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Abstract

The size of the human head is determined by growth in the first years of life, while the rest of the body
typically grows until early adulthood'. Such complex developmental processes are regulated by
various genes and growth pathways®. Rare genetic syndromes have revealed genes that affect head
size®, but the genetic drivers of variation in head size within the general population remain largely
unknown. To elucidate biological pathways underlying the growth of the human head, we performed
the largest genome-wide association study on human head size to date (N = 79,107). We identified 67
genetic loci, 50 of which are novel, and found that these loci are preferentially associated with head
size and mostly independent from height. In subsequent neuroimaging analyses, the majority of
genetic variants demonstrated widespread effects on the brain, whereas the effects of 17 variants
could be localized to one or two specific brain regions. Through hypothesis-free approaches, we find a
strong overlap of head size variants with both cancer pathways and cancer genes. Gene set analyses
showed enrichment for different types of cancer and the p53, Wnt and ErbB signalling pathway. Genes
overlapping or close to lead variants — such as TP53, PTEN and APC — were enriched for genes
involved in macrocephaly syndromes (up to 37-fold) and high-fidelity cancer genes (up to 9-fold),
whereas this enrichment was not seen for human height variants. This indicates that genes regulating
early brain and cranial growth are associated with a propensity to neoplasia later in life, irrespective of
height. Our results warrant further investigations of the link between head size and cancer, as well as

its clinical implications in the general population.
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Main

To gain more insight into the genetic underpinnings of the human head size, we performed a meta-
analysis of genome-wide association studies (GWAS) by including samples measuring head size
using intracranial volume from magnetic resonance imaging or computed tomography, and tape
measured head circumference (Table S1-S4; Online Methods). Compared to previous efforts*®, we
nearly doubled the sample size (N = 79,107), of which the majority were of European ancestry (N =
75,309). We identified 90 independent genetic variants in 67 loci associated with human head size in
the European sample (Figure 1A; Table S5-S7), of which 50 loci were novel. Most variants (N = 48)
showed consistent directions of association between the European, African (N = 1,356), and Asian (N
= 1,335) ancestry samples (Figure 1B), while nominally significant heterogeneity was observed for

five variants (Table S6), suggesting population-specific genetic effects on head size in these loci.

Head-specific growth versus general growth

Head growth coincides with growth of the entire body, prompting us to investigate whether variants
affecting head size are specific for growth of the human brain and cranium or whether this is driven at
least partly by an effect on human body height. We therefore performed an additional height-adjusted
head size GWAS in European studies for which height measures were also available (N = 50,424).
The genetic correlation between head size and height (Pgenetic = 0.26, P = 2.1 x 10%) disappeared in
this second model (Pgenetic= -0.02, P = 0.58) (Figure 1C), confirming the removal of height-associated
effects. Importantly, there was no significant attenuation for any of the lead variants’ effect sizes for
their association with head size (Table S6). We further explored the effect of these variants on the size
of other body parts using area measures obtained from bone density scans (N = 3,313). As expected,
a polygenic score of the lead variants was associated with the skull area, even after adjusting for
height (P = 2.1 x 10™"%). One lead genetic variant (rs12277225) was significantly associated with the
L1-L4 spine area (P = 1.3 x 10™), but the other lead variants did not affect bone area measures of arm,
leg, and spine (Table S8). Altogether, this indicates that the effect of the identified variants on head

size is predominantly cranium-specific.

Regional brain volumetric effects
Height is an overall measure reflective of growth in various body parts. Accordingly, head size itself

may also reflect growth of specific brain regions. Indeed, 15 lead genetic variants or variants in LD
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(r*>0.6) from 12 genetic loci were previously reported to affect volumes of subregions of the brain
(Figure 2A; Table S9). We further screened all loci previously associated with these regional brain
volumes, and found 16 of those 132 loci to be significantly related with head size in our data set after
multiple testing correction (Table S10). To determine if the current findings can be localized to specific
brain regions, we systematically investigated the 90 independent head size variants in relation to more
fine-grained measures of brain morphometry — corrected for head size — in 22,145 individuals (Figure
2B; Table S11). Twenty-nine variants were associated with multiple cortical, subcortical, and global
brain regions, and for the other 51 variants there was no apparent predilection to influence particular
brain regions. However, seventeen variants were preferentially associated with one or two specific
cortical or subcortical regions. For example, rs111939932 was associated with nucleus accumbens
volume. This intronic variant in PCBP2 is an eQTL for different genes in multiple tissues, including
ATP5G2 in the nucleus accumbens and basal ganglia of the brain. Further analysis additionally
revealed localized effects of this variant on the shape of this structure (Figure 2C; Table S12). In the
largest GWAS on nucleus accumbens volume to date®, this variant was nominally significant (P =
0.02), underlining the improved power of the current study to identify novel loci for brain morphometry.
Overall, these results suggest that most head size variants are important for generalized brain or

cranial growth, while a minority influences regional brain growth.

Pathway analysis

To obtain novel insights into the biological mechanisms underlying variation in human head size, we
performed a hypothesis-free gene set enrichment analysis of all KEGG' gene sets and found 14 to be
significantly enriched (Figure 3A; Table S13). Nine of those gene sets represent different cancer
types that substantially overlap between each other and share underlying biological pathways (Figure
3B). The remaining gene sets represent the p53, Wnt and ErbB signalling pathways, which are all
involved in tumorigenesis including in the above cancer types®. Remarkably, the lead variants were
often intragenic for the overlapping 7 genes in the p53 pathway, 8 genes in the Wnt pathway and 6
genes in the ErbB-EGFR pathway (Figure 3C), suggesting that modulation of these pathways plays

an important role in head size variation.

P53 signalling pathway
The signalling pathway showing the strongest enrichment was the p53 signalling pathway (Pagjusted =

7.6 x 10™) (Figure 3C). The tumour suppressor protein p53, encoded by TP53, is activated by
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different stress signals to regulate the cell cycle and apoptosis. Our lead signal in this locus was the
TP53 3-UTR variant rs78378222 with predicted deleterious effects (CADD = 15.93), which was
identified previously®. Three other genes in this pathway (ATR, CDK6 and PTEN) also contained 3'-
UTR or exonic variants in LD (r* > 0.6) with the identified lead variants. As we identified genes involved
in cell cycle arrest and cellular senescence (CDK6, CDK2 and CCND2), apoptosis (IGF1) and
inhibition of the IGF-1/mTOR pathway (PTEN), our results suggest a comprehensive involvement of
the p53 signalling pathway in cranial growth. This finding is in line with evidence that p53 signalling

regulates both normal and malignant neural stem cell populations®™**.

Whnt signalling pathway
The Wnt signalling pathway has extensive links to carcinogenesis, but also plays pivotal roles in the

developing and adult central nervous system'**®

, as well as in bone development including cranial
growth™. Of the eight overlapping genes, three contained exonic or 3-UTR variants in LD (r*>0.6) with
identified lead variants (APC, TP53 and TCF7L1). The Wnt signalling pathway gene FRZB, not
annotated in KEGG, also contained exonic and 3'-UTR variants. In total, 1,948 genetic variants in LD
with the identified lead variants (r>>0.6), among which 35 exonic variants, are eQTLs for WNT3 in 27
different tissues including the cerebellar hemispheres. In addition, various exonic, 3'-UTR and 5-UTR

variants in LD with the lead variants are eQTLs for TCF7L1 in brain tissues. Altogether, these

observations suggest that this pathway is critical for brain and cranial growth in humans.

ErbB signalling pathway

The third enriched signalling pathway was the ErbB pathway (Pagusted = 0.014), also known as the
EGFR signalling pathway, with six overlapping genes. Overlapping genes near head size variants are
involved in the downstream calcium signalling (PLCG1), MAPK signalling (NCK1 and MAPK1) and
PISK-AKT signalling (ERBB3, AKT3 and CDKN1B) pathways. In addition, five genetic variants are
eQTLs for EGFR in the cerebellum. Interestingly, both AKT3 and CDKN1B have been linked to clinical
head size syndromes and cancer risk***® and contain, respectively, 3-UTR variants and an exonic
variant that reached genome-wide significance in the current study. This ErbB signalling is also

19-21

increasingly recognized for its involvement in neurodevelopment™ “°, making it a plausible pathway

involved in head size variations.

P53, Wnt and ErbB signalling pathway in general growth
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Since these signalling pathways have universal roles in cell growth, and thus are not specific for head
size, we determined the enrichment for these pathways in the height GWAS. We found that from these
three signalling pathways, only the Wnt signalling pathway was significantly enriched in the height
GWAS (Pagjustes = 3.8 X 10?), suggesting that the p53 and ErbB signalling pathways are more

specifically involved in processes for head growth rather than generalized body growth.

Enrichment analyses

Because pathway analyses aggregate all genes in the vicinity of the lead variant, it becomes difficult to
discern actual target genes. Given that target genes of GWAS variants are often close to the lead
variant®?, we determined the enrichment of different categories of genes located nearby head size

variants stratified by their distance (Table S14).

OMIM macro- and microcephaly genes

First, we investigated genes mutated in OMIM syndromes associated with abnormal head size, i.e.
macrocephaly or microcephaly (Table S15-16). We found increasing enrichment for macrocephaly
genes with decreasing distance to the lead variants, culminating in a 37-fold enrichment of
macrocephaly genes in genes containing an intragenic lead variant. In contrast, microcephaly genes
did not enrich upon shorter distance from lead variants (Figure 4A). The striking enrichment of
macrocephaly genes did not change in the height-adjusted GWAS (Table S17). Furthermore, there
was only a modest enrichment for macrocephaly genes in the height GWAS, even for the top 67 loci
(i.e., the same number of loci as our GWAS; Table S17). Macrocephaly genes with intragenic lead
variants include AKT3 (Megalencephaly-polymicrogyria-polydactyly-hydrocephalus syndrome 2),
PTCH1 (Basal cell nevus syndrome), PTEN (Cowden syndrome 1), CCND2 (Megalencephaly-
polymicrogyria-polydactyly-hydrocephalus syndrome 3) and NFIX (Sotos syndrome 2). We conclude
that common genetic variation in genes associated with macrocephaly syndromes, but not
microcephaly syndromes, contributes to variation in head size in the general population. Reciprocal to
this, genes identified through our GWAS of head size may therefore also identify currently unknown
causal genes for macrocephaly. Accordingly, we observed a patient in a previously described
intellectual disability cohort”® who presented with macrocephaly and had a mutation in TICRR, a gene
for which a lead variant and variants in LD were eQTLs in twelve different tissues. This gene is

involved in the initiation of DNA replication and interacts with CDK2**, one of the genes nearby
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another lead variant. Thus, TICRR is an interesting candidate for further study in currently

undiagnosed macrocephaly syndromes.

Autosomal dominance score

We did not observe a significant enrichment for microcephaly genes (Figure 4A). This lack of
enrichment is likely due to differences between the microcephaly and macrocephaly gene sets.
Notably, macrocephaly typically results from mutations with an autosomal dominant inheritance
pattern (64.6%, Table S15), whereas microcephaly predominantly involves mutations with an
autosomal recessive inheritance pattern (72.3%, Table S16). We observed a profound increase for
genes with a predicted dominant inheritance pattern closer to our lead variants (Figure 4B). However,
neither dominant nor recessive microcephaly genes were enriched (Table S17) and the predominant
recessive inheritance patterns of microcephaly genes could not explain their lack of enrichment. An
alternative explanation is that microcephaly syndromes are more clinically heterogeneous and the

underlying mechanisms are less specific to brain and cranial growth.

COSMIC tier 1 cancer genes

As our KEGG analysis showed a strong enrichment for cancer pathways (Figure 3A), we determined
whether cancer genes are also enriched among genes closer to the lead variants (Figure 4A). Indeed,
there was a 9-fold enrichment for high-fidelity cancer genes (first tier COSMIC?) among genes with an
intragenic lead variant, which persisted after adjusting for height (Table S17). There was only a
modest enrichment of cancer genes close to variants from the height GWAS, providing additional

evidence that cancer-related genes are specifically important for head size.

Gain of function and loss of function

We found that macrocephaly-associated genes were more enriched for high-fidelity cancer genes than
microcephaly-associated genes (enrichment ratio 12.9 vs. 3.2, Table S17). We therefore investigated
whether the same mutation type, i.e. gain of function or loss of function, causes both macrocephaly
syndromes as a germ line mutation but also associate with cancer as somatic mutations. We found
that this was the case for the vast majority of macrocephaly-associated genes with a defined role in
cancer (37 of 41 genes, Table S15), i.e. the same type of mutation associates with both macrocephaly
and cancer. Moreover, germ line mutations in 14 of these 37 genes, including our GWAS genes

PTEN, PTCH1 and SUFU, are associated with a syndrome or condition with a suggested cancer-
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predisposition (Table S15). Our GWAS data and these observations therefore suggest that subtle up-
regulation of oncogenes and oncogenic pathways or down-regulation of tumor suppressor genes and

pathways may increase head size in the general population.

Implications of the head size and cancer link

The link between cancer and head size is intriguing, with some of the high-fidelity cancer genes being
known macrocephaly genes (Figure 4C). Germline mutations in two genes are known to be related to
clinical syndromes causing both abnormal head sizes and an increased cancer risk, namely the genes
PTEN (Cowden syndrome) and PTCHL1 (Gorlin syndrome). For both syndromes, patients are routinely
screened for macrocephaly as part of the diagnostic criteria, but this relationship is not yet known for
other syndromes such as Li-Fraumeni syndrome (TP53) or familial adenomatous polyposis syndrome
(APC), both of which are near lead variants. Our GWAS, however, was performed in the general
population, prompting the interesting question whether the link between head size and cancer extends

beyond rare genetic syndromes.

Meta-analyses of prospective observational studies found associations between height and increased
risk of various forms of cancer®, and the few studies on body length and head circumference at birth
have shown similar results®’ . Our results also indicate that particularly genes associated with early
growth rather than later adolescent growth may be associated to neoplasia, since cranial growth is
completed around the 6"to 7" year of age whereas height is primarily determined by peripubertal
growth. In combination with our findings, the relationship between head size and cancer risk warrants

further study, as well as an exploration of its clinical implications.
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Online methods

Study population

Most studies participate in the Cohorts for Heart and Aging Research in Genomic Epidemiology
(CHARGE)® or the Enhancing Neurolmaging Genetics through Meta-Analysis (ENIGMA)*
consortium. We also included the results of the most recent head circumference GWAS®. A complete
overview of the population characteristics is presented in Table S1. Each contributing study was
approved by their institutional review boards or local ethical committees. Written informed consent was

obtained from all study participants.
Genotyping

Genotyping of individuals was performed on commercially available arrays, and imputed to 1000
Genomes (1KG) or Haplotype Reference Consortium (HRC) imputation panels (Table S2). Quality
control was performed using the EasyQC software®. In each study, genetic variants with an
imputation quality r* below 0.3 and a minor allele frequency (MAF) below 0.001 were excluded.

Additionally, variants were filtered on study level requiring (72 x MAF x N) > 5.
Phenotyping

Different methods were used to measure human head size across studies. Briefly, either head
circumference was measured, or intracranial volume was measured on computed tomography (CT) or
magnetic resonance imaging (MRI) scans. In total, human head size was measured using intracranial
volume measured on CT or MRI scans in respectively 1,283 and 57,186 individuals, and using head
circumference in 20,524 individuals (Table S3). These measures have previously shown to be

45,33
d

phenotypically and genetically correlate , allowing us to perform a combined meta-analyse of

different measures of head size.
Genome-wide association studies

GWAS were performed for each study adjusted for age, age’ (if significant), sex, eigenstrat PC1-4 (if
significant), study-specific adjustments and case-control status (if applicable). In a second model,
additional adjustment for height was made. The METAL software** was used to perform a sample size

weighted Z-score meta-analysis. After meta-analysis, genetic variants available in less than 5,000


https://doi.org/10.1101/2020.07.15.191114
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.15.191114; this version posted July 16, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

. .. . . 1
individuals were excluded. Comparable betas were derived using the formula Zscore x }m as

was done previously®*. Genomic inflation and polygenic heterogeneity were assessed using the LD
score regression software®® by comparing the genomic control inflation factor and the LD score

regression intercept (Table S4).
Functional annotations

Regional association plots were made with the LocusZoom software®’. The Functional Mapping and
Annotation of Genome-Wide Association Studies (FUMA GWAS) platform® was used to derive the
independent genomic loci and genetic lead variants, and to functionally annotate the identified genetic
variants. Additionally, enrichment for KEGG' biological pathways was assessed for genes located
nearby the identified genetic loci using the default options in FUMA, using hypergeometric tests.
Genotype-Tissue Expression (GTEX) v7 was used to identify expression quantitative trait loci (eQTL)

for the lead genetic variants and variants in LD (> 0.6).

Effects on anthropomorphic measures and regional brain volumes

36,39

The LD score regression software was used to assess genetic correlations with adult height*, for

both the height-unadjusted and height-adjusted model.

Dual-energy X-ray absorptiometry (DXA) measurements of the UK Biobank imaging subsample (N =
3,313) were used to examine the effect of the identified lead variants on anthropometric measures
across the body, i.e. bone area of the arms, legs, pelvis, ribs, spine, trunk and vertebrae L1-L4. In
these analyses values more than three standard deviations from the mean were considered outliers
and removed from the analyses. We adjusted for age, age®, sex and principal components (model 1),

and additionally for height (model 2) to correct for an overall growth effect.

To investigate the effects of the identified variants for head size on growth in specific brain regions, we
investigated the overlap between the identified loci for head size and previous genome-wide

association studies (GWAS) on brain volumes®**

. We also analysed the associations between the
identified lead genetic variants and volumes of four brain lobes, the lateral ventricles, eight subcortical
structures and 34 cortical regions of interest in the UK Biobank (N = 22,145). Volumes were derived

using the FreeSurfer 6.0 software. Values more than 3.5 standard deviations away from the mean
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were considered outliers and removed from the analysis. In the first model, we adjusted for age, age?,

sex and principal components, and in the second model additionally for intracranial volume.

Additionally, we took the lead variants specifically associated with one or two subcortical volumes, and
investigated their effects on the shape of seven subcortical structures, i.e. amygdala, caudate nucleus,
hippocampus, nucleus accumbens, pallidum, putamen and thalamus. The radial distances and log
Jacobian determinants were derived using the ENIGMA-Shape package

(http://enigma.usc.edu/ongoing/enigma-shape-analysis/). Volumetric outliers more than 3.5 standard

deviations from the mean were removed from the analysis.

We performed 10,000 permutations to define the number of independent DXA, brain volumetric and
subcortical shape outcomes. We used this number to define our multiple testing adjusted p-value
thresholds for significance, i.e. 0.05 / (number of independent outcomes x number of lead genetic

variants).
Enrichment analyses

We performed enrichment analyses of different gene sets: genes within 1 Mb, 100 kb or 10 kb of the
identified genetic loci, genes within 10 kb of the identified genetic loci with intragenic genetic variants,
and genes within 10 kb of the identified genetic loci with intragenic genetic lead variants. As a

reference, we used the rest of the protein-coding genome.

First, the Online Mendelian Inheritance in Man (OMIM) database®® was used to retrieve information on
genes related to heritable phenotypes affecting head size. Second, the Catalogue of Somatic
Mutations in Cancer (COSMIC) database® was used to extract Tier 1 cancer genes. Taking the rest of
the genome as our reference gene set, we calculated the enrichment of these macrocephaly,

microcephaly and cancer genes in the abovementioned gene sets.

Lastly, DOMINO™, a previously developed machine learning tool, was used to assess if the genes in
the different gene sets were more often predicted to harbour dominant changes in comparison with

genes in the rest of the genome.

Mean autosomal dominance scores were compared with the reference genome using a Mann-Whitney
test. Differences in the proportions for the OMIM macro- and microcephaly genes, intellectual disability

genes and COSMIC genes were calculated using a Pearson’s X test.
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We performed these analyses for the head size height-unadjusted GWAS results, but also the GWAS
in the subset of studies for which height was available, the height-adjusted GWAS and the height
GWAS™. For comparison, we also selected the top 67 loci for the height GWAS, so the results were

not driven by a difference in the number of associated loci.

12


https://doi.org/10.1101/2020.07.15.191114
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.15.191114; this version posted July 16, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

1 Cole, T. J., Freeman, J. V. & Preece, M. A. British 1990 growth reference centiles for weight,
height, body mass index and head circumference fitted by maximum penalized likelihood.
Statistics in medicine 17, 407-429 (1998).

2 Richtsmeier, J. T. & Flaherty, K. Hand in glove: brain and skull in development and
dysmorphogenesis. Acta neuropathologica 125, 469-489, doi:10.1007/s00401-013-1104-y
(2013).

3 Pirozzi, F., Nelson, B. & Mirzaa, G. From microcephaly to megalencephaly: determinants of
brain size. Dialogues in clinical neuroscience 20, 267-282 (2018).

4 Adams, H. H. et al. Novel genetic loci underlying human intracranial volume identified through
genome-wide association. Nat Neurosci 19, 1569-1582 (2016).

5 Haworth, S. et al. Low-frequency variation in TP53 has large effects on head circumference
and intracranial volume. Nat Commun 10, 357 (2019).

6 Satizabal, C. L. et al. Genetic architecture of subcortical brain structures in 38,851 individuals.
Nat Genet 51, 1624-1636 (2019).

7 Kanehisa, M., Furumichi, M., Tanabe, M., Sato, Y. & Morishima, K. KEGG: new perspectives
on genomes, pathways, diseases and drugs. Nucleic Acids Res 45, D353-D361 (2017).

8 Sanchez-Vega, F. et al. Oncogenic Signaling Pathways in The Cancer Genome Atlas. Cell
173, 321-337 €310 (2018).

9 Zheng, H. et al. p53 and Pten control neural and glioma stem/progenitor cell renewal and
differentiation. Nature 455, 1129-1133, doi:10.1038/nature07443 (2008).

10 Meletis, K. et al. p53 suppresses the self-renewal of adult neural stem cells. Development
133, 363-369, doi:10.1242/dev.02208 (2006).

11 Stecca, B. & Ruiz i Altaba, A. A GLI1-p53 inhibitory loop controls neural stem cell and tumour
cell numbers. EMBO J 28, 663-676, doi:10.1038/emb0j.2009.16 (2009).

12 Inestrosa, N. C. & Varela-Nallar, L. Wnt signalling in neuronal differentiation and development.
Cell Tissue Res 359, 215-223, doi:10.1007/s00441-014-1996-4 (2015).

13 Chenn, A. & Walsh, C. A. Regulation of cerebral cortical size by control of cell cycle exit in

neural precursors. Science 297, 365-369, doi:10.1126/science.1074192 (2002).

14 Clevers, H. Wnt/beta-catenin signaling in development and disease. Cell 127, 469-480,
doi:10.1016/j.cell.2006.10.018 (2006).

15 Grey, W. et al. Deficiency of the cyclin-dependent kinase inhibitor, CDKN1B, results in
overgrowth and neurodevelopmental delay. Hum Mutat 34, 864-868 (2013).

16 Wasserman, J. D. et al. Multiple Endocrine Neoplasia and Hyperparathyroid-Jaw Tumor
Syndromes: Clinical Features, Genetics, and Surveillance Recommendations in Childhood.
Clin Cancer Res 23, €123-e132 (2017).

17 Alcantara, D. et al. Mutations of AKT3 are associated with a wide spectrum of developmental
disorders including extreme megalencephaly. Brain 140, 2610-2622 (2017).

18 Davies, M. A. et al. A novel AKT3 mutation in melanoma tumours and cell lines. Br J Cancer
99, 1265-1268 (2008).

19 Mei, L. & Nave, K. A. Neuregulin-ERBB signaling in the nervous system and neuropsychiatric

diseases. Neuron 83, 27-49 (2014).

20 Aguirre, A., Dupree, J. L., Mangin, J. M. & Gallo, V. A functional role for EGFR signaling in
myelination and remyelination. Nat Neurosci 10, 990-1002 (2007).

21 Kataria, H., Alizadeh, A. & Karimi-Abdolrezaee, S. Neuregulin-1/ErbB network: An emerging
modulator of nervous system injury and repair. Progress in neurobiology 180, 101643,
doi:10.1016/j.pneurobio.2019.101643 (2019).

22 Brodie, A., Azaria, J. R. & Ofran, Y. How far from the SNP may the causative genes be?
Nucleic Acids Res 44, 6046-6054 (2016).

23 Lelieveld, S. H. et al. Meta-analysis of 2,104 trios provides support for 10 new genes for
intellectual disability. Nat Neurosci 19, 1194-1196 (2016).

24 Kumagai, A., Shevchenko, A., Shevchenko, A. & Dunphy, W. G. Treslin collaborates with
TopBPL1 in triggering the initiation of DNA replication. Cell 140, 349-359 (2010).

25 Sondka, Z. et al. The COSMIC Cancer Gene Census: describing genetic dysfunction across
all human cancers. Nat Rev Cancer 18, 696-705 (2018).
26 Green, J. et al. Height and cancer incidence in the Million Women Study: prospective cohort,

and meta-analysis of prospective studies of height and total cancer risk. Lancet Oncol 12,
785-794 (2011).

13


https://doi.org/10.1101/2020.07.15.191114
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.15.191114; this version posted July 16, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

27 Samuelsen, S. O., Bakketeig, L. S., Tretli, S., Johannesen, T. B. & Magnus, P. Head
circumference at birth and risk of brain cancer in childhood: a population-based study. Lancet
Oncol 7, 39-42 (2006).

28 McCormack, V. A. et al. Fetal growth and subsequent risk of breast cancer: results from long
term follow up of Swedish cohort. BMJ 326, 248-248, doi:10.1136/bm|.326.7383.248 (2003).

29 Vatten, L. J., Nilsen, T. I. L., Tretli, S., Trichopoulos, D. & Romundstad, P. R. Size at birth and
risk of breast cancer: prospective population-based study. Int J Cancer 114, 461-464,
doi:10.1002/ijc.20726 (2005).

30 Psaty, B. M. et al. Cohorts for Heart and Aging Research in Genomic Epidemiology
(CHARGE) Consortium: Design of prospective meta-analyses of genome-wide association
studies from 5 cohorts. Circ Cardiovasc Genet 2, 73-80 (2009).

31 Thompson, P. M. et al. The ENIGMA Consortium: large-scale collaborative analyses of
neuroimaging and genetic data. Brain Imaging Behav 8, 153-182 (2014).

32 Winkler, T. W. et al. Quality control and conduct of genome-wide association meta-analyses.
Nat Protoc 9, 1192-1212 (2014).

33 Jorgensen, J. B., Paridon, E. & Quaade, F. The correlation between external cranial volume

and brain volume. American journal of physical anthropology 19, 317-320,
doi:10.1002/ajpa.1330190402 (1961).

34 Willer, C. J., Li, Y. & Abecasis, G. R. METAL: fast and efficient meta-analysis of genomewide
association scans. Bioinformatics 26, 2190-2191 (2010).

35 Chauhan, G. et al. Association of Alzheimer's disease GWAS loci with MRI markers of brain
aging. Neurobiol Aging 36, 1765 e1767-1765 e1716 (2015).

36 Bulik-Sullivan, B. K. et al. LD Score regression distinguishes confounding from polygenicity in
genome-wide association studies. Nat Genet 47, 291-295 (2015).

37 Pruim, R. J. et al. LocusZoom: regional visualization of genome-wide association scan results.
Bioinformatics 26, 2336-2337 (2010).

38 Watanabe, K., Taskesen, E., van Bochoven, A. & Posthuma, D. Functional mapping and
annotation of genetic associations with FUMA. Nat Commun 8, 1826 (2017).

39 Bulik-Sullivan, B. et al. An atlas of genetic correlations across human diseases and traits. Nat
Genet 47, 1236-1241 (2015).

40 Yengo, L. et al. Meta-analysis of genome-wide association studies for height and body mass

index in approximately 700000 individuals of European ancestry. Hum Mol Genet 27, 3641-
3649 (2018).

41 van der Lee, S. J. et al. A genome-wide association study identifies genetic loci associated
with specific lobar brain volumes. Commun Biol 2, 285 (2019).

42 Vojinovic, D. et al. Genome-wide association study of 23,500 individuals identifies 7 loci
associated with brain ventricular volume. Nat Commun 9, 3945 (2018).

43 Hofer, E. et al. Genetic Determinants of Cortical Structure (Thickness, Surface Area and

Volumes) among Disease Free Adults in the CHARGE Consortium. bioRxiv, 409649,
d0i:10.1101/409649 (2019).

44 Hibar, D. P. et al. Novel genetic loci associated with hippocampal volume. Nat Commun 8,
13624 (2017).

45 Amberger, J. S., Bocchini, C. A., Schiettecatte, F., Scott, A. F. & Hamosh, A. OMIM.org:
Online Mendelian Inheritance in Man (OMIM(R)), an online catalog of human genes and
genetic disorders. Nucleic Acids Res 43, D789-798 (2015).

46 Quinodoz, M. et al. DOMINO: Using Machine Learning to Predict Genes Associated with
Dominant Disorders. Am J Hum Genet 101, 623-629 (2017).

14


https://doi.org/10.1101/2020.07.15.191114
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.15.191114; this version posted July 16, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Display items

Figure 1. Genome-wide association studies on human head size.
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Figure 1A. Circos Manhattan plot of the European ancestry GWAS on head size, with the grey
horizontal lines corresponding to a genome-wide significant (P < 5 x 10°®) or sub-significant (P < 1 x
10°) P value threshold. Known genetic variants are depicted in blue, whereas novel variants are
depicted in red. For each lead genetic variant, the nearest gene is shown with their corresponding
location on the genome. The colour of each gene corresponds to its position to the lead variant: exonic
(red), 3-UTR (green), intronic (blue), intergenic including up- and downstream, exonic and intronic
non-coding RNA (grey). Genes that are the nearest gene for more than one locus are denoted with an

asterisk (*).
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Figure 1B. Circos heatmap showing the betas of the 90 identified lead genetic variants in African,
Asian and European ancestry sample meta-analysis, as well as the transancestral meta-analysis. In
addition, the differences between the height-unadjusted (model 1) and height-adjusted (model 2)

meta-analysis is shown. Positive associations are depicted in red, negative associations are depicted

in blue.
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Figure 1C. Barplot of the genetic correlation coefficient (Pgenetic) Of the height-unadjusted and height-
adjusted head size genome-wide association study with the height genome-wide association study,

with their accompanying 95% confidence intervals.
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Figure 2. Genetic loci for head size and effects on regional brain volumes.
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Figure 2A. Heatmap showing the genetic loci identified for human head size that overlap with
previously identified genetic loci for global brain volumes (depicted in red), subcortical brain volumes

(depicted in blue) and cortical regional of interest volumes (depicted in green).
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Figure 2B. UpSet plot of the different combinations of associations of the identified genetic variants for
human head size and regional brain volumes. The intersection size corresponds to the frequency of
the combination depicted below the bar. The set size corresponds to the frequency of associations
with one of the structures belonging to the brain volume category (i.e., global, subcortical or cortical).
Global volumes include the volumes of four brain lobes and the lateral ventricle volumes (depicted in

red), subcortical volumes include the volumes of eight subcortical structures (depicted in blue), and the

cortical volumes include the volumes of 34 cortical regions of interest (depicted in green).
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Figure 2C. Plot showing the results of the subcortical shape analysis of rs111939932 using log
Jacobian determinants. Colours correspond to t-values, with positive associations depicted in blue,
and negative associations depicted in red. The letters point to the different subcortical structures: a —

putamen; b — pallidum; ¢ — caudate; d — amygdala; e — hippocampus; f — thalamus; g — accumbens.
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Figure 3. Gene sets enriched in human head size loci.
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Figure 3A. Barplots presenting the significantly enriched KEGG gene sets. On the x-axis the —log;, of
the adjusted p-value is presented, and the proportion of genes in the gene set that overlap with the
genes nearby the genetic loci are shown inside the bars. Colours correspond to different categories of
gene sets: cancer gene sets are depicted in pink, cell growth and death gene sets in yellow-green,

and signal transduction gene sets in turquoise.
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Figure 3B. Network graph showing the enriched KEGG gene sets and their included genes near
genetic lead variants. Gene sets are shown in squares, with arrows connecting them to the
overlapping genes presented as spheres. The colours of the spheres correspond to the gene set
category the gene is linked to: only cancer gene sets (pink), only cell growth and death gene sets
(yellow-green), only signal transduction gene sets (turquoise), cancer gene sets and cell growth and
death gene sets (dark blue), cell growth and death gene sets and signal transduction gene sets
(green), or all three gene set categories (orange). The size of a sphere corresponds to the amount of

gene sets linked to that gene.
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Figure 3C. Schematic overview of the significantly enriched signalling pathways with proteins encoded by genes near (< 10 kb) identified genetic loci. Proteins
encoded by these genes are coloured (green — ErbB signalling pathway, red — p53 signalling pathway; blue — Wnt signalling pathway), whereas the other
proteins are depicted in grey. The circle next to each protein name provides the locus number to which the encoding gene belongs. Locations of lead genetic
variants and variants in linkage disequilibrium (r* > 0.6) are shown in the squares within each protein: exonic (e; red), 3-UTR (3"; green), 5-UTR (5; light
green), intronic (i; blue), intergenic including up- and downstream, exonic and intronic non-coding RNA (g; grey). For Frizzled, not only FZD2 but also FRZB is

taken into consideration.
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Figure 4. Gene enrichment stratified by distance from lead variants.
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Figure 4A. Enrichment of genes nearby the identified genetic loci for OMIM macrocephaly genes,
OMIM microcephaly genes and COSMIC tier 1 genes. Depicted are enrichment of genes within 1 Mb
(orange), 100 kb (purple) or 10 kb (pink) of the identified genetic loci, genes within 10 kb of the
identified genetic loci with intragenic genetic variants (light green), and genes with intragenic genetic
lead variants (yellow), in comparison with genes in the reference genome (dark green). Significant

results are denoted by asterisks: *P < 0.05; **P < 0.0125 (0.05 / 4); ***P < 0.0025 (0.05/ 4/ 5).
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Figure 4B. Violin plots and boxplots showing the DOMINO autosomal dominance scores of genes
within 1 Mb (orange), 100 kb (purple) or 10 kb (pink) of the identified genetic loci, genes within 10 kb of
the identified genetic loci with intragenic genetic variants (light green), and genes with intragenic
genetic lead variants (yellow), in comparison with genes in the reference genome (dark green).

Significant results are denoted by asterisks: *P < 0.05; **P < 0.01; **P < 0.001.
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Figure 4C. Venn diagram showing the nearby (< 10 kb) genes that overlap with OMIM microcephaly
genes (depicted in yellow), OMIM macrocephaly genes (depicted in green) and COSMIC cancer tier 1
genes (depicted in red), and their in-between overlap. Genes with intragenic genetic lead variants are

depicted in black, and genes without intragenic genetic lead variants in grey.
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Supplementary Tables

See separate Excel file.

Table S1. List of all contributing studies.
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Table S5. Lambda genomic control, LD score regression intercept and ratio for different models.

Table S6. Lead genetic variants and their effects on human head size in samples of different

ethnicities, with and without adjustment for height.
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including functional annotations.
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studies of brain volumes.
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Table S15. List of genes linked to macrocephaly in the Online Mendelian Inheritance of Man (OMIM)

database.

Table S16. List of genes linked to microcephaly in the Online Mendelian Inheritance of Man (OMIM)

database.

Table S17. Enrichment of micro- and macrocephaly OMIM genes, COSMIC tier 1 cancer genes,

intellectual disability trios and autosomal dominance DOMINO score.
Supplementary Figures

Figure S1. Forest plots presenting the study-specific associations of the identified lead genetic

variants with human head size.

Figure S2. Regional plots of the identified genetic loci for human head size (100 kb).
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