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Autism Spectrum Disorders

ASD now includes several conditions that used to be diagnosed separately: autistic
disorder, pervasive developmental disorder not otherwise specified (PDD-NOS),
Asperger syndrome, and childhood disintegrative disorder

These disorders involve a wide range of cognitive and behavioral abnormalities: social
deficits and communication difficulties, repetitive behaviors and interests, sensory
iIssues, deviance in language development, poor motor skills’ and in some cases,
cognitive delays.

About 1 percent of the world population has autism spectrum disorder. (CDC,2014)

Prevalence in the United States is estimated at 1 in 68 births. (CDC, 2014)

Prevalence of autism in U.S. children increased by 119.4 percent from 2000 (1 in 150) to
2010 (1 in 68). (CDC, 2014) Autism is the fastest-growing developmental disability.
(CDC, 2008)

Cost of lifelong care can be reduced by 2/3 with early diagnosis and intervention. (Autism
Society estimate)

ASD is almost 5 times more common among boys (1 in 42) than among girls (1 in 189)

http://www.autism-society.org/
http://www.cdc.gov/ncbddd/autism/
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Genome-wide, integrative analysis implicates
microRNA dysregulation in autism spectrum disorder
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Genetic variants conferring risk for autism spectrum disorder (ASD) have been identified, but the role of post-transcriptional
mechanisms in ASD is not well understood. We performed genome-wide microRNA (miRNA) expression profiling in post-mortem
brains from individuals with ASD and controls and identified miRNAs and co-regulated modules that were perturbed in ASD.
Putative targets of these ASD-affected miRNAs were enriched for genes that have been implicated in ASD risk. We confirmed
regulatory relationships between several miRNAs and their putative target mRNAs in primary human neural progenitors.

These include hsa-miR-21-3p, a miRNA of unknown CNS function that is upregulated in ASD and that targets neuronal genes
downregulated in ASD, and hsa_can_1002-m, a previously unknown, primate-specific miRNA that is downregulated in ASD and
that regulates the epidermal growth factor receptor and fibroblast growth factor receptor signaling pathways involved in neural
development and immune function. Our findings support a role for miRNA dysregulation in ASD pathophysiology and provide a
rich data set and framework for future analyses of miRNAs in neuropsychiatric diseases.
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Flow chart of the overall approach

BA9
(prefrontal)

BA41/42/22
(temporal)

Cerebellar vermis

up to 3 brain regions (frontal cortex, temporal
cortex, cerebellar vermis) implicated with ASD
from 242 post-mortem brain samples

identified and quantified 699 miRNAs (552
documented in miRBase and 147 unknown)

242 RNA samples from 3 brain regions (131
samples from 55 ASD cases; 111 samples
from 42 controls)
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50 bp single-end sequencing
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Weighted gene coexpression
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Target prediction, gene list
enrichment analyses, integration with RNA-
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Experimental validation in human neural
progenitor cells
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PCA and hierarchical sample clustering
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Characteristics of samples used in analyses

95 cortex samples for DGE analysis
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log,(fold change)

Differential expression analyses
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Hierarchical clustering of 95 cortex samples based on top DE miRNAs (FDR<0.05; abs(log2FC) > 0.3)

FDR<0.05; abs(log2FC) > 0.3
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16 are miRNAs differentially
expressed (at FDR<5%) in both
cortex and cerebellum
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Weighted Gene Coexpression Network Analysis (WGCNA)
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Pearson correlation coefficients with
diagnosis and other potential confounders
and covariates

15-30 years (n = 47)
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Scaled module eigengene values and network plots

hsa-P1-can888-m

MEbrown

O
0.3 - Bl ASD, F ASD, M BCTL, F OCTL, M
0.2 - hsa_can_576-m
) o
0.1 1
hsa-P7-can8443-m
0.0 O
—0.1 - hsa-miR-619 5p
hsa miR:3687 hsa_can_1155-m
-0.2 O hsa_can @071-m
03 N o sa-miR-: gg%an 575.m hsa—giR—320b
. sa_can_ -m
. - ) 1002-m
) T | | | | l | e *m.. heazohr2_6216-m

| | | | | | |
<15 1530 >30 >15 15-30 >30 >30 15-30 >30 hsa-P9-can627- rhsa can=2434-m

Age (years)|
hsa-P5-can399-m hsa_can_139-m

hsa-P3-can8392-m

hsa-miR-30a-5p

(@]
hsa-miR-23a-3p
0.3, MASD, F MASD, M
-‘cg 02 =
% 0.1 4 hsa-miR-199a-5p
(@] i
g 0.0 A <chro_21448-m hsa-miR-143-3p
o1 . &
"'§J g 5 hsa-miR-199b-3p hsa<chr5_13097-m
A _eo( 3e:'slrs) o — l | — | | |
ge y | | | | | | | | hsa-miR-145-5p
<15 15-30 >30 >15 15-30 >30 >30 15-30 >30 hsa-miR-145-3p
O
TF/CR: USF2, MYC, SMARCC1, SRE
hsa—mlR 132-5p
hsa-miR-212- 5p S ml%132 30 hsa- n&R 671-5p
. hsa-miR- 885 5 a mlh 325é)a 3
0.3 - OASD, F OASD, M hsa-miR-103a- 3p mlR 383-
hsa mlR 107 708 -5p .
0.2 4 hsa-miR-873- 5p ©hsamir-137
= h3a- mlR 490-3p
o 0.1 hsa-mlR 218-5p
L% 0.0 1 hsa-niR-424-5p
W 0.1 -
—0.2 4 § Coexpression
— . =
AaiSars) kesd——h—] | | L L ! .
e (years) b [ [ | I [ ] [ | MDS1 of intramodular
9 hsa_can_270-m ivi
<15 15-30 >30 >15 15-30 >30 >30 15-30 >30 0 connectivity

12



MRNA targets of top DE miRNAs and hub miRNAs in ASD-related modules

top targets that are expressed in the temporal and frontal cortex:
- targets with the highest predicted targeting efficacy and shared by two or more miRNA
- the most conserved target sites, which are more likely to have conserved physiological

roles

experimentally validated hsa-miR-21-5p in human neural progenitor cells (hNPCs):

hsa-miR-21-5p Overexpression

4 - n=33 | 1.0 4 ____ The strongest mIRNA targets predicted by TargetScan (summed
n= 154 ' context+ score s -0.1): {955.9) = -14.40, P< 2.2 » 10r'®
:1, - fg = ___ The most conserved miRNA targets predicted by TargetScan (top 25%
3 n= 11462 o 0.8 - most conserved, context+ score £ -0.05): ((365.1) =-0.24, P< 2.2 x 106
t:‘ ___ Allgenes predicted to be miRNA targets by TargetScan (the above 2
- © categories combined): #1085.5) = -14.53, P< 2.2 x 10-¢
= L 06 |
g 2 - g —— miRNA targets in miRTarBase (with previocus experimental evidence)
aQ -—
o | 8 04 -
| E = Genes not predicted to be miRNA targets by TargetScan
1 | 5
g [ | o 02+
|
|
0 1 0.0 -
[ | | | | | [ [ | |
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
mRNA log:(fold change) mRNA log:(fold change)

13



Enrichment of ASD risk genes among the top targets of ASD-affected miRNAs and miRNA modules

The strongest targets
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. 17 1.9 1.2 1.2
Targets of downregulated miRs (4.0 % 104 (0.00063) (0.013) (0.01)
Targets of upregulated miRs | 7o TR - -
; 1.8 19 12
Targets of brown module miRs | o (001 (0.0079)
Targets of magenta module miRs (0.15'138) (1.1 l‘ﬁon,)
Targets of yellow module miRs (0_(1,'(‘?44) (01_'32)
. 1.4 1.6 14 1.2
Targets of downregulated miRs 0.047)  (0.024) (3.3 10) (0.015)
. 1.9 1.8 24 1.6
Targets of upregulated miRs |g4, 10 (0.00087) (0.0074) _ (1.0 1074
: 2.1 2.2 1.3 1.2
Targets of brown module miRs | ;56011)  (0.00063) (0.018) (0.016)
. 1.9 21 2.3 1.6 14
Targets of magenta module miRs | (©0011) (0.00063) (0.023) (2.7x10°6) (0.00032) -
. 2.1 13 13
Targets of yellow module miRs (0.031) - (0.00093) (2.7 x 1075)
N © K » © @ & QO ¥ @
((\?9* RS 2 o° S & § L S <
Y S ¥ & e &P
SRR SRS @ & & &
?“ %0 \(b’ Q@ (b\»(\
\e oy N
¥ N
O

ASD SFARI: set of ASD risk genes from the Simons Foundation Autism Research Initiative (SFARI) AutDB database
ASD only: ASD SFARI genes not overlapping with ID all genes
ASD/ID overlap: ASD SFARI genes overlapping with ID all genes
ID all: genes implicated in monogenic form of intellectual disability
ID only: ID all genes not overlapping with ASD SFARI genes
ASD rare variants: ASD risk genes implicated by rare variants
FMRP targets: fragile X mental retardation protein transcripts
PSD: genes encoding postsynaptic density
Embryonic: genes expressed preferentially during embryonic brain development
Chromatin modifiers: genes encoding chromatin modifiers

15

—log,, (FDR)
or
(FDR)

14



Enrichment of genes affected by de novo ASD variants
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Relationship b/w miRNA and mRNA (101 matching samples

in ‘unpublished observations’) expression changes

mRNA modules
downregulated in ASD
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Enrichment for ASD-affected mRNAs and mRNA modules in the top targets of ASD-affected mRNAs
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“The upregulated miRNAs and miRNA modules may
have a contributory role by repressing ASD risk
genes and neuronal/synaptic genes downregulated
in ASD.

The downregulated miRNAs and miRNA module
may contribute to the upregulation of immune/
inflammatory genes in ASD, but might also have a
compensatory role given the enrichment of their
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genetic variants associated with ASD”
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Experimental validation of hsa_can_1002-m
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Genome-wide changes in IncRNA, splicing, and
regional gene expression patterns in autism

Neelroop N. Parikshak!?*, Vivek Swarup>?, T. Grant Belgard"?*+, Manuel Irimia®*, Gokul Ramaswami®?, Michael J. Gandal"?,

5,6

Christopher Hart1"2, Virpi Leppa!, Luis de la Torre Ubieta?, Jerry Huang"?, Jennifer K. Lowe!, Benjamin J. Blencowe>®,

Steve Horvath”® & Daniel H. Geschwind"?”7

Autism spectrum disorder (ASD) involves substantial genetic
contributions. These contributions are profoundly heterogeneous
but may converge on common pathways that are not yet well
understood' ™. Here, through post-mortem genome-wide
transcriptome analysis of the largest cohort of samples analysed
so far, to our knowledge?”’, we interrogate the noncoding
transcriptome, alternative splicing, and upstream molecular
regulators to broaden our understanding of molecular convergence
in ASD. Our analysis reveals ASD-associated dysregulation of
primate-specific long noncoding RNAs (IncRNAs), downregulation
of the alternative splicing of activity-dependent neuron-specific
exons, and attenuation of normal differences in gene expression
between the frontal and temporal lobes. Our data suggest that
SOXS5, a transcription factor involved in neuron fate specification,
contributes to this reduction in regional differences. We further
demonstrate that a genetically defined subtype of ASD, chromosome
15q11.2-13.1 duplication syndrome (dupl5q), shares the core
transcriptomic signature observed in idiopathic ASD. Co-expression
network analysis reveals that individuals with ASD show age-related
changes in the trajectory of microglial and synaptic function
over the first two decades, and suggests that genetic risk for ASD
may influence changes in regional cortical gene expression. Our
findings illustrate how diverse genetic perturbations can lead to
phenotypic convergence at multiple biological levels in a complex
neuropsychiatric disorder.

status (Extended Data Fig. 2a) and confirmed the technical quality of
our data with qRT-PCR (Extended Data Fig. 2b, c). We next evaluated
enrichment of the gene sets for pathways and cell types (Extended Data
Fig. 2d, e), and found that the downregulated set was enriched in genes
expressed in neurons and involved in neuronal pathways, including
PVALB and SYT2, which are highly expressed in interneurons; by
contrast, the upregulated gene set was enriched in genes expressed in
microglia and astrocytes®.

Although there was no significant DGE in the cerebellum
(FDR < 0.05, P distributions in Fig. 1b), similar to observations in a
smaller cohort®, there was a replication signal in the cerebellum and
overall concordance between ASD-related fold changes in the cortex
and cerebellum (Extended Data Fig. 2f-h). The lack of significant
DGE in the cerebellum is explained by the fact that changes in expres-
sion were consistently stronger in the cortex than in the cerebellum
(Extended Data Fig. 2h), which suggests that the cortex is more selec-
tively vulnerable to these transcriptomic alterations. We also compared
our results to an RNA-seq study of protein coding genes in the occipital
cortex of individuals with ASD and control subjects*. Despite
significant technical differences that reduce power to detect DGE,
and profiling of different brain regions in that study, there was a weak
but significant correlation in fold changes, which was due mostly to
upregulated genes in both studies (P=0.038, Extended Data Fig. 2i, j).

We next explored IncRNAs, most of which have little functional
annotation, and identified 60 IncRNAs in the DGE set (FDR < 0.05,
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RNA-seq workflow DE for entire transcriptome and gRT-PCR validation
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60 IncRNA in the DGE set: hierarchical clustering and enrichment in brain relative to other tissues
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Splicing differential analysis and validation

Calculation of Percent Spliced In (PSI)
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Fold enrichment
Splicing differential analysis and validation (P value)
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Attenuation of cortical patterning in ASD
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Attenuation of cortical patterning in ASD TF motif enrichment
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Duplication 15q syndrome recapitulates transcriptomic changes in idiopathic ASD

ASD and dup15q versus control in cortex, 159 region
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Duplication 15q syndrome recapitulates transcriptomic changes in idiopathic ASD

ASD and dup15q versus control in cortex, 159 region
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Co-expression network dendrogram for CTX

Co-expression network analysis
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Co-expression network analysis
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