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ABSTRACT Sequences encoding Olduvai protein domains (formerly DUF1220) show the greatest human lineage-specific increase in
copy number of any coding region in the genome and have been associated, in a dosage-dependent manner, with brain size, cognitive
aptitude, autism, and schizophrenia. Tandem intragenic duplications of a three-domain block, termed the Olduvai triplet, in four NBPF
genes in the chromosomal 1q21.1-0.2 region, are primarily responsible for the striking human-specific copy number increase. In-
terestingly, most of the Olduvai triplets are adjacent to, and transcriptionally coregulated with, three human-specific NOTCH2NL genes
that have been shown to promote cortical neurogenesis. Until now, the underlying genomic events that drove the Olduvai hyper-
amplification in humans have remained unexplained. Here, we show that the presence or absence of an alternative first exon of the
Olduvai triplet perfectly discriminates between amplified (58/58) and unamplified (0/12) triplets. We provide sequence and breakpoint
analyses that suggest the alternative exon was produced by an nonallelic homologous recombination-based mechanism involving the
duplicative transposition of an existing Olduvai exon found in the CON3 domain, which typically occurs at the C-terminal end of NBPF
genes. We also provide suggestive in vitro evidence that the alternative exon may promote instability through a putative G-quadraplex
(pG4)-based mechanism. Lastly, we use single-molecule optical mapping to characterize the intragenic structural variation observed in
NBPF genes in 154 unrelated individuals and 52 related individuals from 16 families and show that the presence of pG4-containing
Olduvai triplets is strongly correlated with high levels of Olduvai copy number variation. These results suggest that the same driver of
genomic instability that allowed the evolutionarily recent, rapid, and extreme human-specific Olduvai expansion remains highly active
in the human genome.
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SEQUENCES encoding Olduvai protein domains (formerly
DUF1220) (Sikela and van Roy 2017) have undergone a

human-specific hyperamplification that represents the largest

human-specific increase in copy number of any coding region
in the genome (Popesco et al. 2006; O’Bleness et al. 2012). The
current human reference genome (hg38) is reported to con-
tain 302 haploid copies (Zimmer and Montgomery 2015),
�165 of which have been added to the human genome since
theHomo/Pan split (O’Bleness et al. 2012). Olduvai sequences
are found almost entirely within the NBPF gene family
(Vandepoele et al. 2005) and have undergone exceptional
amplification exclusively within the primate order, with copy
numbers generally decreasing with increasing phylogenetic
distance from humans: humans have�300 copies, great apes
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97–138, monkeys 48–75, and nonprimate mammals 1–8
(Popesco et al. 2006; O’Bleness et al. 2012; Zimmer and
Montgomery 2015).

Olduvai copy number increase has been implicated in the
evolutionary expansion of the human brain, showing a linear
association with brain size, neuron number, and several other
brain size-related phenotypes among primate species (Dumas
and Sikela 2009; Dumas et al. 2012; Keeney et al. 2014,
2015; Zimmer andMontgomery 2015). Among humans, Old-
uvai copy number (total or subtype specific) has been linked,
in a dosage-dependent manner, to brain size, gray matter
volume, and cognitive aptitude in healthy populations
(Dumas et al. 2012; Davis et al. 2015b), as well as with brain
size pathologies (microcephaly/macrocephaly) (Dumas et al.
2012). Increasing Olduvai copy number has also been line-
arly associated with increasing severity of autism symptoms
(Davis et al. 2014, 2015a, 2019), as well as increasing sever-
ity of negative schizophrenia symptoms, which are phenotyp-
ically similar to the social deficits associated with autism
(Searles Quick et al. 2015). Conversely, decreasing copy num-
ber shows a linear relationship with the severity of positive
symptoms of schizophrenia (e.g., hallucinations and delu-
sions). Lending further support for a role in these disorders,
1q21.1-associated duplications and deletions that encompass
many Olduvai copies are among the most common structural
variations (SVs) associated with autism and schizophrenia,
respectively (Brunetti-Pierri et al. 2008; Mefford et al. 2008;
International Schizophrenia Consortium et al. 2009). Taken
together, these findings suggest that variation in Olduvai
copy number can produce both beneficial (e.g., increased
brain size and cognitive function) and deleterious brain-
related phenotypic outcomes (Dumas and Sikela 2009). Such
a duality in function fits well with models that propose that
the key genes that drove human brain evolution are also
significant contributors to autism and schizophrenia (Crow
1995; Burns 2007; Dumas and Sikela 2009; Sikela and
Searles Quick 2018). Finally, recent studies have shown that
most human-specific Olduvai copies are encoded by four
NBPF genes on 1q21.1–2, three of which are adjacent to and
coregulated with three human-specific NOTCH2NL genes
(Fiddes et al. 2019). The three NOTCH2NL genes have been
shown to promote cortical neurogenesis (Fiddes et al. 2018;
Suzuki et al. 2018), suggesting that the human-specific Old-
uvai expansions and their adjacent NOTCH2NL partners may
work in a coordinated, complementary manner to drive hu-
man brain expansion in a dosage-related fashion (Fiddes
et al. 2019).

Olduvai domains are, on average, 65 amino acids in length
(ranging from 61 to 74) (Finn et al. 2014) and are encoded
within a small exon and large exon doublet (Popesco et al.
2006). The domains have been subdivided into six primary
subtypes based on sequence similarity: Conserved 1–3 (CON1-
3) and Human Lineage-Specific 1–3 (HLS1-3) (O’Bleness et al.
2012). Sequences encoding the various subtypes are almost
always found in the same order within NBPF genes: one or
more CON1 domains; a single CON2 domain; one or more

instances of a triplet composed of HLS1, HLS2, and HLS3
domains; and a single CON3 domain at the C-terminal end.
A significant majority (114 copies) of the human-specific cop-
ies have been generated by intragenic domain amplification
(i.e., increases in the number of tandemly arranged copies)
primarily involving four of the 24 human NBPF genes
(O’Bleness et al. 2012). These tandem expansions are pre-
dominantly organized as contiguous three domain blocks,
named Olduvai triplets, each of which is �4.7 kb in length
and composed of an HLS1, HLS2, and HLS3 subtype
(O’Bleness et al. 2012). While Olduvai sequences show a
human-specific range in copy number, the domains are highly
copy-number polymorphic among humans, exhibiting a broad
normal distribution (Davis et al. 2014). Despite the rapid and
extreme nature of the Olduvai triplet expansion in the human
species, the genomic factors that drove the process have
remained unexplained. Similarly, the genomicmechanism that
underlies the extensive Olduvai copy number variation ob-
served within the human population remains unknown.

G-quadruplexes (G4s) are non-B-form DNA structures
characterized by two or more stacked planar guanine tetrads.
The characteristic sequencemotif of these structures is four or
more closely spaced runs of three ormore guanines (Bochman
et al. 2012). The guanines are stabilized by noncanonical
H-bonding in a coplanar arrangement to form G-quartets
and a stacked array of G-quartets makes up a G4 structure.
G4 sequence motifs are overrepresented in meiotic and mi-
totic double-stranded breaks and are thought to promote
genomic instability (Bochman et al. 2012; Maizels and Gray
2013). Here, we provide evidence supporting the view that a
potential G4 motif specific to Olduvai sequences may be be-
hind both their evolutionary hyperamplification and the high
degree of variation associated with Olduvai triplets in exist-
ing humans.

Materials and Methods

Sequence analysis of predicted breakpoint regions

The coordinates of the relevant introns were obtained as
described in Astling et al. (2017). Reference sequence data
for the relevant introns were extracted from hg38 utilizing
bedtools v2.26.0 (Quinlan and Hall 2010). The sequences
were aligned with Clustal V (Rice et al. 2000) and the align-
ments were visualized with Geneious v10.2.3.

Analysis of the putative G-quadraplex sequence in
nonhuman primates

Olduvai sequences in nonhuman primate genomes were lo-
cated as described in Zimmer and Montgomery (2015). As-
signment of each nonhuman Olduvai sequence to one of the
previously described subtypes was accomplished by aligning
the nonhuman sequences with the sequences of human Old-
uvai long exons with Clustal V (Rice et al. 2000), generating
a percent identity distance matrix with Geneious 10.2.3, and
identifying the human sequence that is the closest match to
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the nonhuman sequence. The nonhuman sequence was
assigned the subtype of the closest human match. The loca-
tions of putative G-quadraplex (pG4) motif-containing exons
had to be ascertained separately from this initial step because
the search parameters only located the long exon of the Old-
uvai exon doublet. The locations of pG4-containing exon se-
quences were identified by generating a hidden Markov
model based on all pG4-containing exon sequences in hg38
and using this hiddenMarkovmodel to search the nonhuman
reference genomes with nhmmer. These steps were accom-
plished with HMMER version 3.1b2 (Eddy 2011). The loca-
tions of pG4-containing exon sequences were compared to
the locations of Olduvai long exon sequences to determine
which subtypes the G4-containing exons were associated
with.

Optical mapping data generation and analysis

Cell lines for the 154 unrelated individualswere obtained from
theCoriell Institute forMedicalResearch (Camden,NJ)andare
part of the 1000 Genomes Project (1000 Genomes Project
Consortium et al. 2015). Data for the 16 trios came from a
research study of patients with rare genetic disorders con-
sented for SV analysis. Raw Irys data were generated as de-
scribed in Mak et al. (2016). Briefly, high-molecular-weight
DNAwas extracted from cells and fluorescently labeled at sites
nicked by the nicking endonuclease Nt.BspQI. DNA was line-
arized and imaged by the Bionano Genomics Irys system.

Raw Irys data were assembled de novo and aligned to the
reference genome (hg38) using Bionano’s default assembly
pipeline. Molecules relevant to the Olduvai regions were se-
lected with the following criteria: (1) molecules that aligned
to the Olduvai regions on chromosome 1 and (2) molecules
that aligned to Bionano-assembled contigs that aligned to the
Olduvai regions on chromosome 1. These Olduvai-relevant
moleculeswere realigned to chromosome1usingRefAlignerwith
the parameters -endoutlier 1e-2 -outlier 1e-4 -A 5 -M 1 -Mfast 0
-MultiMatches 5 -biaswt 0 -T 1e-8 -BestRef 1, as well as error
values (-FP -FN -sf -sd -bpp -sr) that had been calculated
during the de novo assembly process for each sample with
respect to the reference genome.

The -MultiMatches 5 parameter meant that all possible
alignments that met the other criteria were reported in the
xmap file, as long as they had at least five labels in the
reference or query that were not present in the next highest-
scoring alignment. This prevented alternate alignments that
highly overlapped one another (e.g., originating from the same
gene) from being reported as separate alignments. We re-
quired all possible alignments to be reported at this stage, so
thatwe could identify and filter out anymolecules that aligned
to multiple locations with similar confidence levels.

We performed a preview of the alignments prior to the
quantificationanalysis. All assembled contigswith alignments
across HLS regions of NBPF genes were extracted for the visu-
alization. To identify different alleles within the populations,
we clustered all contigs based on their alignment breakpoints
and relative positions of nicking sites.

We identified some clusters that had high confidence
scores but had misalignments at consistent positions sur-
rounding theHLS regions.Analysis of these clusters led to the
identification of alternative loci on the flanking regions of
NBPF1, NBPF10, and NBPF12, which were confirmed with
the visualization tool OMTools. In the population analyzed,
NBPF10 and NBPF12 had only one alternative allele for each
gene, so we integrated the alternative loci into the hg38
reference used for analysis as tentative alternative reference
chromosomes (NBPF10_alt and NBPF12_alt). We then re-
peated the alignment process to identify the molecules that
aligned well to the alternative loci.

We observed an extremely high amount of SV in and
around NBPF1, suggesting several alternative alleles and po-
tentially multiple copies of the NBPF1 gene. We have not yet
identified ameans to resolve this complexity in amanner that
would allow us to confidently analyze the intragenic SV, so
NBPF1 data are not reported in this paper.

To measure the sizes of the HLS region in NBPF genes,
we utilized a suite of custom code (https://github.com/
IleaHeft/olduvai-optical-map-analyzer). The code iden-
tifies the locations within NBPF genes where fluorescent la-
beling is expected to occur based on the predicted nicking
locations of the endonuclease used. The positions of these
expected labels in the reference genome are referred to as
“reference labels of interest” (for the HLS region, these were
the labels in the CON2 and CON3 sequences). The method
then identifies all molecules that have been aligned to the
reference labels of interest by the alignment software and
performs several quality checks.

We applied a series of alignment filters as a quality control
step. First, molecules were removed if their alignments had
low confidence (score, 8) or appeared tomap almost equally
well to more than one location, or to both the original refer-
ence and an alternative locus, which we established as a dif-
ference between the highest alignment confidence score and
the second-highest alignment confidence score of, 1. Second,
we discarded any alignments that did not completely encom-
pass the HLS region, which we defined as having at least two
aligned labels on both flanking sides. Third, we identified and
discarded all molecules with additional, unexpected labels at
consistent positions within the HLS region of the molecule.

After filtering was complete, the distances between the
labels of interest in each molecule were calculated. This
distance is referred to as the “size call.” Because molecules
originating from the same location can have slightly different
size calls, molecules with size calls within 1 kb of one another
are grouped together, and themedianmolecule length for the
group is reported as the size call. The “support” for a size call
is the number of molecules in the group. Size calls are nor-
malized by the distance between the labels of interest in the
reference genome to determine the amount of DNA inserted
or deleted (e.g., a size call of 10 kbminus a reference distance
of 5 kb would be reported as an insertion of 5 kb). Unless
otherwise noted, the results presented are for instances in
which one of the following conditions are met: the SV is
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supported by at least eight molecules or the SV is supported
by four or more molecules, and those molecules represent $
40% of the total molecules aligned to that gene. These condi-
tions were selected based on changes in the total number of
alleles with changing thresholds, and two alternative condi-
tions were allowed to balance the need to reduce false posi-
tives with the need to analyze genes for which there are fewer
total molecules aligned. Additionally, we have found that the
general conclusions reported here are robust to variations in
the number of molecules required to report a size call.

To determine the proportion of size calls that were concor-
dant with an expected size, we performed the following steps.
Expected sizesare the lengths expected tobeobserved from the
amplification or deletion of repeat units observed in NBPF
genes in hg38. In the HLS region, the most common repeat
is of the sequence encoding an HLS triplet (HLS1, HLS2, and
HLS3). In addition to repeats of HLS triplets, in hg38, there are
a few HLS doublets. Therefore, HLS region sizes that could
result from the amplification or deletion of repeat units ob-
served in hg38 could include multiples of the HLS triplet
length, multiples of the HLS doublet length, or a combination
of the two. The various combinations of triplets and doublets
all produce size changes that are integer multiples of a single
HLS unit. Therefore, expected SV sizes for each gene were
calculated by determining the mean length of a single HLS
exon unit for each gene and generating integer multiples of
that value. The proportions of SVs falling within 300 bp of an
expected size were calculated for SVs that were supported by
at least eight molecules or supported by four or more mole-
cules when thosemolecules represent 40%ormore of the total
molecules aligned to that gene. Additionally, we required ob-
served deviations from the reference to be at least 1-kb differ-
ent from the reference size to be called as an SV.

Circular dichroism spectroscopy

An oligonucleotide containing the pG4motif (59-GGGGAAGGG
GAAGAAAAGAAGGGGAAGAAGATCAAAGAAGGAAAGAAGAA
GGGGAAGAAAAGAAGGGG-39) was purchased from Inte-
grated DNA Technologies, and all experiments were carried
out in 10 mM NaPi buffer with 50 mM KCl or 50 mM NaCl.
Next, 4 mM of oligonucleotide was heated at 95� for 10 min
and then cooled slowly to room temperature (22�) overnight
for circular dichroism (CD) analyses the following day. CD
measurements were performed on a JASCO J-815 CD Spec-
trometer (JASCO Inc., Easton, MD) with a 1-mm path length
quartz cuvette. CD spectra were collected across 340–200 nm
in 1-nm increments, and the reported spectra correspond to
the average of at least three scans. The conformation of the
motif was determined by spectral investigation at 25�, and an
appropriate buffer blank correction was made for all spectra.

Fluorescence analysis of nuclease footprinting assay

Double-stranded DNA (dsDNA) templates containing differ-
ential fluorescent labels at each terminus were generated
usingPCRongenomicDNA.Theprimersusedwereas follows:
forward, /56-FAM/CTGTTGCCTCCAGGTGTTA and reverse,

/5HEX/AGCTTAATGTGTCTGTCCATG. PCR amplification
was carried out in a total reaction volume of 25 ml containing
1 3 PCR reaction buffer with 1.5 mM MgCl2 (Roche Diagnos-
tics), 0.5 mM of each primer (Integrated DNA Technologies),
0.2mMof each dNTP, 1M betaine, 0.5 U Fisher Taq-ti polymer-
ase (Fisher Biotec, Wembley, Australia), and �20 ng of human
genomic DNA. Touchdown PCR (Korbie and Mattick 2008;
Roux 2009) was performed over 30 cycles and consisted of an
initial denaturation step of 95� for 2min and a final extension of
72� for 5 min. Cycling conditions consisted of denaturation at
95� for 30 sec and extension at 72� for 45 sec. The initial anneal-
ing temperaturewas 65�, and this was decreased by 1� per cycle
for 10 cycles, followed by 20 cycles at 55�.

PCR products were then visualized by gel electrophoresis,
and the target bandwas extracted and purified using aMEGA-
Quick Spin Kit (iNtRON Biotechnology, Seongnam-si, South
Korea) according to the manufacturer’s recommendations.
Sanger DNA sequencing was carried out on nonfluorescent
purified PCR amplicons (�10 ng) with the appropriate primer.
Primer sequenceswere as shown above but lacking fluorescent
labels. Sequencing reaction products were generated using
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosys-
tems, Foster City, CA), following the manufacturer’s protocol,
and were run on an AB3130xl fragment analysis system
equipped with a 50-cm capillary array using POP7 polymer.

To investigate the DNA conformation, 150 ng of purified
fluorescent PCR products were resuspended in 10 mM Tris
(pH8.0), 1mMEDTA, and100mMof relevant ion, KCl or LiCl
(negative control). One of two incubation steps was then
performed: incubation at 95� for 5 min followed by con-
trolled cooling to room temperature at a rate of 0.2�
per min or incubation at 37� for 36 hr (no heat denaturation).
Prepared templates were then incubated with 1 unit of the
single-strand-specific endonuclease Mung Bean nuclease
(New England Biolabs, Beverly, MA) in appropriate buffer at
30� for 11min in an 80-ml reaction volume. This reaction was
terminated by the addition of phenol:chloroform at a 1:1
ratio. After vortexing and centrifugation at 14,000 3 g for
5 min, the aqueous phase was removed and concentrated
using a centrifugal evaporator. The lyophilized pellet was then
resuspended in 20 ml deionized formamide, and 10 ml of the
sample was assessed by automated capillary electrophoresis. To
determine if there was any non-B structure in the PCR product
(before the addition of ions), an additional control was per-
formed in which the Mung Bean nuclease was added directly
to purified fluorescent PCR product (resuspended in Tris and
EDTA as described above). Only signals of $ 50 relative fluo-
rescence units (RFUs) are shown, as peakswith an RFU value,
100 are likely to correspond to single-stranded DNA (ssDNA)
generated as an artifact during template synthesis.

Fluorescent molecules were sized by automated capillary
electrophoresis. Reaction products were prepared in deion-
ized formamide containing the size standard GS500LIZ. Sam-
ples were heated at 95� for 5 min to denature the DNA, and
capillary electrophoresis was then performed on an AB3130xl
fragment analysis system equipped with a 50-cm capillary
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array using POP7 polymer. To confirm the fragment length of
the PCR product before any ions or nuclease were added, the
purified PCR product (without any other treatment) was also
sized as described above.

Raw data were visualized with Applied Biosystems Peak
Scanner v2.0 software and subsequently exported intoMicro-
soft Excel (2013). The inferred nucleotide length of each peak
was rounded to the nearest whole number, and peaks of a size
less than or equal to the primer were removed. Aminimum of
three replicates were performed for each experiment and the
RFUs were averaged at each nucleotide position.

Data availability

Cell lines used in this study as a source of genomic DNA can be
obtained from the Coriell Institute for Medical Research and are
part of the 1000 Genomes Project. Individual samples and their
identification numbers are listed in Supplemental Material,
Table S7. The 16 trio samples have been consented for research
at theUniversity of California, San Francisco, and corresponding
DNAs were sent to P.-Y. Kwok anonymously under his local IRB
approval. Data corresponding to the samples used in this study
arebeingdeposited inpublicdatabasesat theNationalCenter for
Biotechnology Information. Supplemental material available at
figshare: https://doi.org/10.25386/genetics.10673792.

Results

A pG4 motif is perfectly correlated with the human-
specific intragenic amplification of Olduvai triplets

Seventeen of 24 human NBPF genes in hg38 contain at least
one Olduvai triplet or doublet in hg38. The seven remaining

genes encode only two to five Olduvai copies per gene (22 in
total). Because doublets are relatively rare in hg38 [9 dou-
blets out of 74 total (triplet or doublet) HLS repeats], we will
here use triplets to refer to both arrangements. As depicted in
Figure 1, in all NBPF genes with more than one triplet, the
second-nth triplets contain a pG4 motif (Figure 2) in their
first exon. This sequence is not present in the first (ancestral)
triplet of any NBPF gene. The pG4 motif-containing exon is
almost always 108 bp in length and is found in 70 locations in
hg38: 0/12 ancestral (first) triplets, 58/58 amplified triplets,
and 12/16 CON3 domains (Figure S1). Thus, the presence or
absence of the pG4 motif in the first exon of Olduvai triplets
perfectly discriminates between amplified and ancestral (un-
amplified) triplets.

Analysis of the pG4 sequence in nonhuman primates

We examined whether the pattern observed in the human
genomewas alsomaintained in other primate genomes. None
of the genes in the chimpanzee or gorilla reference genomes
(panTro3-5 and gorGor3-5) contain any perfect triplet am-
plifications. Given this lack of triplet amplification, we would
conclude that the patternwas consistentwith that observed in
humans if the sequence of the pG4-containing exon was only
found in association with CON3 long exons. Using the two
most recent chimp and gorilla assemblies (panTro5 and gor-
Gor5), we found no amplified triplets and no pG4-containing
exon sequences outside of CON3 subtypes. While this is
consistent with predictions of our model, there are some
ambiguities on these points in previous chimp and gorilla
assemblies (Tables S1–S6). Such uncertainty is not surpris-
ing, as it is well known that complex, highly duplicated
sequences such as the Olduvai/NBPF family are not well

Figure 1 The location of Olduvai sequences and the pG4 motif within NBPF genes in hg38. Genes are grouped into clusters based on whether they
contain intragenic amplifications of HLS sequences (bottom cluster) or not (top cluster). The vertical black line and the alignment of the genes are
intended to visually highlight the occurrence of the pG4 motif in amplified HLS triplets (to the right of the vertical black line) and the absence of the
motif in ancestral HLS triplets/doublets (to the left of the vertical black line). Each Olduvai-encoding exon doublet is represented by a narrow and wide
rectangle to indicate the short and long exon, respectively. A wide rectangle without a corresponding narrow one represents instances where the
reference contains only the long exon of an Olduvai-exon doublet. The color of each rectangle corresponds to the subtype to which that sequence has
been assigned. The presence of the pG4 motif is indicated by a yellow hexagon. For clarity, exons and genes that are not Olduvai encoding that lack the
CON3 sequence are not shown. CON3, Conserved 3; HLS, Human Lineage-Specific; pG4, putative G-quadraplex.
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handled by most mammalian genome assemblies. Given
these limitations, we have chosen to not delve into questions
related to the specific organization and evolution of these
sequences in nonhuman primates at this time.

Breakpoint analysis supports a nonallelic homologous
recombination-mediated mechanism for the generation
of pG4-containing Olduvai triplets

All pG4-containingexonswithinamplifiedOlduvai triplets are
identical (or nearly so) to those within CON3 sequences.
Because even genes with no amplified HLS sequences have
the pG4 motif in their CON3 exons, the origin of the pG4-
containing Olduvai triplet could be explained by a nonallelic
homologous recombination event with breakpoints in the
introns of the CON3 exon doublet and the ancestral HLS1
exon doublet (Figure 3A). This event would have duplicated
an Olduvai triplet and replaced the original first exon with
the pG4-containing first exon from a CON3, producing the
organization observed in hg38.

If this were the case, we would expect to observe a certain
sequence pattern in introns of amplified HLS1 exon doublets
that would reflect the predicted breakpoint. Specifically, we
would expect the 59 ends of HLS1 introns to resemble the
introns of pG4-containing CON3 sequences and the 39 ends to
resemble the introns of the first (i.e., ancestral) HLS1 se-
quences of each gene. Analysis revealed that the sequences
of the relevant introns are consistent with this expectation
(Figure 3B). Alignment of all relevant introns can be found in
Figure S2. The same mechanism responsible for the genera-
tion of the first pG4-containing Olduvai triplet may be re-
sponsible for the continued amplification and deletion of
Olduvai repeats.

The pG4 motif is strongly associated with
interindividual intragenic SV due to amplification and
deletion of Olduvai repeats

We applied BionanoGenomics optical mapping technology to
analyze Olduvai-related SV in 154 unrelated individuals from
26 populations (Table S7). Single-molecule maps were used
to measure the lengths of the HLS regions in different NBPF
genes (Figure 4). Our results provide strong evidence of com-
mon and extensive intragenic SV involving Olduvai triplets in
a subset ofNBPF genes (Figure 4), and the pattern is perfectly
consistent with the pG4-containing Olduvai triplets being the
primary driver of variation. For the 10 NBPF genes for which
sufficient data were obtained, intragenic variation was de-
tected for four out of four genes that have one or more
pG4-containing Olduvai triplets in hg38, while variation

was not detected for six out of six genes that contain only a
single ancestral (non-pG4) triplet.

The precise extent of variation differed slightly depending
on the parameters used to decide if SV was truly present.
However, the general conclusions reported belowwere robust
to changes in thenumber ofDNAmolecules required to call an
SV. The results of varying the required number of supporting
molecules from 2 to 14 are shown in Figure S3. The results
presented here are for instances in which one of the following
conditions were met: the SV was supported by at least eight
molecules or the SVwas supported by four ormoremolecules,
and those molecules represented $ 40% of the total mole-
cules aligned to that gene. The 14 NBPF genes that were
analyzed with the optical mapping data set contained HLS
domains flanked by CON2 and CON3 domains. Four genes
(NBPF9, NBPF10, NBPF12, and NBPF14) showed strong evi-
dence of common intragenic SV in the HLS region, and six
(NBPF3, NBPF8, NBPF15, NBPF11, NBPF17P, and NBPF25P)
showed no evidence of intragenic SV in the HLS region for the
population studied (Figure 4). No or very little data were
obtained for three of the remaining genes (NBPF1L, NBPF19,
and NBPF20), and NBPF1 was excluded from the analysis due
to high complexity in the flanking regions that made it difficult
to make accurate SV calls. It is important to note that the
number of samples for which data could be obtained varied
between genes. This variability was driven in part by differ-
ences in gene length, with longer genes being harder to span
with single molecules. For that reason, care should be taken in
comparing the level of variability observed in different genes
(e.g., data points for NBPF14 could only be obtained for
23 samples, but data for NBPF9 are shown for 143 samples).

Asmentionedpreviously, little or nodatawere obtained for
NBPF1L, NBPF19, and NBPF20. Data were not obtained for
NBPF1L because it is located on an unplaced contig and the
alignment strategy used for this analysis focused only on
chromosome 1. NBPF19 and NBPF20 contain extreme Old-
uvai triplet expansions that make them among the longest
members of the NBPF family, which likely made it difficult for
a sufficient number of molecules to align across them.

The SV sizes observed for the pG4-containing genes clus-
tered at regular intervals, suggesting that the observed SVs in
thepopulation studiedmaybedue toamplifications/deletions
of similar sequences.Mostmeasured SV sizes line up verywell
with the sizes predicted to result from amplifications or
deletions of Olduvai triplets, doublets, or a combination of
the two (e.g., an added doublet plus one or more additional
triplets). The possibility of SV due to insertion or deletion of
either doublets or triplets is supported by the hg38 reference

Figure 2 The pG4 motif found in NBPF genes. The portion of Olduvai short exons that is thought to be involved in the formation of the pG4 structure.
This exact sequence is found in 56/58 HLS1 pG4-containing exons. The two exceptions differ by only a single nucleotide. With respect to CON3 pG4-
containing exons, this exact sequence is found in 3/13 exons, 6/13 have only a single-nucleotide difference, 1 differs by 2 nucleotides, 1 differs by 4, and
2 differ by 5. The five runs of guanines thought to contribute to formation of the G4 structure are shaded in green. CON3, Conserved 3; HLS, Human
Lineage-Specific; pG4, putative G-quadraplex.

184 I. E. Heft et al.



sequences for the NBPF genes, which contain mostly triplets,
as well as several doublets (Figure 1).

For NBPF9, 100% (60/60) of the SV calls were within
300 bp of the size predicted from amplification or deletion
of an Olduvai doublet. The version ofNBPF9 in hg38 contains
a single ancestral Olduvai triplet plus an amplified doublet.
The observed NBPF9 SVs are consistent with amplification
and deletion of that doublet unit.

ForNBPF12,NBPF10, andNBPF14, 94% (30/32), 69% (165/
239), and 61% (127/208) of SV calls, respectively, were within
300 bp of a size predicted to result from Olduvai triplet amplifi-
cations, or a combination of triplet and doublet amplifications. A
combination of triplet and doublet amplification/deletion is con-
sistent with the reference versions of NBPF10 and NBPF14, both
of which contain at least one doublet in their HLS region.

One explanation for SV sizes differing from expectation is
that pG4motifs may inhibit the ability of themolecule to fully
linearize and therefore could distort the measurement of the
distance between two labels. If pG4 motifs are a factor, genes
withgreaternumbersof thesemotifs are likely tobeaffected to
a greater degree. This may explain why the percentages of SV
calls within 300 bp of expectation were lower forNBPF10 and
NBPF14, as these genes have 12 and 10 pG4 motifs, respec-
tively. It is also possible that other factors may be influencing
SV sizes, such as the insertion or deletion of a sequence other
than Olduvai (e.g., a transposable element).

De novo SV is observed for NBPF12, a gene with a
pG4-containing Olduvai triplet

An analysis of 16 parent–child trios with the Bionano Geno-
mics single-molecule optical mapping approach revealed

evidence of de novo SV in the HLS region of NBPF12. As
shown in Figure 5, a de novo insertion was found in the
NBPF12 gene of the child in one trio. Specifically, the length
of one of the child’s NBPF12 HLS regions was not consistent
with the lengths of the HLS region observed in either parent.
The child’s other allele was consistent with one of the mater-
nal alleles, suggesting that the size of the child’s discordant
allele resulted from a de novo mutation within the inherited
paternal allele. The difference between the child’s discordant
HLS region size and the most similar paternal allele was
6412 bp, consistent with the insertion of two Olduvai dou-
blets (expected size is �6280 bp). Among the 154 unrelated
individuals in this study, SVs that were multiples of�6280 bp
were relatively common in NBPF12.

The pG4 motif forms a G4 structure in vitro

The results of both CD spectroscopy (Figure 6) and fluores-
cence analysis of nuclease footprinting assays (FANFA) (Fig-
ure 7) (Stevens et al. 2016) support the ability of the Olduvai
pG4 motif to form a G4 structure in vitro. CD spectroscopy is
a commonly used technique for assessing the G4-forming
potential of single-stranded oligonucleotides in differing
ionic conditions. Using this technique, G4 formation pro-
duces a characteristic spectral signature (Kypr et al. 2009;
Randazzo et al. 2012), which is distinguishable from non-
structured ssDNA or dsDNA. This spectral signature origi-
nates from the specific Hoogsteen bonds formed during G4
formation, where parallel stranded G4s are identified by a
trough at 245 nm and a peak at 265 nm. In the presence of
both K+ and Na+, the Olduvai sequence demonstrated CD
profiles representative of parallel stranded G4s (Figure 6)

Figure 3 Proposed mechanism for amplification of pG4-containing HLS triplets (A) and supporting sequence data (B). (A) Two alleles of an ancestral
NBPF gene are shown at the top of the figure, aligned in the manner that would produce the intragenic amplifications observed in the current human
refence genome (hg38). Recombination is proposed to occur between the introns of the CON3 and HLS1 exon doublets, as indicated with the vertical
black line. A zoomed-in view of the shaded regions is shown on the bottom of (A) depicting that a nonallelic homologous recombination event, as
proposed here, would be expected to produce an intron that resembles the CON3 intron at its 59 end and transitions to resembling the ancestral HLS1
intron toward its 39 end. (B) Visual representation of sequence similarities between the introns of the CON3, ancestral HLS1, and amplified HLS1 introns
in NBPF12 shows agreement with the expected pattern. Gray regions represent identical nucleotides and colored bars represent nucleotide differences
from the CON3 intron. CON3, Conserved 3; HLS, Human Lineage-Specific; pG4, putative G-quadraplex.
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(Kypr et al. 2012). In the FANFA analysis, cleavage of the
dsDNA template was only observed when the template
DNA was incubated in KCl, which is known to promote the
stability of G4 structures. The cleavage positions are consis-
tent with the expected regions of ssDNA on both the G-rich
and C-rich strands (Figure 7). Cleavage of the DNA was ob-
served at the same positions both when the template was
heat denatured (enhancing the likelihood of structure forma-
tion by separating the dsDNA) and when it was incubated
with KCl at 37� for 36 hr. However, the quantity of cleaved
DNA products and therefore of structure formation appeared
to be less in the nonheat-denatured condition. The appearance
of cleaved DNA in the nonheat-denatured condition suggests
that, under the conditions of the experiment, the dsDNA was
able to transition to the G4 structure. We confirmed that the
cleaved DNA lengths in the KCl conditions were not present in
the starting DNA template (no ions, no nuclease) and that
there was no structure present in the template prior to the
addition of KCl (no ions, with nuclease) (Figure 7).

Discussion

The role of the CON3 short exon in human-specific
hyperamplification of Olduvai domains

The human-specific hyperamplification of sequences encod-
ing Olduvai protein domains represents one of the most
extreme examples of evolutionarily rapid genomic change.
The striking nature of this coding region increase is consistent
with it serving an important evolutionary role in a key human-
specific phenotype, and such an expectation is supported by
the multiple reports that have implicated Olduvai copy num-
ber expansion in brain size and cognition (Dumas and Sikela
2009; Dumas et al. 2012; Keeney et al. 2014, 2015; Davis
et al. 2015a, b; Zimmer and Montgomery 2015). The link
with brain expansion has been given additional support by
the recent finding that human-specific Olduvai expansions
may function in a coordinated and complementary manner
with adjacent human-specific NOTCH2NL genes to promote
cortical neurogenesis (Fiddes et al. 2019). Although it has

Figure 4 Structural variation in the HLS region
of NBPF genes detected by optical mapping. Size
calls are shown normalized by the reference size
for each gene. Positive size changes are inser-
tions, and negative changes are deletions rela-
tive to the reference. The interval between thick
vertical lines is the median size of an HLS triplet,
and the interval between thin vertical lines is the
median size of a single HLS domain. The boxed
numbers along the bottom of the plot denote
the number of pG4-containing triplets in that
gene in the current human refence genome
(hg38). On the x-axis labels, the value following
“n” is the number of samples for which data are
shown. If only one size allele was detected for a
sample, that data point was duplicated so that
alleles in homozygous individuals are not under-
represented. The color of the data point denotes
whether the gene has a pG4-containing triplet
in hg38. HLS, Human Lineage-Specific; pG4, pu-
tative G-quadraplex.
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been established that the human increase was primarily due
to tandem intragenic increases involving the Olduvai triplet
rather than duplications of entire genes (O’Bleness et al.
2012, 2014), the genomic events responsible for this increase
have until now remained unknown. Here, we report a specific
mechanism through which the expansions are likely to have
occurred. Specifically, we show that (1) the presence or ab-
sence of a pG4-forming sequence in the first exon of an Old-
uvai triplet perfectly discriminates between amplified and
unamplified triplets, and (2) the results obtained by CD
and FANFA support the formation of a G4 in vitro. These
results point to the conclusion that the intragenic duplicative
transposition of the pG4 motif-containing exon from the
CON3 domain into HLS triplets in specific humanNBPF genes
generated a highly unstable local genomic environment
within each gene that, in conjunction with strong selection
pressures favoring additional copies, resulted in the repeated
tandem addition of Olduvai triplets to the human genome.

Mechanism of instability

G4 structures are reported to promote instability in a number
of ways. During transcription of the pG4 sequence, the for-
mation of a G4 structure on the nontranscribed strand may
promote R-loop stabilization (Aguilera and Garcia-Muse
2012; Kim and Jinks-Robertson 2012). Several mechanisms

have been proposed for how R-loop formation may facilitate
the formation of DNA breaks that subsequently lead to ho-
mologous recombination-based repair processes. These in-
clude prolonged exposure of ssDNA to endonucleases and
DNA-damaging agents (Li and Manley 2006), the collision
of transcription/replication machinery (Santos-Pereira and
Aguilera 2015), and cleavage by proteins of the transcription-
coupled nucleotide excision repair pathway as part of the
normal process to resolve R-loops (Sollier et al. 2014;
Stirling and Hieter 2017). Break-induced replication is a ho-
mology- or microhomology-dependent mechanism that can
be used to repair DSBs, particularly those formed in the con-
text of DNA replication (Sakofsky and Malkova 2017). If a
directly oriented nonallelic homologous sequence is used to
restart the replication fork, then deletions or duplications of
the intervening DNA can be generated (Carvalho and Lupski
2016).

Potential chronology of the pG4-mediated
human-specific Olduvai hyperamplification

There are a number of possible ways in which the Olduvai
triplet copy number could be increased in the human lineage,
e.g., pG4-mediated intragenic triplet expansion, duplication
of an already expanded NBPF gene, or a combination of
both. The great majority of expanded Olduvai triplets in the

Figure 5 Suggestive evidence of de novo variation in the HLS region of NBPF12. (A) The de novo insertion event found in a trio on NBPF12. All alleles of
the trio on either the current human refence genome (hg38) NBPF12 reference or the NBPF12_alt reference are plotted and labeled with numbers 1–6.
The y-axis shows size calls for the HLS region, and each column denotes the alleles on the hg38 NBPF12 reference or NBPF12_alt reference for each
sample in the trio. The median size of a single HLS domain (1583 bp) is used as the minor grid, and the median size of amplified HLS triplets (4750 bp) is
used as the major grid. The de novo allele is labeled as “6” and highlighted in red. One of the child’s alleles (5) appears to be inherited from the mother’s
allele (4). Considering that one of the paternal alleles (2) is on the alternative locus, while neither of the child’s are, the child’s de novo allele (6) likely
originates from the other paternal allele (1). (B) The optical map single-molecular alignments of the de novo allele and its original paternal allele,
visualized in OMTools. As indicated on the left side of the figure, the yellow bars grouped toward the top are single molecules from the de novo allele,
and the yellow bars in the lower group are from the original paternal allele. Labels colored with red denote the aligned nicking sites while the labels
colored with black denote unaligned sites. The two labels used to identify the HLS region are shown. HLS, Human Lineage-Specific.
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reference genome can be found in four human genes (NBPF10,
NBPF14, NBPF19, and NBPF20) (Figure 1), while single triplet
expansions are seen in NBPF9, NBPF12, and NBPF26. Given
our findings, we believe that the initial intragenic expansion of
pG4-containing triplets occurred in one ormore of these genes.
Recent studies have begun to sort out some of the likely sce-
narios that could have led to the human-specific Olduvai trip-
let expansions. These reports indicate that three of the four
most highly expanded NBPF genes (NBPF10, NPBF14, and
NBPF19) are adjacent to three human-specific NOTCH2NL
genes (O’Bleness et al. 2014; Fiddes et al. 2018; Suzuki et al.
2018). These NBPF/NOTCH2NL gene pairs evolved jointly as
two-gene units and transcriptionally are tightly coregulated
(Fiddes et al. 2019). Additional analyses of these events indicate
that most of the extreme human-specific Olduvai expansions
(i.e., those encoded by NBPF10, NBPF14, and NPBF19) may
have appeared between 0.4 and 3 MYA (Fiddes et al. 2019).
This timeframe coincides with the period during which the hu-
man brain is thought to have undergone its most extreme ex-
pansion (Du et al. 2018).

The role of the pG4-containing short exon in the
extreme Olduvai copy-number variability in existing
human populations

As described in this manuscript, a subset of NBPF genes dis-
play common and extensive intragenic variation specifically
in the regions of the genes that encode Olduvai triplets. In the
population studied and with the parameters described in this

manuscript, there is a perfect correlation between the pres-
ence of the pG4-containing short exon in an HLS triplet and
interindividual variation in theOlduvai region ofNBPF genes.
Furthermore, the SV sizes measured are highly consistent
with amplification or deletion of Olduvai triplet repeats.
These results suggest that the pG4-containing exon may be
driving SV in the extant human population. In addition to the
extensive interindividual variation, we also observed evi-
dence of de novo variation, which further supports the pro-
posal that the pG4-containing exon continues to promote
new genotypic (and possibly phenotypic) diversity in the
population.

The extensive SV reported here for NBPF and Olduvai
sequences is consistent with previous genome-wide studies
that identified 1q21.1–2 as a complex and highly variable
part of the human genome (Fortna et al. 2004; Levy-Sakin
et al. 2019). The results described here extend this view,
placing NBPF genes among the genes with the most variable
intragenic coding regions known (Warburton et al. 2008). In
the 154 unrelated individuals studied, we observed SV sug-
gesting a range of 1–20 Olduvai triplet repeats in NBPF12,
4–19 repeats in NBPF14, 6–20 repeats in NBPF10, and 0–1
repeat in NBPF9. This striking interindividual variation in
Olduvai triplet repeat copy number represents a rich source
of previously unrecognized allelic diversity. Other genes
known to have a large range of protein domain repeat copy
numbers in nondiseased individuals include the LPA gene (1–
40 copies of the Kringle IV repeat) (Kronenberg 2016), the
DMBT1 gene [7–20 copies of the scavenger-receptor cysteine-
rich (SRCR) domain] (Polley et al. 2015), and PRDM9 (8–18
zinc finger repeats) (Berg et al. 2010). Intragenic copy num-
ber variation in the LPA gene has been associated with lipo-
protein (a) levels (Lanktree et al. 2010), and variation in
PRDM9 has been associated with recombination hotspot ac-
tivity (PRDM9) (Berg et al. 2010).

Relevance to human disease and evolution

By generating an unstable local genomic architecture within
specific human NBPF genes, the duplicative transposition of
the Olduvai pG4 sequence, as described here, is likely to have
been both beneficial and harmful. Such a possibility is sup-
ported by several reports (Dumas et al. 2012; Davis et al.
2015a; Searles Quick et al. 2015), and a model has been
proposed in which harmful effects of Olduvai variation have
been, and continue to be, the cost evolution has placed on the
emergence of the human brain (Sikela and Searles Quick
2018). At the genomic level, our ability to distinguish be-
tween harmful and beneficial Olduvai copy number varia-
tions is currently limited and, except in rare instances
(Dumas et al. 2012; Davis et al. 2014, 2015a, b; Searles
Quick et al. 2015), conventional genomic disease studies do
not directly measure Olduvai sequences. Also, given the un-
usual genomic organization of the NBPF and Olduvai se-
quences, there are a myriad of ways in which these
sequences can recombine. Thus, it may be that which, where,
how, and when copies are changing determine whether the

Figure 6 Results of circular dichroism spectroscopy performed on single-
stranded oligonucleotides containing the pG4 motif. Solid line represents
the spectra obtained in 50 mM KCl and the broken line represents the
spectra obtained in 50 mM NaCl. Molar ellipticity (3105 deg.cm2.dmol21)
is on the y-axis and wavelength (nm) on the x-axis. These spectra are
consistent with formation of a parallel-stranded G4 in the presence of
potassium ions. pG4, putative G-quadraplex.
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phenotypic effects are beneficial, innocuous, or harmful
(Sikela and Searles Quick 2018). Sorting out the relative
contributions of these variables can be expected to be an
important future direction for Olduvai research.

In summary, the findings reported here describe a possible
genomic mechanism, addition of Olduvai copies via pG4-
mediated expansion of Olduvai triplets, that produced the
hyperamplification of the Olduvai domain in the human
lineage. Thus, the duplicative transposition of the pG4 motif,
an instance of genomic serendipity, may have been the initial
trigger behind one of the most extreme copy number expan-
sions in the human genome. In addition, we show that this
mechanism appears to remain highly active in present-day
human populations. The pG4 mechanism would be expected
to generate local genomic instability within NBPF genes that
would lead to both gains and losses in Olduvai copy number,
which we observe in our analysis of the extant population.
However, the large human-lineage-specific increase in Old-
uvai copy number suggests that a strong selection bias favor-
ing copy gains was in place over the 5–7 MY during which
the human lineage emerged. The studies linking increased
Olduvai dosage to increasedmeasures of brain size, including
the recent pairing of Olduvai expansions with adjacent
NOTCH2NL genes, are consistent with the possibility that
such selection pressures may have been related to improved
cognitive function.
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