
NEUROGENOMICS

Discovery of genomic loci of the human cerebral
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To determine the impact of genetic variants on the brain, we used genetically informed brain atlases in
genome-wide association studies of regional cortical surface area and thickness in 39,898 adults and 9136
children. We uncovered 440 genome-wide significant loci in the discovery cohort and 800 from a post hoc
combined meta-analysis. Loci in adulthood were largely captured in childhood, showing signatures of negative
selection, and were linked to early neurodevelopment and pathways associated with neuropsychiatric risk.
Opposing gradations of decreased surface area and increased thickness were associated with common
inversion polymorphisms. Inferior frontal regions, encompassing Broca’s area, which is important for speech,
were enriched for human-specific genomic elements. Thus, a mixed genetic landscape of conserved and
human-specific features is concordant with brain hierarchy and morphogenetic gradients.

L
arge-scale magnetic resonance imaging
and genetics datasets have afforded the
opportunity to discover common genetic
variants contributing to the morphology
of the human cortex. Studies in model

organisms have revealed intricate genetic
mechanismsunderlying cortical area and thick-
ness (i.e., laminar) patterning, although it has
been challenging to define aspects of cortical
development that are shared across mammals
as opposed to those that are human-specific
(1). Nevertheless, many studies have shown
support for the radial unit hypothesis, which
posits differential neurodevelopment programs
shaping and regulating these two cortical mea-
sures (2).
Consistent with this, the ENIGMA (Enhanc-

ing Neuroimaging Genetics through Meta-
Analysis) Consortium’s genome-wide association
study (GWAS) of the human cortex foundmany
variants associated with surface area and
thickness linked to neurodevelopmental pro-
cesses during fetal development (3). Such

evidence for neurodevelopmental programming
indicates the need to investigate these ques-
tions at earlier ages, as previous cortical GWASs
have almost exclusively been conducted in
older adults.
Cortical expansion and regional patterning

are largely genetically determined (2); there-
fore, we used data-driven genetically informed
atlases in this study (4, 5), rather than atlases
primarily determined by sulcal-gyral patterns.
These genetically determined atlases capture
patterns of hierarchical genetic similarity fol-
lowing known developmental gradients that
shape the cortex along their anterior-posterior
(A-P) and dorsal-ventral (D-V) axes, includ-
ing 12 surface area and 12 thickness regions
(2, 4, 5), and increase discoverability of genetic
variants underlying the cortex (6).

Results
Genetic variants underlying cortical thickness
and area

In our discovery UK Biobank (UKB) sample
of 32,488 individuals (table S1), we found 440
genome-wide significant [mixed linear model
association tests (7), P < 5 × 10−8] variants after
clumping each phenotype separately in PLINK
(8) [linkagedisequilibrium(LD) R2 =0.1, 250kb],
where 305 and 88 regional genetic variants
were associated with the 12 surface area
phenotypes and the 12 cortical thickness pheno-
types, respectively (Fig. 1 and tables S2 and S3).
Twenty-seven genetic variants were signifi-
cantly associated with total surface area and
20 variants withmean cortical thickness (table
S2). After correction for multiple comparisons,
234 genetic variants remained significant ( P <
2.27 × 10−9, 5 × 10−8/te, with te = 22 being the
effective number of independent traits). We
performed subsequent functional analyses for
the 393 regional variants. Single-nucleotide
polymorphisms (SNPs) were mapped to genes

on the basis of their genomic position with
FUMA (9). Across all phenotypes, SNPs were
significantly enriched for noncoding regions
(44.0% enriched for intronic variants, 33.4%
for intergenic, and 17.7% for noncoding in-
tronic RNA; Fisher’s exact test, P < 0.05)
(Fig. 1 and table S4).

Replication and generalization

Replication was performed on an admixed
sample of 7410 individuals from UKB, includ-
ing 2232 of European descent, using mixed
linear model association (MLMA) analysis in
GCTA (genome-wide complex trait analysis)
(10). Wemodeled population structure using
GENESIS (11) to estimate principal compo-
nents and kinship. Estimated genetic effects
in the discovery dataset were correlated with
those in the replication dataset, as indexed
by significant beta correlations (ranging from
a correlation coefficient, r, of 0.66 to 0.95 after
correcting for errors in the estimated SNP
effects) (fig. S1), sign concordance rate (bino-
mial test, P < 0.05), and proportion of variants
replicated after multiple comparison correc-
tion (12).
MLMA and GENESIS were also used for

generalization to data from 9136 individuals
from the Adolescent Brain Cognitive Devel-
opment (ABCD) Study (table S1), given the
high degree of admixture and relatedness in
this sample. Generalization to ABCDwas quite
high, as can be observed through significant
beta correlations (r range: 0.46 to 0.92) (fig. S2),
sign concordance rate, and proportion of variants
replicated after correction for multiple com-
parisons (12). This suggests that the genetic
architecture of the cortex found in adulthood
is largely generalizable to earlier life stages
of neurodevelopment, particularly for surface
area. We also examined correspondence be-
tween the two datasets by calculating genetic
correlationswith LD score regression (LDSC)
for each region. Eighteen of 24 phenotypes
were significantly genetically similar between
ABCD and UKB (genetic correlation, rg, range:
0.38 to 1.21) (fig. S3).
Given the evidence of comparable results,

we ran a joint meta-analysis of the three sam-
ples using METAL (12). After clumping each
phenotype separately to obtain independent
loci, the meta-analysis revealed 800 genome-
wide significant regional loci, with 467 passing
correction formultiple comparisons (table S5).
Of 800 loci, 526 were found to be independent
bymerging hits from these 26 phenotypes into
one file and clumping with PLINK (8) (R2 =
0.1, 250 kb). With the exception of one SNP,
all had a nonsignificant heterogeneity P value
(P > 1 × 10−6) associated with Cochran’s Q
statistic, suggesting comparability among
samples. SNPs from the meta-analysis with
a significant heterogeneity P < 1 × 10−6 are
listed in table S6.
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Comparison to previous cortical GWAS
Weused conditional and joint analysis (COJO)
(13) to identify novel loci compared with the
most recent GWAS of cortical architecture
which identified 369 loci (3). Of these loci,
206 were found to be independent by clump-
ing all 70 phenotypes together (R2 = 0.1, 250 kb).
COJO revealed that 63.6% of our 393 regional
variants remained genome-wide significant and
thus are considered novel associated variants
(12) (table S7).

Assigning SNPs to genes and neuropsychiatric
implications

All SNPs in LD (R2 > 0.6) with the 393 regional
variants were mapped to genes using posi-
tional, gene expression [expression quantitative

trait locus (eQTL)], and chromatin interaction
information in FUMA SNP2GENE (9). This
mapped our genetic variants to 915 genes
(tables S8 andS9).MAGMAgene-based analyses
yielded 575 significant genes (mean c2 statis-
tics, P < 2.6 × 10−6) (table S10). According to
theNational Institutes ofHealthGeneticsHome
Reference, many significant genes are related to
neurodevelopmental disorders (autism, epilepsy,
microcephaly) or dementia (table S11).
Further support for this conclusion was

determined by investigating the shared genetic
effects between our brain phenotypes and
disorders by estimating genetic correlations
through LDSC (fig. S4 and table S12). We found
a significant association between global surface
area and attention-deficit/hyperactivity disorder

(ADHD) after multiple comparison correction,
as well as nominal significant associations
[e.g., temporal area with schizophrenia and
autism spectrum disorder (ASD)]. To examine
putative causal association, we performed Men-
delian randomization (14) on global area and
ADHD that showed the most significant rg, and
we did not find evidence of causality. We also
examined ASD, a neurodevelopmental disorder
with early onset, and its relationship with an-
teromedial temporal area indexed by a signif-
icant rg. We found a significant unidirectional
causation (bxy = −0.36, P = 9.5 × 10−5), indi-
cating that decreased anteromedial temporal
areamaycauseASD.TheseSNPs couldbemissed
in classical GWAS of ASD, but nevertheless are
important genetic factors in the pathogenesis
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Fig. 1. Manhattan plots of genetic variants underlying surface area and cortical
thickness. Results are shown separately for surface area (A) and cortical
thickness (B). Numbers on brain atlases represent each brain region. Plots are
color coded by brain atlas region. Number of significant genetic loci are listed

in Manhattan subplot titles, with the horizontal dashed line denoting genome-
wide significance. Vertical bar charts show breakdown of genomic position of
SNPs, with corresponding legend at the top of (A). ncRNA, noncoding RNA;
UTR3, 3′ untranslated region; UTR5, 5′ untranslated region.
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of this disorder through their contributions to
anteromedial temporal morphology.

Genetic architecture of the cortex

Compared with other common complex traits,
cortical phenotypes tend to have low polygenic-
ity (proportion of genome-wide SNPs with non-
null effects; range: 0.0038 to 0.040; area: p =
0.0085 ± 0.0011; thickness: p = 0.015 ± 0.0039)
and average-to-high SNP-based heritability
(range: 0.14 to 0.37; area:�h2 = 0.27 ± 0.012;
thickness:�h2 = 0.20 ± 0.011) (Fig. 2). Pedigree-
based heritability for the UKB discovery sample
(range: 0.31 to 0.95), calculated with multiple
genetic relatedness matrices (15), and twin-
based heritability approximated by Falconer’s
formula from the ABCD sample (range: 0.39
to 0.96) can be found in table S13. Negative
selection signatures can be inferred from the
relationship between minor allele frequency
and effect size, quantified by the S parameter
implemented in SBayesS (16) (fig. S5). We
found that loci associated with our cortical
phenotypes may be under strong negative
selection pressures (16) compared with pheno-
types with similar levels of heritability and
polygenicity (range: −0.99 to 0.045; area: S�=
−0.79 ± 0.11; thickness: S�= −0.72 ± 0.18). It
should be noted that p is slightly dependent

on sample size and thus should be inter-
preted with caution. However, others have
shown similar estimates of polygenicity for
brain phenotypes (17).

Partitioned heritability

Different functional regions of the genome
can contribute disproportionately to complex
human traits. Thus, we applied stratified LDSC
regression to partition heritability estimates
of our 24 cortical phenotypes for 97 annota-
tions from the baseline model (18, 19) (table
S14), from which we focused on enriched an-
notations where regression coefficients are
significantly positive (z > 1.96, two-tailed P <
0.05). We classified the annotations into three
categories determined from conserved, devel-
opmental, and regulatory genomic partitions.
We found seven conserved annotations (found
in primates and other mammals) to be signi-
ficantly enriched after multiple comparison
correction (P<0.0025,whereP<0.05/te) (Fig. 3A
and table S15) across 16 cortical phenotypes,
with notable enrichment for seven phyloge-
netically conserved cortical regions (e.g., me-
dial temporal lobe, motor and orbitofrontal
regions) for the annotation “ancient sequence
age human promoter.” This conserved pro-
moter annotation reflects a genomic region

that is evidenced to have existed before the
evolutionary split of marsupial and placental
mammals (18).
Seven regions, mostly indexing surface area,

were significantly enriched for developmental
annotations of fetal deoxyribonuclease I
(DNAse I) hypersensitive sites (DHSs), a marker
of accessible chromatin (20), along with enrich-
ment of 15 cortical phenotypes for 13 regulatory
annotations (table S15). We performed an ad-
ditional partitioned heritability analysis using
differential methylation regions (DMRs) that
were previously found to be associated with
present-day humans compared to Neanderthal
and Denisovan genomes (21). Perisylvian thick-
ness was nominally enriched for present-
day human DMRs (LDSC Jackknife test, P =
0.03). By partitioning the genome into mean-
ingful functional categories, we capture pat-
terns of hierarchical brain organization with
evolutionarily conserved (paralimbic, sensory
motor) regions enriched for conserved and
developmental annotations and association
areasmore strongly associatedwith regulatory
annotations.

Gene Ontology enrichment

To elucidate the biological pathways associated
with our discovered genetic variants, MAGMA-
mapped genes were input into the Molecular
Signatures Database to obtain Gene Ontology
(GO) terms. Twenty-sixGO terms, predominantly
related to neurodevelopment, were significantly
associated with our brain phenotypes after
Bonferroni correction (Fig. 3B and table S16).
Notable biological pathways included WNT/
beta-catenin, TCF, FGF, and hedgehog signaling,
which are important for axis specification and
areal identity (1). For higher-order association
regions, the dorsolateral prefrontal cortex was
linked to cortical tangential migration.

Three-dimensional genetic characterization of
the cortex

To better understand the relationship between
our cortical phenotypes, we computed pheno-
typic and genetic correlation matrices using
LDSC (Fig. 4A). Significant correspondence was
observed between matrices (Mantel test: r =
0.85, P = 0.001), suggesting substantial genetic
influences on cortical patterning. Hierarchical
clustering was applied to genetic correlations
of area and thickness separately, revealing a
clear separation in genetic architecture between
A-Pdivisions in area andbetweenD-Vdivisions
in thickness (Fig. 4, A and B, and fig. S6). Re-
gions anatomically closer to each other tended
to bemore correlated with each other. However,
homologous regions in contralateral hemispheres
had high genetic correlations despite their phys-
ical distance (4) (table S18).
Given the observed correlations, we sought

to estimate the shared genetic effects across
phenotypes with genomic structural equation
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Fig. 2. Genetic architecture of the cortex. Cortical phenotypes generally have low polygenicity,
medium to high heritability, and are under strong negative selection. Vertical black lines on each
plot are average reference lines for relevant estimates of commonly studied traits taken from (16).
Numbering of regions follows labels in Fig. 1. SA, surface area; CT, cortical thickness; p, polygenicity;
S, selection; h2, heritability.
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Fig. 4. Three-dimensional genetic characterization of the cortex.
(A) Phenotypic and genotypic correlations between 24 regions, ordered by
hierarchical clustering that shows A-P divisions for area and D-V divisions for
thickness. Phenotypic correlations are in bottom left triangle, and genetic
correlations are in the upper right. SMA, supplementary motor area.

(B) Pleiotropic SNP counts for each pair of regions, using the same ordering
as in (A). Agonistic or same direction of effects are in the lower red triangle,
antagonistic or opposing effects are in upper blue triangle. (C) Brain maps
of standardized effects of each latent factor (F1 and F2) derived from genomic
SEM on each brain region. See fig. S7 for detailed statistics.

Fig. 3. Partitioned heritability and Gene Ontology (GO) enrichment.
(A) Heritability of cortical phenotypes is significantly enriched for conserved,
developmental, and regulatory annotations. The river plot depicts mapping
between significant annotations (18) and cortical phenotypes. Color coding of
the river plot is based on −log10 enrichment P values. (B) Significantly

enriched GO terms from MAGMA gene set analysis for surface area (top) and
cortical thickness (bottom). GERP, genomic evolutionary rate profiling; TSS,
transcription start site; DGF, digital genomic footprint; GTEx, genotype-tissue
expression; CNS, central nervous system; TCF, T cell factor; FGF, fibroblast
growth factor; bonf, Bonferroni.
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modeling (SEM) (Fig. 4C and figs. S7 and S8)
(12, 22). We found that two-factor models fit
our data well (comparative fit index of >0.98).
The two latent factors recapitulated the A-P
and D-V gradations of cortical patterning for
area and thickness, respectively. The strongest
association signals between the latent factors
and variants reside in the 17q21.31 inversion
region for area (P < 1.48 × 10−56), and more
widespread effects across the genome with
notable peaks on chromosomes 3 and 17 for
thickness (P< 3.39 × 10−15) (fig. S8).We further
performed association testing of inversion
polymorphisms on 17q21.31 with our cortical
phenotypes (table S19). We found the inverted
allele to be highly associatedwith overall surface
area reductions, with stronger effects in poste-
rior regions along the A-P gradient and amodest
positive correlationwith increasing thickness in
ventral regions. The opposing effects on area
and thickness may in part account for the ob-
servation of a modest negative association be-
tween area and thickness (“cortical stretching”)
after accounting for total brain size (23).
After extracting salient latent factors underly-

ing multiple brain regions, we searched for
pleiotropic loci between pairs of regions. We
used COJO to map SNPs with potential pleio-

tropic effects (i.e., that influence two regions),
defined by the loci of region i that were no
longer genome-wide significant when condi-
tioned on the loci of region k (13). Using this
approach, we found that 107 of our 393 loci
had pleiotropic effects on two phenotypes (Fig.
4B and table S20). Surface area of parietal and
posterolateral temporal regions sharedeight SNPs
with antagonistic effects (i.e., increasing area
of one region while decreasing area of the
other); these regions show good correspon-
dence between ABCD and UKB and are both
enriched for fetal DNAse hypersensitive sites
(Fig. 3A). Two of these antagonistic SNPs,
rs10878269 and rs142166430, are intronic var-
iants of methionine sulfoxide reductase B3
(MSRB3), a gene that is important for protein
repair and metabolism (24).
We also noted antagonistic pleiotropic ef-

fects of two SNPs, rs12676193 and rs6986885,
in the 8p23.1 inversion polymorphism linked
to motor-premotor area and perisylvian thick-
ness (table S20). These SNPs weremapped to
methionine sulfoxide reductase A (MSRA), a
gene that is important for repair of oxidatively
damaged proteins (25). Further, the 8p23.1
region is considered to be a potential hub for
neurodevelopmental and psychiatric disorders

(26). Another notable SNP with pleiotropic
effects was rs888812, with antagonistic ef-
fects on precuneus and prefrontal area. This
and other variants were mapped to NR2F1/
COUP-TF1, a transcription factor influencing
A-P patterning of the cortex in development (1).

Enrichment of cell type–specific accessible
chromatin sites and fine-mapping to regulatory
regions of genes

To map putative causal genes for our genetic
variants—motivated by observed enrichment
of our phenotypes for regulatory genomic
regions—we computed cell type–specific enrich-
ment for our fine-mapped GWAS SNPs on the
basis of high-resolution accessible chromatin
sites drawn from human primary motor cortex
(M1) (27) and cerebral organoid data (28) using
g-chromVAR (fig. S9). To quantify enrichment,
we computed the accessibility deviations as
the expected number of feature counts per
peak per cell type, weighted by the fine-
mapped variant posterior probabilities. This
revealed 11 significantly positively enriched
cell type–phenotype pairs after Bonferroni cor-
rection (z > 2.8, P < 0.0025) (Fig. 5A), including
enrichment of the motor-premotor region for
accessible chromatin sites in oligodendrocyte
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Fig. 5. Enrichment of cell type–specific accessible chromatin sites and
fine-mapping to regulatory regions of genes. (A) Heatmap of enrichment for
cortical phenotypes and cell type–specific accessible chromatin peaks.
Phenotypes also include three metabolic (blood glucose, body mass index, and
blood pressure) and three cortical-related (multiple sclerosis, Alzheimer’s
disease, and depression) controls. Vertical black line differentiates M1 cell types
(left) from organoid developmental stages (right). Significant values are based on
the bias-corrected enrichment statistic from g-chromVAR (12). (B) Mapped

genes and the regulatory region (blue, enhancer; red, promoter) of the causal
SNPs carried forward by positively enriched M1 cell type–cortical phenotype
pairs (z > 2.36, P < 0.01). Size of dot reflects probability of SNP being causal.
Colors represent peak to gene coaccessibilities, where a score of 1 reflects a
peak being in the gene’s promoter region. (C) A selected pleiotropic SNP
(rs2696555) influencing both orbitofrontal area and ventral frontal thickness,
mapped to target genes on the basis of coaccessibility with M1. Cell types
are outlined in table S23.
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precursor cells (OPCs). This result is particu-
larly compelling given that OPCs give rise to
mature oligodendrocytes which in turn mye-
linate axons in the central nervous system,
and the motor cortex is known to be a region
rich in intracortical myelin content (29). In
control analyses, no significant enrichment
was found for metabolic traits, suggesting that
this approach is specific to cortical phenotypes.
This approach is further supported by the con-
sistent finding of the significant Alzheimer’s-
microglia pair (30).
For each significant M1 cell type–phenotype

pair from Fig. 5A, we identified putative causal
genes from a locus’s genomic position relative
to its gene targets and chromatin coaccessi-
bility relationships (i.e., both the genomic
locus and its gene target were simultaneously
accessible). From the initial 25 target genes,
five distal and two proximal genes remained
(Fig. 5B) after filtering out genes with weak
evidence of gene expression in the corresponding
cell type (fig. S10 and table S21).
We applied the same mapping approach to

pleiotropic SNPs and found three SNPs that
overlapped with the M1 accessible chromatin
peaks (Fig. 5 and table S22). Notably, rs2696555,
a SNP in the 17q21.31 inversion region, was
associated with increases in orbitofrontal area
and ventral frontal thickness and mapped to
the promoter region of GRN, a granulin
precursor that helps preserve neuronal survival,
axonal outgrowth, and neuronal integrity
through its impact on inflammatory processes
in the brain (31). This SNP was also mapped at
a distal putative enhancer site of FZD2, which
encodes a Frizzled receptor within the WNT/
beta-catenin pathway and is expressed in
cortical progenitor cells of the dorsal and
ventral telencephalon of the developing brain
(32). A schematic of how this single variant
could influence area and thickness is depicted
in Fig. 5C.

Discussion

This study advances understanding of the gen-
etic architecture underlying the organization
of the cerebral cortex and uniquely human
traits. Our genetically informed atlases en-
hanced discovery of significant loci compared
with previous cortical GWAS with traditional
nongenetic atlases (3, 6). The improved dis-
covery is likely aided by the fact that our
atlases conform to genetic cortical patterning
(4, 5), thereby increasing discoverability and
heritability, while also having lower polygenicity.
Making use of two large cohorts of adults and

children, we found that many genetic variants
in our findings pinpoint genetic mechanisms
influencing cortical patterning of the human
brain in early development. Our data, partic-
ularly findings with COUP-TF1, support the
protomap hypothesis whereby genes hold spatial
and temporal instructions to initiate a cortical

map by graded signaling from patterning cen-
ters in early development (1, 2). Our results are
consistent with reports of loss of COUP-TF1
function leading to expansion of frontal motor
areas at the expense of posterior sensory areas
in the rodent brain (1), which is intriguing
given the challenges in defining rodent-specific
versus human-specific developmental mech-
anisms. These variants are promising candi-
dates for future functional experiments.
We also uncovered latent factors describing

our area phenotypes, suggesting genetic effects
related to inversion polymorphisms. Recurrent
inversions of genomic regions, such as 17q21.31
identified here along with 8p.23, have occurred
through primate evolution and show that the
inverted orientation is the ancestral state.
Specifically, both 17q.21.31 and 8p.23 inversions
appear to have occurred independently within
the Homo and Pan lineages (33, 34). 17q21.31
inversion contains microtubule associated pro-
tein tau (MAPT), a risk gene for neurodegener-
ation (35). The inverted (minor) allele has
been associated with lower susceptibility for
Parkinson’s dementia but higher predisposition
to developmental disorders (33).
We linked several of our findings to the

WNT/beta-catenin pathway, which regulates
cortical size by controlling whether progen-
itors continue to proliferate or exit the cell
cycle to differentiate (36). Cell proliferation is
thought to exponentially enlarge the progen-
itor pool and the number of cortical columns,
which results in expansion of cortical surface
area and gyrification. On the other hand, cor-
tical thickness is largely determined by cell dif-
ferentiation and a linear production of neurons
within each cortical column (2, 36). In addition
to 17q21.31, our results revealed loci linked to
various cortical regions in this pathway (e.g.,
WNT3, GSK3B), and their combined interactive
effects may be differentially involved in shaping
area and thickness.
The brain is particularly vulnerable to in-

sults (genetic and environmental) during sen-
sitive periods of neurodevelopment, and changes
during this time can have lasting impacts on
the brain over the life span. This perspective
helps situate our findings of predominantly
negative selection acting on our cortical pheno-
types (Fig. 2), whichmay be linked to conserved
genomic loci and those enriched for neuro-
psychiatric diseases (18, 19). Here we uncovered
a putative causal relationship of reduced ante-
romedial temporal area potentially giving rise to
ASD. The medial temporal lobe has been linked
to abnormal connectivity in some types of ASD
and houses structures (e.g., amygdala, hippo-
campus) important in regulating emotion and
social behaviors (37). We also found this re-
gion to be enriched for accessible chromatin
sites in inhibitory neurons; thus, these findings
may provide clues to the long-standing theory of
excitatory-inhibitory imbalance in ASD (38).

Intriguingly, most of our phenotypes, es-
pecially paralimbic and sensorymotor regions,
exhibited enriched heritability for conserved
genomic partitions (Fig. 3A) including pro-
moter regions, rather than enhancers, con-
sistent with the idea that the former are more
evolutionarily conserved (18). However, we also
identified brain regions that have evolved to
support human-specific behaviors, such as
language and communication. Differential
methylation and human-specific SNPs in as-
sociation with perisylvian thickness lead us
to speculate that altered morphology of the
perisylvian region, and potentially also motor-
premotor regions, were important in the evolu-
tion of speech articulation (39).
Our results with genetically informed atlases

demonstrate that human brain arealization and
regionalization largely arise from phylogenet-
ically conserved regions and multiple neuro-
developmental programs, but that a select
few regulatory features, some of which may
be specific to modern-day humans, have had
widespread downstream effects on brain mor-
phology and may have given rise to human-
specific traits and diseases.
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Genes control cortical surface area
Humans exhibit heritable variation in brain structure and function. To identify how gene variants affect the cerebral
cortex, Makowski et al. performed genome-wide association studies in almost 40,000 adults and 9000 children. They
identified more than 400 loci associated with brain surface area and cortical thickness that could be observed through
magnetic resonance imaging analyses. Examining biological pathways linking gene variants to phenotypes identified
region-specific enrichments of neurodevelopmental functions, some of which were associated with psychiatric
disorders. Partitioning genes with heritable variants relative to evolutionary conservation helped to identify a hierarchy
of brain development. This analysis identified a human-specific gene-phenotype association related to speech and
informs upon what genes can be studied in various model organisms. —LMZ
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