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Zhang, Zhang, Forrest et al combine allele-specific open chromatin (ASoC) mapping and CRISPR-editing to
evaluate the functional impact of schizophrenia risk variants on human neuronal gene expression, synaptic
development, and function. In doing so, they uncover surprising non-additive effects between target genes

regulated by the same risk variant.

Genetic liability associated with neuro-
psychiatric disorders most frequently
arises from common genetic variation
that confers small individual effects and
contributes to phenotypes only when
considered in aggregate.’ These risk var-
iants, termed single nucleotide polymor-
phisms (SNPs), are typically non-coding,
likely acting by regulating the expression
of one or more gene targets. Definitively
identifying the precise disease SNP(s)
and molecular mechanisms at hundreds
of risk loci is a major unsolved challenge.
In earlier work, this team demonstrated
that by uncovering differential allelic chro-
matin accessibility in heterozygous indi-
viduals, allele specific open chromatin
(ASoC) could be used as a functional
readout of SNP activity in human neu-
rons.” In this issue of Cell Genomics,
Zhang, Zhang, Forrest et al extend this
work by empirically resolving new causal
SNPs associated with risk for schizo-
phrenia, validating effects on neuronal
gene expression and neurodevelopment
(Figure 1).

Overall, the authors further dissect the
relationship between genetic variation,
gene expression, and cellular phenotypes
in human glutamatergic neurons. Using hu-
man induced pluripotent stem cell (hiPSC)-
derived NGN2-induced glutamatergic neu-
rons, ASoC identified 31 putative causal
risk SNPs at 26 schizophrenia risk loci.
For four of these loci, CRISPRI confirmed
the regulatory activity and resolved cis-
target genes. Precise CRISPR-editing at
one schizophrenia risk SNP (rs2027349) re-
vealed complex cis-regulation of multiple
proximal (VPS45, AC244033.2) and distal
genes (C1orf54) that together altered den-

dritic complexity, synapse development,
and neuronal activity.

In total, here the team identified 8,205
ASoC SNPs in NGN2-neurons (induced
via transcription factor overexpression
in hiPSCs) from 20 individuals, compa-
rable to the 3547 ASoC SNPs they
previously reported in donor-matched
hiPSC-derived neural progenitor cells
and 5611 ASoC SNPs in NPC-derived
neurons (generated by directed differen-
tiation).® There was a remarkably robust
correlation (R = 0.81) in ASoC SNPs
between the current NGN2-neuron and
previous NPC-neuron dataset. Alto-
gether, ~16% of ASoC SNPs were pre-
viously reported as eQTLs in human
brain or hiPSC-derived neurons. When
narrowing down to just the credible
SNPs at 108 GWAS risk loci,” there
was a significant overlap in ASoC of
schizophrenia SNPs across the previous
and current reports: 7 of the 31 ASoC
schizophrenia SNPs in NGN2-neurons
replicated in NPC-neurons, and recipro-
cally, 9 of the 17 ASoC schizophrenia
SNPs in NPC-neurons replicated in
NGN2-neurons. SNPs were most en-
riched for schizophrenia GWAS variants
relative to other neuropsychiatric or
neurodegenerative disorders.

The authors applied pooled CRISPR
droplet sequencing (CROP-seq) analysis
to confirm the regulatory activity of
ASoC SNPs at four schizophrenia GWAS
loci: rs2027349 (VPS45), rs12985055
(BCL11B), rs10933 (PBRM1/GNL3), and
rs7148456 (BAG5). In doing so, they re-
vealed cis-target genes of these SNPs in
NGN2-neurons. Indeed, consistent with
their previous finding that ASoC variants

regulate both adjacent and distal genes
through chromatin contacts,” here the
team showed that CRISPRIi of rs2027349
decreased expression of two adjacent
genes, VPS45 and a long non-coding
RNA (AC244033.2), as well as a distal
gene that encodes an open reading
frame (C7orf54). Only those differentially
expressed genes identified following
CRISPRI for rs2027349, but not rs10933
or rs7148456, were enriched for gene
ontology terms related to neuronal pro-
cesses, function, and components, sug-
gesting the specific biological relevance
of rs2027349 to schizophrenia risk.

Next, to definitively connect rs2027349
with its transcriptomic and phenotypic im-
pacts, the team applied CRISPR-editing to
generate isogenic AA, AG, and GG hiPSCs
that differed only at this single non-coding
SNP. Consistent with their CRISPRIi re-
sults, the authors found that the A allele
was associated with increased expression
of VPS45, AC244033.2, and CTorf54 in
NGN2-neurons derived from two indepen-
dent donors across neuronal maturation.
Genome-wide, down-regulated genes in
AA (vs GG) neurons were strongly enriched
for synaptic gene ontology terms and
schizophrenia risk genes, whereas up-
regulated genes were related to neurode-
velopment. Moreover, AA (vs. GG)
neuronal transcriptional differences were
correlated with those observed in post-
mortem brain tissues of major psychiatric
disorders and down-regulated genes
were enriched for those associated with
risk for schizophrenia and other neuropsy-
chiatric disorders. Finally, AA (vs GG)
neurons showed increased dendritic
complexity, synaptic puncta density, and
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Figure 1. Elucidation of non-additive risk gene interactions
A: The schizophrenia risk-associated SNP rs2027349 regulates expression of multiple proximal (VPS45, AC244033.2) and distal genes (C70rf54).
B: Individual and joint knockdown of VPS45, AC244033.2 and C1orf54 expression in NGN2-neurons results in altered gene expression, neurite branching, and

neuronal activity.
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C: Joint perturbations can result in more or fewer synergistic (non-additive) effects than predicted by the additive model.

hyperactivity, reversed by knocking-down
distinct cis-regulated genes (VPS45,
AC244033.2, or C1lorf54), suggesting a
phenotypic contribution from all three
genes.

A series of individual and combinatorial
knockdown experiments further dissected
the impact of VPS45, AC244033.2, and
C1orf54. Targets of VPS45 and AC244033.2
were enriched in those (predominantly
synaptic) genes down-regulated in AA
(vs GG) neurons, while targets of C7orf54
were predominantly up-regulated. Alto-
gether, all three genes seem to contribute
to the phenotypic changes associated
with rs2027349, but by altering the
expression of different downstream
genes. The authors fit a linear regression
model to the individual knockdown
studies, towards exploring the extent
that each individual gene knockdown
explained the differential expression
observed between isogenic rs2027349
AA vs GG neurons; introduction of interac-
tion terms between the individual knock-

downs markedly improved model perfor-
mance, which was further improved by
fitting empirical data from a combinatorial
knockdown experiment. Finally, the au-
thors compared the effects of an expected
additive model created from the individual
gene knockdowns to a measured combi-
natorial perturbation. Those genes whose
changes in expression did not fit the addi-
tive model were strongly enriched for
genes associated with psychiatric disor-
ders, while those with additive effects
were not. Likewise, knockdown of
these three genes, alone and in combina-
tion, revealed that they contributed to
altered dendritic complexity and calcium
signaling in a non-additive and synergistic
fashion. Altogether, the authors surpris-
ingly reveal that independent target genes
regulated by the same risk SNP function
together in a synergistic manner to impact
neuronal function.

Likewise, for four top-ranked schizo-
phrenia GWAS genes, we reported that
combinatorial perturbation resulted in
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downstream effects that could not be
predicted from individual perturbations
alone. Non-additive effects were enriched
for genes involved in synaptic function
and schizophrenia risk.” More recently,
across fifteen schizophrenia risk genes,
we described how non-additive effects
occur to a substantially greater extent
following combinatorial perturbations of
genes from within a shared biological
pathway® and that shared neuronal im-
pacts converge on synaptic function.”
Altogether, we conclude that the effects
of polygenic risk cannot yet be extrapo-
lated from experiments testing one risk
gene at a time. Further studies are need
to clarify how the additive model observed
at the population-level® is influenced by in-
teractions that alter phenotypic outcomes
at the individual-level, particularly in the
context of core genes/pathways with spe-
cific roles in disease etiology.® It is critical
to explore the clinical relevance of these
in vitro findings in terms of predicting clin-
ical outcomes and druggable targets.
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