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Abstract

A major challenge in human evolutionary biology is to pinpoint genetic differences that underlie human-specific traits, such as
increased neuron number and differences in cognitive behaviors. We used human-chimpanzee tetraploid cells to distinguish gene
expression changes due to cis-acting sequence variants that change local gene regulation, from trans expression changes due to
species differences in the cellular environment. In neural progenitor cells, examination of both cis and trans changes — combined
with CRISPR inhibition and transcription factor motif analyses — identified cis-acting, species-specific gene regulatory changes,
including to TNIK, FOSL2, and MAZ, with widespread trans effects on neurogenesis-related gene programs. In excitatory neurons,
we identified POU3F2 as a key cis-regulated gene with trans effects on synaptic gene expression and neuronal firing. This study
identifies cis-acting genomic changes that cause cascading trans gene regulatory effects to contribute to human neural specializa-
tions, and provides a general framework for discovering genetic differences underlying human traits.

Keywords: human evolution, neural progenitors, excitatory neurons, human-chimpanzee tetraploids, TNIK, FOSL2, MAZ,
POU3F2, HARs, HAQERs

Introduction

Compared to chimpanzees, humans have a three-fold larger
brain, a prolonged period of neuronal maturation, and differ-
ences in cognitive and social behaviors (Pollen et al., 2023;
Vanderhaeghen and Polleux, 2023). However, the genetic
changes between humans and chimpanzees that underlie these
phenotypic differences remain poorly understood. Prior stud-
ies in vertebrates suggest that the vast majority of evolution-
ary differences between species are due to context-specific gene
expression changes that are mediated by non-coding sequence
variation at gene regulatory elements (King and Wilson, 1975;
Carroll, 2008; McLean et al., 2011; Jones et al., 2012), but iden-
tifying these key genomic changes is challenging due to the im-
mense spatiotemporal complexity of the gene regulatory land-
scape.

A common approach to begin to identify gene regulatory
changes underpinning human evolution is to directly compare
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cultured or primary neural cell types between human and non-
human primates. This approach has identified hundreds to thou-
sands of genes that are differentially expressed in specific cell
types, brain regions, and developmental time points (Ma et al.,
2022; Caglayan et al., 2023; Jorstad et al., 2023). Although
these studies provide an upper bound on the gene expression
changes that may be causal for human-specific phenotypes in
particular regulatory contexts, identifying the key molecular
changes from among these candidate genes and linking them
to their causative regulatory sequence variants remains a daunt-
ing challenge. This is further complicated by the paucity of
available primate fetal samples and the challenge of accurately
matching developmental stage and cell type identity across
species.

The recent generation of human-chimpanzee tetraploid in-
duced pluripotent stem cells (iPSCs) provides an orthogonal ap-
proach to narrow this search space (Agoglia et al., 2021; Song
et al., 2021; Pavlovic et al., 2022). By examining tetraploid
cells that contain both the human and chimpanzee genome and
comparing them to cells that contain each genome separately
(what we collectively term the “human-chimpanzee tetraploid
system”), we can distinguish species-differential genes that are
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regulated in cis — due to a nearby linked sequence variant —
from those that are regulated in trans simply due to changes
in the cellular environment, such as the levels of transcrip-
tion factors (TFs) (Fig. 1A). Although this system has immense
promise to identify key genetic changes governing human evo-
lution, the human-chimpanzee tetraploid system has only been
used to identify and experimentally model cis-regulated genes
to date (Agoglia et al., 2021; Gokhman et al., 2021), leaving it
an open question whether this system can actually connect cis-
regulated gene expression changes to their causative sequence
variants in practice. In addition, because cis changes with large
effect sizes likely have cascading trans effects on the expression
of many genes, we hypothesized that simultaneously examining
both cis- and trans-regulated genes may substantially boost our
power to identify cis changes with amplified trans-acting gene
regulatory effects as key contributors to human evolution.

In this study, we applied the human-chimpanzee tetraploid
system to iPSC-derived neural progenitor cells (NPCs), which
model the NPCs that have expanded in proliferative capacity
to result in the increased neuron number and brain size char-
acteristic of humans (Pollen et al., 2023). Increased neuron
number in humans is likely due, at least in part, to increased
self-renewal and delayed terminal differentiation of NPCs upon
mitosis (Dehay and Huttner, 2024). Although comparative ge-
nomics and transcriptomics efforts to date have identified a
handful of evolutionary differences that modulate this process
(Florio et al., 2015; Fiddes et al., 2018; Suzuki et al., 2018; Liu
et al., 2024), the genome-wide regulatory changes that govern
the evolutionary expansion of neuron number in humans are
still largely uncharacterized.

Using the human-chimpanzee tetraploid system, we distin-
guished cis- and trans-regulated genes and open chromatin re-
gions in iPSC-derived NPCs. We used a CRISPR inhibition
(CRISPRi) screen to test whether cis-regulated open chromatin
regions regulate nearby cis-regulated target genes, and per-
formed TF motif analyses of trans-regulated open chromatin
regions to identify cis-regulated TFs that have widespread trans
effects. These include a cis-acting regulatory region near TNIK
and two cis-regulated TFs, FOSL2 and MAZ, with substan-
tial trans effects on neurogenesis-related gene programs. We
also extended these approaches to excitatory neurons, a major
building block of neuronal circuits in the brain, and identified
POU3F2 as a key cis-regulated TF with strong trans effects
on synaptic gene expression and neuronal firing. Our results
demonstrate how using the human-chimpanzee tetraploid sys-
tem to examine both cis and trans effects can lead to a genome-
wide understanding of human-specific gene regulatory changes.

Results

Distinguishing cis- and trans-regulated genes in neural progen-
itor cells (NPCs)

To identify genetic changes that underlie human-chimpanzee
differences in NPCs, we differentiated three human diploid,
three chimpanzee diploid, two human autotetraploid, two
chimpanzee autotetraploid, and six human-chimpanzee allote-
traploid iPSC lines for 14 days into NPCs (Fig. 1A, B; Fig. S1A;

Materials and Methods). Autotetraploid lines are derived from
the fusion of two diploid iPSCs of the same species and serve as
tetraploidization controls, while allotetraploid cells are derived
from the fusion of a human iPSC line and a chimpanzee iPSC
line (Song et al., 2021). We performed RNA-seq to identify
species-differential genes and ATAC-seq to identify species-
differential chromatin accessibility for two biological replicates
per line. Open chromatin regions identified by ATAC-seq are
associated with regulatory activity (Gasperini et al., 2020).

As expected, principal component analysis (PCA) separated
human from chimpanzee samples along the first two princi-
pal components (PCs) of variation for RNA-seq and along the
first PC for ATAC-seq, with human-chimpanzee samples falling
in between the human and chimpanzee samples respectively
(Fig. 1C; Fig. S1B). All lines generated homogenous popula-
tions of PAX6+, NESTIN+, SOX2+ NPCs by immunofluores-
cence and expressed dorsal forebrain NPC markers by RNA-seq
(Fig. 1B; Fig. S1A, C). There were some differences in NPC
morphology and the relative strength of marker gene expres-
sion between lines (Fig. S1A, C), but these differences were
not correlated with species or ploidy, suggesting that they rep-
resent normal variability in differentiations between different
iPSC lines (Kyttälä et al., 2016). Diploid and autotetraploid
NPCs were well mixed by PCA within each species (Fig. 1C;
Fig. S1B), and only 11 genes were differentially expressed be-
tween diploids and autotetraploids in both human and chim-
panzee NPCs (Table S1), suggesting that tetraploidization does
not lead to overt gene expression changes in NPCs.

To identify and distinguish cis- from trans-regulated genes,
we performed differential gene expression analysis between
human and chimpanzee NPCs and allele-specific expression
analysis between human and chimpanzee alleles within allote-
traploids. Cis-regulated genes differ in expression due to nearby
sequence variants on the same DNA molecule (Fig. 1A). Be-
cause cis-regulated gene expression changes are due to se-
quence variants and not due to changes in the cellular environ-
ment, they have both significant differential expression when
the human and chimpanzee orthologs are in separate cellu-
lar environments (diploids and autotetraploids) and significant
allele-specific expression when the human and chimpanzee or-
thologs are in the same cellular environment (allotetraploids).
Trans-regulated genes differ in expression due to changes in
the cellular environment, such as different levels of TFs, chro-
matin remodelers, and other molecules, and not due to linked
sequence changes. Accordingly, they have significant differ-
ential expression between human and chimpanzee orthologs in
separate cellular environments (diploids and autotetraploids)
but nonsignificant allele-specific expression between human
and chimpanzee orthologs exposed to the same cellular envi-
ronment (allotetraploids). We note that although having both
significant differential expression and significant allele-specific
expression indicates that a gene is regulated at least in part due
to a cis contribution, these gene expression differences may also
have a trans contribution. For simplicity, we refer to genes with
any cis contribution as cis-regulated genes, and genes with only
a trans contribution as trans-regulated genes.

There are 2,181 cis-regulated genes and 1,574 trans-
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Figure 1: Distinguishing cis and trans gene expression and chromatin accessibility changes between human and chimpanzee NPCs. (A) Schematic of
potential mechanisms for cis and trans changes. (B) Representative image of allotetraploid NPCs stained for PAX6, NESTIN, and SOX2. (C) PCA of RNA-seq
shows separation by species. (D) RNA-seq identifies cis-regulated (green) and trans-regulated (orange) gene expression changes. (E) Representative, significant
terms from gene-set enrichment analysis of differential genes between human and chimpanzee NPCs. (F) TF motifs enriched in cis-regulated open chromatin
regions. (G) Ratio of the proportion of HARs or HAQERs overlapping all, cis-regulated, trans-regulated, or compensatory open chromatin regions compared to the
proportion of HARs or HAQERs overlapping all open chromatin regions. *: pad j < 0.05; **: pad j < 0.01; ****: pad j < 0.0001. See also Fig. S1, Tables S1 and
S2, and Materials and Methods.

regulated genes between human and chimpanzee NPCs at a
fold-change > 1.5 (Fig. 1D; Table S1). Cis- and trans-regulated
genes with increased expression in human NPCs compared to
chimpanzee NPCs (human-biased) are enriched for gene ontol-
ogy terms related to the cell cycle, consistent with prolonged
neurogenesis in the human lineage (Fig. 1E; Fig. S1D; Ta-

ble S1). These include genes such as ANKRD53, TTN, and
NEK6 that are required for mitosis (Liu and Meinke, 1998; Yin
et al., 2003; Kim and Jang, 2016). In contrast, cis- and trans-
regulated genes with decreased expression in human NPCs
compared to chimpanzee NPCs (chimpanzee-biased) are en-
riched for synaptic and metabolic terms consistent with neu-
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ronal differentiation. Notably, the anticipatory expression of
neuronal gene programs, including synaptic genes, has been
observed in NPCs that preferentially give rise to terminally dif-
ferentiated neurons at the next cell division (Zahr et al., 2018;
Polioudakis et al., 2019), and changes in metabolism have been
linked to NPC fate decisions (Iwata and Vanderhaeghen, 2021).
This suggests that chimpanzee NPCs may be more transcrip-
tionally primed for terminal differentiation compared to hu-
man NPCs. Taken together, these enrichments parallel the ex-
pected molecular difference between human and chimpanzee
NPCs in vivo, where human NPCs undergo additional cell di-
visions prior to terminal differentiation into neurons in order
to produce a larger number of neurons. This suggests that
the human-chimpanzee tetraploid system can be used to un-
cover physiologically-relevant biology in NPCs that drive these
species differences.

Identifying cis- and trans-regulated open chromatin regions in
NPCs

To uncover regulatory elements that might drive species-
differential gene expression, we performed ATAC-seq and iden-
tified 12,372 cis-regulated open chromatin regions and 18,509
trans-regulated open chromatin regions between human and
chimpanzee NPCs (Fig. S1E; Table S2). Open chromatin re-
gions with differences in accessibility in human compared to
chimpanzee NPCs are enriched near genes involved in mito-
chondria and metabolism, consistent with the key role mito-
chondria play in NPC fate decisions (Iwata and Vanderhaeghen,
2021), as well as near genes related to splicing factors and fore-
brain formation (Fig. S1F; Table S2).

Transcription factor (TF) motif analyses of cis-regulated
open chromatin regions identified AP-1 motifs at human-biased
regions and motifs for EBF and RFX TFs at chimpanzee-biased
regions (Fig. 1F; Table S2). Although little is known about
the role of TFs that bind the AP-1 motif in NPCs, both EBF
and RFX TFs have been shown to promote the terminal dif-
ferentiation of NPCs into neurons (Garcia-Dominguez et al.,
2003; Choi et al., 2024). Decreased binding of EBF and RFX
TFs in human NPCs would be consistent with epigenomic
rewiring between humans and chimpanzees to shift the balance
between NPC self-renewal and terminal differentiation toward
self-renewal in human NPCs.

HAQERs but not HARs are enriched at cis-regulated open chro-
matin regions

Distinguishing cis and trans changes allows us to infer the
functional effects of previously identified genomic regions with
signatures of positive selection in the human lineage. These
include (1) human accelerated regions (HARs), characterized
by strong conservation through non-human mammals cou-
pled with accelerated substitution rates specifically in humans
(Girskis et al., 2021; Keough et al., 2023; Bi et al., 2023);
and (2) human ancestor quickly evolved regions (HAQERs),
which have the highest substitution rates in the human genome
and likely represent novel human regulatory elements (Man-
gan et al., 2022). Although HARs and HAQERs are enriched

near genes expressed in the brain, relatively few of these el-
ements have been shown to regulate gene expression endoge-
nously (Aldea et al., 2021; Dutrow et al., 2022; Liu et al., 2024),
raising the question of whether these elements are enriched for
functional regulatory effects in their genomic context.

If HARs or HAQERs have regulatory effects due to internal
sequence changes, they will be enriched among cis-regulated
open chromatin regions and depleted from trans-regulated open
chromatin regions. However, if sequence variants in HARs or
HAQERs merely act to maintain the same level of chromatin
accessibility in reaction to changes in the trans environment,
then we might observe an enrichment at compensatory open
chromatin regions. Compensatory open chromatin regions have
significant allele-specific accessibility in the same cellular en-
vironment (allotetraploids) but are not differentially accessible
in separate cellular environments (diploids and autotetraploids),
indicating that they are affected by cis and trans effects that act
in opposing directions (Fig. S1E).

Surprisingly, HARs are not enriched for cis-regulated open
chromatin regions (Fig. 1G), suggesting that internal sequence
variants in HARs do not generally produce changes in regu-
latory activity. To determine whether this lack of enrichment
for HARs at cis-regulated open chromatin regions is due to
differences in genome quality and availability across studies,
we separately examined all HAR sets identified prior to 2021
(Girskis et al., 2021), zooHARs identified using 241 mam-
malian genomes (Keough et al., 2023), and lineage HARs iden-
tified using a densely sampled primate tree (Bi et al., 2023).
None of these HAR subsets were significantly enriched for any
gene regulatory subset of open chromatin regions, although
the proportion of compensatory open chromatin regions was
consistently higher than cis-regulated open chromatin regions
across all subsets (Fig. S1G). In contrast, HAQERs did show
significant enrichment among cis-regulated open chromatin re-
gions (adjusted p = 0.03) and significant depletion from trans-
regulated open chromatin regions (adjusted p = 0.03), with-
out a significant difference in compensatory open chromatin re-
gions (adjusted p = 0.65) (Fig. 1G). This suggests that novel
regulatory elements like HAQERs include a larger proportion
of sites that have species-differential, cis effects compared to
sequence changes in highly conserved elements like HARs.

CRISPR inhibition screen identifies seven cis-regulated en-
hancers

Although DNA sequence comparisons have identified can-
didate species-specific regulatory elements like HARs and
HAQERs, only a tiny fraction of these elements have been
shown to regulate gene expression endogenously (Baumgart-
ner et al., 2024) and many may lack sequence-intrinsic activ-
ity (Fig. 1G), motivating us to determine whether the human-
chimpanzee tetraploid system can provide an orthogonal, com-
plementary approach to nominate and identify causative reg-
ulatory changes. We examined cis-regulated open chromatin
regions with a CRISPR inhibition (CRISPRi) screen, which
uses a catalytically inert Cas9 that is fused to the KRAB re-
pressor domain (dCas9-KRAB) to heterochromatinize target
regions (Gilbert et al., 2014). Because prior studies suggest
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Figure 2: CRISPR inhibition screen in NPCs identifies cis-regulated enhancers of nearby genes. (A) Workflow to identify cis-regulated open chromatin
regions for CRISPRi screen. (B) Schematic of CRISPRi screen. Image shows NESTIN+, PAX6+, SOX2+ NPCs differentiated from the chimpanzee C3-C line.
(C) Adjusted p-values for the effect of CRISPRi targeting each cis-regulated open chromatin region on a nearby cis-regulated gene in human NPCs (blue) or
chimpanzee NPCs (red). Significant hits are outlined in black and labeled with their target gene. Only a subset of nonsignificant tested regions are shown. (D)
Proportion of target gene repression in the CRISPRi screen for each gRNA targeting RE-TNIK, RE-PLAAT3, RE-ANK3, and RE-PROM1 in human and chimpanzee
NPCs. (E) Luciferase enhancer activity of the human and chimpanzee sequences of RE-TNIK, RE-PLAAT3, RE-ANK3, and RE-PROM1. (F) qPCR for TNIK
expression in NPCs differentiated from two chimpanzee lines (C2-C and C3-C) and infected with a combination of a NTC gRNA or gRNAs targeting the TNIK
promoter, RE-TNIK, or RE2-TNIK (Materials and Methods). Note that statistical analysis was performed with data from both chimpanzee lines and human lines
(Fig. S2E). (G) Read pile-ups from ATAC-seq for representative diploid, autotetraploid, and allotetraploid NPCs at RE2-TNIK. *: pad j < 0.05; **: pad j < 0.01;
***: pad j < 0.001. See also Fig. S2, Fig. S3, Table S3, and Materials and Methods.
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that most human-chimpanzee sequence variants — including
ones with genomic signatures of selection — are either non-
functional or have extremely small effect sizes (Fair and Pollen,
2023), a CRISPRi screen is a potentially high-throughput ap-
proach to quickly identify cis-regulated open chromatin regions
with large effects on gene expression for additional downstream
studies.

Of the >12,000 cis-regulated open chromatin regions, we
tested those that met several technical and biological criteria in
our CRISPRi screen (Fig. 2A; Materials and Methods). First,
we chose cis-regulated open chromatin regions >2 kb from the
nearest transcription start site and >1 kb from the nearest exon
to avoid heterochromatinization of coding regions. Second, we
required that nearby cis-regulated target genes would be ex-
pressed sufficiently highly to detect a >25% change in expres-
sion by single cell RNA-seq (scRNA-seq). To capture distal cis
regulation, we used a broad definition to associate open chro-
matin regions with nearby genes. Nearby cis-regulated genes
were defined as those within the same topologically-associated
domain (TAD) (Won et al., 2016; Schmitt et al., 2016; Bonev
et al., 2017) or within 500 kb of the cis-regulated open chro-
matin region.

To enrich for regulatory changes that are derived in humans
and likely to have downstream functional effects, we further pri-
oritized cis-regulated open chromatin regions for those that met
several biological criteria (detailed in Materials and Methods),
including the following: To examine human-derived changes,
we filtered for cis-regulated open chromatin regions that con-
tain 1+ base pairs that are conserved through macaques, goril-
las, and chimpanzees but change in humans, and that are near
1+ cis-regulated genes where the direction of the gene expres-
sion change is consistent between humans and chimpanzees and
humans and macaques (Zhu et al., 2018). We also enriched
for changes that are likely to have downstream trans effects
by selecting cis-regulated open chromatin regions near 1+ cis-
regulated genes that are implicated in neurodevelopmental dis-
orders (Firth et al., 2009; Leblond et al., 2021) or that are in-
tolerant to heterozygous loss-of-function mutations in humans
(Lek et al., 2016), suggesting that modest changes in expres-
sion may have neurological consequences. In addition, we re-
quired that cis-regulated open chromatin regions are near 1+
cis-regulated genes where the expression change between hu-
mans and chimpanzees is significantly larger than the variation
in expression between modern, healthy humans (Starr et al.,
2023), indicating that the human-chimpanzee difference in ex-
pression may be functional.

The resulting set of 106 cis-regulated open chromatin regions
were each targeted by three guide RNAs (gRNAs) matching se-
quences identical in humans and chimpanzees (Table S3). Each
region is near 1 − 7 potential cis-regulated target genes (me-
dian = 1 gene, mean = 2 genes) (Fig. S2A), underscoring the
need to functionally test these regions within their genomic con-
text to accurately identify target genes. One human and one
chimpanzee iPSC line that endogenously express dCas9-KRAB
were differentiated into NPCs and infected with a lentivirus
pool containing non-targeting control (NTC) gRNAs, negative
control gRNAs targeting intronic regions, positive control gR-

NAs targeting gene promoters, and gRNAs targeting the 106
cis-regulated open chromatin regions. scRNA-seq was per-
formed seven days after infection (Fig. 2B). As expected, pos-
itive control gRNAs targeting gene promoters reduced target
gene expression, and negative control gRNAs targeting intronic
regions within 1−5 kb of the exons of three different genes had
no effect on nearby gene expression (Fig. S2B, C; Table S3).

CRISPRi targeting of 7 of the 106 cis-regulated open chro-
matin regions decreased expression of a nearby gene (Fig. 2C;
Fig. S2B; Table S3). Three of these regions, including one re-
gion that overlapped a HAR, affected genes that were not cis-
regulated (Fig. S2B), suggesting that their cis effects on gene
expression are compensated by other cis or trans factors. Of
the four regions that affected cis-regulated genes (Fig. 2C),
two are human-biased and regulated nearby human-biased, cis-
regulated genes: ANK3, which encodes a scaffolding protein as-
sociated with bipolar disorder (Stahl et al., 2019), and PLAAT3,
which encodes a phospholipid-modifying enzyme, respectively.
The other two regions are chimpanzee-biased and regulated
nearby chimpanzee-biased genes: TNIK, which encodes a ser-
ine/threonine kinase, and PROM1, which encodes a transmem-
brane protein implicated in hippocampal neurogenesis (Kem-
permann et al., 2006), respectively. For clarity, we labeled these
open chromatin regions as regulatory elements (REs) of their
target genes (e.g. RE-ANK3). ANK3, TNIK, and PROM1 mod-
ulate Wnt signaling (Shitashige et al., 2010; Coba et al., 2012;
Durak et al., 2015; Lee et al., 2017; Bahn and Ko, 2023), a
major pathway in neurogenesis (Chenn and Walsh, 2002), and
mutations in ANK3, TNIK, and PLAAT3 have all been linked
to neurological deficits (Durak et al., 2015; Anazi et al., 2016;
Schuermans et al., 2023). This suggests that changes in the
regulatory activities of these cis-regulated open chromatin re-
gions may have contributed to changes in neurodevelopment
between human and chimpanzee NPCs. More broadly, our hit
rate in the CRISPRi screen is comparable to prior screens of
regions selected by genomic sequence comparison (Fair et al.,
2023; Geller et al., 2024), while also simultaneously filtering
for hits that specifically affect cis-regulated genes. These results
demonstrate the utility of the human-chimpanzee tetraploid sys-
tem to prospectively identify regulatory changes with cis effects
on nearby species-specific gene expression.

Multiple enhancers contribute to species-differential TNIK ex-
pression

Of the four cis-regulated open chromatin regions that affected
cis-regulated genes in the CRISPRi screen, CRISPRi of RE-
ANK3 and RE-PROM1 significantly decreased expression of
their target genes only in the species where these REs are more
accessible and the target genes are more highly expressed, as
expected. In contrast, CRISPRi of RE-TNIK and RE-PLAAT3
significantly decreased expression only in the species where
these REs are less accessible and their target genes are less ex-
pressed (Fig. 2C, D). The discrepancy between species bias in
chromatin accessibility and CRISPRi targeting results for RE-
TNIK and RE-PLAAT3 may indicate that differences in chro-
matin accessibility are not reflective of enhancer strength or that
additional regulatory elements near their target genes buffer the
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Figure 3: RE-TNIK affects cell cycle gene expression in NPCs. (A) Genomic interval containing TNIK and RE-TNIK in hg38 coordinates. (B) RE-TNIK is a
cis-regulated open chromatin region with increased chromatin accessibility in chimpanzee compared to human NPCs. The location of the three gRNAs used to
target RE-TNIK are indicated. (C) 50µM of KY-05009, a TNIK inhibitor, decreased luciferase activity from the Wnt reporter TOPflash in the presence of 50µM of
CHIR-99021, a Wnt agonist (red). KY-05009 had no effect on luciferase activity from the control reporter FOPflash (gray). (D) Volcano plot of differential gene
expression between chimpanzee NPCs infected with gRNAs targeting RE-TNIK and NTC gRNAs. Genes significant at 5% FDR are in red. Highly significant genes,
as well as examples of genes associated with Wnt signaling, are labelled. (E) Significant terms from gene-set enrichment analysis of differential gene expression
between chimpanzee NPCs infected with gRNAs targeting RE-TNIK and NTC gRNAs. See also Fig. S4, Table S4, and Materials and Methods.

endogenous effects of these REs in the species with higher tar-
get gene expression. We further tested these possibilities.

Luciferase enhancer reporter assays revealed that species
bias in chromatin accessibility accurately reflects species bias in
enhancer strength. The chimpanzee sequences of RE-TNIK and
RE-PROM1 drove significantly higher luciferase activity than
their human counterparts, consistent with their species bias in
chromatin accessibility (Fig. 2E). These differences in enhancer
activity were observed when sequences were tested in either
human or chimpanzee NPCs, confirming that these differences
are cis-regulated (Fig. S2D). For RE-ANK3 and RE-PLAAT3,
we could not assess relative enhancer strength because these
REs did not show enhancer activity in our assays (Fig. 2E). It is
likely that their regulatory activity requires additional sequence
elements not captured in our reporter constructs.

To test whether other regulatory elements near RE-TNIK
buffer its effect, we examined RE2-TNIK, an open chromatin

region at the TNIK locus that scored just above the signifi-
cance threshold for cis-regulation (Fig. 2F, G; Fig. 3A; Table
S2). RE-TNIK and RE-TNIK2 are ∼4 kb apart and are both
located in the first intron of TNIK, ∼80 kb from the TNIK pro-
moter and ∼10 kb from the second exon of TNIK. We find that
the chimpanzee RE2-TNIK sequence had stronger enhancer ac-
tivity than the human RE2-TNIK sequence in luciferase assays
when tested in either human or chimpanzee NPCs, establishing
it as a cis-regulated enhancer (Fig. S2D). Similar to RE-TNIK,
CRISPRi of RE2-TNIK in human NPCs had a stronger effect on
TNIK expression than CRISPRi in chimpanzee NPCs (Fig. 2F;
Fig. S2E). Targeting RE-TNIK and RE2-TNIK together within
the same cells decreased TNIK expression more than targeting
either RE-TNIK alone (adjusted p = 0.064) or RE2-TNIK alone
(adjusted p = 0.0135), although the change in effect size was
far from additive (Fig. 2F; Fig. S2E). These results indicate
that TNIK is regulated by at least two species-differential en-
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hancers and that there are likely additional elements or mecha-
nisms that buffer expression at the TNIK locus. Taken together,
weaker knockdown of TNIK, a chimpanzee-biased gene, when
targeting RE-TNIK in chimpanzee NPCs is not due to discor-
dance between enhancer strength and chromatin accessibility,
but likely reflects buffering by additional mechanisms in chim-
panzee NPCs at this locus. Gene expression buffering by mul-
tiple regulatory elements may also explain why only a minor-
ity of highly-filtered open chromatin regions affect nearby gene
expression in our CRISPRi screen and others (Gasperini et al.,
2019).

Regulatory element redundancy is likely a widespread mech-
anism to buffer gene expression changes across species. Al-
though cis-regulated open chromatin regions that are human-
biased but not chimpanzee-biased are enriched near human-
biased cis-regulated genes and vice versa, the magnitude of
these enrichments are modest (Fig. S3A), suggesting that mul-
tiple regulatory changes may be required for a gene expres-
sion change. Indeed, there is a significantly higher proportion
of cis-regulated open chromatin regions that are human-biased
but not chimpanzee-biased near human-biased, cis-regulated
genes (Fig. S3B). For example, PLAAT3 is flanked by four
human-biased, cis-regulated open chromatin regions including
RE-PLAAT3, suggesting that evolutionary sequence variants
in multiple regulatory elements may contribute to its species-
differential expression (Fig. S3C). Similar enrichments are also
observed for other gene regulation categories and directions
of effect (Fig. S3B). Because genes with decreased expression
variation due to genomic redundancies are enriched for those
that perform essential functions (Zhou et al., 2008; Wolf et al.,
2023), changes in TNIK and PLAAT3 expression between hu-
man and chimpanzee NPCs may have resulted in significant
functional effects.

RE-TNIK may affect Wnt signaling and cell cycle gene expres-
sion in NPCs

Several lines of evidence suggest that changes to TNIK ex-
pression levels might contribute to biological differences be-
tween human and chimpanzee NPCs. TNIK is cis-regulated,
with higher gene expression and protein levels in chimpanzee
compared to human NPCs (Fig. S4A, B). TNIK is highly con-
strained (pLI = 1) (Lek et al., 2016), suggesting that changes
to TNIK expression are likely to have phenotypic effects. It en-
codes a serine/threonine kinase with Wnt-dependent and Wnt-
independent functions in neurons and in cancer cell lines (Shi-
tashige et al., 2010; Coba et al., 2012; Lee et al., 2017). TNIK
null mutations in humans are associated with intellectual dis-
ability without gross defects in brain size (Anazi et al., 2016),
and mouse TNIK knock-outs have many neurological deficits,
including impaired cognitive behaviors (Coba et al., 2012; Bu-
rette et al., 2015; Jiang et al., 2024). Despite these links to neu-
rological phenotypes and the well-established role of the Wnt
pathway in multiple aspects of neural development (Alkailani
et al., 2022), the function of TNIK in NPCs, including whether
it activates the Wnt signaling pathway, is unknown.

Wnt reporter assays demonstrate that TNIK can modulate

Wnt signaling in NPCs. In both human and chimpanzee
NPCs, inhibition of TNIK decreased Wnt reporter activity (p =
0.021) with no effect on control reporter activity (p = 0.987)
(Fig. 3C; Fig. S4C). This raises the possibility that decreased
RE-TNIK activity in human NPCs may attenuate Wnt signal-
ing in promoting neuronal differentiation in specific contexts
(Hirabayashi et al., 2004) or in generating deep-layer neurons at
the expense of upper-layer neurons (Wrobel et al., 2007), which
are disproportionately expanded in the human neocortex.

Further transcriptomic analyses of CRISPRi targeting RE-
TNIK in NPCs revealed genome-wide changes in the expres-
sion of genes involved in DNA replication. RNA-seq analy-
sis of NPCs infected with either gRNAs targeting RE-TNIK
or NTC gRNAs identified 244 differentially expressed genes
in NPCs differentiated from two chimpanzee iPSC lines and
928 differentially expressed genes in NPCs differentiated from
two human iPSC lines (Fig. 3D; Table S4). The weaker ef-
fect in chimpanzee NPCs is consistent with CRISPRi resulting
in a 13.7% decrease in TNIK expression in chimpanzee NPCs
compared to a 42.5% decrease in human NPCs (Fig. S4D).
Genome-wide changes in gene expression were correlated be-
tween human and chimpanzee NPCs (Fig. S4E), suggesting
that TNIK function is conserved across species. In both hu-
man and chimpanzee NPCs, inhibiting RE-TNIK changed the
expression of genes previously implicated in the Wnt signaling
pathway (Fig. 3D; Table S4), including ACBD3, ARHGEF10,
CCNL1, and KCTD15 (Dutta and Dawid, 2010; Huang et al.,
2018; O’Brien et al., 2022; Dopeso et al., 2024). Gene-set en-
richment analysis found that RE-TNIK inhibition affected genes
involved in DNA packaging, chromatin assembly, and DNA
replication-dependent nucleosome assembly in both human and
chimpanzee NPCs (Fig. 3E; Table S4). These results suggest
that decreased TNIK expression in human compared to chim-
panzee NPCs may modulate the Wnt pathway and DNA repli-
cation, potentially affecting Wnt functions related to neuronal
differentiation.

14 cis-regulated TFs are enriched at trans-regulated open chro-
matin regions in NPCs

The human-chimpanzee tetraploid system uniquely enables
the identification and analysis of cis and trans gene regulatory
changes within the same cell type. To determine whether ana-
lyzing cis and trans changes at the same time can identify key
cis changes with cascading trans effects, we searched for cis-
regulated expression changes in transcriptional effectors that
may result in widespread trans regulatory effects at their target
sites. We focused on identifying cis-regulated TFs whose bind-
ing motifs are enriched at trans-regulated open chromatin re-
gions, since these would drive species-differential TF availabil-
ity that might affect regulatory activity at existing binding sites
genome-wide (Fig. 4A). At trans-regulated open chromatin re-
gions, TF motif analyses identified 282 TFs whose motifs are
enriched at human-biased regions and 112 TFs whose motifs
are enriched at chimpanzee-biased regions (Fig. 4B; Table S5).
The greater number of human-biased TFs reflects motifs that
are recognized by a substantial number of TFs; for instance, the
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Figure 4: 14 cis-regulated TFs are enriched at trans-regulated open chromatin regions in NPCs. (A) Workflow for identifying cis-regulated TFs at trans-
regulated open chromatin regions. (B) TF motifs enriched in trans-regulated open chromatin regions. Cis-regulated TFs are labeled in green. (C) De novo motif
discovery of binding sites from FOSL2 and MAZ CUT&Tag recovers known FOSL2 and MAZ motifs. (D) Proportion of trans-regulated FOSL2 and MAZ binding
sites that are human-biased or chimpanzee-biased. (E) Heatmap of relative read coverage from CUT&Tag and ATAC-seq for representative human, chimpanzee,
and human-chimpanzee NPCs at trans-regulated FOSL2 and MAZ binding sites. (F) Examples of trans-regulated genomic regions with stronger FOSL2 (left) or
MAZ (right) binding in human NPCs compared to chimpanzee NPCs. Note that TF binding and chromatin accessibility is similar between human and chimpanzee
alleles in allotetraploids, indicating that these regions are trans-regulated. See also Fig. S5, Table S5, and Materials and Methods.
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AP-1 motif alone accounts for 42 of the human-biased TFs.
Of the species-biased TFs, 14 are cis-regulated TFs (Fig. 4B),

suggesting that changes in the levels of these TFs between hu-
man and chimpanzee NPCs resulted in differences in chromatin
accessibility at their target sites (Fig. 4A). Ten of these cis-
regulated TFs have motifs that are enriched at human-biased,
trans-regulated open chromatin regions, including TFDP1, an
oncogene that promotes cell cycle gene expression (Yasui et al.,
2003), and SOX5, which regulates neurogenesis and neural dif-
ferentiation (Martinez-Morales et al., 2010). The remaining 4
cis-regulated TFs have motifs that are enriched at chimpanzee-
biased, trans-regulated open chromatin regions and include
EBF1. EBF TF motifs are also enriched at chimpanzee-biased,
cis-regulated open chromatin regions (Fig. 1F) and have been
shown to be required for the initiation of neuronal differenti-
ation (Garcia-Dominguez et al., 2003). The established func-
tions of these TFs are consistent with an increased propensity
toward self-renewal in human compared to chimpanzee NPCs.

Other cis-regulated TFs enriched at trans-regulated open
chromatin regions have unknown functions in NPCs, including
two human-biased TFs: FOSL2, which binds the AP-1 motif,
and MAZ, a Myc-associated zinc finger protein that acts as a
transcriptional activator in diverse cell types (Liu et al., 2016;
Maity et al., 2018) (Fig. 4B; Fig. S5A). Increased FOSL2 and
MAZ expression is likely derived in humans, as both genes are
also more highly expressed in the developing brain in humans
compared to macaques (Fig. S5B) (Zhu et al., 2018). In ad-
dition, FOSL2 and MAZ are both highly intolerant to heterozy-
gous loss-of-function mutations in humans (pLI = 1) (Lek et al.,
2016), and mutations in FOSL2 cause abnormal cognitive as
well as craniofacial development (Cospain et al., 2022), indi-
cating that quantitative changes in gene activity may have neu-
rological consequences.

We used CUT&Tag to identify genomic binding sites for
FOSL2 and MAZ in human and chimpanzee NPCs. CUT&Tag
recovered the expected motifs (Fig. 4C) and confirmed the TF
motif analyses that most of the trans-regulated binding sites
for these TFs are human-biased (Fig. 4D; Table S5; Materials
and Methods). FOSL2 and MAZ binding were also enriched
at predicted binding sites from the ATAC-seq data (Fig. S5C).
The trans-regulated TF binding sites that we identified are dif-
ferential between human and chimpanzee NPCs, but are in-
distinguishable in allotetraploid NPCs (Fig. 4E, F), indicating
that changes in TF binding reflect differences in TF availabil-
ity between the human and chimpanzee trans environments
rather than cis-acting sequence variants between humans and
chimpanzees. The same pattern is observed for chromatin
accessibility, although the degree of change is less dramatic
(Fig. 4E, F), suggesting that additional trans-acting factors,
such as other TFs or chromatin remodelers, may also affect
chromatin accessibility at these loci. Trans-regulated bind-
ing sites include a FOSL2 site near the human-biased, trans-
regulated gene NKAIN1 and a MAZ site near the human-biased,
trans-regulated genes NOL4L and TPX2 (Fig. 4F), which have
all been previously found to promote proliferation in multiple
contexts (Neumayer et al., 2014; Yu et al., 2020; Koike et al.,
2022; Wang et al., 2024). Taken together, these results demon-

strate that examining paired RNA-seq and ATAC-seq in the
human-chimpanzee tetraploid system is a powerful approach to
identify cis-regulated TFs with genome-wide effects on trans-
regulated chromatin accessibility.

Increased FOSL2 and MAZ expression in human NPCs may
affect neurogenesis

The 620 human-biased, trans-regulated FOSL2 binding sites
are enriched near genes that regulate neural precursor cell
proliferation and neuronal stem cell population maintenance,
whereas the 215 chimpanzee-biased sites are enriched near
genes involved in axon development (Fig. 5A; Table S5). This
suggests that increased FOSL2 expression in human NPCs may
preferentially increase the expression of genes that promote
NPC self-renewal but not genes that promote neuronal differ-
entiation. These gene regulatory signatures were confirmed by
RNA-seq on NPCs differentiated from two human iPSC lines
that were infected with gRNAs targeting the FOSL2 promoter
or NTC gRNAs (Fig. S5D; Table S6). FOSL2 knock-down acti-
vated gene sets involved in forebrain neuron differentiation and
axon development (Fig. 5B), with six genes reaching individual
genome-wide significance (Fig. S5E). When genes were ranked
by fold change, there was a significant enrichment of FOSL2
binding sites near genes with decreased expression (p = 0.021;
Materials and Methods), and this enrichment was most pro-
nounced for trans-regulated FOSL2 binding sites (p = 0.015),
indicating that decreased FOSL2 binding at identified binding
sites affects nearby gene expression. These results suggest that
FOSL2 knockdown may bias NPCs towards terminal differen-
tiation into neurons through small effect size changes on many
genes within relevant pathways.

Similarly, CRISPRi targeting of the MAZ promoter with
three different gRNAs in human NPCs activated gene sets in-
volved in neuron maturation and ion channel activity, whereas
it repressed genes involved in the DNA packaging complex
and oxidoreductase activity, with 11 genes reaching individual
genome-wide significance (Fig. S5F-H; Table S6). Intriguingly,
the expression of oxidative stress pathways is required to main-
tain NPCs in a state of self-renewal (Chui et al., 2020). This
indicates that like FOSL2 knockdown, MAZ knockdown may
bias human NPCs towards terminal differentiation into neurons,
albeit through distinct pathways. Taken together, these results
suggest that increased FOSL2 and MAZ expression in human
compared to chimpanzee NPCs may promote NPC self-renewal
through subtle, genome-wide shifts in expression of many tar-
get genes, demonstrating how analyzing cis and trans changes
together can identify individual cis expression changes in key
TFs with cascading, genome-wide trans effects.

Cis-regulated enhancers near FOSL2 and MAZ may regulate
their expression

To identify cis-acting sequence variation that might under-
lie increased expression of FOSL2 and MAZ in human NPCs,
we examined the FOSL2 and MAZ genomic loci for human-
biased, cis-regulated open chromatin regions. Within its TAD
(Won et al., 2016; Schmitt et al., 2016; Bonev et al., 2017),
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Figure 5: Increased FOSL2 expression in human NPCs may affect gene programs related to neurogenesis. (A) GREAT enrichments of human-biased and
chimpanzee-biased trans-regulated FOSL2 binding sites. (B) Gene-set enrichment analysis of RNA-seq of human NPCs infected with gRNAs targeting the FOSL2
promoter compared to those infected with NTC gRNAs. (C) FOSL2 is the only human-biased, cis-regulated gene in NPCs in its TAD. This TAD contains five
human-biased, cis-regulated open chromatin regions. (D) Luciferase activity of the human and chimpanzee sequences of the five human-biased, cis-regulated open
chromatin regions flanking FOSL2. **: pad j < 0.01. See also Fig. S5, Tables S5 and S6, and Materials and Methods.

FOSL2 is the only human-biased, cis-regulated gene and is
flanked by five human-biased, cis-regulated open chromatin re-
gions (Fig. 5C). Of the five human-biased, cis-regulated open
chromatin regions near FOSL2, two acted as enhancers and
had significantly stronger enhancer activity from the human
sequence compared to the chimpanzee sequence in NPCs by
luciferase reporter assays (Fig. 5D). For the TAD containing
MAZ, there are three human-biased, cis-regulated open chro-
matin regions, as well as other cis-regulated genes (Fig. S5I). Of
the three human-biased, cis-regulated open chromatin regions
near MAZ, one acted as an enhancer in luciferase assays and had
significantly stronger enhancer activity from the human com-
pared to the chimpanzee sequence in NPCs (Fig. S5J). These
experiments nominate three potential regulatory elements, all
of which contain derived human sequence variants, that may
drive increased FOSL2 or MAZ expression in human NPCs. Al-
together, these results demonstrate how simultaneous analysis
of cis and trans changes can identify species-specific gene reg-
ulatory networks that begin with cis-acting human-chimpanzee
sequence variation affecting the expression of a nearby gene to
result in cascading gene expression changes at downstream tar-
get loci in trans.

Cis changes are more consistent between NPCs and excitatory
neurons than trans changes

Non-coding gene regulatory variants are thought to be drivers
of evolutionary change because they can avoid pleiotropic ef-
fects by restricting gene expression changes to specific cell
types and developmental stages (Carroll, 2008). To examine
gene regulatory changes across cell types, we compared NPCs
with excitatory neurons, major building blocks of neural cir-
cuitry that result from terminal differentiation of NPCs in vivo
and that have a prolonged maturation period in humans (Van-
derhaeghen and Polleux, 2023). Our companion paper (Carter
et al., 2025) differentiated multiple human and chimpanzee
diploids, autotetraploids, and allotetraploid stem cell lines into
cortical-like, patterned, induced excitatory neurons (piNs) us-
ing NGN2 induction combined with dual SMAD inhibition
(Nehme et al., 2018). RNA-seq and ATAC-seq were performed
after 28 days of differentiation.

Comparison of gene expression and chromatin accessibil-
ity between NPCs and piNs identified greater numbers of cis
changes than trans changes shared between these two cell
types. There were 799 genes that were cis-regulated in both
NPCs and piNs (37% of cis-regulated genes in NPCs; 45%
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Figure 6: POU3F2 is a cis-regulated TF in piNs that affects synaptic gene expression and neuronal firing. (A) Upset plots comparing RNA-seq (left) and
ATAC-seq (right) between NPCs and piNs. (B) TF motifs enriched in cis-regulated open chromatin regions. (C) TF motifs enriched in trans-regulated open
chromatin regions. Cis-regulated TFs are labeled in green. (D) Gene-set enrichment analysis of RNA-seq of human piNs that were infected with gRNAs targeting
the POU3F2 promoter compared to those infected with NTC gRNAs. (E) Volcano plot of differential gene expression between human piNs that were infected with
gRNAs targeting the POU3F2 promoter or with NTC gRNAs. Genes significant at 5% FDR are in red. (F) Weighted mean firing rate of MEA recordings of piNs
differentiated from the human line NCRM5 that were infected with gRNAs targeting the POU3F2 promoter (green) or with NTC gRNAs (gray). Mean ± SEM is
plotted. **: pad j < 0.01; ***: pad j < 0.001. See also Fig. S6, Tables S7 and S8, and Materials and Methods.

of cis-regulated genes in piNs), compared to only 151 genes
that were trans-regulated in both cell types (10% of trans-
regulated genes in NPCs; 17% of trans-regulated genes in piNs)
(Fig. 6A). >99% of cis-regulated gene expression changes
found in both NPCs and piNs had the same direction of ef-
fect, whereas 75% of trans changes had the same direction of
effect (Fig. S6A). In contrast, chromatin accessibility was far

more cell type-specific as expected (Corces et al., 2016), with
the vast majority of open chromatin regions being unique to ei-
ther NPCs or piNs. However, concordance across cell types
was still higher for cis compared to trans changes in chro-
matin accessibility: 13% of cis-regulated open chromatin re-
gions in NPCs were also cis-regulated in piNs, whereas only 2%
of trans-regulated open chromatin regions in NPCs were also
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trans-regulated in piNs (Fig. 6A; Fig. S6A). Consistent with
our findings in NPCs, there was an enrichment for HAQERs,
but not for HARs, at cis-regulated open chromatin regions in
piNs (Fig. S6B). Thus, although species-differential open chro-
matin regions were largely disjoint between NPCs and piNs,
this suggests that the likely regulatory functions of HARs and
HAQERs are consistent across cell types, illustrating how dis-
tinguishing both cis and trans changes can provide new insights
into the functions of gene regulatory elements across cell types.

POU3F2 is a cis-regulated TF in piNs that affects synaptic gene
programs and neuronal firing

Motif analyses of open chromatin regions in piNs identi-
fied TFs that may affect chromatin accessibility (Fig. 6B, C;
Table S7). Motifs for POU and ONECUT TFs, which are
known to affect neuronal differentiation and maturation (van der
Raadt et al., 2019; Ding et al., 2021), are enriched at human-
biased, cis-regulated open chromatin regions. In contrast, mo-
tifs for TFs like RREB1, which regulates dendritic develop-
ment (Griffin et al., 2024), are enriched at chimpanzee-biased,
cis-regulated open chromatin regions, potentially representing
a molecular signature of faster neuronal maturation. At trans-
regulated open chromatin regions, we identified motifs for six
cis-regulated TFs enriched at human-biased sites and six cis-
regulated TFs enriched at chimpanzee-biased sites. Notably,
motifs for three cis-regulated TFs, POU3F2, ZNF354A, and
BNC3, are enriched at both cis- and trans-regulated open chro-
matin regions, suggesting that changes in the levels of these TFs
may mediate downstream trans changes at their existing bind-
ing sites and that these effects may be further amplified by cis-
acting sequence variants that improve TF motif strength. We
further investigated POU3F2, a TF that is expressed through-
out neural development and plays critical roles in neurogenesis
and neuron differentiation (Zhu et al., 2022; Lu et al., 2023).
POU3F2 is differentially expressed between humans and chim-
panzees in piNs but not in NPCs (Table S1) (Carter et al., 2025).

In human piNs, CRISPRi targeting of the POU3F2 pro-
moter with three different gRNAs activated gene sets involved
in protein targeting and translation while inhibiting gene sets in-
volved in synapse assembly and glutamate signaling (Fig. 6D;
Fig. S6C, D; Table S8). Genome-wide, there were 672 dif-
ferentially expressed genes by RNA-seq (Fig. 6E). There was
no discernable difference in marker gene expression, suggest-
ing that POU3F2 knockdown did not affect piN differentiation
(Fig. S6D). Given that POU3F2 knockdown affected the ex-
pression of synapse-related genes, we tested whether POU3F2
may affect neuronal firing.

Indeed, multi-electrode array (MEA) recordings of neuronal
firing rates from day 21 to day 39 of differentiation revealed
that POU3F2 knockdown significantly decreased firing rates
in piNs differentiated from two human diploid lines (Fig. 6F;
Fig. S6E). Taken together, knockdown of POU3F2, a cis-
regulated TF enriched at human-biased open chromatin re-
gions in piNs, inhibited the expression of synapse-associated
genes and decreased neuronal firing rates. Given that POU3F2
is more highly expressed in human compared to chimpanzee

piNs, this suggests that an evolutionary increase in POU3F2 ex-
pression in human piNs affected cis- and trans-regulated chro-
matin accessibility, activated synapse-associated genes, and
modulated neuronal firing rates. These findings demonstrate
how the ability to distinguish cis and trans changes using the
human-chimpanzee tetraploid system can identify cis-regulated
transcriptional effectors with genome-wide effects on trans-
regulated gene expression, not only in NPCs, but also in ex-
citatory neurons.

Discussion

By distinguishing cis- and trans-regulated gene expression
and chromatin accessibility changes between human and chim-
panzee NPCs and piNs, the human-chimpanzee tetraploid sys-
tem allowed us to identify a wide range of genes and regula-
tory regions with significant, species-specific regulatory effects
during the process of neural proliferation and maturation. The
identification and characterization of RE-TNIK demonstrates
how the tetraploid system can directly identify cis-acting se-
quences with species-specific effects in an unbiased fashion, or-
thogonal and complementary to the identification of candidate
elements by phylogenetic comparison of DNA sequences (e.g.
HARs and HAQERs). We also established a second, indepen-
dent approach using the human-chimpanzee tetraploid system
where we analyzed both cis and trans changes to identify cis-
regulated transcriptional effectors, such as FOSL2, MAZ, and
POU3F2, that have genome-wide trans effects on TF binding,
gene expression, and neural properties. Together, these results
identify a host of specific genetic changes that likely contribute
to changes in NPC proliferation and neuronal maturation in hu-
mans and provide a roadmap for the use of human-chimpanzee
tetraploids to characterize human evolution across diverse cell
types.

Most of the >20 million variants between humans and chim-
panzees are likely neutrally evolving with little to no functional
effect, making the identification of critical functional variants
enormously challenging (Fair and Pollen, 2023). To begin to
identify which of the >12,000 cis-regulated open chromatin re-
gions in NPCs are necessary for species-differential gene ex-
pression, we tested 106 of these regions in a CRISPRi screen
and identified 7 hits, in line with the 0.3−10% of target regions
that affected gene expression in previously published CRISPRi
screens (Gasperini et al., 2019; Fair et al., 2023; Geller et al.,
2024). In part, these modest hit rates reflect enhancer redun-
dancy; we observed an increased proportion of human-biased
open chromatin regions near human-biased genes and vice
versa, and experimentally verified two species-differential en-
hancers that regulate TNIK expression. They likely also reflect
the fact that most variants have negligible functional effects,
suggesting that CRISPRi screens may be an effective, high-
throughput approach to quickly identify the small percentage
of variants necessary for gene expression. Modifying the selec-
tion of cis-regulated open chromatin regions to test — by prior-
itizing genomic loci with fewer cis-regulated open chromatin
regions to avoid enhancer redundancy, or by targeting novel
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human regulatory elements like HAQERs by not requiring se-
quence conservation in non-human primates — has the poten-
tial to uncover additional cis-regulated open chromatin regions
necessary for species-differential gene expression in NPCs.

Our combination of genome-wide surveys and functional
CRISPRi testing strongly implicate Wnt signaling in NPC evo-
lution. Three of the hits, including RE-TNIK, regulated genes
previously linked to Wnt signaling (Shitashige et al., 2010;
Coba et al., 2012; Durak et al., 2015; Lee et al., 2017; Bahn and
Ko, 2023), and we found that RE-TNIK modulates cell cycle
gene expression. In different contexts, activating the Wnt path-
way in neural progenitors can promote neurogenesis (Chenn
and Walsh, 2002), neuronal differentiation (Hirabayashi et al.,
2004), or the generation deep-layer neurons at the expense of
upper-layer neurons (Wrobel et al., 2007). These seemingly
conflicting functions may explain why we identified known
Wnt signaling activators with both increased (e.g. ANK3) and
decreased (e.g. TNIK) expression in human NPCs. Together
with the prior identification of a HAR that regulates the Wnt
receptor FZD8 (Boyd et al., 2015; Liu et al., 2024), these re-
sults suggest that the Wnt signaling pathway was a major site
of evolutionary tinkering to regulate human neurodevelopment.

The ability to dissect different types of gene regulation can
enable functional insights into genomic regions with signatures
of selection in the human lineage, a long-standing interest in
the field. We find that HARs, a set of conserved regulatory
elements that change in humans (Girskis et al., 2021; Keough
et al., 2023; Bi et al., 2023), do not show statistically signif-
icant enrichment for cis-regulated open chromatin regions in
either NPCs or piNs, lending credence to recent findings that
conserved genomic elements that uniquely change in humans
often contain sequence variants with opposing effects on en-
hancer activity (Whalen et al., 2023) or may merely compen-
sate for changes in the trans environment (Fair et al., 2023).
In contrast, HAQERs, a set likely composed of novel human
regulatory elements (Mangan et al., 2022), are enriched for cis-
regulated open chromatin regions in both NPCs and piNs. This
may suggest that HARs, defined by their strong conservation
in non-humans, mainly comprise elements under strong neg-
ative selective pressure to maintain an existing regulatory el-
ement, such that sequence changes in HARs are more likely
to result in non-directional or compensatory changes, whereas
novel regulatory elements like HAQERs are less constrained
and more likely to have cis effects. Thus, an effective strategy
to enrich for genetic changes with strong evolutionary effects
may be to intersect cis-regulated regions identified here by the
human-chimpanzee tetraploid system with previously identified
genomic regions with signatures of selection in the human lin-
eage.

Distinguishing and examining both cis and trans changes
with the human-chimpanzee tetraploid system provides a
unique opportunity to identify species-specific changes in ex-
perimentally grounded gene regulatory networks. Here, we
identified TFs with cis-regulated gene expression differences,
where changes in TF availability between humans and chim-
panzees result in cascading gene regulatory changes in trans.
We showed that FOSL2 and MAZ are cis-regulated TFs with

hundreds of genome-wide trans effects on chromatin accessi-
bility and TF binding in NPCs. When either gene was depleted,
we observed clear transcriptomic shifts toward gene programs
involved in neuron differentiation, suggesting that increased ex-
pression of these TFs in human NPCs may have promoted NPC
self-renewal during mitosis. We further identified POU3F2 in
piNs as a cis-regulated TF whose targets are enriched at human-
biased open chromatin regions with strong trans effects on
synaptic gene expression and neural firing rates. Future iden-
tification of the exact cis-acting sequence variants that drive
differential TF expression and re-creation of those variants in
their endogenous context will more precisely determine their
evolutionary consequences. In contrast to prior studies that fo-
cused solely on cis changes when using the human-chimpanzee
tetraploid system (Agoglia et al., 2021; Gokhman et al., 2021;
Wang et al., 2023; Carter et al., 2025), our results illustrate
how simultaneously analyzing cis and trans changes can un-
cover key transcriptional effectors with substantial downstream
effects.

This study demonstrates multiple approaches to identify
key evolutionary genetic changes using the human-chimpanzee
tetraploid system in neural progenitors and neurons, and illus-
trates how distinguishing cis and trans regulation can enrich
our functional understanding of genomic regions identified by
orthogonal approaches, such as through DNA sequence com-
parisons (McLean et al., 2011; Girskis et al., 2021; Mangan
et al., 2022; Keough et al., 2023; Xue et al., 2023; Bi et al.,
2023). The approaches pioneered here are agnostic to exist-
ing domain knowledge and can be readily applied to any cell
type or state, including ones where relatively little is known
about their molecular landscape, providing critical entry points
for understanding human-specific gene regulatory changes in
diverse cellular contexts. Ultimately, further examination of
the genetic changes nominated by this approach in single lo-
cus models will provide a detailed understanding of the key ge-
nomic changes contributing to human evolution.
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Materials and Methods

Cell lines
Information about each cell line used in this study is listed in

Table S9 (Gallego Romero et al., 2015; Tian et al., 2019; Song
et al., 2021; She et al., 2023). All cell lines were maintained in
a 5% CO2 incubator at 37◦C.

Cell culture
Stem cell lines (Table S9) were routinely propagated feeder-

free in mTeSR Plus (STEMCELL Technologies, cat #100-
0276). Stem cell lines were differentiated into neural progeni-
tor cells (NPCs) using the StemDiff SMADi Neural Induction
Kit (STEMCELL Technologies, cat #08582) as per the man-
ufacturer’s instructions. Briefly, 2x106 stem cells were plated
per well of a 6-well plate in 2ml of Neural Induction Me-
dia + 1µM thiazovivin (Tocris, cat #3845) as D0. Media was
changed to fresh Neural Induction Media without thiazovivin
each day. Cells were split on D7 using Accutase (Millipore,
cat #SCR005) and 2x106 stem cells were plated per well of a
6 well plate in 2ml of Neural Induction Media + 1µM thia-
zovivin. Media was changed to fresh Neural Induction Media
without thiazovivin each day. Cells were typically harvested at
D14. Plates for stem cell maintenance and for NPC differentia-
tion were precoated with geltrex (Gibco, cat #A1413202). For

luciferase assays, 2x106 cells were frozen per vial at D7 and
thawed for use in subsequent experiments.

Stem cells were differentiated into cortical-like, patterned,
induced neurons (piNs) as previously described (Nehme et al.,
2018) with minor modifications as detailed in (Carter et al.,
2025).

Immunofluorescence
NPCs were split at D12-13 and 2x104 − 1x105 cells were

plated in 1 chamber of a 4-chamber slide (Thermo Scientific,
cat #155382). Two days after plating, NPCs were rinsed in 1X
PBS and fixed in 4% PFA for 15 minutes at room temperature.
NPCs were then washed for 3 x 5min in 1X PBS, incubated in
blocking solution (8% donkey serum, 0.3% BSA, 0.3% Triton
X-100, 0.02% sodium azide in 1X PBS) for 1h at room temper-
ature, and incubated in primary antibodies diluted in blocking
solution overnight at 4◦C. The next day, slides were washed for
3 x 5min in 1X PBS, incubated in donkey secondary antibod-
ies (Invitrogen) diluted in blocking solution for 2-3h at room
temperature, stained with DAPI (Invitrogen, cat #R37606), and
washed for 3 x 5min in 1X PBS. Slides were imaged on the
Axio Observer Z1 microscope (Zeiss) in 1X PBS. Primary
antibodies: mouse anti-Nestin (Millipore, cat #MAB5326) at
1:200, rabbit anti-Pax6 (Biolegend, cat #901302) at 1:500, goat
anti-Sox2 (R&D, cat #AF2018) at 1:200.

Generation of stem cell lines for CRISPR inhibition
We inserted dCas9-BFP-KRAB into the CLYBL locus in

two chimpanzee iPSC lines (C2, C3) and one human iPSC
line (H2) (Table S9). A sgRNA targeting the CLYBL locus,
CLYBL-gRNA (Table S9), was in vitro transcribed as previ-
ously described (Wucherpfennig et al., 2019). 1µL of 40µM
Cas9-NLS purified protein (QB3, UC Berkeley) was complexed
with 2-3µg of sgRNA for 5 minutes at room temperature. This
complex and 5-10µg of the donor plasmid pC13N-dCas9-BFP-
KRAB (Tian et al., 2019) (Addgene, cat #127968) were nucleo-
fected into 1x106 cells with the Neon transfection System 100µl
Kit (Thermo Fisher, cat #MPK10096) with the following con-
ditions: pulse voltage = 1400, pulse width = 20, pulse number
= 1 for C2 and H2; pulse voltage = 1100, pulse width = 30,
pulse number = 1 for C3.

Following nucleofection, cells were plated in a 10cm plate
in mTeSR Plus + 1µM thiazovivin. 2-3 days later, cells con-
taining the donor plasmid were selected using 1mg/ml G418
(Thermo Fisher, cat #10131035) in mTeSR Plus for 3-5 days.
Cells were then allowed to recover for 7-10 days and form
colonies. Colonies were picked using the EVOS M5000 mi-
croscope (Thermo Fisher) into a 96-well plate. When colonies
were confluent, they were split 1:5 into a new 96-well plate.
The remaining cells were resuspended in TE buffer, heated at
95◦C for 10 min to lyse the cells, incubated at 55◦C for 1h
with Proteinase K (Thermo Fisher, cat #25530015), and then
heated at 95◦C for 10 min to denature the Proteinase K. 1/20
of each sample was used for genotyping with primers span-
ning the 5’ and 3’ junctions and the entire CLYBL locus (Table
S9). Clones with insertions were confirmed by Sanger sequenc-
ing, and expanded. Clones expressing the inserted transgene
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were selected by multiple rounds of FACS for BFP expression.
dCas9-KRAB expression was confirmed by qPCR (Table S9).
Karyotype analysis was performed by WiCell.

RNA isolation, qPCR, library preparation, and sequencing
NPCs at D14 or piNs at D28 were collected in TRIzol and

RNA was extracted with the Direct-Zol Miniprep Kit (Zymo
Research, cat #R2052) or the Direct-Zol Microprep Kit (Zymo
Research, cat #R2062). qPCR was performed on the CFX384
Touch Real-Time PCR Detection System (Bio-Rad) with qPCR
Brilliant II SYBR MM with ROX (Agilent, cat #600830) and
primers for the normalizer gene GAPDH and the appropriate
target gene (Table S9), after RNA was reverse transcribed using
the SuperScript VILO kit (Life Technologies, cat #11755050).

RNA sequencing libraries were made with the SMARTer
Stranded Total RNA-Seq Kit v2 - Pico Input Mammalian kit
(Takara Bio) or with the WatchMaker RNA Library Prep Kit
with Polaris Depletion (WatchMaker Genomics) and the Twist
UMI Adapter System - TruSeq Comp, 96 Samples Plate A
(Twist Biosciences, cat #105041). Samples were sequenced on
Illumina NovaSeq platforms with paired-end 150bp reads. See
Tables S1, S4, S6, S8 for the number of samples and associated
metadata for each sequencing experiment.

ATAC library preparation and sequencing
At D14 of differentiation, NPCs in a 12-well plate were

lyzed in 250µl of lysis buffer (10mM Tris-HCl pH7.4, 10mM
NaCl, 3mM MgCl2, 0.1% NP-40, 0.1% Tween-20) per well
and then scraped and collected into conical tubes at a final
volume of 500µl lysis buffer. The cell suspension was incu-
bated at 4◦C for 10min to release nuclei and then pelleted at
830rcf for 10min. Nuclei were resuspended in 1ml lysis buffer
and counted. 50,000 nuclei were then pelleted at 830rcf for
10min and resuspended in 50µl of transposition mix (1X TD
buffer [10mM Tris-HCl pH7.6, 5mM MgCl2, 10% dimethyl
formamide], 0.33X PBS, 0.001% Digitonin, 0.1% Tween-20,
100nM Tn5 transposase [made in house]). The resuspended nu-
clei were incubated at 37◦C for 30min. DNA was then purified
and eluted in 21µl H2O using the DNA Clean and Concentrator-
5 Kit (Zymo Research, cat #D4014). 20µl of the eluent was
PCR amplified with 1X NEBNext High Fidelity PCR Master
Mix (New England Biolabs, cat #M0541L), 1.25µM Ad1, and
1.25µM Ad2 (primer sequences in Table S9) for 72◦C for 5min,
98◦C for 30s, and then 5 cycles of 98◦C for 10s, 63◦C for 30s,
and 72◦C for 1min. Libraries were purified using the DNA
Clean and Concentrator-5 Kit and quantified with the KAPA Li-
brary Quantification Kit (Roche, cat #07960140001). Samples
were sequenced on the Illumina NovaSeq 6000 with paired-end
150bp reads. See Table S2 for the number of samples and asso-
ciated metadata for ATAC-seq.

CRISPR inhibition
Stem cell lines with constitutive expression of dCas9-

KRAB were used in all CRISPR inhibition (CRISPRi) ex-
periments (Table S9). gRNA sequences (Table S9) were
cloned into pBA904 (Replogle et al., 2020) (Addgene, cat
#122238) expressing BFP, GFP, or mCherry using BstXI

(Thermo Fisher, cat #FD1024) and BlpI (Thermo Fisher, cat
#FD0094). Lentivirus was generated with third generation
lentiviral plasmids in 293T cells followed by ultracentrifuga-
tion, and titered in NPCs. NPCs were infected at D7 of differ-
entiation at MOI 0.7, and infected cells were sorted by FACS
for the relevant fluorophore at D14. Sorted cells were then col-
lected in TRIzol for RNA extraction. piNs were infected and
processed as described in (Carter et al., 2025).

For the experiment shown in Fig. 2F and Fig. S2E, cells
were infected with two lentiviruses, one expressing GFP and the
other expressing mCherry. The lentiviruses also expressed one
of three NTC gRNA (NTC2, NTC3, NTC5), a gRNA target-
ing the TNIK promoter (TNIK TSS2), a gRNA targeting RE-
TNIK (72060-2), or one of three gRNAs targeting RE2-TNIK
(72061-0, 72061-6, 72061-7) (Table S9). Infections were per-
formed for all combinations (2 NTC gRNAs, 1 NTC gRNA and
1 test gRNA, or 2 test gRNAs) and fluorophores were mixed
between NTC and test gRNAs (ex. NTC5 and 72060-2 were
used with both GFP and mCherry). GFP+, mCherry+, and
GFP+/mCherry+ cells were sorted with FACS and collected in
TRIzol for RNA extraction.

CRISPR inhibition screen
The gRNA library was cloned into pBA904

(Addgene, cat #122238) as previously described:
https://weissman.wi.mit.edu/resources/Pooled CRISPR Librar
y Cloning.pdf. Briefly, an oligo pool containing each gRNA
(Table S3) was synthesized by IDT, PCR amplified for 8
cycles, purified with the MinElute PCR Purification Kit
(Qiagen, cat #28204), and digested with BstXI (Thermo Fisher,
cat #FD1024) and BlpI (Thermo Fisher, cat #FD0094). The
digested product (∼33bp) was gel extracted by crushing the
gel through a hole in a 0.5ml nonstick tube by centrifugation,
adding 200µl of water, and incubating for 1h at 70◦C. The
gel slurry was then filtered through a Costar Spin-X column
(Millipore Sigma, cat #CLS8160-24EA) followed by ethanol
precipitation. In parallel, pBA904 was digested with BstXI and
BlpI and gel extracted using the QIAquick Gel Extraction Kit
(Qiagen, cat #28704).

The digested gRNA pool was ligated to the digested pBA904
plasmid at a 1:2 molar ratio and transformed into 33µl of
MegaX DH10B T1R Electrocomp Cells (Thermo Fisher, cat
#C640003). The transformation was plated on a large tray
(Fisher, cat #NC9372402) with LB and 75ng/ml carbenicillin
(Fisher, cat #BP26481) and grown for 14-17h at 37◦C. Bacte-
rial colonies were then collected in LB/carbenicillin using a cell
scraper and plasmid DNA was extracted using the NucleoBond
Xtra Midi Plus EF kit (Macherey-Nagel, cat #740422.5). gRNA
complexity was confirmed by PCR of the plasmid library with
mU6-F and pBA904-TR (Table S9) followed by amplicon-EZ
sequencing (GeneWiz).

Lentivirus was generated from the gRNA plasmid library
with third generation lentiviral plasmids in 293T cells followed
by ultracentrifugation, and titered in NPCs. C3-C and NCRM5
(Table S9) were differentiated into NPCs, and passaged and
infected with the lentiviral gRNA pool at D7 at MOI 0.15.
At D14, infected cells (BFP+) were sorted by FACS and 4
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scRNA-seq reactions were prepared for each cell line using the
Chromium Next GEM Single Cell 3’ Reagent Kit v3.1 (Dual
Index) with Feature Barcoding technology for CRISPR Screen-
ing (10X Genomics, cat #PN-1000268, #PN-1000269, #PN-
1000262, #PN-1000120, #PN-1000127, #PN-1000215, #PN-
1000242). Libraries were sequenced on NovaSeq instruments
(MedGenome). There were ∼15,000 cells/reaction for NCRM5
and ∼13,000 cells/reaction for C3-C. Gene expression libraries
were sequenced to ∼40,000 reads/cell and CRISPR feature bar-
coding libraries were sequenced to ∼8,000 reads/cell.

Luciferase assays
NPCs frozen at D7 were thawed and allowed to recover for

2-4 days. NPCs were split and plated at 2 − 4x104 cells/well
in 96 well plates in 75µl of Neural Induction Media (STEM-
CELL Technologies, cat #08582) and 1µM thiazovivin. The
next day, NPCs were moved to 75µl of Neural Induction Media
and transfected.

For enhancer reporter assays, test genomic regions were PCR
amplified and cloned into the multiple restriction site in pNL3.2
(Promega, cat #N1041). The same primers were used to PCR
amplify from both human DNA (H2) and chimpanzee DNA
(C2) for each test region (Table S9). For RE-PLAAT3, re-
porter plasmids were ordered from VectorBuilder in lieu of
cloning. NPCs were transfected with 0.2µl Lipofectamine Stem
Transfection Reagent (Thermo Fisher, cat #STEM00003), 10ng
of pGL4.53 (Promega, cat #E5011), and 190ng of pNL3.2 or
pNL3.2 containing a test genomic region in 10µl of Opti-MEM
(Thermo Fisher, cat #31985070). 24 hours later, luciferase
activity was assessed with the Nano-Glo Dual Luciferase Re-
porter Assay System (Promega, cat #N1620). There were three
technical replicates per plasmid per experiment. The enhancer
reporter assays were performed in NPCs differentiated from the
stem cell lines C2, C2-C, C3-C, H2, NCRM5, and H1-ESC-CRi
(Table S9).

For the Wnt reporter assays, NPCs were transfected with
0.2µl Lipofectamine Stem Transfection Reagent, 2ng of
pNL1.1.TK (Promega, cat #N1501), and 198ng of TOPflash
(Addgene, cat #12456) or FOPflash (Addgene, cat #12457)
(Veeman et al., 2003) in 10µl Opti-MEM. The next day, 0-
50µM of CHIR-99021 (MedChemExpress, cat #HY-10182)
with or without 50µM of KY-05009 (MedChemExpress, cat
#HY-124745) was added in 75µl of fresh Neural Induction Me-
dia. 24 hours later, luciferase activity was assessed with the
Nano-Glo Dual Luciferase Reporter Assay System (Promega,
cat #N1620). There were three technical replicates per condi-
tion per experiment. The Wnt reporter experiments were per-
formed in NPCs differentiated from the stem cell lines C2, C3-
C, and NCRM5 (Table S9).

Western blotting
NPCs at D14 were scraped into RIPA buffer, incubated on

ice for 20min, and centrifuged at 4◦C to pellet debris. The su-
pernatant was recovered and quantified on a spectrophotome-
ter. 20µg per sample was denatured in NuPAGE LDS Sam-
ple buffer (Life Technologies, cat #NP0007) at 95◦C for 5min
and loaded in NuPage 4-12% Bis-Tris Gel (Life Technologies,

cat #NP0323BOX) along with the Precision Plus Protein Dual
Color Standard (Bio-Rad, cat #1610374). After running the
gel, the gel was transferred to a nitrocellulose membrane (Bio-
Rad, cat #10484060) overnight at 4◦C at 30V. The next day,
the membrane was blocked in superblock (Life Technologies,
cat #37518) for 1h at room temperature and then incubated in
primary antibody overnight at 4◦C. Primary antibodies: rabbit
anti-TNIK at 1:1000 (GeneTek, cat #GTX13141), rabbit anti-
H3 at 1:5000 (Abcam, cat #ab1791). The next day, the mem-
brane was washed 4 x 5min in 1X TBS-T, incubated for 2h
with the secondary antibody goat anti-rabbit 800 (LicorBio, cat
#926-32211), washed 4 x 5min in 1X TBS-T, and imaged on
the LiCor Odyssey Imager.

CUT&Tag library preparation and sequencing
At D14, NPCs were scraped off of tissue culture plates into

NE1 lysis buffer (20mM HEPES pH 7.9, 10mM KCl, 0.1% Tri-
ton X-100, 3mM MgCl2, 0.5mM Spermidine, 1 tablet Com-
plete Protease Inhibitor EDTA-free per 50ml) and nutated at
4◦C for 10min to isolate nuclei. Nuclei were pelleted at 4◦C at
200rpm for 10min and then resuspended in 1ml WB150 (20mM
HEPES pH 7.5, 150mM NaCl, 0.2% Tween-20, 1g/L BSA,
0.5mM spermidine, 10mM sodium butyrate, 1 tablet Complete
Protease Inhibitor EDTA-free per 50ml) for counting. For each
library, 500,000 nuclei were aliquoted into a total volume of
1ml WB150. 20µl Concanavalin A bead (Bangs Laborato-
ries, cat # BP531) slurry was prepared per library by wash-
ing beads twice in binding buffer (20µM HEPES-KOH pH7.9,
10µM KCl, 1µM CaCl2, 1µM MnCl2) and resuspending in 10µl
binding buffer. Beads were added to the nuclei suspension and
incubated for 10min at room temperature. Using a magnet,
the supernatant was removed, and beads were resuspended in
50µl antibody buffer (WB150 supplemented with 0.1% Triton
X-100 and 2mM EDTA) with 1µl primary antibody (rabbit anti-
FOSL2: Cell Signaling Technology, cat #19967; rabbit anti-
MAZ: Abcam, cat #ab85725; rabbit IgG: Cell Signaling Tech-
nology, cat #2729S) for overnight incubation at 4◦C.

The next day, the primary antibody solution was removed and
beads were resuspended in 100µl of antibody buffer with 1.2µl
of secondary antibody (goat anti-rabbit: Fisher Scientific, cat
#NBP172763; goat anti-mouse: Abcam, cat #ab46540). Beads
were incubated at room temperature for 1h and then washed 3X
with 1ml WB150. Beads were resuspended in 100µl 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
2.5µl proteinAG-Tn5 (Epicypher Inc, cat #15-1017) and incu-
bated at room temperature for 1h. Then, beads were washed
3X with 1ml WB300 and incubated in tagmentation buffer
(WB300 supplemented with 10mM MgCl2) at 50◦C for 1h at
500rpm. DNA was extracted with phenol/chloroform, ethanol
precipitated with 0.02mg/ml GlycoBlue (Life Technologies, cat
#AM9515), and resuspended in 22µl H2O.

For library preparation, 20µl of DNA was PCR amplified
with 5X KAPA Hifi Buffer, 0.3mM dNTP, 1µl KAPA HiFi
Polymerase (Roche, cat #KK2101), 0.4µM Ad1, and 0.4µM
Ad2 (primer sequences in Table S9) in a 50µl reaction at 72◦C
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for 5min, 98◦C for 30s, 14 cycles of 98◦C for 10s, 63◦C for
30s, 72◦C for 1min, and 72◦C for 5min. DNA was purified us-
ing double-sided size selection (0.5X, then 1.2X) with Ampure
XP beads (Thermo Fisher, cat #NC0110018). Briefly, 25µl of
beads were added to the PCR reaction, incubated at room tem-
perature for 8 min, and allowed to adhere to the magnet for 8
min. The supernatant was moved to a new tube and 65µl of
beads were added. After 8 min incubation at room tempera-
ture, beads were allowed to adhere to the magnet for 8 min,
the supernatant was discarded, and beads were washed twice
with 200µl 80% EtOH for 30s each. Beads were resuspended
in 53µl 10mM Tris-HCl, pH 7.5 and placed on the magnet, and
the supernatant was moved to a new tube. The supernatant was
then further cleaned by adding 55µl beads, incubated at room
temperature for 8 min, washed twice with 200µl 80% EtOH for
30s each, and then eluted in 20µl 10mM Tris-HCl, pH 7.5. Li-
braries were quantified with the KAPA Library Quantification
Kit (Roche, cat #07960140001) and sequenced on the Illumina
NovaSeq X with paired-end 150bp reads. See Table S5 for the
number of samples and associated metadata.

Multi-electrode array (MEA) recordings
MEA recordings were performed as described in (Carter

et al., 2025). Briefly, human iPSC-derived astrocytes (nCar-
dia, cat #K0101) were plated in a 48-well CytoView MEA
plate (Axion Biosystems, cat #M768-tMEA-48B) for 3 days.
At day 7 of piN differentiation, neurons were dissociated and
mixed with astrocytes. A mix of 60,000 neurons and 9,000
astrocytes were plated in each well in complete neurobasal
(cNB) media (Neurobasal [Thermo Fisher, cat #21103049],
1% MEM-NEAA, 1% Penicillin/Streptomycin, 1% GlutaMAX
[Life Technologies, cat #35050061] , 1X N2 Supplement-B
[STEMCELL Technologies, cat #07156], 1X B27 without vi-
tamin A [Life Technologies, cat #12587010], 0.1% Mouse
laminin [Life Technologies, cat #23017015], 20ng/ml rhBDNF
[Peprotech, cat #450-02], 10ng/ml rhGDNF [Peprotech, cat
#450-10], 1µM L-Ascorbic Acid [Sigma, cat #A4544], 20µM
Dibutyryl cAMP [Sigma, cat #D0260]) supplemented with
10µM ROCK-inhibitor Y-27632 (STEMCELL Technologies,
cat #72304). Half media changes were performed every 3
days with cNB media until day 14, after which media was re-
placed with complete BrainPhys media (BrainPhys Neuronal
Media [STEMCELL Technologies, cat #05790], 1% Peni-
cillin/Streptomycin, 1X N2 Supplement-A [STEMCELL Tech-
nologies, cat #07152], NeuroCult SM1 Neuronal Supplement
without Vitamin A [STEMCELL Technologies, cat #05731],
0.1% Mouse laminin [Life Technologies, cat #23017015],
20ng/ml rhBDNF [Peprotech, cat #450-02], 10ng/ml rhGDNF
[Peprotech, cat #450-10], 1µM L-Ascorbic Acid [Sigma, cat
#A4544], 20µM Dibutyryl cAMP [Sigma, cat #D0260]). Half
media changes were completed every ∼3 days and always im-
mediately after recording.

Recordings were performed as described in (Carter et al.,
2025) using the Axion Maestro Pro (Maestro-625) recording
system.

Differential expression (DE) and allele-specific expression
(ASE) analyses of diploids, autotetraploids, and allotetraploids

RNA-seq data from the human and chimpanzee diploids,
autotetraploids, and allotetraploids (Fig. 1) was analyzed as
previously described (Song et al., 2021). Briefly, sequenc-
ing reads were trimmed for adapter sequences and assessed
for sequencing quality using trimgalore v0.6.6 with cutadapt
v2.5 (Martin, 2011) and fastqc v0.11.5 (Andrews et al., 2010).
Reads were aligned using STAR v2.7.9a with two-pass map-
ping (Dobin et al., 2013) to a composite human-chimpanzee
genome (hg38 and panTro6). The number of uniquely-mapped
reads (MAPQ = 255) that overlap each gene was counted us-
ing featureCounts from the subread v2.0.0 package (Liao et al.,
2014).

To generate the gene annotations used in featureCounts,
we used the previously generated “byexon-gene” and “bysnp-
gene” annotations (Song et al., 2021) with the following filters:
We first filtered out exons or SNPs where more than 10% of
reads from diploid and autotetraploid lines map to the incor-
rect species in NPCs. After removing those exons and SNPs,
we then filtered out genes where more than 10% of reads from
diploid and autotetraploid lines map to the incorrect species in
NPCs when quantifying gene counts from exons separately and
from SNPs separately. Finally, we combined exons and SNPs
into one annotation where only SNPs that did not overlap ex-
ons were included. Genes where more than 10% of reads from
diploid and autotetraploid lines map to the incorrect species in
NPCs when quantifying gene counts with both exons and SNPs
were removed. This resulted in a final annotation containing
484,032 exons and 74,509 SNPs from 99,164 genes.

After sequencing reads were aligned to the composite
human-chimpanzee genome, differential gene expression (DE)
analysis and allele-specific gene expression (ASE) analysis
were performed with DESeq2 using default parameters (Love
et al., 2014). We called genes as significant if they had an
adjusted p < 0.05 after Benjamini-Hochberg FDR correction.
Genes were classified by regulatory type based on the following
criteria:

• cis: significant DE, significant ASE, log2(FC) in the same
direction between DE and ASE

• trans: significant DE, not significant ASE

• compensatory: not significant DE, significant ASE

Read counts were also adjusted for feature length to account
for differences between feature length in the human and chim-
panzee genomes. Results were nearly identical with and with-
out length correction, and only genes that were found as DE
or ASE both with and without length correction were consid-
ered significant. All visualizations were performed with read
counts without length correction. Unless otherwise indicated, a
FC > 1.5 cut-off was used for all downstream gene set analy-
ses.

Differential expression analysis of CRISPRi in diploid cells
UMIs were extracted using umi tools v1.1.2 (Smith et al.,

2017) and adapter sequences were trimmed using cutadapt
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v2.5 (Martin, 2011). Sequencing quality was assessed with
fastqc v0.11.5 (Andrews et al., 2010). Reads that map to
rDNA (https://www.ncbi.nlm.nih.gov/nuccore/U13369.1) were
removed, and remaining reads were aligned using STAR
v2.7.9a with two-pass mapping (Dobin et al., 2013) to either
the hg38 or panTro6 genome, as appropriate. Reads were then
de-duplicated based on UMIs using umi tools, and the num-
ber of reads that overlap each gene was counted using feature-
Counts from the subread v2.0.0 package with default parame-
ters (Liao et al., 2014). Differential gene expression analysis
was performed with DESeq2 using default parameters (Love
et al., 2014). Genes with an adjusted p < 0.05 after Benjamini-
Hochberg FDR correction were considered to be significant.

Additional analyses of RNA-seq data
Principal component analysis (PCA) was performed with

DESeq2 (Love et al., 2014). Significant gene-set enrich-
ments and gene ontology enrichments (adjusted p < 0.05 after
Benjamini-Hochberg FDR correction) were determined using
the R package clusterProfiler’s gseGO and enrichGO functions
respectively (Yu et al., 2012) for the annotation data sets “Bio-
logical Process”, “Molecular Function”, and “Cellular Compo-
nent”. GO enrichments were performed without a fold-change
cut-off. The set of analyzed genes was used as the background
reference list for gene ontology enrichments. To assess the cor-
relation between two datasets (e.g. Fig. S4E), we used orthog-
onal distance regression.

Differential accessibility (DA) and allele-specific accessibility
(ASA) analyses of diploids, autotetraploids, and allotetraploids

ATAC-seq data from the human and chimpanzee diploids,
autotetraploids, and allotetraploids was aligned to a compos-
ite human-chimpanzee genome (hg38 and panTro6) using bwa
mem v0.7.17 (Li and Durbin, 2009). Reads with poor align-
ment or quality were removed (samtools view -F 3844 -q
10) and de-duplicated with samtools v1.3.1 (Li et al., 2009).
Bam files were converted to bed files using bedtools v2.26.0
(Quinlan and Hall, 2010), and peaks were called with macs2
v2.1.1.20160309 with the parameters –nomodel –extsize 200
(Zhang et al., 2008). We used reads from diploids and autote-
traploids that mapped to the incorrect species as the background
for peak calling.

Aligned reads and peaks were then filtered by mapping
reads and peaks called in panTro6 to hg38 and vice versa
using pslMap from UCSC v363 (Zhu et al., 2007). To
generate the chain file used in pslMap, we downloaded
panTro6.hg38.all.chain.gz from the UCSC Genome Browser
(Navarro Gonzalez et al., 2021) and filtered for orthologous
chains as previously described (Turakhia et al., 2020). Reads
and peaks were then filtered for those that map uniquely and
where the orthologous regions have <5-fold change and <5kb
difference in size. Peaks in hg38 coordinates that overlapped
ENCODE blacklist regions (Amemiya et al., 2019) or alternate
chromosomes were also filtered out. This resulted in reads and
peaks in hg38 and panTro6 coordinates for each sample. For
allotetraploids, reads and peaks that initially mapped to hg38

were represented separately from those that initially mapped to
panTro6.

Reads from diploids and autotetraploids that mapped to the
incorrect species were similarly filtered to generate a back-
ground mis-mapping file for chimpanzee samples in both hg38
and panTro6 coordinates and for human samples in both hg38
and panTro6 coordinates. We called peaks using macs2 for the
background mis-mapping files in hg38 coordinates to identify
genomic regions where there were high levels of mis-mapping.

Differential accessibility (DA) analysis and allele-specific
accessibility (ASA) analysis were performed with DiffBind
v3.0.15 (Ross-Innes et al., 2012) for reads and peaks in hg38
coordinates and separately for those in panTro6 coordinates,
with the appropriate background mis-mapping files. We ana-
lyzed 107,562 ATAC peaks found in at least three samples that
could uniquely map to the opposite species. 76,397 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.

Only peaks that were significant with the same direction-
of-effect when assessed in both hg38 and panTro6 coordinates
were retained. Peaks were classified by regulatory type based
on the following criteria:

• cis: significant DA, significant ASA, log2(FC) in the same
direction between DA and ASA

• trans: significant DA, not significant ASA

• compensatory: not significant DA, significant ASA

For any genome-wide analyses and visualizations, we ex-
cluded peaks that overlapped peaks called from background
mis-mapping files. In addition, we excluded ATAC peaks over-
lapping chr21:43377000-43584000 where there is an assem-
bly error in hg38. Principal component analysis (PCA) was
performed with prcomp from stats v4.1.3 in R. GREAT was
used for gene ontology enrichments (adjusted p < 0.05 after
Benjamini-Hochberg FDR correction) for the annotation data
sets “Biological Process”, “Molecular Function”, and “Cellu-
lar Component” (McLean et al., 2010). The set of peaks an-
alyzed by DiffBind were used as the background peak set for
GREAT. In Fig. S1E, GREAT enrichments are shown when us-
ing all peaks. Similar enrichments are seen when examining
only non-coding peaks.

TF motif analysis of ATAC-seq data
Cis- and trans-regulated open chromatin regions were sep-

arated into those that were human-biased and chimpanzee-
biased. For human-biased open chromatin regions, we ex-
tracted sequences in hg38 coordinates. For chimpanzee-biased
open chromatin regions, we extracted sequences in panTro6 co-
ordinates. Matched background sequences were generated us-
ing biasaway v3.3.0 (Khan et al., 2021). PWMSCAN (Am-
brosini et al., 2018) was used to scan sequences for motifs from
the JASPAR motif database (Castro-Mondragon et al., 2022) to
identify potential transcription factor binding sites. To control
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for false positives, a p-value cutoff of 10−4 was used. The pres-
ence of motifs was then aggregated and the enrichment of spe-
cific motifs compared to matched background sequences and
between human-biased and chimpanzee-biased sequences were
determined. P-values for enrichment were generated using the
proportion test (prop.test in R) and were adjusted for multiple
hypothesis testing at 5% FDR with the Benjamini-Hochberg
correction. In Fig. 1F, Fig. 4B, Fig. 6B, and Fig. 6C, the
adjusted p-value from the comparison between human-biased
and chimpanzee-biased sequences was plotted. Cis-regulated
TFs were highlighted if their motif was significant in the back-
ground comparison for the species where the TF is more highly
expressed, their motif was significant between human-biased
and chimpanzee-biased sequences, and the direction of gene
expression change matches the direction of enrichment be-
tween human-biased and chimpanzee-biased sequences. De
novo motif discovery was also performed for human-biased
and chimpanzee-biased open chromatin regions with findMo-
tifsGenome.pl from HOMER v4.10 (Heinz et al., 2010).

Combined analyses of RNA and ATAC sequencing
To compare the proportions of nonsignificant, cis-regulated,

and trans-regulated open chromatin regions, we used the chi-
square test at 5% FDR. Open chromatin regions were assigned
to genes using GREAT default parameters for all protein-coding
genes in the genome or for genes expressed in NPCs. Results
were highly concordant between the two sets, and results using
only expressed genes are shown in Fig. S3A.

To ask whether there are more human-biased, cis-regulated
open chromatin regions near human-biased, cis-regulated genes
when compared to all other genes (and for all other combina-
tions of cis and trans open chromatin regions and gene), we
performed the Kolmogorov–Smirnov test and assessed signifi-
cance at 5% FDR. Results were similar using all protein-coding
genes or all expressed genes, and results from using expressed
genes are shown in Fig. S3B.

For the piN RNA-seq and ATAC-seq, we used all RNA-seq
and ATAC-seq samples from (Carter et al., 2025) for analyses
to maximize power. Although some samples were exposed to
KCl stimulation, most species differences in gene expression
and chromatin accessibility were independent of the treatment
condition (Carter et al., 2025).

Identifying cis-regulated open chromatin regions for CRISPR
inhibition screen

Cis-regulated open chromatin regions were linked to cis-
regulated genes that were either (1) within 500kb or (2) within
1Mb and in the same topologically associated domain (TAD)
in human NPCs (Schmitt et al., 2016), human fetal germinal
zone (Won et al., 2016), mouse NPCs (Bonev et al., 2017),
or NPCs isolated from mouse neocortex (Bonev et al., 2017).
Only cis-regulated open chromatin regions associated with 1+
cis-regulated genes were considered. Cis-regulated open chro-
matin regions were also required to meet the following techni-
cal criteria:

• >2kb from any transcription start site (Gencode v40 anno-
tation (Frankish et al., 2019))

• >1kb from any exon (Gencode v40 annotation (Frankish
et al., 2019))

• 1+ nearby cis-regulated genes are expressed in >20% of
cells by scRNA-seq when each cell is sequenced to 40,000
reads - This is the minimal expression level needed to be
powered to detect a 25% change in target gene expression.

We then further filtered for cis-regulated open chromatin re-
gions that met the following biological criteria:

• Contains 1+ variants that are conserved in marmoset,
macaque, gorilla, and chimpanzee and different in humans,
suggesting the variant is derived in humans

• Near 1+ cis-regulated genes where the expression change
between humans and chimpanzees is significantly larger
at 10% FDR than the expression change within extant hu-
mans as previously described (Starr et al., 2023), suggest-
ing that the human-chimpanzee difference in expression
may be functional

Finally, we prioritized cis-regulated open chromatin regions
that met most or all of the following criteria:

• Near 1+ cis-regulated genes with fold change > 1.5

• Near 1+ cis-regulated genes where the direction of the
gene expression change is consistent between human and
chimpanzee NPCs and between human and macaque fetal
brain (Zhu et al., 2018), suggesting that the gene expres-
sion change is likely derived in humans

• Near 1+ cis-regulated genes have pLI = 1 (Lek et al.,
2016), suggesting that modest changes in expression may
have phenotypic effects

• Near 1+ cis-regulated genes implicated in neurodevelop-
mental disorders (Firth et al., 2009; Leblond et al., 2021)

To design gRNAs, we input the 200bp with the greatest read
pile-up from DiffBind in hg38 coordinates to GuideScan (Perez
et al., 2017) and filtered for gRNAs with a specificity score >
0.2. If there were not at least three usable gRNAs, we padded
the 200bp input up to the size of the ATAC peak in 100-200bp
increments to enrich for gRNAs that targeted regions of func-
tionality. We also filtered out peaks that overlapped BstXI or
BlpI sites for cloning. We then checked that the exact gRNA
sequence is also found in the panTro6 genome at the ortholo-
gous location. Only peaks with 3+ gRNAs after filtering were
considered.

Peaks that overlapped background mis-mapping regions
were manually inspected. Manual inspection revealed that
many peaks overlapped background mis-mapping regions only
at peak boundaries, and for those regions, read pile-ups suggest
that mis-mapping likely had a limited effect. All peaks assessed
in the CRISPRi screen passed manual inspection.
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CRISPR inhibition screen analysis
Sequencing reads from gene expression libraries were

mapped to hg38 or panTro5 using cellranger v7.0.0 (10X Ge-
nomics). The 3’ UTR of TNIK is truncated in the panTro5 an-
notation and was corrected using the orthologous hg38 anno-
tation. gRNAs expressed in each cell were also assigned with
cellranger. Downstream analysis was performed with Seurat
v4.3.0 (Stuart et al., 2019). Data from NCRM5 was filtered
for feature number between 2500-7500, percent mitochondrial
reads<10%, and percent ribosomal reads<30%. Data from C3-
C was filtered for feature number between 1750-6000, percent
mitochondrial reads <10%, and percent ribosomal reads <30%.
Data was normalized with SCTranform using 3000 features and
regressing out the percent of mitochondrial reads.

We examined the expression of cis-regulated genes linked to
the tested cis-regulated open chromatin regions by comparing
gene expression in cells expressing a test gRNA compared to
cells expressing non-targeting control (NTC) gRNAs. Compar-
isons were performed for test gRNA and potential target genes
where there were >10 cells expressing the test gRNA, >1 cell
expressing the test gRNA and the gene of interest, >1 cell ex-
pressing NTC gRNAs and the gene of interest, and where 5%
of cells expressing either the test gRNA or NTC gRNAs ex-
pressed the gene of interest. We performed a likelihood ratio
test on a generalized linear model where the counts were mod-
eled using a negative binomial distribution as previously de-
scribed (Gasperini et al., 2019). The generalized linear model
was fit with the percent of mitochondrial RNA and percent of
ribosomal RNA as additional variables.

We then performed the same differential expression analy-
sis for each NTC gRNA and each tested gene, and calculated
empirical p-values based on this distribution as previously de-
scribed (Gasperini et al., 2019). Nonrandom assortment of gR-
NAs in cells was assessed with Fisher’s exact test, and statistical
tests between NTC gRNAs and genes near a nonrandomly as-
sorted test gRNA were excluded. Empirical p-values were then
Benjamini-Hochberg corrected, and significance was assessed
at 5% FDR. We also performed this analysis for all genes within
1Mb of the gRNA target sites. Further, we compared results
when examining all cells or only cells that expressed a single
gRNA. Although we were underpowered to assess significance
in most cases when only considering cells that expressed a sin-
gle gRNA, the effect sizes were highly concordant.

CUT&Tag sequencing analysis
CUT&Tag sequencing data was processed as described

above for the ATAC-seq data with the following differences.
Prior to mapping, adapters were trimmed with cutadapt v2.5
(Martin, 2011) and sequencing quality was determined with
fastqc v0.11.5 (Andrews et al., 2010). Peak calling with macs2
was performed with matched IgG samples as the background
set and the following parameters: –nomodel –shift -100 –
extsize 200. Peak calling was also performed for all mapped
reads for each TF of interest using macs2 to get a list of peaks
as the input regions for DiffBind. Only non-coding peaks are
visualized and described in Fig. 4, Fig. 5, and associated text.

De novo motif discovery was performed on called peaks us-
ing hg38 coordinates and findMotifsGenome.pl from HOMER
v4.10 (Heinz et al., 2010). The enrichment of CUT&Tag reads
at predicted binding sites from the ATAC-seq data (from PWM-
SCAN as described above) was determined using makeTagDi-
rectory and annotatePeaks.pl from HOMER. GREAT was used
for gene ontology enrichments (adjusted p < 0.05 after
Benjamini-Hochberg FDR correction) for the annotation data
sets “Biological Process”, “Molecular Function”, and “Cellular
Component” (McLean et al., 2010). The whole genome was
used as the background for GREAT. There were no GREAT en-
richments for trans-regulated MAZ binding sites.

Analysis of luciferase assays
Nanoluciferase activity was normalized to firefly luciferase

activity for each well. Luciferase activity measurements were
performed with 3 replicates per experiment and the mean value
was used as the luciferase activity measurement for that ex-
periment. Luciferase activity measurements were further nor-
malized to the luciferase activity of the null condition (pNL3.2
or 0µM KY-05009). For the Wnt reporter assay, we assessed
whether 50µM KY-05009 significantly decreased Wnt reporter
activity using the one-sided wilcoxon rank-sum test at 5% FDR.

For enhancer reporter assays, each test vector was first as-
sessed for whether it acted as an enhancer compared to the
empty vector (pNL3.2) using the one-sided wilcoxon rank-sum
test. For test regions where the human or chimpanzee sequence
acted as an enhancer at 5% FDR, luciferase activity was com-
pared between the human and chimpanzee sequences using the
paired wilcoxon rank-sum test. Test regions where the hu-
man and chimpanzee sequences have an adjusted p < 0.05 af-
ter Benjamini-Hochberg FDR correction were considered to be
significant.

Analysis of qPCR
To determine if different CRISPRi gRNAs had different ef-

fects on TNIK expression (Fig. 2F, Fig. S2E), TNIK expression
was first normalized to GAPDH expression within each sample.
Normalized TNIK expression was then further normalized to
the mean TNIK expression when NPCs were infected with NTC
gRNAs in each experiment and in each cell line. An analysis of
variance (aov) model was fit for normalized TNIK expression to
cell line, experiment, and gRNA category (NTC, targeting RE-
TNIK, targeting RE2-TNIK, targeting the TNIK promoter, or
targeting both RE-TNIK and RE2-TNIK), and statistical signifi-
cance was assessed with simultaneous tests for generalized lin-
ear hypotheses using multiple comparisons of means and Tukey
contrasts.

Intersection with HARs and HAQERs
HAR sets are from (Girskis et al., 2021; Keough et al., 2023;

Bi et al., 2023). HAQERs are from (Mangan et al., 2022).
HAR and HAQER sets were intersected with all, cis, trans, and
compensatory open chromatin regions using bedtools v2.30.0
(Quinlan and Hall, 2010). The proportion of all, cis, trans, or
compensatory open chromatin regions that overlap with HARs
or HAQERs was calculated and divided by the proportion of all
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open chromatin regions that overlap with HARs or HAQERs.
The chi-square test was used to assess statistical significance at
5% FDR.

Analysis of MEA recordings
The AXIS Neural Metric Tool was used to generate CSV files

containing recording metadata and neuronal activity metrics.
These metrics were analyzed in R as described in (Carter et al.,
2025). For analysis, three NTC gRNAs were combined, and
three gRNAs targeting the POU3F2 promoter were combined.
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Kyttälä, A., Moraghebi, R., Valensisi, C., Kettunen, J., Andrus, C., Pasumarthy,
K. K., Nakanishi, M., Nishimura, K., Ohtaka, M., Weltner, J., et al., 2016.
Genetic variability overrides the impact of parental cell type and determines
iPSC differentiation potential. Stem Cell Reports, 6(2):200–212.

Leblond, C. S., Le, T.-L., Malesys, S., Cliquet, F., Tabet, A.-C., Delorme, R.,
Rolland, T., and Bourgeron, T., 2021. Operative list of genes associated
with autism and neurodevelopmental disorders based on database review.
Molecular and Cellular Neurosciences, 113:103623.

Lee, Y., Jung, J.-I., Park, K.-Y., Kim, S. A., and Kim, J., 2017. Synergistic
inhibition effect of TNIK inhibitor KY-05009 and receptor tyrosine kinase
inhibitor dovitinib on IL-6-induced proliferation and Wnt signaling pathway
in human multiple myeloma cells. Oncotarget, 8(25):41091–41101.

Lek, M., Karczewski, K. J., Minikel, E. V., Samocha, K. E., Banks, E., Fen-
nell, T., O’Donnell-Luria, A. H., Ware, J. S., Hill, A. J., Cummings, B. B.,
et al., 2016. Analysis of protein-coding genetic variation in 60,706 humans.
Nature, 536(76167616):285–291.

Li, H. and Durbin, R., 2009. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics, 25(14):1754–1760.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G.,
Abecasis, G., and Durbin, R., 2009. The Sequence Alignment/Map format
and SAMtools. Bioinformatics, 25(16):2078–2079.

Liao, Y., Smyth, G. K., and Shi, W., 2014. featureCounts: An efficient general
purpose program for assigning sequence reads to genomic features. Bioin-
formatics, 30(7):923–930.

Liu, B., Ma, A., Zhang, F., Wang, Y., Li, Z., Li, Q., Xu, Z., and Zheng, Y.,
2016. MAZ mediates the cross-talk between CT-1 and NOTCH1 signaling
during gliogenesis. Scientific Reports, 6(1):21534.

Liu, C. M. and Meinke, D. W., 1998. The titan mutants of Arabidopsis are
disrupted in mitosis and cell cycle control during seed development. The
Plant Journal, 16(1):21–31.

Liu, J., Mosti, F., Zhao, H., Sotelo-Fonseca, J., Escobar-Tomlienovich, C.,
Lollis, D., Musso, C. M., Mao, Y., Massri, A., Doll, H., et al., 2024. A
human-specific enhancer fine-tunes radial glia potency and corticogenesis.
:2024.04.10.588953.

Love, M. I., Huber, W., and Anders, S., 2014. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biology,
15(12):550.

Lu, C., Garipler, G., Dai, C., Roush, T., Salome-Correa, J., Martin, A.,
Liscovitch-Brauer, N., Mazzoni, E. O., and Sanjana, N. E., 2023. Essential
transcription factors for induced neuron differentiation. Nature Communi-
cations, 14(11):8362.

Ma, S., Skarica, M., Li, Q., Xu, C., Risgaard, R. D., Tebbenkamp, A. T. N.,
Mato-Blanco, X., Kovner, R., Krsnik, Z., de Martin, X., et al., 2022. Molec-
ular and cellular evolution of the primate dorsolateral prefrontal cortex. Sci-
ence, 377(6614):eabo7257.

Maity, G., Haque, I., Ghosh, A., Dhar, G., Gupta, V., Sarkar, S., Azeem, I., Mc-
Gregor, D., Choudhary, A., Campbell, D. R., et al., 2018. The MAZ tran-
scription factor is a downstream target of the oncoprotein Cyr61/CCN1 and
promotes pancreatic cancer cell invasion via CRAF–ERK signaling. Journal
of Biological Chemistry, 293(12):4334–4349.

Mangan, R. J., Alsina, F. C., Mosti, F., Sotelo-Fonseca, J. E., Snellings, D. A.,
Au, E. H., Carvalho, J., Sathyan, L., Johnson, G. D., Reddy, T. E., et al.,
2022. Adaptive sequence divergence forged new neurodevelopmental en-
hancers in humans. Cell, 185(24):4587–4603.e23.

Martin, M., 2011. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet.journal, 17(1):10–12.

Martinez-Morales, P. L., Quiroga, A. C., Barbas, J. A., and Morales, A. V.,
2010. SOX5 controls cell cycle progression in neural progenitors by inter-
fering with the WNT–β-catenin pathway. EMBO Reports, 11(6):466–472.

McLean, C. Y., Bristor, D., Hiller, M., Clarke, S. L., Schaar, B. T., Lowe, C. B.,
Wenger, A. M., and Bejerano, G., 2010. GREAT improves functional inter-

23

.CC-BY 4.0 International licensemade available under a
(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 

The copyright holder for this preprintthis version posted March 31, 2025. ; https://doi.org/10.1101/2025.03.31.646367doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.31.646367
http://creativecommons.org/licenses/by/4.0/


pretation of cis-regulatory regions. Nature Biotechnology, 28(5):495–501.
McLean, C. Y., Reno, P. L., Pollen, A. A., Bassan, A. I., Capellini, T. D.,

Guenther, C., Indjeian, V. B., Lim, X., Menke, D. B., Schaar, B. T., et al.,
2011. Human-specific loss of regulatory DNA and the evolution of human-
specific traits. Nature, 471(7337):216–219.

Navarro Gonzalez, J., Zweig, A. S., Speir, M. L., Schmelter, D., Rosenbloom,
K. R., Raney, B. J., Powell, C. C., Nassar, L. R., Maulding, N. D., Lee,
C. M., et al., 2021. The UCSC Genome Browser database: 2021 update.
Nucleic Acids Research, 49(D1):D1046–D1057.

Nehme, R., Zuccaro, E., Ghosh, S. D., Li, C., Sherwood, J. L., Pietilainen, O.,
Barrett, L. E., Limone, F., Worringer, K. A., Kommineni, S., et al., 2018.
Combining NGN2 programming with developmental patterning generates
human excitatory neurons with NMDAR-mediated synaptic transmission.
Cell Reports, 23(8):2509–2523.

Neumayer, G., Belzil, C., Gruss, O. J., and Nguyen, M. D., 2014. TPX2: Of
spindle assembly, DNA damage response, and cancer. Cellular and Molec-
ular Life Sciences, 71(16):3027–3047.

O’Brien, S., Kelso, S., Steinhart, Z., Orlicky, S., Mis, M., Kim, Y., Lin, S.,
Sicheri, F., and Angers, S., 2022. SCFFBXW7 regulates G2-M progression
through control of CCNL1 ubiquitination. EMBO reports, 23(12):e55044.

Pavlovic, B. J., Fox, D., Schaefer, N. K., and Pollen, A. A., 2022. Rethink-
ing nomenclature for interspecies cell fusions. Nature Reviews Genetics,
23(5):315–320.

Perez, A. R., Pritykin, Y., Vidigal, J. A., Chhangawala, S., Zamparo, L., Leslie,
C. S., and Ventura, A., 2017. GuideScan software for improved single and
paired CRISPR guide RNA design. Nature Biotechnology, 35:347–349.

Polioudakis, D., de la Torre-Ubieta, L., Langerman, J., Elkins, A. G., Shi, X.,
Stein, J. L., Vuong, C. K., Nichterwitz, S., Gevorgian, M., Opland, C. K.,
et al., 2019. A single-cell transcriptomic atlas of human neocortical devel-
opment during mid-gestation. Neuron, 103(5):785–801.e8.

Pollen, A. A., Kilik, U., Lowe, C. B., and Camp, J. G., 2023. Human-specific
genetics: New tools to explore the molecular and cellular basis of human
evolution. Nature Reviews Genetics, :1–25.

Quinlan, A. R. and Hall, I. M., 2010. BEDTools: A flexible suite of utilities for
comparing genomic features. Bioinformatics, 26(6):841–842.

Replogle, J. M., Norman, T. M., Xu, A., Hussmann, J. A., Chen, J., Cogan,
J. Z., Meer, E. J., Terry, J. M., Riordan, D. P., Srinivas, N., et al., 2020.
Combinatorial single-cell CRISPR screens by direct guide RNA capture and
targeted sequencing. Nature Biotechnology, 38(8):954–961.

Ross-Innes, C. S., Stark, R., Teschendorff, A. E., Holmes, K. A., Ali, H. R.,
Dunning, M. J., Brown, G. D., Gojis, O., Ellis, I. O., Green, A. R., et al.,
2012. Differential oestrogen receptor binding is associated with clinical out-
come in breast cancer. Nature, 481(7381):389–393.

Schmitt, A. D., Hu, M., Jung, I., Xu, Z., Qiu, Y., Tan, C. L., Li, Y., Lin,
S., Lin, Y., Barr, C. L., et al., 2016. A compendium of chromatin con-
tact maps reveals spatially active regions in the human genome. Cell Rep,
17(8):2042–2059.

Schuermans, N., El Chehadeh, S., Hemelsoet, D., Gautheron, J., Vantyghem,
M.-C., Nouioua, S., Tazir, M., Vigouroux, C., Auclair, M., Bogaert, E., et al.,
2023. Loss of phospholipase PLAAT3 causes a mixed lipodystrophic and
neurological syndrome due to impaired PPARγ signaling. Nature Genetics,
55(11):1929–1940.

She, R., Fair, T., Schaefer, N. K., Saunders, R. A., Pavlovic, B. J., Weissman,
J. S., and Pollen, A. A., 2023. Comparative landscape of genetic dependen-
cies in human and chimpanzee stem cells. Cell, 186(14):2977–2994.e23.

Shitashige, M., Satow, R., Jigami, T., Aoki, K., Honda, K., Shibata, T., Ono, M.,
Hirohashi, S., and Yamada, T., 2010. Traf2- and Nck-interacting kinase is
essential for Wnt signaling and colorectal cancer growth. Cancer Research,
70(12):5024–5033.

Smith, T., Heger, A., and Sudbery, I., 2017. UMI-tools: Modeling sequencing
errors in unique molecular identifiers to improve quantification accuracy.
Genome Research, 27(3):491–499.

Song, J. H. T., Grant, R. L., Behrens, V. C., Kučka, M., Roberts Kingman,
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