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Understanding the female protective effect and 
role of sex-differential biology in risk for autism 



Outline 
•  Autism prevalence and risk in males 

vs. females 

•  How scientists think about sex-differential risk: 
The Female Protective Effect (FPE) model 

•  Research in progress: 
Relationship between autism biology and 
sex-differential biology 
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Autism spectrum disorders (ASDs) 
•  Pervasive neurodevelopmental disorders 

•  Deficits in social communication and interaction 
•  Restricted, repetitive behavior, interests, or activities1 

•  Prevalence in US is 1/68 children = 1.5%2 

•  Costs of ASD 
•  Monetary: $236-262 billion per year in US3 
•  Quality of life: Poor engagement in society, poor health outcomes 

•  Best current treatments are behavioral interventions 

•  Genetic factors contribute to ASD risk 
1APA, 2013, DSM-5. 2Christensen et al., 2016, MMWR Surveil. Summ. 3Buescher et al., 2014, JAMA Pediatr. 3 



1Christensen et al., 2016, MMWR Surveil. Summ. 4 

0

5

10

15

20

25

30

Male

IQ>70
IQ unknown
IQ≤70

Female
Pr

ev
al

en
ce

 p
er

 1
,0

00
 c

hi
ld

re
n

ASDs have sex-biased prevalence 
•  4.5:1 males:females have an 

ASD diagnosis in US1 



•  8:3 M:F in Leo Kanner’s 
original cases, 19432 

ASDs have sex-biased prevalence 
•  4.5:1 males:females have an 

ASD diagnosis in US1 

1Christensen et al., 2016, MMWR Surveil. Summ., 2Kanner, 1943, Nervous Child.  5 



•  8:3 M:F in Leo Kanner’s 
original cases, 19432 

•  Male bias consistent over time 
and across countries3 

ASDs have sex-biased prevalence 
•  4.5:1 males:females have an 

ASD diagnosis in US1 

1Christensen et al., 2016, MMWR Surveil. Summ., 2Kanner, 1943, Nervous Child., 3Fombonne, 2009, Pediatr Res. 
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•  8:3 M:F in Leo Kanner’s 
original cases, 19432 

•  Male bias varies by intellectual 
ability1 
•  IQ>70, M:F 5.1:1 
•  IQ≤70, M:F 3.7:1 

ASDs have sex-biased prevalence 
•  4.5:1 males:females have an 

ASD diagnosis in US1 

•  Male bias consistent over time 
and across countries3 

7 1Christensen et al., 2016, MMWR Surveil. Summ., 2Kanner, 1943, Nervous Child., 3Fombonne, 2009, Pediatr Res. 
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ASD females show different social abilities and 
strategies than males 
•  Female children with ASD: 

•  Show greater desire to liked by peers1 

•  More likely to use mimicking as a social strategy1 

•  Adult, autistic females with normal-to-high IQ: 
•  Present with fewer social communication difficulties than males (clinician 

observation)2 
•  Self report more ASD traits than males2 

•  Females might “camouflage” their social difficulties 
•  “Conscious, observational learning of how to act in a social setting by adopting 

social roles and following social scripts” 
•  Requires substantial effort to maintain this strategy on a prolonged basis 

1Hiiller et al, 2015, Autism; 2Lai et al, 2011, PLoS One. 9 



Questions about ASD diagnoses 
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• Are the diagnostic criteria for ASD 
biased toward a male 
presentation? 

• Are autistic females not being 
diagnosed? 



When we look harder, we find more ASD females 
…but still fewer than males 

Recorded 
diagnoses 

Population 
screening 

Sex ratios (M:F) by study

Sex ratio (M:F)

Idring.2014

Kawamura.2008

Mattila.2011.ASD.ID

Mattila.2011.HighFuncASD

Mattila.2011.ASD

Mattila.2011.Autism

Kim.2011

Kohane.2012

Taylor.2013

Zablotsky.2015

Blumberg.2013

Kogan.2009

Wingate.2014

Elsabbagh.2012.Americas

Elsabbagh.2012.Asia

Elsabbagh.2012.Europe

Fombonne.2009

0.2 0.25 0.33 0.5 1 2 3 4 5
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Adapted from CDC ADDM, 2007-2016, MMWR Surveil. Summ. 

More females, including those with normal-to-high 
IQ, are being diagnosed as the years go on 



Summary: 
Sex differences in ASD prevalence 
•  4.5 times as many males have an ASD 

diagnosis than females in the US 
•  ASD may present differently in females 
•  Population screens are better at 

identifying ASD females 
•  Over time, we are diagnosing more 

ASD females, especially those with 
normal-to-high IQ 
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Why study sex bias in ASD from a biological 
perspective? 
Hypothesis: Sex-differential biology contributes 
to male and female differences in ASD risk and 
symptom presentation 

Treatment 
development 

Insights into 
fundamental 

biology of ASD 
14 



Outline 
•  Autism prevalence and risk in males 

vs. females 

•  How scientists think about sex-differential risk: 
The Female Protective Effect (FPE) model 

•  Research in progress: 
Relationship between autism biology and 
sex-differential biology 
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ASD 

Male risk for, or female protection against, ASD? 

16 



ASD 

Male risk for, or female protection against, ASD? 
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ASD 

Male risk for ASD 
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ASD 

De novo mutations 

Perinatal insult 

Common genetic variants 

Female protection against ASD 

19 



ASD 

De novo mutations 

Perinatal insult 

Common genetic variants 

Protection, risk, or both mechanisms may be acting 
in ASD 
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ASD risk is normally distributed in the general population 

De novo 
mutations Perinatal insult Common 

genetic variants + + + … 
21 



De novo 
mutations Perinatal insult Common 

genetic variants + + + … 

Individuals who have been exposed to high levels of 
liability present ASD symptoms 

22 



Female Protective Effect Model:  
Females have a higher liability threshold than males 

De novo 
mutations Perinatal insult Common 

genetic variants + + + … 
23 



De novo 
mutations Perinatal insult Common 

genetic variants + + + … 

Female Protective Effect Model:  
Females have a higher liability threshold than males 
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Prediction 1:  Females can tolerate/are protected from 
a higher level of risk than males 

25 



Prediction 2:  Females with ASD have greater burden of 
risk factors than males 
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Prediction 2:  Females with ASD have greater burden of 
risk factors than males 

Mean genetic burden Mean genetic burden 
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There are 2 ways to test for greater genetic burden 
in females with ASD 
•  Indirect: 

•  Compare recurrence rates in 
siblings of ASD females vs. 
males = “Carter Effect” 

28 

• Direct: 
•  Compare genetic variants in 

the genomes of ASD females 
vs. males 



Evidence for higher ASD recurrence in 
siblings of females is inconsistent 
•  The sex of the older, affected 

sibling does not affect recurrence 

29 



•  The sex of the older, affected 
sibling does not affect recurrence 

•  Siblings of females with ASD have 
a higher rate of ASD diagnoses 
and traits 

30 Werling & Geschwind, 2015, Mol Autism.  

Evidence for higher ASD recurrence in 
siblings of females is inconsistent 



•  The sex of the older, affected 
sibling does not affect recurrence 

•  Siblings of females with ASD have 
a higher rate of ASD diagnoses 
and traits 

31 
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Evidence for higher ASD recurrence in 
siblings of females is inconsistent 



•  The sex of the older, affected 
sibling does not affect recurrence 

•  Siblings - especially males of 
females with ASD have a higher 
rate of ASD diagnoses and traits 

32 
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Evidence for higher ASD recurrence in 
siblings of females is inconsistent 



ASD females have a higher incidence of 
disruptive, de novo variants than males 

33 

? 

Adapted from Sanders et al, 2015, Neuron. 

Copy number variants (CNVs): 

Duplication 

Deletion 



ASD females have a higher incidence of 
disruptive, de novo variants than males 

34 

? 
Insertion/Deletions (Indels): 

Adapted from Dong et al, 2014, Cell Rep. 

AGGCTAAAGTCG 

AGGCAAGTCG 
TA 

AGGCTACCGTAAGTCG 

Deletion 

Insertion 
Females 
Males 



35 Adapted from De Rubeis et al, 2014, Nature.  
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ax21205n3bminutesminse 
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Silent variant 

Missense 
variant 

STOP 

Nonsense 
variant 
(Loss-of-
function, LoF) 

ASD females have a higher incidence of 
disruptive, de novo variants than males 

? 
Single nucleotide variants (SNVs): 



36 Adapted from: 1Sanders et al, 2015, Neuron. 2Dong et al, 2014, Cell Rep. 3De Rubeis et al, 2014, Nature.  

Copy number variants (CNVs)1 Insertion/Deletions (Indels)2 Single nucleotide variants (SNVs)3 

ASD females have a higher incidence of 
disruptive, de novo variants than males 

? 



Summary: 
Female Protective Effect (FPE) model 
•  Females with diagnosed ASD show greater genetic liability than 

diagnosed males 

What is responsible for this protective effect? 

•  Pattern suggests that females are 
protected from less deleterious 
variants/risk factors 

37 

•  More frequent, larger, more deleterious genetic 
variants 

•  Genetic liability might be shared with siblings, 
in some cases 



Outline 
•  Autism prevalence and risk in males 

vs. females 

•  How scientists think about sex-differential risk: 
The Female Protective Effect (FPE) model 

•  Research in progress: 
Relationship between autism biology and 
sex-differential biology 

38 



Hypothesis Males Females 

X-linked condition XmY = 1 X XpXm = 2 Xs 

X chr carries protective genes, imprinted & 
paternally expressed1 

XmY = NO paternal X XpXm = has paternal X 

Fetal testosterone exposure increases risk  
(aka Extreme Male Brain theory2) 

T exposure, prenatally Little/no T exposure prenatally 

Do known sexual dimorphisms contribute 
to ASD risk? 

1Skuse, 2000, Pediatr Res. 2Baron-Cohen, 2002, Trends Cogn Sci. 

Proposed mechanisms 



Elevated prenatal testosterone exposure 
is associated with ASD diagnoses 

Baron-Cohen et al, 2014, Mol Psychiatry. 

Fetal testosterone levels are elevated in males who are 
later diagnosed with ASD 

N=217 
N=58 
N=29 
N=41 



Genomic analyses provide an alternate 
approach for identifying key mechanisms 
•  Candidate mechanism approach 

•  Sex chromosomes 

•  Sex hormones 

•  Sexually dimorphic neural circuitry (e.g. 
hypothalamic nuclei) 

• Genome-wide survey approach 
•  Characterize sex differences in the brain 
•  Characterize ASD differences in the brain 
•  Look for common processes 



Sex-differential 
neurobiology 

How can we find the factors that protect females, or 
increase males’ risk? 

42 

ASD 
neurobiology 



Sex-differential 
neurobiology 

ASD 
neurobiology 

•  Identify biological processes that: 
•  Differ between typical males  

and females 
 and 

•  Are affected in ASD 

43 

How can we find the factors that protect females, or 
increase males’ risk? 



Sex-differential 
neurobiology 

ASD 
neurobiology 

•  Identify biological processes that: 
•  Differ between typical males  

and females 
 and 

•  Are affected in ASD 

44 

How can we find the factors that protect females, or 
increase males’ risk? 



Sex-differential 
neurobiology 

ASD 
neurobiology 

•  Identify biological processes that: 
•  Differ between typical males  

and females 
 and 

•  Are affected in ASD 

45 

How can we find the factors that protect females, or 
increase males’ risk? 



ASD cognition and behavior are the end result of 
changes across multiple levels of biology 

46 



ASD cognition and behavior are the end result of 
changes across multiple levels of biology 

47 



48 

We can also observe sex differences at multiple 
levels of biology 



DNA and RNA are easy to measure and 
informative about downstream biological processes 

49 

ASD 

Sex 



3.  Characterize the relationship between 
sex-DEX genes and ASD biology 

Previous studies: This study: 

ASD neurobiology Sex-differential 
neurobiology 

We can use gene expression to identify sex 
differences in the brain 
1.  Determine whether sex-biased gene 

expression is apparent in the human 
brain 

2.  Identify genes with sex-differential 
expression levels in the human brain 

ASD neurobiology Sex-differential neurobiology 
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Kang, et al., Nature, 2011; www.brainspan.org 

ARTICLE
doi:10.1038/nature10523

Spatio-temporal transcriptome of the
human brain
Hyo Jung Kang1*, Yuka Imamura Kawasawa1*, Feng Cheng1*, Ying Zhu1*, Xuming Xu1*, Mingfeng Li1*, André M. M. Sousa1,2,
Mihovil Pletikos1,3, Kyle A. Meyer1, Goran Sedmak1,3, Tobias Guennel4, Yurae Shin1, Matthew B. Johnson1, Željka Krsnik1,
Simone Mayer1,5, Sofia Fertuzinhos1, Sheila Umlauf6, Steven N. Lisgo7, Alexander Vortmeyer8, Daniel R. Weinberger9,
Shrikant Mane6, Thomas M. Hyde9,10, Anita Huttner8, Mark Reimers4, Joel E. Kleinman9 & Nenad Šestan1

Brain development and function depend on the precise regulation of gene expression. However, our understanding of the
complexity and dynamics of the transcriptome of the human brain is incomplete. Here we report the generation and
analysis of exon-level transcriptome and associated genotyping data, representing males and females of different
ethnicities, from multiple brain regions and neocortical areas of developing and adult post-mortem human brains. We
found that 86 per cent of the genes analysed were expressed, and that 90 per cent of these were differentially regulated at
the whole-transcript or exon level across brain regions and/or time. The majority of these spatio-temporal differences
were detected before birth, with subsequent increases in the similarity among regional transcriptomes. The transcriptome
is organized into distinct co-expression networks, and shows sex-biased gene expression and exon usage. We also profiled
trajectories of genes associated with neurobiological categories and diseases, and identified associations between single
nucleotide polymorphisms and gene expression. This study provides a comprehensive data set on the human brain
transcriptome and insights into the transcriptional foundations of human neurodevelopment.

Human neurodevelopment is a complex and precisely regulated pro-
cess that occurs over a protracted period of time1–3. Human-specific
features of this process are likely to be important factors in the evolu-
tion of human specializations2–5. However, in addition to giving us
remarkable cognitive and motor abilities, the formation of molecularly
distinct and intricate neural circuits may have also increased our sus-
ceptibility to certain psychiatric and neurological disorders4–9.
Furthermore, sex differences are important in brain development
and function, and are a risk factor for conditions such as autism spec-
trum disorders (ASDs) and depression9–13. Research and progress in all
these areas could be enhanced by a comprehensive analysis of the
spatio-temporal dynamics of gene expression and transcript variants
in the human brain.

Previous transcriptome studies of the developing human brain
have used relatively small numbers of samples and predominantly
focused on only a few regions or developmental time points14–18. In
this Article, we explore the transcriptomes of 16 regions comprising
the cerebellar cortex, mediodorsal nucleus of the thalamus, striatum,
amygdala, hippocampus and 11 areas of the neocortex. The data set
was generated from 1,340 tissue samples collected from 57 developing
and adult post-mortem brains of clinically unremarkable donors
representing males and females of multiple ethnicities.

Study design, data generation and quality control
To investigate the spatio-temporal dynamics of the human brain
transcriptome, we created a 15-period system spanning the periods
from embryonic development to late adulthood (Table 1 and Sup-
plementary Information, section 2.1). We sampled transient prenatal

structures and immature and mature forms of 16 brain regions,
including 11 neocortex (NCX) areas, from multiple specimens per
period (Table 2; Supplementary Information, section 2.2; Sup-
plementary Figs 1–3; and Supplementary Table 1). The 11 NCX areas
are collectively referred to hereafter as the region NCX. We also
genotyped donor DNA using an Illumina 2.5-million single nucleotide
polymorphism (SNP) chip (Supplementary Fig. 4 and Supplementary
Table 2). Only brains from clinically unremarkable donors with no signs
of large-scale genomic abnormalities were included in the study (N 5 57,
including 39 with both hemispheres; age, 5.7 weeks post-conception

*These authors contributed equally to this work.

1Department of Neurobiology and Kavli Institute for Neuroscience, Yale University School of Medicine, New Haven, Connecticut 06510, USA. 2Graduate Program in Areas of Basic and Applied Biology, Abel
Salazar Biomedical Sciences Institute, University of Porto, 4099-003 Porto, Portugal. 3Graduate Program in Neuroscience, Croatian Institute for Brain Research, University of Zagreb School of Medicine,
10000 Zagreb, Croatia. 4Department of Biostatistics, Virginia Commonwealth University, Richmond, Virginia 23298, USA. 5MSc/PhD Molecular Biology Program, International Max Planck Research School
for Molecular Biology, 37077 Göttingen, Germany. 6Yale Center for Genome Analysis, Yale University School of Medicine, New Haven, Connecticut 06510, USA. 7Institute of Genetic Medicine, Newcastle
University, International Centre for Life, Newcastle upon Tyne NE1 3BZ, UK. 8Department of Pathology, Yale University School of Medicine, New Haven, Connecticut 06510, USA. 9Clinical Brain Disorders
Branch, National Institute of Mental Health, National Institutes of Health, Bethesda, Maryland 20892, USA. 10The Lieber Institute for Brain Development, Johns Hopkins University Medical Campus,
Baltimore, Maryland 21205, USA.

Table 1 | Periods of human development and adulthood as defined
in this study
Period Description Age

1 Embryonic 4 PCW # Age , 8 PCW
2 Early fetal 8 PCW # Age , 10 PCW
3 Early fetal 10 PCW # Age , 13 PCW
4 Early mid-fetal 13 PCW # Age , 16 PCW
5 Early mid-fetal 16 PCW # Age , 19 PCW
6 Late mid-fetal 19 PCW # Age , 24 PCW
7 Late fetal 24 PCW # Age ,38 PCW
8 Neonatal and early infancy 0 M (birth) # Age ,6 M
9 Late infancy 6 M # Age , 12 M
10 Early childhood 1 Y # Age ,6 Y
11 Middle and late childhood 6 Y # Age , 12 Y
12 Adolescence 12 Y # Age , 20 Y
13 Young adulthood 20 Y # Age , 40 Y
14 Middle adulthood 40 Y # Age , 60 Y
15 Late adulthood 60 Y # Age

M, postnatal months; PCW, post-conceptional weeks; Y, postnatal years.

2 7 O C T O B E R 2 0 1 1 | V O L 4 7 8 | N A T U R E | 4 8 3

Macmillan Publishers Limited. All rights reserved©2011
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12.  Supplementary Figures �

 
Supplementary Figure 1 | Demarcation of adult brain regions and NCX areas. a-c, Representative adult human 
brain images from period 14 are shown illustrating the sampling locations depicted on the lateral (a) and medial (b) 
surfaces of the hemisphere and the dorsal surface of the cerebellar hemisphere (c). Relative sizes of the sampled regions 
of interest are depicted on coronal slices (c, L2 – L15) of the left cerebral hemisphere. Red lines in (a) and (b) represent 
locations of coronal sections. The posterior side of the slice is shown, and the average section thickness is 1 cm. Brain 
regions and NCX areas of interest are represented by different colors and two or three letter abbreviations (for full 
names see section 2.2 of the Supplementary Information). A1C* is located on the temporal bank of the lateral sulcus 
(i.e., planum temporale and transverse gyrus of Heschl), and cannot be observed on the lateral view of the hemisphere; 
for illustrative purposes only, relative size and position of the A1C* was depicted on the lateral surface. The dotted line 
and asterisk (L2) depict an artifact during tissue processing. For detailed sampling procedures see section 2.2 of the 
accompanying Supplementary Information. These images were generated using fixed brain specimens not used to 
generate transcriptome data. 
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Supplementary Figure 2 | Demarcation of fetal brain regions and NCX areas. a-c, Representative fetal human brain 
images from period 6 are shown illustrating the sampling locations of tissues used for transcriptome analysis. Relative 
positions of the regions of interest are depicted on the lateral (a) and medial (b) surfaces of the hemisphere and the 
dorsal surface of the cerebellar hemisphere (c). Relative sizes of the sampled regions of interest are depicted on coronal 
slices (c, L1 – L7) of the left cerebral hemisphere. Red lines in (a) and (b) represent locations of coronal sections. The 
posterior side of the slice is shown, and the average section thickness is 0.5 cm.  Regions of interest are represented by 
different colors and two or three letter abbreviations (for full names see section 2.2 of the Supplementary Information). 
In total, 16 regions of interest were sampled as follows: 5 regions from the frontal lobe cortex (OFC, DFC, VFC, MFC 
and M1C), 2 regions from the parietal lobe cortex (S1C and IPC), 4 regions from the temporal lobe cortex (A1C, STC, 
ITC and HIP), 1 region from the occipital lobe cortex (V1C), 3 regions from subcortical structures (MD, AMY and 
STR) and 1 region from the cerebellum (CBC). Sampled regions of interest always contained cortical plate and part of 
the underlying subplate zone. For detailed sampling procedures see section 2.2 of the Supplementary Information. These 
images were generated using fixed brain specimens not used to generate transcriptome data. 
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images were generated using fixed brain specimens not used to generate transcriptome data. 
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There is no evidence of an autosomal gene with 
XY levels of sexual dimorphism 

52 

Sex-DEX genes identified by 
permutation approach (Q≤0.05; 
top-ranking sex-DEX in ≥2 consecutive 
developmental periods from same brain region): 

•  Higher expression in males: 
•  343 protein-coding genes, 54 

noncoding transcripts 
•  Higher expression in females: 

•  244 protein-coding genes, 176 
noncoding transcripts 
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We use enrichment analysis to find 
biological processes that differ by sex 
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Reference gene set 1 

Reference gene set 2 

Reference gene set 3 

Reference gene set 4 
Log odds of 
enrichm
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Reference gene set 1 

We use enrichment analysis to find 
biological processes that differ by sex 
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Reference gene set 2 

Reference gene set 3 

Reference gene set 4 



We use enrichment analysis to find 
biological processes that differ by sex 
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We use enrichment analysis to find 
biological processes that differ by sex 
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ASD risk genes and associated pathways 
do not show sex-differential expression 

57 1Sanders et al, Neuron, 2015; 2Darnell et al, Cell, 2011; 3Cotney et al, Nat Comm, 2015; 4Sugathan et al, PNAS, 2014 
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Genes up-regulated in the ASD brain 
are also sex-differentially expressed 

58 

ASD neurobiology Sex-differential neurobiology 

1Parikshak, Swarup, Belgard et al, Nature, 2016. 

1 1 



Genes up-regulated in the ASD brain 
are also sex-differentially expressed 
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ASD neurobiology Sex-differential neurobiology 

1Parikshak, Swarup, Belgard et al, Nature, 2016. 
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ASD-up-regulated genes show largest 
sex differences in prenatal cortex 
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ASD neurobiology Sex-differential neurobiology 



ASD-up-regulated genes show largest 
sex differences in prenatal cortex 
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Convergence between 
male-typical and ASD 

neurobiology 

ASD neurobiology Sex-differential neurobiology 



Males’ glial biology may be similar to glial biology in ASD 

Sex-differential 
neurobiology 

ASD 
neurobiology 
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Males’ glial biology may put them one step closer to 
an ASD phenotype than females 

Liability for ASD
i.e. exposure to risk factors such as genetic variants
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Liability for ASD
i.e. exposure to risk factors such as genetic variants
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Males’ glial biology may put them one step closer to 
an ASD phenotype than females 
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Liability for ASD
i.e. exposure to risk factors such as genetic variants
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Males’ glial biology may put them one step closer to 
an ASD phenotype than females 

Glial biology 
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Summary: 
Sex-differential and ASD biology 

67 

•  Intersection of ASD neurobiology and sex-
differential neurobiology provides an 
approach to understand sex bias 

•  ASD risk genes are not sex-differentially 
expressed 

•  Genes up-regulated in ASD brain do differ 
by sex: 
•  Males: Glial-associated genes (M9, M19) 
•  Females: “Cortical patterning” genes (M20) 



Review 
•  Autism prevalence and risk in males 

vs. females 

•  How scientists think about sex-differential risk: 
The Female Protective Effect (FPE) model 

•  Research in progress: 
Relationship between autism biology and 
sex-differential biology 
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Review 
•  Autism diagnoses remain more prevalent in males 
•  Knowledge and awareness of the female ASD phenotype 

is growing 

•  Female Protective Effect model is a useful tool for scientists to 
formulate and test hypotheses about ASD risk 

•  Genetic evidence supports the hypothesis that females are 
protected from ASD risk 

•  Gene expression from brain suggests that glial biology 
differs by sex and is altered in ASD 

•  Working hypothesis: Males’ glial biology may push 
them closer to ASD threshold than females 
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