primate lineages, and the duplicated loci are enriched at sites of large-scale chromosomal
rearrangements on Chromosome 17. We find that all human copy number variation maps to two
distinct clusters located at Chr. 17q12 and that humans are highly structurally variable at this
locus, differing by as many as 20 copies and ~1 Mbp in length depending on haplotypes. We also
show evidence of positive selection, as well as a significant change in the predicted human
TBCI1D3 protein sequence. Lastly, we find that, despite multiple duplications, human 7BC1D3
expression is limited to a subset of copies and, most notably, from a single paralog group:
TBCID3-CDKL. These observations may help explain why a gene potentially important in

cortical development can be so variable in the human population.

2.2 INTRODUCTION

Gene duplication followed by adaptation is one of the primary forces by which new genes
emerge within species (Ohno, 1970). Many of these evolutionary events occur in segmental
duplications (SDs), genomic units that are at least one kilobase pair in length and whose
duplications are 90% or more identical to one another (Bailey and Eichler 2006). Many human-
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specific genes reside in SDs, which often continue to vary structurally in our lineage (Bitar et al.
2019). Since the initial publication of the human and chimpanzee genomes, investigations of
human-specific SD genes have found that they most often are implicated in xenobiotic
recognition, metabolism, immunity, and neuronal development, playing an important role in the

evolution of our species (Perry et al. 2007; Huttner et al. 2024; Dennis et al. 2012).

TBCID3 is a primate-specific SD gene family (Paulding et al. 2003). This gene family is
dispersed across the two arms of Chromosome 17, though most copies in humans map to two
expansion blocks at locus Chromosome 17q12 (Fig. 2.1A). Expression data in humans from the
Genome-Tissue Expression (GTEX) project reveal TBC1D3 is modestly expressed globally, with
increased expression in testis and brain tissue (The GTEx Consortium 2020). TBCID3
expression and function were initially observed in prostate tumor samples and originally
classified as an oncogene (Hodzic et al. 2006). However, in 2016, Ju et al. showed that
transgenic overexpression of 7BC/D3 in the developing mouse brain results in a proliferation of

outer radial glial cells and a subsequent expansion and folding of the cortex (Ju et al. 2016).

These findings suggest that the evolution of 7TBC1D3 may have contributed to human cranial
expansion over the last two million years (Stringer 2016). Investigations of the sequence
evolution and variation amongst humans and nonhuman primates (NHPs) would help test this
hypothesis (Sabeti et al. 2006). However, the duplicated and highly identical sequences of
TBCID3 copies make assembly impossible with standard short-read sequencing platforms.
Instead, researchers have investigated copy number variation in SD genes using short-read
sequencing data to understand patterns of variation (Sudmant et al. 2010). Such read-based
studies have suggested extensive copy number differences among human populations. However,
these experiments lack the single-base-pair resolution necessary to distinguish different
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paralogous copies, structural differences among haplotypes, and which copies are likely
functional or expressed. Moreover, it is unclear how a gene so variable in copy number could
play such a critical role in the expansion of the frontal cortex in humans. In this study, we
address these questions by leveraging long-read sequencing data generated from humans and
apes to fully resolve the TBC1D3 loci (Liao et al. 2023; Mao et al. 2024; Makova et al. 2023).
The goals of this study were to reconstruct the evolutionary history of this gene family, to assess
the extent of human genetic diversity, and to determine how this variation relates to changes in

selection and expression of the gene family in the human lineage.
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2.3 RESULTS

2.3.1 HUMAN TBC1D3 COPY NUMBER VARIATION.

To understand 7BCID3 organization and variation in humans, we first focused on two 7TBC1D3
gene family clusters that contain the majority of 7BC1D3 paralogs, named cluster 1 and cluster 2
(Fig. 2.1B). We characterized 44 human genomes recently sequenced as part of the Human
Pangenome Reference Consortium at this locus (Supplemental Table S1; Liao et al. 2023). We
first assessed the integrity of each assembly by searching for sequence collapses in read depth of
both Pacific Biosciences (PacBio) high-fidelity (HiFi) and Oxford Nanopore Technologies
(ONT) sequencing data (Supplemental Table S2; Vollger et al. 2019; Dishuck et al. 2022;
Methods). We found that 46 of the haplotypes passed quality control (QC), while 42 haplotypes
failed. We attempted to re-assemble the samples that failed QC using a novel assembly algorithm
that leverages both HiFi and ONT data (Verkko) (Rautiainen et al. 2023). This procedure
recovered an additional 20 haplotypes where both cluster 1 and cluster 2 were fully sequenced
and assembled without error (Supplemental Fig. S1). We also confirmed accurate assembly with
an orthogonal sequencing platform by comparing assembly predicted copy number against
[llumina read depth—based copy number estimates (Fig. 2.1A; Supplemental Fig. S2; Methods).
For our investigations we required that both haplotypes of the assembly accurately resolve. In
total, we validated 66 haplotypes where both 7TBC1D3 clusters were fully resolved and, including

three genome references, developed a total dataset of 69 human haplotypes.

Next, we estimated the copy number and organization of 7BC1D3 in clusters 1 and 2 for each
human haplotype (Fig. 2.1B-D). In cluster 1, we found that TBC1D3 varies from 1 to 14 copies,

while in cluster 2 it varies from 2 to 14 copies (Supplemental Table S3). Thus, human diplotype
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copy number for TBC1D3 summing across both clusters could theoretically range from 6 to 56
based on our limited survey of human diversity. The differences in copy account for as much as
1.5 Mbp of differential size between human haplotypes. Notably, we find that TBC1D3 copy
number is significantly higher among Africans (X=34.4) when compared to non-African
populations (X=25.4) (p-value = 1.7E-5). Higher African copy number is an observation that has
been confirmed by Illumina WGS read-depth analysis for 7BC/D3 and seen for other recently
duplicated copy number polymorphic loci (Vollger et al. 2022; Jeong et al. 2024). The basis for
this is unknown but it may reflect the genetic bottleneck in the out-of-African founder
populations or another manifestation of overall increased genetic diversity of African
populations. For cluster 1, we find that 65% (45/69) of the haplotypes are structurally distinct.
Additionally, for cluster 2, we observe similar diversity, where 68% (47/69) are structurally
distinct (Supplemental Fig. S3). Based on completely assembled diploid samples, we estimate
the structural heterozygosity for cluster 1 is 94%, while cluster 2 is 88%, making these two loci

among some of the most structurally variable gene families in the human genome (Sudmant et al.

2010).
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Figure 2. 1 Assembly and human variation of TBC1D3.

(A) Assembly copy number estimate versus orthogonal Illumina sequence copy number estimate. Each
point represents a sample diploid assembly, colored by superpopulation. (B) Reference ideogram of
TBC1D3 regions. Expanded views of clusters 1 and 2 (marked in red) are illustrated in C, D.

(C,D) Structure for chimpanzee and seven validated human haplotypes over TBC1D3 cluster 1 (C) and
cluster 2 (D). TBC1D3 copies are colored as red arrows. Colored arrows below TBC1D3 illustrate
segmental duplication content annotated with DupMasker (Jiang et al. 2008).
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2.3.2 NONHUMAN PRIMATE (NHP) TBC1D3 ORGANIZATION.

To better understand the evolution of the clusters, we investigated the organization of TBC1D3
in 10 different NHP lineages (Supplemental Table S4). This included single representatives of
five great ape species (bonobo, chimpanzee, gorilla, Bornean, and Sumatran orangutan), two Old
World monkeys (macaque, gelada), two New World monkeys (marmoset, owl monkey), and one
prosimian (mouse lemur). Eight of these genomes were previously published (Mao et al. 2024)
or are part of efforts to generate telomere-to-telomere (T2T) assemblies of ape genomes
(Makova et al. 2023). We generated HiFi sequence data from both the gelada and mouse lemur

genomes in this study and assembled their genomes using Hifiasm (Methods).

With the exception of the mouse lemur, all NHP genomes carry multiple copies of TBCID3
(Supplemental Table S5). We find that 7TBC1D3 is also highly copy number variable among
NHPs, from two copies in marmoset to 31 copies within a single haplotype in both gelada and
gibbon. We searched specifically for clustered expansions and found that most primates—
human, gorilla, orangutan, macaque, and gelada—similarly contain two expanded clusters of
TBCID3 (Fig. 2.2A). Among apes, these two clusters are orthologous to human clusters 1 and 2,
separated by 1.35 Mbp of intervening sequence. Among the Old World monkeys, gelada and
macaque, structural rearrangements have repositioned the two clusters such that the intervening
sequence is larger and nonsyntenic. Importantly, bonobo and chimpanzee only possess 1-2
copies of 7TBCID3 at cluster 2, whereas no copies were identified at cluster 1. Thus, all humans
have an increase in copy number when compared to the Pan lineage but are not exceptional
when compared to most other NHP lineages. New World monkeys, owl monkey, and marmoset

do not have TBC1D3 organized into clusters. Instead, marmoset has two copies while owl

30



monkey has eight copies distributed throughout its chromosome, suggesting independent and
recent expansions. Overall, we find that 7BC/D3 copy number varies from 0 to 14 copies in
cluster 1 and from 1 to 17 copies in cluster 2 (Fig. 2.2B). A detailed analysis of the composition
of the SDs within each primate lineage shows that the units of duplication in different species
frequently differed in structure, suggesting independent duplications or gene conversion events

in each lineage (Supplemental Fig. S4; Methods).

In order to estimate when the clustered TBC1D3 copies expanded in each lineage, we
constructed a maximum likelihood phylogenetic tree based on a multiple sequence alignment
(MSA) generated from intronic sequence of each predicted 7TBCI1D3 gene copy from the various
primate genomes (Fig. 2.2B; Methods). We observe complete lineage-specific stratification of
the TBC1D3 gene family members into distinct clades for human, Pan, gorilla, orangutan,
gibbon, and owl monkey lineages. These findings strongly support recurrent duplication or gene
conversion of all gene family copies in each lineage. In contrast, the gelada and rhesus macaque
show both shared and lineage-specific groups, suggesting 7TBC1D3 expanded before and after
speciation. Using 25 and 6.5 million years ago (mya) as times of human—macaque and human—
chimpanzee divergence, we estimated the timing of each lineage-specific expansion (Fig. 2.2B;
Stevens et al. 2013; Dunsworth et al. 2010). In most lineages, the primate duplications occurred
relatively recently. Most notably, we observe that humans experienced the most recent expansion

within the apes, occurring between 2.0 and 2.6 mya.
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Figure 2. 2 Comparative genome structure and phylogeny of TBC1D3 gene family among

primates.

(A) TBC1D3 clusters 1 and 2 structure. Orthologous TBC1D3 clusters 1 and 2 are illustrated as two
clustered regions (red blocks), with flanking unique sequence in gray for the primate lineages. Old World
monkey TBC1D3 expansion 1, which is nonsyntenic, is highlighted in blue. TBC1D3 paralogs (red
arrows) are embedded within other segmental duplication blocks, with DupMasker annotations illustrated
with colored arrows. The diverse organizational differences of each expansion, including expansion size,
duplicon content, and copy number, suggest independent expansion. (B) TBC1D3 neutral phylogeny
generated by maximum likelihood; 2300 bp of intronic sequence were aligned between all primate
TBC1D3 paralogs observed in A, with the marmoset sequence used as an outgroup. The phylogeny
supports the hypothesis of independent expansion with the exception of the Old World monkeys (geladas
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and macaques) in which several copies duplicated before and after speciation of these two lineages (11

mya) (Liedigk et al. 2014).

2.3.3 TBCID3 AND LARGE-SCALE CHROMOSOMAL REARRANGEMENTS.

During our comparative analysis of NHP genomes, we noticed that chromosomal synteny
frequently was disrupted at sites corresponding to interspersed TBC1D3 loci. To assess this more
systematically, we selected five primate lineages for which T2T assemblies had recently been
generated as part of the Primate T2T Consortium, aligned orthologous Chromosome 17s to one
another, and illustrated these alignments, as well as alpha satellite and TBC1D3 loci (Methods)
(Fig. 2.3A). We found that TBC1D3 consistently flanks some of the largest chromosomal
rearrangements. For example, human TBC1D3P2 demarcates one end of a 12 Mbp large-scale
chromosomal inversion distinguishing human and Sumatran orangutan chromosomes (see light
blue alignment in Fig. 2.3A, B). In the orangutan, the corresponding breakpoint of synteny is
anchored in one of the expanded TBC1D3 clusters. This structure is syntenic with the macaque,
suggesting that it was the ancestral configuration, whereas the human structure, shared with
gorillas and chimpanzees, was derived. Similarly, one of the fission breakpoints of Chromosome
17 resulting in gorilla Chromosomes 4 and 19 (Stankiewicz et al. 2001) maps precisely to

TBC1D3 and USP6 duplications in the gorilla lineage.

To test if the association with TBC1D3 and breakpoints of synteny was significant, we developed
a permutation test. We randomly selected an equivalent sequence and number of mappings
throughout Chromosome 17 for these five orthologous primate chromosomes and measured the
median distance of these mappings to the nearest synteny break. In more than 5000 permutation

tests, we never observed a distance as low as that of true TBC1D3 mappings (Supplemental Fig.
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S5). We repeated the test by limiting our samplings to SD sites on Chromosome 17. Even with
this restriction, the observed distance to TBC1D3 resided in the bottom 3% of the simulated
distribution (Fig. 2.3C), suggesting a nonrandom association of TBC1D3 SDs with large

chromosomal rearrangements during primate evolution.

To assess the origin of TBC1D3 gene clusters, we sequenced and assembled the genome of an
outgroup primate species using HiFi data generated from a mouse lemur (Microcebus murinus)
and identified two sequence contigs (2.8 Mbp and 14 Mbp) spanning the region (Fig. 2.3D). Both
clusters 1 and 2 appeared to be absent; however, the corresponding regions demarcate breakpoints
of synteny compared with Old World monkey and ape lineages. Additionally, we aligned
TBCI1D3 against the entire mouse lemur assembly with BLASTN but could not identify any
TBC1D3 orthologs, suggesting TBC1D3 is exclusive to the simian infraorder (Supplemental
Table S6; Zhang et al. 2000). We followed up this analysis and compared human and owl monkey
TBCI1D3 orthologs by genomic synteny and phylogenetic approaches to identify the putative

simian ancestral TBC1D3 paralog but did not find a consistent candidate (Supplemental Fig. S6).
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Figure 2. 3 Large-scale chromosomal rearrangements and TBC1D3 duplications.

(A) Synteny plots of orthologous Chromosome 17 in primates reveal syntenic blocks in direct (blue) and
inverted (yellow) orientation. Alpha satellite sequence, TBC1D3 copies, and USP6—a hominoid fusion
gene of TBC1D3—are illustrated in maroon, red, and green, respectively. TBC1D3 demarcates the
boundaries of large-scale rearrangements on chromosome phylogenetic group XVII. (B) TBC1D3
duplication block (cluster of colored arrows) demarcates the boundary of a 12 Mbp inversion between the
human and orangutan chromosomes. (C) Permutation test of segmental duplication proximity to synteny

breaks. Five thousand permutation tests were performed, in which segmental duplication samples were

35



taken, and median proximity to breaks in synteny was measured. True TBC1D3 mappings fall within the
lowest 3% of the permutations (red line), suggesting a nonrandom association between TBC1D3 and
breakpoints in synteny. (D) Synteny plot showing orthologous alignments between human TBC1D3 and

mouse lemur flanking genomic sequence.

2.3.4 TBCID3 TRANSCRIPT AND OPEN READING FRAME PREDICTION.

Gene model characterization of TBC1D3 has been particularly challenging given the high
sequence identity and variable nature of the duplicated genes. This has made it difficult to
distinguish genes that are expressed and potentially functional from pseudogenes. To address this
limitation, we sequenced HiF1i, full-length nonchimeric (FLNC) cDNA using a PacBio isoform
sequencing (Iso-Seq) assay (Methods) (Dougherty et al. 2018). We generated or analyzed data
from testis tissue of chimpanzees, gorillas, bonobos, and Sumatran and Bornean orangutans
(Makova et al. 2024) and from pooled human fetal brain tissue (Supplemental Table S7).
Additionally, we analyzed a very deep pool of about 500 million human FLNC reads recently
generated from induced pluripotent stem cells (iPSCs) (Cheung et al. 2023). We mapped FLNC
reads to both haplotypes of the respective species of origin genome assemblies, allowing only
high-quality mappings and tracking all best map assignments versus multiple mappings among
the paralogous copies for each species (Methods) (Fig. 2.4A). Although unambiguous one-to-one
assignments between transcripts and specific paralogs could not always be made, the analysis
revealed three important features. First, TBC1D3 is transcribed in all ape lineages with evidence
of multiple paralogs expressed where there are duplications (Supplemental Fig. S7). Second, the
canonical 14-exon gene model is retained across the apes, with evidence of exon exaptation and

exon loss for a minority subset of transcripts in chimpanzees and Sumatran orangutans (Fig.
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2.4A). Third, the predicted open reading frame (ORF) is, in general, maintained. In humans,
however, both transcription and ORF maintenance are most likely to be retained among TBC1D3
copies mapping to clusters 1 and 2 in contrast to distal orphan copies (see Fig. 2.2A, human

Chromosome 17 ideogram).

During our comparison of human and NHP TBC1D3 gene models, we noted that all human
transcripts harbor a 43 bp deletion in the ORF absent in NHPs (Fig. 2.4B). This deletion removes
the last 17 amino acid residues common to NHPs and introduces a frameshift, resulting in a 41
amino acid extension and a novel C terminus of the human TBC1D3 protein. All other NHPs
lack this carboxy extension owing to a shared common stop codon. We also confirmed this
human-specific difference at the level of the assembly using ProSplign (Methods)
(https://www.ncbi.nlm.nih.gov/sutils/static/prosplign/prosplign.html). Furthermore, the 43 bp
deletion is restricted to TBC1D3 copies mapping to human clusters 1 and 2, in which 95%
(850/896) of cluster 1 and 2 copies contain the deletion, and it is not observed among the older
orphan paralogs distributed throughout human Chromosome 17 (Supplemental Fig. S8). These
findings indicate that this fundamental change in the ORF is human-specific and occurred during
human TBC1D3 expansion within clusters 1 and 2. We predicted the effect of this modification
on the tertiary structure of TBC1D3 using AlphaFold2 but found that the novel C-terminal

sequence was disordered (Supplemental Fig. S9; Jumper et al. 2021).
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Figure 2. 4 Human-specific C-terminal modification of TBC1D3.

(A) The intron/exon structure of expressed TBC1D3 isoforms with protein-encoding ORFs. Each row
constitutes a paralog-specific isoform observed based on Iso-Seq (Methods). All isoforms were mapped to
human USP6 for a common reference. Exons are colored by species, with arches representing introns.

(B) Amino acid sequence alignment of the C terminus of expressed primate TBC1D3 paralog sequences
predicted from Iso-Seq full-length cDNA. All, and only, human-expressed copies contain a 43 bp deletion
within the ORF of the terminal exon, resulting in a frameshift, creating an extension of 41 novel amino

acids to the C terminus.
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2.3.5 AFRICAN APE POSITIVE SELECTION.

Using the full-length transcript isoforms that were generated and mapped to the complete genome
assemblies from each primate (Fig. 2.5A), we constructed two MSAs using intronic sequence and
codon-aligned exonic regions. First, we explored branches putatively under positive selection
using a free-ratios model (Methods) (Yang 2007). We identified three branches and tested these
for a significant excess of amino acid replacements using the codon MSA in an adaptive branch-
site random effects likelihood test (absREL; Methods) (Supplemental Table S8; Smith et al.
2015). After multiple test correction, we found strong statistical support for positive selection in
one of the three branches, within the ancestral branch leading to African ape cluster 1 and cluster
2 TBCI1D3 copies (P = 0.01; Methods) (Fig. 2.5B). This positive selection is detected only for
TBCI1D3 copies mapping to clusters 1 and 2 and not among orphan copies or other ape clusters
distributed along Chromosome 17. Furthermore, this selection occurred after divergence from
orangutans and after an African ape—specific translocation of TBC1D3 paralogs to Chromosome
17923 (Fig. 2.3A). Orangutan copies expressed from clusters 1 and 2 do not show signatures of
positive selection, nor do expressed chimpanzee/bonobo copies mapping distally to clusters 3 and
4 (yellow). Focusing on African ape copies mapping to clusters 1 and 2, we tested for site-specific
signatures of positive selection on amino acid residues with a branch-site model (Methods) (Yang
2007). Using a Bayesian posterior probability cutoff of 0.9, we identified six sites of positive
selection, with the strongest signals mapping within the TBC/Rab GTPase-activating protein
(GAP) domain, as well as two residues proximal to the C terminus of TBC1D3 (Fig. 2.5C). These

signals of positive selection cannot be explained by gene conversion (Supplemental Fig. S10).
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Figure 2. 5 Positive selection of the TBC1D3 gene family.

(A) Chromosome 17 ideogram marking TBC1D3 expansion clusters (red) and distal loci (yellow)
expressed in chimpanzee and bonobo. (B) Branch site test of selection for expressed TBC1D3 paralogs. A
maximum likelihood phylogeny corresponding to the introns of expressed TBC1D3 paralogs used to
visualize relation of expressed copies. The red dashed branch illustrates the ancestral branch identified
under positive selection with absREL (P-value = 0.01). Colored bars on the right of the phylogeny
illustrate the location of origin of each TBC1D3 copy as illustrated in A, red indicating paralogs from
clusters 1 and 2 and yellow marking expressed paralogs from distal q-arm expansions 3 and 4. (C) Sites
under selection along TBC1D3. A branch site model was conducted using the codon alignment of the
same TBC1D3 expressed isoforms, with the branch leading to African ape cluster 1 and cluster 2
TBCI1D3 copies as the foreground and all other branches as the background. Posterior probabilities for
positive, neutral, and purifying selection are illustrated in red, gray, and blue, respectively, with red
indicating sites under selection in the foreground branches (omega = 52.6). Six sites were observed with

strong evidence of positive selection (141K > D; 205Q > R; 208L > R; 315W > G; 598G > E; 624T > P).
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2.3.6 PANGENOMIC CHARACTERIZATION AND TRANSCRIPTION OF HUMAN

TBCID3 COPIES.

Given the extraordinary copy number variation among human copies mapping to clusters 1 and 2,
we applied a pangenomic approach to organize and characterize human paralogs. We initially
constructed pangenome graphs with minigraph from the sequence-resolved human haplotypes.
However, few paralogs were grouped as common or shared but, instead, the majority of TBC1D3
copies were represented as isolated nodes with single-haplotype support (Supplemental Fig. S11;
Li et al. 2020). As a result, we applied a phylogenetic approach that organized TBC1D3 copies
into groups in which genetic distance exceeded the expected level of intra-allelic variation
(Methods). We defined 11 distinct phylogenetic groups (Fig. 2.6A) and named them based on
TBCI1D3 paralogs already present in the human reference genome (GRCh38) (Supplemental Fig.
S12). In some cases, multiple distinct paralogs were placed into the same phylogenetic group if
paralogous variation was less than the expected extent of allelic variation (e.g., TBC1D3-AE or
TBC1D3-CDKL). We identified four novel phylogenetic groups representing paralogous copies
not present in the human reference genome assembly: TBC1D3M, TBC1D3N, TBC1D30, and
TBC1D3Q. Most phylogenetic groups are distributed across human continental population groups
and are specific to either cluster 1 or 2. TBC1D3F, however, is exclusive to Amerindians and
maps to cluster 2, yet has greater homology with cluster | TBC1D3 members. A detailed
examination of the genomic organization of one of these Amerindian haplotypes, HG01109 H2,
reveals that the entire 1.35 Mbp region bracketed by clusters 1 and 2 has been inverted,
suggesting that inversion, as well as gene conversion, may be playing a role in relocating

TBCI1D3 paralogs between clusters 1 and 2 (Fig. 2.6B).
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Using this phylogenetic group classification of cluster 1 and 2 members, we revisited expression
of the TBC1D3 gene family in humans, taking advantage of the deep Iso-Seq data sets that had
been generated from both iPSCs and fetal brain (Supplemental Table S7). We mapped FLNC
reads from both sources to the phylogenetic pangenome groups and identified the best primary
paralog mapping for each read (Methods). We find that the majority of TBC1D3 expression—
91% in iPSCs and 96% in fetal brain—originates from cluster 2—specific paralogs. Furthermore,
the majority of this sequence—89% in fetal brain and 69% in iPSCs—maps to a single
phylogenetic group: TBC1D3-CDKL. This enriched paralog expression is consistent, even when
normalized by median TBC1D3 paralog copy (Fig. 2.6C). It is noteworthy that for 67 of the 69
assembled haplotypes, this expressed TBC1D3 paralog is the last copy in cluster 2 and,
furthermore, is oriented such that the unique sequence flanking this telomeric end of the cluster
is directly upstream to its transcription start site. A genome-wide analysis identified that the 20
kbp of this unique sequence falls within the lower 5% for pairwise nucleotide diversity and may
reflect either a selective sweep or regulatory sequence under strong purifying selection
(Supplemental Table S9). This paralog expression exclusivity may explain why a gene family
predicted to be critical to cortical expansion may be so variable in copy number and structure

among humans.
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Figure 2. 6 Pangenomic characterization and expression of 7BC1D3 in humans.
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(A) Maximum likelihood phylogeny of all validated TBC1D3 cluster 1 and 2 paralogs in humans,
outgrouped to chimpanzee TBC1D3. Individual cluster paralogs were identified by limiting intra-cluster
variation to a 1.5% allelic variation observed in SD sequence. This resulted in a gene family of 11
common paralogs. (B) Inversion haplotype of HG01109 hap2 (bottom) aligned to CHM13 (top).

(C) Visual illustration of CHM13 clusters 1 and 2 with new paralog characterization, as well as
expression of these paralogs across iPSCs and fetal brain [so-Seq libraries, normalized to median

haplotype paralog copy number.

2.4 DISCUSSION

Long-read sequencing and advances in de novo genome assembly have enabled comprehensive
characterization of complex, duplicated loci (Liao et al. 2023). Here, we investigated the
evolution and transcription of TBC1D3, a “hominoid-specific” gene family functionally
implicated in the proliferation of neuronal progenitors and cortical expansion and folding of the
human brain (Paulding et al. 2003; Sudmant et al. 2010; Ju et al. 2016; Hou et al. 2021). Using
Hifiasm and Verkko, we successfully assembled and validated 69 human haplotypes from three
references (GRCh38, CHM1, T2T-CHM13) and 33 human samples across TBC1D3 clusters 1
and 2 (Cheng et al. 2021; Rautiainen et al. 2023). We find that the human TBC1D3 gene family
is among the most copy number-variable gene families, with >60% of human haplotypes
containing a unique structural configuration at each cluster with an overall structural
heterozygosity estimated at 90%. The TBC1D3 copy number at each cluster ranges from one to
14, which we phylogenetically reduced into 11 common TBC1D3 paralog groups—four of
which were novel and not represented in either the GRCh38 or T2T-CHM 13 human references

(Fig. 2.6A; Supplemental Fig. S12).
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At first glance, this incredible genetic variation of TBC1D3 conflicts with the proposed critical
function in brain cortical expansion. Leveraging a deep long-read Iso-Seq data set from two
developmental contexts (iPSCs and fetal brain), we distinguished paralog expression and found
that TBC1D3 paralogs mapping to cluster 2, most notably TBC1D3-CDKL, account for ~90%
of assigned transcripts. We hypothesize that this restricted pattern of expression may explain
how such high copy number variation is tolerated, because only one or two copies, located at the
telomeric end of TBC1D3 cluster 2, are exclusively expressed. This model of regulation is
reminiscent of the green opsin gene family on Chromosome X, in which a single locus control
region promotes expression of the most proximal green opsin paralog and downstream duplicates
are transcriptionally silent (Hayashi et al. 1999). In this model, many of the other TBC1D3
paralogs are either inactive pseudogenes or “genes-in-waiting” with the potential to become the
primary gene if their position within the cluster changes. Future studies investigating TBC1D3
regulation and expression, with methods such as Fiber-seq as well as matched RNA-seq and
WGS samples to correlate copy number and expression, will help elucidate the regulatory

landscape of the TBC1D3 gene family (Stergachis et al. 2020).

TBCI1D3 is just one example of approximately two dozen core duplicons, originally defined as
focal points of sequence overrepresented in SD repeat graphs (Jiang et al. 2007; Marques-Bonet
and Eichler 2009; Dennis et al. 2017). Several core duplicons have been associated with
recurrent and independent duplications in primates, chromosomal rearrangements among apes,
large-scale inversion polymorphisms in humans, and developmental disorders (Johnson et al.
2006; Zody et al. 2006a, b; Antonacci et al. 2010; Mohajeri et al. 2016; Nuttle et al. 2016;

Maggiolini et al. 2019; Porubsky et al. 2022; Mao et al. 2024). TBC1D3 is no exception. First,
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we found evidence of five separate lineage-specific expansions in the different primate lineages
and observed that TBC1D3 expanded specifically in humans ~2.5 mya when the genus Homo
transitioned from Australopithecus, coinciding with the onset of frontal cortical expansions in
Homo habilis (Spoor et al. 2015). We found a 2.2 Mbp inversion between TBC1D3 clusters in
one Amerindian haplotype, consistent with ongoing nonallelic homologous recombination
between inverted TBC1D3 gene clusters, which may provide a substrate for the recurrent 17q12
microdeletion syndrome associated with renal cyst and diabetes syndrome (RCAD) (Mefford et
al. 2007). Finally, we found a suite of changes in the TBC1D3 protein sequence, including
positively selected amino acid changes among African apes and a significantly transformed C
terminus exclusive to humans. Unlike other African apes, all human TBC1D3 copies that we
have detected as expressed harbor this modified C terminus, suggesting it may have been a key

event underlying the potential neofunctionalization of the gene family in our lineage.

Functional investigations have suggested different biochemical roles for the TBC1D3 protein at
the cellular level, all of which increase cell proliferation. Two functions occur in the cytosol,
where TBC1D3 antagonizes ubiquitination and degradation of EGFR and IRS1 receptors,

driving cell proliferation in cell culture (Wainszelbaum et al. 2008; 2012). The third, in contrast,
proposes that TBC1D3 is shuttled to the nucleus in neuron progenitor cells, where it antagonizes
EHMT2 methyltransferase and, as a result, epigenetically inhibits neural progenitor
differentiation (Hou et al. 2021). Our work suggests that the extensive expansion of this gene
family in humans has had limited dosage effect owing to the preferential expression/regulation of
the distal cluster 2 copy. Instead, we propose that the human-specific modified C terminus plays

a critical role in these adaptive functions by potentially directing novel posttranslational
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modifications or altering the localization and trafficking of TBC1D3 proteins (Sharma and
Schiller 2019). It will be important to compare the structure and function of human and NHP
TBCI1D3 proteins to determine if neofunctionalization has indeed occurred as a result of these
changes in the human lineage. The power of long-read sequencing to resolve structural variation,
expression, and regulation of complex gene families such as TBC1D3 makes these fundamental

questions addressable.

2.5 METHODS

2.5.1 LONG-READ SEQUENCE AND ASSEMBLY

The majority of genomes used in this study were sequenced previously as part of other assembly
efforts to generate phased genomes or T2T genomes and are publicly available under NCBI
BioProject (https://www.ncbi.nlm.nih.gov/bioproject/) accession numbers PRINA941350,
PRINA877605, PRINA941358, PRINA916732, PRINA916733, PRINA916735,
PRINA916734, PRINA916736, and PRINA916737 (Liao et al. 2023; Makova et al. 2024; Mao
et al. 2024). For species, coverage, and project details, see Supplemental Table S10. This study
focused only on analyzing sequence contigs that contained copies of TBC1D3 paralogs, and we
evaluated each contig for gaps and contiguity (see Assembly validation section below). Most
human genomes were originally assembled using Hifiasm (version 0.15.2), but TBC1D3-
containing contigs that failed QC were reassembled with Verkko (versions 1.0, 1.1, 1.2, and 1.4)
using a combination of both HiFi and ONT sequence. In general, haplotypes were phased using
parental k-mer information when available, or Hi-C chromatin capture data (Auton et al. 2015;

Kronenberg et al. 2021). For the Chromosome 17 comparison, it was observed that the macaque
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orthologous chromosome was fragmented and was subsequently scaffolded using RagTag
(version 2.1.0) with the Mmul10 reference as the scaffold (Hughes et al. 2012; Alonge et al.
2022). In this study, we generated assemblies for only two species: gelada (Theropithecus
gelada) and mouse lemur (M. murinus). High-molecular-weight DNA was prepared from
peripheral blood of a male gelada (DRT 2020 14 TGE) and from skin fibroblasts of a female
mouse lemur (Inina. MMUR). HiFi sequence data (50%, 30x) were generated using the Sequel 11

platform, and assemblies were generated with Hifiasm (Supplemental Table S10).

2.5.2 ASSEMBLY VALIDATION

2.5.2.1 ILLUMINA COPY NUMBER VALIDATION

Sample assemblies were first validated using diploid assembly TBC1D3 copy number estimates
to Illumina sequence copy number estimates, an orthogonal sequencing approach (Supplemental
Fig. S2). Sample genome haplotypes were merged and k-merized into 32 bp k-mers using Meryl
(version 1.3) (Rhie et al. 2020). In parallel, sample Illumina sequence libraries were similarly k-
merized into 32 bp with Meryl. Next, k-mer libraries were aligned to the T2T-CHM 13 reference
genome using FastCN, allowing for up to two mismatches between the k-mer and assembly
alignments (Pendleton et al. 2018; Nurk et al. 2022). We estimated the copy number of TBC1D3
by taking the average copy number over one TBC1D3 paralog, TBC1D3L, and compared these

estimates against one another in a scatter plot (Fig. 2.1A; Supplemental Fig. S2).

2.5.2.2 SELF-READ MAPPING VALIDATION
We also applied NucFreq (Vollger et al. 2019) to assess the integrity of each TBC1D3 assembly.
Each sample's respective HiFi sequencing libraries were trio phased using Canu (version 2.1.1)

(Koren et al. 2017) and mapped back onto their respective de novo assemblies. To qualitatively
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validate assembly, we plotted the sequence depth of both the primary and secondary bases of
reads aligned over the TBC1D3 expansions (Supplemental Fig. S1). First, we removed samples
with obvious gaps over the TBC1D3 expansion 1 and 2 loci, which could be identified if the
locus was broken across multiple contigs or if the assemblies had a lack of HiFi sequence
support over a given region. Next, we identified assemblies with collapses over the TBC1D3
expansion 1 and 2 regions by looking at secondary base read depth. HiFi sequencing is 99.9%
accurate, with occasional low-frequency false base calls. Our expectation is that this frequency
can be observed over a given region as the secondary base, remaining well below 1% frequency.
Any haplotypes with a noticeable increase in secondary base frequency over particular stretches
were marked as collapsed. Usually, these samples included a spike in primary base coverage as
well as over the collapsed region. Additionally, Hifiasm samples were validated with
GAVISUNK (Dishuck et al. 2023). Phased ONT reads were mapped over each sample's
respective assemblies, and singly unique nucleotide k-mer anchors were marked. We expect, for
correct assemblies, that every region of the assembly will be supported by at least one ONT
sequence, which is not used during Hifiasm assembly. Any locations with a gap in ONT

assemblies were marked as not validated.

2.5.3 REPEAT AND GENE MAPPING ANNOTATION

We defined repeat content in the genome using Tandem Repeat Finder (TRF) (version 4.09;
Benson et al. 1999) for simple tandem repeats, RepeatMasker (version 4.1.2-p1;
http://www.repeatmasker.org) for common transposon and retrotransposon elements, and
DupMasker to define duplicons associated with human SDs (Jiang et al. 2008). TBC1D3 loci

were identified in the GRCh38 reference genome based on RefSeq annotations and mapped to
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other assemblies using minimap2 (version 2.24), using the asm20 standardized setting and
allowing for up to 1000 secondary alignments (Li 2018). These mappings were filtered to
contain at least 6 kbp of sequence over half the length of the canonical TBC1D3 gene model. For
more distantly related lineages, including the New World monkeys, we mapped TBC1D3
sequence using BLAT (version 3.5), allowing a maximum intron length of 5 kbp, half the
TBCI1D3 gene model length, and a minscore of 100. These relatively loose mapping constraints
identified many candidate TBC1D3 paralogs, more than expected by either Illumina- or
assembly-based TBC1D3 copy number estimates, that were subsequently filtered based on

expression, divergence, or minimum length match.

2.5.4 STRUCTURAL VARIATION AND HETEROZYGOSITY CHARACTERIZATION

Validated cluster 1 and 2 TBC1D3 haplotypes were aligned to one another in an all-by-all
fashion using minimap2 (version 2.24) auto settings -x asm5, allowing up to 1 kbp of insertions
in cigar strings. We labeled two haplotypes as structurally equivalent if >90% of their sequence
could be mapped to one another in a single alignment. We repeated this exercise for all pairs of
haplotypes, calculated the number of valid haplotypes with no structurally equivalent pair, and
divided by the total number of validated haplotypes to determine our structural variation statistic.
For structural heterozygosity, we identified all samples whose two haplotypes were not
structurally equivalent and divided by the total assembled samples. Contig and chromosome
alignments (e.g., Figs. 2.3 and 2.5) were visualized by SVByEye using either plotMiro for
pairwise alignment, or plotAVA for all-versus-all alignments
(https://github.com/daewoooo/SVbyEye). Blue alignments represent directly orientated

alignments, and yellow indicates inverted alignments. For local TBC1D3 structure comparison
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(Supplemental Fig. S4), we extracted primate TBC1D3 copies, along with 25 kbp of flanking
sequence, from five primate lineages and mapped to one another. These copies were organized to

reflect the closest alignments, by both length and identity.

2.5.5 TBC1D3 BREAKPOINT SIMULATION

We mapped orthologous Chromosome 17 relationships and annotated TBC1D3 copies using
minimap2 -x asm20. Synteny was annotated using Asynt get.synteny.blocks.multi command,
with max_gap = 200,000, min_block size = 1,000,000, and min_subblock size = 50,000,
producing a tab-delimited file marking the target and query breaks of blocks (Kim et al. 2022).
For each TBC1D3 copy, we identified the nearest synteny break along the respective
chromosome and then computed median distance to synteny breaks of all TBC1D3 mappings.
Next, we conducted a permutation experiment. For each primate orthologous Chromosome 17,
we randomly selected ~11 kbp blocks at the same quantity as the number of TBC1D3 mappings
observed in the respective primate chromosome. We repeated the median distance experiment

and plotted the distribution of 5000 permutations.

2.5.6 MULTIPLE SEQUENCE ALIGNMENT

Sequence was extracted from assemblies by mapping TBC1D3 sequence to full genome
assemblies with minimap2 (version 2.24) and extracting the mapped reference sequence with
BEDTools (version 2.29.2) (Quinlan and Hall 2010; Li 2018). MSAs were constructed with
MAFFT with parameters --reorder --maxiterate 1000 --thread 16 (version 7.453) (Katoh et al.
2002). Following MSA construction, spurious alignments were pruned with trimmal (--gappyout;

version 1.4) and manually trimmed. Codon alignments were generated with matched ORF and
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amino acid sequence FASTA files. First, an amino acid MSA was generated with MAFFT, and

then the ORF FASTA was aligned to the amino acid MSA with pal2nal (Suyama et al. 2006).

2.5.7 PHYLOGENETIC ANALYSES

Maximum likelihood phylogenies were generated with igtree2 using model setting -m MFP,
1000 Irt replicates, and -b 1000 replicates for bootstrap (version 2.1.2). Additionally, each
phylogeny generated was outgrouped to a sequence: marmoset TBC1D3 for primate
phylogenetic analysis and chimpanzee TBC1D3 for human paralog clustering. Phylogenetic trees
were illustrated in R with ggtree (Yu 2023). Timing estimates for individual primate expansions
were conducted using BEAUT! for data input and BEAST2 for computation (Drummond et al.
2012; Bouckaert et al. 2019). We used human—macaque and human—chimpanzee divergence
times of 25 and 6.5 mya, estimated by the fossil record, as benchmarks for the computation
(Dunsworth 2010; Stevens et al. 2013). With these references, we calculated the 95% confidence
intervals of mutation rate within sequences and then estimated species-specific expansions with
this mutation rate as well as branch lengths of the primate phylogeny. For tests of positive
selection, we isolated intronic sequence and exonic sequence from paralog isoforms with
expression support from the human, chimpanzee, bonobo, gorilla, Sumatran orangutan, and

Bornean orangutan genome assemblies.

We tested for positive selection in coding sequence using both the PAML package and absREL
(Yang 2007; Smith et al. 2015). We focused on TBC1D3 paralog isoforms for which there was
evidence of transcription based on Iso-Seq FLNC analysis from the human, chimpanzee, bonobo,
gorilla, Sumatran orangutan, and Bornean orangutan samples. To serve as a proxy for neutral

evolution, we isolated 7245 bp of intronic sequence from each expressed paralog and generated
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an MSA and maximum likelihood phylogeny, with orangutan TBC1D3 copies as our outgroup.
In parallel, we extracted 1884 bp of exonic sequence, predicted amino acid sequence with
ORFipy, and codon-aligned exonic sequence with Pal2Nal (Suyama et al. 2006). With the
intronic phylogeny and codon-aligned MSA, we identified branches undergoing accelerated
evolution with a free-ratios model, in which independent dN/dS values are computed for each
branch in the tree (Yang 2007). We ignored predicted dN/dS values for terminal branches, as too
few changes occurred, and they were underpowered to detect selection. Among deeper branches,
we identified three that were predicted to be under selection, as discussed in the text. We more
stringently tested these three branches with the absREL test hosted on hyphy, which infers the
optimal number of omega values and tests branches under positive selection with a likelihood
ratio test statistic (Supplemental Table S8; https://stevenweaver.github.io/hyphy-
site/methods/selection-methods/). After multiple test corrections, we identified one branch under
positive selection. For site-level resolution, we isolated this branch in a branch-site model test
and selected the amino acid residues under selection using the Bayes empirical Bayes posterior

probability (Yang et al. 2005).

2.5.8 ISO-SEQ AND TRANSCRIPT ANALYSES

Primate Iso-Seq testis data were generated by Makova et al. (2024) and made available from the NCBI
Sequence Read Archive (SRA; https://www.ncbi.nlm.nih.gov/sra) under accession numbers
SRX18421140, SRX 18280098, SRX18280097, SRX19199753, SRX19199753, and SRX18421141.
Similarly, human iPSC Iso-Seq was previously generated by Cheung et al. (2023) and made available
from the database of Genotypes and Phenotypes (dbGaP; https://www.ncbi.nlm.nih.gov/gap/) under
accession number phs002206.v4.p1. Fetal brain tissue was derived from 59 spontaneously aborted fetuses

with sequence available from SRA under accession number SRR28199631. This sequence was enriched

53



for both TBC1D3 and NPIPA1, using the hybridization capture protocol described by Dougherty et al.
(2018), with probes provided in Supplemental Table S11. FLNC libraries were mapped to respective
species libraries with minimap2 using the parameters -ax splice --sam-hit-only --secondary = yes -p 0.5 --
eqx -K 2G -G 8k -N 20. FLNC libraries were first filtered for reads >1000 bp in length and with sequence
quality of >99.9%. Each library was subsequently mapped to the genome assembly corresponding to the
respective species of origin using SAMtools (Danecek et al. 2021) and BEDTools. Next, we determined
which TBC1D3 paralogs were likely expressed by selecting paralogs with read support with mapping
quality >99.9% sequence identify. These reads were subsequently reduced into common isoforms with
IsoSeq3 (4.0.0, PacBio; https://github.com/ylipacbio/IsoSeq3) collapse, and ORFs were predicted with
Orfipy (Singh and Wurtele 2021). For primate TBC1D3 gene model comparison, isoforms with at least
three independent reads of support and with the longest maintained ORF were compared. We required
these reading frames to span within 100 bp of the canonical TBC1D3 start and stop as defined by RefSeq
(O'Leary et al. 2016). Human FLNC reads from fetal brain and iPSCs were mapped to all validated
human haplotypes. Next, we compared these primary alignments to one another and considered the
cluster paralog from which they were derived. Any Iso-Seq read with primary minimap2 alignment scores
of 10 or greater for a given paralog cluster relative to all other cluster mappings was retained, whereas

other mappings were marked as ambiguous and ignored.

2.5.9 ANALYSIS OF CODING SEQUENCE

To validate the observed deletion of coding sequence in humans, we selected human TBC1D3L
amino acid sequence and mapped this sequence to all genome assemblies with ProSplign
(https://www.ncbi.nlm.nih.gov/sutils/static/prosplign/prosplign.html), a tool that predicts DNA
sequence representing the codons for a given protein amino acid sequence. ProSplign predicts
splice junctions, as well as start and stop codons, and illustrates amino acid substitutions,

frameshift mutations, and deletions in the underlying nucleotide sequence that are inconsistent
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with the provided amino acid sequence. We predicted the human TBC1D3 tertiary structure
using the EMBL-EBI AlphaFold2 database (Jumper et al. 2021; https://alphafold.ebi.ac.uk/). The

predicted tertiary structure was illustrated using PyMOL (2.0, https://www.pymol.org).

2.5.10 HUMAN PANGENOME GRAPH CONSTRUCTION

We built a pangenome graph of TBC1D3 with minigraph (version 0.20; Li et al. 2020), with the
settings -S -xggs -L 250 -r 100000 -t 16. We attempted graph construction with lower -1 and -g
settings as well but consistently observed that most haplotype TBC1D3 paralogs were isolated to

nodes without any allelic overlap from other human haplotypes.

2.5.11 HUMAN TBCI1D3 PARALOG GROUPING

We generated a phylogeny with the whole TBC1D3 sequence for all cluster 1 and 2 copies
identified in validated human assemblies, outgrouped to chimpanzee TBC1D3. We defined a
heuristic cutoff based on allelic variation to define our clusters. Vollger et al. (2023) previously
predicted allelic variation of 15.3 single-nucleotide variants per 10 kbp. We recursively
identified clades with an intra-variation of up to 1.5 times the allelic variation identified in SDs.
Additionally, we required that a given cluster have at least 10 independent paralogs of

representation to be defined as a population-level paralog group.

2.6 DATA ACCESS

Gelada sequence and assembly data generated in this study have been submitted to the NCBI

BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/) under accession numbers
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PRINA1081468 and PRINA1081469. Mouse lemur sequence and assembly data generated in
this study have been submitted to the NCBI BioProject database under accession numbers
PRINA1082315 and PRINA1082316. Assembled contigs corresponding to the TBC1D3
genomic regions for both the gelada and mouse lemur are also available at Zenodo
(https://doi.org/10.5281/zenodo.12808906). Gelada and mouse lemur sequencing data used for
these assemblies have been submitted to the NCBI Sequence Read Archive (SRA;
https://www.ncbi.nlm.nih.gov/sra) under accession numbers SRR28199625-SRR28199630 and
SRR28217961-SRR28217966, respectively. Fetal brain Iso-Seq data generated in this study
have been submitted to the BioProject database under accession number PRINA659539 and are
available from the NCBI Sequence Read Archive (SRA; https://www.ncbi.nlm.nih.gov/sra)

under accession number SRR28199631.

2.7 ACKNOWLEDGEMENTS

This work was supported, in part, by U.S. National Institutes of Health (NIH) grants HG002385,
HGO010169, and HG007497 to E.E.E. We thank Noah Snyder-Mackler, Kenny Chou, and the
Simien Mountains Gelada Research Project for providing peripheral blood for the sequence and
assembly of the T. gelada genome. We thank Mark Krasnow for access to material from the
mouse lemur (M. murinus). We thank the Primate T2T Consortium, especially Kateryna Makova
and Adam Phillippy, for providing us with early access to the high-quality ape genome
assemblies. We thank Tonia Brown, Zoe Poyen, and Gerta Janss for manuscript proofreading
and editing. We thank generous donors to Children’s Mercy Kansas City and Genomic Answers

for Kids program supporting the human iPSC Iso-Seq (T.P.). E.E.E. is an investigator of the

56



Howard Hughes Medical Institute. HHMI laboratory heads have previously granted a
nonexclusive CC BY 4.0 license to the public and a sublicensable license to HHMI in their
research articles. Pursuant to those licenses, this manuscript will be made freely available under a

CC BY 4.0 license immediately upon publication.

57



CHAPTER 3. AN NPEPPS SEGMENTAL DUPLICATION DRIVES
POSITION EFFECT EXPRESSION OF TBC1D3 IN THE HUMAN

BRAIN
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3.1 ABSTRACT

In humans, the TBC1D3 gene family is thought to play a critical role in the expansion of the frontal
cortex by promoting neuronal proliferation during brain development. This gene family shows
some of the greatest structural heterozygosity (~97%) with haplotype copy numbers ranging from
3-39 among different human haplotypes. This raises the question as to how a gene so crucial in the
evolutionary expansion of the human frontal cortex can be so variable in the human population.
Here, we characterize the regulatory architecture that explains this paradox. We show that 45-96%
of TBC1D3 expression is attributable to a single paralog located at the most telomeric position at
the edge of a cluster of 7BCID3 genes. We find that its >3-fold higher expression relative to other
copies is driven by a 110 kbp segmental duplication that occurred ~8.9 million years ago,
relocating a partial duplication of the puromycin-sensitive aminopeptidase gene (NPEPPS),
including its promoter, adjacent to this 7BCI/D3 locus. Using neurospheres and comparative
transcriptomics of iPSC-derived cultures, we show that expression of NPEPPSPI-TBCID3
increases as neurons differentiate as a result of alternative splicing and differential polyadenylation
usage. While the fusion exists in other ape lineages, we show subsequent deletion of the
NPEPPSPI promoter in Gorilla and a separate, lineage-specific duplication in the Pan lineage
ablated the production of this fusion product, rendering this position effect of TBC1D3 specific to

humans.
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3.2 INTRODUCTION

TBCID3 is a primate-specific gene family that promotes cellular proliferation in both
neurodevelopment and cancer. Originally identified in prostate and breast cancer tumors,
functional experiments determined that 7BC/D3 promotes cell transformation and proliferation
by manipulating cell vesicle transport, specifically amplifying the effect and duration of insulin-
like growth factor (IGF) and epidermal growth factor (EGF) pathway-associated receptors (Frittoli
et al. 2008, Wainszelbaum et al. 2008 & 2012). While its cell proliferation is co-opted in cancers,
endogenous 7BCID3 plays a developmental role by potentially expanding neural progenitor
populations in the primate cerebral cortex, particularly in outer radial glia (Ju et al. 2016).
Subcellular localization studies suggest that the TBC1D3 protein generally localizes to the
cytoplasm, but translocates to the nucleus in neuronal contexts, where it inhibits the histone
methyltransferase G9a (Hou et al. 2021). This repression reduces H3K9me2-mediated gene
silencing and delays differentiation of outer radial glial cells, leading to additional division rounds
and potentially contributing to the exponential increase in cortical neurons associated with human

brain development.

The corresponding TBC1D3 gene family is embedded in a dynamic core duplicon and has
expanded recently during primate evolution via segmental duplications (SDs) across chromosome
17 (Jiang et al. 2007). While many orphan TBCID3 paralogs are thought to be nonfunctional
pseudogenes, in humans, transcribed 7BCID3 copies that maintain an open reading frame (ORF)
originate primarily from two major clusters, Cluster 1 and Cluster 2, mapping to chromosome
17q12 (Guitart et al. 2024). These SD clusters also promote non-allelic homologous

recombination, leading to a recurrent 17q12 deletion/duplication (known as renal cyst and diabetes
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or RCAD syndrome) (Mitchel & Moreno-De-Luca et al. 1993; Mefford et al. 2007, 2016). Both
the duplication and deletion syndromes manifest heterogeneously in patients, though the deletion
syndrome is more often associated with abnormalities of the renal and endocrine systems. In
contrast, the duplication syndrome is associated with both neurodevelopmental and psychiatric
abnormalities. While 75% of deletion events are de novo, 90% of duplications are inherited,
suggesting that duplications may cause less severe phenotypes and thus persist in the general

population for a few generations (Mitchel & Moreno-De-Luca et al. 1993; Mefford et al. 2016).

The origin and expansion of 7TBCID3 are complex: TBCID3 was proposed to originate from
USPO6NL (i.e., RNTRE) based on conserved exon structures across 13 of its 14 exons. However, at
the amino acid level, TBC1D3 and USP6NL proteins share only 34% identity, suggesting
extensive amino acid replacement over a short period of primate evolution (Frittoli et al. 2008). In
our prior work, we characterized the evolution and copy number diversity of the TBCID3 gene
family among primates (Guitart et al. 2024). We showed TBC1D3 expanded independently across
seven separate lineages of the simian infraorder but is generally absent from prosimians, also
known as Strepsirrhines. In humans, TBCID3 is estimated to have expanded to include a human-
specific modification of the predicted protein ~2 million years ago (MY A). This expansion or gene

conversion coincides with the emergence of Homo erectus (Bar-Yosef et al. 2001).

All human-expressed 7BCI/D3 copies carry a human-derived 58 amino acid modification of the
carboxy-terminus, suggestive of a human-specific neofunctionalization (Guitart et al. 2024).
Additionally, the gene family continues to evolve dynamically in the human population. Genome-
wide studies have shown that 7TBCI/D3 is among the most copy number polymorphic and
heterozygous gene families in humans, with copy numbers ranging from 3 to 39 per haplotype
(Sudmant et al. 2015; Guitart et al. 2024). Using long-read transcriptome sequencing to assign
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isoforms to specific paralogs, we showed that despite this variability, >90% of TBCID3
transcription from human fetal brain and induced pluripotent stem cells (iPSCs) maps to Cluster
2; over 80% of those transcripts stem from the last 7TBC/D3 copy mapping distally at the edge of
Cluster 2. We hypothesized that a position effect was responsible for regulating and restricting

expression to the edge of Cluster 2.

To test this hypothesis and understand the nature of this potential position effect, we performed a
detailed comparative transcriptomic and epigenetic analysis to investigate the regulation of
TBCID3 in humans and great apes. We find that the Cluster 2 terminal 7BC/D3 paralog dominates
expression as a result of fusion with an upstream duplicated gene, NPEPPSP1, including its brain-
enriched promoter. This NPEPPSI-TBCID3 fusion transcript accounts for the majority of
TBCID3 expression across various tissues. We show that the fusion is mediated by segmental
duplication of NPEPPS in the common ancestor of African great apes but was lost in the
chimpanzee, bonobo, and gorilla lineages by subsequent gene conversion and deletion events,
respectively. Additionally, although both NPEPPSP1 and TBCID3 are copy number polymorphic
in humans, we find that the fusion gene promoter is fixed across all human genomes examined.
Our findings dissect the evolution of the 7TBC1D3 position effect and explain how it has become

specific to the human lineage, providing a model for how new genes rapidly emerge in a species.
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3.3 RESULTS

3.3.1 MATCHED TBCID3 COPY EXPRESSION AND REGULATION IN CHM13.

The high sequence identity (>99%) of TBCID3 paralogs has meant that the transcription and
regulation of this gene family has essentially been excluded from large-scale studies such as
ENCODE (ENCODE Project Consortium, 2012). To resolve this, we initially used matched long-
read sequencing (LRS) data from the complete human reference genome (T2T-CHM13) to
investigate the methylation profile of the nine TBCID3 copies present in this haploid source
genome (Fig. 3.1A; Nurk et al. 2022; Methods). This analysis revealed a striking hypermethylation
signature across the gene body of the terminal paralog of Cluster2, TBC1D3-CDKL2, whereas all
other TBC1D3 paralogs displayed uniformly low methylation signals, comparable to background
levels observed for lowly expressed genes, including SD paralogs (Vollger et al. 2022). Thus, the
specific hypermethylation signatures of the gene body 7TBCID3-CDKL?2 aligns with one of the

canonical epigenetic hallmarks of expressed genes.

To identify the putative promoter driving expression of this distal 7TBCI1D3-CDKL?2 copy, we
analyzed the flanking 100 kbp region upstream of its transcription start site (TSS) for evidence of
transcription initiation. An analysis of short-read ATAC-seq data and annotated ENCODE cis-
regulatory elements in the GRCh38 reference suggested a putative open chromatin accessibility
region located 66 kbp from the translation initiation site of 7BCI/D3 (Supplementary Fig. SI;
ENCODE Project Consortium, 2012). To define the full-length gene structure based on empirical
data rather than annotation alone, we mapped full-length Iso-Seq transcriptomic data from human
prefrontal cortex (Fig. 3.1B). Remarkably, 43% (19/44) of transcripts did not align to the canonical

RefSeq model but instead represented a fusion isoform with an annotated pseudogene,
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NPEPPSPI, located directly upstream (Fig. 3.1C). Tracing this dominant isoform to its TSS
revealed a distinct dip in methylation immediately upstream of the first exon—a clear

hypomethylated promoter signature, consistent with active transcription initiation (Gershman et

al. 2022; Vollger et al. 2022).
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Figure 3. 1 Differential regulation and expression of TBCI1D3 gene family

(A) CpG methylation profile compared among 7BC1D3 paralogs within CHM13 based on mapping of
CHM13 ONT data back to the T2T-CHM13 genome (Nurk ef al. 2022). Percent methylation of CpG sites
from transcription start site (TSS) to transcription termination site (TTS) based on rolling average of 15
consecutive CpG sites (red lines). This methylation signature is consistent with >75% of transcription
originating from this distal copy (Guitart et al. 2025). (B) Expression and promoter definition of the terminal
TBCID3-CDKL?2 copy. A schematic of the NPEPPSPI1-TBCID3 fusion gene structure, including overall

Iso-Seq transcript coverage per exon (top panel) and various isoforms (middle panel) detected based on
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Iso-Seq transcript data from human prefrontal cortex (Leung et al. 2021). Percent CpG methylation data
from CHM 13 overlaid with this annotation predicts the likely location of the promoter identified by the dip
in methylation (bottom panel). (C) The absolute number of Iso-Seq transcripts identified as NPEPPSP1-
TBCI1D3 fusion vs. solo TBCI1D3 or NPEPPS1 compared for Iso-Seq data from CHM13.

3.3.2 FUSION EXPRESSION AND REGULATION IN IN VITRO DEVELOPING BRAIN

MODEL.

While CHM13 proved useful to discover the potential site of transcription initiation, this
developmental abnormality—a hydatidiform mole—is a poor proxy for the human developing
brain, the principal tissue of 7BCID3 function (Ju et al. 2016; Hou et al. 2021). To investigate
TBCI1D3 regulation in a context more relevant to brain development, we first interrogated human
neurospheres, an in vitro model for neural differentiation harboring both neural progenitor cells
(NPCs) and neural stem cells (Fig. 3.2A; Real et al. 2025). We profiled both chromatin
accessibility and transcriptome activity of the 7TBC1D3 gene family in neurospheres derived from

the HPRC sample HG02630.

Consistent with CHM 13 methylation data, this analysis revealed that none of the 7BC1D3 paralogs
showed evidence of a proximal promoter—defined as a peak of accessibility directly upstream of
the TSS of the canonical gene model (Supplementary Table 1; Stergachis et al. 2020). Instead, the
matched transcriptomic-DNA genome assembly data derived from the same neurosphere source
material confirmed the initial observation from the analysis of the prefrontal cortex library; 56%
(116/206) of primary TBCID3 transcript mappings were transcribed as a fusion product with
NPEPPSPI, over three times the expression than any other individual 7BC/D3 paralog. Using
Fiber-seq Inferred Regulatory Element (FIRE) with FIREtools (Fig. 3.2B; Vollger et al. 2025), we

defined the promoter element at the NPEPPSPI TSS, a 302 bp unit that regulates expression of
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the TBC1D3 paralog located directly downstream of NPEPPSPI. Combined, these data suggest
that cooption of the NPEPPSP1 promoter plays a significant role in generating neuronal transcripts

of TBC1D3, especially from the most distal copy of the TBCID3 Cluster 2 (Fig. 3.2B,C).
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Figure 3. 2 Transcription and chromatin accessibility in human neurospheres.

(A) Schematic depicting neurosphere generation. Lymphoblasts from the 1000 Genomes Project (1KGP)
sample, HG02630, were induced to create iPSCs and subsequent neurospheres. Matched Iso-Seq and
Fiber-seq data were generated from neurospheres to assess the transcriptome and chromatin accessibility.
(B) Expression and chromatin accessibility of NPEPPSPI-TBC1D3. Full-length transcripts mapped to the

HG02630 diploid de novo sequence assembly are shown with alignment coverage, Fiber-seq accessibility,

66



and segmental duplication sequence annotated with SEDEF (Numanagic et al. 2018). (C) Absolute
expression of NPEPPSPI1, TBCID3, and the NPEPPSPI1-TBCI1D3 fusion. Transcript reads are classified
into NPEPPSP1, TBCI1D3, and NPEPPSPI-TBC1D3 fusion categories.

3.3.3 JUXTAPOSITION OF NOVEL REGULATORY DNA BY SEGMENTAL

DUPLICATION OF NPEPPS.

To understand the evolutionary origin of the regulatory sequence driving NPEPPSPI-TBCID3
expression, we examined its genomic context in the HG02630 diploid assembly. Using SD
annotations by SEDEF (Numanagic et al. 2018), we conclude that the NPEPPS| duplication and
its associated promoter arose as a 119,358 bp SD originating from NPEPPS located 9.16 Mbp
distally on chromosome 1721 (Fig. 3.3). A comparison of these two paralogous regions along
with corresponding gene annotation of the ancestral locus shows that the promoter sequence of
NPEPPS (N-peptide puromycin sensitive) matches (Fig. 3.3A) the promoter sequence associated
with NPEPPSI-TBCID3 fusion transcripts defined by LRS (Fig. 3.2). The ancestral NPEPPS
encodes a zinc metallopeptidase broadly expressed across tissues, and mutations of it have been
associated with neurodegenerative tauopathies and Parkinsonism (Henderson Front Gent 2021;
Karsten et al. 2006). Thus, the two paralogous promoter pairs regulate expression of NPEPPS and
NPEPPSPI, and MRPL45 and MRPL5P1, respectively (Fig. 3.3A). The duplicated region shows
an average of 98.2% sequence identity by matches only, suggesting a recent origin during ape

evolution.

In order to more accurately estimate the timing of the duplication, we extracted a 15 kbp region
from the NPEPPSP-anchored end of the SD, directly adjacent to TBC1D3. We used this sequence
to identify homologous sequences in human, chimpanzee, gorilla, orangutan, and macaque genome

assemblies (Yoo et al. 2025). Our analysis shows that the 119 kbp NPEPPS SD is duplicated in all
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African apes assessed (human, chimpanzee, bonobo, and gorilla) (Fig. 3.3; Supplementary Figs.
S2, S3), but is present as a single locus in orangutan and macaque, corresponding to NPEPPS.
This confirms NPEPPS as the ancestral locus and that the duplication (NPEPPSP]I) arose in the
common ancestor of all African great apes. We also constructed a maximum likelihood
phylogenetic tree by generating a multiple sequence alignment of all copies among humans and
apes using macaque as an outgroup (Fig. 3.3B). Our analysis estimates, with 100% bootstrap
support, that the duplication occurred in the common ancestor of African great apes approximately
8.49 MYA (95% confidence interval of 8.00-9.42 MYA) (Fig. 3.3B). A comparative analysis of
primate genomes (Supplementary Fig. 3.4) reveals that the NPEPPSI-TBCID3 juxtaposition
defines the boundary of a series of large inversions, including potential inversion toggling events

that break the synteny between the African great apes and other nonhuman primate species.
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Figure 3. 3 Evolutionary origin of NPEPPSP1 regulatory sequence

(A) Comparison of the sequence and regulatory landscape of NPEPPS and NPEPPSPI. SVbyEye reveals
a~119 kbp SD with 98.2% sequence identity between the ancestral, NPEPPS, and duplicated,
NPEPPSP], loci. Fiber-seq data analyzed using FIRE compared chromatin accessibility for NPEPPS
(above) to NPEPPSI-TBC1D3 (below) with the most likely site of the promoter (indicated).
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(B) NPEPPS1 segmental duplication evolution. A phylogeny of 15 kbp of the NPEPPS duplication most
proximal to 7TBC1D3 and macaque (25 MYA divergence) predicts that the duplication occurred ~8-9
MYA.

3.3.4 COMPARATIVE TRANSCRIPTOMICS IN DIFFERENTIATING NEURONS.

To investigate how NPEPPSP1-TBC1D3 fusion expression changes across neuronal development,
and to compare this regulation between humans and other apes, we designed a three-stage cell
culture experiment using fibroblast-derived iPSCs from human, chimpanzee, and orangutan (the
latter serving as an outgroup; Fig. 3.4A). Cells were induced sequentially from iPSCs into NPCs,
and finally mature neurons with the identity confirmed by marker analyses (Jeong et al.
unpublished). At each stage, we collected both genomic DNA (gDNA) and full-length
transcriptomes using HiFi sequencing and Kinnex Iso-Seq, respectively. We also generated a
donor-specific genome assembly (DSA) for each sample using iPSC gDNA and included
methylation calling during base calling to track regulatory changes throughout development. This
resource allowed us to match transcript, methylation, and genomic data to specific paralogs

without reference bias or cross-mapping among high-identity paralogs.

In humans, we observed stable NPEPPSP expression across all three proxy developmental stages,
accompanied by a stepwise increase in TBC1D3 expression from iPSCs to mature neurons (Fig.
3.4B). This increase of TBCID3 expression was matched by a correlated increase in the
NPEPPSPI-TBCID3 fusion transcript levels, increasing from a single identifiable fusion
transcript in iPSCs to 72% (18/25) and 47% (98/208) of TBC1D3 expression in NPCs and neurons,
respectively. As expected, the fusion transcript was driven by the predicted juxtaposed promoter,
characterized by the methylation dip at the NPEPPSPI TSS, consistent with the FIRE-defined

regulatory elements observed in HG02630 (Fig. 3.3A; Vollger et al. 2025).
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In contrast, chimpanzee 7BCID3 expression is minimal throughout our model of neuronal
differentiation. While both lineages show activation as well as a stepwise increase of the same
orthologous NPEPPSP] promoter as cells differentiate to neurons, in chimpanzees that stepwise
increase in NPEPPSP1 expression across development is not associated with 7BC1D3 but rather
a different gene, CCL4L2 (CC chemokine ligand 4), a protein associated with inflammation and
immune response (Li et al. 2023; Xu et al. 2024). Two key observations help explain the absence
of NPEPPSI-TBCI1D3 expression in chimpanzee. First, the downstream 7BC/D3 paralog in the
chimpanzee haplotype is inverted relative to its ORF, precluding NPEPPSPI-TBCID3 gene
expression. Second, we identified a 44 kbp insertion of CCL4L2 situated between the NPEPPS|
promoter and TBCID3, resulting in abundant NPEPPSPI-CCL4L2 fusion transcription in
chimpanzees (Fig. 3.4B). Thus, in chimpanzees, CCL4L2 appears to co-opt the NPEPPSPI
promoter analogous to human 7BC1D3 but with a very different outcome. Analysis of the bonobo
(Pan paniscus) genome indicates that both the inversion and CCL4L?2 insertion are present in this
species, suggesting that this organization is a longstanding property of the Pan genus likely

originating in the common ancestor of the two extant lineages (Supplementary Figs. S2, S3).

Orangutan, which does not harbor the NPEPPS1 SD or its promoter, serves as a negative control
and shows scant TBCID3 expression of the most terminal copy (Fig. 3.4B). We note, however,
that there is abundant 7TBCID3 expression in the orangutan (Supplementary Fig. S5) from other
copies. However, unlike the human ortholog, orangutan 7BCID3 is uniformly expressed by
numerous internal Cluster 2 paralogs that have independently expanded in the Pongo genus

(Guitart et al. 2024; Supplementary Fig. S6).
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Figure 3. 4 Comparative expression of NPEPPSPI-TBCID3 in a neuronal developmental
cell culture model of great apes.

(A) Experimental design. Fibroblasts sourced from human, chimpanzee, and gorilla samples were induced
into iPSCs, NPCs, and neurons. Donor-specific genome assemblies from the iPSCs as well as gDNA and
mRNA were generated using long-read sequencing protocols for each of the three stages.
(B) Comparative methylation and transcription of NPEPPSP], terminal TBCID3, and fusion genes in
human, chimpanzee, and orangutan. A schematic of the gene organization and methylation profile (red; %
of read methylated over CpG) is shown for iPSCs from each of the three species (left panels). Expression
levels (transcripts per million, TPM) are compared for NPEPPS1, fusion genes, and the terminal TBC1D3

copy for each of three stages (right panels). Histogram illustrates TPM based on Kinnex sequencing
(Methods).

While gorilla was not included in our neuron development cell model, we also attempted to
investigate NPEPPSP1-TBC1D3 regulation and expression by exploring the orthologous locus in
the gorilla genome assembly and available Iso-Seq data from fibroblasts and testis tissue (Yoo et
al. 2025). While gorilla inherited the same NPEPPSPI duplication, the promoter and first two
exons of the pseudogene have been ablated by a subsequent 38 kbp deletion in the gorilla lineage
(Fig. 3.5, Supplementary Fig. S3). Concomitantly, we find no evidence of NPEPPSPI promoter-
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initiated NPEPPSI-TBCI1D3 fusion transcripts. We do find, however, fusion transcripts with
transcript initiation starting near the MRPL45 duplicated promoter, a gene inverted with respect to
TBCID3 (Supplementary Fig. S7). We observe that these transcripts begin just upstream of the
promoter of MRPL45, a gene inverted with respect to 7TBCID3. This regulatory sequence may
function as a bidirectional promoter (Trinklein et al. 2004), but MRPL45 expression is nearly 20-

fold higher, with 57 unique MRPL45 transcripts to the three 7BC1D3 reads.
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Figure 3. 5 Deletion of gorilla NPEPPSPI promoter.
Alignments of the NPEPPSP] duplication locus between one chimpanzee, two human, and two gorilla

haplotypes show a 38 kbp deletion fixed in the gorilla lineage, removing both the NPEPPSP1 promoter

and first two exons.
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3.3.5 THE FUSION TRANSCRIPT ENCODES TWO SEPARATE ORFS

Based on the human NPEPPSPI-TBCI1D3 fusion transcript consensus sequence, we predict two
large, mutually exclusive ORFs (Supplementary Fig. S8A). The first ORF (ORF1) comprises a
449-codon reading frame corresponding to the entirety of NPEPPSPI and four codons located at
the beginning of TBC1D3 exon 2, traversing the fusion junction. The second ORF begins 13 bases
upstream of ORF1, also at the second exon of TBCID3, and represents the canonical 546-aa
TBC1D3 ORF annotated by RefSeq (O’Leary et al. 2015). These ORFs are offset by two bases,

placing them in different frames, precluding the formation of a fused protein product.

Unlike TBC1D3, there has been no characterization of NPEPPSP1, a supposed pseudogene, at the
protein level. We searched publicly available proteomic resources using an in silico tryptic digest
of NPEPPSPI-TBCID3 ORF1 and found four uniquely identifying peptides distinguishing
NPEPPSPI from any other protein, including its ancestral paralog, NPEPPS. We searched for
these four peptides in publicly available mass spectra datasets and identified five proteomic
experiments with matches to the peptides. Although not conclusive, these data suggest NPEPPSP1

may be translated and present in the human proteome (Supplementary Table 2; Methods).

Next, we assessed mutational tolerance of both ORFs by analyzing 295 human genomes recently
sequenced as part of the Human Pangenome Reference Consortium (HPRC) (Liao et al. 2023) and
the Human Genome Structural Variation Consortium (HGSVC) (Logsdon et al. 2025). Across
these haplotypes, we found three instances of a premature termination of NPEPPSP1, driven by
one splice junction in the third exon, and two nonsense mutations on the seventh exon

(Supplementary Fig. S8B). In contrast, we found only a single occurrence of a splice junction
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mutation (3' ss of exon 10) introducing a premature stop codon in the 7BCID3 ORF

(Supplementary Fig. S8C).

3.3.6 POST TRANSCRIPTIONAL PROCESSING OF FUSION TRANSCRIPTS.

Because NPEPPSPI duplicates only the first 11 exons of NPEPPS, we were interested in
understanding how this partial duplication impacts the transcription and splicing of the gene. Using
our neuronal developmental dataset, we characterized the expression of the two most common
isoforms. We observe that solo NPEPPSP] transcripts utilize a novel polyadenylation site located
111 bp downstream of the canonical splice junction used by NPEPPS (Fig. 3.6A). This alternative
site is strongly favored in iPSCs, being used in >98% (51/52) of full-length transcripts sequenced.
The equivalent paralogous poly-adenylation site, however, was not observed in the ancestral
NPEPPS gene and is excised within the 11th intron by a splice junction upstream of the site. Of
note, we find that as cells differentiate toward neurons, NPEPPSP] splice site usage shifts toward
the equivalent splice junction used by NPEPPS, losing the premature polyadenylation site and
extending transcription to include the full-length 7BC/D3 ORF (Fig. 3.6B). Our results suggest
that the fusion is regulated posttranscriptionally by alternative splicing of the last and first exons

of NPEPPSPI and TBCI1D3, respectively (Fig. 3.6).

We next sought to understand how the fusion impacts transcript processing. Given that nonsense-
mediated decay (NMD) is often triggered by splice junctions located downstream of a translation
stop codon, we hypothesized that 7BCID3-containing transcripts might be targeted for
degradation and, thus, preferentially rescued upon NMD inhibition. To test this, we treated human
and chimpanzee iPSCs and NPCs with cycloheximide (a known NMD inhibitor) or dimethyl

sulfoxide (DMSO) as a control (Cheng et al. 2025). While we observe an overall increase in
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expression of NPEPPSP1, TBC1D3, and the fusion transcript following cycloheximide treatment,
we did not observe preferential rescue of 7TBC1D3. Instead, NPEPPSPI transcripts show the most
pronounced increase (Supplementary Fig. S9), suggesting that they may be more susceptible to

NMD than NPEPPSI-TBC1D3 fusion transcripts.

Importantly, we find that TBC1D3 expression surpasses NPEPPSPI in transcript abundance as
human cells differentiate into neurons (Supplementary Figs. S10-S12; Supplementary Tables 3,4).
Initially, we considered the possibility that this was due to expression from other 7BCID3
paralogs. However, both epigenetic profiling and full-length transcript analysis across paralogs
rule out this explanation. All 196 transcripts map to the terminal Cluster 2 TBC1D3 copy. Only a
single hypomethylation signature is identified corresponding to the promoter of the fusion
transcript. We fail to identify any methylation or chromatin accessibility signatures consistent with

a promoter in another paralog (Supplementary Tables 1,5).

While it is possible that this neuronal enrichment of 7BC1D3 may be due to the moderate 3' bias
of the Kinnex and Iso-Seq LRS platforms, this seems unlikely since it is not observed in either
NPCs or iPSCs, which were processed identically with respect to capture. We speculate, therefore,
that there may be a posttranscriptional mechanism that isolates the downstream 7BC1D3 reading
frame from its upstream linked-partner, NPEPPSPI. In support of this, we identified a Kozak
sequence, AXXATGG, in the second exon of TBCID3, located at the acceptor site of the splice
junction that fuses the two genes and includes the start codon of ORF2. This site may serve as an

internal ribosomal entry site for translation (Fig. 3.6B; Hellen, 2001).

75



Isoform 1
D11

45357100 48 387,30 A5 8T. 500 2

45,387,320 45,367.360 (00}
i

TOABG OO TET T T T 8OO TT TG acTararTo et

588

NPC iPSC
& &

%

Neuron

Isoform 2

NPEPPSP1 TBC1D2

45367 205 4550 240 IR L ]

Spics Duser
G ATECTAoOG aﬁ TCTTTAATAGCTTGAEAT

UL ¥ EEETTTEAEEEE

Figure 3. 6 Alternative splicing of NPEPPSPI-TBC1D3 fusion.
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(A) Solo NPEPPSPI isoform. Solo NPEPPSPI transcripts display a polyadenylation signal
(chr17:46387329-46387338) terminating the transcript, a signal that is removed by splicing in fusion
genes. (B) Fusion isoform. NPEPPSP1-TBCI1D3 transcripts display splicing between NPEPPSPI exon 10
and TBC1D3 exon 2, where ORF2 begins. The splice acceptor site of 7TBC1D3 overlaps with a Kozak
sequence, recognized as AXXATGG.

3.4 DISCUSSION

This work advances our understanding of 7BC1D3 regulation and evolution in four major ways.
First, we demonstrate that 7BCID3 expression in humans is regulated via a position effect,
primarily as a result of a fusion duplication event with the upstream duplicated gene, NPEPPSP].
Paralog-specific regulation via position effect is a well-documented phenomenon, as exemplified
in the locus control region (LCR) regulating immediately proximal green and red opsin paralogs
in chromosome X, and none of the additional copies downstream (Hayashi et al. 1999). Other
examples include the beta-globin LCR (Reik et al. 1998) and the 5' LCR in 2Gh (Ho et al. 2006).
Analogously, NPEPPSI defines an LCR of the terminal paralog of 7BC1D3 Cluster 2 with other

paralogs being epigenetically repressed (Figs. 3.1 and 3.2).

Second, we identify the origin of this regulatory fusion as an SD event that duplicated ~120 kbp—
encompassing the NPEPPS promoter and first 11 exons. The ancestral NPEPPS locus maps 9.16
Mbp proximally to the TBC1D3 Cluster 2 locus on chromosome 17 (Fig. 3.3). Gene fusion arising
from the juxtaposition of partial SDs has been proposed as a relatively common mechanism of
neofunctionalization, particularly in primates (Marques-Bonet, Girirajan et al. 2009; Marques-
Bonet, Kidd, et al. 2009; Yoo et al. 2025). For example, HYDIN?2 arose from partial duplication of

HYDIN, resulting in a novel gene fused to LOCI101927468 (Dougherty et al. 2017) and
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CHRFAM7A (i.e., dupo.7), a human-specific fusion CHRNA7 exons 5-10 and FAM74 exons A-E,

regulating CHR7A4 in a dominant negative fashion (Sinkus et al. 2016).

In humans, the terminal copy of 7TBCID3 in Cluster 2 co-opted the regulatory program of NPEPPS
to drive transcription of a fusion transcript. NPEPPS, also known as puromycin-sensitive
aminopeptidase (PSA), is a cytoplasmic aminopeptidase conserved across metazoans that is
broadly expressed across tissues and plays a key role in protein metabolism and cell cycle
regulation (McLellan et al. 1988). In the brain, NPEPPS is enriched in the cerebellum and
hippocampus, where it provides a protective effect against tauopathies and associated
neurodegenerative diseases, including Parkinson’s and dementia (Karsten et al. 2006; Muraoka et
al. 2020). Disease associations remain difficult for 7BC/D3, owing to the high sequence identity
between paralogs and the significant degree of structural heterozygosity among individuals
(Guitart et al. 2024). However, we find that NPEPPSPI-TBC1D3 expression is enriched in the
brain, and in particular, increases in expression in the cerebellum as the brain develops into
adulthood (Supplementary Fig. S13). In vitro experiments of TBCID3 propose numerous
mechanisms of 7BCID3 function, all of which increase cell proliferation (Frittoli et al. 2008;
Wainszelbaum et al. 2008, 2012; Ju et al. 2016; Hou et al. 2027). The human cerebellum is unique
among other brain regions for its delayed maturation and high degree of neuronal density, which
holds ~80% of brain neurons despite constituting only 10% of volume (Van Essen et al. 2018).
Recent in vitro studies suggest TBCI1D3 both promotes neuronal proliferation and protracts
synaptic plasticity and contributes to neoteny (Hou et al. 2021; Dong et al. 2024). We suggest
TBCID3 may contribute to human cerebellar development through this novel transcriptional

context or the human-specific carboxy-terminus (Guitart et al. 2024).
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Gene fusions driven by transcriptional readthrough commonly coincide with the fusion of two
reading frames into a single novel protein (McCartney et al. 2019). In contrast, NPEPPSPI-
TBCID3 retains two large, independent reading frames across the singly transcribed fusion
(Supplementary Fig. S8). Polycistronic expression has been documented in eukaryotes, most
notably in C. elegans, where approximately 15% of nuclear genes are organized into operons
(Blumenthal ef al. 2018). In nearly all other eukaryotes, polycistronic transcription events have
been restricted to mitochondrial and plastid genes—both derivatives of prokaryotes (Barkan et al.
1988; Mercer et al. 2012). Nevertheless, nuclear, multi-ORF genes have been characterized. ATF4
and GRN, for example, include an upstream ORF (uORF) whose retention in the transcript either
promotes or inhibits translation of the downstream, main ORF (mORF) (Garcia-Rios et al. 1997;
Ryczek et al. 2023; Vattem et al. 2004; Capell et al. 2013). In these cases, however, the uORFs
tend to be small, only 16 aa on average (Wethmar et al. 2010), while the reading frame we observe

for NPEPPSP1 is 479 aa.

Third, we illustrate a developmentally dependent, posttranscriptional regulation of TBCID3 as
cells differentiate into neurons. In our neuronal differentiation system, 7BC/D3 increases in
expression and fusion transcripts proportionally diminish as human stem cells differentiate into
neurons (Fig. 3.6; Supplementary Figs. S10-S12), raising the possibility of independent expression
of TBC1D3, possibly from other paralogs, or the removal of NPEPPSPI from the fusion gene via
alternative splicing. Our epigenetic profiling reveals that nonterminal paralogs remain
epigenetically silenced, lacking the promoter-associated hypomethylation and chromatin
accessibility (Figs. 3.1 and 3.2). We therefore propose that the 7BCI/D3 reading frame is
selectively retained in the transcript via a posttranscriptional process that removes or excludes the

upstream NPEPPSPI ORF. Supporting this, cycloheximide treatment, which inhibits NMD,
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selectively rescues NPEPPSP] and fusion transcripts when compared to TBC1D3 (Supplementary
Fig. S9). This suggests a posttranscriptional regulatory model in which neuronal cell fates isolate
TBCI1D3, potentially influencing its translation efficiency or subcellular localization. Follow-up
protein-level studies (e.g., immunofluorescence or mass spectrometry) are needed to assess the

fate of the protein(s) derived from the NPEPPSP1-TBC1D3 fusion transcript.

Finally, we place this regulatory architecture in an ape evolutionary framework. The NPEPPSP1
duplication event occurred between 89 MY A, in the common ancestor of African apes. This time
interval corresponds to a period of rapid chromosomal restructuring, including large-scale
inversions and fusions that dramatically restructured local chromosomal regions in different ape
lineages potentially as a result of extensive incomplete lineage sorting (Yang et al. 2025; Mao et
al. 2021, Yoo et al. 2025). The NPEPPSPI-TBC1D3 locus exhibits structural divergence across
apes, with incomplete lineage sorting and lineage-specific rearrangements contributing to distinct
haplotypes in humans, chimpanzees, and gorillas, including multiple large-scale and smaller
inversion events (Supplementary Figs. S2, S3). Despite the shared origin of the fusion in all
African great-ape lineages, TBCID3 expression driven by NPEPPSPI appears to be human-
specific. In the genus Pan, a subsequent 44 kbp chimpanzee duplication inserted CCL4L2 between
NPEPPSPI and TBC1D3, disrupting the fusion in both chimpanzees and bonobos. In gorilla, a 51
kbp deletion removed the NPEPPSPI promoter and initial exons, ablating the fusion transcript.
Based on the genomic architecture, only humans are, thus, capable of producing the NPEPPSPI-

TBC1D3 fusion product at high levels during neurodevelopment.

We find that the expressed T7BCID3 gene has been dramatically restructured during human
evolution. Our previous work identified a human-specific C-terminal truncation resulting in a 58-
aa modification in all expressed human copies. Here, we show that the 5' end of the major human
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TBCID3 transcript is also unique to our lineage—it includes the first 11 exons of NPEPPSPI.
Further, we provide evidence that this modification boosts expression during neuronal
development. The functional consequences of these alterations—for translation, localization, or
function—remain unresolved. Experimental perturbation of 7BC/D3 remains challenging due to
its high sequence identity across paralogs. However, our findings present a potential solution:
targeting the fixed NPEPPSPI promoter, which regulates the polymorphic TBCID3 cluster
through a position effect. This regulatory mechanism—where a fixed regulatory element controls
expression of structurally variable loci—may be more common than expected, offering a new
opportunity to understand, and eventually target, structurally variable and medically relevant genes

that have, until recently, been impossible to characterize.

3.5 METHODS

3.5.1 METHYLATION ANALYSIS

ONT bam data used for the CHM 13 methylation analysis was generated and processed described in
(Mastrorosa et al. 2024). CHM13 genomic DNA reads used to generate the T2T reference were aligned
back onto the reference using minimap2 (version 2.28; Li et al. 2018). Following alignment, methylation
basecalls of CpG sites were processed and aggregated using the modbam2bed software (v0.10.0;
github.com/epi2me-labs/modbam2bed). Following methylation aggregation, CpG sites with coverage of
five reads or less were discarded. For visualization (see Fig. 3.1), percent of reads methylated over each
CpG site are illustrated as black points, with a rolling average of 15 CpG sites are visualized with a red

line. These results were visualized in R using ggplot2 geom_point and geom_line functions.
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3.5.2 FIBER-SEQ ANALYSIS

Fiber-seq libraries of HG02630 were prepared as described in (Real et al. 2025). Reads from the dataset
were re-aligned to polished HG02630 assemblies generated with Deep polisher by the Human Pangenome
Reference Consortia (Mastoras et al. 2025). Reads were mapped back to HG02630 with the following
minimap2 (version 2.24), and adenosine and cytosine methylation calls from the original base-calling
were maintained with the new alignment bams. FIRE peaks were identified using Firetools (version 0.0.7;
Vollger, et al. 2025). Fiber-seq peaks were visualized with GViz (version 1.46.1) using the following

command.

3.5.3 FULL-LENGTH TRANSCRIPT ANALYSIS

CDNA libraries were aligned as previously reported in (Guitart et al. 2024). Reads were aligned to a
reference assembly using minimap (version 2.24) with the settings <minimap2 -ax splice --sam-hit-only --
secondary=yes -p 0.5 --eqx -K 2G>. Following alignment primary and secondary alignments were
scrutinized. For paralog-specific reads, primary alignments with alignments scores greater than second-
best alignments were used. Reads were visualized with R using the GViz visualization library. Reads

mapping to only a single exon were excluded from the gene transcript counts.

Multi-Iso-Seq reads were gathered as described in (Dishuck ef al. 2025). Iso-Seq libraries were
normalized to transcripts per million. Read counts were then organized by hierarchical clustering with R

hclust and visualized as a heat plot with ggplot2.

3.5.4 POLYADENYLATION ANALYSIS

Polyadenylation signals were identified by looking for canonical polyadenylation motif (AATAAA) motif
within 20bp of the end of transcript read alignments (Higgs et al. 1983). Splice junctions were identified

by marking AG 3’ splice acceptor and GT 5’ splice acceptor motifs at splice junctions along cDNA
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alignments (Stephens & Schneider 1992). Polyadenylation signals and splice junctions were visualized

with rtracklayer (version 1.62.0; Lawrence et al. 2009).

3.5.5 PHYLOGENETIC ANALYSIS

Multiple sequence alignments (MSA) for phylogenies were generated as follows. Homologous sequence
was identified by mapping a reference target sequence to assemblies using minimap2 (-x asm20 --
secondary --eqx -p -.05 -N 1000). Following sequence extraction, homologous sequences were aligned as
multiple sequence alignments with MAFFT (version 7.5.25; Katoh et al. 2013) with the following
parameters: --reorder --preservecase --adjustdirection --maxiterate 1000 --thread 16. Following MSA
generation, maximum likelihood phylogenies were generated with igtree2 (version 2.1.2; Minh et al.
2020) with the following parameters: -nt AUTO -m MFP -s {MSA_fasta} -o {outgroup} --prefix

{output name} -alrt 1000 -bb 1000.

For NPEPPSPI duplicon phylogenetic analysis, the terminal 15 kbp of the NPEPPSPI duplication most
proximal to TBC1D3 was extracted using SEDEF annotations (Numanagic et al. 2018). The sequence
was then mapped to the human, chimpanzee, gorilla, orangutan, and macaque T2T assemblies using
minimap2 with the default setting “-x asm20” (Yoo et al. 2025). These mappings were extracted with
bedtools and aligned into a multiple sequence phylogeny with MAFFT (version 7.525; Katoh ef al. 2013).
Next, the multiple sequence alignment was trimmed for gaps and misalignments with both Trimal
(version v1.4.rev22) and manual pruning. Next, a phylogeny and timing estimates were generated using
the iqtree2 software (version 2.12; Minh et al. 2020), with macaque as the outgroup. Timing estimates
were calculated with iqtree2, using the following divergence times: (human-chimpanzee: 6.5 MYA;
human-gorilla: 8.0 MYA; human-macaque: -24 MY A) as estimated in the fossil record (Dunsworth 2010;
Stevens et al. 2013). The following command for timing estimation was used: iqtree2 -s {MSA} --date

{divergence date list} --date-ci 100 -te {phylogeny } --keep-ident -redo -0 {outgroup name} --date-tip 0
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-alrt 1000 -bb 1000). For CCL4L2, the same process described as above was used, but for the CCL4L2

gene model with the upstream 5 kbp sequence was included for additional sequence.

3.5.6 SHORT-READ-DEPTH ANALYSIS

Short reads libraries from the 1000 Genomes project (Sudmant et al. 2010). [llumina libraries were K-
merized into 32 bp libraries with Meryl (version). Next, k-mer libraries were aligned to the CHM13 T2T
(Nurk et al. 2022) reference genome using FastCN (Pendleton et al. 2018), allowing for up to two
mismatches between 32-mer and assembly alignments. Copy numbers over TBC1D3, NPEPPSPI, and
the NPEPPSP] (see Supplementary Fig. S13) inferred promoter were estimated by taking the average
copy number over the given region, estimated by normalized read depth coverage to unique diploid

sequence across the genome.

3.5.7 CONSERVATION IN HUMAN HAPLOTYPES

Gene sequences were aligned using multiple sequence alignment with MAFFT (v7.525). SNVs and indels
were identified by comparing each gene sequence to the reference gene sequence from CHM13 v2.0.
Variant functional consequences were annotated using VEP (v111) with gene annotation (JHU
RefSeqv110 + Liftoff v5.2; Shumate et al. 2021). Pathogenicity predictions for missense variants were
obtained using AlphaMissense (Cheng et al. Science, 2023), which were lifted over to CHM13
coordinates using UCSC LiftOver and complemented by PolyPhen and SIFT (version 20240502).

Lollipop plots were generated using the R package trackViewer (v1.40.0).

3.5.8 HAPLOTYPE SEQUENCE ANNOTATION

Segmental duplications for NPEPPS-TBC1D3 haplotypes were annotated in the de novo assemblies with
SEDEF (version 1.1; Numanagic ef al. 2018). Duplicon tracks were generated for each assembly with
DupMasker (Jiang et al.) and run with the Rhodonite workflow (version 0.12;
https://github.com/mrvollger/Rhodonite).

84



3.5.9 RNA ANALYSIS

Short read libraries from the developmental GTEx Consortium were used for the analysis. Reads were
aligned to CHM 13 using bwa (version 0.7.17), and transcript abundance was normalized using pydeseq2
(version 0.5.2). Read abundance for NPEPPSP1-TBC1D3 fusion expression was specifically quantified
by counting reads spanning the merged exon boundaries across the last and first exons of NPEPPSPI and

TBC1D3, respectively.

3.5.10 READING FRAME MAINTENANCE

Gene sequences were aligned using multiple sequence alignment with MAFFT (v7.525). SNVs and indels
were identified by comparing each gene sequence to the reference gene sequence from CHM13 v2.0.
Variant functional consequences were annotated using VEP (v111; McLaren et al. 2016) with gene
annotation (JHU RefSeqv110 + Liftoff v5.2). Pathogenicity predictions for missense variants were
obtained using AlphaMissense (Cheng et al. Science, 2023), which were lifted over to CHM13
coordinates using UCSC LiftOver and complemented by PolyPhen and SIFT (20240502). Lollipop plots

were generated using the R package trackViewer (v1.40.0).

3.5.11 MASS SPECTROMETRY ANALYSIS

Amino acid sequences for NPEPPSP1 and NPEPPS were pulled from RefSeq annotations and aligned
into a multiple sequence alignment with MAFFT (v7.525). Amino acid substitutions between the two
paralogs were determined visually from the alignment. Next, tryptic peptides for both protein sequences

were computationally inferred with expasy online tool (https://web.expasy.org/peptide_cutter/). Diverse

peptide sequences between the two proteins were then selected and isolated for later analysis. These
peptides were searched for in the MASSive database

(https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp?redirect=auth).
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CHAPTER 4. TBCID3 CELL CULTURE EXPERIMENTS

4.1 ABSTRACT

Here, I describe experimental efforts to investigate the functional consequences of human-
specific modifications to the 7BCID3 gene family, with a particular focus on the derived C-
terminal extension that distinguishes human 7BC1D3 from nonhuman primate orthologs. I
outline the experimental design, including the rationale for targeting this modification, the
cellular systems employed, and the expected molecular and phenotypic readouts. Although these
experiments did not yield interpretable or reproducible results, their outcomes provide insight
into the technical and biological challenges associated with functional interrogation of recently
duplicated, highly similar genes. I discuss potential explanations for the failure of these
approaches, including a possible dosage toxicity due to a constitutive promoter and an amino
acid discrepancy between this experiment and other published investigations and propose

alternative strategies for future studies.

4.2 INTRODUCTION

In Chapter 2 (Guitart et al. 2024), I describe the discovery of human-specific modifications to the
TBCID3 coding sequence. We identified a 43-nucleotide deletion unique to humans that induces
a frameshift, resulting in the addition of 41 novel amino acids at the carboxy-terminus that are

absent in other primates. Alterations to the C-terminus are a recurring feature of duplicated genes

undergoing neo- or sub-functionalization. Generally, the carboxy-terminus of a protein is often
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solvent-exposed and enriched for regulatory roles, influencing subcellular localization and
posttranslational modification (Sharma et al. 2019). A well-characterized example is
ARHGAPI 1B, in which a splice-site mutation truncates the Rho-GAP domain and introduces 47
novel amino acids to the carboxy-terminus, redirecting the protein to mitochondria and
promoting glutaminolysis (Florio et al. 2016; Namba et al. 2020). The solvent-exposed C-
terminus may also influence protein interactions, as observed in the Rhodopsin gene, where
pathogenic C-terminal disruptions impair interaction with Arf4, leading to defective protein

trafficking and retinal degeneration (Deretic et al. 2005).

Additionally, we found evidence of positive selection within six amino acids in the TBC1D3
human protein sequence. Small changes to protein amino acid sequence, even just a few
substitutions, can have significant effects on function and resulting phenotype. One noteworthy
example is human changes to forkhead box P2 (FOXP2), where two missense mutations
exclusive to humans increased dendrite length and synaptic plasticity in neurons of the striatum,
which may have enhanced human capabilities of speech and language (Bornschein et al. 2023).
Other examples include the human HbS allele conferring resistance against malaria
(Kwiatkowski, 2005) and the pocket mouse Mc/r allele causing black pigmentation for

individuals living in lava-rock habitats (Nachman et al. 2003).

Previous in vitro studies explored the function of TBC1D3 but largely lacked consideration of
human-specific modifications. Studies by Frittoli et al. (2008), Wainszelbaum et al. (2008,
2012), He et al. (2014), and Wang et al. (2017) used cell transformation assays to demonstrate
multiple mechanisms by which TBC1D3 promotes oncogenic phenotypes. In parallel, Ju et al.
(2016), Hou et al. (2021), and Dong et al. (2024) described roles for TBCID3 in neural
progenitor proliferation and synaptogenesis using both cellular and mouse transformation
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models. Notably, in all of these studies, TBC1D3 constructs were derived from human cDNA

libraries, without comparison to nonhuman primate orthologs or alternative reading frames.

The goal of this study was to extend this body of work by directly testing how human-specific
modifications to 7TBC1D3 influence gene function during development. Using bonobo neural
progenitor models, which lack endogenous 7BC1D3 expression (see Chapter 3), we introduced
multiple 7BC1D3 reading frames via lentiviral transduction, with GFP serving as a reporter. We
first assessed the effects of these reading frames on cell proliferation, hypothesizing that human-
specific modifications would differentially affect neural progenitor proliferation relative to
nonhuman primate 7BC1D3. We subsequently planned to examine subcellular localization and
protein—protein interaction phenotypes. In this section, I describe the experimental design in
detail, present the results of the unsuccessful experiments, and propose potential explanations for

the cytotoxicity observed across all TBC1D3-expressing transductions.
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4.3 RESULTS

4.3.1: EXPERIMENTAL DESIGN

We conducted a cell proliferation assay using bonobo neural progenitor cells (Fig. 4.1). To test
the functional consequences of human-specific 7BC1D3 modifications, we generated lentiviral
vectors encoding GFP as a reporter, linked to one of eight TBC1D3 reading frames. These
constructs represent all combinations of human and nonhuman primate 7BC/D3 gene bodies
paired with either human or nonhuman primate C-termini, including a construct containing the
human-specific C-terminal deletion (Table 1). Expression of each GFP-TBC1D3 fusion was
driven by the EF1a promoter, a strong constitutive promoter, to ensure robust and uniform

fluorescence for downstream quantification.

Bonobo neural progenitor cells were transduced with one of the eight lentiviral libraries.
Baseline transduction efficiency and cell counts were assessed two days post-transduction,
followed by a second measurement at seven days post-transduction to evaluate proliferation.
Proliferation was quantified by tracking GFP-positive cells over time. In parallel,
immunofluorescence assays were performed to assess maintenance of neural progenitor identity
(SOX2%), neuronal differentiation (ELAV3/4*), and apoptosis (cleaved CASPASE-3%).

Fluorescent signals were quantified using both fluorescence microscopy and flow cytometry.
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Figure 4. 1 Experimental design.

Bonobo neuron progenitor cells were transfected with a lentivirus carrying one of eight sample reading

frames payloads and examined for the effect on cell proliferation. NHP: nonhuman primate

4.3.2: CELL DEATH

Following transduction, we observed that all 7BC1D3-expressing samples proliferated at a
markedly reduced rate compared to the empty-vector control (Fig. 4.2A). Quantification by flow
cytometry confirmed that cells expressing any 7BC1D3 reading frame proliferated at levels
comparable to the negative control, NGN2 (Fig. 4.2B). NGN2 is a transcription factor that drives

neuronal differentiation, after which cells exit the cell cycle (Hulme et al. 2021).

To determine whether reduced proliferation in the TBC1D3 samples was due to premature
neuronal differentiation, we stained each condition for ELAV3/4, a marker of post-mitotic
neurons (Fig. 4.2C). As expected, NGN2-transduced cells showed strong enrichment for
ELAV3/4, consistent with neuronal differentiation. In contrast, none of the 7BC/D3-expressing
samples exhibited increased ELAV3/4 staining and instead more closely resembled the empty-

vector control, indicating that 7TBC1D3 expression did not induce neuronal differentiation.
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We next tested whether TBCI1D3 expression was associated with cytotoxicity by staining for
cleaved CASPASE-3, a marker of apoptotic cell death (Fig. 4.2D). Relative to controls,
TBC1D3-expressing cells showed a modest but consistent increase in CASPASE-3 signal,
suggesting that TBC1D3 expression may exert a cytotoxic effect in bonobo neural progenitor

cells.
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Figure 4. 2 TBC1D3-mediated cell death.

(A) Day 2 and day 7 post transfections of cells with empty control (top) and human 7BC1D3 (bottom)
with stains for DAPI, GFP, SOX1 (NPC marker) and ELAV3/4 (neuronal marker). Human TBCID3 cells
experienced significantly less growth as compared to an empty control. (B) GFP percentage normalized to
day 2 fluorescence for GFP, human 7BC/D3, human TBCI1D3 with NHP C-terminus, human 7TBCI1D3
with C-terminus deletion, bonobo TBC1D3, bonobo TBC1D3 with human C-terminus, and NGN2. All
libraries experienced significant reduction in fluorescence compared to GFP, indicative of failure to
proliferate. (C) Percent staining of ELAV3/4, an indicator of neuronal differentiation. NGN2, a negative

control promoting neuronal differentiation, is noticeably elevated compared to other samples, suggesting
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TBC1D3 did not promote neuron differentiation. (D) Caspase3+ a stain for cell apoptosis. All TBCID3

derivatives show elevated staining of Caspase3, indicative of cell apoptosis fate.

4.4 DISCUSSION

This experiment did not yield conclusive insights into the functional consequences of human-
specific TBC1D3 modifications. However, several observations help constrain the possible
explanations for the uniformly reduced proliferation observed across all 7TBC1D3-expressing
conditions. First, the phenotype is unlikely to be attributable to lentiviral toxicity, as cells
transduced with the empty-vector control proliferated normally. Second, the NGN2 negative
control exhibited robust ELAV3/4 staining, confirming neuronal differentiation, whereas
TBC1D3-expressing cells did not, thereby ruling out premature differentiation toward a neuronal

fate as the cause of reduced proliferation.

We therefore hypothesize that the observed phenotype reflects a TBC1D3-dependent toxic
effect. Several non-mutually exclusive mechanisms may account for this outcome. One
possibility is overexpression: as described in Chapter 3, TBCID3 is normally expressed at
modest levels, whereas the EF1a promoter used here is a strong constitutive promoter and may
have driven supraphysiological expression that is deleterious to neural progenitor cells. A second
possibility is that expression of 7BC1D3 in isolation, rather than as part of the endogenous
NPEPPS-TBC1D3 fusion context, disrupts normal cellular regulation and results in toxicity.
Finally, the phenotype may stem from differences in the amino acid sequence used in our
constructs. The lentiviral vectors were designed using the Ensembl-annotated 7BC1D3 reading

frame (transcript ID: ENST00000612727.5) (O’Leary et al. 2016). However, upon contacting
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Dr. Zhen-Ge Luo’s laboratory, which previously characterized TBC1D3 function in neural
progenitors, we identified a single amino acid discrepancy between sequences: a glutamine-to-
proline substitution at residue 358 (Fig. 4.3). Because glutamine is hydrophilic and proline is
hydrophobic and conformationally restrictive, this substitution could substantially alter protein

structure or stability, potentially contributing to the observed cytotoxicity.
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Figure 4. 3 Amino acid differences

Amino acid sequences from Dr. Luo’s group experiments (top), the human reference 7BC/D3 amino acid
sequence used in our experiment (middle), and bonobo amino acid sequence used by our experiment
(bottom) were aligned in a multiple sequence alignment. A single amino acid substitution at site 358
differentiates Luo ef al. TBC1D3 from the reference TBC1D3. This sequence is located in the disordered
region of the carboxy-terminus (predicted with Alpha-fold)

These experiments result in more questions than answers, and as it stands these results have not
been published in a peer-reviewed journal. However, the contents of this thesis will be publicly

available. We still suspect that TBC1D3’s function must have changed in some way as a result of
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these significant human-specific modifications to the protein sequence, and we hope and

encourage the research community to explore this avenue further.

94



CHAPTER 5. SUMMARY AND FUTURE DIRECTIONS

5.1 HUMAN-SPECIFIC EVOLUTION AND REGULATORY CONTROL OF
THE TBC1D3 GENE FAMILY

In this work, I advance the evolutionary and regulatory characterization of 7BC/D3. 1 show that,
within humans, TBC1D3 has undergone multiple protein-level modifications, including four
amino acid substitutions under positive selection and a replacement of the final 17 amino acids
of the carboxy terminus with 41 novel amino acids. Further work is required to determine how
these human-specific changes alter TBC1D3 function. I also demonstrate that 7TBCID3
expression is regulated through fusion with the upstream NPEPPSP in a developmentally

programmed manner.

Several studies have investigated TBC1D3 using in vitro perturbation approaches (Frittoli et al.
2008; Wainszelbaum et al. 2008, 2012; Kong et al. 2012; Hou et al. 2021; Dong et al. 2024).
Owing to the high copy number and extreme sequence identity among 7BC1D3 paralogs, these
studies predominantly relied on transcriptional ablation using RNA interference (RNA1).
Collectively, they characterized roles for 7TBCID3 in promoting cell proliferation and delaying
neuronal differentiation through a range of molecular mechanisms. Dong et al. (2024) extended
this work by generating a comprehensive CRISPR knockout of all 7BC1D3 paralogs in cultured
human brain slices. However, these studies did not consider the evolutionary context of the gene

family and did not address human-specific modifications to 7BCID3.

Moreover, none of these investigations resolved functional differences among individual

TBC1D3 paralogs; instead, they globally repressed or induced the entire gene family. The high
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copy number and sequence similarity of 7BC/D3 make paralog-specific perturbation particularly
challenging. In Chapter 3, I show that, at the regulatory level, TBC1D3 is predominantly
expressed as a fusion with NPEPPSP1, which is responsible for over half 7TBC1D3 expression,
as measured by full-length cDNA sequencing. This finding creates two opportunities to isolate
the most highly expressed copy and to test whether this human-specific regulatory configuration
influences cellular development and biology. Specifically, either the fusion transcript can be

targeted at the RNA level, or its promoter can be targeted at the genomic level.

First, an RNAi-based approach—using either shRNA or siRNA—could be designed to target the
unique fusion junction between NPEPPSPI and TBC1D3 (Agrawal et al. 2003). Because this
sequence is exclusive to the fusion transcript, such an approach would minimize off-target
effects. However, transcripts that undergo posttranscriptional processing that disrupts the fusion

junction would be expected to evade RNAi-mediated repression.

Second, the promoter driving the NPEPPSP1-TBC1D3 fusion could be targeted to achieve
complete transcriptional repression. This strategy offers a simpler alternative to comprehensive
TBCI1D3 CRISPR knockout approaches, as the structure and copy number of the NPEPPSP -
TBCI1D3 promoter are fixed (two copies per haploid genome). However, the ancestral NPEPPS
locus shares the same promoter sequence, necessitating careful experimental design to ensure
selective repression of the fusion gene. Our collaborators at the University of California, San
Francisco—Drs. Jessie Brunner and Alex Pollen—are developing a paralog-specific repression
strategy using a dCas9—KRAB system (Thakore et al. 2015). Targeting the NPEPPSPI-TBCI1D3
promoter with this system would enable selective repression, which could be validated by
measuring transcript abundance from the NPEPPSPI-TBC1D3 fusion and the ancestral NPEPPS

locus using targeted RT-PCR or ddPCR (Bustin et al. 2009; Pinheiro et al. 2011).
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5.2 INVESTIGATING TBCI1D3 WITH ASSOCIATION STUDIES

In vitro studies are useful for testing explicit genetic perturbations and elucidating potential
molecular mechanisms. However, their results can be difficult to interpret, may be confounded
by experimental artifacts, and often fail to recapitulate the complexity of tissue development in
vivo. In contrast, association studies provide a powerful framework for characterizing the true
genetic burden of a locus and for linking naturally occurring genomic variation to disease risk,
clinical outcomes, and population-level phenotypes. This approach has been foundational in
advancing our understanding of genome function, revealing causal—or tightly linked—variants
underlying human disease. Genome-wide association studies have identified key susceptibility
loci for breast cancer (e.g., BRCAI1/2 and FGFR2; Kuchenbaecker et al. 2017; Zhang et al.
2016), schizophrenia (e.g., C4; Sekar et al. 2016), cardiovascular disease (e.g., LPA; Clarke et al.
2009), and metabolic disorders such as type 2 diabetes (e.g., TCF7L2; Ruiz-Narvaez 2014),

directly shaping medical genetics, risk prediction, and clinical screening strategies.

Historically, genetic association studies have focused on single-nucleotide variants (SNVs),
which can be readily genotyped and discretely categorized across large cohorts, enabling well-
powered statistical analyses (Buniello et al. 2019). In contrast, structural variants (SVs) present
substantially greater analytical challenges despite the fact they have been shown to have larger
effects than SNVs (Sudmant et al. 2015). SVs are more difficult to detect and validate than
SNVs, particularly using short-read sequencing, and their diverse sizes and breakpoint
complexities complicate accurate genotyping across individuals (Alkan ef al. 2011). As a result,

publicly available catalogs of SVs remain far less comprehensive than single-nucleotide
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polymorphism (SNP) databases, limiting both variant discovery and statistical power in

association studies.

Recent large-scale initiatives, including the Human Pangenome Reference Consortium (HPRC;
Liao et al. 2023), Human Genome Structural Variation Consortium (HGSVC; Fairley et al.
2020), and A4/l of Us Research Program (The All of Us Research Program Investigators, 2019),
are beginning to address this gap by generating high-quality, haplotype-resolved assemblies that
enable accurate discovery and cataloging of structural variation across diverse human
populations and linking it to human phenotypes by imputation and direct genotyping (Garimella
et al., 2025). In Chapter 2, I leveraged data from the HPRC to characterize the structural
organization of the TBC1D3 locus across 69 fully assembled and validated human haplotypes.
Since the publication of that work, I have extended this analysis to a total of 544 haplotypes,
substantially increasing the resolution with which structural diversity at this locus can be
assessed. Using phylogenetic organization of haplotypes based on sequence flanking the
NPEPPSPI-TBCI1D3 fusion junction, I identified two major structural haplogroups

characterized by an inversion that disrupts the NPEPPSP[-TBC1D3 fusion (Fig. 5.1).
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Figure 5. 1 Inversion haplogroups

Shown are 544 haplotypes assembled by the HPRC and HGSVC organized phylogenetically based on a
multiple sequence alignment of flanking unique sequence. Two haplogroups (n=20) are put in focus, both
of which carry an inversion of the terminal 7BC/D3 paralog (red arrow) relative to the NPEPPSPI1—
TBC1D3 promoter.
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The converse of genome-wide association studies (GWAS) are phenome-wide association
studies (PheWAS; Pendergrass ef al. 2012). Analogous to GWAS, Phe WAS begins with a
genetic variant of interest—such as a SNP or a defined structural haplotype—and tests for
enrichment of that variant across a broad spectrum of phenotypes. Further work will be required
to assess the phenotypic consequences associated with the two 7BC/D3 inversion haplogroups
identified here (Fig. 5.1). Tagging SNPs capable of distinguishing these haplogroups can be used
to query large-scale population datasets, including the UK Biobank (Sudlow et al. 2015), the All
of Us Research Program, and deCODE Genetics. To date, no statistically significant phenotype
associations have been detected. This limitation likely reflects both the low allele frequencies of
the two haplogroups (2.2% [12/544] and 1.5% [8/544]) and their restricted population
distribution, as both are currently observed exclusively in individuals of African ancestry. As a
result, substantially larger and more ancestrally diverse cohorts will be required to rigorously

evaluate potential phenotypic associations of these inversion haplogroups.

5.3 Closing Thoughts and Future Directions

I began my thesis work at the advent of long-read, high-fidelity sequencing and genome
assembly. In the six years since I started my thesis in 2020, de novo assembly and haplotype-
level validation have transitioned from experimental to routine (Antipov et al. 2025; Liao et al.
2023). In parallel, advances in phasing methodologies have reduced reliance on trio-based data;
in many cases, haplotypes can now be resolved directly from a single individual using integrated
sequencing and assembly approaches (Rautiainen ef al. 2023). Together, these developments

have enabled comprehensive population-scale characterization of structural variation and have
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yielded important evolutionary and mechanistic insights into the human genome, including
mutation rate (Porubsky et al. 2025), gene conversion (Vollger et al. 2023), and recurrent

inversion events (Porubsky et al. 2022).

At the same time, de novo genome assembly is beginning to be leveraged in medical genetics.
Long-read sequencing has already enabled the resolution of previously unsolved rare Mendelian
disorders, providing closure for patients and families and, in some cases, informing improved
clinical management and treatment strategies (Dawood et al. 2025). I anticipate that long-read
sequencing will play an increasingly central role in genetic medicine. In particular, it is poised to
transform diagnostics for rare disease, where conventional approaches often fail. Approximately
one in ten Americans is affected by a rare disease, and an estimated 72% of these conditions
have a genetic basis. Earlier and more accurate genetic diagnoses have the potential not only to
guide treatment but also empower individuals with actionable knowledge about their health and

risk.

TBC1D3 represents just one of many complex genic loci embedded within the human genome. I
have devoted much of the past six years to studying this locus, and while I am naturally inclined
to believe it will ultimately be linked to developmental phenotypes or disease, this remains an
open question. What is clear, however, is that loci of comparable complexity—characterized by
duplication, structural variation, and human-specific regulatory innovation—are likely to play
critical roles in development and disease. As sequencing and de novo assembly resources
continue to expand and are increasingly paired with rich, ancestrally diverse phenotypic data, it
will become possible to rigorously interrogate these regions through association studies. Such

efforts will both deepen our understanding of human evolution and development as well as

101



illuminate the genetic basis of Mendelian and complex disorders that have long remained

unresolved.
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Supplemental Figure S2. Assembly and rescue of TBC1D3 phased haplotypes

Samples were first phased and assembled using exclusively HiFi sequence. The y-axis represents the
diploid copy number of these assemblies, and the x-axis represents diploid copy number based on
[llumina sequence, with y=x axis marked with a dashed line. Assemblies were validated by read depth
estimates of HiFi and ONT, colored in blue if validated, and salmon colored if failing validation. We
attempted to rescue sample haplotypes using a novel assembly approach leveraging both HiFi and ultra-

long ONT. These samples, assembled by Verkko, are indicated in green.
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We hierarchically clustered validated assemblies based on duplicon content using UPGMA for cluster 1
(A) and 2 (B) (Methods). Superpopulations for each haplotype are included in the dendrogram, and

assemblies rescued with Verkko are colored in green.
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Supplemental Figure S4. Local TBC1D3 duplicon structure supports independent expansion
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TBC1D3 copies from clusters 1 and 2, along with 25 kbp flanking sequence, were extracted and mapped
to one another. We observe that these paralogs consistently map best, with highest sequence identity and
contiguity, to paralogs from their same species of origin, consistent with the hypothesis of independent
expansion. This contiguity is similarly observed in underlying duplicon content, shown with colored

arrows and annotated with DupMasker.

Median distance of synteny breaks to TBC7D3 mappings vs. by chance
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Supplemental Figure S5. TBC1D3 vs. random genomic sequence permutation

Sequences of 11 kbp were randomly selected from orthologous primate Chromosome 17 contigs at the
same quantity as the observed TBC1D3 copies contained within the chromosome. We calculated the
median distance of this sampling and repeated this experiment in 5000 permutations, comparing median

distance relative to true TBC1D3 mappings, marked in black.
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Supplemental Figure S6. Search for ancestral simian TBC1D3 in human and owl monkey assemblies

(A) Human Chr. 17 was aligned to the single owl monkey contig marked with TBC1D3 copies to identify
synteny at TBC1D3 locations. (B) Zoomed-in synteny between human TBC1D3P4 and TBC1D3P3 with
several owl monkey paralogs suggests human TBC1D3P3 or P4 may represent the ancestral copy.

(C) Maximum likelihood phylogeny of all human vs. owl monkey TBC1D3 paralogs contradicts (B)
suggesting TBC1D3P5 may in fact represent the ancestral copy in humans.

123



o
e~~~ —————

——

e ——f——f—————————

——

—
N ————~———~ ———

species

. bonobo
sumatran orangutan
bornean orangutan

. chimp

gorilla

. human

=

]

OB ARRRNRRRNRD

i

LR L)

il
i
e

0 2000 4000 6000 8000 10000

Supplemental Figure S7. Expressed TBC1D3 paralog isoforms

Paralog-specific isoforms were selected for each primate based on their length, mapping quality, and
expression support. We observe expression of TBC1D3 from all ape lineages examined; however, for
OREF analysis Bornean orangutan and gorilla isoforms were removed due to lack of expression support or

intron retention.
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T2T TBC1D3 mapping::chr17:60876851-60887769(-) TBC1D3L terminal exon amino acid sequence

ICAGACAGAGCTGCTGGGTCCGTGCCATATCCCAGGAGGACCAGCCGGCCACCTGCTGGCAGGCTGAACACCCTGCGGAGCGGGTGAGATCGGCTTTCACTGCACTGAGCCACAACGTGGGCATGGACTTCCCGGCCCTGCAGTGCGCCCAGCACTGATTCCGACCAGH
R QS CWVRAISOQED QPATTU CWAOQAEHTPAETRVRS ACTFf fS AP STDSDAQ

[ Y Y Y Y Y Y A | [ Y Y Y Y A A
R QS CWVRAISAOQEDA QLAPCWAO QAEHPAERVR RS
R e e e e e L

|
43 bp matching other NHP TBC1D3 copies
absent in expressed human paralogs, but
present in distal g-arm pseudogene

Supplemental Figure S8. Missing 43 bp deletion in human distal TBC1D3 pseudogenes
Human-expressed TBC1D3, with ORF modified by a 43 bp deletion, was mapped to all primate TBC1D3
copies, including all human TBC1D3 copies, with ProSplign (Kiriyutin et al. 2017). ProSplign predicts

the genomic nucleotides that represent codons of a given amino acid. We observe that distal TBC1D3

pseudogenes lack the 43 bp deletion universally present in cluster 1 and 2 human TBC1D3 copies.
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Supplemental Figure S9. Human TBC1D3 predicted tertiary structure

Human TBC1D3 was predicted with Alphafold2 (https://alphafold.ebi.ac.uk/). Human lineage amino acid
changes, including the modified carboxy terminus, are indicated with violet. We observe that the 41 aa

novel C-terminus tertiary structure could not be predicted and is disordered.
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Supplemental Figure S10.

Recombination within TBC1D3 gene model

GARD was run on the codon-aligned MSA of expressed TBC1D3 paralogs to investigate if sites under

selection or lineage-specific expansions may be explained by gene conversion. (A) GARD identified

evidence for one breakpoint TBC1D3 bp 755, corresponding to AA 252, and segmenting the multiple

sequence alignment in two subsequences. (B) Inferred phylogeny of subsequence 1, the first 755 bp of

TBCI1D3. Green colored lineages illustrate bonobo paralogs nested among human TBC1D3 copies.
(C) Inferred phylogeny for the last 1045 bp of TBC1D3. For both (B) and (C), species separation is

largely maintained, and the inferred breakpoint is not proximal to any sites identified to be undergoing

positive selection.
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Supplemental Figure S11. Minigraph pangenome graph

We generated a pangenome graph for TBC1D3 using validated human haplotypes with minigraph
(settings -S -xggs -L 250 -r 100000). Graph segments are colored to represent the proportion of
haplotypes that span the given segment, with light red indicating 100% representation and light blue
indicating a single-haplotype traversal. TBC1D3 paralogs are marked with arrows along the graph. We
observe that TBC1D3 structural variation is poorly reduced by minigraph, where most copies reduce to

nodes with single-haplotype support.
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Valid Human TBC1D3 Parlaogs Reference TBC1D3 copies New Paralog Name

TBC1D3E
TBC1D3-AE
TBC1D3A
TBC1D30
TBC1D3Q
TBC1D3I TBC1D3I
TBC1D3N
TBC1D3F TBC1D3F
TRgies
TBC1DsD TBC1D3-CDKL
TBC1D3C
TBC1D3B TBC1D3B
TBC1D3M
TBC1D3G TBC1D3G
TBC1D3H TBC1D3H

Supplemental Figure S12. Pangenomic clustering and naming

Maximum likelihood phylogeny with ~9600 bp of all human TBC1D3 cluster 1 and 2 copies, outgrouped
to chimpanzee TBC1D3. The paralog groups are defined by a heuristic intra-group allelic cutoff based on
expected allelic variation in SD sequence (Methods). The first column of labels shows reference GRCh28
paralog locations within the phylogeny. The final column shows the new name given to the associated
clusters. Most inherited the name assigned in GRCh28, or a concatenation when multiple paralogs
mapped to a common cluster (TBC1D3-AE; TBC1D3-CDKL). Four novel population paralogs not
included in GRCh38 were identified (TBC1D3- M,TBC1D3-N, TBC1D3-0O, TBC1D3-Q).
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Supplemental Table S1

Assem N
bly Total
Sampl | ha | Super Se
e p Pop method | Bp gs | mean | 50% min max N50 auN
133.5
4
GRCh 3.09G 128.6 46.71 | 2489 | 156.04 | 153.57
38 1 NA NA bp 24 | 8Mbp | Mbp Mbp | 6Mbp | Mbp Mbp
475 | 43.46
3.03G | 63 8.01K | 118.3 | 59.89 | 65.52
CHM1 |1 EUR NA bp 9 Mbp Kbp bp 8Mbp | Mbp Mbp
133.3
2
CHM1 3.11G 124.4 16.57 | 248.3 | 150.62 | 154.6
3 1 EUR NA bp 25 | 8Mbp | Mbp Kbp 9Mbp | Mbp 3Mbp
49.09
HG004 Verkko |3.01G | 35 | 8.57 11.90 | 193.2 | 103.64 | 108.2
38 1 EAS 1.1 bp 2 Mbp Kbp Kbp 5Mbp | Mbp 1Mbp
53.00
HGO004 Verkko | 3.02G | 23 | 12.79 6.67K | 191.2 | 103.03 | 109.9
38 2 EAS 1.1 bp 6 Mbp Kbp bp 8Mbp | Mbp OMbp
36.65
HGO007 Verkko | 3.00G |40 |7.50 6.50K | 203.2 | 134.85 | 1234
33 1 AMR 1.1 bp 0 Mbp Kbp bp OMbp | Mbp 9Mbp
46.75
HGO007 Verkko | 3.00G | 23 | 12.92 7.80K | 201.2 | 136.67 | 1251
33 2 | AMR 1.1 bp 2 Mbp Kbp bp 4Mbp | Mbp 6Mbp
312.0
Trio- 8
HGO007 Hifiasm | 3.03G | 29 | 10.15 19.02 | 159.6 | 5342 | 67.21
35 1 AMR (v.0.14) | bp 9 Mbp Kbp Kbp 4Mbp | Mbp Mbp
911.9
Trio- 5
HGO007 Hifiasm | 3.04G | 24 | 12.45 16.56 | 123.7 | 56.47 | 59.62
35 2 | AMR (v.0.14) | bp 4 Mbp Kbp Kbp 4Mbp | Mbp Mbp
550.8
Trio- 6
HGO010 Hifiasm | 3.06G | 33 | 9.26 2263 | 148.1 | 5559 | 57.76
71 1 AMR (v.0.14) | bp 0 Mbp Kbp Kbp 8Mbp | Mbp Mbp
Trio- 1.08
HGO010 Hifiasm | 3.01G | 23 | 12.77 2710 | 184.3 | 50.13 | 64.23
71 2 | AMR (v.0.14) | bp 6 Mbp Mbp Kbp 6Mbp | Mbp Mbp
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34.98

HGO011 Verkko | 3.01G | 56 | 5.36 5.21K | 236.4 | 81.66 96.38
09 AMR 1.1 bp 2 Mbp Kbp bp OMbp | Mbp Mbp
36.64
HGO011 Verkko |2.89G |35 | 8.13 4.00K | 164.3 | 82.20 89.01
09 AMR 1.1 bp 6 Mbp Kbp bp OMbp | Mbp Mbp
58.49
HGO011 Verkko | 3.02G | 27 | 10.88 9.32K | 200.5 | 87.48 89.52
75 AMR 1.2 bp 8 Mbp Kbp bp 3Mbp | Mbp Mbp
64.67
HGO011 Verkko | 3.02G |24 | 12.21 7.74K | 1821 109.50 | 99.33
75 AMR 1.2 bp 7 Mbp Kbp bp 7Mbp | Mbp Mbp
295.2
Trio- 0
HGO012 Hifiasm | 2.91G | 43 | 6.67 16.75 | 78.53 | 29.12 33.06
43 AMR (v.0.14) | bp 6 Mbp Kbp Kbp Mbp Mbp Mbp
Trio- 1.98
HGO012 Hifiasm | 3.03G | 34 | 8.78 16.57 | 1185 | 31.38 37.59
43 AMR (v.0.14) | bp 5 Mbp Mbp Kbp 3Mbp | Mbp Mbp
445.0
Trio- 2
HGO012 Hifiasm | 2.92G | 32 | 9.00 16.54 | 116.9 | 49.86 55.47
58 AMR (v.0.14) | bp 4 Mbp Kbp Kbp 9Mbp | Mbp Mbp
349.9
Trio- 7
HGO012 Hifiasm | 3.03G | 34 | 8.76 14.86 | 157.9 | 56.64 62.84
58 AMR (v.0.14) | bp 6 Mbp Kbp Kbp OMbp | Mbp Mbp
431.3
Trio- 2
HGO013 Hifiasm | 3.01G | 28 | 10.45 10.29 | 174.8 | 47.18 57.26
61 AMR (v.0.14) | bp 8 Mbp Kbp Kbp 3Mbp | Mbp Mbp
791.0
Trio- 0
HGO013 Hifiasm | 3.03G | 29 | 10.26 16.56 | 132.6 | 45.12 58.51
61 AMR (v.0.14) | bp 5 Mbp Kbp Kbp 8Mbp | Mbp Mbp
34.32
HGO018 Verkko | 3.03G | 39 | 7.68 7.75K | 239.9 | 123.76 | 1171
91 AFR 1.2 bp 5 Mbp Kbp bp 5Mbp | Mbp 7Mbp
33.30
HGO018 Verkko | 3.01G | 32 | 9.22 10.37 | 2439 | 133.11 | 126.5
91 AFR 1.2 bp 7 Mbp Kbp Kbp 6Mbp | Mbp 5Mbp
424.2
Trio- 7
HGO019 Hifiasm | 2.92G | 31 | 9.22 20.43 | 154.5 | 45.70 59.38
28 AMR (v.0.14) | bp 7 Mbp Kbp Kbp 3Mbp | Mbp Mbp
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Trio-

1.19

HGO019 Hifiasm | 3.03G | 24 | 12.40 16.56 | 152.5 | 53.72 57.55
28 AMR (v.0.14) | bp 4 Mbp Mbp Kbp 1Mbp | Mbp Mbp
153.3
7
HG019 Verkko |296G | 10 | 2.93 12.08 | 65.93 | 19.04 | 22.79
52 AMR 1.0 bp 11 | Mbp Kbp Kbp Mbp Mbp Mbp
127 1
5
HGO019 Verkko |2.82G |11 | 2.44 9.79K | 68.79 | 19.66 | 22.92
52 AMR 1.0 bp 53 | Mbp Kbp bp Mbp Mbp Mbp
566.1
Trio- 4
HG019 Hifiasm | 3.06G | 28 | 10.68 2164 | 1374 | 52.81 55.62
78 AMR (v.0.14) | bp 6 Mbp Kbp Kbp 4Mbp | Mbp Mbp
848.4
Trio- 1
HGO019 Hifiasm | 3.05G | 24 | 12.36 16.57 | 128.1 | 60.49 | 59.11
78 AMR (v.0.14) | bp 7 Mbp Kbp Kbp 3Mbp | Mbp Mbp
687.4
Trio- 1
HG020 Hifiasm | 3.02G | 48 | 6.24 17.38 | 7566 | 2429 | 28.55
80 EAS (v.0.14) | bp 5 Mbp Kbp Kbp Mbp Mbp Mbp
Trio- 1.84
HG020 Hifiasm | 3.03G |42 | 7.19 16.56 | 83.35 | 20.23 | 27.12
80 EAS (v.0.14) | bp 2 Mbp Mbp Kbp Mbp Mbp Mbp
156.8
Trio- 4
HG021 Hifiasm | 3.03G | 48 | 6.21 14.34 | 111.3 | 41.87 | 42.08
48 AMR (v.0.14) | bp 7 Mbp Kbp Kbp 4Mbp | Mbp Mbp
241.5
Trio- 4
HG021 Hifiasm | 3.04G |42 | 7.18 1493 | 104.1 | 39.94 | 45.84
48 AMR (v.0.14) | bp 3 Mbp Kbp Kbp 2Mbp | Mbp Mbp
461.3
Trio- 3
HG022 Hifiasm | 3.04G | 30 | 9.94 17.03 | 1344 | 57.98 | 62.54
57 AFR (v.0.14) | bp 6 Mbp Kbp Kbp OMbp | Mbp Mbp
Trio-
HG022 Hifiasm | 3.03G |29 | 10.38 | 4521 16.57 | 121.8 | 59.04 63.70
57 AFR (v.0.14) | bp 2 Mbp | 4Kbp Kbp 1Mbp | Mbp Mbp
HG024 Verkko | 3.06G |34 |9.01 3289 | 7.84K | 235.7 | 140.68 | 131.2
86 AFR 1.2 bp 0 Mbp Kbp bp 7Mbp | Mbp 1Mbp
HG024 Verkko |2.94G |33 | 8.91 33.82 | 582K | 2276 | 132.65 | 1274
86 AFR 1.2 bp 0 Mbp Kbp bp 9Mbp | Mbp OMbp
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Trio-

HG026 Hifiasm | 3.04G | 27 | 11.27 | 205.5 | 20.60 | 103.7 | 51.21 55.29

22 AFR (v.0.14) | bp 0 Mbp 7Kbp Kbp 6Mbp | Mbp Mbp
Trio-

HG026 Hifiasm | 3.05G |29 | 1043 | 1455 | 16.57 | 139.5 | 60.04 65.20

22 AFR (v.0.14) | bp 2 Mbp 5Kbp Kbp 1Mbp | Mbp Mbp
Trio-

HG026 Hifiasm | 3.05G | 53 | 5.74 126.8 | 10.24 | 76.91 29.25 31.68

30 AFR (v.0.14) | bp 2 Mbp 4Kbp Kbp Mbp Mbp Mbp
Trio-

HG026 Hifiasm | 3.04G |49 | 6.12 215.1 16.57 | 83.92 | 25.38 29.89

30 AFR (v.0.14) | bp 7 Mbp OKbp Kbp Mbp Mbp Mbp

HG027 Verkko | 3.05G | 34 | 8.77 47.06 | 5.05K | 178.6 | 94.50 97.30

23 AFR 1.1 bp 8 Mbp Kbp bp OMbp | Mbp Mbp

HG027 Verkko | 3.09G |25 |12.16 | 55.63 | 6.17K | 242.2 | 96.32 110.6

23 AFR 1.1 bp 4 Mbp Kbp bp 8Mbp | Mbp 4Mbp
Trio-

HG028 Hifiasm | 3.05G | 50 | 6.06 2925 | 15.28 | 87.30 | 29.11 31.41

86 AFR (v.0.14) | bp 3 Mbp 3Kbp Kbp Mbp Mbp Mbp
Trio-

HG028 Hifiasm | 3.05G | 46 | 6.61 230.6 | 16.57 | 114.5 | 28.88 33.91

86 AFR (v.0.14) | bp 1 Mbp 8Kbp Kbp 1Mbp | Mbp Mbp
Trio-

HGO034 Hifiasm | 3.05G | 48 | 6.36 3925 | 16.57 | 63.91 27.05 29.27

53 AFR (v.0.14) | bp 0 Mbp 9Kbp Kbp Mbp Mbp Mbp
Trio-

HG034 Hifiasm | 3.05G | 43 | 6.94 1.05M | 16.57 | 90.18 | 26.38 27.55

53 AFR (v.0.14) | bp 9 Mbp bp Kbp Mbp Mbp Mbp
Trio-

HGO034 Hifiasm | 2.92G | 61 | 4.73 413.7 | 15.77 | 51.97 | 20.16 21.88

92 SAS (v.0.14) | bp 8 Mbp 7Kbp Kbp Mbp Mbp Mbp
Trio-

HGO034 Hifiasm | 3.02G | 49 | 6.11 1.46M | 16.57 | 68.99 | 18.86 24.60

92 SAS (v.0.14) | bp 5 Mbp bp Kbp Mbp Mbp Mbp
Trio-

HGO035 Hifiasm | 3.07G | 36 | 8.31 178.7 | 15.71 | 158.6 | 55.48 62.20

16 AFR (v.0.14) | bp 9 Mbp 6Kbp Kbp 6Mbp | Mbp Mbp
Trio-

HGO035 Hifiasm | 3.03G | 32 | 9.48 621.0 | 16.10 | 134.2 | 44.77 50.42

16 AFR (v.0.14) | bp 0 Mbp 1Kbp Kbp 1Mbp | Mbp Mbp

133




Trio-

HGO035 Hifiasm | 3.07G | 51 5.99 130.7 15.27 | 88.87 | 34.16 34.16

40 AFR (v.0.14) | bp 2 Mbp OKbp Kbp Mbp Mbp Mbp
Trio-

HGO035 Hifiasm | 3.05G | 43 | 7.01 385.6 16.57 | 96.32 | 30.47 33.87

40 AFR (v.0.14) | bp 5 Mbp 6Kbp Kbp Mbp Mbp Mbp
Trio-

NA189 Hifiasm | 3.05G | 30 | 10.02 | 525.0 18.30 | 109.2 | 43.52 45.95

06 AFR (v.0.14) | bp 4 Mbp 6Kbp Kbp 1Mbp | Mbp Mbp
Trio-

NA189 Hifiasm | 3.06G | 27 | 11.28 | 1.82M | 15.32 | 96.36 | 40.08 43.31

06 AFR (v.0.14) | bp 1 Mbp bp Kbp Mbp Mbp Mbp
Trio-

NA192 Hifiasm | 3.04G | 45 | 6.71 768.1 15.87 | 70.97 | 25.20 28.93

40 AFR (v.0.14) | bp 3 Mbp 1Kbp Kbp Mbp Mbp Mbp
Trio-

NA192 Hifiasm | 3.03G | 38 | 7.83 989.0 16.57 | 71.66 | 28.90 31.47

40 AFR (v.0.14) | bp 7 Mbp 5Kbp Kbp Mbp Mbp Mbp
Trio-

NA201 Hifiasm | 3.03G | 48 | 6.30 1.02M | 13.66 | 58.33 | 22.42 23.09

29 AFR (v.0.14) | bp 1 Mbp bp Kbp Mbp Mbp Mbp
Trio-

NA201 Hifiasm | 3.05G | 44 | 6.80 1.44M | 16.37 | 92.88 | 21.15 28.32

29 AFR (v.0.14) | bp 8 Mbp bp Kbp Mbp Mbp Mbp
Trio-

NA213 Hifiasm | 3.03G | 60 | 4.98 901.5 13.19 | 53.37 17.44 20.91

09 AFR (v.0.14) | bp 8 Mbp OKbp Kbp Mbp Mbp Mbp
Trio-

NA213 Hifiasm | 3.04G | 50 | 6.06 1.52M | 19.66 | 70.48 | 20.56 23.77

09 AFR (v.0.14) | bp 1 Mbp bp Kbp Mbp Mbp Mbp

HGO035 Verkko | 3.04G | 68 | 4.42 29.21 9.77K | 246.1 132.32 | 124.9

79 AFR 1.4 bp 9 Mbp Kbp bp 2Mbp | Mbp 2Mbp

HGO035 Verkko |2.94G |45 | 6.48 3043 | 7.84K | 234.8 102.87 | 109.4

79 AFR 1.4 bp 4 Mbp Kbp bp OMbp | Mbp OMbp

HGO007 Verkko | 3.056G |23 | 12.76 | 49.32 | 8.45K | 202.8 133.17 | 123.6

41 AMR 1.4 bp 9 Mbp Kbp bp 1Mbp | Mbp 6Mbp

HGO007 Verkko | 3.03G | 21 14.44 | 47.07 | 9.82K | 252.5 142.03 | 138.3

41 AMR 1.4 bp 0 Mbp Kbp bp 4Mbp | Mbp OMbp

HG027 Verkko | 3.06G | 38 | 8.02 23.78 | 6.13K | 243.2 116.09 | 120.9

17 AFR 1.4 bp 1 Mbp Kbp bp 3Mbp | Mbp 2Mbp
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HG027 Verkko | 2.95G | 33 | 8.77 23.61 6.14K | 241.6 | 109.73 | 123.1
17 2 | AFR 1.4 bp 6 Mbp Kbp bp 6Mbp | Mbp 6Mbp

2.95G 117.9 | 109.2 | 16.57 | 252.0 | 146.79 | 154.6
HGO002 EUR NA bp 25 | 2Mbp | 3Mbp | Kbp 6Mbp | Mbp 4Mbp

3.05G 122.0 | 133.5 | 16.57 | 244.0 | 154.34 | 155.8
HGO002 | 2 EUR NA bp 25 | 7TMbp | 8Mbp | Kbp 2Mbp | Mbp OMbp

Supplemental Table S2: Human Assembly HiFi and ONT Sequencing Statistics
ONT ONT ONT ONT HiFi Read | HiFi HiFi

Sample Read N50 | Gb coverage 100kb+ N50 Gbp coverage
CHM1 NA NA NA NA NA NA NA
CHM13 NA NA NA NA NA NA NA
GRCh38chrOnly | NA NA NA NA NA NA NA
HGO002 NA NA 710 66 14446 550.89 | 180.34
HG00438 73532 136.61 | 414 14.67 22619 127.47 | 41.73
HGO00735 76977 102.66 | 31.11 11.68 22328 133.5 43.70
HG00741 79828 145.37 | 44.05 17.29 24843 119.23 | 39.03
HG01071 76951 132.38 | 40.12 15.29 26926 108.93 | 35.66
HG01109 - - 59 2.5 21163 99.78 32.66
HG01175 75225 148.25 | 44.93 16.59 21602 111.94 | 36.64
HG01243 - - 60 6 19528 109.24 | 35.76
HG01258 91791 69.81 21.16 9.73 20342 111.15 | 36.38
HG01361 67140 107.71 | 32.63 10.69 20026 130 42.55
HG01891 79570 120.77 | 36.6 14.72 17039 115.13 | 37.69
HG01928 82260 85.01 25.76 10.49 23609 108.9 35.65
HG01952 72206 103.55 | 31.38 11.06 21109 127.85 | 41.85
HG01978 77617 128.37 | 38.91 14.67 26203 117.57 | 38.49
HG02080 - - 56 6 21313 105.9 34.66
HG02148 61223 60.91 18.45 5.63 16942 123.24 | 40.34
HG02257 76136 85.04 25.77 9.56 19246 110.64 | 36.22
HG02486 64367 95 28.79 8.62 18626 123.9 40.56
HG02622 87046 47.62 14.43 6.29 22882 143.99 | 4714
HG02630 88601 64.53 19.56 8.72 19196 151.01 | 4943
HG02717 72917 88.93 26.94 9.75 16751 140.3 45.93
HG02723 63.22 - 131.74 38.64 15693 143.29 | 46.91
HG02886 81798 106.81 | 32.37 13.26 17624 137.41 | 44.98
HG03453 93224 36.08 10.94 5.07 19883 160.25 | 52.46
HG03492 NA NA 51 3 21008 104.36 | 34.16
HG03516 75811 141.52 | 42.89 16.3 18663 110.25 | 36.09
HG03540 81809 95.38 28.91 11.78 20527 153.41 | 50.22
HG03579 87729 51.94 15.73 6.91 19408 149.99 |49.10
NA18906 NA NA NA NA 21232 130.85 | 42.83
NA19240 NA NA NA NA 17682 125.18 | 40.98
NA20129 NA NA NA NA 17708 116.26 | 38.06
NA21309 NA NA NA NA 16551 122.41 | 40.07
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Supplemental Table S3: Human Assembly TBC1D3 Statistics

TBC Kmer
exp2 | TBC diploty
copy | Exp pe
assembly | TBC exp1 | _nu 1 TBC_ex | copy_ | illumina_WGS_wssd_di
Sample copy _hum | _copy num | m size | p2_size | numm | plotype copy number
GRCh38 534
chrOnly 14 6 6 298 | 595537 | NA NA
534
CHM1 14 6 6 307 | 595654 | NA NA
572
CHM13 11 5 4 148 | 471455 | NA NA
HGO0043 624
8 15 6 7 623 | 648304 | 26.3 28.5
HGO0043 762
8 12 8 2 494 | 391802 | 26.3 28.5
HGO0073 769
3 19 9 8 671 | 684890 | 28.46 | 31.23
HGO0073 544
3 12 6 4 270 | 525504 | 28.46 | 31.23
HGO0073 534
5 10 6 2 428 | 391473 | 23.5 25.5
HGO0073 759
5 15 9 4 809 | 471485 | 23.5 25.5
HG0107 440
1 10 4 4 634 | 471443 | 20.5 21.9
HG0107 572
1 11 5 4 077 | 515820 | 20.5 21.9
HG0110 774
9 19 8 9 207 | 827909 | 32.5 34.5
207
HG0110 340 | 158966
9 16 10 4 5 5 32.5 34.5
HGO0117 250
5 7 1 4 249 | 471080 | 17.6 19
HGO0117 478
5 11 5 4 249 | 471535 | 17.6 19
HG0124 322
3 7 3 2 430 | 391516 | 18.2 19.4
HG0124 622
3 12 7 2 679 | 391523 | 18.2 19.4
HG0125 309
8 6 2 2 731 391920 | 17.8 18.8
HG0125 534
8 12 6 4 400 | 515481 | 17.8 18.8
HG0136 534
1 10 6 2 218 | 391529 | 21.3 23.3
HG0136 596
1 12 6 4 303 | 471101 | 21.3 23.3
HG0189 397
1 9 3 4 758 | 494196 | 25.5 27.6
HG0189 837
1 18 10 6 564 | 550994 | 25.5 27.6
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HG0192 759

8 18 9 7 781 | 648239 | 30.1 33

HG0192 759

8 15 9 4 856 | 471487 | 30.1 33

HG0195 759

2 15 9 4 697 | 471497 | 22.8 22.2

HG0195 397

2 7 3 2 674 | 391881 | 22.8 222

HGO0197 534

8 20 6 12 232 | 870344 | 33.8 36.4

HGO0197 759

8 17 9 6 822 | 595326 | 33.8 36.4

HG0208 687

0 12 8 2 148 | 391843 | 19.5 214

HG0208 535

0 8 4 2 886 | 391807 | 19.5 214

HG0214 534

8 10 6 2 205 | 391822 | 16.7 18.2

HG0214 250

8 7 1 4 236 | 471511 | 16.7 18.2

HG0225 824

7 19 9 8 977 | 675619 | 23.8 26.3

HG0225 271

7 6 2 2 436 | 391456 | 23.8 26.3

HG0248 534

6 16 6 8 487 | 711372 | 331 36.1

HG0248 470

6 20 4 14 484 | 959636 | 33.1 36.1

HG0262 521

2 10 5 3 596 | 423803 | 30.5 33.2
105

HG0262 283

2 23 13 8 6 673635 | 30.5 33.2
105

HG0263 626

0 28 12 8 2 630477 | 39 42.6

HG0263 521

0 15 5 8 981 | 675007 | 39 42.6

HG0272 349

3 11 3 6 226 | 595446 | 30.7 33.3

HG0272 806

3 22 9 11 089 | 904953 | 30.7 33.3

HG0288 837

6 20 10 8 679 | 775073 | 34.6 37.5

HG0288 622

6 18 7 9 574 | 687898 | 34.6 37.5

HG0345 534

3 16 6 8 514 | 721244 | 294 32.2

HG0345 482

3 16 5 9 942 | 687867 | 29.4 32.2

HG0349 534

2 14 6 6 368 | 550729 | 27.8 29.2

HG0349 572

2 16 5 8 121 | 676340 | 27.8 29.2
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HG0351 485

6 16 4 10 950 | 800534 | 31.3 35

HG0351 658

6 18 8 8 644 | 675642 | 31.3 35

HG0354 824

0 17 9 6 836 | 595540 | 31.1 33.3

HG0354 373

0 16 4 10 713 | 784206 | 31.1 33.3

NA1890 860

6 19 10 7 724 | 659968 | 35.5 38.9

NA1890 596

6 19 6 11 139 | 863389 | 35.5 38.9
118

NA1924 250

0 23 14 7 7 646481 | 42.7 46.8
112

NA1924 790

0 24 14 8 4 721084 | 42.7 46.8

NA2012 747

9 21 8 11 191 | 845142 | 35.9 38.7

NA2012 759

9 18 9 7 784 | 648271 | 35.9 38.7

NA2130 736

9 22 8 7 759 | 683282 | 33.2 34.5

NA2130 521

9 13 5 6 464 | 586315 | 33.2 34.5

HG0357 837

9 24 10 12 616 | 880074 | 41 41.9

HG0357 959

9 19 11 6 115 | 595995 | 41 41.9

HGO0074 534

1 12 6 4 380 | 471469 | 22.5 245

HGO0074 534

1 12 6 4 322 | 471481 | 22.5 245

HG0271 928

7 24 10 12 410 | 967440 | 39.7 41.2

HG0271 811

7 17 9 6 551 | 595443 | 39.7 41.2
534

HG002 17 6 9 346 | 726341 | 29.9 33.6
322

HG002 16 3 11 509 | 805748 | 29.9 33.6
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Supplemental Table S4: Primate Assembly Statistics

Scientific Assembly | TotalBp
Species Name Sample Name | Hap method (Gbp) N50 AuN
human Homo sapiens | T2T 1 NA 3.117 150.62 154.571
Verkko
human Homo sapiens | HG02723 2 1.4 3.088 96.32 110.644
Verkko
gorilla Gorilla gorilla Jim 1 1.4 3.505 151.56 161.831
Verkko
gorilla Gorilla gorilla Jim 2 1.4 3.35 150.8 157.04
Pan Verkko
chimp troglodytes AG18354 PTR | 1 1.4 3.146 147.43 147.435
Pan Verkko
chimp troglodytes AG18354 PTR | 2 1.4 3.02 140.84 145.971
Verkko
bonobo Pan paniscus | PR00251 PPA | 1 14 3.206 147.03 149.437
Verkko
bonobo Pan paniscus | PR00251 PPA | 2 1.4 3.071 147.48 146.475
Sumatran Verkko
orangutan | Pongo abelii AG06213 PAB | 1 1.4 3.151 144.74 149.937
Sumatran Verkko
orangutan | Pongo abelii AG06213 PAB | 2 1.4 3.088 140.6 147.769
Bornean Pongo Verkko
orangutan | pygmaeus AG05252_PPY | 1 1.4 3.153 140.99 148.428
Bornean Pongo Verkko
orangutan | pygmaeus AG05252 PPY | 2 1.4 3.059 140.97 146.581
Macaca hifiasm
macaque | mulata AG07107 1 0.15.2 3.111 18.81 23.74
Macaca hifiasm
macaque | mulata AG07107 2 0.15.2 3.121 19.01 36.949
Callithrix hifiasm
marmoset | jacchus CJ1700_CJA 1 0.15.2 2.931 103.97 95
Callithrix hifiasm
marmoset | jacchus CJ1700_CJA 2 0.15.2 2.909 87.06 84.954
Theropithecus hifiasm
gelada gelada DRT 2020 14 |1 0.15.2 3.112 109.07 108.157
Theropithecus hifiasm
gelada gelada DRT 2020 14 | 2 0.15.2 3.11 93.89 89.908
Symphalangus Verkko
gibbon syndactylus Jambi_SSY 1 1.4 3.241 144.67 136.725
Symphalangus Verkko
gibbon syndactylus Jambi_SSY 2 1.4 3.106 145.5 134.762
owl Aotus hifiasm
monkey lemurinus 86718_ANA 1 0.15.2 3.098 55.92 55.764
owl Aotus hifiasm
monkey lemurinus 86718_ANA 2 0.15.2 3.041 44.99 54.014
mouse Microcebus hifiasm
lemur murinus Inina_ MMUR 1 0.15.2 2.355 29.39 37.127
mouse Microcebus hifiasm
lemur murinus Inina_ MMUR 2 0.15.2 2.337 26.77 33.053
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Supplemental Table S5: Primate TBC1D3 copy number

Number of TBC1D3 loci | Number of TBC1D3
per haplotype | genes
Species Scientific Name (Hap1 | Hap2) (Hap1 | Hap2)
Human *** Homo sapiens 414 11122
Gorilla* Gorilla gorilla 414 13| 11
Chimpanzee* Pan troglodytes 414 8|8
Bonobo* Pan paniscus 414 919
Sumatran orangutan* Pongo abelii 819 23|23
Bornean orangutan* Pongo pygmaeus 5|7 17 | 21
Symphalangus
Gibbon* syndactylus 11111 31130
Macaque** Macaca mulatta 414 29120
Gelada Theropithecus gelada 3|3 31]24
Owl monkey** Aotus nancymaae 414 8|8
Marmoset** Callithrix jacchus 2|2 2|2
Mouse Lemur Microcebus murinus 0]0 0]0

*Genomes sequenced as part of the Primate T2T Consortium (Makova et al. 2023).

**Genomes sequenced and assembled as part of Mao et al. 2024.

***Genomes sequenced as part of human T2T project and Human Pangenome Reference Consortium
(Nurk et al. 2022; Liao et al. 2023)

Supplemental Table S6: TBC1D3 blastn in mouse lemur assembly

'Ii/leorﬁzf E::;'t?] Alignmen|  Alignmen|  Percent matches | Mismatc | deletion
Contig (Kbp) t Start t End Identity hes events
2|2t90001 3 | 1703 47882 48001 | 98.3 117 0 1
pt900013 | 3866 | 3827725 | 3827818 | 98.9 92 0 0
N2iG00000 | 757, | 1707713 [ 1797725 | gq 5 129 0 0
2|2th001 1 113746 | 5126011 | 5126079 | 100 68 0 0
h21g00004 | gg1q, | 1890696 | 1890704 | 4o 78 0 0
n2ig00004 | ggrge | 1044042 [ 1044048 | gq 4 61 0 1
N2G00TZ | ggq1y | 2547462 | Z54TATO | gg g 8 0 2
g|2t900003 10979 | 5998913 | 5999012 | 98 98 0 1
n2ig00004 | gy | 3569006 | 3509011 | gq 4 53 0 1
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h2tg00004

1503629

1503641

ol 19634 3 3 96.6 115 0 2
p21900010 | 6749 | 1000755 | 1090813 | 98.3 58 0 1
N21900031 1 734 477484 | 477689 |97 194 0 5
N21900031 1 734 476107 | 476201 | 97.9 94 0 2
pt900013 | 3866 | 3827725 | 3827818 | 98.9 92 0 0
Supplemental Table S7: Primate Iso-Seq TBC1D3 Mapping Data
TBC1D3 Reads
referenc mapped
e to
mapping | Total TBC1D
Sample Species Reference s Reads 3
2.33E+0
Human Fetal Brain human T2T Version 2 14 5 33138
2.64E+0
Human IPSC human T2T Version 2 14 8 11366
4.68E+0
gorilla_hap1_testis 1 gorilla Jim_GGO Hap1 15 6 557
4.68E+0
gorilla_hap2_testis 1 gorilla Jim_GGO Hap2 15 6 557
chimpanze | AG18354 PTR_Hap 3.00E+0
chimp _hap1 testis 2 e 1 8 6 1461
chimpanze | AG18354 PTR_Hap 3.00E+0
chimp _hap2 testis 2 e 2 8 6 1461
PR00251 PPA Hap 2.23E+0
bonobo hap1 testis 2 bonobo 1 9 6 915
PR00251 PPA Hap 2.23E+0
bonobo hap2 testis 2 bonobo 2 9 6 915
Sumatran AG06213 _PAB_Hap 3.11E+0
sum_orang_hap1_testis 1 orangutan 1 28 6 2032
Sumatran AG06213 _PAB_Hap 3.11E+0
sum_orang_hap2_testis 2 orangutan 2 25 6 2032
Bornean AG05252 PPY_Hap 4.20E+0
born_orang_hap1_testis_1 orangutan 1 20 6 6836
Bornean AG05252 PPY_Hap 4.20E+0
born_orang_hap2_testis_1 orangutan 2 22 6 6836
marmoset_hap1_frontal_corte 4.85E+0
X marmoset CJ1700 CJA Hap1 1 5 0
marmoset_hap2_frontal_corte 4.85E+0
X marmoset CJ1700 CJA Hap2 0 5 0
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Supplemental Table S8: absREL branch-site model multiple test correction

uncorrected | corrected | omega
Branch B LRT p-value p-value distribution | omega 1 omega 2
52.6

1 0 9.2694 0.0101 0.0034 0 (94%) (6.1%)
1.55

2 0 0.1584 0.4153 0.4153 (100%) 0
1000

3 0 0.3256 0.3686 0.7372 (100%) 0

Supplemental Table S9: TBC1D3 Flanking Nucleotide Diversity and Tajima’s D

Percenti
le

Chr Calla | Sed Percent | Tajima's
om | Start |End | PI D ble ef Gene ile Pi D Region

0.63
chr | 3698 | 3700 | 0.001 | 992 0.09 TBC1D3_exp1_u
17 | 0000 | 0000 | 32334 | 56 1 375 72.83% | 56.20% | pstream

0.92
chr | 3699 | 3701 | 0.001 | 375 0.04 TBC1D3_exp1_u
17 | 0000 | 0000 | 02332 | 48 1 665 50.82% | 37.16% | pstream

1.10
chr | 3700 | 3702 | 0.000 | 647 TBC1D3_exp1_u
17 | 0000 | 0000 | 6507 | 36 1 0 CCL18 | 16.46% | 25.65% | pstream

1.32
chr | 3701 | 3703 | 0.000 | 906 0.17 TBC1D3_exp1_u
17 | 0000 | 0000 | 75038 | 54 1 4 CCL18 | 24.98% | 14.47% | pstream

1.30
chr | 3702 | 3704 | 0.001 | 760 0.67 TBC1D3_exp1_u
17 | 0000 | 0000 | 1296 | 28 1 4 CCL3 | 59.76% | 15.37% | pstream

1.24
chr | 3745 | 3747 | 0.000 | 869 TBC1D3_exp1_d
17 | 0000 | 0000 | 45802 | 95 1 0 4.83% | 18.07% | ownstream

1.78
chr | 3746 | 3748 | 0.000 | 702 ZNHIT TBC1D3_exp1_d
17 | 0000 | 0000 | 46682 | 01 1 0 3 5.19% | 2.60% ownstream

1.79 ZNHIT
chr | 3747 | 3749 | 0.000 | 460 3,MYO TBC1D3_exp1_d
17 | 0000 | 0000 | 50652 | 04 1 0 19 7.02% | 2.52% ownstream
chr | 3886 | 3888 | 0.001 | - TBC1D3_exp2_u
17 | 0000 | 0000 | 10097 | 0.42 | 1 1 57.46% | 69.31% | pstream
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305
28
0.01
chr | 3887 | 3889 | 0.001 | 597 TBC1D3_exp2_u
17 | 0000 | 0000 | 31639 | 06 1 1 72.41% | 86.60% | pstream
0.59
chr | 3888 | 3890 | 0.000 | 937 0.88 TBC1D3_exp2_u
17 | 0000 | 0000 | 94435 | 75 1 045 43.51% | 58.77% | pstream
1.18
chr | 3889 | 3891 | 0.000 | 806 0.66 TBC1D3_exp2_u
17 | 0000 | 0000 | 80273 | 71 1 825 29.88% | 21.16% | pstream
0.35 TBC1D3 exp2 d
chr | 3912 | 3914 | 0.000 | 250 ownstream_last_
17 | 0000 | 0000 | 41514 | 36 1 1 3.28% | 73.09% | gc
0.25 TBC1D3_exp2_d
chr | 3913 | 3915 | 0.000 | 023 ownstream_last_
17 | 0000 | 0000 | 47718 | 104 | 1 1 5.63% | 92.80% | gc
0.22 TBC1D3_exp2_d
chr | 3914 | 3916 | 0.000 | 350 ownstream_last_
17 | 0000 | 0000 | 70144 | 642 | 1 1 20.65% | 92.32% | gc
0.71 TBC1D3_exp2_d
chr | 3916 | 3918 | 0.000 | 405 0.91 | MRPL ownstream_last_
17 | 0000 | 0000 | 54192 | 11 1 875 | 45 8.91% |51.35% | SD
Supplemental Table S10: Primate genome assembly statistics
Assembly
N50
Scientific ONT Assembly (Hap1 | Hap2)
Species Name HiFi Coverage | Coverage Method (Mbp)
Theropithecus
Gelada gelada 50.24 NA Hifiasm 0.15.2 | 109.0 | 93.6
Microcebus
Mouse Lemur | murinus 30.25 NA Hifiasm 0.15.2 | 29.4|26.7
Human Homo sapiens | 30 120 NA 150.62
151.43 |
Gorilla* Gorilla gorilla 107 165 Verkko 1.4 150.80
Pan 147.43 |
Chimpanzee* | troglodytes 69 127 Verkko 1.4 140.84
147.03 |
Bonobo* Pan paniscus 131 169 Verkko 1.4 147.48
Sumatran 143.46 |
orangutan* Pongo abelii 102 91.9 Verkko 1.4 140.60
Bornean Pongo 139.77 |
orangutan* pygmaeus 62.6 200 Verkko 1.4 139.21
Symphalangus 144.67 |
Gibbon* syndactylus 83.2 111 Verkko 1.4 145.50

143




Macaca

Macaque** mulatta 38.91 NA Hifiasm 0.15.2 | 18.81]19.01
Aotus

Owl Monkey** | nancymaae 36.57 NA Hifiasm 0.15.2 | 55.92 | 44.99
Callithrix

Marmoset** jacchus 39.08 NA Hifiasm 0.15.2 | 103.97 | 87.06

*Genomes sequenced as part of the Primate T2T Consortium (Makova et al. 2023).

**Genomes sequenced and assembled as part of Mao et al. 2024.

Supplemental Table S11: TBC1D3 Probes for Iso-Seq Capture

Target Sequence

TBC1D3_ | ATGGACGTGGTAGAGGTCGCGGGCAGTTGGTGGGCACAAGAGCGAGAGGACATCAT
target 1_ | TATGAAATACGAAAAGGGACACCGAGCTGGGCTGCCAGAGGACAAGGGGCCTAAGC
1 CTTTTCGA

TBC1D3_ | AGCTACAACAACAACGTCGATCATTTGGGGATTGTACATGAGACGGAGCTGCCTCCT
target 1 | CTGACTGCGCGGGAGGCGAAGCAAATTCGGCGGGAGATCAGCCGAAAGAGCAAGT
2 GGGTGGAT

TBC1D3_ | ATGCTGGGAGACTGGGAGAAATACAAAAGCAGCAGAAAGCTCATAGATCGAGCGTAC
target 1_ | AAGGGAATGCCCATGAACATCCGGGGCCCGATGTGGTCAGTCCTCCTGAACACTGA
3 GGAAATG

TBC1D3_ | AAGTTGAAAAACCCCGGAAGATACCAGATCATGAAGGAGAAGGGCAAGAGGTCATCT
target 1 | GAGCACATCCAGCGCATCGACCGGGACGTAAGCGGGACATTAAGGAAGCATATATTC
4 TTCAGG

TBC1D3_ | GATCGATACGGAACCAAGCAGCGGGAACTACTCCACATCCTCCTGGCATATGAGGAG
target 1_ | TACAACCCGGAGGTGGGCTACTGCAGGGACCTGAGCCACATCGCCGCCTTGTTCCT
5 CCTCTAT

TBC1D3_ | CTTCCTGAGGAGGATGCATTCTGGGCACTGGTGCAGCTGCTGGCCAGTGAGAGGCA
target 1_ | CTCCCTGCAGGGATTTCACAGCCCAAATGGCGGGACCGTCCAGGGGCTCCAAGACC
6 AACAGGAG

TBC1D3_ | CATGTGGTAGCCACGTCACAACCCAAGACCATGGGGCATCAGGACAAGAAAGATCTA
target 1 | TGTGGGCAGTGTTCCCCGTTAGGCTGCCTCATCCGGATATTGATTGACGGGATCTCT
7 CTCGGG

TBC1D3_ | CTCACCCTGCGCCTGTGGGACGTGTATCTGGTAGAAGGCGAACAGGCGTTGATGCC
target 1 | GATAACAAGAATCGCCTTTAAGGTTCAGCAGAAGCGCCTCACGAAGACGTCCAGGTG
8 TGGCCCG

TBC1D3_ | TGGGCACGTTTTTGCAACCGGTTCGTTGATACCTGGGCCAGGGATGAGGACACTGTG
target 1 | CTCAAGCATCTTAGGGCCTCTATGAAGAAACTAACAAGAAAGAAGGGGGACCTGCCA
9 CCCCCA

TBC1D3_ | GCCAAACCCGAGCAAGGGTCGTCGGCATCCAGGCCTGTGCCGGCTTCACGTGGCG
target 1_ | GGAAGACCCTCTGCAAGGGGGACAGGCAGGCCCCTCCAGGCCCACCAGCCCGGTT
10 CCCGCGGCCCe

TBC1D3_ | ATTTGGTCAGCTTCCCCGCCACGGGCACCTCGTTCTTCCACACCCTGTCCTGGTGGG
target 1 | GCTGTCCGGGAAGACACCTACCCTGTGGGCACTCAGGGTGTGCCCAGCCCGGCCCT
11 GGCTCAG

TBC1D3_ | GGAGGACCTCAGGGTTCCTGGAGATTCCTGCAGTGGAACTCCATGCCCCGCCTCCC
target 1 | AACGGACCTGGACGTAGAGGGCCCTTGGTTCCGCCATTATGATTTCAGGCAGAGCTG
12 CTGGGTC

TBC1D3_ | CGTGCCATATCCCAGGAGGACCAGCTGGCCCCCTGCTGGCAGGCTGAACACCCTGC
target 1 | GGAGCGGGTGAGATCGGCTTTCGCTGCACCCAGCACTGATTCCGACCAGGGCACCC
13 CCTTC
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APPENDIX B. SUPPLEMENT FOR CHAPTER 3

GRCh38 TBC1D3 NPEPPSP1 Annotations

N T D

Chromosome 17 - g i
382mb 383mb
38.25mb
B a
s R R
" B
i GEEL Dy Sy Ry
o R R ceenen «
g TBC1D3 MRPLA45
£ NPEPPSP1 GPR179
u | Enhancer
S
Sa
43 Il Promoter
Ew g
[c]
Hi
Q
o B ReverseTSS
d
Rio M Forward TSS
500
-
wx
£3 I i1 Mol
g Coverage
{ . .
g I Accessible Site
£ 194- Big i ] L.
: B FDR significant
0. i MJ,,WJLQLJQ_*LMW,

Supplementary Figure 1: GRCh38 chromatin accessible sites

Regulatory elements identified by the ENCODE project and scATAC are compared to Fiber-seq data of
the GM2878 cell line (Vollger et al. 2025). TSS: transcription start site; CRE: cis-regulatory element.
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Supplementary Figure 2. CCL4L2 structure and phylogeny

(A) Genomic architecture of TBC1D3 Cluster 2 in African apes. CCL4L?2 obstructs NPEPPSPI from

TBC1D3 and co-opts fusion expression in the Pan genera. This structure is fixed in both chimpanzee and

bonobo. (B) Maximum likelihood phylogeny of CCL4L2 sequence. Timing estimates of the CCI4L2

obstruction event are between 4.6 and 7.9 MYA, and human and gorilla CCL4L2 copies are more similar

to one another than Pan.
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Supplementary Figure 3. Gorilla deletion

Alignments of the NPEPPS (ancestral) and NPEPPSP1-TBC1D3 (derived) loci are illustrated, showing
the orthologous NPEPPSP1 promoter inherited across African apes but lost in the gorilla lineage.
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Supplementary Figure 4. Evolutionary origin of NPEPPSP]I regulatory sequence

(A) NPEPPS SD. A ~119 kbp duplication of the N-terminus of NPEPPS and C-terminus MRPL45P]
relocated ~9.15 Mbp to the TBC1D3 Cluster 2 region. (B) NPEPPS1 SD evolution. A phylogeny of 15
kbp of the NPEPPS duplication most proximal to 7TBC1D3 and macaque (25 MYA divergence) predicts
that the duplication occurred ~8-9 MY A. (C) SVbyEye illustrates the repositioning of NPEPPSPI to
TBCI1D3.
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Supplementary Figure 5. Comparative expression with NPEPPS and total TBC1D3 in a neuronal
developmental cell culture model of great apes
Gene annotation and methylation of NPEPPSPI1-TBCID3 can be observed on the left for human (top),
chimpanzee (middle), and orangutan (bottom). On the right, expression of NPEPPSP1, terminal TBCI1D3,

and their fusion are compared to global 7TBC1D3 and NPEPPS expression, normalized as transcripts per
million (TPM; Methods).
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Supplementary Figure 6. Orangutan expression by 7BC1D3 transcript

Orangutan primary transcripts map to numerous internal 7BC1D3 paralog copies (TBC1D3-14,15,16,19).
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Supplementary Figure 7. Gorilla NPEPPSP1 promoter deletion and 7TBCID3 expression

(A) Comparison of gorilla and human genome organization for NPEPPSPI1-TBC1D3 (SVbyEye)
highlights a 38 kbp deletion removing the promoter and two exons of NPEPPSPI in both haplotypes of
the gorilla. (B) Gorilla isoforms and expression. Mapping of gorilla Iso-Seq data to the gorilla locus
shows no evidence of transcript initiation from NPEPPSP] promoter. Instead, abundant transcription and
isoforms are observed from MRPL45, and only three transcripts from testis could be identified that

include non-deleted exons from NPEPPSPI and TBC1D3.
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Supplementary Figure 8. NPEPPSPI-TBC1D3 retains two ORFs

(A) Iso-Seq data from the prefrontal cortex illustrates the fusion transcript across NPEPPSP1 and
TBC1D3. Below are two open reading frames (ORFs) identified with ORFfinder (Methods), which span
NPEPPSP] and TBCID3 in separate reading frames overlapping by 13 nucleotides. (B) Lollipop plots of
NPEPPSP] illustrate synonymous (yellow), missense (blue), and nonsense (red) variants. Three missense
variants were identified in 2,013 genome assemblies. (C) Same as (B) but with TBCID3 ORF2. One

missense variant was identified across the gene body.
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Supplementary Figure 9. Disruption of nonsense mediated decay (NMD)

iPSCs and NPCs from chimpanzee and humans were treated with either DMSO or cycloheximide, a
disruptor of NMD, to investigate posttranscriptional fate of fusion genes. Notably, NPEPPSP] is

preferentially rescued in both species in NPCs relative to TBCID3, though in humans both NPEPPSI,
TBC1D3, and the fusion isoform increase equally.

153



iPSC Transcript Coverage

transcripts

iPSC_transcripts

iPSC % CpG Methylation

8

°

LOC102723851

[} rocros

. e e @
e semere =

Supplementary Figure 10. Human iPSC expression and methylation

154



Human iPSC gDNA and full-length transcripts were mapped back to their donor-specific genome
assembly (DSA) and annotated for NPEPPSP1 (blue) or TBC1D3 (purple) gene models. The NPEPPSPI
promoter may be seen as a dip in methylation at NPEPPSPI exon 1.
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Supplementary Figure 11. Human NPC expression and methylation
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Human NPC gDNA and full-length transcripts were mapped back to their DSA and annotated for
NPEPPSP]I (blue) or TBCI1D3 (purple) gene models. The NPEPPSPI promoter may be seen as a dip in
methylation at NPEPPSP] exon.
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Human neuron gDNA and full-length transcripts were mapped back to their DSA and annotated for
NPEPPSP] (blue) or TBCID3 (purple) gene models. The NPEPPSPI promoter may be seen as a dip in
methylation at NPEPPSP1 exon 1. Notably, in neurons, TBCID3 has increased in expression relative to

NPEPPSPI, in contrast to NPCs or iPSCs.
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Supplementary Figure 13. TBCI1D3 expression

(A) Full-length transcriptome sequencing of various libraries mapped to NPEPPSP1, NPEPPSP1-TBCI1D3
fusion, terminal 7BC1D3, or any Cluster 1 TBC1D3 (control). (B) RNA-seq of NPEPPSPI-TBC1D3 fusion

across development.
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Supplementary Figure 14. NPEPPSP1 promoter fixed in copy number.

Left: Segmental duplication (SD) annotation of the NPEPPSPI-TBC1D3 locus illustrates the numerous
high-identity SDs across both 7TBCID3 and NPEPPSPI but does not include the NPEPPSPI exon 1 or its
upstream promoter. Right: Diploid copy number estimates of 7TBCI1D3, NPEPPSPI, and NPEPPSP1
promoter in the 1000 Genomes Project (1KGP) identified by whole-genome shotgun sequence detection
(WSSD; Sudmant et al. 2010) illustrate the fixed copy number of the NPEPPSPI-TBCID3 promoter
relative to either NPEPPSPI or TBCI1D3.
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Supplementary Table 1: NPEPPS vs. NPEPPSPI Mass Spectra Peptide Observations

NPEPPSP1 Tryptic Peptides

Datasets where peptide
observed

Proteins with peptide

ABNEC2, P55786, EOPPDA4,

MWLAAAAPSL 23 E7EWZ2, ...12 total
ABNEC2, P55786, EQPPD4,

MWLAAAAPSLARRLLFL 1 (breast cancer) ... 7 total

ARRLLFLGPP 0 0

PADVSPINCS 2 ABNEC2

FARTPVTSTY 3 ABNEC2

3 (Cytoplasmic Proteins of
CVCVYTPVGK Untreated Cells) ABNEC2
AGAMENWDLV 5() ABNEC2

NPEPPS Tryptic Peptides

Datasets where peptide
observed

Proteins with peptide

MASFSMDCSP MSV000079835 E9PLKS, E9PJF9, E9PPZ2,
MSV000083043,
MSV000079835,
MSV000080679,
MSV000080826, E9PLKS3, E9PP11, EOPJF9,
MSV000080851, E9PPZ2, E9PP11, E9PLKS,
SFCVPGLWNP MSV000084248 E9PJF9, E9PPZ2
P55786, E9PLK3, E9PJFY, ...
PADVSPINYS 117 (27 total)
P55786, E9PLK3, P55786, ...7
FARTPVMSTY 7 total
P55786, E9PLKS,
CVRVYTPVGK 16 AOA7I2V389, ...8 total
AGAMENWGLV 22

Supplementary Table 2: iPSC-NPC-iNeuron Transcript Counts

TOTAL Terminal Total

Species | Tissue | NPEPPS | NPEPPS | NPEPPSP1 | TBC1D3 | TBC1D3 | CCL4L2 | Fusions | Reads
Chimp | ipsc 202 193 9 0 0 0 0 8489660
Chimp | npc 88 75 89 1 0 50 46 8710214
Chimp | neuron | 1214 559 655 7 1 511 454 21456687
Human | ipsc 172 115 57 7 3 0 1 10983570
Human | npc 335 275 60 30 25 0 18 9156530
Human | neuron | 937 767 170 9 208 0 98 22035016
Orang ipsc 228 228 0 254 11 0 0 13648087
Orang npc 151 151 0 89 3 0 0 9127847
Orang neuron | 605 605 0 1114 11 0 0 21333770

Supplementary Table 3: iPSC-NPC-iNeuron Transcript Counts (TPM)

161




Terminal
NPEPPS TBC1D3 TBC1D3 CCL4L2
Species Tissue TPM TPM TPM TPM Fusion TPM
Chimp ipsc 22.73 0 0 0 0
Chimp npc 8.61 0.1 0 5.7 5.3
Chimp neuron 26.05 0.3 0 23.8 21.2
Human ipsc 10.47 0.6 0.3 0 0.1
Human npc 30.03 3.3 2.7 0 2
Human neuron 34.81 04 9.4 0 4.4
Orang ipsc 16.71 18.6 0.8 0 0
Orang npc 16.54 9.8 0.3 0 0
Orang neuron 28.36 52.2 0.5 0 0
Supplementary Table 5: Human iPSC-NPC-iNeuron mappings by TBC1D3 paralog
Promoter | iPSC- iPSC- NPC- Neuron-
TBC1D3 | Context Identified | DMSO CHX DMSO NPC-CHX | DMSO
0 NPEPPSP1 yes 24 33 35 125 146
Cluster2
(NPEPPSP1
1 fusion) yes 10 23 60 142 196
2 Cluster2 0 0 0 0 0
3 Cluster2 0 0 0 0 0
4 Cluster2 0 0 0 0 0
5 Cluster2 0 0 0 0 1
6 Cluster2 0 0 0 0 0
7 Cluster2 0 0 0 0 0
8 Cluster 1 0 0 0 0 0
9 Cluster 1 0 0 0 0 0
10 Cluster 1 0 0 0 0 0
11 Cluster 1 0 0 0 0 0

Supplementary Table 5: Neurospheres mappings by 7TBC1D3 paralog

Percentage-of-
Promoter TBC1D3-

TBC1D3 Context Identified Neurospheres transcripts
0 NPEPPSP1 yes 51

Cluster2

(NPEPPSP1-
1 fusion) yes 116 56.31%
2 Cluster2 0 0.00%
3 Cluster2 0 0.00%
4 Cluster2 11 5.34%
5 Cluster 2 2 0.97%
6 Cluster2 0 0.00%
7 Cluster2 0 0.00%
8 Cluster2 8 3.88%
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9 Cluster 1 15 7.28%
10 Cluster 1 4 1.94%
11 Cluster 1 12 5.83%
12 Cluster 1 4 1.94%
13 Cluster 1 34 16.50%
Total TBC1D3
Transcripts 206

APPENDIX C. SUPPLEMENT FOR CHAPTER 4

Supplementary Table 1: Sample description for in vitro model

Sample

Context

Human TBC1D3 ORF

Test human TBC1D3

Bonobo TBC1D3 ORF

Test Bonobo TBC1D3 as comparison

Human TBC1D3 with C-terminus deletion

Isolate C-terminus from human TBC1D3

Human TBC1D3 with Bonobo TBC1D3 C-
terminus

Isolate human TBC1D3 protein changes from
human C-terminus

Bonobo TBC1D3 with Human TBC1D3 C-
terminus

Isolate human C-terminus modification from other
human TBC1D3 protein changes

Empty Vector Control
NLS-EGFP Control
NGN2 Negative control
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