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Abstract

After birth, sensory inputs to neurons trigger the induction of activity-dependent genes (ADGs) that mediate many aspects of neu-
ronal maturation and plasticity. To identify human-specific ADGs, we characterized these genes in human-chimpanzee tetraploid
neurons. We identified 235 ADGs that are differentially expressed between human and chimpanzee neurons and found that their
nearby regulatory sites are species-biased in their binding of the transcription factor FOS. An assessment of these sites revealed that
many are enriched for single nucleotide variants that promote or eliminate FOS binding in human neurons. Disrupting the function
of individual species-biased FOS-bound enhancers diminishes expression of nearby genes and affects the firing dynamics of human
neurons. Our findings indicate that FOS-bound enhancers are frequent sites of evolution and that they regulate human-specific
ADGs that may contribute to the unusually protracted and complex process of postnatal human brain development.
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Introduction

Compared to other species, the human brain displays differ-
ences in size, connectivity, and morphology that are thought to
underlie our unique cognitive capabilities. One striking feature
of human brain development that may contribute to these dif-
ferences is the slow pace of neuronal maturation that continues
into the third decade of life. Human cortical neurons show the
largest degree of neoteny, the retention of juvenile features, and
mature more slowly than those of their closest living relatives,
the chimpanzees (Vanderhaeghen and Polleux, 2023). Notably,
this slowed pace of maturation is preserved when human cor-
tical neurons are transplanted into rodent brains, demonstrat-
ing that this neoteny is intrinsic to the neuron and genetically
encoded (Gaspard et al., 2008; Espuny-Camacho et al., 2013;
Otani et al., 2016).

The process of brain maturation and plasticity has been best
studied in the mouse, where sensory-driven neuronal activity
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induces activity-dependent gene expression (ADGE) via cal-
cium influx through L-type voltage sensitive calcium chan-
nels. ADGE regulates many aspects of brain maturation, in-
cluding synaptic pruning, dendritic outgrowth, and excitatory-
inhibitory balance, as well as the brain plasticity that under-
lies learning, memory, and behavior (Lin et al., 2008; Gu et al.,
2012; Favuzzi et al., 2017; Yap and Greenberg, 2018; Yap et al.,
2021). There are two waves of ADGE. In the first wave, im-
mediate early genes (IEGs), which encode transcription factors
(TFs), including the AP-1 factor FOS, are rapidly and tran-
siently induced. These TFs promote the induction of a second
wave of late response genes (LRGs), many of which encode se-
creted proteins that regulate critical aspects of brain maturation
(Holliday et al., 1991; Carey and Matsumoto, 1999; Deisseroth
et al., 2004; Ringler et al., 2008; Piatti et al., 2011; Faria-Pereira
et al., 2022; Hergenreder et al., 2024).

Given the importance of neuronal activity for brain plas-
ticity and the dramatically protracted pace of neuronal matu-
ration in humans, we hypothesized that the ADGE program
evolved unique features in humans. Prior studies identified
genes, including Osteocrin, that are activity-dependent in hu-
man and primate neurons, but not rodent neurons, and sug-
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gested that these genes may have become activity-dependent
through evolution by the gain of nearby activity-dependent reg-
ulatory regions (Ataman et al., 2016; Qiu et al., 2016; Pruun-
sild et al., 2017). Activity-dependent regulatory regions have
also been shown to have heritability enrichment for neurolog-
ical traits including autism spectrum disorder, schizophrenia,
and general intelligence, underscoring the importance of iden-
tifying human-specific features of ADGE (Boulting et al., 2021;
Sanchez-Priego et al., 2022).

Despite this progress, virtually nothing is known about the
human-specific changes to ADGE that might account for the
prolonged maturation and increased complexity of the human
brain. The identification of such changes might be accom-
plished by a careful comparison of ADGE in human neu-
rons and neurons from our closest living relative, the chim-
panzee. The majority of the 20 million single nucleotide vari-
ants (SN'Vs) between the human and chimpanzee genomes oc-
cur in non-coding regions, suggesting that changes in the spa-
tiotemporal regulation of gene expression account for many of
the evolutionary changes between these two species (King and
Wilson, 1975; Carroll, 2008; McLean et al., 2011). However,
prioritizing single sequence variants and the specific gene regu-
latory regions that contribute to evolutionary changes in ADGE
has not yet been achieved.

Recent advances in single-cell genomics have facilitated the
identification of many gene expression differences between pri-
mates, including humans, within specific cell types of the brain
(Jorstad et al., 2023; Caglayan et al., 2023). However, these pi-
oneering studies have several limitations, including difficulty in
accurately matching developmental stage and cell type across
species, and the inability to stimulate neurons in postmortem
tissue in a homogeneous and synchronized way. Thus, we
aimed to study ADGE in a neuronal culture system in which we
could directly compare gene transcription in human and chim-
panzee neurons of the exact same developmental stage in re-
sponse to a controlled, synchronized external stimulus.

To study differences in gene expression between human and
chimpanzee neurons in the same nuclear environment, we used
a human-chimpanzee tetraploid model (Agoglia et al., 2021;
Gokhman et al., 2021; Song et al., 2021), which allowed us
to distinguish between cis- and trans-regulatory effects. Cis-
regulatory effects are driven by sequence differences between
species in regulatory regions linked to a gene of interest, in-
cluding promoters and enhancers. Characterizing these cis-
regulated differences allowed us to test the effect of sequence
changes on gene expression and ask whether they contribute
to phenotypic differences between humans and chimpanzees.
Trans-regulatory effects on gene expression, on the other hand,
arise from species differences in the abundance of diffusible
factors, such as the abundance of TFs that regulate promot-
ers and enhancers, and frequently control large networks of un-
linked target genes.

Here, we achieved the first detailed, mechanistic comparison
of ADGE between humans and chimpanzees by differentiating
human and chimpanzee diploid and tetraploid cells into exci-
tatory neurons and applying a controlled, synchronized stimu-
lus that activates ADGE (Figure 1a). We identified ADGs that

are inducible in humans, but not chimpanzees, suggesting they
have acquired activity-dependent regulation specifically in hu-
mans. Our analysis also revealed numerous genes that are in-
ducible in both humans and chimpanzees but that show consis-
tently higher expression in one of the two species across the
time course. To decipher the evolutionary mechanisms that
gave rise to the human-specific features of the ADGE program,
we characterized the regulatory regions that control human-
biased ADGE. We identified a preponderance of binding for the
activity-dependent TF FOS at sites where SNVs between hu-
mans and chimpanzees appear to drive species-specific differ-
ences in the ADG response. We demonstrate that FOS binding
site changes that occurred during the evolution of humans led to
the creation of new activity-dependent enhancers that regulate
genes such as TUNAR, whose expression affects the bursting
dynamics of excitatory neurons.

Results

Human-chimpanzee tetraploid cells differentiate into excitatory
neurons

To compare gene expression between human and chim-
panzee alleles in cortical neurons, we generated human and
chimpanzee diploid and tetraploid neurons by overexpressing
the neurogenic TF NGN2 combined with dual SMAD inhibi-
tion in human or chimpanzee induced pluripotent stem cells
(iPSCs) (Song et al., 2021). This protocol produces cells with
a forebrain excitatory neuron-like phenotype that we refer to as
patterned induced cortical neurons (piNs) (Nehme et al., 2018).
The process of piN differentiation is highly reproducible and
produces a relatively homogeneous population of neurons in
28 days. To generate these iPSC lines, we used CRISPR/Cas9
to insert a doxycycline-inducible expression cassette for NGN2
into the AAVS1 safe-harbor locus and selected cells with this
insert for clonal expansion into stable cell lines. We gener-
ated multiple clones from each starting iPSC line (full cell
line info in Table S1). The resulting piNs included diploids
of each species, as well as human-human and chimpanzee-
chimpanzee autotetraploids to control for tetraploidization ef-
fects, and human-chimpanzee allotetraploids to allow compar-
ison of human and chimpanzee allelic gene regulation within
the same cellular environment. At day 28 (D28) of differentia-
tion, allotetraploid piNs derived from two iPSC lines expressed
MAP2 and had clear neuronal morphology (Figure 1b), con-
firming that tetraploid iPSCs could differentiate into piNs that
are similar in their phenotypic characteristics to diploid iPSC-
derived piNs. Phenotypic variability across diploids, autote-
traploids, and allotetraploids was not associated with differ-
ences in ploidy or species of origin (Figure S1).

To identify human-specific activity-dependent genes, we ei-
ther left piNs untreated or exposed them to an elevated level
of extracellular potassium chloride (KCl), which leads to mem-
brane depolarization followed by the opening of L-type voltage-
gated calcium channels and an influx of calcium that triggers
the activation of the ADGE program (Sheng and Greenberg,
1990; Bading et al., 1993; Xia et al., 1996; Tao et al., 1998). Itis
noteworthy that, in mice, the KCI protocol is a well-established
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Figure 1: Identifying species-biased genes in human-chimpanzee tetraploid neurons. a. Diagram of human-chimpanzee tetraploid piNs and analysis pipeline.
b. Immunofluorescence images of two human-chimpanzee allotetraploid iPSC lines differentiated into piNs for 28 days. Neurons are stained for MAP2 (green) to
mark mature dendrites. c. PCA of RNA-seq data for diploid and tetraploid piNs showing PC2 vs. PC3. d. Scatterplot of RNA-seq data showing the log, fold
change in expression between human and chimpanzee (H/C) alleles in allotetraploid cells vs the log, fold change in expression between human and chimpanzee
neurons in diploid and autotetraploid cells. Cis-regulated genes are indicated in red and frans-regulated genes are indicated in blue. e. GO analysis for genes that
are chimpanzee-biased in unstimulated piNs. IM= inner membrane. f. Enrichment of human-biased and chimp-biased genes in gene sets from Herring et al. 2022
that significantly decrease or increase in expression from fetal to neonatal timepoints in primary layer II/IIl CUX2+ neurons (* p = 0.0063; Hypergeometric test for

overrepresentation).

in vitro method for inducing an ADGE program that is simi-
lar to the ADGE that is activated in vivo in response to sensory
stimuli (Lin et al., 2008; Hrvatin et al., 2018; Yap et al., 2021;
Traunmiiller et al., 2025).

Principal component (PC) analysis of the RNA-seq data ob-
tained from uninduced and KCl treated piNs (human and chim-
panzee diploids, autotetraploids, and allotetraploids) revealed
that the samples separated in the first and second PCs by bi-
ological replicate (separate differentiations), and in the second
and third PCs by species (Figure lc, Figure S2a,b). Diploid
and autotetraploid samples from the same species were par-
tially separated in these PCs, indicating that expression of a
subset of genes reflects the tetraploid state (see STAR Meth-
ods). All lines expressed cortical neuron markers at D28. Vari-
ability in the expression of previously described piN marker

genes (Nehme et al., 2018) was not driven by ploidy, species,
or experimental replicate (Figure S2¢). Similarly, all lines ex-
pressed the IEG FOS after membrane depolarization, and any
variability detected in FOS expression was not associated with
ploidy, species, or experimental replicate (Figure S2d,e).

A major advantage of studying gene expression in the
human-chimpanzee tetraploid piNs is the ability to separate
cis-regulated changes in gene expression between human and
chimpanzee that arise due to sequence changes within nearby
regulatory elements from frans-regulated differences that re-
flect changes in the overall transcriptional environment. In this
study, cis-regulated genes are identified as those that show sig-
nificant species-specific expression differences when compared
between separate human and chimpanzee diploid and autote-
traploid piNs, and that still show similar allele-specific expres-
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sion differences when the human and chimpanzee alleles are
both present together in the shared transcriptional environment
of allotetraploid piNs. In this study, unless otherwise indi-
cated, when we describe gene expression differences (species
bias) between humans and chimpanzees, we are referring to cis-
regulated differences.

Species-biased genes regulate excitatory neuron maturation
and are mutated in developmental brain disorders

In the unstimulated condition, we found 1787 gene expres-
sion differences (FC>1.5, p-adj<0.05) between human and
chimpanzee piNs (Figure 1d). These species-biased genes are
enriched in pathways, including mitochondrial biology, that
have previously been implicated in neuronal maturation (Figure
le; Figure S2f) (Iwata et al., 2023). In addition, many of the
species-biased genes that we identified control synaptic func-
tion (Koopmans et al., 2019), and pathogenic variants in some
of these genes have been shown to cause neurodevelopmental
disorders (NDDs). Fifty-three species-biased genes are known
risk genes for autism spectrum disorder (ASD), including five
genes classified as highest confidence ASD genes (Abrahams
et al., 2013), underscoring that pathways that have evolved se-
lectively in human cortical neurons are in some cases dysregu-
lated in developmental brain disorders.

Notably, intersecting species-biased genes with genes that
significantly change during early maturation in human layer
II/III neurons in vivo shows significant enrichment for human-
biased genes in the set of genes that decrease expression with
maturation and significant enrichment for chimpanzee-biased
genes in genes that increase expression with maturation (Fig-
ure 1f) (Herring et al., 2022). This suggests that many of the
species-biased genes that we detected in tetraploid piNs are ex-
pressed during human and chimpanzee brain development, are
likely associated with cortical neuron maturity, and may con-
tribute to the prolonged process of human brain maturation.
Our finding that maturation-associated genes are regulated in
cis in cortical excitatory neurons underscores the cell-intrinsic,
genetic underpinnings of slowed human neuronal maturation.

A subset of activity-dependent genes are differentially expressed
between human and chimpanzee piNs

Our initial goal was to determine if special features of
activity-dependent human brain function are due to changes in
activity-dependent genes, and whether these include changes to
the expression of master regulator IEG TFs, the expression of
downstream targets, or both. Towards this end, we depolarized
piNs with KCl for 2hr to capture the expression of IEGs and
6hr to capture expression of LRGs. After 2 and 6 hr of de-
polarization, the activity-dependent changes in gene expression
were highly correlated between diploid and tetraploid neurons
and all the lines expressed canonical IEGs (Figure 2a; Figure
S3a-d). From all samples, we identified 2778 ADGs at 2hr and
6580 ADGs at 6hr of exposure to KCI.

Although most activity-dependent genes were not differen-
tially expressed between human and chimpanzee piNs, we iden-
tified 56 species-biased ADGs after 2hr of KCI exposure (Fig-
ure 2b) and 206 species-biased ADGs at 6hr after KCl treatment

(Figure 2c). Analyzing our human samples alone, we did not
identify any human-specific genes that are not present in the
chimpanzee genome that were activity-dependent. None of the
highly induced canonical IEG TFs, including FOS, NPAS4, and
NR4A 1, showed species-specific differences in expression be-
tween human and chimpanzee piNs, suggesting there is not a
global up- or down-regulation of activity-dependent programs
across species.

We identified a subset of species-biased activity-dependent
genes that are activity-dependent only in one species, sug-
gesting that they may have acquired new regulatory regions
that specifically control the response to stimulus through evo-
lution (Figure 2d-h). These include the human-biased genes
WNT2B, LRRC39, and TUNAR that are highly induced in hu-
man piNs, but not in chimpanzee piNs across the stimula-
tion time course (Figure 2d-f). We also identified species-
biased activity-dependent genes, including SV2C, SLC6A17,
and SC5D, that are induced by activity to a similar degree
in both species, but have overall lower expression levels in
one species compared to the other (Figure 2d,g,h). Taken to-
gether, this suggests that there are evolutionary changes to the
ADGE program that occur both by making some genes more
stimulus-responsive while changing the overall expression of
other genes.

A subset of the species-biased activity-dependent genes are
known to control synaptic function and be mutated in neu-
rodevelopmental disorders. After 2hr and 6hr of KCI treat-
ment, there are ten species-biased activity-dependent genes
that are known to act at the synapse (ADCYS, CHRNA3,
CHRNB4, KCTDI2, NRPI, PPP2RIB, SLCI8A3, SLC6AI7,
SV2C) (Koopmans et al., 2019). SHISA9 is upregulated in hu-
man and chimpanzee piNs in response to 2hr of depolariza-
tion, but its expression levels are higher at all timepoints in
human piNs. SHISA9 modulates synaptic AMPA receptors,
and the SHISA9 locus has been implicated in schizophrenia (Liu
et al., 2021). CEP19, DPHS5, H4C9, SC5D, BBS12, ERF, and
SLC6A17 are all classified as high-confidence neurodevelop-
mental disorder (NDD) genes (Abrahams et al., 2013; Leblond
et al., 2021). SLC6AI7 is an activity-dependent gene that is
more highly expressed in chimpanzee piNs than in human piNs.
SLC6A17 encodes a solute carrier involved in the presynap-
tic uptake of neurotransmitters, and variants within SLC6A17
are associated with intellectual disability (Igbal et al., 2015).
Notably, a prior study demonstrated that SLC6A17 is a marker
of piN maturation (Shan et al., 2024). The increased expres-
sion of SLC6A 17 in chimpanzee piNs raises the possibility that
SLC6A17 contributes to the more rapid maturation of chim-
panzee neurons via its role at the synapse. NUAKI encodes
an activity-dependent kinase that is induced to a higher level
in human compared to chimpanzee piNs. NUAKI promotes
axon growth and branching, as well as synaptic maturation by
increasing mitochondrial activity in the axon (Courchet et al.,
2013; Lanfranchi et al., 2024). Thus, it may be playing a role in
increasing human neuron morphological complexity and regu-
lating neuronal maturation (Iwata et al., 2023). Taken together,
these findings suggest that the ADGE program has changed be-
tween human and chimpanzee neurons by fine-tuning the ex-
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Figure 2: Identifying species-biased neuronal activity-dependent genes in piNs. a. Heatmap showing normalized expression values from RNA-seq for canonical
ADGs in unstimulated and depolarized piNs. b. Scatterplot showing the logy fold change in allelic expression (human/chimpanzee) vs. the log, fold change
in expression with 2hr KCI treatment. Red points indicate species-biased activity dependent genes, blue points indicate genes that are activity-dependent only,
green points indicate genes that are species-biased only, and gray points are non-significant. c. Same as in b for 6hr KCI treatment. d. Normalized expression of
species-biased activity-dependent genes that are upregulated with KCI treatment from allotetraploid piNs. Expression from human and chimpanzee alleles for all
allotetraploids is averaged for each timepoint. e. Normalized expression at 0, 2, and 6hr KCl treatment for LRRC39, which is human-biased and activity-dependent.
Each point shows the expression from the human or chimpanzee alleles in an individual allotetraploid piN line. Expression from human alleles is in blue and
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which is higher in chimpanzee.

pression of many LRGs that may then impact the myriad cellu-
lar functions associated with neuronal maturation.

Identifying species-specific open chromatin regions in response
to neuronal activity
To understand how these human- and chimpanzee-biased

features of ADGE evolved, we turned our attention towards
defining the gene regulatory elements (e.g enhancers and pro-

moters) that control the expression of species-biased ADGs, as
sequence variants in gene regulatory elements are thought to be
major contributors in evolution (King and Wilson, 1975; Car-
roll, 2008; McLean et al., 2011). Towards this end, we used
ATAC-seq, which identifies accessible genomic regions, as a
first step towards identifying enhancers and promoters that are
differentially activated between membrane-depolarized human
and chimpanzee piNs (Buenrostro et al., 2013). We performed
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Figure 3: Species-biased activity-dependent open chromatin regions in piNs are enriched for FOS binding sites. a. PCA of ATAC-seq data from diploid and
tetraploid piNs showing PC1 vs. PC2. b. Scatterplot of ATAC-seq data showing the log, fold change in accessibility between chimpanzee and human alleles in
allotetraploid cells vs. the logy fold change in accessibility between chimpanzee and human diploid and autotetraploid piNs. Cis-regulated sites are indicated in
red and frans-regulated sites are indicated in blue. c. Expression of the species-biased gene CSMD] in allotetraploid (top) and diploid and autotetraploid (bottom)
piNs. Blue bars show expression from human alleles and red bars show expression from chimpanzee. d. Tracks showing a species-biased accessible site near
CSMDI]. e. Scatterplot showing the log; fold change in allelic accessibility (human/chimpanzee) vs. the log, fold change in accessibility with KCI treatment (2hr
KCI1/-KCl) from ATAC-seq data. Red points indicate species-biased and activity-dependent (AD) sites, blue points indicate sites that are activity-dependent only,
green points indicate sites that are species-biased only, and gray points are non-significant. f. Average diagram of H3K27Ac CUT&Tag signal at human-biased
(left) and chimpanzee-biased (right) activity-dependent ATAC-seq regions. CUT&Tag data is from three allotetraploid piN lines and the signals from human and
chimpanzee alleles are separated in the plot. g. De novo motif enrichment analysis at activity-dependent and species-biased ATAC-seq peaks after 2hr KC1 treatment.
h. Bar plot showing the number of activity-dependent FOS binding sites from allotetraploids that are human-biased, chimpanzee-biased, and unchanged between
species. i. Average diagram of H3K27Ac CUT&Tag signal at human-biased and chimpanzee-biased activity-dependent FOS binding sites. CUT&Tag data is from
allotetraploids and signals from human and chimpanzee alleles are separated in the plot. j. Same as in e for ATAC-seq signal. k. Example of a human-biased
(left) and chimpanzee-biased (right) FOS binding site. Tracks are separated for human and chimpanzee alleles with and without KClI from allotetraploid piN lines.
Sequences of the AP-1 motifs within these FOS binding sites are indicated for human, chimpanzee, gorilla, orangutan, rhesus, and marmoset from UCSC and
derived SNVs in the human are indicated in green.

ATAC-seq using a subset of the diploid, autotetraploid, and al-
lotetraploid piNs that were used for our RNA-seq experiments.
We left the piNs untreated or exposed them to an elevated level
of KClI for 30 minutes or 2hr to capture changes in chromatin
accessibility that precede changes in IEG and LRG expression.
Principal component analysis showed that our ATAC-seq sam-
ples separated along the first two PCs by species as expected,
with human-chimpanzee tetraploid samples falling between hu-
man and chimpanzee diploid and autotetraploids (Figure 3a).

In addition, we used CUT&Tag (Kaya-Okur et al., 2019) in al-
lotetraploid piNs to identify sites across the genome with the
histone modification H3K27Ac, a mark that is found at active
enhancers (Creyghton et al., 2010).

Within the piN ATAC-seq samples, we identified 44,789 re-
gions of open chromatin. Among the open chromatin regions
that we detected in the uninduced tetraploid piNs, 11,191 dis-
played a significant difference in accessibility between human
and chimpanzee piNs (Figure 3b). Of these, 1669 are located
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close to a gene (532 genes in total) that displayed a human or
chimpanzee bias in expression. This raises the possibility that
these regions correspond to enhancers or promoters that differ-
entially regulate gene expression between species. For exam-
ple, CSMDI, an ASD-associated gene (Abrahams et al., 2013)
that regulates the complement pathway in mouse and human
neurons and plays a role in synapse elimination during devel-
opment (Baum et al., 2024), has human-biased expression and
is near multiple human-biased open chromatin regions (Figure
3c,d).

To begin to identify activity-dependent regulatory regions
that are species-biased or differentially active in human and
chimpanzee piNs, we compared the open chromatin and
H3K27Ac signal before and after membrane depolarization. At
30 min after stimulation, we identified 575 activity-dependent
accessible regions. Of these, 102 are species-biased be-
tween human and chimpanzee piNs (Figure S4a). Following
2hr of membrane depolarization, we identified 8699 activity-
dependent accessible regions and of these, 1845 displayed
a bias in their accessibility between human and chimpanzee
piNs (Figure 3e). Human-biased accessible regions displayed
human-biased H3K27Ac signal and chimpanzee-biased acces-
sible regions displayed chimpanzee-biased H3K27Ac signal
(Figure 3f). Altogether, among the species biased activity-
dependent open chromatin regions, we identified 37 that were
close to 29 species-biased activity-dependent genes, raising the
possibility that these regions may contribute to the species-
biased expression of these nearby genes.

Species-biased activity-dependent open chromatin sites are
highly enriched for AP-1 motifs

The differential accessibility of activity-dependent open
chromatin regions in human and chimpanzee piNs may be
due to DNA sequence differences between humans and chim-
panzees that then give rise to species-specific differences in TF
binding. To identify potential TF binding sites within open
chromatin regions that display a bias in human and chimpanzee
piNs, we performed motif enrichment analysis for species-
biased open chromatin regions. We found that the species-
biased open chromatin regions present at 30 min after mem-
brane depolarization were enriched for CUX TF family motifs
(22% of sites, p=1e-15), which are known to regulate genes that
specify the differentiation of cortical neurons (Cubelos et al.,
2010), and CREB binding motifs (19.6% of sites, p=1e-11),
which are known to regulate activity-dependent promoter ac-
tivation in neurons (Sheng et al., 1988; Sheng and Greenberg,
1990) (Figure S4b). By contrast, the species-biased sites that
we identified after 2hr of membrane depolarization were highly
enriched for motifs for the AP-1 TFs, including FOS and JUN
family members (63% of species-biased AD sites, vs 7% of ge-
nomic background, p=1e-846) (Figure 3g). This enrichment
was much stronger than the next highest enrichment of CUX
TF motifs at only 20% of species-biased AD sites. FOS is a
classic marker for activated cells in the brain and has more re-
cently been shown to be critical for learning and memory in
mice (Paylor et al., 1994; He et al., 2002; Countryman et al.,
2005; Yap et al., 2021). FOS binds enhancers as a heterodimer

with JUN TFs, which recruits the chromatin remodeling com-
plex BAF in response to stimuli, leading to the eviction of hi-
stones and an increase in chromatin accessibility (Vierbuchen
et al., 2017; Stroud et al., 2020). Given the remarkable enrich-
ment of AP-1 motifs within regions of open chromatin that are
differentially active in human and chimpanzee piNs, we next
asked whether FOS binds to these regions in a species-specific
manner in response to neuronal activity.

FOS binding is evolutionarily dynamic in excitatory neurons

We profiled FOS binding in three allotetraploid piN lines be-
fore and after membrane depolarization using CUT&Tag. The
vast majority of FOS binding was detected following 2hr of
exposure to KCI, which is consistent with FOS being largely
absent in uninduced piNs (Table S4). We identified 6973 in-
ducible FOS binding sites. Remarkably, 1940 of the sites bound
significantly more FOS on the human allele than the chim-
panzee allele (human-biased sites), and 1892 bound signifi-
cantly more FOS on the chimpanzee allele than the human al-
lele (chimpanzee-biased sites) (Figure 3h). We were surprised
to see that over half of the FOS binding sites displayed differ-
ential binding between the human and chimpanzee alleles, with
a similar proportion human-biased as chimpanzee-biased, sug-
gesting that FOS binding is highly dynamic during evolution.
The human-biased FOS binding sites displayed a similar bias
in inducible H3K27Ac and ATAC-seq signal after 2hr of de-
polarization, and vice versa for chimpanzee-biased FOS sites
(Figure 3i,j). Notably, unbiased FOS binding sites have similar
levels of H3K27Ac and accessibility on human and chimpanzee
alleles (Figure S4c,d).

We hypothesized that species-biased FOS binding sites may
regulate species-biased activity-dependent genes. For eight
species-biased FOS binding sites, the nearest gene was species-
biased and activity-dependent after 2hr KCl treatment, and
for 32 species-biased FOS binding sites, the nearest gene was
species-biased and activity-dependent after 6hr KCI treatment
(near 11.2% of species-biased ADGs vs. 8.4% near all ex-
pressed genes, p=0.07). These include binding sites near the
cis-regulated genes TUNAR and PCSK1, which we discuss fur-
ther below.

Species-biased FOS binding sites are enriched for SNVs in AP-
1 motifs

To understand the evolution of species-biased FOS binding
sites, we next asked if SNVs within AP-1 sites between hu-
mans and chimpanzees cause species-biased FOS binding (Fig-
ure 3k). FOS-bound AP-1 sites in neurons are generally highly
conserved between species and constrained within the human
population (Greenberg Lab, unpublished observation), suggest-
ing that evolutionary changes to these sequences may have
functional consequences. Remarkably, we found that within
human-biased and chimpanzee-biased FOS binding sites, AP-1
motifs are highly enriched for SNVs compared to AP-1 sites
in binding sites that do not display a species bias (Figure 4a).
Within the human-biased sites, there are 323 variants within the
2135 AP-1 motifs (variant frequency = 0.021). Of these, 153
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Figure 4: SNVs within FOS binding sites drive species differences in enhancer activity. a. The SNV and indel frequency within AP-1 motifs in human-biased,
chimpanzee-biased, and unbiased FOS binding sites. For all panels, blue bars are human-biased sites, red bars are chimpanzee-biased sites, and gray bars are
unbiased sites. Chi-squared p-val human-biased vs. unbiased and chimpanzee-biased vs. unbiased p <2.2e-16. b. Barplot showing the number of SNVs and
indels within AP-1 motifs in quartiles 1-4 of human-biased and chimpanzee-biased FOS binding sites. Q1 has the lowest absolute fold change difference in binding
between species, and Q4 has the highest absolute fold change difference (See Supplemental Figure 5a,b). c. Barplot showing the SNV/indel frequency at each
position within the AP-1 motif at human-biased, chimpanzee-biased, and unbiased FOS binding sites. “S” in the central position is either a “G” or “C”. d. Violin
plot showing the bias in FOS binding (Human allele/Chimpanzee allele [H/C]) for human-biased and chimpanzee-biased sites that have SNVs or indels at each
of the AP-1 motif positions. KS test for significance with BH correction comparing position 4 in the AP-1 motif to each other position. e. Barplot showing the
SNV/indel frequency within the entire 400bp FOS binding region for human-biased, chimpanzee-biased, and unbiased sites. f. Boxplot showing the number of
SNVs per FOS binding site for human-biased sites in quartiles 1-4. g. Same as in j for chimpanzee-biased sites. h. Diagram of the motif search methodology for
SNVs in human-biased and chimpanzee-biased FOS binding sites outside of AP-1 motifs. i. Barplot showing the SNV/indel frequency within CUX2 motifs in
human-biased, chimpanzee-biased, and unbiased FOS sites. j. Diagram showing the AP-1 SNV sequence change experiments for luciferase assays. HFB-226 and
HFB-1033 have multiple SN'Vs throughout the 400bp binding region, but only the AP-1 SNVs in positions 3 or 5 were changed in this assay. “X”’s in the construct
signify other SNVs between human and chimpanzee within the FOS-bound region. k. Boxplot showing luciferase results for HFB-226 when the AP-1 SNV is
changed between chimpanzee and human (* p < 0.05, ** p < 0.01, *** p < 0.001; Bonferroni corrected p-values from Wilcoxon Rank Sum Test). 1. Same as in k
for HFB-1033.

variants are newly derived in the human lineage and create a
complete AP-1 motif that is not present in the chimpanzee, go-
rilla, macaque, or marmoset genomes (example in Figure 3k).
In chimpanzee-biased sites, there are 311 variants within 2085
AP-1 motifs (variant frequency = 0.021). Of these, 259 variants
are newly derived in the human lineage and result in a disrup-
tion of the AP-1 sequence motif in humans but not in other
primates. By contrast, there are only 39 SNVs within the 3271
AP-1 motifs in unbiased sites (variant frequency = 0.0017, chi-

squared p-val human-biased vs. unchanged and chimpanzee-
biased vs. unchanged <2.2e-16) (Figure 4a).

We divided species-biased FOS binding sites into quartiles,
with Q4 having the greatest species bias in FOS binding and
QI having the smallest species bias, and asked whether the
presence of AP-1 SNVs was associated with a larger species
bias in binding (Figure S5a,b). Human-biased, chimpanzee-
biased, and unbiased sites in all four quartiles were found to
have a similar level of inducible FOS binding upon KCI stim-
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ulation (Figure S5c). We found that Q4 sites have the most
AP-1 SNVs (49.5% of human-biased Q4 sites have AP-1 SNVs
vs 1% of human-biased Q1 sites, chi-squared p-val<0.00001;
47% of chimpanzee-biased Q4 sites have AP-1 SNVs vs. 2%
of QI sites, chi-squared p-val<0.00001) (Figure 4b), suggest-
ing that disruption of the core AP-1 motif has a strong effect on
the strength of FOS binding.

Prior work found that within the seven nucleotide AP-1 motif
sequence, changes to the A and T in the third and fifth positions
had the greatest effect on FOS binding. Changes in positions
1, 2, 6, and 7 had an intermediate effect, and the central base
had relatively little effect on FOS binding (Yang et al., 2022).
When we examined which bases within the AP-1 motif change
most frequently in species-biased sites, we found examples of
changes at each of the seven AP-1 bases (Figure 4c). In con-
trast, the central base, which is not critical for FOS binding, is
most frequently changed in AP-1 sites that display no bias in
FOS binding in human and chimpanzees piNs. Notably, SNVs
are rarely present at the other six nucleotides within the AP-
1 motif of unbiased FOS binding sites (Figure 4c). Consis-
tent with the weak effect of the central base on FOS binding,
the fold change in FOS binding is lower at species-biased sites
with an SNV at the central base compared to the fold change
when other bases within the AP-1 site contain an SNV (Figure
4d). Taken together, these findings strongly suggest that evo-
lutionary changes at core bases within AP-1 sites drive human-
specific activity-dependent FOS binding to enhancers.

Sequence changes outside of AP-1 motifs affect FOS binding

Though AP-1 motifs within species-biased FOS binding sites
are enriched for SNVs compared to unbiased sites, many of
the AP-1 motifs in human-biased and chimpanzee-biased FOS
binding sites have no SNV. This suggests that SN'Vs outside of
AP-1 motifs, but within the broader FOS-bound genomic re-
gion, may also affect FOS binding. Prior work showed that
SNVs in bases very close to AP-1 motifs, or in the motifs
of cooperating lineage-specific TFs, can affect FOS binding
(Yang et al., 2022). We found that SNV frequency within
the 400 bp peak region for each FOS binding site is signif-
icantly higher in species-biased compared to unbiased sites
(variant frequency =0.016 in species-biased sites, 0.013 in un-
biased sites, chi-squared p-val human-biased vs. unbiased and
chimpanzee-biased vs. unbiased <2.2e-16) (Figure 4e). No-
tably, this frequency is still significantly lower than the SNV
frequency within AP-1 motifs at species-biased sites, reinforc-
ing the importance of AP-1 sequence fidelity for FOS binding
(AP-1 motifs vs. peak region in human-biased sites chi-squared
p-val<2.2e-16; in chimpanzee-biased sites chi-squared p-val=
2.1e-07) (Figure 4e,a). Sites in Q4, which have the greatest
bias in binding between species, have an increased number of
SNVs outside of AP-1 sites compared to sites in quartile 1
(human-biased sites p-val=5.11e-16, chimpanzee-biased sites
p-val=2.1e-9, Wilcoxon rank sum test) (Figure 4f,g), suggest-
ing that a greater number of SNVs between species gives rise
to larger magnitude changes in FOS binding.

We sought to identify TFs other than FOS where an SNV
in their binding site might secondarily affect FOS binding

at species-biased FOS sites. We searched for TF motifs in
a 10bp window around all SNVs detected within human- or
chimpanzee-biased FOS binding sites that did not fall within
an AP-1 motif (Figure 4h). Motif enrichment analysis at these
non-AP-1 motif SN'Vs revealed that these regions are enriched
for CUX and EBF TF family motifs (Figure 4h). For peaks in
which CUX and AP-1 motifs are both found, they were a me-
dian of 60bp apart (Figure S5d). CUX family TFs, CUX1 and
CUX2, have been used as markers for cortical excitatory neu-
rons in layer II/III in the mouse (Nieto et al., 2004). Both CUX1
and CUX2 bind to and regulate genes that control dendritic
outgrowth and dendritic spine and synapse formation (Cubelos
et al., 2010). We found that within species-biased FOS binding
sites, CUX motifs are enriched for SNVs compared to the sur-
rounding peak region (Figure 4i,e) (CUX2 motifs vs. peak re-
gion in human-biased and chimpanzee-biased sites chi-squared
p-val<2.2e-16). In addition, CUX motifs in species-biased
FOS sites have a higher SNV frequency than FOS-bound sites
that are unbiased (human-biased vs unbiased sites, chi-squared
p-val = 1.6e-11; chimpanzee-biased vs. unbiased sites, chi-
squared p-val = 2.3e-14) (Figure 4i). CUX motifs were recently
identified in another FOS binding dataset from piNs, where it
was suggested that CUX factors may cooperate with FOS to
activate enhancers during differentiation (Sanchez-Priego et al.,
2022). Our data suggest that FOS and CUX1/2 may not only
bind together at enhancers, but that SN'Vs in either one of their
motifs may modulate enhancer activity during human evolu-
tion.

Changes in AP-1 motif SNVs drive species-specific AD en-
hancer activity in neurons

To determine if human-specific changes within FOS-bound
AP-1 sites affect enhancer activity, we tested the effects of
human-specific variants using a luciferase reporter assay. Given
that luciferase assays often cannot recapitulate in vivo enhancer
activity, we first screened 19 species-biased FOS binding sites
to identify elements that are able to drive activity-dependent lu-
ciferase expression in reporter assays (Figure S5e,f). We chose
human-biased FOS sites that have an SNV in the 3rd or 5th po-
sition of the AP-1 motif that is derived in the human lineage.
We cloned these species-biased FOS binding sites (500 bp-1
kb) upstream of a nanoluciferase gene with a minimal promoter,
transfected the constructs into cortical neurons dissociated from
embryonic mouse brains, and performed luciferase assays be-
fore and six hours after membrane depolarization. We iden-
tified two human-biased FOS binding sites (HBF), HBF-226
and HBF-1033, that were highly effective at driving luciferase
expression upon membrane depolarization (Figure S5e). When
compared with the chimpanzee version of the same binding site,
we found that the inducibility was significantly greater for the
human sequence for both HBF-226 and HBF-1033, consistent
with our finding that both of these regions display increased
FOS binding to the human compared to the chimpanzee allele
in tetraploid piNs (Figure S5g,h).

To determine whether the SNV within the AP-1 motif at
these two sites causes differential enhancer activity between hu-
man and chimpanzee piNs, we swapped the human and chim-
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Figure 5: FOS binding sites near TUNAR and PCSKI are activity-dependent enhancers for these genes. a. Tracks from the UCSC genome browser showing
the putative enhancers, PE1 and PE2, downstream of the TUNAR gene. Tracks are from one human-chimpanzee allotetraploid cell line H2C2a G6-2, and show FOS
CUT&Tag, H3K27Ac CUT&Tag, and ATAC-seq at -KClI and 2hr KC1 timepoints. Reads from human alleles are in blue and reads from chimpanzee alleles are in
red. b. Boxplot showing the expression of TUNAR from human-chimpanzee allotetraploid piNs at 3 timepoints: 0, 2, and 6 hours KC1. Reads from the human and
chimpanzee alleles are separated. Expression from human alleles is in blue and expression from chimpanzee alleles is in red. c. Boxplots of qPCR data showing
expression of TUNAR after 6hr KCI treatment from CRISPRI cells when using nontargeting sgRNAs (NT), sgRNAs targeting TUNAR TSS (TSS), and sgRNAs
targeting TUNAR-PE1 (TUNAR-PE1). d. Same as in ¢ for TUNAR-PE2. e. Boxplot showing the expression of PCSKI from human-chimpanzee allotetraploid piNs
at 3 timepoints: 0, 2, and 6 hours KCI. Reads from the human and chimpanzee alleles are separated. Expression from human alleles is in blue and expression
from chimpanzee alleles is in red. f. Boxplots of qPCR data showing expression of PCSK! from CRISPRIi cells when using nontargeting sgRNAs (NT), sgRNAs

targeting PCSK1 TSS (TSS), and sgRNAs targeting PCSKI-PE1 (PCSKI-PE1).

panzee SNVs in the AP-1 motif in HBF-226 and HBF-1033,
while leaving all other SNVs in the 500bp region unchanged
(Figure 4j). For HBF-226, we changed the A in position 3 of
the AP-1 motif to the chimpanzee T within the human construct
and vice versa (Figure S5i). For HBF-1033, we changed the
T in position 5 of the AP-1 motif to the chimpanzee C in the
human construct and vice versa (Figure S5j). For both HBF-
226 and HBF-1033, swapping the human AP-1 SNV into the
chimpanzee sequence resulted in a significant increase in the
inducible luciferase activity to the same level as that observed
from the human sequence (Figure 4k,l). This suggests that
lone SNVs within AP-1 motifs in humans are sufficient to con-
vert the relatively inactive chimpanzee sequences into effective
drivers of activity-dependent reporter gene expression. Sim-
ilarly, putting the chimpanzee SNV into the human sequence
significantly reduced enhancer activity in both HBF-226 and
HBF-1033 (Figure 4k,l), suggesting that these SNVs in the AP-
1 motif are also necessary for enhancer activity in this context.
The effect of this single base change is striking, as there are
11 other SNVs in HBF-226 and 13 other SNVs and 4 indels
in HBF-1033. These results suggest that single base changes
in AP-1 motifs during evolution can have strong effects on en-

10

hancer function.

Species-biased FOS binding sites are bona fide enhancers of
ADGs

Luciferase assays can measure the enhancer activity of a
DNA sequence outside of the context of chromatin, but do
not reveal whether a given region is an enhancer for a specific
gene. Testing the activity of an enhancer within its genomic
context and identifying its in vivo target genes has historically
been challenging, but CRISPR-inhibition (CRISPRi) technol-
ogy now makes it possible to direct chromatin silencing to en-
hancer loci and measure the effect on gene expression. To test
whether the evolution of a new activity-dependent FOS binding
site in human neurons led to increased expression of a species-
biased activity-dependent gene, we repressed FOS binding sites
within their genomic context. We used CRISPRi to target
the human-biased FOS binding sites near the human-biased
activity-dependent genes TUNAR and PCSKI. TUNAR encodes
a conserved microprotein pTUNAR, which in the mouse plays
a role in neuronal development by regulating intracellular cal-
cium dynamics (Senfs et al., 2021). PCSKI encodes proprotein
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convertase 1, which cleaves neuropeptides in the brain, includ-
ing the FOS target SCG2 (Fischer-Colbrie et al., 1995).

We identified two FOS-bound regions 13 kb downstream of
TUNAR (Figure 5a), a gene that is upregulated 3-fold from
human alleles with depolarization, but minimally from chim-
panzee alleles (Figure 5b). We named these regions puta-
tive enhancer 1 (TUNAR-PE1) and 2 (TUNAR-PE2). FOS
binds to these regions in an activity-dependent manner, with
stronger binding to human alleles compared to chimpanzee al-
leles. These regions also have human-biased activity-dependent
H3K27Ac and ATAC-seq signals, suggesting that they may act
as human-biased activity-dependent enhancers (Figure 5a).

To test whether these elements function as bona fide activity-
dependent enhancers for TUNAR, we generated stable hiPSC
lines that constitutively express dCas9-KRAB as well as a syn-
thetic guide RNA (sgRNA) targeting one of the two PEs. We
targeted the transcription start site (T'SS) as a positive control.
As a negative control, we generated lines expressing two dif-
ferent non-targeting (NT) sgRNAs (Tian et al., 2019). As ex-
pected, targeting the TSS of TUNAR with each of two differ-
ent sgRNAs significantly knocked down TUNAR expression
(Figure 5c). At TUNAR-PE1 and TUNAR-PE2, we targeted
sgRNAs close to the AP-1 site, based on the assumption that
blocking FOS binding to DNA would have the largest effect
on potential enhancer activity (Figure Sé6a,b). When we tar-
geted TUNAR-PE1 with either of two sgRNAs, we observed a
significant reduction in activity-dependent TUNAR expression
by qPCR when compared to NT controls. (Figure 5c). When
we targeted TUNAR-PE2 with either of three sgRNAs, we saw
an even greater and significant reduction in activity-dependent
TUNAR expression (Figure 5d). Results were consistent be-
tween two hiPSC lines, NCRMS5 and H2-C. Together these find-
ings suggest that both TUNAR-PE1 and TUNAR-PE?2 function
as enhancers for the gene TUNAR, with TUNAR-PE2 being a
stronger enhancer.

We also identified a FOS binding site 130 kb downstream of
PCSK1, which we term PCSK-PE1, that is more highly bound
on human alleles than chimpanzee alleles in piNs. PCSKI is
upregulated in response to depolarization in human and chim-
panzee piNs, but is more highly expressed at all time points
from human alleles (Figure 5e). As expected, targeting the
TSS of PCSKI with CRISPRI fully inhibited PCSK! expres-
sion (Figure 5e). When we targeted PCSKI-PE1 with each of
four sgRNAs, activity-dependent PCSKI expression was sig-
nificantly reduced (Figure 5f; Figure S6c). Together, these
experiments demonstrate that these three human-biased FOS
binding sites are bona fide enhancers for the human ADGs TU-
NAR and PCSK1.

Human-biased activity-dependent genes affect neuronal firing
dynamics

To begin to assess how human-specific changes in the evolu-
tion of ADGE affect neuronal firing, we investigated the func-
tion of three human-biased activity-dependent genes, TUNAR,
SV2C, and PCSKI, using multielectrode arrays (MEAs) (Fig-
ure 6a). When co-cultured with human iPSC-derived astro-
cytes over 39 days, wild-type human piNs become increasingly
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electrically active and display an increase in synchronous firing
across the neuronal culture (Figure 6b, Figure S7a,b), an indi-
cation that the neurons are maturing over time (Wagenaar et al.,
2006; Napoli and Obeid, 2015; Fair et al., 2020).

To investigate the function of TUNAR in human neurons, we
cultured cell lines that express dCas9-KRAB with either sgR-
NAs targeting the TUNAR TSS or non-targeting control sgR-
NAs on MEAs, and compared the firing properties of the piNs.
We found that at day 28 in culture, the neurons in which TUNAR
expression is inhibited have differentiated normally and show
no significant difference in gene expression when compared to
cells expressing the non-targeting sSgRNAs (Figure S7c¢). How-
ever, inhibition of TUNAR expression (Figure 5c) led to an in-
crease in the duration of neuronal bursts during neuronal firing
(Figure 6¢,d). This change in bursting appeared early during
the course of neuronal maturation, and increased as the neurons
matured (Figure 6¢). By contrast, inhibition of TUNAR expres-
sion did not affect the overall firing rate of the neurons (Figure
6b), although we did observe a small decrease in the number of
bursts at some time points (Figure S7d). Overall, these effects
are consistent with pTUNAR’s known role in calcium seques-
tration in the endoplasmic reticulum (Senfs et al., 2021).

We also investigated the function of SV2C, a human-biased
activity-dependent gene that encodes a synaptic vesicle protein
(Figure 2c). Targeting the promoter of SV2C with a pool of
sgRNAs led to a substantial decrease in SV2C expression com-
pared to the non-targeting sgRNAs at day 28 in culture, but
did not affect the expression of any other genes. This suggests
that neurons differentiate normally when SV2C expression is
significantly reduced (Figure S7e). However, SV2C appears
to control neuronal firing. We found that SV2C knockdown
leads to an overall decrease in the weighted mean firing rate of
the neurons (Figure 6¢), and that as the neurons mature, SV2C
knockdown leads to an increase in burst duration and a higher
frequency of spiking during bursting (Figure 6f, Figure S7f).
Within the SV2C amino acid sequence, there are two binding
sites for synaptotagmin: one that facilitates vesicle release and
another that inhibits vesicle release under high Ca2+ condi-
tions (Schivell et al., 2005; Dardou et al., 2013; Dunn et al.,
2017), suggesting possible mechanisms by which the decrease
in SV2C expression affects neuron firing and bursting dynamics.
In contrast to our finding that a decrease in the expression of the
human-biased genes TUNAR and SV2C affects neuronal firing
properties, we found that inhibiting the expression of PCSKI
had no significant effect on neuronal firing (Figure S7g,h).

Finally, to determine if human-specific changes in a single
enhancer region can affect neuronal function, we inhibited the
function of the TUNAR-PE1 (Figure 5¢) and assessed the effect
on neuronal firing. We found that when the activity of this 7U-
NAR enhancer is inhibited, there is an increase in burst duration
(Figure 6¢). In addition, as the neurons mature, we detected an
overall increase in the weighted mean firing rate of the neurons
when TUNAR-PEI is inhibited (Figure 6b). This may be due to
an increase in burst duration combined with an increase in the
firing rate within bursts (Figure S7i). We conclude that inhibit-
ing the function of a single human-biased activity-dependent
enhancer affects the firing properties of neurons.


https://doi.org/10.1101/2025.03.31.646366
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.31.646366; this version posted April 1, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

A B. N C.
L 12.5] sgRNA w 1.00] SGRNA
Q9 «NT = «NT
S 10.0| = TUNARTSS & « TUNARTSS
o TUNAR PE1 = 0.75| - TUNAR PE1
g E
= ® 050
C o .
3 @
= [0}
E g 0.25
. : £ 2
ARBEA . = 2 < 0.00
piNs co-cultured with astrocytes -
= 21 time ———— 39
on MEA
D. NTsgRNA E. ) F.
— __Bf’i‘P“_’i‘“i"_ ] S 10.0] SgRNA . @ 1.00 sg'\ll?_ll_\lA
"(_U‘ - NT c -
14 «SV2C TSS 2 +SV2CTSS —
@ 75 © 0.75
______________ = =}
TUNAR TSS sgRNA = e
sg c 2 0.50
Burst Duration i 8 50 8
------------------ | = )
mmi | i
5 g
__________________ = 3
2 00 0.00
0.5s 21 time 39 21 time—— 39

Figure 6: TUNAR or SV2C knockdown modulates neuronal firing in culture. a. Brightfield image of piNs and human iPSC-derived astrocytes cultured on
48-well multielectrode array (MEA) plate. b. Plot of weighted mean firing rate in TUNAR TSS, TUNAR-PE1, and NT CRISPRIi lines recorded every 3/4 days from
Day 21 to Day 39. Error bars are + SEM (*** p < 0.001; Holm-Sidak corrected p-values from t-tests on estimated marginal means derived from mixed effects
models). c. Plot of average burst duration in TUNAR TSS, TUNAR-PE1, and NT CRISPRI lines recorded every 3/4 days from Day 21 to Day 39. Error bars are
+ SEM (* p < 0.05, ** p < 0.01, *** p < 0.001; Holm-Sidak corrected p-values from t-tests on estimated marginal means derived from mixed effects models). d.
Raster plot of spikes recorded from NT CRISPRi and TUNAR TSS lines at Day 39 showing differences in burst duration. e. Plot of weighted mean firing rate in
SV2C TSS and NT CRISPRI lines recorded every 3-4 days from Day 21 to Day 39. Error bars are + SEM (* p < 0.05; Holm-Sidak corrected p-values from t-tests
on estimated marginal means derived from mixed effects models). f. Plot of average burst duration in SV2C TSS and NT CRISPRIi lines recorded every 3/4 days
from Day 21 to Day 39. Error bars are + SEM (*** p < 0.001; Holm-Sidak corrected p-values from t-tests on estimated marginal means derived from mixed effects

models).

Discussion

We used cultured human-chimpanzee tetraploid neurons to
identify activity-dependent genes that are differentially induced
in human compared to chimpanzee piNs within the same nu-
clear environment. Neuronal activity drives the maturation
of cortical excitatory neurons, a process that is dramatically
slowed and more complex in humans compared to chimpanzees
and other species. We employed a highly reproducible excita-
tory neuron differentiation protocol to generate relatively ho-
mogeneous cell populations from diploid and tetraploid iPSCs
and delivered a strong, synchronous stimulus to neurons by de-
polarizing the membrane with elevated levels of KCI1. Both the
homogeneity of the culture and the consistency of the differ-
entiation protocol across diploid and tetraploid cells allowed
us to make comparisons between species that have not previ-
ously been possible (Agoglia et al., 2021). This allowed us, for
the first time, to make a comprehensive and in-depth mechanis-
tic comparison between ADGE programs of human and chim-
panzee neurons, and identify genes for which sequence changes
in nearby regulatory regions drive these evolutionary changes.

We identified over 200 genes that are activity-regulated and
show significant species bias. A subset of these genes are
activity-dependent only in one species, which may be due to the
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gain or loss of stimulus-responsive regulatory elements. Other
genes are activity-dependent in both species, but show consis-
tently higher expression in one throughout the time course, sug-
gesting an alternate mechanism where evolution has acted on a
constitutive enhancer. Notably, we found that a larger num-
ber of LRGs show species-specific changes than IEGs. Be-
tween human and chimpanzee neurons, we detected no signif-
icant difference in the expression levels of any canonical IEG
TFs, including AP-1 and NR4A family members, suggesting
that evolution has tinkered with the expression of downstream
effector genes, but not the master regulators of the membrane
depolarization response. Prior studies have shown that IEG pro-
grams are highly similar across cell types, while LRG programs
are highly cell type specific (Hrvatin et al., 2018; Traunmiiller
et al., 2025). We have extended this finding beyond differences
between cell types in the same species to differences between
species in the same cell type. Given the cell type specificity
of LRG expression, it will be worthwhile to uncover human-
specific features of ADGE in additional neuronal subtypes dif-
ferentiated from tetraploid cells.

Our finding that the majority of species-biased and activity-
dependent open chromatin regions contained AP-1 motifs, and
that the majority of FOS binding sites show a species bias in
binding suggests that the evolution of ADGE occurs largely


https://doi.org/10.1101/2025.03.31.646366
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.31.646366; this version posted April 1, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

through changes in FOS binding sites. This includes a similar
number of gained and lost binding sites in human piNs, sug-
gesting that changes in FOS binding sites may direct the down-
stream expression of species-specific activity-dependent genes
across species more generally. This is in contrast to recent work
that found that AP-1 motifs are enriched in human-specific
but not chimpanzee-specific open chromatin regions in human
brain tissue (Caglayan et al., 2023). Our work shows that FOS
binding, and not just AP-1 accessibility, changes through evolu-
tion and alters downstream activity-dependent gene expression.

Through the study of human-chimpanzee tetraploid neurons,
we were able to identify gene expression changes between
species that are due to nearby cis changes in gene regulatory
elements. The AP-1 motif is highly constrained in human pop-
ulations, and a single base change at six out of the seven motif
positions leads to a strong reduction in the ability of FOS to
bind (Yang et al., 2022). We found that many species-biased
FOS binding sites have single base changes in AP-1 motifs, and
we demonstrated that recreating those evolutionary sequence
changes in a reporter assay dramatically affects enhancer ac-
tivity. Thus, AP-1 sites appear to be abundant targets of evolu-
tionary changes in activity-dependent enhancer activity and can
gain or lose activity through single base pair changes in evolu-
tion.

Testing the function of enhancers in their endogenous con-
text has historically been challenging, given the limited tools
for silencing enhancers and the difficulty in linking putative en-
hancers to target genes. Here we searched for enhancer-gene
pairs within the limited space of neuronal activity-dependent
genes and regulatory regions, which made linking species-
biased activity-dependent genes and FOS binding sites some-
what simpler. We were able to show using CRISPRi that
targeting FOS binding sites at enhancers near TUNAR and
PCSK]1 significantly reduce activity-dependent expression of
these genes, thus implicating these specific enhancers in con-
trol of nearby genes.

In addition to cis-regulatory changes, we identified a num-
ber of trans-regulated genes and open chromatin regions in
piNs. These trans-regulated genes and sites may be regulated
by TFs with species-biased expression as described in (Song
et al., 2025), or by TFs that have species-specific amino acid
changes. Trans-regulated and activity-dependent open chro-
matin regions are also enriched for the AP-1 motif. Notably,
there is a human-derived SNV in the FOS coding sequence that
leads to a nonsynonymous amino acid change in the protein
compared to chimpanzees. Thus, it is of interest in the future
to test what effect FOS may have on regulating genes in trans,
through differences in the abundance of its binding partners or
perhaps through changes in its amino acid sequence.

We hypothesized that evolutionary changes in the expression
of activity-dependent genes may modify activity-dependent re-
sponses in neurons, changing synaptic responses and ultimately
contributing to the slowed pace of maturation in human neu-
rons. The species-biased genes that we identified have myriad
functions, suggesting that many synaptic programs may have
been affected by changes in the ADGE response during human
evolution. This is supported by our MEA results that found
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that both TUNAR and SV2C knockdown led to changes in the
length of firing bursts across neuron maturation. Combined
with their known roles in regulating synaptic signaling and
calcium dynamics (Schivell et al., 2005; Dardou et al., 2013;
Dunn et al., 2017; Senfs et al., 2021), this suggests that human-
biased ADGs may dampen calcium signaling, whether cell-
autonomously through pTUNAR-mediated calcium sequestra-
tion or by limiting the strength of synaptic inputs via an SV2C-
dependent block of vesicle release. Interestingly, calcium sig-
naling has long been known to regulate neuronal maturation,
and recently published studies have implicated the regulation of
calcium influx in driving the prolonged period of human neu-
ron maturation and axonal outgrowth (Ciceri et al., 2024; Her-
genreder et al., 2024; Lindhout et al., 2025). Future studies in
the mouse or in human brain organoids should further eluci-
date the mechanisms by which these genes modulate neuronal
function.

Finally, by targeting TUNAR’s human-biased activity-
dependent enhancer with CRISPRi, we showed that modifica-
tion of a single FOS binding site in human neurons can affect
the firing properties and perhaps the maturation rate of the neu-
rons. This further underscores the role that the evolution of FOS
binding sites plays in the modification of activity-dependent
gene programs between species, and suggests that just a small
number of species-specific sequence changes in an enhancer
can have measurable effects on neuronal function.

Key driving forces in evolution are a changing environment
and an organism’s ability to respond to external cues from that
environment. Neurons respond to environmental stimuli in the
short term by communicating with one another at synapses, and
in the long term, by activating ADGE, in part via FOS-mediated
enhancer activation. While our study focused on the evolution
of human-biased ADG programs in excitatory neurons, AP-1
factors play crucial roles across a variety of cell types. AP-1
mediates stimulus-responses throughout the brain and in many
different neuronal subtypes, as well as in the immune system,
pancreatic beta cells, and fibroblasts (Greenberg and Ziff, 1984;
Glauser and Schlegel, 2007; Wagner and Eferl, 2005; Yap and
Greenberg, 2018; Hrvatin et al., 2018; Atsaves et al., 2019). Our
results point to a possible interaction between cell-type-specific
TF binding and AP-1 site evolution. AP-1 site evolution may
therefore be a widespread mechanism for the evolution of stim-
ulus responses at the cellular level. A recent and growing body
of work also suggests that AP-1 may play a role in dictating
the differentiation, maturation, and senescence of cells across
the body (Martinez-Zamudio et al., 2020; Byrns et al., 2021;
Herring et al., 2022; Patrick et al., 2024; Ciceri et al., 2024).
These findings suggest that the evolution of AP-1 sites may
concurrently affect the cell’s stimulus response repertoire and
ultimately an organism’s life history. As differentiation proto-
cols expand, the tetraploid stem cell model can serve as a criti-
cal tool for further exploring these possibilities.
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Materials and Methods

PSC culture

Diploid cell lines were generated in the lab of Yoav Gi-
lad. NCRMS5 NGN2 dCas9-KRAB cell line was a gift from
the lab of Martin Kampmann (Tian et al., 2019). They were
cultured under the ESCRO protocol E00041. iPSCs were cul-
tured on hESC-qualified Matrigel (Corning # 354277) in mTeSr
Plus (STEMCELL Technologies # 100-0276). They were pas-
saged using Dispase (Life Technologies # 17105041) or Accu-
tase (Thermo Fisher Scientific # A1110501) as needed every
3-4 days and supplemented for one day with 10uM ROCK-
inhibitor Y-27632 (STEMCELL Technologies # 72304). The
media was changed every 1-2 days.
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Engineering NGN2 cell lines

To make NGN2 lines from human diploid, chimpanzee
diploid, human autotetraploid, chimpanzee autotetraploid, and
allotetraploid iPSCs (Gallego Romero et al., 2015; Song et al.,
2021), we inserted a doxycycline-inducible NGN2 cassette into
the AAVSI locus (Tian et al., 2019) as described in (Song
etal., 2025). Briefly we in vitro transcribed an sgRNA targeting
the AAVS2 locus (5°-GGGGCCACTAGGGACAGGAT-3") and
complexed it with Cas9-NLS protein (QB3, UC Berkeley). We
delivered the complexed RNP with a donor plasmid pAAVSI1-
TRE3G-NGN2 (Ordureau et al., 2020) (gift from Wade Harper
Lab) into 1 million iPSCs with the Neon Transfection Kit
(Thermo Fisher # MPK10096). Cells were plated in mTeSR
Plus (STEMCELL Technologies # 100-0276) with 1 uM thia-
zovivin (Tocris # 3845) in 10cm plates for 2-3 days. Cells con-
taining the donor plasmid were then selected using 0.5mg/mL
puromycin (Thermo Fisher # 10131035) for 3-5 days and then
allowed to recover for 7-10 days without puromycin. Indi-
vidual colonies were picked into a 96-well plate using the
EVOS M5000 microscope (Thermo Fisher) and genotyped with
primers spanning the 3” and 5” junctions (Table S1). Clones that
were positive by PCR were then Sanger sequenced to confirm
the genotype and karyotyped by WiCell.

Generation of sgRNA-expressing cell lines

sgRNA sequences targeting genes of interest were gathered
from Horlbeck et al., 2016 (Horlbeck et al., 2016) or generated
using CRISPick (Doench et al., 2016; Sanson et al., 2018) if
not present in the Horlbeck data set. sgRNA sequences can be
found in Table S1. sgRNAs were ordered as two oligos, with 5’-
TTG and GTTTAAGAGC-3’ overhangs on the top oligo and 5°-
TTAGCTCTAAAC and CAACAAG-3’overhangs on the bot-
tom oligos. Oligo pairs were phosphorylated and annealed with
T4 PNK for 30 minutes at 37 °C followed by 5 minutes at 95 °C
and then a ramp down to 25°C at a rate of 1°C/s. pBA904
(Replogle et al., 2020) (Addgene # 122238) was digested first
with BlpI (New England Biolabs # R0585S) in CutSmart Buffer
(New England Biolabs # B7204S) and then by BstXI (New
England Biolabs # R0113S) in NEBuffer r3.1 (New England
Biolabs # B6003S) and cleaned up with gel extraction. An-
nealed oligos were diluted 1:200 and then ligated into pBA904
using T4 DNA ligase (New England Biolabs # M0202T). Lig-
ated vectors were transformed and grown in STBL3 cells and
then purified and sequenced to confirm the correct sgRNA se-
quence was inserted using sanger sequencing or whole plasmid
sequencing.

To make stable sgRNA-expressing cell lines, we first made
lentivirus from pBA904 containing our sgRNA sequences.
Lentivirus was packaged in LentiX 293T cells (Takara Bio #
632180) using VSVG and PSPAX2 following calcium phos-
phate transfection. Lentivirus-containing media was har-
vested 48 hours after transfection and concentrated using 40%
PEG-8000 (Sigma Aldrich # P5413-2KG) and 1.2M NaCl in
PBS. Lentivirus was added after one freeze-thaw cycle to hu-
man or chimpanzee PSCs that constitutively express dCas9-
KRAB from the CLYBL locus. After 72 hours, infected cells
were disscociated using Accutase (Thermo Fisher Scientific #
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A1110501) and FACS sorted for cells expressing blue fluores-
cent protein (BFP) from pBA904. BFP+ cells containing each
sgRNA construct were re-plated and cultured as stable PSC
lines.

pIN differentiation

piNs were differentiated using a protocol modified from
(Nehme et al., 2018). iPSCs were dissociated on day 0
using Accutase (Thermo Fisher Scientific # A1110501) and
plated at a density of 50,000 cells/cm? for diploids and 25,000
cells/cm? for tetraploids on tissue culture dishes coated with
growth factor-reduced Matrigel (VWR # 47743-720) in mTesr+
media (STEMCELL Technologies # 100-0276) supplemented
with 10uM ROCK-inhibitor Y-27632 (STEMCELL Technolo-
gies # 72304). On day 1, the media was changed to KSR
(Knockout DMEM |[Thermo Fisher Scientific # 10829018],
with 15% Knockout Serum Replacement [Life Technologies #
10828028], 1% L-Glutamine [Life Technologies # 25030081],
1% MEM-NEAA [Life Technologies # 11140050], 1% Peni-
cillin/Streptomycin [Life Technologies # 15140122], 0.1%
beta-mercaptoethanol [Life Technologies # 21985023]) with
2 ug/mL doxycycline (Sigma # D9891), 10uM SB431542
(Sigma # S4317), 2uM XAV939 (STEMCELL Technolo-
gies # 72672), and 0.1uM LDN193189 (STEMCELL Tech-
nologies # 72147). On day 2, the media was changed
to half KSR, half NIM (DMEM/F-12 [Life Technologies #
11320082], 1x N2 Supplement-B [STEMCELL Technolo-
gies # 07156], 1% MEM-NEAA, 1% Penicillin/Streptomycin,
1% GlutaMAX [Life Technologies # 35050061], 0.16% D-
Glucose), supplemented as on day 1 with doxycycline, SB,
XAV, and LDN. On day 4, the cells were dissociated with
Accutase and replated at a density of 40,000 cells/cm? for
diploids and 20,000 cells/cm? for tetraploids on growth-factor
reduced Matrigel in complete neurobasal media (Neurobasal
[Thermo Fisher Scientific # 21103049], 1% MEM-NEAA,
1% Penicillin/Streptomycin, 1% GlutaMAX [Life Technolo-
gies # 35050061], 1x N2 Supplement-B [STEMCELL Tech-
nologies # 07156], 1x B27 without vitamin A [Life Technolo-
gies # 12587010], 0.1% Mouse laminin [Life Technologies #
23017015], 20ng/mL rhBDNF [Peprotech # 450-02], 10ng/mL
rhGDNF [Peprotech # 450-10], 1uM L-Ascorbic Acid [Sigma
# A4544], 20uM Dibutyryl cAMP [Sigma # D0260]) supple-
mented with 10uM ROCKIi and 2ug/mL doxycycline. cNB
Media + 2ug/mL doxycyline was then changed once per week
(Days 5, 12, 19, 26) and 2pg/mL doxycycline was spiked into
the media halfway through the week (Days 8, 15, 22). For
RNA-seq, ATAC-seq, and CUT&Tag, 0.05uM AraC (Sigma #
C6645) was added from day 12-14 to remove any remaining
undifferentiated mitotic cells.

KCl stimulation of piNs

All KCI stimulation experiments were performed on day 28
of differentiation unless otherwise noted. On day 27, piNs
were silenced with 1 pM TTX (VWR # 102663-330) and 100
uM APV (Thermo Fisher Scientific # 010610) to reduce back-
ground activity for 16-20 hours. On day 28, 170 mM KCI de-
polarization buffer (170 mM KCl, 2 mM CaCl,, | mM MgCl,,
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10 mM HEPES) was added to a final concentration of 55 mM.
For experiments in which piNs were depolarized for different
amounts of time, KCI was added at different times during the
day so that collection and downstream assays could be per-
formed at one time for all samples.

qRT-PCR

For RNA collection, cell culture wells were washed with
1X PBS (GIBCO # 10010023), and then cells were scraped in
0.5-1mL TRIzol (Life Technologies # 15596026) and frozen at
—80°C. After thawing 0.2 volumes of chloroform were added
and sample was homogenized. RNA was then harvested from
the aqueous phase using the Qiagen RNEasy Micro kit. 250-
500ng of RNA was then reverse transcribed into cDNA us-
ing the SuperScript VILO kit (Life Technologies # 11755050).
gPCR was performed on an Applied Biosystems QuantStudio
3 Real-Time PCR System using PowerUP SYBR Green Mas-
ter Mix (Fisher Scientific # A25778). Primer sequences can be
found in Table S1.

RNA-seq

For RNA collection, cell culture wells with diploid, autote-
traploid, and allotetraploid piNs were washed with 1X PBS,
and then cells were scraped in 0.5-1mL TRIzol (Life Tech-
nologies # 15596026) and frozen at —80 °C. After thawing 0.2
volumes of chloroform were added and sample was homoge-
nized. RNA was then harvested from the aqueous phase using
the Qiagen RNEasy Micro kit. 10ng RNA was used as input
to the SMARTer Stranded Total RNA-Seq Kit v2 - Pico Input
Mammalian kit (Takara Bio # 634413). RNA-seq libraries were
quantified using the Qubit DS DNA high-sensitivity assay kit
(Fisher Scientific # Q32854) and sequenced with an Illumina
NovaSeq 6000 with paired-end 150bp reads. A table with sam-
ple numbers and associated metadata is found in Table S2.

For RNA-seq of TUNAR and SV2C CRISPRi piNs, stable
iPSC lines generated from two human iPSC lines (H2-C and
NCRMS) containing nontargeting sgRNAs (2 NT sgRNAs),
sgRNAs targeting the TUNAR TSS (2 TUNAR TSS sgRNAs)
or the SV2C TSS (1 pool of 3 sgRNAs targeting the TSS) were
differentiated into piNs for 28 days and RNA was harvested in
TRIzol. Sequencing libraries were prepared as described above.
Samples were sequenced with an Illumina NextSeq 500 with
paired-end 37bp reads. A table with sample numbers and asso-
ciated metadata is found in Table S5.

ATAC-seq

ATAC-seq was performed as described in (Corces et al.,
2017) with minor modifications. For ATAC-seq, 250uL ly-
sis buffer (10mM Tris-HC1 pH7.4, 10mM NaCl, 3mM MgCl,,
0.1% NP-40, 0.1% Tween-20) was added to each 12-well well
of piNs at D28. Cells were scraped and collected into con-
ical tubes in a final volume of 500uL lysis buffer and then
incubated at 4 °C rotating to release nuclei, followed by cen-
trifugation at 830 rcf for 10 minutes. Nuclei were then resus-
pended in 1mL of lysis buffer and counted. 50,000 nuclei per
sample were aliquoted and centrifuged for 10 minutes at 830
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rcf. After removing the supernatant, the pellet was resuspended
in transposition mix (1X TD buffer [10mM Tris-HCI pH7.6,
5mM MgCl,, 10% dimethyl formamide], 0.33x PBS, 0.001%
Digitonin, 0.1% Tween-20, 100nM Tn5 transposase [made in
house]), and incubated for 30 minutes at 37 °C. After trans-
position, DNA was immediately purified using the Zymo DNA
Clean and Concentrator Kit (Research Products International #
7ZD4014) and eluted in 21 pL water.

ATAC-seq library preparation and sequencing

For ATAC-seq library preparation, the entire 20uL eluate
was added to a PCR reaction consisting of 1x NEBNext High
Fidelity PCR Master Mix (New England Biolabs # M0541L)
1.25uM Ad1 and 1.25uM Ad2 (Table S1), and amplified for 8
cycles (72 °C for 5 min, 98 °C for 30 seconds followed by 5 cy-
cles of 98 °C for 10 seconds, 63 °C for 30 seconds and 72 °C
for 1 minute). Libraries were purified using the Zymo DNA
Clean and Concentrator Kit (Research Products International #
7ZD4014), quantified with a KAPA Library Quantification Kit
(Roche Diagnostics # 07960140001) and sequenced with an Il-
lumina NovaSeq 6000 with paired-end 150bp reads. A table
with sample numbers and associated metadata is found in Table
S3.

CUT&Tag

For CUT&Tag, tetraploid piNs that were unstimulated or
stimulated for 2hr with 55mM KCI were scraped off of tis-
sue culture plates on D28 in NE1 lysis buffer (20mM HEPES
pH 7.9, 10mM KCl, 0.1% Triton X-100, 3mM MgCl,, 0.5mM
Spermidine, 1 tablet Complete Protease Inhibitor EDTA-free
per 50mL). Nuclei were isolated by rotating for 10 minutes
at 4°C followed by centrifugation at 200 rpm at 4°C in a
swinging bucket centrifuge. Nuclei were resuspended in ImL
WB150 (20mM HEPES pH 7.5, 150mM NaCl, 0.2% Tween-
20, 1g/L BSA, 0.5mM Spermidine [Sigma Aldrich # S2501],
10mM sodium butyrate [Sigma Aldrich # 19-137], 1 tablet
Complete Protease Inhibitor EDTA-free [Roche Diagnostics #
11873580001] per 50mL) and counted on a hemocytometer.
500,000 nuclei per CUT&Tag were aliquoted and the volume
of WB150 was brought up to ImL per reaction. 20uL Con-
canavalin A bead (Bangs Laboratories # BP531) slurry was
prepared for each CUT&Tag reaction by washing twice in
binding buffer (20uM HEPES-KOH pH 7.9, 10uM KCl, 1uM
CaCl,, 1uM MnCl,), and then resuspending in 10uL binding
buffer per reaction. 10uL beads were added to the nuclei and
incubated for 10 minutes at room temperature. The super-
natant was then removed using a magnet, and 50uL antibody
buffer (WB150 supplemented with 0.1% Triton X-100 and
2mM EDTA) containing 1uL primary antibody (FOS: Cedar-
lane # 226003; H3K27Ac: Abcam # ab4729; IgG: Cell Sig-
naling Technology # 2729S ) was added. Samples were incu-
bated overnight at 4 °C. On day two, buffer containing primary
antibody was removed and 100uL of antibody buffer contain-
ing 1.2uL anti-rabbit (Fisher Scientific # NBP172763) or anti-
mouse (Abcam # ab46540) secondary antibody was added with
trituration to resuspend the beads. After 1 hour at room temper-
ature, beads were washed 3 times with ImL WB150 and then
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resuspended in 100uL. WB300 (20mM HEPES pH 7.5, 300mM
NaCl, 0.2% Tween-20, 1g/L BSA, 0.5mM Spermidine, 10mM
sodium butyrate, 1 tablet Complete Protease Inhibitor EDTA-
free per 50mL) containing 2.5uL. proteinAG-Tn5 (Epicypher
Inc # SKU: 15-1017). After incubating for 1 hour at room
temperature, beads were washed 3 times with ImL WB300
and then resuspended in tagmentation buffer (WB300 supple-
mented with 10mM MgCl,). Samples were incubated for 1
hour at 37°C, and then tagmentation was stopped by adding
17mM EDTA, 0.1% SDS, and 0.17mg/mL proteinase K (Life
Technologies # AM?2546) followed by incubation for 1 hour
at 50°C shaking at 500 rpm. DNA was then extracted twice
with Phenol-Chloroform, precipitated twice with ethanol and
0.02mg/mL GlycoBlue (Life Technologies # AM9515), and re-
suspended in 22uL of water.

CUT& Tag library preparation and sequencing

For CUT&Tag library preparation, 20uL of precipitated
DNA was added to 13.5uL water, 10uL 5x KAPA HiFi Buffer
(Roche Diagnostics # KK2101), 1.5uL 10mM dNTPs (Roche
Diagnostics # KK2101), 1uL KAPA HiFi Polymerase (Roche
Diagnostics # KK2101), 2ulL 10uM Adl1, and 2uL 10 uM in-
dexed Ad2 (Table S1). The reaction was incubated at 72 °C for
5 minutes, then 98 °C for 30 seconds, followed by 14 cycles
of 98 °C for 10 seconds, 63 °C for 30 seconds, and 72 °C for
1 minute. Samples were then incubated at 72 °C for 5 min-
utes. Following PCR, samples were purified using double-
sided SPRI beads (Ampure XP, Thermo Fisher Scientific #
NCO0110018). 25uL. of SPRI beads were added to the PCR
reaction and incubated at room temperature for 8§ minutes fol-
lowed by capture on a magnet for 8§ minutes. Supernatant was
then recovered and moved to a fresh tube. 65uL SPRI beads
were then added to the supernatant and incubated at room tem-
perature for 8 minutes followed by capture on a magnet for
8 minutes. Supernatant was then discarded and beads were
washed twice for 30 seconds each with 200uL 80% ethanol,
and then dried. Beads were then resuspended in 53uL 10mM
Tris-HCI1 pH 7.5 and then captured on a magnet. SOuL super-
natant was moved to a new tube for the final SPRI cleanup.
55uL SPRI beads were added to the supernatant, incubated and
then washed twice as described above with 80% ethanol. DNA
was eluted in 20uL of 10mM Tris-HCI1 pH 7.5. Libraries were
quantified with the KAPA Library Quantification kit (Roche Di-
agnostics # 07960140001) and sequenced with an Illumina No-
vaSeq 6000 with paired-end 150bp reads. A table with sample
numbers and associated metadata is found in Table S4.

Immunofluorescence

After 28 days of differentiation on glass coverslips, piNs
were fixed with 4% PFA/4% sucrose solution for ten minutes
at room temperature. After fixing, cells were washed 3x with
Ix PBS and blocked for 1 hour in 0.05% donkey serum (Sigma
Aldrich # D9663) and 0.2% Triton X-100 in PBS at room tem-
perature. Cells were incubated in primary antibody (MAP2:
Lifespan Biosciences # LS-C61805) in 0.05% donkey serum
overnight at 4°C. After washing 3 times in PBS with 0.1%
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Triton X-100, cells were incubated in secondary antibody (anti-
chicken Invitrogen # A-11039) in 0.05% donkey serum for 1
hour at room temperature. After washing 3 times in PBS,
samples were mounted on slides using DAPI fluoromount G
(Thermo Fisher Scientific # OB010020), sealed with clear nail
polish, and imaged on a Leica Sp8 confocal microscope.

Multielectrode array

A 48-well CytoView MEA plate (Axion Biosystems # M768-
tMEA-48B) was coated with 150uL of 0.01% PEI (Sigma
Aldrich # 408727) in Borate Buffer (Life Technologies #
28341) for one hr, washed 4x with sterile water and allowed to
dry, covered overnight in the hood. The following day 150uL
of 0.01mg/mL mouse laminin (Life Technologies # 23017015)
was added to each well in DPBS with Ca2+/Mg2+ (Life Tech-
nologies # 14040133) and incubated overnight at 37°C. On
Day 4 of the neuron differentiation, Human iPSC derived as-
trocytes (Ncardia # K0101) were thawed and 9000 were im-
mediately plated in 150uL of complete neurobasal (Neurobasal
[Thermo Fisher Scientific # 21103049], 1% MEM-NEAA,
1% Penicillin/Streptomycin, 1% GlutaMAX [Life Technolo-
gies # 35050061], 1x N2 Supplement-B [STEMCELL Tech-
nologies # 07156], 1x B27 without vitamin A [Life Technolo-
gies # 12587010], 0.1% Mouse laminin [Life Technologies #
23017015], 20ng/mL rthBDNF [Peprotech # 450-02], 10ng/mL
rhGDNF [Peprotech # 450-10], 1uM L-Ascorbic Acid [Sigma
# A4544], 20uM Dibutyrul cAMP [Sigma # D0260]) supple-
mented with 10uM ROCK:Ii and 2ug/mL doxycycline) in each
well. piNs were cultured as described up to replating on Day
4. On Day 5, neurons were treated with 60 nM AraC (Sigma
# C6645) for two days. On Day 7, neurons were lifted from
plates using Accutase and mixed with a newly thawed vial of
passaged Human iPSC derived astrocytes (Ncardia # K0101)
at a ratio of 9000 astrocytes to 60,000 neurons. This mixture
was then spot-plated in 20uL of complete neurobasal supple-
mented with 10uM ROCK inhibitor (STEMCELL Technolo-
gies # 72304) in each well of the 48-well MEA plate described
above. Cells were allowed to adhere for one hour at 37°C
before an additional 150uL of ctNB supplemented with 10uM
ROCK inhibitor was added to each well. The following day,
150uL of cNB was added to each well. Half media changes
were performed every 3 days with cNB until around Day 14, af-
ter which media was replaced with Complete Brainphys media
(BrainPhys Media [STEMCELL Technologies # 05796], 1%
Penicillin/Streptomycin, 1x N2 Supplement-A [STEMCELL
Technologies # 07152], 1x NeuroCult™ SM1 Without Vitamin
A [STEMCELL Technologies # 05731], 0.1% Mouse laminin
[Life Technologies # 23017015], 20ng/mL rthBDNF [Pepro-
tech 450-02], 10ng/mL rhGDNF [Peprotech # 450-10], 1uM
L-Ascorbic Acid [Sigma # A4544], 20uM Dibutyrul cAMP
[Sigma # D0260], 2ug/mL doxycycline [Sigma # D9891]). Half
media changes were completed almost every 3 days, immedi-
ately following recording.

Recordings were completed using the Axion Maestro Pro
(Maestro-625) recording system. Plates were first allowed to
equilibrate to 37 °C and 5% CO?2 after transfer for 10 minutes
and recordings were done immediately for 10 min. Voltage
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activity was recorded at 12.5kHz and passed through a 3kHz
Kaiser-Window low pass filter and 200Hz IIR high pass fil-
ter. Spikes were counted using an adaptive threshold crossing
model with a standard deviation threshold of 6. Bursts were
detected using a maximum inter-spike interval (ISI) method
threshold with a maximum ISI of 100ms and a minimum of
5 spikes. Active electrodes were those that had at least 5 spikes
per minute.

Multielectrode array analysis

CSV files containing recording metadata and metrics were
made using the AXIS Neural Metric tool. These files were an-
alyzed in R to determine metric evolution across recordings.
Wells were excluded if they had less than 10 active electrodes
or less than 15 covered electrodes. Wells were grouped de-
pending on their expressed sgRNA (non-targeting guides 1 and
2 were combined, as were TUNAR TSS guides 1 and 2, and
TUNAR-PEI guide 4 and guide 5). Differential metrics were
identified by performing ANOVAs between linear mixed effect
models with and without a sgRNA fixed effect. All models in-
cluded a nested, plate:well random effect and day count fixed
effect. Significant metrics (p < 0.05, Holm-Sidak corrected)
were chosen and modeled with a sgRNA fixed effect. Estimated
marginal means (emmeans) were found for each sgRNA group
and compared pairwise across days using the emmeans ‘pair-
wise’ function in R (Holm-Sidak corrected p-values reported).

Mouse cortical neuron dissection and culture

Mouse cortical neurons were prepared as previously de-
scribed (Pollina et al., 2023) and all animal use was approved
and overseen by the Harvard University Institutional Animal
Care and Use Committee. Briefly, cortices were dissected
from approximately E16.5, mixed-sex embryos (C57/BL6)
with each biological replicate coming from a different dam
and dissociation procedure. Cortices were digested using Pa-
pain (Sigma Aldrich # 10108014001) in the presence of DNAse
(Sigma Aldrich # DN25-10MG), digestion was stopped through
addition of ovomucoid (Worthington Biochemical Corp. #
LS003085), and cortices were triturated using a P1000 pipette
tip. Neurons were plated on precoated (20 pg/mL Poly-
d-lysine (Sigma Aldrich # P7405-5MG), 4 ug/mL Mouse
Laminin (Life Technologies # 23017015) 24-well tissue cul-
ture treated plates and subsequently cultured in Neurobasal
[Thermo Fisher Scientific # 21103049] supplemented with 1%
Penicillin/Streptomycin [Life Technologies # 15140122], 1%
GlutaMAX [Life Technologies # 35050061], and 1x B27 with-
out vitamin A [Life Technologies # 12587010] at a density of
150k cells/cm 2. Half the media was changed at DIV 3.

Luciferase construct cloning

Luciferase constructs are all based on the NanoLuc®
luciferase reporter vector pNL3.2[NlucP/minP] (Promega #
N104A). Enhancers were amplified from human and chim-
panzee genomic DNA, or synthesized as gene blocks and
cloned in directly upstream of the minimal promoter via PCR
amplification (when using gene blocks) or HindIIl digestion
(New England Biolabs # R3104T) (when not using gBlocks)
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of pNL3.2 followed by In-Fusion Snap Assembly (Takara Bio
# 638949). All PCR reactions used NEBNext High-Fidelity
2X PCR Master Mix (New England Biolabs # M0541L). Gene
block and oligo sequences can be found in Table S1. Site-
directed mutagenesis was performed using the QuikChange
Lightning Site-Directed Mutagenesis Kit (Agilent # 210518)
on the existing nano-luciferase plasmids containing the HBF-
226 and HBF-1033 enhancers. Oligo sequences can be found
in Table S1.

Luciferase assays

DIV6 neurons were transfected with 500ng of enhancer-
containing nanoluciferase plasmid, 20ng of pBluescript Il SK+
(Stratagene # 212205) for added DNA load, 70ng of an EGFP
expression vector for visualization of transfection efficiency
(FUGW, Addgene # 14883), and 10ng of pGL4.53[luc2/PGK]
(Promega # E5011) as a normalizing luciferase control. The
empty pNL3.2[NlucP/minP] (Promega # N1041) construct was
used as a negative control while a highly-inducible enhancer
(Enhancer 39, (Malik et al., 2014)) was used as a posi-
tive control. Neurons were transfected for two hours us-
ing Lipofectamine 2000 (Life Technologies # 11668500) in
non-supplemented Neurobasal media (Thermo Fisher Scien-
tific # 21103049) and were returned to a 1:1 mixture of fresh
and conditioned, supplemented Neurobasal media (Neurobasal
[Thermo Fisher Scientific # 21103049] supplemented with 1%
Penicillin/Streptomycin [Life Technologies # 15140122], 1%
GlutaMAX [Life Technologies # 35050061], and 1x B27 with-
out vitamin A [Life Technologies # 12587010]). Neurons were
silenced on DIV7 withluM TTX (VWR # 102663-330) and
100uM APV (Thermo Fisher Scientific # 010610) to reduce
background spontaneous activity for 16 hours. DIV8 neurons
were stimulated through the addition of 170mM KCI depolar-
ization buffer (170 mM KCl, 2 mM CaCl,, I mM MgCl,, 10
mM HEPES) to a final concentration of 55mM for 6hr. Fol-
lowing stimulation, neurons were collected through the addi-
tion of 110uL of Passive Lysis Buffer (Promega E1941), shak-
ing at 225 RPM for approximately one hour, and scraped from
the wells. Two 24-well wells were used for each timepoint (no
stimulation, 6hr KCl stimulation) and collected separately. Fol-
lowing collection, lysates were stored at —20 °C for up to one
week before thawing, spinning down for two minutes, and per-
forming the Nano-Glo Dual-Luciferase Reporter Assay System
(Promega # N1620) according to the manufacturer’s supplied
documentation. The lysate from each 24-well of the original
culture was run in a separate well for measuring luminescence.
Luminescence was measured using a BioTek Synergy H1 plate
reader. Nano-luciferase luminescence was first normalized to
control firefly luciferase luminescence to obtain a normalized
ratio for each well. This ratio was then normalized to the nega-
tive control (empty vector) ratio for both conditions. Assays
where the positive control’s double-normalized ratio did not
show greater than a 10-fold increase upon KCl stimulation (in-
dicative of poor stimulation), were discarded from future anal-
ysis.
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RNA-seq Analysis in diploid, autotetraploid, and allotetraploid
PIiNs

RNA-seq from diploid, autotetraploid, and allotetraploid
piNs was analyzed as previously described (Song et al., 2021).
Trimgalore v0.6.6 and cutadapt v2.5 (Martin, 2011) were used
to trim adapter sequences and fastqc v0.11.5 was used to assess
sequencing quality. Star v2.7.9a (Dobin et al., 2013) with two-
pass mapping was used to align reads to a composite human-
chimpanzee genome (from hg38 and panTro6) and the number
of reads that mapped uniquely (MAPQ=255) to each gene was
counted with featureCounts from subread v2.0.0 (Liao et al.,
2014).

The following piN lines were removed from downstream
analyses due to a failure to induce FOS expression with
2hr KCI treatment: C3-C, H1Hla_H6-1, C1_A4-3, C2_C8-1,
H1Hla_D3-2.

Gene annotations for featureCounts (“byexon-gene” and
“bysnp-gene”) were previously generated in (Song et al., 2021),
and were further filtered as follows. Exons or SNVs where 10%
or more of reads from diploid and autotetraploid lines map to
the incorrect species in piNs were removed. In addition, we
filtered out genes where 10% or more of the reads mapped
incorrectly in piNs when quantifying counts from exons and
SNVs separately. We also combined exons and SNVs into a
single annotation where only SNVs that did not overlap exons
were included. We removed genes for which more than 10%
of reads from diploid and autotetraploid piNs mapped to the in-
correct species. The resulting annotations contained 477,300
exons and 73,993 SNVs from 98,684 genes. After alignment,
we performed differential expression (DE) analysis and allele-
specific expression analysis (ASE) using DESeq?2 (Love et al.,
2014) with default parameters. Genes were considered signif-
icantly differential if the p-adjusted after Benjamini-Hochberg
FDR correction was p<0.05. We classified genes by regulatory
type as follows: cis: significant ASE, significant DE, Log,(FC)
in the same direction between ASE and DE. trans: significant
DE, not significant ASE. compensatory: significant ASE, not
significant DE.

We adjusted read counts by feature length to account for
any differences between length in the chimpanzee and human
genomes. This produced nearly identical results to those with-
out length correction. Only genes that we found to be signifi-
cantly DE or ASE with and without length correction were kept,
but visualization was performed without length correction. We
used a cutoff of FC > 1.5 for all downstream analyses of gene
sets. For activity-dependent gene calling, we used the same pa-
rameters to call DE between unstimulated and stimulated sam-
ples. Associated data can be found in Table S2.

Analysis of tetraploid-biased gene expression

To assess whether tetraploidization affects gene expression
in piNs, we compared human diploid to human autotetraploid
neurons and chimpanzee diploid to chimpanzee autotetraploid
neurons. Although there are very few differences in gene ex-
pression between diploid and autotetraploid iPSCs (Song et al.,
2021) or NPCs (Song et al., 2025), we found that there are 2434
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genes that are differentially regulated between diploid and au-
totetraploid piNs in both humans and chimpanzees, suggest-
ing that the tetraploid state leads to specific gene expression
changes. This could be due to the lower plating density for
tetraploid piNs (Shan et al., 2024), due to the larger size of their
soma, or to differences in the relative soma to neurite ratio in
tetraploid cells. Nevertheless, the genes that we focus on in this
study are cis-regulated in allotetraploids where the effects of
the cellular environment are controlled for, and our follow-up
studies on these genes are all done in diploid piNs.

ATAC-seq analysis

We aligned ATAC-seq data from human and chimpanzee
diploid, autotetraploid, and allotetraploid piNs to a composite
human-chimpanzee genome (from hg38 and panTro6) with bwa
mem v0.7.17 (Li and Durbin, 2009). We filtered poorly align-
ing reads and duplicates using samtools (samtools view -F 3844
-q 10) (Li and Durbin, 2009). We made bed files from bam
files using bedtools v2.26.0 (Quinlan and Hall, 2010). We used
MACS2 v2.1.1.201160309 to call peaks (—nomodel —extsize
200) (Zhang et al., 2008). We used regions where reads from
diploid and autotetraploid piNs mapped to the incorrect species
as the background for peak calling. We removed data from one
piN line for downstream analysis due to poor ATAC-seq data
quality: H1H1a_H6-1.

We filtered peaks and reads by mapping reads from
panTro6 to hg38 and vice versa with pslMap (Zhu et al.,
2007). The chain file panTro6.hg38.all.chain.gz from UCSC
(Navarro Gonzalez et al., 2021) was used in pslMap after fil-
tering for orthologous chains as previously described (Turakhia
et al., 2020). We filtered for uniquely mapping reads and peaks
where orthologous regions have <5-fold change and <5kb size
difference. We removed peaks that overlap ENCODE black-
list regions in hg38 (Amemiya et al., 2019) and alternate chro-
mosomes. We generated reads and peaks listed in hg38 and
panTro6 coordinates for each sample. Reads that mapped to
hg38 initially in allotetraploids were represented separately
than those that mapped to panTro6.

To generate a background mis-mapping file in hg38 and
panTro6 coordinates for both species, we used reads from
diploids and autotetraploids that mapped to the incorrect
species. Using these mis-mapping files, we called peaks using
MACS2 to use as a background set of genomic regions where
there were high levels of mis-mapping.

We performed allele-specific accessibility (ASA) and differ-
ential accessibility (DA) analysis with DiffBind v3.0.15 (Ross-
Innes et al., 2012) for reads and peaks in hg38 and panTro6 co-
ordinates separately using the background mis-mapping files.
To identify the ATAC peaks for analysis with Diffbind, we took
the top 30,000 peaks per sample by macs2 g-value and iden-
tified peaks found in at least three samples and at least two
different lines. This resulted in a set of 84,945 ATAC peaks.
57,330 of these ATAC peaks did not overlap coding regions.
We called peaks as significant if they had an adjusted p<0.05
after Benjamini-Hochberg FDR correction. We kept peaks only
if they had the same direction-of-effect when assessed in both
hg38 and panTro6 coordinates.
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We classified peaks by regulatory type based on the follow-
ing: cis: significant DA, significant ASA, Log,(FC) in the same
direction between ASA and DA. trans: significant DA, not sig-
nificant ASA. compensatory: significant ASA, not significant
DA.

Differential accessibility was also assessed between KCl
timepoints by comparing stimulated to unstimulated piN sam-
ples. We excluded peaks that overlapped peaks called from
background mis-mapping files in all downstream analyses.
We also removed ATAC peaks that overlap chr21:43377000-
43584000 where there is an assembly error in hg38.

Motif enrichment was calculated for ATAC-seq peaks that
were significantly induced with KCl (30min or 2hr) and
cis-regulated using HOMER (Heinz et al., 2010) findMotif-
sGenome.pl. De novo motifs are reported.

CUT&Tag analysis

CUT&Tag data was processed as described for ATAC-seq
with some minor differences. Before mapping, we used cu-
tadapt v2.5 (Martin, 2011) to trim adapters. MACS2 was
used to call peaks using matched IgG samples as the back-
ground. The following parameters were used for peak calling:
—nomodel —shift -100 —extsize 200. Peaks assessed with Diff-
Bind had to be found in at least 3 samples.

Variant Analysis within FOS CUT&Tag peaks

Filtered net files for syntenic alignments in maf format (*syn-
Net.maf) were downloaded from the UCSC Genome Browser
between hg38 and panTro6, gorGor6, rheMac10, and calJac4
and parsed for variants between the human genome (hg38) and
each primate species. Regions of the human genome without a
syntenic alignment were considered missing data. For human-
biased, chimpanzee-biased, and unbiased CUT&Tag peaks,
bedtools intersect was used to intersect variant locations with
peak locations. To identify variants within AP-1 and CUX2
motifs, HOMER (Heinz et al., 2010) annotatePeaks.pl was used
with CUX2 and AP-1 motif annotation files. Motif locations
from HOMER were then intersected with variant locations to
find variants within motifs. Variant frequency within a motif
was calculated as the number of variants overlapping the motif
divided by the number of instances of that motif multiplied by
the motif length.
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