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Gene-environmental interactions shape the evolution of brain architecture and function. Neuro-oncological ven-
tral antigen 1 (NOVAT) is one gene that distinguishes modern humans from extinct hominids. However, the evolu-
tionary pressures that selected the modern NOVAT allele remain elusive. Here, we show using fossil teeth that
several hominids (Australopithecus africanus, Paranthropus robustus, early Homo sp., Gigantopithecus blacki,
Pongo sp., Homo neanderthalensis, and Homo sapiens) were consistently exposed to lead over 2 million years,
contradicting the idea that lead exposure is solely a modern phenomenon. Moreover, lead exposure on human
brain organoids carrying the archaic NOVAT variant disrupts FOXP2 expression in cortical and thalamic organoids,
a gene crucial for the development of human speech and language abilities. Overall, the fossil, cellular, and mo-
lecular data support that lead exposure may have contributed to the impact of social and behavioral functioning
during evolution, likely affording modern humans a survival advantage.

INTRODUCTION lead-exposed human populations and animal models (4, 5). How-

Selective pressures from changing environmental conditions left
genetic signatures throughout hominid evolution, which may drive
modern human vulnerability to the effects of environmental stressors
today (1). Exposure to toxic chemicals may also contribute to hom-
inin evolution by affecting group behaviors, but limited data are
available on this topic. The prevailing paradigm is that lead (Pb) ex-
posure is a modern phenomenon that only emerged with increased
anthropogenic lead released into the environment from human ac-
tivities, such as mining and smelting, beginning in classical an-
tiquity and medieval societies (2) and then intensifying markedly
during the Industrial Revolution (3). Contrary to this hypothesis,
we show that lead exposure was not confined to postanthropogenic
lead release but was pervasive throughout hominid evolution, ex-
tending as far back as 2 million years. Deficits in intelligence, behav-
ior, and emotional performance have been extensively observed in

ever, no clear molecular mechanisms linking lead exposure to hom-
inid evolution have been identified, particularly its role in shaping
group dynamics, which we address here.

The genomic sequences of Neanderthals and Denisovans—our
closest extinct hominin relatives—offer valuable insights into hu-
man evolution. Among the 61 unique protein-coding genes distin-
guishing modern humans (6), the neuro-oncological ventral antigen
1 (NOVALI) plays a crucial role in early brain development. NOVAI
is implicated under conditions such as autism and schizophrenia
(7-9). Previous work has shown that the archaic NOVAI variant in-
fluences alternative splicing, synaptic protein interactions, and neu-
ral connectivity when reintroduced into human brain organoids (6).
Thus, the exclusive NOVAI single-nucleotide alteration, which be-
came nearly fixed in modern humans, might have had functional
consequences for our species’ evolution (10). However, the selective
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evolutionary pressures to select this genetic variant among modern
human populations remain unknown.

Here, we combine a large archaeogeochemical study of fossil teeth
from Africa, Asia, Oceania, and Europe to study lead exposure over
2 million years. We provide mechanistic information about the
impact of lead on FOXP2-expressing neurons within human cortical
and thalamic brain organoids carrying the archaic/extinct NOVA1I
genetic variant. The gene is crucial for the development of human
speech and language abilities and, therefore, a key factor for com-
munication and social interactions. This sheds light on the intricate
mechanisms through which genetic variations shape our responses
to environmental toxicants, ultimately enhancing our understand-
ing of human evolution.

RESULTS

Lead exposure traced across primate evolution through
fossil teeth

Using precise validated laser ablation micro spatial sampling proto-
cols (Fig. 1), we analyzed 51 fossil samples (Australopithecus africanus,
Paranthropus robustus, early Homo sp., Gigantopithecus blacki, Pongo
sp., Papio sp., Homo neanderthalensis, and Homo sapiens) from
regions in Asia, Africa, and Europe. We found clear signals of epi-
sodic lead exposure in 73% of the specimens (71% for hominins
Australopithecus, Paranthropus, and Homo) (Fig. 2 and tables S1 and

S2). Some of the geologically oldest samples, G. blacki estimated to
be from the early (~1.8 Ma) and middle Pleistocene (~1 Ma), show
repeated events of lead exposure separated by periods of negligible
lead uptake (Fig. 2) (11). Samples from this genus demonstrated the
most frequent acute lead exposures. From six cave sites in China, we
analyzed fossils of Pongo sp., G. blacki, and H. sapiens extending
from the early (~1.8 Ma) to late Pleistocene (~100 ka) (Figs. 2 and 3
and the Supplementary Materials). Our Australopithecus and Papio
angusticeps samples originated in South Africa (Fig. 3B and the Sup-
plementary Materials), and two H. neanderthalensis samples were
from the Payre region of France (Fig. 3F and the Supplementary Ma-
terials). Previous studies have found that cumulative lead in teeth from
prehistoric humans, although highly variable, was generally lower
than that in modern humans (12). Sediment sampling also indicated
that Homo species from the Middle Paleolithic inhabited caves with
high concentrations of lead and other heavy metals (13), but expo-
sure levels or patterns are unknown.

We observed lead bands corresponding to discrete zones of high
lead concentrations, following the incremental growth pattern of
enamel and dentine protein matrix deposition and mineralization
during tooth development (see the Supplementary Materials). While
postburial alteration of fossil teeth remains a concern for all chemical
analyses, the effects of diagenesis result in a diffused pattern of met-
al deposition and were not collocated with the Pb or the develop-
mental geometry of enamel or dentine mineralization. While dentine,
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Fig. 1. Reconstructing primate’s exposure to environmental lead. (A) World map with indication of the country from which the archaeological and modern samples
were obtained. (B) Sketch of a sectioned fossil tooth analyzed by laser ablation combined with inductively coupled plasma mass spectrometry (LA-ICP-MS). The laser is
rastered across the sectioned surface, and ejected material is transported to the mass spectrometer. Green and dashed lines depict the biogenic pattern of metal uptake
within growth rings [adapted from (65)]. (C) Photo (left) of a sectioned G. blacki third molar from the site of Queque in China. The 2°®Pb/**Ca distribution from the marked
area is shown on the right. The geochemical map reveals a large number of biogenic banding relating to repeated acute exposures to lead.
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Gigantopithecus blacki
(mid-Pleistocene)
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Fig. 2. Lead banding in two G. blacki fossil teeth. 208pp/43Ca distribution in second molar (A) and third molar (B) of G. blacki teeth from the site of Queque in Southern
China dated to the middle Pleistocene. The Pb banding follows the architecture of the dental tissue growth pattern, which is evidence of its biogenic origin and incorpo-
ration during tooth growth. Both teeth show an impressive number of repeated acute exposures to lead.

Early Pleistocene Middle Pleistocene Late Pleistocene

joe|q snosyjidojuebis)
Gigantopithecus blacki
susides owoH
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Fig. 3. Lead banding in fossil hominid teeth across the Pleistocene. 2*®Pb/**Ca distribution in (A) G. blacki third molar from the site of Chuifeng in China. (B) A. africanus
canine from the site of Sterkfontein in South Africa. (C) G. blacki second molar from the site of Queque in China. (D) Pongo sp. canine from the site of Shanzu in China.
(E) H. sapiens first molar from the site of Mohui in China. (F) H. neanderthalensis molar from the site of Payre in France.
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due to its higher organic content and smaller crystal size, is more
likely to undergo diagenetic modification than enamel (14), several of
our samples preserved lead banding in both tissues atypical of diagen-
esis (Fig. 1). We also measured uranium, a common marker of
diagenesis (15) in our samples (see the Supplementary Materials). The
uranium distribution did not match the lead bands we observed in the
analyzed teeth and generally followed a more diffuse pattern with lo-
calized “hot spots” (radiated areas) of high uranium concentration in
both enamel and dentine tissues, typical of diffusion patterns.

In addition to external environmental sources, it is important to
consider that lead can also be released from internal physiological
stores. Once lead is absorbed into the body, it is predominantly
stored in the skeletal compartment and released during enhanced
bone remodeling periods (16). High lead release from bones during
illness or physiological stresses is recorded in developing teeth as
acute lead enrichments such as those observed here (17). Cyclical
patterns of stress, as measured by enamel defects, have been ob-
served in extant great apes, but it is not clear whether these are as-
sociated with seasonal schedules (18).

Lead patterns in humans during peak

anthropogenic exposure

Evolutionary mismatch occurs when encountering an evolutionary
novel environment or an environment that exceeds the range previ-
ously experienced in the lineage (19), which may have occurred for
humans when lead exposure increased substantially and became
chronic rather than episodic compared to the exposure patterns re-
corded during hominid evolution. To compare the lead enrichment
patterns we observed in the teeth of extinct hominids with modern
postindustrial samples, we analyzed modern human teeth from par-
ticipants (n = 12) born between the 1940s and 1970s in the US when
environmental lead exposure from industrial sources, such as lead-
ed automobile fuel and leaded paint, was prevalent and persistent
(that is, a chronic continuous exposure) (see the Supplementary
Materials). We supplemented this analysis with a human third mo-
lar from an individual born in 1994 when lead exposure in the US
had reduced substantially.

Our analysis of modern teeth showed lead banding patterns sim-
ilar to those observed in fossil samples in all but one individual (see
the Supplementary Materials). Banding was more prevalent within
the crown and became narrower and decreased in intensity toward the
root. On the basis of human tooth growth guides (20), bands are
estimated to occur annually and are broader and of higher intensity
during 1 to 6 years of age. This timescale roughly coincides with the
late childhood or early juvenile period, a time of rapid bone turn-
over in humans. Variations in modern children’s blood lead have
been extensively reported and generally attributed to seasonal varia-
tions in lead exposure sources and lead metabolism (via vitamin
D) (21). Seasonal variations in bone growth velocity and markers of
bone remodeling have also been reported (22). Therefore, the an-
nual banding of lead in modern human teeth may reflect seasonal
variation in external exposure to lead coupled with internal expo-
sure through the release of skeletal stores during bone remodeling.
The release of skeletal stores of lead during pregnancy as a result of
increased bone resorption is well documented (16) and is the main
contributor to maternal blood lead (23). The release of bone-lead
stores has been reported to contribute as much as 90% of blood-lead
levels in children when external exposure is relatively low and skel-
etal lead stores are substantial (24).

Joannes-Boyau et al., Sci. Adv. 11, eadr1524 (2025) 15 October 2025

The higher intensity of lead enrichment banding during 1 to
6 years of age may reflect the higher turnover of bone during this
period. Biochemical markers of bone turnover are highest in the
first few years after birth, dropping around 2 to 3 years and rising
again during the pubertal growth spurt (25). However, environ-
mental lead exposure during childhood follows a similar trend,
with exposures typically highest during early childhood due to
increased hand-to-mouth activity and greater body burden (26).
Given the complexity of lead kinetics in primate physiology, disen-
tanglement of external and internal lead exposure was impossible
in this study. Still, it is clear from our data that lead exposure was
not just a postindustrial phenomenon. Furthermore, the presence
of lead bands in modern human teeth also supports the inference
that the patterns in our fossil teeth are not due to diagenesis. We
found similar lead banding patterns in teeth from modern Papio
ursinus (see the Supplementary Materials) and Pongo abelii (see the
Supplementary Materials).

The impact of lead on human neurodevelopment

Lead exposure in human neural progenitor cells alters gene expres-
sion and primarily affects the NOVAI-regulated splicing network,
affecting cell proliferation, neuronal differentiation, and axon guid-
ance pathways (27). Considering that lead is widespread in nature,
causes cognitive alterations in humans, and was detected in archae-
ological samples and that NOVAI is the master regulator of lead-
induced alternative splicing, we measured the molecular and cellular
impact of lead in brain organoids carrying the modern (NOVAI hu/huy
or archaic (NOVAI™™) versions of the human NOVAI gene.

We previously generated isogenic induced pluripotent stem cells
(iPSCs) carrying NOVAI™™ or NOVAI*"*" genetic variants using
genome editing in two distinct genetic backgrounds (6, 28). A careful
off-target analysis excluded potential problematic clones with unde-
sirable genomic alterations (6, 28). We confirmed the genotype of
our cells using target-genome sequencing (fig. S11, A and B). Next,
we generate brain cortical organoids (COs) using a semiguided pro-
tocol (Fig. 4, A and B, and fig. S11C) (6, 29-33). At 2 months, these
COs presented FOXG1*, MAP2%, and SOX2* cell populations
(Fig. 4C and fig. S11D). When the COs were at 45 days, they were
treated for 10 days with lead acetate (10 and 30 pM) (27). After treat-
ment, the medium was changed to one without lead acetate, and the
COs were collected after 5 days (at 60 days old). We found that lead
treatment did not reduce the organoid diameter in either genetic
background (fig. S11, E and F). We also ran a cell cycle profile assay
in dissociated COs. We showed that lead treatment decreased the
percentage of cells in the Go-G; stage in the NOVAI*/* 10 and
30 pM compared to control (CTL) COs (Fig. 4D and fig. S11G).

RNA sequencing identifies gene expression changes from
lead exposure

Bulk RNA sequencing (RNA—se%) analyses were performed on
mature COs derived from NOVAI™™ and NOVAI*"* to elucidate
the changes induced by lead exposure, which differentially affected
genes in these two genetic backgrounds. First, we compared
NOVAI™™ versus NOVAI** without any treatment and showed
that hundreds of genes were altered [429 down-regulated and 616 up-
regulated; false discovery rate (FDR) < 0.05; Fig. 4E and table S3].
Functional enrichment analysis on the top differentially up- and down-
regulated genes revealed the top 20 enriched Gene Ontology (GO)
pathways, these genes were related to cell motility, neurodevelopment,
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Fig. 4. Characterization of cortical brain organoids of NOVAT"/M and NOVA12"®", (A) Schematic representation of the brain cortical organoid (COs) differentiation
protocol. (B) Representative bright-field images of human COs captured at day 16, proliferative stage of neuroprogenitor cells (NOVA1™/" and NOVA12"?"). (C) Represen-
tative immunohistochemistry images of 60-day-old brain organoids (NOVATMYMY) COs contain proliferative regions (SOX2"), expressing the cortical marker (FOXG1*)
surrounded by mature neurons (MAP2%). Scale bars, 50 pm. (D) Cell cycle quantification of brain organoids carrying the NOVA jar/ar genetic variant. CTL, control group.n >
2. One-way analysis of variance (ANOVA) Tukey test and Kruskal-Wallis test, followed by Dunn’s test. n.s., not significant. *P < 0.05. (E) Volcano plot showing the 616
up-regulated (blue) and 429 down-regulated (red) genes under the NOVAT2"?" condition compared to the NOVAT™/" control after applying the false discovery rate
(FDR) < 0.05 and log; fold change (|L2FC|) > 1 filters. (F) Bubble plot showing the top enriched Gene Ontology Biological Process (GO:BP) terms (FDR < 0.05; bigger bub-
bles mean more enrichment) for both the up-regulated (blue) and down-regulated (red) genes shown in (E). Terms are further organized into major color-coded func-
tional “groups.” (G) Protein-protein interactions (PPIs) showing the differentially expressed genes (DEGs) that represent the major color-coded functional groups shown in
(F). Higher STRINGdb scores (minimum cutoff: 0.7, “high confidence”) mean less transparency and thicker edges. Higher |L2FC| values mean bigger nodes, while lower FDR
values mean darker (blue: up-regulated; red: down-regulated) nodes.
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neurogenesis, neurodifferentiation, and synaptic and chemical sig-
naling (Fig. 4, F and G, and table S4).

Next, we compare the nontreated organoids with the ones exposed
to lead. NOVAI™™ organoids exposed to 10 pM lead presented dif-
ferent groups of down- and up-regulated genes (FDR < 0.05).
Functional enrichment analysis on the top differentially up- and
down-regulated genes revealed the top 20 enriched pathways, such
as cell activation, regulation, and communication of the nervous
system, neurodevelopment, and synapses, among others (Fig. 5A;
fig. S12, A, B, and E; and tables S4 and S5). NOVAI™/" COs exposed
to 30 pM lead also presented a group of down- and up-regulated
genes (FDR < 0.05). Functional enrichment analysis on the top dif-
ferentially up- and down-regulated genes revealed the top 20 enriched
pathways, such as genes related to myelination, axon guidance, neu-
rodevelopment, behavior, synapse, and neuronal processes (Fig. 5B;
fig. $12, C, D, and F; and tables S4 and $6). NOVA1*"*" exposed
to 10 pM lead presented a group of down- and up-regulated genes
(FDR < 0.05). Functional enrichment analysis on the top differen-
tially up- and down-regulated genes revealed the top 20 enriched
pathways, such as those related to learning, memory, cognitive func-
tions, neurodevelopment, glial activation, cell fate, and synaptic sig-
naling (Fig. 5, C and E; fig. S13, A and B; and tables S4 and S7).

NOVAI™ exposed to 30 pM lead also presented a group of down-
and up-regulated genes (FDR < 0.05). Functional enrichment analy-
sis on the top differentially up- and down-regulated genes revealed
the top 20 enriched pathways, such as cell adhesion, motility, mor-
phogenesis, neurodevelopment and neurological disorders, and syn-
aptic and neural communication (Fig. 5, D and F; fig. $13, C and D;
and tables S4 and S8). In both NOVA ™™ and NOVA 1*"*, lead
exposure modified genes crucial for neurodevelopmental disor-
ders. This suggests a potent gene-environment interaction that
influences neurodevelopmental outcomes. Next, we used single-cell
RNA-seq (scRNA-seq) to untangle cell-specific responses to lead
organoid exposure.

scRNA-seq reveals cellular response specificity to

lead exposure

We analyzed the scRNA-seq data from COs derived from NOVAI hu/hu
and NOVAI*™® treatment conditions. Across all conditions (CTL,
10 pM, and 30 pM), we recovered 99,623 cells (Fig. 6, A and B, and
table S9). Eight distinct cell clusters were identified, including Cajal
Retzius cells, cortical hem cells, newborn corticofugal projection
neurons (CFuPNs), newborn deep-layer projection neurons (DL
PNs), projection neurons (PNs), subcortical neurons, apical radial
glia (aRG), and an unknown/undefined population (Fig. 6, C and D)
(34). The NOVAI™ CTL organoids contained 39.64% aRG, while
the NOVAI*"* CTL organoids exhibited 48.81% of this cell cluster.
In the newborn CFuPN cluster, the NOVA1™™ CTL organoids com-
prised 29.68%, compared to 25% in NOVAI*’* CTL organoids. The
cortical hem cluster accounted for 11.56% of the NOVAI™™ CTL
organoids and 10.20% of NOVAI*"* CTL organoids. For the new-
born DL PN cluster, the NOVA ™™ CTL organoids contained 6.21%,
while NOVAI*™ CTL organoids contained 4.48%. Last, the subcor-
tical neuron cluster comprised 2.80% of the NOVA1I hwhu o, organ-
oids and 1.16% of NOVAI*”* CTL organoids.

In the lead-treated NOVA 1"/ groups, a reduction in the cortical
hem population was observed, decreasing from 11.56% in the CTL
t0 8.5% in the NOVAI™/™ 10 uM group and 9.29% in the NOVA1™/™
30 pM group. Conversely, in the newborn CFuPN cluster, an increase

Joannes-Boyau et al., Sci. Adv. 11, eadr1524 (2025) 15 October 2025

was noted, rising from 29.68% in the CTL to 31.79% in the NOVA 1™/™"
10 uM group and 33.17% in the NOVA 1™/ 30 uM group (fig. S14,
AtoE).

Differential gene expression analysis revealed numerous genes
uniquely altered in NOVAI"™™ and NOVAI*"* organoids, with dis-
tinct responses to lead exposure in specific cell types. Under un-
treated conditions, comparisons between NOVA "™ and NOVA 1°/
organoids highlighted differentially expressed genes (DEGs) associ-
ated with pathways, including regulation of synapse, neuron projec-
tion, and brain development (Fig. 6, E and F, and tables S10 to S12).
Upon 10 and 30 pM lead exposure, NOVAI™™ COs exhibited
altered gene expression in multiple cell types, with pathways en-
riched for synapse organization, neuron differentiation, and chemi-
cal synapse transmission (fig. S15, A to D, and tables S12 to S14).
Similarly, NOVAI*"* 10 and 30 pM organoids demonstrated lead-
induced transcriptional changes with pathways related to neurogen-
esis, brain development, and synapse function (Fig. 6, G to ], and
tables S12, S15, and S16).

One particularly noteworthy gene was FOXP2, whose expression
varied meaningfully under lead exposure. In NOVAI*"* organoids,
FOXP2 expression was initially reduced under 10 pM lead but in-
creased following 30 pM lead exposure (Fig. 6K). This biphasic
response highlights FOXP2 as a potential molecular target for under-
standing the interplay between NOVAI archaic variants, lead expo-
sure, and neural development. Building on these transcriptional
findings, we next investigated the proteomic landscape of these COs
using single-cell proteomics.

Single-cell proteomic insights into neural disruption
induced by lead exposure

We performed single-cell proteomics on COs (Fig. 7A) to further
elucidate the molecular mechanisms underlying these transcrip-
tional changes. After peptide filtering, we compared N OVAI™M and
NOVAI™ organoids and identified 840 peptides corresponding
to 427 proteins (Fig. 7B). Functional analysis revealed that key path-
ways, such as Rho guanosine triphosphatase (GTPase) signaling—
critical for synapse organization and signaling (35)—were notably
affected (fig. S16).

When comparing NOVA I*7*" untreated and NOVAI*"*" exposed
to 10 pM lead, 710 peptides representing 366 proteins were identi-
fied after filtering (Fig. 7, C and E). Functional analysis revealed that
key pathways, such as the Rho GTPase signaling and nervous sys-
tem development, are affected (fig. S17, A and B). Biological func-
tions analysis revealed disruptions in pathways linked to nervous
system development, axon guidance, and roundabout (ROBO) recep-
tor signaling (fig. S17C). Notably, ROBO receptors, which regulate
axonal guidance and growth cone navigation (36), were affected.
L1CAM, another key protein in neuronal function, was implicated
in axon outgrowth and neuronal migration, acting through interac-
tions with the actin cytoskeleton and membrane-cytoskeletal link-
ers (37). These disruptions align with the known roles of ROBO1
in thalamocortical axon extension, which is regulated by activity-
dependent transcriptional control, potentially involving the nuclear
factor kB complex (38).

At 30 pM lead exposure, NOVAI™* organoids yielded 684 pep-
tides corresponding to 352 proteins (Fig. 7D). Functional analysis
continued highlighting Rho GTPase signaling as meaningfully al-
tered alongside pathways involving the complement system and his-
tone deacetylases (fig. S18A). These findings provide evidence of
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Figure S14 is related to this figure.
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Fig. 7. Lead affects neural pathways in COs at the single-cell proteomics level. (A) Schematic representation of the single-cell proteomics protocol. (B) Volcano plot
of NOVAT"/" versus NOVAT2"". A total of 840 peptides were recovered in 427 proteins after peptide filtering (Q threshold = 0.01, |L2FC| threshold = 0.445). (C) Volcano
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(D) Volcano plot of NOVAT*"® versus NOVAT272" 30 uM group. A total of 684 peptides were recovered in 352 proteins after peptide filter (Q threshold = 0.01, |L2FC| thresh-
old = 0.447). (E) Network showing the most important proteins on the pathway. CFL1, Cofilin-1 (required for neural tube morphogenesis and neural crest cell migration);
CRMP1, dihydropyrimidinase-related protein 1 (plays a role in axon guidance and, during the axon guidance process, acts downstream of SEMA3A to promote FLNA
dissociation from F-actin, which results in the rearrangement of the actin cytoskeleton and the collapse of the growth cone); DPYSL3, dihydropyrimidinase-related
protein 3 (plays a role in axon guidance, neuronal growth cone collapse, and cell migration); TUBB2B, tubulin-f 2B chain (plays a critical role in proper axon guidance in
central and peripheral axon tracts and is implicated in neuronal migration); MBP, myelin basic protein (plays an important role in the early developing brain long before
myelination). Figures S16 to S18 are related to this figure. [(B) to (D)] Full blue arrowheads, down-regulated; empty blue arrowheads, down-regulated and outside plot
limits; full orange arrowheads, up-regulated; empty orange arrowheads, up-regulated and outside plots limit; full black dots, not significant; empty black dots, not sig-
nificant and outside plot limits.

lead’s impact on neural development, thalamocortical connections,
and its connection to neurodevelopmental disorders.

Integrating single-cell proteomics with transcriptomic data un-
derscores a dynamic interplay between transcriptional and post-
transcriptional regulation in cortical brain organoids. Disruptions
in pathways such as Rho GTPase signaling, axon guidance, and
ROBO receptor activity reveal convergent mechanisms affected by
NOVAI variants and lead exposure. The identified role of FOXP2
in transcriptional data correlates with proteomic insights into
axonal guidance and thalamocortical connectivity, pointing to its
relevance in language development and neurodevelopmental
delay (39, 40).

Joannes-Boyau et al., Sci. Adv. 11, eadr1524 (2025) 15 October 2025

Thalamic organoids show FOXP2 dysregulation from
lead exposure

Considering the observed decrease in FOXP2 expression in NOVA
COs (Fig. 6K), the further reduction of this gene’s expression
following exposure to 10 pM lead, and alterations in the ROBO
family identified through single-cell proteomics, we extended our
analysis to thalamic organoids (TOs). ROBO1 and FOXP2 have
been previously associated with language and speech disorders (41),
and FOXP2 plays a critical role in axonal outgrowth in TOs (42).
Thus, we investigated FOXP2 expression in NOVAI*"* TOs com-
pared to NOVA ™/ organoids and examined the impact of lead
exposure on NOVAI*"* TOs.

lar/ar
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Thus, we generated TOs following the protocol of Xiang et al.
(43) (Figs. 8 and 9, A and B). Then, we analyzed the scRNA-seq of all
NOVAI™" and NOVAI™™ treatment conditions. We recovered
32,125 cells from the NOVAI™"" (CTL and 10 pM) organoids and
20,957 cells from the NOVAI*"* (CTL and 10 pM) (Fig. 8, C and D,
and table S17) and performed 16,000 reads per cell with more than
2000 genes per cell.

We identified nine cell clusters (Fig. 8, E and F; fig. S19, A to C;
and table S13): glutamatergic excitatory neuron (EN1), newborn
excitatory neuron (EN2), GABAergic inhibitory neuron 1 (IN1),
GABAergic inhibitory neuron 2 (IN2), GABAergic inhibitory neuron
3 (IN3), intermediate progenitor cell 2 (IPC2), neural crest-derived
mesenchymal stem cells (MES), radial glia 1 (RG1), and RG2 (44).
These organoids were positive for TCF7L2, a panthalamic marker,
and PAXG6, a progenitor marker (Fig. 8, G and H) (43), and other
markers were analyzed in the scRNA-seq data (Fig. 8] and fig. S19D).

The TCF7L2* TOs also marked for FOXP2* and MAP2" cells
(Fig. 9A). FOXP2 is overexpressed in the NOVAI*"* TO, and when
exposed to 10 pM lead, the FOXP2 expression increased (Fig. 9, B to
E). This effect contrasts with the one presented in the COs (Fig. 9B).
The expression of FOXP2 is concentrated in the EN1, EN2, IN1,
IN2, and IN3 cell clusters, the same clusters in which LHX1, a tha-
lamic marker, is expressed (fig. S19D).

Given NOVAT’s established role in brain-specific alternative splic-
ing (6, 7, 45, 46), we dissected its splicing regulatory network within
scRNA-seq datasets in TO. Upon treatment with lead, we observed
altered splicing patterns in NOVAI™™ organoids. Differential
splicing was particularly notable in two genes, TCF7L2 and NSD3
(Fig. 9F). In NOVAI*"*" organoids, splicing alterations were ob-
served in four genes after lead exposure: EDNRB, ANKSIA, RMDNI,
and FAM162A (Fig. 9G). We integrated these genes into a network
analysis to further our understanding of these splicing changes. We
found that the genes with altered splicing interacted and demon-
strated connectivity with key neurological genes, including NOVA1,
FOXP2, POU3F2, and GRID2. Coexpression and genetic interaction
patterns among these genes were substantiated (Fig. 9H). Together,
these results indicate that NOVAI may be a pivotal node in a com-
plex regulatory network influenced by lead exposure. This complex,
including FOXP2, a gene essential for language and speech develop-
ment (47, 48), provides new avenues for understanding cognitive
function’s genetic and environmental underpinnings and evolution.

DISCUSSION
The presence of lead in teeth from regions of three different conti-
nents, covering a period of over 2 million years, supports that exposure
to this neurotoxic metal was more prevalent than previously thought
(3). By analyzing many geographically and ecologically diverse taxa,
we observed that lead exposure was not isolated or confined to post-
anthropogenic lead release. Still, intermittent exposure to lead from
external sources and internal skeletal stores was more likely to be per-
vasive throughout primate evolution and even more so in hominids.
An unexplored avenue of research is how lead exposure may
have affected the health and development of different species thro-
ughout hominid evolution. The physiological effects of lead are not
limited to disruption of molecular pathways or tissue and organ fi-
delity but manifest at the population level. Children in communities
with a high prevalence of lead toxicity are observed to have lower
rates of school completion and higher incidences of criminal and

Joannes-Boyau et al., Sci. Adv. 11, eadr1524 (2025) 15 October 2025

antisocial behavior (49). While these outcomes suggest a potential
association between lead exposure and decreased social cohesion,
they are likely influenced by environmental and socioeconomic fac-
tors. Furthermore, the magnitude of these detrimental effects appears
to vary across different communities, with a recent study indicating
that the negative impact of lead exposure is far more substantial in
children experiencing additional socioeconomic disadvantages (50).

We observed that NOVA I*”*" organoids exposed to lead exhibit-
ed loss of FOXP2-expressing neurons and the emergence of a dis-
tinct resistant cell population absent in NOVAI™™ organoids.
These data indicate that the archaic variant fails to buffer against
lead-induced neuronal stress, supporting the conclusion that it con-
ferred reduced resilience and thus a potential survival disadvantage,
under environmental lead exposure. In contrast, the modern hu-
man variant offered relative protection against this neurotoxicant.
While we acknowledge that primate species have various social be-
haviors, this finding bolsters our proposition that lead exposure
played a noteworthy role in their evolution by affecting neurosocial
pathways, such as group-level social cohesion, providing a relative
survival advantage to modern humans over Neanderthals.

One major finding of our study involves the lead-induced altera-
tion in FOXP2 expression within NOVAI*"*" organoids, suggesting
a potential interaction between NOVAI and FOXP2 in response to
lead exposure. This indicates that FOXP2 may mediate the neuro-
developmental effects of environmental toxicants, although further
research is necessary to confirm this relationship (39). The link to
childhood apraxia of speech, a rare disorder connected to FOXP2
mutations, underscores the importance of our observations (51).
In addition, increased expression of FOXP2 is associated with the
22q11 neuropsychiatric disorder (42), validating the importance of
properly regulating its gene expression. Further, the unique FOXP2
expression in NOVAI*™* neuronal populations suggests an evolu-
tionary facet to our findings (52). This variant may represent a ge-
netic lineage with reduced adaptability to modulate language-related
genes such as FOXP2 (48, 53). We hypothesize that this genetic al-
teration may have been under negative selection pressure, potentially
due to deficits in social or other survival-related advantages. How-
ever, further validation is needed to support this proposition (54). In
addition, we recognize that functional assays, such as electrophysi-
ological measurements and neuronal connectivity studies, would
provide additional insights into the impact of FOXP2 alterations on
neuronal development and function. These approaches represent prom-
ising avenues for future research to elucidate the mechanistic roles
of FOXP2 in neurodevelopment.

The origins and refinement of language have been vital for hu-
man social cohesion and survival. Genes such as FOXP2 would likely
have undergone strong positive selection to aid these processes (54).
The existence of archaic genetic variants such as NOVAI** offers a
compelling avenue for investigating the coevolution of these genes
with human neurodevelopment (10). While this manuscript was
under review, it was recently shown that introducing the human-
specific 1197V variant of NOVAI into mice alters their ultrasonic
vocalizations, supporting a functional interaction between NOVAI
and vocal-related pathways, such as FOXP2 and other vocalization-
related genes that presented binding peaks to NOVAI in different
brain regions (55).

Although our study provides valuable insights, it is important to
acknowledge the limitations inherent in using brain organoids as a
model system. Brain organoids are a reductionist model system that
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Fig. 8. Thalamic brain organoid single-cell transcriptome cellular characterization and clusters. (A) Schematic representation of the TO differentiation protocol.
(B) Bright-field image of TO at 20 and 50 days. (C and D) UMAP of 71,942 cells from integrated datasets of 60-day-old TO. The integrated dataset is colored by four cellular
groups (NOVAT™/M CTL, n = 18,932 cells; NOVAT™/™ 10 UM, n = 16,657 cells; NOVA12"72" CTL, n = 18,507 cells; NOVAT*"® 10 uM, n = 17,846 cells). (E and F) UMAP of
NOVAT™/M and NOVAT2"%" TOs was treated with different lead concentrations, showing nine different clusters. (G) Immunohistochemistry image of 60-day-old NOVA7"/h
and NOVA 12" TQs. They are TCF7L2" and PAX6™ organoids. Scale bar, 50 pm. (H and I) The expression of TCF7L2 and LHX1 are thalamic markers visualized on the UMAP.
Figure S19 is related to this figure.
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Fig. 9. Exposure to lead increased FOXP2 gene expression and altered the alternative splicing in NOVA72"/#" in TOs. (A) Imnmunohistochemistry image of 60-day-old
NOVATM/"Y and NOVA 12" TOs. TOs are TCF7L2*, FOXP2*+ and MAP2*. Scale bars, 50 pm. (B) Bubble plot showing the gene expression of FOXP2 in COs and TO. (C) Relative
expression [reverse transcription quantitative polymerase chain reaction (PCR)] of FOXP2 in TO of NOVAT™/", NOVAT"2" and NOVA12*" 10 uM group. n = 6 replicates.
%P < 0.01. (D and E) UMAP of NOVAT™/M NOVAT"M! 10 uM, NOVA 2", and NOVAT2*" 10 uM group showing the cellular expression of FOXP2. (F) NOVAT™/M genes that al-
tered their splicing after lead exposure. (G) Predicted expression of alternative splicing isoforms based on splice junctions after exposure to 10 and 30 pM in the NOVAT72'TO,
Reference Sequence accession codes represent gene isoforms, and it is shown, for each condition, a sashimi plot (curvy lines indicate splice junction reads and the number
above the spliced reads), indicating the predicted expressed transcript isoform (expression values are indicated by reads per kilobase per million mapped reads). Exons
without supporting splice junction reads were not considered expressed and were depleted from the figure to improve visualization. Alternative spliced exons are high-
lighted in yellow. (H) Interaction network of genes that had an alteration in their splicing and NOVA1, FOXP2, POU3F2, and GRID2.
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do not fully recapitulate the complexity and functionality of a fully
developed human brain (56). Although brain organoids offer a unique
platform to explore neurodevelopmental processes, they inherently
lack several critical aspects of in vivo brain complexity, including vas-
cularization, full cellular diversity, mature neural circuit formation, and
interactions with peripheral systems (57). Furthermore, organoids
primarily reflect early developmental stages and cannot fully model
the complexities of later brain maturation. These limitations constrain
their ability to recapitulate the intricate evolutionary and functional
dynamics of the human brain. Consequently, while our findings pro-
vide valuable insights into potential gene-environment interactions,
they should be interpreted as initial evidence rather than definitive
causal mechanisms. Further research integrating complementary
models and in vivo vocalization studies in animal models carrying the
human NOVAI variant will be essential to bridge the gap between
in vitro systems and the complexities of whole organisms.

MATERIALS AND METHODS

Mapping of fossil teeth

Fossil teeth were sectioned with a high-precision diamond saw and
polished to 10-pm smoothness. Laser ablation combined with in-
ductively coupled plasma mass spectrometry (LA-ICP-MS) was
used for trace elemental mapping analyses of the samples according
to the published protocol previously used for Neanderthal samples
(58). Both Geoarchaeology and Archaeometry Research group
(GARG) at Southern Cross University (ESI NW213 coupled to an
Agilent 7700 ICP-MS) and Icahn School of Medicine at Mount Sinai
in New York (ESINW193 coupled to an Agilent 8800 ICP-MS) sys-
tems were used to map the samples by rastered laser beam along the
sample surface in a straight line. The laser spot size was 40 or 35 pm,
the laser scan speed was 80 or 70 pm/s, the laser intensity was 80 or
60%, and the ICP-MS total integration time was 0.50 s, producing
data points that corresponded to a pixel size of ~40 pm by 40 pm
or 35 pm by 35 pm, respectively. NIST610, NIST612, and NIST614
(certified standard reference materials) were used to assess signal
drift. Elemental maps were constructed using the interactive
R Shiny application “shinyImaging” (http://labs.icahn.mssm.edu/
lautenberglab/ to download the application) (59). The app trans-
forms individual laser line csv files for each isotope into matrices in
counts per second (number of ablation lines multiplied by the num-
ber of ablation spots per ablation line). For each element, the gas
blank collected during the first 10 s of each laser line was subtracted
from the rasterstack, and elements were normalized to **Ca. Back-
ground around the teeth (signal arising from the encasing resin or
air) was converted to white coloration (no intensity) to increase
clarity of the figures by isolating the dental tissue from its surround-
ings. Color scales were applied using the linear blue-red lookup table.

Origins of tooth samples

Asia (China and Indonesia)

G. blacki, Pongo sp., and H. sapiens. Fossil teeth from five separate
countries were used in this study, seven sites in China (figs. S1 and S2):
Queque, Shuangtan, and Chuifeng that all contain Gigantopithecus
and Pongo sp.; Mohui that also contains H. sapiens in the upper stra-
tigraphy; and Yicun, Kung Shan, and Shanzu that only contain Pongo
specimens were analyzed. One site in Indonesia (Lida Ajer) was also
analyzed for two Pongo teeth. The Chinese sites located in the southern
part of the country in the Guangxi province are the oldest in our
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study for the Asian region (60), with Chuifeng and Mohui dated at
~1.9 Ma (61, 62), while Queque is estimated to be mid-Pleistocene
using biochronology (63) and more recently absolute dating (11). All
four Chinese sites are karstic caves formed in the limestone formation
of the Guangxi province. The two Pongo specimens from Indonesia
are part of younger assemblages estimated to be late Pleistocene on the
basis of the associated fossils. Lida Ajer, a cave site in western Sumatra,
Indonesia, contains remnant breccia deposits with a wealth of fossils
from rainforest fauna that are associated with two human teeth. The
cave was originally excavated in the late 1880s and was only rediscov-
ered a hundred years later by an international team of geochronologists
and paleontologists (64). A barrage of dating techniques was applied
to the sediment around the fossils, to overlying and underlying rock
deposits in the cave, and to associated mammal teeth, indicating that
the deposit and fossils (including the human teeth) were laid down
between 73 and 63 ka ago (65).

Africa (South Africa)

A. africanus, P. robustus, and early Homo. The UNESCO World Her-
itage Site “Fossil Hominids sites of South Africa,” colloquially known
as the Cradle of Humankind, is situated ~50 km north-northwest of
Johannesburg in the Blaauwbank River valley, South Africa (figs. S3
and S4) (66). Of particular importance to paleoanthropology, the
Sterkfontein and Swartkrans fossil-bearing caves are considered the
richest assemblage of australopith fossils in South Africa. Both sites are
located in the southern portion of the designated Cradle region. Im-
portant fossils of early human evolution have been unearthed at both
sites (67) and estimated to be early Pleistocene (~2.3 to 1.8 Ma) (68).

P. angusticeps. Fossil specimens of P. angusticeps were recovered
from in situ deposits from the Haasgat paleocave system within the
northwestern portion of the UNESCO World Heritage Fossil Hom-
inids Site of South Africa (fig. S5) (69). Haasgat is a dolomitic cave
system formed within the exposed Malmani Dolomites that was heav-
ily mined in the early 20th century. The in situ fossil beds have been
dated to between 2.3 and 1.95 Ma, and most of fossils from the site
(including ex situ materials) are interpreted as accumulating near
the start of the depositional period at ~2.3 Ma (70). In contrast to all
the other fossils presented in this study, one Haasgat P. angusticeps
specimen preserved three mandibular molars (M1, M2, and M3) that
were sampled and are presented in this paper.

The modern Papio ursinus sample is derived from a single, wild
male individual that resided in the mixed grassland and bushveld envi-
rons north of Cape Town in the Western Cape Province, South Africa
(71). This modern sample contrasts with the fossil P angusticeps speci-
mens from the ~2.0-Ma Haasgat fossil locality in several key respects.
This includes both geography and topography, as Haasgat ~55 km
north of Johannesburg and formed within the rugged hills south of the
Magaliesberg mountain range. In addition, combined geomorpho-
logical, taphonomic, faunal, and stable isotope data suggest persistent
freshwater sources and dense vegetation at Haasgat and consumption
of C3 enriched foods by P. angusticeps at the site (69, 72).

Europe (France)

Homo neaderthalensis. Payre is an archaeological rock shelter located
in a side gorge of the Rhone valley in Southern France with many
occupation episodes over the Early Middle Paleolithic (fig. S6). The
bedrock at Payre is an Oxfordian well-bedded limestone, which is part
of a sedimentary package exposed in the middle Rhone valley (73).
The assemblage has been extensively studied with identification of lead
bands in several Neanderthal teeth (58). The dating places the individ-
ual in the Mousterian period (late marine isotope stage 7, ~250 ka).
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Oceania (Australia)

P. abelii. The captive orangutan Hsing-Hsing was born in captivity in
1975 at Singapore Zoo and was parent-raised (although additional
human feeding cannot be definitively excluded) before being relocat-
ed to Perth Zoo in 1983 (fig. S8). His diet would have been radically
different to orangutans living in the wild, with limited seasonal in-
fluence and no periods of food scarcity. It is expected that the animal
and his parents would have had abundant and guaranteed access
to food. Lead paint in the enclosure and modern contamination of
food cannot be excluded for the provenance of Pb banding in the
dental tissues.

Paleoenvironments and diet of studied primates

The primates in this study were living in very different regions, oc-
cupying different ecological niches and had thus adapted to various
diets. Baboons (modern and fossil) live in various environment and
are almost exclusively vegetarian but can adopt opportunistic feeding
habits (74). Orangutans also follow a vegetarian diet mostly com-
posed of fruits, flower, and leaves and inhabit dense tropical forests
(75). It has been suggested that Gigantopithecus would have inhabited
woodland regions with feeding habits closer to modern mountain
gorillas, which include fruits, leaves, stems, and possibly tubers (63).
Apart from P. robustus, which is believed to be almost exclusively
vegetarian (e.g., sage, nuts and grass) (76), all the other hominin speci-
mens (i.e., Australopithecus and Homo) had adopted an opportunis-
tic omnivore diet with various ecological niches, from hot tropical
or grassland-dominated ecosystem in Asia and Africa to the cold
taiga biome of Europe. Despite the varied climate and diet experi-
enced across these specimens, discrete regions of elevated lead con-
centrations were apparent in 73% of samples.

Biodynamics of lead in the environment

Lead is a widespread, naturally occurring element found throughout
Earth’s crust, practically in all rocks, soils, sediments, and waterways
at various concentrations (77). The element periodically occurs at
unusually high concentrations over large region due to natural geo-
logical processes and frequently in association with other metal ac-
cumulation. Only a few isotopes of lead are considered stable on the
human evolution timescale, including the ***Pb isotopes measured
in dental tissues in this study. This stable isotope of lead (***Pb) is
produced by the radioactive decay of isotopes of thorium (***Th).
Geographic regions can have considerably different lead exposure
because of variations in the ages and chemical composition of the
rocks and minerals in the local setting. Environmental processes,
such as volcanic emissions, wildfires, erosion, and denudation pro-
cesses, can lead to further accumulation in small areas or dispersal
into the environment, particularly waterways and catchments (77,
78). Depending on the concentration, lead can accumulate in min-
erals (e.g., feldspars, amphiboles, micas, and sulfates) in substitution
of other elements, such as potassium, or, if the concentration is suf-
ficiently high, can form lead-rich aggregates or salts (79), which will
influence its dispersion into the environment. Lead has no physio-
logical function in primates, and high-level exposure has been
linked to acute toxicity (80). In recent years, with intensification of
lead pollution in the environment due to human activity, the ele-
ment has been extensively investigated, particularly for environ-
mental monitoring and medical-related effects. Animals, including
humans, can be exposed to substantial levels of lead by drinking con-
taminated water, ingesting contaminated food, or inhaling polluted
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air (e.g., smoke from fire and dust storms) (81, 82). Once lead en-
ters the animal body, the element is stored in bones and teeth, thus
reflecting the geographical substrate and ecological setting of the
individual. While the bone can store lead for decades (83), lead dis-
tribution in enamel is stable and does not suffer remobilization.
Therefore, the unique developmental pattern of enamel and dentine
in incrementing layers offers a temporal record of individual expo-
sure during tissue formation that remains unchanged in adulthood.

Diagenetic process and signal interferences

The typical biogenic signal is readily differentiated from the diage-
netic signal. Diagenetic elements are often far more mobile and fol-
low a typical and well-known diffusion pathway that has a broad
signature that is unmistakably different from the dental growth pat-
terns that biogenic signals follow (84) (fig. S7). Secondary incorpo-
rations (diagenesis) of trace elements are typically deposited as
diffusion fronts from the roots to the enamel-dentine junction (of-
ten with enrichment at the junction) and on the outer layer of the
enamel where it is in contact with the sediment (84). Because diffu-
sion processes are strongly linked to water circulation, fractures are
preferential pathways for elemental mobility. Characteristic patterns
of leaching or broad elemental diffusion can be seen associated with
these fractures (84). 2*®U and rare earth elements are representative
of this specific secondary diffusion through enamel and dentine
cracks (fig. S7). The biogenic nature of the signals observed in this
study is reinforced by the absence of **Th in the sample for which
298ph, a stable isotope of the thorium decay chain, could have been a
deposited daughter product (fig. S9). In addition, phosphorus is of-
ten measured to quantify potential dissolution episodes of dentine
sections through the attack of acidic water. Naturally occurring in hy-
droxyapatite crystals in teeth, P is mostly absent in reprecipitated
crystals of calcite. Large zones in the dentine showing noteworthy
depletion of P are considered to be the results of dissolution and re-
crystallization of dentine, but none match the typical biogenic band-
ing signal (85). Although the oldest teeth (e.g., Australopithecus,
Gigantopithecus, and Pongo) show some characteristic diagenetic pro-
cesses, the biogenic Pb signal remains clear (Figs. 2 and 3 and fig. S1).

Lead concentration in permanent teeth

Lead poisoning has been linked to severe debilitating impairments,
including gastrointestinal, neuromuscular, and neurological condi-
tions (86). Teeth have been shown to offer a more accurate proxy to
levels of contamination than bones and sometimes blood, particu-
larly for chronic exposure (87-89). Epidemiological studies have
linked lead exposure to cognitive impairments using the concentra-
tion in teeth as a proxy (90, 91). Results show that children with
chronic lead exposure (average concentration superior to a few parts
per million in dental tissues) had statistically significant cognitive
deficiency, social disability, and persistent health issues (90-93). Even
at low concentration, continuous lead exposure was linked to autism
syndromes in children (94). Fossils presented in this study have an
average lead concentration ranging from a few hundred parts per
billion to tens of parts per million (see table S1). Teeth from the
Pongo sp. and G. blacki specimens from the sites in China had
the highest lead concentrations (some over 50 parts per million). The
geochemical maps of both species also show frequent acute expo-
sures. In particular, fossils from the Queque cave system had a sub-
stantial level of lead that could have triggered some developmental,
health, and perhaps social impairments. It has to be noted that both
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Pongo sp. and G. blacki would occupy slightly different ecological
niches yet largely overlapping in their geographical range and di-
etary behavior (11). In contrast, teeth from A. africanus, P. robustus,
and early Homo, all unearthed from cave systems within close prox-
imity to each other, show very different lead levels. While the geological
setting would have been close to identical for all three species, their
respective dietary behaviors and likely ecological niches would have
been distinctive (76, 95, 96). Teeth of A. africanus show much high-
er lead levels than teeth of P. robustus or early Homo (table S1). Teeth
of P. robustus consistently showed few, low level lead lines, while
A. africanus and Homo sp. show more frequent exposures. The dif-
ferent patterns of lead exposure could suggest that P. robustus lead
bands were the result of acute exposure (e.g., wild forest fire), while
for the other two species, known to have a more varied diet, lead
bands may be due to more frequent, seasonal, and higher lead con-
centration through bioaccumulation processes in the food chain (97).
These results indicate that throughout human evolution lead has
been a pervasive source of heavy metal contamination, which seems
to have been more or less acute according not only to the geograph-
ical settings but also to the dietary behavior of the hominid. Consid-
ering the potential effect of bioaccumulation of lead with trophic
level, it is interesting to consider the role the element played in the
cognitive development of early humans ancestors shifting toward a
more carnivorous diet (98).

iPSC lines and cell culture

The iPSC lines used here were previously generated and character-
ized using two different genetic backgrounds, with several clones
isolated from each line (6). As previously described (31, 32, 99, 100),
we maintained human iPSC (hiPSC) colonies on Matrigel-coated
(BD Biosciences, San Jose, CA, USA) 6-cm plates. We kept the cells in
mTeSR plus (STEMCELL Technologies, Vancouver, Canada), chang-
ing the medium every other day. We exclusively used cell cultures that
tested negative for mycoplasma contamination. The experiments
adhered to the ethical principles of the WMA Declaration of Helsinki
and the Belmont Report by the US Department of Health and
Human Services. The study received approval from the UCSD IRB/
ESCRO committee under protocol 141223.

Generation of cortical and thalamic brain organoids

We generated COs following previously described protocols (6, 29-
32). Briefly, we cultured hiPSCs for ~6 days and then dissociated
them with 1:1 Accutase (Life Technologies):phosphate-buffered sa-
line (PBS). Subsequently, we plated the cells into a six-well plate (4 X
10° cells per well) in mTeSR plus supplemented with 10 pM SB43-
1542 (SB; Stemgent, Cambridge, MA, USA), 1 pM dorsomorphin
(Dorso; R&D Systems, Minneapolis, MN, USA), and 5 pM Y-27632
(EMD Millipore, Burlington, MA, USA). The cells were then cul-
tured in shaker suspension (95 rpm at 37°C). We fed them mTeSR
plus supplemented with 10 pM SB and 1 uM Dorso to nourish the
emerging spheres for 3 days. Subsequently, the medium was changed
to Medial [Neurobasal (Life Technologies), 1xX GlutaMAX (Life Tech-
nologies), 2% Gem21 NeuroPlex (Gem21; GeminiBio, Sacramento,
CA, USA), 1% N2 NeuroPlex (N2; GeminiBio), 1% nonessential
amino acids (NEAAs; Life Technologies), 1% penicillin/streptomycin
(P/S; Life Technologies), 10 pM SB, and 1 uM Dorso] and cultivated
every other day for 6 days. Afterward, we started the proliferation
stage and used Media2 (Neurobasal, 1x GlutaMAX, 2% Gem21,
1% NEAA, and 1% P/S) supplemented with fibroblast growth factor
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2 (FGF-2) (20 ng/ml; Life Technologies) daily for 7 days. After the first
step of proliferation stage, we followed a second stage of cell prolif-
eration using Media2 supplemented with FGF-2 and epidermal
growth factor (20 ng/ml each; PeproTech, Rocky Hill, NJ, USA)
every other day for 6 days. For the subsequent 6 days, we cultured
the organoids in Media2 supplemented with brain-derived neuro-
trophic factor (BDNF), glial cell line-derived neurotrophic fac-
tor, and neurotrophin-3 (10 ng/ml each; all PeproTech), 200 pM
L-ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA), and 1 mM
dibutyryl-adenosine 3’,5’-monophosphate (Sigma-Aldrich) every
other day. Last, we maintained the COs until day 45 in Media2 with-
out supplementation. At day 45, we treated the organoids with 10
or 30 pM lead(II) acetate trihydrate (Sigma-Aldrich, St. Louis, MO,
USA) and changed the medium every 3 days. After 10 days of treat-
ment, we changed the medium for Media2 without lead acetate and
collected the organoids for scRNA-seq, bulk RNA-seq, and immu-
nofluorescence after 5 days.

We generated TOs following the previously described protocol
(43) with some modifications. The iPSCs were dissociated into sin-
gle cells using Accutase. The single cells were suspended in induc-
tion medium composed of Dulbecco’s modified Eagle’s medium
(DMEM)-F12 supplemented with 15% KnockOut Serum Replace-
ment, 1% minimum essential medium (MEM) NEAAs, 1% Gluta-
MAX, 100 mM f-mercaptoethanol, 100 nM LDN-193189, 10 pM
SB-431542, insulin (4 pg/ml), 5% heat-inactivated fetal bovine se-
rum (FBS), and 50 pM Y27632. Around 2.5 X 10° cells were plated
in AgreWell 800 plate per well (STEMCELL Technologies) for the
spheroid formation until the next day. On day 2, the cells were trans-
ferred to a six-well ultralow-attachment plate using the medium
with the same composition from the first day, but without FBS, and
the organoids were kept in the shaker with 95 rpm. On days 4 and 6,
the medium was modified by removing both FBS and Y27632. From
days 8 to 16, the organoids were cultured in a patterning medium con-
sisting of DMEM-F12, 0.15% dextrose, 100 mM f-mercaptoethanol,
1% N2 supplement, and 2% B27 supplement without vitamin A,
along with bone morphogenetic protein 7 (30 ng/ml) and 1 pM
PD325901. The medium was changed every other day. From day 16
onward, differentiation medium was used, containing a 1:1 mixture
of DMEM-F12 and Neurobasal medium, supplemented with 0.5%
N2 supplement, 1% B27 supplement, 0.5% MEM-NEAA, 1% Gluta-
MAX, 0.025% insulin, 50 mM p-mercaptoethanol, and 1% P/S,
along with BDNF (20 ng/ml) and 200 uM ascorbic acid. Medium
changes were performed every other day until day 25 and subse-
quently every 4 days. At day 45, we treated the organoids with 10 pM
lead(II) acetate trihydrate (Sigma-Aldrich, St. Louis, MO, USA) and
changed the medium every 3 days. After 10 days of treatment, we
changed the medium for differentiation medium with BDNF (20 ng/
ml) and 200 pM ascorbic acid without lead acetate. We collected the
organoids for scRNA-seq and immunofluorescence after 5 days.

Immunofluorescence staining of brain organoids

We conducted immunofluorescence staining following previously
described methods (6, 29-32). We fixed the cortical brain organoids
for 4 hours in 4% paraformaldehyde, then transferred them to 30%
sucrose, and embedded them in O.C.T. (Sakura, Tokyo, Japan). Sub-
sequently, we sectioned the organoids at 20 pm using a cryostat. The
resulting organoid sections on slides were air dried, permeabilized,
and blocked using 0.1% Triton X-100 and 3% bovine serum albu-
min in PBS.
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We applied primary antibodies (chicken anti-MAP2, Abcam,
ab5392, 1:1000; rabbit anti-FOXG1, Abcam, 196868, 1:500; mouse
anti-SOX2, Abcam, ab79351, 1:500; rabbit anti-TCF7L2, Cell Signal-
ing Technology, 2569, 1:100; mouse anti-PAX6, BD Biosciences,
BDB561462, 1:500; mouse anti-FOXP2, Millipore, MABE415, 1:250)
diluted in blocking buffer and incubated them overnight at 4°C. After
washing the slides three times with PBS (each for 5 min), we in-
cubated them with secondary antibodies (Alexa Fluor 555, Alexa
Fluor 647, and Alexa Fluor 488, Life Technologies) diluted 1:1000
in a blocking buffer. We stained the cell nuclei with 4’,6-diamidino-
2-phenylindole (DAPI) (diluted 1:10,000 in PBS) for 5 min. Last,
we mounted the slides with ProLong Gold anti-fade mountant
(Life Technologies) and captured and analyzed the images using
a Z1 Axio Observer Apotome fluorescence microscope (Zeiss,
Oberkochen, Germany).

Cell cycle assay

We conducted the cell cycle assay, a previously established meth-
od (6, 101, 102). COs and neural progenitor cells were disso-
ciated and counted using the NucleoCounter NC-3000 with a
Vial-Cassette (Chemometec, Allerod, Denmark). The dissociated
cells were fixed either on ice or at 4°C using 70% ethanol for a
minimum of 2 hours. Subsequently, the cells were resuspended in
a solution containing DAPI (0.5 pg/ml) and 0.1% Triton X-100 in
PBS and incubated at 37°C for 5 min. The cells were then distrib-
uted onto an NC-Slide A2 chamber (Chemometec), and fluores-
cence was measured using the NucleoCounter NC-3000, following
the manufacturer’s instructions.

Bulk RNA-seq

We had 24 duplicated samples (48 in total) from two batches (1 and
2), all coming from cortical human brain organoids of four cell lin-
eages: the isogenic pair ASC/C136 (line 1) and another isogenic pair
NOVAI-C15/NOVAI1-C27 (line 2). ASC and NOVA1-C27 have the
“modern” version of the NOVA1 gene (Hu/Hu), while C136 and
NOVAI-C15 have a modified “archaic” version of the gene (Ar/Ar).
All samples were divided into three groups: CTL (not treated) and
treated with either 10 or 30 pM lead. After the initial quality check,
we decided to proceed only with the 24 duplicated samples from the
high-quality data of batch 2.

First, we performed quality checks on the Illumina HiSeq paired-
end (2x 150 bp) FASTQ files. The mean quality score per base
was 35.53, where 91.61% had an optimal quality superior to 30. We
used the tool FastQC (v0.11.9; www.bioinformatics.babraham.ac.uk/
projects/fastqc/) to generate the quality metrics. After that, the
tool MultiQC (v1.17) (103) was used to summarize all the results
produced by FastQC for all files (for details, check our GitHub
repository—link available in the “Data and materials availability”
section). Pseudoalignment without bootstraps was made with Kallisto
(v0.46.2) (104) and consisted of two steps: (i) creation of the reference
“index” (all parameters default) (ii) and then the “quant” com-
mand (all parameters default; we adjusted the number of threads
and random-access memory to optimize the performance) com-
mand to generate the quantification matrix. The metrics available
by Kallisto itself indicate high-quality results, as the percentage of
reads pseudoaligned was always around 90% (table S18). We used
GENCODE (v36) as the reference transcriptome (105) and GRCh38
(hg38) as the human reference genome (106). All map files were also
created at this step of the pipeline.
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The abundance files produced by Kallisto were previously used as
inputs for the following steps in R (v4.3.1). Initially, their raw counts
were transformed (“lengthScaledTPM” method) from transcripts
to genes with TXimport (v1.24.0) (107). Then, we used the DESeq2
(v1.36.0) (108) tool to run the differential expression analysis on all
genes using two replicates. We performed several comparisons, and
the control group is always indicated when appropriate. The TPM
values were rounded, as required by the tool, and genes with counts
less than one were removed. The P values were further adjusted
(FDR) on the basis of the less conservative correction method of
Benjamini-Hochberg. In the end, we applied extra final filters on the
outputs of DESeq2 to extract only the more biologically meaningful
candidates. Therefore, genes with [L2FC| > 1 (log, fold change) and
FDR < 0.05 were included in the downstream analyses.

GO enrichment analyses

We used the biological process (BP) terms curated from the GO
Consortium (109) for the enrichment analyses. First, we performed
the analyses, separating the up- and down-regulated genes for each
desired comparison. Then, we uploaded the list of genes to the web
tool ShinyGO (v0.81) (110), setting the FDR cutoff to 0.05 and the
pathway minimum size to 10. Then, to summarize the generally
long list of GO Biological Processes (GO:BPs) and remove redun-
dant terms, we used the online tool REVIGO (v1.8.1) (111). The re-
sulting list was set to be small (0.5) and without obsolete GO terms.
The default SimRel semantic similarity measure was selected.

After that, the shorter list was uploaded in ChatGPT (v4) (from
OpenAl; https://openai.com; the exact commands can be found in
our public GitHub repository). In summary, we used ChatGPT to
help select only terms (top 10 whenever possible to facilitate the in-
terpretation of the results) associated with brain, neurodevelopment
and nervous system, organ functions (such as learning and memo-
ry), and neurological disorders. In addition, we also used ChatGPT
to assist in grouping the GO terms into the major categories (two or
three to enhance the results’ relevance seen in figures such as bubble
plots and protein-protein interactions (PPIs). Last, it is worth men-
tioning that all artificial intelligence (AI) outputs were always double
checked by the team after each step to ensure compatibility (consis-
tent and real GO:BP term names and IDs) between the final list and
the raw one initially provided as input.

The PPIs were made in Cytoscape (v3.10.0) (112) by uploading
the list of DEG—up- and down-regulated genes separately—in the
tool and importing the full STRING network (protein query) through
the STRINGdb app (v2.2.0) (113), which integrates the STRING da-
tabase (114) to Cytoscape. We opted to leave the confidence score
cutoff at 0.4 (“medium”; default) and increased it to a “high” confi-
dence whenever possible, as long as the general structure of the net-
work remained similar to the original. Moreover, we did not include
additional interactors. The degree sorted circle layout was chosen
whenever possible, with minor node label position adjustments to
make the gene names visible. The STRINGdb score was used to ad-
just both the transparency and the thickness of the edges, whereas
the L2FC and FDR values—imported from an external metadata
table—were used to change the size and the color of the nodes, re-
spectively. Higher scores mean darker and thicker edges, while bigger
and darker nodes mean more significant (lower FDR) and meaning-
ful (greater L2FC in up-regulated DEGs and lower in down-regulated
DEGs) genes. Figures such as the bubble plots were further edited in
Inkscape (v1.2) (https://inkscape.org) when formatting was necessary.
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AmpliDrop scRNA-seq analysis

We analyzed single-cell reads obtained from 60-day-old organoids
using the same protocol outlined in the original study by Trujillo
and colleagues (6, 29) and Xiang and colleagues (43). We performed
scRNA-seq in 16 libraries of dissociated cells, 12 libraries of cortical
brain organoids, NOVAI™™ (CTL, 10 pM, and 30 pM), and the
NOVAI®"™ (CTL, 10 pM, and 30 pM), and 4 libraries of thalamic
brain organoids NOVAI™ ™ (CTL and 10 pM) and the NOVA */*
(CTL and 10 pM). The organoids were dissociated to a single cell
using Accutase (Thermo Fisher Scientific) and papain/deoxyribo-
nuclease (Worthington) and mechanical dissociation using a 1000-p1
pipette. After dissociation, the cells were counted, and the viability
was analyzed. We dissociated the cells for 50 min, and every 10 min,
we mechanically dissociated the cells until we had only single cells
in suspension. The protocol of the scRNA-seq was executed by the
Universal Sequencing Technology Corporation (Carlsbad, CA). Brief-
ly, they used the innovative AmpliDrop technology. Single-cell sus-
pensions underwent processing for single-cell library generation.
Fixed cells were subjected to permeabilization, reverse transcrip-
tion, and tagmentation, with the treated cells subsequently individu-
ally encapsulated within water-in-oil droplets, generated via controlled
pipetting in polymerase chain reaction (PCR) tubes. Within these
droplets, tagged cDNA within a cell was amplified, along with
unique barcode tags, facilitated by a MiniAmp Thermal Cycler
(Thermo Fisher Scientific), resulting in amplified 3" end cDNA frag-
ments, each marked with a cell-specific barcode. Following this, I1-
lumina sequencing adapters were incorporated into the barcoded
c¢DNA to complete the construction of single-cell libraries. Clean-up
and size selection procedures were executed using HighPrep PCR
Clean-up MagBio magnetic beads (MagBio Genomics), and library
quantification and sizing were carried out using the High Sensitivity
D1000 Screen Tape and the 4150 TapeStation System (Agilent Tech-
nologies). Ultimately, sequencing was performed on the NextSeq
instrument (Illumina), generating single-end reads with an average
of 10,500 to 17,500 reads per cell. After the scRNA-seq data acquisi-
tion, the processed fastq files were analyzed employing the Ampli-
Drop Downstream Analysis v1.0 developed by Universal Sequencing
Technology Corp.

scRNA-seq analysis

Quality control and data filtering, normalization, scaling, dimen-
sionality reduction, expression analysis, and visualization were con-
ducted using the R package Seurat (v5.0.0) (115). First, Seurat objects
were independently created from each sample, adhering to specific
criteria (min.cells = 3 and min.features = 200). Cells deviating from
the range of 200 to 3000 features and those harboring over 5% of
reads from mitochondrial genes were considered low quality and ex-
cluded from further analysis. Doublets were detected and removed
using the R package scDblFinder (v1.16.0) (116). Data normaliza-
tion and scaling were executed through the NormalizeData() and
ScaleData() Seurat functions, respectively, with a scale factor set at
10,000. Data integration was based on 2000 highly variable genes
using the FindVariableFeatures() function (selection.method = vst),
and anchors between individual samples were pinpointed using the
FindIntegrationAnchors() function (dims = 1:20). These anchors
were subsequently used in the IntegrateData() function (dims = 1:20)
to construct a batch-corrected expression matrix encompassing all
cells. Cellular identities were inferred by projecting reference datasets
from previous studies onto the current datasets. This was achieved
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using the Seurat functions FindIntegrationAnchors (dims = 1:20)
and IntegrateData (dims = 1:20), which facilitated the alignment
and integration of the reference data, enabling the classification of
cells based on their similarity to the reference annotations. For
scRNA-seq data from TOs, reference cell populations were derived
from developing human thalamic neurons (44), while COs were
classified using reference cell populations identified in developing
human COs at 1.5- and 2-month time points (34). Principal compo-
nents analysis and Uniform Manifold Approximation and Projection
(UMAP) dimension reduction were performed using the Run-
PCA() and RunUMAP() Seurat functions (npcs = 30; dims = 1:20),
respectively. To identify DEGs between cell populations of COs, we
used the FindMarkers() Seurat function (logfc.threshold = 0.1; min.
pct = 0.01). Only genes with absolute average |L2FC| > 0.1 and
Bonferroni-adjusted P <0.05 were considered as differentially ex-
pressed. GO:BP enrichment analyses were conducted on genes
uniquely differentially expressed in each cell population compared
to all others using the R package clusterProfiler (v4.14.4; default pa-
rameters) (117). Only GO terms with FDR-adjusted P <0.05 were
considered enriched, and redundant GO terms were further filtered
using the REVIGO web tool (111). Bubble plots for enriched GO
terms were created using the R package ggplot2 (v3.5.1).

Single-cell proteomics analytical method

All of the single-cell proteomics samples were analyzed using a
Thermo Fisher Scientific Vanquish Neo ultrahigh-performance liq-
uid chromatography system coupled to a Thermo Fisher Scientific
Orbitrap Astral mass spectrometer equipped with an EASY-Spray
source. Each of the individual single-cell tryptic digests were inject-
ed directly from a 384-well multiwell plate. Fast sample loading was
performed with combined pressure and flow rate control where the
maximum pressure was set to 700 bar and the flow rate capped at
1 pl/min. Using direct injections, peptides were separated on a 50-cm
Thermo Fisher Scientific EASY-Spray high-performance liquid
chromatography column with a 75-pum inside diameter and 2-pm
bead size at a flow rate of 300 nl/min with the column heated to
60°C. Separations were performed with a 36-min gradient from 3 to
40% B where mobile phase A was 0.1% formic acid in water and
mobile phase B was 80% acetonitrile and 0.1% formic acid in water.
For MS1 analyses, MS1 spectra were acquired in the Orbitrap every
0.6 s at a resolution of 240,000 with a precursor mass range from 400
to 1000. For MS2 analyses, data were acquired in data-independent
acquisition (DIA) mode with a normalized higher-energy collision-
al dissociation collision energy set to 25% and a default charge state
of 2. Nonoverlapping DIA precursor isolation windows were set to
20 mass/charge ratio spanning 400 to 1000 (same as MS1 range) with
a maximum injection time of 50 ms and a normalized automatic gain
control target value of 800%.

Single-cell alternative splicing analysis

For the single-cell alternative splice analysis, we quantified both an-
notated and novel splice junctions using STARsolo (STAR v.2.7.6)
with the parameter set to --soloFeatures SJ. Splice junctions were fil-
tered to retain those with a minimum count of 10 and deemed dif-
ferentially expressed under the conditions. We assessed the resulting
junctions using Integrative Genomics Viewer (118). Sashimi plots
were created using rmats2sashimiplot (https://github.com/Xinglab/
rmats2sashimiplot), based on annotation files derived from the
alignment and the coordinates of the selected events during manual
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inspection of Splice Junction counts. In addition, we explored gene
interaction networks through the software GeneMANIA (https://
genemania.org/).

Statistical analysis for brain organoid study

We conducted statistical analyses using GraphPad Prism v9 soft-
ware (GraphPad Software, La Jolla, CA). Sample sizes were deter-
mined on the basis of previous publications from our laboratory and
other relevant sources. Experiment-specific information regarding
samples and cell lines can be found in the figure legends. Samples
were allocated and evaluated on the basis of genotype, and random-
ization was not applied. Outliers in other experiments were identi-
fied and excluded on the basis of GraphPad criteria. Continuous
variables were presented as means + SEM, and 95% confidence in-
tervals were calculated on the basis of normal distribution assump-
tions. Normality was assessed visually or through analysis in GraphPad,
and variance was considered in all analyses. For comparisons be-
tween groups, means of continuous variables were analyzed using
appropriate statistical tests, such as unpaired Student’s ¢ test, one-
way or two-way analysis of variance (ANOVA), or Mann-Whitney
U test for nonparametric distributions. Two-sided tests were per-
formed, and the significance level () was set at 0.05.

Use of Al for GO term curation

We used the AT tool ChatGPT-4 (GPT-4-turbo), developed by OpenAl,
version dated December 2024, to assist in the curation and struc-
turing of GO:BP terms. The Al was used to filter, modify, and orga-
nize GO terms provided by the authors according to specific criteria
relevant to neurobiology, including brain, neuron and glia function,
synapses, the blood-brain barrier, neurodevelopment, cognition,
memory, motor skills, and neurological disorders. Eight structured
prompt sessions were conducted, each corresponding to differential
gene expression profiles (up-regulated/down-regulated) across con-
ditions (NOVA 1"/ and NOVA1A"A" at 10 and 30 pM). Prompts
included instructions to (i) filter provided GO terms to retain only
those directly relevant to nervous system function; (ii) modify spe-
cific GO term names and IDs while ensuring the final selections re-
mained consistent with the original list format; (iii) reformat lists
into various requested structures, including line-separated IDs and
tab-delimited tables; (iv) categorize final GO terms into two to three
nonoverlapping functional groups with a minimum of three terms
per group, under thematic labels such as “synaptic and neural com-
munication,” “neurodevelopment,” or “cognition and behavior.

The final outputs, including updated GO IDs, names, and group
classifications, were integrated into our analyses and used for down-
stream interpretation of pathway enrichment and biological signifi-
cance. The full prompt is provided in table S19, and the final curated
and categorized list of GO:BP terms, including modified IDs, names,
and functional group assignments generated with the assistance of
ChatGPT-4 (GPT-4-turbo), is provided in table S20.

Supplementary Materials
The PDF file includes:

Figs.S1to S19

Tables S1 and S2,519 and S20

Legends for tables S3 to S18

Other Supplementary Material for this manuscript includes the following:
Tables S3to S18
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