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The genetics of autism and
steroid-related traits in
prenatal and postnatal life

Alex Tsompanidis*, Varun Warrier and Simon Baron-Cohen

Autism Research Centre, Department of Psychiatry, University of Cambridge, Cambridge,
United Kingdom
Background: Autism likelihood is a largely heritable trait. Autism prevalence has a

skewed sex ratio, with males being diagnosed more often than females. Steroid

hormones play a mediating role in this, as indicated by studies of both prenatal

biology and postnatal medical conditions in autistic men and women. It is

currently unclear if the genetics of steroid regulation or production interact

with the genetic liability for autism.

Methods: To address this, two studies were conducted using publicly available

datasets, which focused respectively on rare genetic variants linked to autism and

neurodevelopmental conditions (study 1) and common genetic variants (study 2)

for autism. In Study 1 an enrichment analysis was conducted, between autism-

related genes (SFARI database) and genes that are differentially expressed

(FDR<0.1) between male and female placentas, in 1st trimester chorionic villi

samples of viable pregnancies (n=39). In Study 2 summary statistics of genome

wide association studies (GWAS) were used to investigate the genetic correlation

between autism and bioactive testosterone, estradiol and postnatal PlGF levels,

as well as steroid-related conditions such as polycystic ovaries syndrome

(PCOS), age of menarche, and androgenic alopecia. Genetic correlation was

calculated based on LD Score regression and results were corrected for multiple

testing with FDR.

Results: In Study 1, there was significant enrichment of X-linked autism genes in

male-biased placental genes, independently of gene length (n=5 genes,

p<0.001). In Study 2, common genetic variance associated with autism did not

correlate to the genetics for the postnatal levels of testosterone, estradiol or

PlGF, but was associated with the genotypes associated with early age of

menarche in females (b=-0.109, FDR-q=0.004) and protection from

androgenic alopecia for males (b=-0.135, FDR-q=0.007).

Conclusion: The rare genetic variants associated with autism appear to interact

with placental sex differences, while the common genetic variants associated

with autism appear to be involved in the regulation of steroid-related traits. These

lines of evidence indicate that the likelihood for autism is partly linked to factors

mediating physiological sex differences throughout development.
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Introduction

Autism is substantially heritable, with twin based heritability

estimates ranging from 64 – 93% (1–3). Exome sequencing studies

have been successful in uncovering many syndromic forms of

autism that are attributed to protein truncating or missense

variants in constrained genes, most of them de novo, including

both copy number variants and single-gene mutations (4). The

Simons Foundation for Autism Research (SFARI) has collected

information on all of these genes, compiling curated lists, based on

available evidence (5). These are scored according to the number of

“hits” across all studies, the strength of the evidence for each and

whether these are involved in syndromic or non-syndromic forms

of autism. Taken together these identified genes account for less

than 10% of the variance in autism, with the majority of the

variance in autism being due to common genetic variance (6, 7).

In order to discover specific genes, two related case-control

genome-wide association studies (GWAS) have been conducted

(8),(9). The largest included n=18,381 autistic people diagnosed in

Denmark who were linked to a validated diagnosis via the National

Psychiatric Register and were genotyped as part of iPSYCH (9).

This study led to the discovery of five genome-wide statistically

significant loci or single nucleotide polymorphisms (SNPs). Grove

et al. (9) estimate that a considerably larger sample would be needed

to uncover more SNPs and their related molecular pathways. As

with all complex heritable traits, genetic variants of intermediate

frequency will also need to be discovered via sequencing, in order to

bridge the gap between common polygenic and rare monogenic

causes of autism (10).

However, it remains unclear how this largely genetic condition

may affect males and females differently and lead to different

prevalence rates for each sex. Two hypotheses have been put

forward to resolve this (11). First, that autism in males and

females may be caused by different genetic factors, which

functionally converge at the neuronal or only at the behavioral

level, leading to different likelihood distributions for each sex.

Second, that autism in both males and females is caused by the

same genetic variants but underlying physiological sex differences

interact with genetic likelihood and result in a sex-specific threshold

for diagnosis, within the same likelihood-threshold model. In

accordance with this, exome sequencing studies have consistently

found that autistic females have a larger number of loss-of-function

mutations, compared to males (4, 12, 13), although, recent work has

suggested that this is primarily limited to a few genes associated

with severe developmental disorders (14). Hormonal factors (such

as prenatal steroids) or differences in physiology (such as differing

growth rates) may be mediating this excess of PTV mutations in

autistic females compared to males (15, 16).

At the molecular level, the interaction between autism genes

and sex may be bidirectional. Autism-related genetic variants may

be directly affecting sex differentiation mechanisms, including

steroid hormone levels, leading to different effects for each genetic

variant in males and females. Alternatively, steroid hormones may

be involved in the regulation of the same autism-related genes,

resulting in relative differences in how their gene products are

expressed and translated in males and females.
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With regards to the first of these hypotheses, candidate gene

studies have reported associations with autism and autistic traits in

polymorphisms in hormone receptors (e.g. the estrogen receptor

ESR2), as well steroid-regulating enzymes (e.g. aromatase) (17, 18).

But these findings have not been confirmed in GWAS (9). With

regards to the second hypothesis of a mediatory role of sex steroids,

a study of testosterone administration in developing neurons found

that the genes affected by the hormone (identified via ChIp-Seq)

significantly overlap with autism-related genes, including SFARI

genes and genes that are differentially expressed in the autistic brain

(identified by RNA-Seq post-mortem) (19). However, a wider

comparison of all the genes that have steroid-responsive

promoters failed to find any enrichment. Instead, a moderate

correlation of autism-related genetic variants was reported with

genes relating to sex differences in anthropometry (e.g. height) (20).

The same study reported sex heterogeneity with regard to X-

chromosome-linked genetic variants associated with autism.

Genetic variants on the X-chromosome could also be mediating

the reduced prevalence of autism in females, particularly in genes

that escape inactivation or are characterized by haploinsufficiency

when mutated. However in autism, studies have again produced

mixed results regarding a significant enrichment for X-linked genes,

or more specifically in regions that escape X-chromosome

inactivation (21–24).

Thus, there is little evidence that autism genes directly regulate

steroids or lie directly downstream of steroid-responsive elements.

Nevertheless, the functional interaction between steroid hormones

and autism genetics may be indirect and further downstream, at the

level of molecular pathways and networks. In addition, increased

male likelihood for autism may be mediated by factors that are not

specific to autism and that also extend to other neurodevelopmental

conditions that show sex differences in prevalence. Consistently, a

study that analyzed genetic variants associated with autism,

together with ADHD(attention deficit hyperactivity disorder),

anxiety and other co-occurring traits, reported that their

combined downstream targets and associated molecular pathways

converged on networks that feature prominent roles for the

estrogen receptor (ER-2), as well as aromatase (25). Moreover,

the interaction between autism genes and sex differentiation

processes may be specific to early development, embryonic

pathways, and particularly prenatal physiology. As previously

mentioned, one of the few studies to report an overlap between

testosterone targets and autism-related genes, focused their

enrichment analysis on developing neurons (19). However,

steroid-synthesizing tissues, such as the placenta, have not yet

been analyzed in a similar way.

There are several lines of evidence that support a role for the

placenta in neurodevelopment and specifically in autism.

Independent studies have shown that sex steroids are elevated

prenatally in autistic males compared to non-autistic males and

that this effect is more apparent for estrogens; the majority of which

are produced prenatally by the placenta (16, 26, 27). A similar

observation has been reported with regard to autistic traits in

infancy (28). In the last five years, it has also become clear that

the likelihood of autism in the children is increased if the mother

has been diagnosed with polycystic ovaries syndrome (PCOS) (29–
frontiersin.org
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31) and this is more specific to the hyperandrogenic form of the

condition (32). Interestingly, PCOS is also associated with changes

in placental steroid synthesis, such as decreased aromatization (33,

34). Furthermore, placental complications have also been associated

with autism in several independent epidemiological studies (35–37),

but the molecular mechanisms that may be driving this are unclear.

Atypical placental morphology and vasculature in autism have been

reported in smaller clinical studies (38), together with increased

placental inflammation and size (39, 40). On the genomic level,

different patterns of placental DNA methylation have been

observed in fetuses later diagnosed as autistic (41), with

differential methylation enriched for promoters of genes

associated with autism (4) and genes that are dysregulated in

autistic brains post-mortem (42).

More importantly, placental function is sexually dimorphic, with

placentas ofmale fetuses beingmore vulnerable to early complications

(43), producing more steroids (44) and more factors associated with

placental hypertension, such as PLGF (placenta growth factor), which

activates angiogenic pathways in response to complications (45).

Interestingly, PLGF levels in maternal serum can also predict autistic

traits and mediate higher autistic traits in malesof the same cohort

compared to females (46). Taken together, these findings support the

hypothesis that sex differences in the placentamay partly bemediating

sex differences on autism likelihood.

In addition, if autism genes and steroid-related molecular

pathways interact beyond prenatal development, then this may

also affect health outcomes throughout life and lead to higher

prevalence of steroid-related symptoms and conditions in autistic

people. Although, epidemiological evidence is consistent with this,

particularly for conditions such as PCOS (30, 47, 48), the

association between autism and steroid-related conditions has not

been specifically shown at the genetic level.

In order to better understand the interaction between sex and

genetics in autism, two exploratory analyses are presented in Studies

1 and 2. These respectively pertain to rare and common variants as

well as prenatal and lifelong outcomes. In Study 1, genes that show

sex differences in placental expression are tested for enrichment for

‘high-confidence’ autism genes that have been consistently

implicated in autism by exome sequencing or in syndromic forms

of the condition (SFARI categories 1 and S). In Study 2, autism-

related common genetic variance (captured via GWAS) is studied in

association with the genetic variants relating to steroid hormone

levels in middle-aged or older adults (UK Biobank) and of the

placental growth factor (PlGF), as well as to the genetics of complex

steroid-related traits (publicly available data on age of menarche,

PCOS and androgenic alopecia).
Methods

Study 1 - Rare variance: enrichment of
autism genes in male placentas

Prenatal gene expression differences between the placentas of

males and females were reported in a study by Gonzalez et al. (n=17

females, n=22 males)(49). To our knowledge, this is the only study
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that has investigated these differences in human pregnancies that

were carried to term and at a time-point corresponding to 10.5 -

13.5 weeks gestation. This was achieved with RNA sequencing of

discarded chorionic villi samples following prenatal genetic

screening of the pregnancies, which were all carried to term. No

additional information was reported for the clinical reasons that led

to CVS(chorionic villi sampling). The same placentas were then

collected after birth and their gene expression was compared to

measurements during gestation. Other than birth weight, cohort

covariates such as maternal age or crown rump length did not

significantly differ between the sexes. Sex chromosomes were

analyzed separately to autosomes and were found to contribute

significantly to gene expression differences between the sexes. This

was mainly driven by genes on the X chromosome and remained

consistent throughout gestation and at birth. In contrast, most of the

autosomal genes with sex differences in the 1st trimester samples did

not show the same differences when placentas were assessed at birth

(49). This study was chosen over other reports of placental gene

expression at birth or following elective termination, to minimize

confounding due to labor onset and to better capture placental

transcriptome following the prenatal masculinization window in

males (50).

For the purposes of the current enrichment analysis, a list of

genes was created that correspond to the transcripts identified by

Gonzalez et al, as being significantly different between the sexes

(both up- and down-regulated), at an FDR-corrected level of

significance of q<0.1. This list comprised of n=135 genes, n=31 of

which are on the X chromosome. Regarding autism, a list of high-

confidence genes was assembled, based on the curated database of

SFARI. Only genes with the top confidence score of “1” (n=206), as

well as “syndromic” genes were included (n=143). Based on SFARI

policy, the former score is only awarded to genes with a minimum

of three independent discoveries in sequencing studies and a likely

loss-of-function effect (4). The latter characterization (‘syndromic’)

refers to genes of identified syndromes that also substantially

increase the likelihood for autism. The two categories are not

mutually exclusive, with the final list that was checked for

enrichment numbering n=286 different autism-related genes, of

which n=34 are on the X chromosome.

Enrichment analysis was conducted separately for autosomes

and the X chromosome, by comparing the number of genes

overlapping between the two lists (autism and placenta), to the

total number of coding genes in the genome. Logistic regression

models were used, in order to control for gene length as a covariate

in these comparisons. Information on identified coding genes, gene

locations and lengths were obtained from Gene Ensembl.
Study 2 - Common genetic variants:
genetic correlations between autism
and steroid-related traits

For the purposes of genetic correlation analyses, publicly

available summary statistics of GWAS were collected, regarding

postnatal hormone levels and hormone-related traits. Datasets for

these were obtained via the NHGRI-EBI Catalogue (Table 1).
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In terms of neurodevelopment, two outcomes were selected.

First, clinically diagnosed autism, based on the latest GWAS

(n=46,350 (18,381 cases))(9), that identified five loci at genome-

wide level of significance and corresponded to both males and

females with the condition, as identified and confirmed by the

iPSYCH consortium, as well as the Psychiatric Genomics

Consortium that had previously published the first autism GWAS

(Psychiatric Genomics Consortium 2017). The second outcome

that was investigated corresponded to the entirety of the iPSYCH

cohort and included some of the same autistic individuals (n=6,939

overlap in cases), as well as anyone with ADHD, affective disorder,

bipolar disorder, anorexia, or schizophrenia, who were diagnosed

and genotyped in Denmark (total n=65,534 including controls)

(56). Therefore, the second trait outcome included autism (26.2% of

iPSYCH are autistic) but also individuals with conditions that often

co-occur with autism. This second aggregate outcome was included

in this study in order to increase power in correlation analyses and

investigate the specificity of potential findings.

Regarding hormone levels and steroid-related conditions,

summary statistics of several GWAS were obtained online via

publicly available resources (Table 1).

Bioavailable testosterone was calculated in the UK Biobank, by

dividing total testosterone levels to the concentrations of SHBG for

each individual (51). This was calculated for both males and females

and then linked to genotype data. In the same cohort, estradiol level

measurements were available in both genders, but the GWAS for

estradiol levels was restricted to males, as no heritable component

corresponded to this trait was found in females. This was potentially

due to low trait variance, as the cohort consisted of mainly post-

menopausal women whose estradiol levels were below the level of

detection (78% of the female cohort).

Placental growth factor (PlGF) levels were measured during

adulthood, in circulating serum, as part of proteomic analyses that

were aggregated into a meta-analysis of different studies (the

SCALLOP consortium) that investigated associations of serum

biomarkers with health outcomes. In this study, circulating PlGF

levels were significantly associated with the genetics of

cardiovascular disease, an effect that the authors attributed to the

angiogenesis role of PIGF, which extends beyond pregnancy (52).

The GWAS for PCOS included data from clinically diagnosed

cases, as well as self-report cases from the company 23andMe,

resulting in many genome-wide significant loci that were linked to
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steroid hormone regulation and gonadotropin regulation,

independently of the method of diagnostic ascertainment (53).

For the purposes of this study, self-report data on PCOS were

excluded and genetic correlation was restricted to clinically

ascertained cases of the condition. The GWAS on age of

menarche, on the other hand, included self-report genotype data

from 23andMe, meta-analyzed together with data from the UK

Biobank and the Reproductive Genetics Consortium (54).

Finally, androgenic alopecia was ascertained in adult males in

the UK Biobank, who are older than 40 years old. The trait was

analyzed categorically, based on the degrees of hair loss and age of

onset. The X chromosome was analyzed separately to the

autosomes, given the established and disproportionate role of the

X-linked androgen receptor gene, and was therefore not included in

the summary statistics for this trait (55).

Genetic correlation of common genetic variants was based on

LD score based regression using LD scores in the north-west

European populations (57). A breakdown of sample size for each

SNP was included, where available. If SNP identifiers were missing,

these were derived based on SNP location and the NCBI-SNP

database. Multiple testing correction was conducted with

application of a false discovery rate (FDR), based on the number

of tests (n=7) for each neuropsychiatric outcome separately.
Results

There was no overlap between autosomal genes that were

differentially expressed in male and female placentas, and high-

confidence autism genes. The comparison that was specific on the

X-chromosome identified a total overlap of n=5 genes (Table 2).

This was significant in a logistic regression model that controlled for

gene length and compared this to the total number of genes on each

list (n=34 for autism, n=31 for the placenta) and on the X-

chromosome. The model showed that this enrichment was

significant at p<0.0001, for an OR=11 (3.6 - 33.7). All five of the

genes were differentially expressed in placentas at FDR-corrected

p<0.05, with four being upregulated in females, compared to

males (Table 2).

In Study 2, of all the examined hormones and traits, significant

genetic correlations were identified between autism and age of

menarche and alopecia (Table 3, in bold). The former correlation
TABLE 1 GWAS of hormone levels and steroid-related traits that were investigated in association with autism.

Bio T Bio T Estradiol PlGF PCOS Age of menarche Alopecia

Study 51 52 53 54 55

Cohorts UK-Biobank various,
SCALLOP

various in
UK, NL, USA

ReproGen, 23andMe, UKB UK Biobank

N 178,782 188,507 206,927 21,758 24,267 329,345 52,874

Sex males females males both Female cases, mixed controls females males

Age 40 - 69 40 - 69 40 - 69 >40 27 - 60 NA 40 - 69

Loci 125 147 22 2 14 389 250
fr
Bio T: free fraction of circulating testosterone, based on testosterone and SHBG.
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extended to the wider iPSYCH dataset that included additional

psychiatric conditions, while the latter failed to reach statistical

significance in this wider category, after controlling for multiple

testing. Both of the genetic correlations were negative in direction,

with higher genetic likelihood for autism being associated with an

earlier age of menarche and reduced likelihood for hair loss

(Figure 1).
Discussion

Study 1 - Genetic overlap on
the X chromosome

This analysis compared the gene expression differences in the

placenta, during mid-pregnancy, to a list of genes that have been

associated with autism. While there was no genetic overlap when

autosomes were considered, there was a significant enrichment

when the analysis was restricted to the X-chromosome. This was
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due to an overlap of five genes on the X, namely SMC1A, KDM5C,

ARHGEF9, HDAC8 and DDX3x. Four showed significant sex

differences in placental expression at a level of FDR<0.01 (with

the exception of ARHGEF9 at FDR<0.05) indicating that

enrichment would have been significant at more conservative

thresholds than the one chosen for this study (FDR<0.1).

Sex differences in placental function and vulnerability have long

been known to clinicians. However, the molecular background to

this has only been studied relatively recently, following the

discovery of high-throughput genomic methods, such as

microarrays and next-generation-sequencing. Consistently, across

all human studies, placental gene expression differences between the

sexes can largely be attributed to differences in the dosage of genes,

located on the X and Y chromosomes (44, 58). In the study by

Gonzalez et al, prenatal differences in the expression of genes on the

X chromosome were consistent with measurements conducted at

birth. In contrast, differences in autosomes fluctuated according to

gestational age (49). Further analysis showed that the placental X-

linked genes that differed by sex were not restricted to regions that
TABLE 2 SFARI Genes that show significant sex differences in placental expression.

Gene ID Gene Name M/F Autism
Total

Gene Function SFARIScore Conditions

SMC1A structural maintenance of
chromosomes 1A

Female
upregulated

2/8 Segregation of sister chromatids
during division

S Cornelia de Lange - 2,
DD/NDD, EPS

Rett-like phenotypes

KDM5C lysine demethylase 5C Female
upregulated

6/27 transcription and chromatin
remodeling

1 EPS, Autism, EP, DD/
NDD

ARHGEF9 Cdc42-guanine nucleotide
exchange factor (GEF) 9

Male
upregulated

4/11 Rho-like GTPase,
mTOR regulator

1S EPS, ID, Autism

HDAC8 Histone deacetylase 8 Female
upregulated

1/8 suppresses transcription in large
multiprotein complexes

S Cornelia de Lange - 5

DDX3x DEAD box helicase 3 Female
upregulated

7/27 transcription regulation, mRNA
assembly, splicing

1S DD/NDD, ADHD, EPS,
ID, Autism, EP
TABLE 3 Pairwise genetic correlations based on LD scores of GWAS summary statistics. q is FDR-corrected value of statistical significance.

Bio T males Bio T
females

Estradiol males PLGF PCOS Age of
menarche

Alopecia

h2: 0.13 (0.01) h2: 0.16 (0.01) h2: 0.02 (0.01) h2: 0.12 (0.05) h2: 0.13 (0.02) h2:0.21 (0.01) h2: 0.30 (0.05)

Autism
h2: 0.19
(0.02)

b=-0.01 b=-0.01 b=-0.06 b=0.06 b=-0.075 b=-0.109 b=-0.135

SD=0.04 SD=0.01 SD=0.08 SD=0.09 SD=0.084 SD=0.031 SD=0.044

z=-0.25 z=-0.20 z=-0.78 z=0.61 z=-0.893 z=-3.482 z=-3.077

p=0.80 p=0.84 p=0.438 p=0.55 p=0.372 p=0.0005 p=0.0021

q=0.84 q=0.84 q=0.767 q=0.77 q=0.767 q=0.0035 q=0.0074

iPSYCH
combined
h2: 0.13
(0.01)

b=-0.07 b=0.08 b=-0.01 b=-0.08 b=-0.021 b=-0.124 b=-0.106

SD=0.04 SD=0.04 SD=0.07 SD=0.09 SD=0.09 SD=0.036 SD=0.044

z=-1.61 z=2.01 z=-0.16 z=-0.85 z=-0.23 z=-3.452 z=-2.402

p=0.11 p=0.045 p=0.09 p=0.39 p=0.818 p=0.0006 p=0.0163

q=0.154 q=0.105 q=0.154 q=0.455 q=0.818 q=0.0042 q=0.057
‘Bio T’: the levels of free testosterone, based on circulating total testosterone and SHBG.
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are known to escape X-chromosome inactivation, but rather

extended across the length of the chromosome.

In a more recent, large-scale study of placental genomics (at

birth), researchers were able to compare gene expression differences

not only between the sexes, but also within the placentas of the same

individuals. They also reported significant sex differences, stemming

from the X chromosome. However, intra-individual comparisons,

paired with genotyping, also revealed that there was pronounced

genetic mosaicism within the same placentas, which extended to

transcriptional differences (59). This complex genetic landscape can

potentially be attributed to placental tissue’s clonal expansion and

may be driven by rapid cycles of DNA replication and cell division.

This could in turn lead to inefficiencies in chromosome

methylation, X-chromosome inactivation and genetic instability,

leading to accumulation of mutations confined within clonal cell

populations, similarly to neoplastic growth. Thus, sex differences in

placental genomics and ultimately function may be attributed to the

tissue’s complex genetic landscape, gene dosage effects on the X-

chromosome and this controlled state of genetic instability.

This phenomenon may also be affected by the effects of

hormones and the person’s own genetic background. Male

placentas express higher levels of DHEAS, the main steroid

precursor for both androgens and estrogens (22). In the study by

Gonzalez et al, unsupervised analysis of the identified variants via

the Ingenuity software, identified the estrogen receptor-1 and

progesterone as potential upstream regulators of the identified sex

differences (49). It is also important to note that sex steroid

hormones have pronounced effects on methylation, by directly

acting on histone modification enzymes, as well as the genome

itself (via their receptors)(60). Therefore, sex differences in placental

gene expression are probably not independent to the effects of sex

steroid hormones.

Regarding autism, prenatal steroidogenesis, methylation

differences in the placenta and genetic instability have all been

associated with increased likelihood for the condition (61). In this

study, five genes were identified that may be contributing to the

interactions between these factors.

All five of the genes take part in the regulation of genomic

processes, such as transcription, gene replication and mitotic

segregation. However, some have also been linked to steroid-

related phenotypes. For example, KDM5C encodes a DNA-
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binding transcription regulator that is involved in chromatin

remodeling. But a common genetic variant directly upstream of

this gene (rs140498714) was identified in the largest GWAS of

testosterone levels in older adults of the UK Biobank (51).

Syndromes linked to the same locus have also been associated

with abnormalities in the formation of the male external genitalia.

The main example is the syndrome attributed to MRXSCJ (X-

Linked, Syndromic, Claes-Jensen Type), which, in addition to

neurodevelopmental symptoms, also features short stature,

cryptorchidism, micropenis and endocrine symptoms in later life,

like amenorrhea (in females), alopecia (in males) and excessive

body hair growth in neonates and children (62). In addition, in a

mouse knockout model for Kdm5c, there was a significant increase

in the animals’ aggressive behavior. These changes were attributed

to changes in the brain, where dendrite differences, an increase in

spines and upregulation of androgen targets, were noted in the

amygdala and frontal cortex (63).

Similarly, DD3X encodes a helicase involved in transcription

and splicing, which has been linked to the main symptoms of

Klinefelter syndrome. Individuals with this syndrome have

increased prevalence for autism, but also frequently have defects

in primary and secondary sex differentiation, with frequent

eunochoid body proportions and primary hypogonadism (small

gonads and decreased testosterone) (64, 65). In a mouse model of

the condition, the homologous gene was seen to escape X-

chromosome inactivation, leading to a significant up-regulation of

the transcript in the brain of the Klinefelter-type, compared to the

brains of both male and female mice (66). It is interesting to

speculate that loss-of-function mutations in autism may have the

opposite effect and lead to sex steroid excess. DD3X is also one of

the genes that ‘escapes’ X chromosome inactivation in somatic cells

of females as well as the placenta, potentially leading to gene dosage

differences between the sexes (67).

Contrary to this and the other genes, which were downregulated

in male placentas, the transcript for ARHGEF9 was found to be

upregulated in males. This gene encodes a guanine nucleotide

exchange factor, that takes part in molecular cascades involving

CDC42 and the mTOR pathway. In a clinical setting, ARHGEF9-

related syndromes have been associated with autism, developmental

delays and speech impairment, with epilepsy being a common

symptom in most cases (68, 69). At the molecular level, the gene

product is reported to contribute to the formation of GABAnergic

and glycinergic synapses in the brain. Interestingly, common

variance around the gene has also been linked to total

testosterone levels (in men) (51), as well as male-pattern alopecia

(within an intron of the gene) (55).

Finally, mutations in two of the genes that were identified in this

analysis (DDX3X, SMC1A), can lead to Cornelia-de-Lange

syndrome (CdLS). This rare genetic condition is characterized by

mental and physical delays, microcephaly and a characteristic facial

phenotype with short brows and synophrys (70). The children often

exhibit autistic behaviors in response to overstimulation. This

symptomatology is often worse in males, than females.

Interestingly, children with the condition are often born with

excess body hair, but this may be the result of dysfunctions in

epithelial differentiation of the skin, rather than an example of
FIGURE 1

Odds ratios for LD-score regressions for autism based on GWAS
summary statistics. ‘Bio T’: the levels of free testosterone, based on
circulating total testosterone and SHBG.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1126036
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Tsompanidis et al. 10.3389/fendo.2023.1126036
hirsutism due to excess testosterone. Research into the endocrine

correlates of the condition is limited, with an unpublished

conference report describing significant differences in testosterone

(71). At the molecular level, clinical sequencing in CdLS has

revealed widespread defects in transcription and genetic

instability (72).

All of these examples indicate a molecular link between genetic

pathways involved in neurodevelopment, genetic instability and in

some cases, sex differences and the endocrine system. However,

caution should be employed in the interpretation of the observed

enrichment, as the result may be confounded by the ‘X-factor’.

Genes on the X chromosome have been found to be highly

expressed in the placenta, as well as in the brain, relative to other

chromosomes (73, 74). In line with the latter, there is also a relative

overabundance of X-linked genes that are associated with mental

disabilities (75), and X-linked common variance in the UK Biobank

has recently been shown to be associated with neuroanatomical

differences in many brain regions (76). Therefore, in the context of

Study 1, the SFARI-curated list of genes may not be specific to

autism, but rather reflect a link between the human brain and the X-

chromosome. In addition, there is potential for clinical

ascertainment bias in the study by Gonzalez et al, as the CVS

samples pertained to pregnancies that were recommended for

genetic screening. No clinical information is reported by the

authors, other than relatively advanced maternal age (mean=39.4

[SD=2.4]years old), so their genomic results may not be

generalizable to prenatal placentas in the wider population.

In conclusion, this enrichment analysis offers a first indication

that placental sex differences at the genetic level may be overlapping

with the genetic likelihood for autism. More research is needed to

study placental gene expression profiles that are specific to autism,

as well the role of the autosomes.
Study 2 - Genetic correlation analysis

Themajority of the genetic likelihood for autism can be attributed

to common variants (6). In this exploratory analysis, the common-

variant genetics of autism was examined in association with the

genetics of several steroid-related traits and conditions. It is

important to note that these genetic correlations only capture the

polygenic component of each trait, relating to common genetic

variance. They are not tests of a link at the clinical level. In addition,

eachGWAS is affected byvarying degrees of statistical power, aswell as

the specific demographic characteristics of each cohort. Particularly

regarding steroid hormone levels and PlGF levels, their assessments in

the corresponding GWAS were all postnatal and in late adulthood,

setting them apart from the other studies that included prenatal

measurements of the same hormones (16, 28, 77). This may be the

reason that no genetic correlation was found between the genetic

variance associated with testosterone, estradiol or PlGF levels with

autism, despite previous clinical and epidemiological evidence.

Alternatively, elevated steroidogenesis in autism may be due to

genetic factors that are not captured well by the latest GWAS, but

rather are related to rare variants, theX-chromosomeor to interactions

between genes and the wider endocrine system.
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For example, polycystic ovaries syndrome (PCOS) is a complex

and heterogeneous condition that includes multiple hormonal

systems and has not yet been attributed to a single cause. In the

context of autism, elevated rates of PCOS have been reported in

autistic women (30). However, the evidence is certainly more

conclusive for the effects of maternal PCOS on autism likelihood

in their children, following replications in independent cohorts

(78). In the present study, no genetic correlation was found between

the genotypes associated with PCOS and the ones for autism. This

could be an indication that the link between the two conditions may

be attributed to ‘environmental’ factors, such as increased androgen

exposure in utero. The placentas of women with PCOS have lower

levels of aromatase, potentially exposing the fetus to elevated levels

of maternal androgens (33). Consistent with this, new evidence in

humans indicates that PCOS may be transgenerational, whereby

high levels of prenatal androgens in mothers with the condition

induce PCOS in their daughters via conditioning of the HPG

(hypothalamus-pituitary-gonadal) axis, rather than via direct

genetic effects (79). This could partly explain why the strong

epidemiological link of PCOS with autism likelihood does not

appear to be mediated by genetic factors in this analysis or in

epidemiological studies (31).

In contrast, the present analysis showed that the genotypes

associated with hair loss in men genetically correlate negatively with

autism. The effect size is considerable (b=-0.14 [0.04], p=0.007) and

higher than the genetic correlation of the same trait (androgenic

alopecia) and with the genetics of bioavailable testosterone in men

(b=0.10 [0.03], p=0.003). The direction of effect is surprising, given

previous findings of elevated circulating androgens in autism

postnatally (80). On the other hand, several studies from our lab

(16, 28) and by other research groups (27) have reported that

autism is associated with higher levels of estrogens, which could, in

turn, have an effect on reducing androgenic alopecia likelihood

postnatally. No previous clinical or epidemiological study has

investigated whether androgenic alopecia is less frequent in

autism, and most reports of symptoms relating to increased

steroids have focused on women and their reproductive health

(47, 48). If this genetic correlation extends to the clinical level, then

this could be seen as additional evidence that a potential

‘steroidopathy’ in autism affects males and females in different

ways. It is also important to note that androgenic alopecia is a

complex, polygenic trait that likely involves several factors other

than androgen levels/sensitivity, such as hair thickness, follicle

vascularization and epithelial aging. Several studies have

reported a genetic link between the androgenic alopecia and

neurodegenerative conditions, such as Parkinson’s (81, 82). In the

genetic correlation presented here, genotype data was restricted to

the autosomes and did not include variance relating to the androgen

receptor on the X-chromosome. Nevertheless, the result, albeit

surprising, remains significant and likely captures a common

latent factor in the maintenance of follicle health in men and the

likelihood for autism.

Finally, the analysis showed that autism correlated negatively

with age of menarche in women. This finding is consistent with

previous epidemiological reports of a negative association between

puberty onset and autistic traits (83), as well as higher likelihood for
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early onset of puberty in autistic people (84, 85). However, delayed

puberty, in the context of hypogonadotrophic hypogonadism (e.g.

in Klinefelter’s), has also been associated with increased likelihood

for concurrent autism (OR=5.7 [2.6-12.6]), ADHD and other

neurodevelopmental conditions (86).

Puberty onset, as well as age of menarche are both complex traits

that feature an interplay between gonadal steroids, hypothalamic

signaling, and pituitary rhythmicity. It is still unclear how autism

affects the maturation of these components in childhood and puberty.

Atypical rates of cortical thinning during adolescence have been

reported for several brain regions in autistic individuals. In one

study, the observed patterns of cortical thinning interacted with sex

and were proposed to be mediated by an initial resistance to steroid-

induced neuronal pruning, followed by an accelerated rate in later

adolescence (87). Faster pubertal development has also been linked

with increasing symptom severity for other aspects of mental health.

Males and females who mature earlier than their peers report more

symptomsofdepression (88, 89) andare at increased riskof attempting

suicide (90), with the rate of pubertal development being a particularly

strong predictor of depression in males (89). A survey of over 35,000

Finnish teenagers showed that early onset of puberty was associated

with internalizing (e.g. depression, anxiety, psychosomatic problems,

bulimia) and externalizing behavior (substance-use, bullying, truancy)

in females, but only the latter in males (91). These reports are also

consistent with the genetic correlation that was observed in this study,

between early puberty onset and the genetics of several psychiatric

conditions (Table 3). Therefore, this linkmay not be specific to autism

and likely relate to both genetic and environmental factors that shape

the HPG axis prenatally and throughout childhood.

In conclusion for Study 2, the common genetic variance for autism

did not correlate with the variance associated with steroid hormone

levels in childhood. Thismay be because of low power in capturing the

common genetic variance for autism, as well as the relatively low SNP-

based heritability for postnatal hormone levels. However, the genetics

of autismwere found tocorrelatenegativelywith twocomplex, steroid-

related traits, namely age of menarche and androgenic alopecia. The

reason for this is unknown but likely involves a complex interaction

between steroid hormones, the HPG axis and processes involved in

cellular maturation. Additional research, both clinical and molecular,

is needed to understand these novel correlations.

Finally, both the studies presented here indicate that genetic

factors associated with autism, interact with the prenatal

environment and particularly with the regulation of steroidogenesis

via the placenta and the HPG axis. Further study is needed to

understand if these interactions contribute substantially to the

skewed sex ratios in neurodevelopment, particularly in comparison

to social variables, such as gender norms and gender-based diagnostic

biases for conditions like autism.
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12. Jacquemont Sébastien, Coe BP, Hersch M, Duyzend MH, Krumm N, Bergmann
S, et al. A higher mutational burden in females supports a ‘Female protective model’ in
neurodevelopmental disorders. Am J Hum Genet (2014) 94(3):415–255. doi: 10.1016/
j.ajhg.2014.02.001

13. Kosmicki JA, Samocha KE, Howrigan DP, Sanders SJ, Slowikowski K, Lek M,
et al. Refining the role of de Novo protein-truncating variants in neurodevelopmental
disorders by using population reference samples. Nat Genet (2017) 49(4):504–10.
doi: 10.1038/ng.3789

14. Warrier V, Zhang X, Reed P, Havdahl A, Moore TM, Cliquet F, et al. Genetic
correlates of phenotypic heterogeneity in autism. Nat Genet (2022) 54(9):1293–304.
doi: 10.1038/s41588-022-01072-5

15. Blanken LME, Dass A, Alvares G, van der Ende J, Schoemaker NK, El Marroun
H, et al. “A prospective study of fetal head growth, autistic traits and autism spectrum
disorder”. Autism Res (2018) 11(4):602–12. doi: 10.1002/aur.1921

16. Baron-Cohen S, Tsompanidis A, Auyeung B, Nørgaard-Pedersen B, Hougaard
DM, Abdallah M, et al. Foetal oestrogens and autism”. Mol Psychiatry (2019) 25
(11):2970–8. doi: 10.1038/s41380-019-0454-9

17. Chakrabarti B, Dudbridge F, Kent L, Wheelwright S, Hill-Cawthorne G, Allison
C, et al. Genes related to sex steroids, neural growth, and social-emotional behavior are
associated with autistic traits, empathy, and asperger syndrome. Autism Res (2009),
(3):157–77. doi: 10.1002/aur.80

18. Crider A, Thakkar R, Ahmed AO, Pillai A. Dysregulation of estrogen receptor
beta (ERb), aromatase (CYP19A1), and ER Co-activators in the middle frontal gyrus of
autism spectrum disorder subjects. Mol Autism (2014) 5(1):465. doi: 10.1186/2040-
2392-5-46

19. Quartier A, Chatrousse L, Redin C, Keime C, Haumesser N, Maglott-Roth A,
et al. Genes and pathways regulated by androgens in human neural cells, potential
candidates for the Male excess in autism spectrum disorder. Biol Psychiatry (2018) 84
(4):239–52. doi: 10.1016/j.biopsych.2018.01.002

20. Mitra I, Tsang K, Ladd-Acosta C, Croen LA, Aldinger KA, Hendren RL, et al.
Pleiotropic mechanisms indicated for sex differences in autism. Edited by Jonathan
Flint PLoS Genet (2016) 12(11):e1006425. doi: 10.1371/journal.pgen.1006425

21. Schutz CK, Polley D, Robinson PD, Chalifoux M, Macciardi F, White BN, et al.
Autism and the X chromosome: no linkage to microsatellite loci detected using the
affected sibling pair method. Am J Med Genet (2002) 109(1):36–41. doi: 10.1002/
ajmg.10138

22. Gong X, Bacchelli E, Blasi F, Toma C, Betancur C, Chaste P, et al. “Analysis of X
chromosome inactivation in autism spectrum disorders”. Am J Med Genetics Part B:
Neuropsychiatr Genet (2008) 147(6):830–5. doi: 10.1002/ajmg.b.30688
Frontiers in Endocrinology 09
23. Chung RH, Ma D, Wang K, Hedges DJ, Jaworski JM, Gilbert JR, et al. “An X
chromosome-wide association study in autism families identifies TBL1X as a novel
autism spectrum disorder candidate gene in males”. Mol Autism (2011) 2(1):18.
doi: 10.1186/2040-2392-2-18
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