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Abstract

INTRODUCTION: Current views of human evolution, as supported by the fossil record, indicate
that many hominin lineage branches arose, but only one survived to the present. Neanderthals and
Denisovans, two of these extinct lineages, are our closest evolutionary relatives and therefore
provide the most subtle genetic and phenotypic contrast to our species. Comparison of
Neanderthal, Denisovan, and extant human genomes has shown that many humans today carry
genes introduced through past admixture events and has allowed enumeration of human-specific
genetic differences that may have been important for recent human evolution. Neuro-oncological
ventral antigen 1 (MVOVAJ) includes one of the few protein-coding differences between modern
human and archaic hominin genomes that could affect human neurodevelopment.

RATIONALE: NOVAL regulates alternative splicing in the developing nervous system and is a
master regulator of splicing genes responsible for synapse formation. Altered NOVA1 splicing
activity in humans is associated with neurological disorders, underscoring the role of NOVAL in
neural function. Using CRISPR-Cas9 genome-editing technology in human induced pluripotent
stem cells (iPSCs), we replaced the modern human allele of the NOVAZ gene with the ancestral
allele found in Neanderthals and Denisovans, which contains a single-nucleotide substitution at
position 200 that causes an isoleucine-to-valine change. To investigate the functional importance
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of this amino acid change in humans, we followed iPSC neural development through functional
cortical organoids.

RESULTS: The reintroduction of the archaic version of NOVAZ into a human genetic
background causes changes in alternative splicing in genes involved in neurodevelopment,
proliferation, and synaptic connectivity. These changes co-occur with differences in organoid
morphology and neural network function, suggesting a functional role for the derived human-
specific substitution in NOVAL Furthermore, cortical organoids carrying the archaic NOVAI
displayed distinct excitatory synaptic changes, which may have led to the observed alterations in
neural network development. Collectively, our data suggest that expression of the archaic NOVA1
leads to modified synaptic protein interactions, affects glutamatergic signaling, underlies
differences in neuronal connectivity, and promotes higher heterogeneity of neurons regarding their
electrophysiological profiles.

CONCLUSION: A subset of genetic changes may underly the phenotypic traits that separate our
species from these extinct relatives. We developed a platform to test the impact of human-specific
genetic variants by reintroducing the archaic form found in Neanderthals and Denisovans and
measuring its effects during neurodevelopment using human brain organoids. Our results suggest
that the human-specific substitution in NOVAZ, which became fixed in modern humans after
divergence from Neanderthals, may have had functional consequences for our species’ evolution.

Graphical Abstract

NOVA1'2

NOVA1VZ0°

e 2

Chicken Mouse Meanderthal Human
Denisovan

=\

o)

- CRISPR NOVAI to
archaic version

Pluripote_nt étem cells Pluripotent stem cells
NOVAL ™ NOVAL™™

)/—".“-\
D >
Cortical organoids

:

Molecular, cellular and neural network activity

NOVAL1 archaic variant in cortical organoids affects cellular, molecular, and neural networ k
activity profiles. During human evolution, modern humans acquired a specific nucleotide
substitution in the RNA binding domain of NOVAZ. Using genome editing technology, the archaic
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version of NOVAI was introduced in human iPSCs and differentiated into cortical organoids. The
changes could be observed in different levels, from altered proliferation, different gene expression,
and splicing profiles to modified glutamatergic synapsis and neuronal network connectivity.
NOVA1'20 NOVA1 gene containing isoleucine archaic variant. NOVA1Y290 NOVA1 gene
containing valine human variant; NOVA1AYAT human cell line with homozygous reintroduction of
the NOVA1 archaic variant; NOVA1HYHU human cell line with NOVAI human variant. Figure
created with BioRender.com.

Abstract

The evolutionarily conserved splicing regulator neuro-oncological ventral antigen 1 (NVOVAI)
plays a key role in neural development and function. NOVA1 also includes a protein-coding
difference between the modern human genome and Neanderthal and Denisovan genomes. To
investigate the functional importance of an amino acid change in humans, we reintroduced the
archaic allele into human induced pluripotent cells using genome editing and then followed their
neural development through cortical organoids. This modification promoted slower development
and higher surface complexity in cortical organoids with the archaic version of NOVAI. Moreover,
levels of synaptic markers and synaptic protein coassociations correlated with altered
electrophysiological properties in organoids expressing the archaic variant. Our results suggest that
the human-specific substitution in NOVAZ, which is exclusive to modern humans since divergence
from Neanderthals, may have had functional consequences for our species’ evolution.

Many hominin lineage branches are represented in the fossil record, but only one survived to
the present (1). Neanderthals and Denisovans, two of these extinct lineages, are our closest
evolutionary relatives and therefore provide the subtlest genetic and phenotypic contrast to
our own species. High-quality genomes are available for both, inferred from DNA recovered
from bone remains (2-5). Comparison of Neanderthal, Denisovan, and extant human
genomes has shown that many humans today carry genes introduced through past admixture
events (6, 7) and has allowed enumeration of human-specific genetic differences that may
have been important for recent human evolution (8).

Human genomes share many derived variants with the Neanderthal and Denisovan genomes.
Some of these polymorphisms were present in the population that was ancestral to all these
groups and remain polymorphic now. Others were genetic variants specific either to both
Neanderthals and Denisovans or to each lineage that were introduced into ancestral to
modern humans through admixture around 60,000 years ago (1) and not lost by drift or
selection in descendants. However, some regions of modern human genomes are devoid of
Neanderthal or Denisovan ancestry and carry only modern human-specific genetic variants
(4,5, 9, 10). These regions can result from negative selection on archaic variants, positive
selection on human-specific variants, or drift. Comparisons with data from phase | of the
1000 Genomes Project revealed that few genetic substitutions are specific to all or nearly all
humans and have not been observed to date in the archaic hominin genomes (4).

Here, we performed a comprehensive analysis of genetic variation available from the 1000
Genomes Project (11) and Simons Genome Diversity Project (SGDP) (12), revealing that
only 61 nonsynonymous, derived coding variants are both fixed or nearly fixed in extant
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humans and are human-specific. These changes provide experimentally tractable candidates
for genetic variation that might underlie human-specific phenotypes.

Neuro-oncological ventral antigen 1 (NOVA1) is an RNA binding protein that contains a
nearly fixed, derived nonsynonymous change not seen in the Neanderthal or Denisovan
genomes or more distantly related species (ancestral allele count is 0 in 1000 Genomes
Project, 0 in SGDP, and 3 of 250,246 in gnomAD v2.1.1). NOVAL regulates alternative
splicing in the developing nervous system (13, 14) and is a master regulator of splicing
genes responsible for synapse formation (15). Altered NOVA1 splicing activity in humans is
associated with neurological disorders (15-17), underscoring the role of NOVAL in neural
function.

Genomic comparison between modern and archaic humans

We compared human genetic data from the 1000 Genomes Project and SGDP (11, 12) and
from two high-coverage Neanderthal genomes and one high-coverage Denisovan genome (3,
4). We found a set of 61 positions in which all humans carry an autosomal fixed derived
mutation (table S1).

We measured the length of the human-specific haplotype around each fixed human-specific
site, i.e., the largest genome region in which no humans carry any substitutions observed in
the archaic genomes (Fig. 1A). Among the 61 nonsynonymous differences, the human-
specific NOVA1 substitution is on the third-largest human-specific haplotype: 4.4 kb (Fig.
1A). This NOVAL archaic variant was identified in the comparison using data from phase |
of the 1000 Genomes Project (4). The olfactory receptor gene OR8B2 and the nuclear
receptor coactivator gene NCOAG6 were the only genes found with human-specific
nonsynonymous substitutions on longer human-specific haplotypes.

Analysis of the genetic variation found in the 4.4-kb human-specific NOVAI haplotypes
reveals two high-frequency haplotypes (Fig. 1B), the most common of which carries only
the fixed nonsynonymous substitution and the second most common of which carries a
single derived allele in addition to the fixed nonsynonymous substitution. The haplotype
distribution is consistent with a relatively recent emergence of this haplotype, followed by
spread to fixation. We measured Tajima’s D of the human-specific haplotypes around all
human-specific synonymous and nonsynonymous differences (Fig. 1C). Although the mean
of this distribution is positive (0.409; 0.144 for haplotypes around nonsynonymous
substitutions), the Tajima’s D’ for the NOVA region in humans is —0.655 and is the fourth-
lowest value observed in the set of haplotypes around nonsynonymous substitutions. This is
consistent with purifying selection on the NOVAZ haplotype.

The human-specific NOVAI genetic difference causes an isoleucine-to-valine amino acid
change in the second of three K homology (KH) domains in NOVAL (Fig. 1, D and E). KH
domains interact with RNA molecules to promote inclusion or exclusion of exon cassettes in
mature mMRNA (18, 19). The available NOVA1:RNA cocrystal structure does not show
protein-RNA contact at the human-specific position (Fig. 1E). However, analysis of NOVAL
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has shown that target RNA can bind to the KH1 and KH2 domains simultaneously. Then,
NOVAL1 dimerizes with contact between the two molecules’ KH2 domains, allowing RNA to
interact with both KH1 domains (19).

Generation of human induced pluripotent stem cell lines with archaic NOVA1 variant

To investigate the functional importance of the NOVA1 nonsynonymous substitution, we
used CRISPR-Cas9 technology to introduce the archaic variant of NOVAZ into the genome
of induced pluripotent stem cells (iPSCs) derived from two neurotypical human individuals
with distinct genetic backgrounds (fig. S1). For clarity, we refer to the derived predominant
allele in modern humans as NOVA1HWHU and the archaic allele as NOVA1ATAT As
additional controls for downstream experiments, we also refer to NOVA1KO/Ko which
represents isogenic lines with no functional NOVA1, and NOVA1KYA" which represents
lines in which the NOVA1 archaic variant was reintroduced back into one allele of the
knockout (Ko) background. Each cell line is depicted with a symbol for easy visualization of
the data on individual genotypes. A description of all experiments performed, clones, and
cell lines used can be found in table S2.

We confirmed the expression and integrity of the expected NOVA1 alleles through
sequencing of the NOVAI genomic sequence and mRNA in all cell lines and clones used
(fig. S1, A and B). Two iPSC lines and all 13 respective clones for the different genotypes
were further characterized for pluripotency status (fig. S1, C and D). Whole-genome copy
number variations (CNVs) and single-nucleotide polymorphisms (SNPs) were tracked to
exclude any clones with genomic alterations that were not previously present in the original
lines (fig. S1, Eto G).

To confirm that CRISPR only produced on-target mutations in the NOVAI gene locus, we
also looked for the presence of off-target mutations in our cell lines, focusing on their donor
and acceptor splicing sites, i.e., the exons and the borders two bases into introns. Exome
sequencing was performed such that exons with coding sequences (open reading frames) of
NOVAI have a sequencing coverage of at least 50 nonrepetitive and high-quality (Phred >
30) reads.

We also investigated whether these isogenic cell lines had any structural chromosomal
alterations using BeadChip array for CNV analysis (minimum CNV length of 100
nucleotides). However, only small deletions and duplications were detected (table S3).
Further, we investigated whether an expanded region (1-Mb up- and downstream regions) of
the NOVA1 gene locus could have a CNV, considering our detection criteria, but no CNV
was detected in any analyzed cell line. We thus confirmed that the NOVA1ATAT cells carried
the edit in homozygous form. Additionally, we identified a small number of off-target edits
in heterozygous form, which were monitored in subsequent gene expression and splicing
experiments (tables S3 and S4).

Cortical organoids expressing the archaic NOVA1 genetic variant

We derived functional cortical organoids from edited and unedited isogenic (control) iPSC
lines and assessed the impact of the NOVALATAT variant on human neural cells. NOVA1
protein expression was confirmed during cortical organoid maturation (fig. S2A). We
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measured organoid size and morphology after consecutive changes of media containing
factors to promote neural induction, proliferation, and maturation (20). Although no
difference in size and morphology was observed during neural induction, NOVAIA7AT and
NOVA1KYAr cortical organoids were smaller in diameter than NOVA1HYHU organoids
during the proliferative and maturation stages (Fig. 2A). To explore other potential
morphological differences during these later stages, we extracted two-dimensional (2D)
organoid outlines using automatic image processing and watershed segmentation to generate
3D surface models of the cortical organoids (Fig. 2, B and E). The surface rugosity and
curvature were measured by the Dirichlet normal surface energy (DNE), where high DNE
values correspond to a ridged surface. These models revealed increased surface complexity
in NOVA1ATAT and NOVA1KYAT organoids at the proliferative stages (Fig. 2E and fig. S2B).

To determine the molecular and cellular changes underlying the reduced size and increased
surface rugosity of the NOVA1ATAT organoids, we assessed cell proliferation, cell cycle,
apoptosis, and cell-type composition. Similar to human cortical development in vivo, the
proliferative zone in cortical organoids is formed by neural progenitor cells (SOX2*, Ki67*,
and Nestin*) that gradually mature into neurons (NeuN* and MAP2*) and develop into
concentric structures composed of cortical layer neurons (CTIP2*) (Fig. 3A and fig. S2C).
NOVA1ATAT cortical organoids had a reduced number of rosettes and a higher number of
apoptotic cells than NOVA1HYHU organoids (Fig. 3B and fig. S2D).

NOVAI1ATAT cells proliferated more slowly than NOVA1HWHU cells owing to the reduced
number of Ki67* and SOX2* cells (Fig. 3C and fig. S2D), and the NOVA1A7AT and
NOVA1KYAT grganoids developed a progenitor cell layer with aberrant structural
morphology. Together, these findings suggest that the reduction of organoid size and the
increased surface complexity may be linked to alterations in proliferation and cell death.

Gene expression of cortical organoids carrying the archaic NOVA1 version

Next, we collected and sequenced RNA from cortical organoids at two developmental time
points (1 and 2 months) to capture potential alterations in gene expression and alternative
splicing. Although NOVAL is not expected to affect expression directly, splicing changes can
have downstream effects on gene expression. We identified 277 differentially expressed
genes between NOVA1ATAT and NOVA1HYHU organoids at different stages of maturation,
many of which are involved in neural developmental processes (Fig. 3, D and E).

The three genes with the largest ratio of NOVA1ATA" to NOVA1HUWHU expression in early
cortical organoids are the mRNA-binding ribosomal protein gene RPS4Y1 (21); NNAT,
which codes for a protein involved in neural differentiation through calcium signaling (22);
and TDGF1, which codes for a membrane signaling protein involved in cell proliferation and
migration during neurodevelopment (23). The three genes with the largest ratio of
NOVA1HUHU expression to NOVALATAT expression at the early time point are FEZF1,
which is involved in axon guidance and neural migration (24); PAXS, a transcription factor
that regulates gene expression during embryonic brain development (25); and LHX5, a
transcription factor that controls cell differentiation during brain development (26). All
genes with a significantly different expression between NOVAIATAT and NOVA1HWHU
organoids are listed in table S5, and several were independently validated, as described in
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fig. S2. Most of the differentially expressed genes in NOVA1ATAT organoids are involved in
cell development, proliferation, neuronal organization, and connectivity, as shown by a
pathway analysis (fig. S2, E to G).

To characterize the cellular diversity of NOVA1ATAT cortical organoids during development,
we performed single-nucleus RNA sequencing (RNA-seq) on 1- and 2-month-old organoids
(Fig. 3, F to H, and fig. S3). We used unsupervised clustering on the combined dataset of
50,418 nuclei to identify clusters and their relative abundance at distinct time points. From
the expression of gene markers, we combined smaller subclusters into four major cell
classes: progenitors, intermediate progenitors, glial cells, and neurons. On the basis of this
annotation, 1-month-old organoids consisted of >70% progenitor cells (expressing SOX2
and PAXES) (fig. S3, A to C). At the 2-month stage, cortical organoids are composed mainly
of progenitors, glia, and glutamatergic neurons (Fig. 3H and fig. S3, D to H). Differences in
cell-type proportion were observed among the genotypes at 1 and 2 months of development,
leading to potential differences in regional identity (fig. S3, I to L).

Gene splicing also varied between NOVA1K/Ke NOVA1ATAT and NOVA1HYHU organoids
at the two time points. NOVA1KY/Ko cortical organoids displayed a distinct principal
components analysis (PCA) cluster compared with the other two genetic variants (Fig. 4, A
and B). At the early stage, 113 alternative splicing (AS) events occurred at significantly
different rates between NOVA1AYAT and NOVA1HYHU organoids, affecting 122 genes. At
the later stage, 166 significant AS events affected 156 genes (tables S6 and S7). The most
common differential AS events were cassette inclusion and alternative first and last exons
(Fig. 4C). Many of the differentially spliced genes in NOVALA"AT organoids are involved in
synaptogenesis and neuronal connectivity, as shown by a gene ontology enrichment analysis
(table S8).

For example, HOMER3, a member of the HOMER family of scaffold proteins present in the
postsynaptic density, was spliced differently by NOVA1ATAT and NOVA1HWHU gt distinct
time points (Fig. 4D and fig. S2G). Previous work has shown that the different isoforms of
HOMERS3 have different functions (27), suggesting that these AS forms may have functional
consequences.

Binding preferences between modern and archaic NOVA1

To determine the binding preferences of the human and archaic forms of NOVA1 across the
transcriptome, we performed enhanced cross-linking and immunoprecipitation (eCLIP)
assays on dissociated cortical organoids (28). We identified more than 30,000 significantly
enriched (fold change > 4, £< 0.001) binding sites for both forms of NOVA1, of which 84
and 83% occurred in intronic regions in human protein-coding genes for the human and
archaic forms, respectively (Fig. 5A and fig. S4). About two-thirds of peak regions are
overlapping between the genotypes (Fig. 5B), and the binding sites of both forms of NOVA1
are strongly enriched for the canonical YCAY sequence motif (18) (Fig. 5C). A close
inspection of binding events reveals that peak regions between the human and archaic forms
of the protein are nearly identical (Fig. 5D). Notably, cells carrying the NOVA1ATAr
genotype preferentially select an alternate last exon and shorter 3" untranslated region
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(3’UTR) sequence of the NOVA transcript, which corresponds to reduced binding density
of NOVA1ATAT on the long 3"UTR (Fig. 5D).

Altered synaptogenesis and neural network in cortical organoids carrying the archaic

NOVA1

Because many genes differentially expressed or spliced in NOVALAYAT organoids are
involved in synaptogenesis and neuronal connectivity, we verified whether synaptic protein
levels showed an altered profile. A synaptic ultrastructural organization could be detected by
electron microscopy in cortical organoids derived from both genotypes (Fig. 6A).
NOVA1ATAT cortical organoids expressed lower levels of pre- and postsynaptic proteins,
resulting in reduced colocalized synaptic puncta compared with NOVA1HYHU (Fig. 6, B and
C).

To investigate whether the observed protein alterations affect synaptic protein interaction
networks, we used quantitative multiplex coimmunoprecipitation (29) to characterize the
abundance of protein coassociations among a set of 20 synaptic proteins in NOVA1A7A" and
NOVA1HYHU cortical organoids. Hierarchical clustering by principal components clustered
samples by genotype (Fig. 6D). Using a combination of adaptive nonparametric analysis
(ANC) (30) and weighted correlation network analysis (CNA) (31), we identified 15 high-
confidence protein coassociations that were significantly different between NOVALATAT and
NOVA1HWHU grganoids in four of four replicates (Fig. 6E). Coassociations that were up-
regulated in the NOVA1AYAT organoids included SHANK, HOMER, GluR1, and mGIuR5,
which bind each other to form a receptor scaffolding system that is often dysregulated in
neurodevelopmental disorders (32, 33). Coassociations that were down-regulated in the
NOVA1ATAT condition included PSD95 and A-methyl-b-
aspartate(NMDA)receptors,SynGAP and Fyn, which contribute to activity-dependent
plasticity (34) (Fig. 6F). These data demonstrate widespread changes in synaptic protein
networks downstream of NOVA1 mutation.

To evaluate the impact of synaptic molecular changes on neural network activity, we plated
cortical organoids on a multielectrode array (MEA) and measured the electrophysiological
difference between NOVA1ATAT and NOVA1HWHU (Fig. 7A). The MEA technology enables
dynamic multisite extracellular electrophysiological recordings for a macroscopic view of
neural networks (20). When evaluating the network activity, mature NOVA1A7AT cortical
organoids displayed an increased number of bursts and a higher coefficient of variation (CV)
while showing lower synchrony levels compared with NOVA1HYHU organoids (Fig. 7B). It
was also observed that neurons from NOVA1A7AT cortical organoids displayed higher
variability according to their firing rate and CV (Fig. 7, C to F). Collectively, our data
suggest that expression of the archaic NOVA1 variant leads to modified synaptic protein
interactions, affecting glutamatergic signaling, differences in neuronal connectivity, and
higher heterogeneity of neurons regarding their electrophysiological profiles.

Discussion

Comparison of genome sequences from modern humans with those from Neanderthals and
Denisovans, our closest evolutionary relatives, reveals mutations exclusive to modern
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humans. A subset of these genetic changes may underly the phenotypic traits that separate
our species from these extinct relatives. We have presented a platform to test the impact of
human-specific genetic variants by reintroducing the archaic form found in Neanderthals and
Denisovans and measuring the effects during neurodevelopment using human cortical
organoids.

Using CRISPR-Cas9 genome-editing technology in human iPSCs, we replaced the modern
human allele of the NOVA1 gene with the ancestral allele found in Neanderthals and
Denisovans, which contains a single-nucleotide substitution at position 200 that causes an
isoleucine-to-valine change. NOVAL is a conserved neuron-specific splicing factor
responsible for producing many brain-specific mMRNA isoforms (13-15). Alternative splicing
is thought to be particularly important in the brain, because neural tissues express a number
of brain-specific splicing factors necessary for proper cortical development (17, 35). The
specific role of NOVAL on alternative splicing of its targets is context dependent (36).
Further, the binding targets of NOVAL are divergent, leading NOVAL to bind to different
pre-mRNAs in the genomes of different species (37).

Our results indicate that the in vivo RNA binding landscape is largely unaltered by the
archaic-specific NOVA1 alteration, and the differential splicing activity might be related to
other causes, such as binding dynamics or cofactors, for example. We also observed
differences in gene expression, organoid morphology, and cell proliferation when comparing
cortical organoids carrying the NOVA1A7A" and the NOVA1HYHU genetic variants (Figs. 2
and 3). Furthermore, the NOVA1AYAT cortical organoids displayed distinct excitatory
synaptic changes (Fig. 6), which may have led to the observed alterations in neural network
development.

There are limitations to our approach. First, our experiments necessarily used a specific
human genetic background of NOVAL target sequences, i.e., those in these human cell lines.
It is likely that the genetic backgrounds between the archaic hominin and modern humans
differed such that much of the genetic variation in these human cell lines did not coexist
with the archaic version of NOVAI. Targets of the human-specific NOVAL that currently
exist in humans may have undergone compensatory genetic changes to adapt to the derived
version of NOVA1 prevalent among humans today.

For NOVAL targets, the NOVA1A7AT splicing phenotype in a human genetic background
may have generated a totally new phenotype: neither human nor Neanderthal nor Denisovan.
Given the diversity of archaic ancestry within extant human genomes, similar experiments
using a panel of human genetic backgrounds, with differing amounts and types of
Neanderthal ancestry, could further refine the list of direct targets and splice events specific
to human NOVAL1 splicing regulation.

However, the splicing differences observed in the NOVALAYAT cortical organoid compared
with those observed in NOVA1HYHU can be interpreted as the first step toward a full
understanding of the role of the human-specific version of NOVAL. As with all directed
mutagenesis experiments, the genetic background may alter the phenotype. Nevertheless,
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this approach provides an efficient route for discovering genes and pathways affected by
archaic and modern NOVAL proteins.

Although we tried to mitigate CRISPR-Cas9 off-targets, we cannot exclude the possibility
that the phenotypic observations reported here are due to undetectable or untargeted genetic
variants with secondary consequences to NOVA1 activity. Our approach also cannot directly
compare brain organoids with ancestral brain endocasts. Brain organoids allow for the
observation and experimentation of aspects of the developing neural tissue in the dish,
whereas studies of human tissue and fossil endocasts describe the phenotypic outcome of
such processes.

With these caveats clearly stated, the results described here support the hypothesis that the
archaic NOVA1ATAT genetic variant alters cortical organoid development in a modern
human background. Thus, we hypothesize that this genetic change was an important event in
the evolution of the modern human-specific neural phenotype and should undergo further
studies.

Materials and methods summary

Haplotype analyses

Phased variant calls from the 1000 Genomes Project (11) and the SGDP (12) were
downloaded, along with high-coverage BAM files for the Vindija (5) and Altai (4)
Neanderthals and the high-coverage Denisovan (3). After compiling our list of human-
specific fixed derived alleles, we used the 1000 Genomes Project data to scan for
unrecombined haplotypes around each. We defined an unrecombined haplotype as the span
of sites upstream and downstream of the allele for which no modern human in the 1000
Genomes Project dataset shares a derived allele with an archaic hominin. Any haplotype that
fell within a centromeric or telomeric region was discarded. We calculated pairwise
nucleotide diversity and Watterson’s estimator of theta (38) within each human-specific
haplotype using only biallelic SNPs for which the ancestral allele is known. We calculated
Tajima’s D from these two values and then normalized Tajima’s D within each haplotype by
dividing it by its minimum possible value (39).

Cell source and NOVAL cortical organoid generation

Two neurotypical iPSC lines and related clones were previously characterized and validated
(20, 40). Human iPSC colonies were expanded on feeder-free conditions on Matrigel-coated
dishes (BD Biosciences, San Jose, CA, USA) with mTeSR1 medium (StemCell
Technologies, Vancouver, Canada) changed daily. Human edited NOVA1ATAT NOVA1KO/AT,
and NOVA1K/Ko jpSC ines were generated using the CRISPR-Cas9 genome-editing
system to induce a point mutation insertion [Val200—lso (\V2001)] by substituting codon 200
GTA (Val) with ATC (Iso) at both alleles. Then, we used the protocol described elsewhere to
generate functional cortical organoids (20).
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Immunofluorescence staining and immunoblot

Cortical organoids were fixed with 4% para-formaldehyde, cryopreserved in 30% sucrose,
and sliced in a cryostat. The sliced samples were permeabilized and blocked and then
incubated with primary antibodies overnight at 4°C. After washing, the slices were
incubated with secondary antibodies for 2 hours at room temperature. The nuclei were
stained using 4”,6-diamidino-2-phenylindole (DAPI) solution (1 pg/ml). The slides were
mounted using ProLong Gold antifade reagent and analyzed under a fluorescence
microscope (Axio Observer Apotome, Zeiss).

Cortical organoids were lysed in radioimmunoprecipitation assay (RIPA) buffer with
protease inhibitors. NeuN, GFAP, CTIP2, TBR1, FOXG1, Homerl, Synl, VGlutl, PSD95,
and NOVAL were used as primary antibodies, as previously performed (20). IRDye 800CW
goat anti-rabbit and IRDye 680RD goat anti-mouse (1:6000) were used as secondary
antibodies. Signal intensities were measured using the Odyssey Image Studio and
normalized by actin relative quantification.

eCLIP library preparation and computational analysis

The assay was performed as previously described (28, 41). Briefly, organoids were
mechanically and enzymatically dissociated into cell suspension. Two percent of lysate was
retained for preparation of a size-matched input library, and the remaining 98% was subject
to immunoprecipitation using 50 ul of anti-NOVA1 antibody (Santa Cruz; 512 sc-100334)
coupled to magnetic dynabeads (Invitrogen 11203D). Bound RNA fragments were
dephosphorylated and 3”-end ligated with an RNA adapter. Reverse transcription was
performed with AffinityScript (Agilent), and cDNAs were 5’-end ligated with a DNA
adaptor. The cDNA products were amplified with Q5 PCR mix (NEB) to yield a sequencing
library. Libraries were sequenced on the Illumina HiSeg4000 in SE75 mode to a depth of
~40 million reads per library. Reads were processed as described previously (28). Briefly,
reads were adapter-trimmed and mapped to human-specific repetitive elements from
RepBase (version 18.05) by STAR (42). Peaks passing significance thresholds in either
replicate were kept for downstream analyses.

Splicing quantification
To quantify splicing, we used juncBASE (36) to calculate a percent spliced in (PSI) value for
each alternative splicing event. We ran juncBASE on the read alignments, using GENCODE
v19 (43) as the annotation set. To call differentially spliced events, we used the pairwise
Fisher’s test script. We considered a splicing event to be differentially spliced if the
replicates of the human control were not significantly different from each other, but the
replicates of the sample were all significantly different from the control. To visualize the
differences in splicing between the different cell lines and time points, we performed PCA
on the PSI values for each sample and cassette exon splicing event.

MEA recording

MEA electrophysiological recordings were performed as described elsewhere (12). Briefly,
cortical organoids were plated on 12-well MEA plates (Axion Biosystems, Atlanta, GA,
USA). Recordings were performed using the Maestro MEA system and AxIS Software
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Spontaneous Neural Configuration (Axion Biosystems). Spikes were detected with AxIS
software using an adaptive threshold crossing set to 5.5 times the standard deviation of the
estimated noise for each electrode. Bright-field images were captured from each well to
assess for neural density and electrode coverage over time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Catalog of human versus Neanderthal genetic variation and the NOVAL haplotype.
(A) Physical haplotype lengths [in base pairs (bp)] around human-specific fixed derived

alleles in the 1000 Genomes Project dataset. We defined a haplotype as the distance
upstream and downstream of a human-specific fixed derived allele for which no human in
the 1000 Genomes Project dataset shares a derived allele with an archaic hominin. Lengths
of haplotypes around both synonymous and nonsynonymous substitutions are shown. (B)
Haplotypes around the human-specific fixed derived allele in NOVAI Rows are individual
haplotypes; columns are variable sites. Yellow boxes have a derived allele (different from the
1000 Genomes Project ancestral sequence). Human haplotypes are labeled by the number of
(phased, haploid) human genomes that carry them. Only biallelic SNPs with reference
alleles are shown, and the region is bounded by sites at which modern humans share derived
alleles with archaic hominins. (C) Normalized Tajima’s D of haplotypes around human-
specific fixed derived alleles. (D) Phylogeny of modern humans, Neanderthals, mice, and
chickens, with their amino acid at position 200 in NOVA1 denoted [NOVA 11290 (isoleucine)
and NOVAIV200 (valine)]. (E) Tertiary structure of NOVAL. Partial structure of NOVAL,
showing the KH1 (yellow) and KH2 (blue) domains bound to RNA (green). The location of
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the variable residue at position 200 is shown in red. The structure of the KH3 domain has
not been solved. RNA can simultaneously bind to both the KH1 and KH2 domains of
NOVAL
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Fig. 2. Theimpact of the NOVAL archaic genetic variant on modern human neur odevelopment.
(A) Cellular and molecular development of human cortical organoids. Representative bright-

field images captured at different stages of maturation (three replicates from two
independent cell lines; NOVA1HYHU = 5 clones, NOVA1ATAT = 5 clones, NOVA1KY/Ko p
= 2 clones, and NOVA1KYAT = 2 clones). For more details, see table S2. Scale bar, 200
um. (B) Reconstruction and shape quantification of 3D cortical organoid surface models
using image processing and 2D outline segmentation. (C) Correlations between organoid
size (mesh volume) and shape with DNE. DNE was used as a shape metric or surface
rugosity and curvature measure (i.e., the bending of the surface; high DNE values
correspond to a ridged surface). A third-degree polynomial was used to fit the data, and the
confidence interval is 95%. Note that organoid surface complexity decreases with an
increase in organoid size only for NOVA1KY/Ko_ For the rest, the correlations are not
significant; organoid surface complexity is relatively independent of organoid size. Fitted
values and model predictions (lines) nicely reflect the model; the combination of violin
(density) and boxplot tracing changes in size and shape during organoid neurodevelopment
is shown. Shading indicates 95% confidence interval. (D and E) NOVALATAT cortical
organoids showed (D) smaller diameter and (E) increased surface rugosity at the
proliferative and maturation stages compared with NOVA1HYHU (5= 36 organoids per
genotype and time point, two independent cell lines).
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Fig. 3. Thetranscriptional and cellular alterations of the NOVAL archaic genetic variant on
human neur odevelopment.

(A) Cryosections of 1-month-old cortical organoids. Organoids are composed of a
proliferative region (Ki67*, SOX2*, and Nestin*) surrounded by cortical neurons (NeuN™,
MAP2*, and CTIP2*). Scale bars, 100 pm. (B) Annexin cell death assay scatterplot shows
an increase in cell death percentage in 1-month-old NOVA1AAT cortical organoids
[NOVA1HUWHU =6 five clones; NOVALATAT n=8, five clones; NOVALKY/KO n=4 one
clone; and NOVA1KYAT n= 4 one clone; analysis of variance (ANOVA) Kruskal-Wallis
test, £= 0.0015 NOVA1HYHU versus NOVA1ATAT . (C) DNA staining intensity shows a
decrease in cell proliferation in 1-month-old NOVA1AA" cortical organoids (NOVA1HWHU
= 6, five clones; NOVALATAT = 6, three clones; NOVA1K/KO ;=3 one clone; and
NOVA1KO/AT = 3 one clone; two-way ANOVA Dunnett test, 2= 0.002 NOVA1HWHu
versus NOVA1ATAN For (B) and (C), data are shown as mean = SEM; *P< 0.05 and **P<
0.01; and individual cell lines are indicated by a different symbol. (D) MA plots of the
overall expression on the xaxis and log, fold change on the yaxis for every gene. Points
colored in red represent genes that were significantly differentially expressed with a false
discovery rate a. = 0.01. (E) Gene expression heatmap for key genes involved in neural
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development across all time points and cell lines. (NOVA1HYHU n= 2 two clones from one
cell line; NOVALATAT =2 two clones from one cell line). TPM, transcripts per million.
(F) Uniform manifold approximation and projection (UMAP) of 50,418 nuclei from
integrating datasets of 1- and 2-month-old cortical organoids. The integrated dataset is
colored by four main cell clusters (13,333 nuclei for 1-month NOVA1HYHU 17 456 nuclei
for 1-month NOVA1AYAT 10,145 nuclei from 2-month NOVA1HWYHU and 9,484 nuclei for
2-month NOVA1ATA") NPC, neural progenitor cells; Int. progenitors, intermediate
progenitors. (G) Dot plots showing cluster-specific gene expression across main cell
clusters. See fig. S3 for more gene markers. (H) Bar plots of the proportion of NOVAIATAr
and NOVA1HYHU ce|| types. Data are shown as mean + SEM. 1mo, 1 month old; 2mo, 2
month old.
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Fig. 4. Global analysis of splicing among different samples.

(A) A plot of the first two principal components from a PCA of cassette inclusion frequency
shows that replicates from different cell lines cluster together. Note how NOVA1Ko/Ko
cluster differently from the other edited versions. (B) The second principal component
positively correlates with NOVAL expression. (C) Numbers of differential splicing events of
different types from comparisons between NOVA1HWHU and NOVA1ATAT cortical organoids
at early and late stages of maturation. More differential splicing is found between
NOVA1HU/HU and NOVA1KO/KO than between NOVA1HYHU and NOVALATAT and more
differential splicing is found at later stages than at early stages. (D) A set of genes exhibiting
alternative splicing changes on the basis of NOVAL1 variants at different stages of
maturation. N.E. (not expressed) refers to splicing events with insufficient expression for
splicing analysis.
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Fig. 5. Human and archaic NOVAL1 binding profile.
(A) Counts of significantly enriched binding sites (peaks) identified in each genic region

indicated (two replicates from one cell line; NOVA1HYHU = 1 clone, NOVAIATAT p=1
clone, NOVA1KYKe =1 clone, and NOVA1KYAr n=1 clone). Significantly enriched peaks
are peaks with fold change >4 relative to input and £ < 0.001 (chi-square test) in at least one
of two replicate experiments. (B) Venn diagram of called peaks for each genotype showing
overlap between NOVA1HYHU and NOVALATAT hinding sites. (C) Top two motifs enriched
in HOMER (hypergeometric optimization of motif enrichment) analysis. Motif enrichment
of nucleotides in peak regions was calculated relative to background sequences matched for
the same genic regions. (D) Normalized read density of input and immunoprecipitation
samples for two replicates of NOVA1HUHU and NOVA1AYAT binding events in two target
genes: GTF2/and NOVAL. Peaks called are shown in red boxes for each genotype (two
replicates from one cell line; NOVA1HWHU = 1 clone and NOVAIAYAT = 1 clone).
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Fig. 6. Introduction of NOVA1 archaic genetic variant in modern human alters synaptic proteins.
(A) Representative images of electron microscopy of synaptic ultrastructure in cortical

organoids with different genotypes. Scale bar, 500 nm. (B) Western blot analysis validated
predicted gene expression reduction of synaptic protein markers (NOVA1HW/HU SYN1 =5,
PSD95 1= 6, five clones; NOVAIATAT SYN1 n=5, PSD95 1= 6, five clones; NOVA1Ko/Ko
n=1 clone; and NOVALKYAT =1 clone; unpaired ¢test NOVALHWHU versus NOVAIATAT
P=0.0276 and P=0.0089). Data are shown as mean = SEM; individual cell lines are
indicated by a different symbol. *P< 0.05; **P < 0.01. (C) Reduction of post- and
presynaptic marker colocalization in cortical neurons carrying the NOVA1AYAT variant (47
neurons from three clones of NOVA1HYHU 61 neurons from three clones of NOVA1ATAT,
28 neurons from two clones of NOVA1KYKo and 20 neurons from one clone of
NOVA1KO/AT ANOVA Kruskal-Wallis test, ***P < 0.001). Data are shown as mean + SEM;
individual cell lines are indicated by a different symbol. Scale bar, 2 um. (D) Hierarchical
clustering by principal components of multiplex coimmunoprecipitation data clustered
samples by genotype. The dendrogram is overlaid on a graph of individuals by PC1 and
PC2. (E) Heatmap of ANCNCNA significant interactions, showing the normalized median
fluorescent intensity of each interaction in each sample. (F) Dynamic interaction map of
protein coassociations shown in (E). Edges connecting protein nodes represent significantly
different interactions. Line color and thickness represent the direction and magnitude,
respectively, of the difference (one cell line; two clones of NOVA1HYHU and two clones of
NOVALATAT),
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(A) Scheme of a cortical organoid plated on a MEA. Scale bar, 200 um. (B to F) MEA
analyses revealed an increase in spontaneous neuronal bursts in NOVA1AYAT compared with
NOVA1HUWHU cortical organoids (B). Although the number of total spikes does not differ,
NOVA1AYAT shows a reduced synchrony index. Data are shown as mean + SEM (7= 20
MEA wells per genotype); *P < 0.05, two-sided unpaired Student’s ftest. After performing
spike sorting, the analysis disclosed a wider variability of neurons considering the firing rate
(FR) and the CV in NOVA1ATAT cortical organoids, as shown in the probability densities of
(C) firing rate and (D) CV and as displayed in (E) 2D distribution and (F) raster plots from
three selected regions (yellow: low CV, low FR; green: low CV, high FR; magenta: high CV,
low FR). Data are shown as mean + SEM; ***£< 0.001, Mann-Whitney test.
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