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INTRODUCTION
• Schizophrenia is a psychiatric disorder with considerable heritability
• Impairment in cognition, perception and motivation
• Manifestation: late adolescence or early adulthood
• Pathogenic mechanisms underlying are unknown
• Pathological features: excessive loss of grey matter (Cannon, T. D. et al
2015) and reduced number of synapses (Glantz, L. A et al. 2000,
Glausier, J. R. et al. 2013)
• Treatments exist for psychotic symptoms:
• Underlying mechanism are unknown
• No effective therapies to prevent/treat cognitive symptoms and deficit symptoms

• Goal of human genetics: find the biological processes that underlie

Gottesman I. I. (1991).
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Genetic variants exist along a spectrum of
allele frequencies and effect sizes (Tam, V., et al.,
Nat Rev Genet 2019)

b

Manhattan Plot displaying the schizophrenia-associated genetic loci
from GWAS (Ripke, S. et al. . Nature (2014))

• Schizophrenia is a polygenic disorder, involving many genes of small effect size.
• To study such disorders with low effect size by Mendelian inheritance is difficult.
• Hence, Genome Wide Association Studies (GWAS) are carried out (fig. a).
• GWAS identified > 100 loci in human genome containing single nucleotide polymorphism (SNP) haplotypes
• The functional alleles and mechanisms remains to be discovered.
• The strongest genetic relationship found in major histocompatibility complex (MHC) locus, spans several Mb on
chromosome 6

• The major histocompatibility complex (MHC) is a group of genes
involved in the immunological recognition of self and nonself in animal
species (Penn and Potts, 1999).
• MHC: Role in immunity
• 18 highly polymorphic human leukocyte antigen (HLA) genes: Ag-presenting
molecules

• Role in autoimmune diseases:
• Genetic association at the MHC locus arise from alleles of HLA genes
• Type I diabetes & Rheumatoid Arthritis

• Association of schizophrenia with MHC locus is not explained.

Source: ucsf.edu

Source: Medicinenet
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• The identification of functional alleles in GWAS is challenging: most variants
lie in non-coding regions.
• The identification of functional alleles that give rise to schizophrenia
association with MHC locus was challenging to find.
• Complex pattern of association in the MHC region: markers/variants exhibited
varying effects from multiple loci between the cases/control cohorts
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• No linkage disequilibrium (LD) between significant variants (SNP at Chr6: 32Mb
with other variants)

• Most strongly associated markers in several case/control cohorts were
located near C4 gene (complex, multiple-allelic, and a partially characterised
form of genome variation)
• Schizophrenia is also known to be associated with CSMD1 (CUB and Sushi
multiple domains 1) a complement regulatory protein and highly expressed in
brain.
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PRINCIPAL OF GENOME WIDE ASSOCIATION STUDY (GWAS)
• Genome-wide association studies (GWAS)
are a powerful hypothesis-free tool for
understanding the genetically heritable of
common human diseases or traits.
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• Our genome is 3 billion bp long. There are
approx. 4-5 million SNPs in our genome.
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• Individual genetic difference within a
species arise from variations at these
SNPs.
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Overview of the GWAS procedure

Statistical association

(Tam, V., et al., Nat Rev Genet 2019)

Functional characterization and
Experimental validations

FUNCTIONAL CHARACTERIZATION OF
COMPLEMENT COMPONENT 4 (C4)

C4 GENE STRUCTURE
a

Ideogram human chromosome

b

Structural variation of the complement component 4 (C4) gene

o C4 is a 14kb gene exists as C4A and C4B; both vary in structure and copy number.
o One to three C4 genes (C4A and/or C4B) are commonly present as a tandem array within the MHC class III region.
o The protein products of C4A and C4B bind different molecular targets.
o C4A and C4B segregate in both long (L) and short (S) genomic forms (C4AL, C4AS, C4BL and C4BS),
distinguished by the presence or absence of a human endogenous retroviral (HERV-7kb) insertion without changing
protein sequence

C4 GENE ALLELES
o 111 genetically unrelated individuals (222
chromosomes) northern and western European
ancestry, HapMap CEU
o C4A and C4B alleles inheritance were identified in
father–mother–offspring trios
o They found that four common C4 structural
form
o
o
o
o
Structural forms of the C4 locus and their frequencies among
a European-ancestry population

AL–BL
AL–BS
AL–AL and
BS

o All the four alleles were collectively present on
90%
o 11 uncommon C4 alleles comprised the other 10%

C4 GENE HAPLOTYPES

o Single Nucleotide Polymorphism (SNP) haplotypes
were identified in all the four common alleles present
on each C4 locus
o The three most common C4 locus structures (AL-BS,
AL-BL & AL-AL) were each present on multiple MHC
SNP haplotypes.
o The relationship between C4 structures and
SNP haplotypes was observed to be ‘one allelic
form-to-many haplotypes’

SNP haplotypes formed by C4 structures

C4 GENE EXPRESSION VARIATION IN
THE BRAIN
o C4 variation (C4A and C4B, C4–HERV status: enhancers), might affect expression of C4 genes.
o C4A and C4B in gene expression was assessed in five regions (ACC, Cerebellum, Corpus
callosum, Orbito Frontal cortex, Parietal cortex) of post-mortem human adult brain samples
(n=674, 245 distinct donors, 3 cohorts)

o The results of this expression analysis were consistent across all five brain regions analysed.
o First, RNA expression of C4A and C4B increased proportionally with copy number of C4A and
C4B respectively (fig. a & b)
o Second, expression levels of C4A were two to three times greater than expression levels of C4B
(controlled for relative copy number)
o Third, copy number of the C4–HERV sequence increased the ratio of C4A to C4B expression
(P<10-7, P<10-2, P<10-3) (fig.c)
o Above data used to create genetic predictors of C4A and C4B expression levels
which can influence strongly the risk of schizophrenia

IDENTIFICATION OF STRONGLY ASSOCIATING
VARIANTS IN MHC LOCI WITH SCHIZOPHRENIA
o SNP data from 28,799 schizophrenia cases and 35,986 controls, from 40
cohorts in 22 countries (Psychiatric Genomics Consortium-PGC) were
analyzed.
o The association of schizophrenia to genetic variants (MHC locus) exhibited
two prominent features:
o A large set of similarly associating SNPs (approx. 2Mb): SNP, rs13194504
(P=5.5x 10-28) with most strongest association used as genetic proxy
o The second highest association was centered at C4, which strongly
influenced the genetic predictor of C4 expression levels (P=3.6x 10-24)
o The correlation between the two variations was low (r2=0.18), suggesting
they have distinct genetic influences

C4 STRUCTURAL VARIATION AND
SCHIZOPHRENIA RISK
o If each C4 allele affects schizophrenia risk via its effect on C4A expression,
then the relationship should be visible across specific C4 alleles.
o The risk levels were measured for the common C4 structural alleles (BS, AL–
BS, AL–BL, and AL–AL); these alleles showed relative risks ranging from 1.00
to 1.27 (Fig. a).
o Further, (from the post-mortem brain samples) the C4A expression levels
generated by these four alleles (Fig. b).

o Schizophrenia risk and C4A expression levels yielded the same
ordering of the C4 allelic series (Fig. a & b).
o C4 allele structure and MHC SNP haplotype compared for schizophrenia risk,
each allele exhibited its characteristic levels of risk irrespective of haplotype.

C4A RNA EXPRESSION IN SCHIZOPHRENIA
• Genetic findings predict C4A expression levels might be elevated in brain tissues
of schizophrenia patients
• RNA expression levels measured in 35 schiz. patients and 70 controls.
• Median expression levels were elevated by 1.4 fold greater (P=2×10-5)
in all five brain regions (adjusted for age or post-mortem interval)
• Studies have also reported elevated levels of complement proteins in serum of
schizophrenia patients (Mayilyan, K. R et al.2006 & Hakobyan, S., et al. 2005.
Neurosci. Lett)

ROLE OF C4 IN COMPLEMENT
PATHWAY
• C4 is a critical component of classical complement
cascade

• Classical complement cascade gene (C1q, C3)
implicated in the elimination or pruning of synapses

C3 convertase
Katerina O et al., 2012 eLS. John Wiley & Sons, Ltd: Chichester.

Post-mortem brain tissue

C4 IN THE CENTRAL
NERVOUS SYSTEM

confocal images of
human brain tissue
after performing
immunohistochemistry

• The distribution of C4 in human brain was evaluate by
immunohistochemistry on sections of the prefrontal cortex
and hippocampus (Fig. a)
• C4+ cells were observed in the grey and white matter, with
the greatest number of C4+ cells detected in the
hippocampus
• Co-staining with cell-type-specific markers (NeuN) revealed
C4 is localized in neurons

• These results suggest C4 is produced by neurons and
deposited on synapses

High-resolution structured illumination microscopy (SIM) imaging of tissue
in the hippocampal formation reveals colocalization of C4 with the
presynaptic terminal markers VGLUT1/2 and the postsynaptic marker
PSD-95

C4 EXPRESSION IN PRIMARY CORTICAL NEURONS
a

b

Primary human cortical
neuronal cells

Secretion of C4 protein by
cultured primary neurons

Confocal images of primary human cortical neurons show
colocalization of C4, MAP2, and neurofilament along
neuronal processes

Primary cortical neurons stained
for C4, presynaptic marker
synaptotagmin, and postsynaptic
marker PSD-95.

• Human primary cortical neurons cultured and evaluated C4 expression, localization and secretion
• Neurons expressed C4 mRNA and secreted C4 protein

• Neurons exhibited C4-immunoreactivity puncta along their processes and cell bodies (Neuronal process has
75% : 65% observed on dendrites and 35% in axons)
• Punctate C4 immunoreactivity was observed at 48% of structural synapses as defined by co-localized
synaptotagmin and PSD-95

• All these data suggest that:
• There is increased association of C4 with schizophrenia
• The presence of C4 at synapses
• The involvement of other complement proteins in synapse elimination (C1q and C3) and
• Decreased synapse numbers in schizophrenia patients (Glantz, L. A et al. 2000, Glausier, J. R. et al. 2013)

• All these data together suggest, C4 might work with other components of the
classical complement cascade to promote synaptic pruning.

EXPERIMENTAL VALIDATION OF C4 GENE
ROLE IN SYNAPTIC PRUNING

C4 INVOLVED IN SYNAPTIC PRUNING
RGCs

• To test this hypothesis mouse model was used that contains a C4 gene that
shares features with both C4A and C4B.

dLGN

• Mouse visual systems undergoes activity-dependent synaptic refinement
from postnatal day (P)5 to P30
• Synaptic projections from retinal ganglion cells (RGCs) onto thalamic relay
neurons within the dorsal lateral geniculate nucleus (dLGN) of visual
thalamus

Retina

Retina

lateral
geniculate
nucleus

lateral
geniculate
nucleus

Primary
visual cortex

• Mice deficient in C4 was evaluation for any defects in synaptic
remodeling (as in C3-deficient mice. Stevens, B.et al. Cell. 2007)
• C4 deficient mice exhibited greater overlap between RGC inputs
from two eyes (P<0.001)
• Degree of deficit was similar to C1q -/- and C3 -/- mice
• Heterozygous C4 +/- mice had intermediate phenotype.

Representation of the segregation of ipsilateral and
contralateral RGC projections to the dLGN

• In immune system, C4 promotes C3 activation which allows C3 to
covalently attach onto its targets and promote their engulfment by
phagocytosis
• C3 targets subset of synapses and is required for synaptic
elimination by microglia (principal cells with receptors for
complement)
• Mouse deficient in C4, C3 immunostaining (dLGN) was greatly
reduced (compared to wild type littermates)

• These evidences demonstrates the role of C4 in complement
deposition on synaptic inputs.

OVERVIEW OF THE STUDY
➢ More than 100 genomic loci identified to be significantly
associated with risk of schizophrenia.
➢ Variation at MHC loci was associated more strongly with
schizophrenia risk
➢ Within MHC loci, two regions showed very high association:
a. 2Mb region & b. variation centered at C4 gene.
➢ C4 gene consists of four common allele structures: AL-AL,
AL-BL, AL-BS and BS

➢ AL-AL > AL-BL > AL-BS > BS was more associated with C4
gene expression and hence the more risk of schizophrenia

• Complement proteins (C1q and C3) were previously know
to be involved in synaptic pruning in neuronal structures.
• Current study discovered the role of C4 in synaptic pruning

Ruzzo, E., et al. Nat Neurosci (2016)

DISCUSSION
• This study developed ways to analyse genome structural variations associated with complex disorder,
schizophrenia
• This also discovered the association of schizophrenia with variation in MHC locus:
• Involving many common, structurally distinct C4 alleles that affect the expression of C4A and C4B in brain

• Each allele associated with schizophrenia risk is in proportion to its effect on C4A expression

• C4 is expressed by neurons and localized to dendrites, axons and synapses and is also secreted.
• In mice, C4 promotes synapse elimination during the developmentally timed maturation of a neuronal
circuit (mammalian visual system-dLGN retinal ganglion cells-thalamic relay neurons)
• In humans, extensive synapses elimination during adolescence and early adulthood is disturbed in
association regions of cerebral cortex (prefrontal cortex) greatly expanded in recent human evolution

• Principal pathological finding is loss of cortical grey matter (Cannon,T et al. 2002, 2015) without cell death:
abnormal cortical thinning and reduced number of synaptic structures (Glausier, J.R et al. 2013) - cortical
pyramidal neurons
• Neuron-microglia interactions via the complement cascade contribute to schizophrenia pathogenesis:
• Express receptors for complement
• Mechanism could be inappropriate synaptic pruning by excessive stimulation of microglia

• C4A and C4B exhibited distinct risk association with schizophrenia (Variation that increase the expression of
C4A are more strongly associated)
• Only few GWAS associations with risk of schizophrenia have been explained by specific functional alleles to
date. It will be important to understand how all variants contribute to brain disease.
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