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Abstract

Copy number variations (CNV) involving multiple genes are ideal models to study polygenic
neuropsychiatric disorders. Since 22gq11.2 deletion is regarded as the most important single
genetic risk factor for developing schizophrenia, characterizing the effects of this CNV on neural
networks offers a unique avenue towards delineating polygenic interactions conferring risk for
the disorder. We used a Df(h22g11)/+ mouse model of human 22g11.2 deletion to dissect

gene expression patterns that would spatially overlap with differential resting-state functional
connectivity (FC) patterns in this model (N=12 Df(h22g11)/+ mice, N=10 littermate controls). To
confirm the translational relevance of our findings, we analyzed tissue samples from schizophrenia
patients and healthy controls using machine learning to explore whether identified genes were
co-expressed in humans. Additionally, we employed the STRING protein-protein interaction
database to identify potential interactions between genes spatially associated with hypo- or
hyper-FC. We found significant associations between differential resting-state connectivity and
spatial gene expression patterns for both hypo- and hyper-FC. Two genes, Comtand TrmitZ2a,
were consistently over-expressed across all networks. An analysis of human datasets pointed to
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a disrupted co-expression of these two genes in the brain in schizophrenia patients, but not in
healthy controls. Our findings suggest that COMT and TRMTZ2A form a core genetic component
implicated in differential resting-state connectivity patterns in the 22g11.2 deletion. A disruption
of their co-expression in schizophrenia patients points out a prospective cause for the aberrance of
brain networks communication in 22¢q11.2 deletion syndrome on a molecular level.
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INTRODUCTION

Copy number variations (CNVs), termed as deletions or duplications of large DNA
segments, provide a major avenue to unravel the molecular mechanisms conferring
vulnerability for neuropsychiatric disorders. As CNVs oftentimes span over more than
20 genes, they are ideal candidates to study polygenic interactions, presumably a key
mechanism in the emergence of severe disorders, such as schizophrenia (International
Schizophrenia Consortium, 2009). The 22g11.2 deletion is principal in this regard.

It represents one of the most important single genetic risk factors for schizophrenia
(penetrance ~20-30%) (Schneider et al., 2014). Besides that, it has been shown to

be associated with other neuropsychiatric conditions, among them prevalently with
autism spectrum disorder (ASD) (15-50%) (Ousley et al., 2017), but also with obsessive-
compulsive disorder and attention deficit hyperactivity disorder (Sebat et al., 2009). This
great phenotypic variability corresponds to a considerable genotypic variance. Although
the deletion spans 3 Mb in 80-90% of the carriers (Packham and Brooks, 2003), it can
vary considerably, affecting up to 50 genes (Maynard et al., 2008). Besides variation in
the size of the deletion itself, additional factors might influence the phenotype, including
genetic variance outside the deletion acting as modifier (Michaelovsky et al., 2019), possible
unknown environmental exposures during pregnancy, epigenetic variations and somatic
mutations (Morrow et al., 2018).

Mouse models of 22¢q11.2 deletion are capable of addressing several of the scientific
challenges that go along with this phenotypic variability. First, deletions in these models

do not vary across animals. Second, in-bred strains offer a rather homogeneous genetic
background, and standardized housing limits the effects from gene-environment interactions.
Third, in contrast to human studies, mouse models offer samples unbiased by diagnosis-
based pre-selection. Finally, given the extremely rare prevalence of the deletion in human
populations, animal models provide the option to study sufficiently sized cohorts.

Of the six mouse models existing for the human 22q11.2 deletion (Kimber et al., 1999;
Merscher et al., 2001; Sivagnanasundaram et al., 2007; Stark et al., 2008; Earls et al., 2010;
Didriksen et al., 2017), Df(h22q11)/+ represents it best, containing almost all functional
genes of the human 1.5 Mb segment and being congenic, i.e. bred to be essentially
isogenic with a wild type group except for a selected differential chromosomal segment,
and, thus, possessing an unbiased genetic background, unlike non-congenic LgDel, Df1/+
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and Df(16)A+/- models (Didriksen et al., 2017). At the behavioral and electrophysiological
levels this model captures features that are relevant for schizophrenia pathophysiology

and characteristic for the human deletion, among which are reduced prepulse inhibition,
increased acoustic startle response and impaired working memory (Didriksen et al., 2017).

Our previous study has used resting-state fMRI to identify changes in whole-brain
connectivity in this mouse model (Reinwald et al., 2020). However, while the impact of

the entire CNV/ on brain function is comparatively straightforward to study, contributions
of individual genes within the deletion to these changes of neural connectivity patterns are
much harder to identify. Nevertheless, such an approach appears as a major pathway towards
understanding how psychiatric disorders emerge from their genetic underpinnings. One
potential approach towards narrowing down the number of candidate genes is to study their
expression patterns in the brain. This approach is based upon the hypothesis that genes with
expression patterns that spatially overlap with changes of brain resting-state connectivity
are the most likely ones to play a causal role in these brain functional alterations (Fakhry
and Ji, 2015). A novel tool that has been recently introduced by our lab based on modern
gene expression atlases provides a powerful opportunity to explore such a spatial overlap
between transcriptomic patterns and changes of brain structure and function (Kumar et al.,
2018). For our actual study, we relied upon high-resolution /n situ hybridization expression
maps of the genes involved in the deletion that were extracted from the Allen Mouse Brain
Atlas (Lein et al., 2007). We, then, identified genes that spatially overlap with hyper- or
hypoconnectivity patterns in our mouse model. The main goal of our study was to dissect
the contributions of individual genes within the 22q11.2 deletion to changes of neural
connectivity. In other words we aimed to clarify which of the genes involved in 22q11.2
deletion are the most likely candidates for a causal role in the emergence of changes

in neural connectivity. Given this major aim, we focused our analysis on the expression
maps of 24 genes located within the 22q11.2 region. To identify potential interactions
between the products of genes associated with either or both of the contrasts, we used

the STRING protein-protein interaction database, which allows a delineation of functional
protein networks and their impact on cellular processes (Szklarcyk et al., 2019). To confirm
the translational relevance of our findings, we analyzed tissue samples from patients with
schizophrenia and healthy controls using machine learning to explore whether identified
genes would be co-expressed in humans.

METHODS

Animals

We investigated 10-week-old male mice modeling 22g11.2 deletion (N=12, 22-26 g)
(Figure 1) and its wild type (WT) littermate controls (N=10, 22-27 g). TaconicArtemis
(Koln, Germany) bred the animals by mating WT C57BL/6N females with hemizygotic
Df(h22g11)/+ males.

All animals were group-housed (2 WT and 2 Df(h22g11)/+ per cage) under controlled
conditions (19-23°C, 40-60% humidity) on a 12 h light-dark cycle (lights on at 07:00)
and underwent a two-week adaptation period between their arrival and the start of the
MRI experiments. All procedures were approved by the German animal welfare authorities
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(Regierungsprasidium Karlsruhe) and were performed according to the regulations covering
animal experimentation within the European Union (European Communities Council
Directive 86/609/EEC) and within the German Animal Welfare Act.

MRI acquisition

Experiments were performed at a 9.4 Tesla MRI scanner (94/20 Bruker Biospec,

Ettlingen, Germany) with a two-element anatomically-shaped cryogenic mouse surface
coil. Anesthetic regime using medetomidine and recording of the physiological data were
performed as previously (Gass et al., 2016) (for all details see Supplement). The MRI
acquisition protocol for each animal comprised a FieldMap, a resting-state functional
magnetic resonance imaging (rs-fMRI) time series and a 3D structural dataset. The rs-fMRI
time series were acquired using an echo-planar imaging (EPI) sequence (repetition time
(TR)/echo time (TE) 1300/18 ms, flip angle 50°, 21 slices, 96 x 64 matrix, field of view
(17.28 x 11.52) mm?, slice thickness 0.4 mm, 400 acquisitions, acquisition time ~8.5 min).
Magnetic field (BO) inhomogeneity was measured with Bruker FieldMap sequence acquired
before each EPI. Structural data were acquired using rapid acquisition with refocused
echoes (RARE) sequence (for sequences details see Supplement). Breathing and cardiac
rates were monitored using a respiration pad placed beneath the chest (Small Animal
Instruments Inc., NY, USA) and a pulse oximeter attached to the tail. Signals were recorded
(10-ms resolution) during EPI acquisition using a signal breakout module (Small Animal
Instruments Inc., NY, USA) and a 4-channel recorder (Melleman N.V., Gavere, Belgium)
together with the scanner trigger pulses for each measured brain volume. Here we note

that physiological parameters (heart and respiration rates) under medetomidine sedation
demonstrated no significant differences in Df(h22gq11)/+ mice compared to wild type (WT)
mice (p>0.05, two-sided Wilcoxon test, Figure S1).

Pre-processing of rs-fMRI data

Pre-processing was performed, as previously (Reinwald et al., 2020), and included
correction for magnetic field inhomogeneity (SPM12, http://www.fil.ion.ucl.ac.uk/spm/
software/spm12), filtering of respiratory and cardiac signals (Aztec software (van Buuren
et al., 2009)), slice timing correction (SPM12), spatial normalization and co-registration to
a mouse brain template in the Paxinos stereotactic coordinate system (Dorr et al., 2008),
regression of movement parameters and cerebrospinal fluid signal (FSL, version 4.1. http://
www.fmrib.ox.ac.uk/fs (Power et al., 2012; Ayfouni and Nichols, 2018)). An additional
method identifying motion-affected frames based on a decomposition of DVARS (Power et
al., 2012; Ayfouni and Nichols, 2018) was integrated to further remove motion artifacts (for
details see Supplement). Framewise displacement displayed relatively low levels (median
values < 0.02 mm) with no significant difference between the groups; also, the number of
scrubbed frames was on a low level, not exceeding the threshold of 10% for any animal

and not showing significant differences between the groups (Figure S2). Next, band-pass
filtering (0.01-0.1 Hz) was performed (Analysis of Functional Neurolmages software (Cox,
1996). Finally, we performed spatial smoothing using a Gaussian kernel with a 0.6 mm full
width at half maximum (SPM12). One subject (control group) was classified as an outlier by
comparing the overall mean functional connectivity of the correlation matrices (more than
twice the standard deviation from the mean) and was excluded from the analysis.
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Seed-based analysis

Using the Allen Mouse Brain Atlas (Lein et al., 2007), we defined nine seed regions

which included cortical (anterior cingulate (ACC), infralimbic (IL), orbitofrontal (OC) and
retrosplenial cortex (RS)), hippocampus (Ammon’s horn (CA) and dentate gyrus (DG)),
and subcortical components (nucleus accumbens (Acb), substantia nigra (SN) and ventral
tegmental area (VTA)). The prefrontal, retrosplenial and hippocampal regions were selected
based, firstly, on their involvement in cognitive processing which is severely affected in

the 22q11.1 carriers, and, secondly, on their robustly differential functional connectivity
patterns, as compared to controls (Reinwald et al., 2020). As some seeds located at the
edge of the brain might be prone to air-tissue interface artefacts, such as SN and VTA,

we verified their coverage by overlaying them onto original EPI image. We detected a

good coverage for both seeds (Figure S3), thus, ensuring that no air-tissue artifacts were
present in this data. For seed-based analysis, non-eroded seed regions were used, as erosion
might lead to unequal volume loss highly dependent on the original surface of the region.
Nevertheless, additional analyses with eroded regions demonstrated high comparability to
our original results (Figures S4, S5), underlining robustness of the connectivity findings.
Mean timecourses of these regions were extracted for each animal using the unsmoothed
pre-processed EPIs in order to avoid partial volume effect by e.g. cerebrospinal fluid signal
from the adjacent ventricles. Then, voxel-wise functional connectivity maps were created by
calculating correlation coefficients between these extracted regional timecourses and voxels
covering the whole brain using the smoothed EPIs. Finally, correlation coefficients were
transformed to Fisher z-scores to create z-score maps.

These z-score maps were fed into a second-level analysis, using two-sample T-tests and
contrasts [1 —1] and [-1 1] to calculate differences from the control group (significance level
at p<0.01, uncorrected). Here, we used uncorrected thresholded maps, as they serve as inputs
to the next second-level statistical analysis and thus do not require correction for multiple
testing. At this step we utilize a hypothesis-generating approach to predefine cluster regions
for which we calculate different spatial associations with gene expression in the next step.
We have compared these functional connectivity maps with the results of a network-based
statistic (NBS) method obtained for the same dataset of Df(h22q11)/+ mice which we have
recently published (Reinwald et al., 2020). The NBS relying on principles of cluster-based
thresholding offers gain in power compared to mass-univariate testing with independent
correction of p-values by generic procedures controlling family-wise error rate and detects
subnetworks that might otherwise not be discovered (Zalesky et al., 2010). In our current
seed-based approach we have found consistently similar patterns of connectivity as in NBS
for all given brain regions, which strengthens the biological validity of our results.

Joint analysis of differential resting-state connectivity and spatial gene expression

patterns

Besides an anatomical brain parcellation, the Allen Mouse Brain Atlas also provides high-
resolution in situ hybridization gene expression maps (Lein et al., 2007). We followed our
previously established protocol (Kumar et al., 2018) to analyse the expression patterns of
genes belonging to the deleted chromosomal region in our mouse models to identify which
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gene expression patterns spatially overlapped with differential connectivity patterns (hyper-
or hypoconnectivity with the seed) in these nine networks.

1 We downloaded all available 24 gene expression maps for genes belonging to the
mouse 22g11.2 deletion. Of note, maps for three genes for the 22g11.2 deletion
(Igll1, T10 and Mir185) were not available in the Allen Mouse Brain Atlas
database.

2. We, then, used our Spatial Gene Expression Analysis Tool (https://github.com/
UniversityOflowaHealthCare/gene-expression-tool) to align all 24 gene
expression maps into the Waxholm space (Johnson et al., 2010), as a common
anatomical reference space.

3. To identify potential associations of differential resting-state connectivity with
expression patterns of genes involved in the deletion, we extracted the gene
expression (“energy”) values of all 24 genes overlapping with the clusters
that stemmed from our seed-based analyses. In brief, significant raw gene
expression data was converted into a 3D volume and thresholded and binarized
to eliminate any noise effects from the conversion. Likewise, the clusters
representing connectivity were thresholded and binarized to account for any
potential spatial uncertainties from the transformation. From this point the masks
were overlaid and the gene expression maps were checked for regional overlap
with the connectivity clusters (Figure 2). This value was then used to calculate
the relation between the two.

4, Gene expression values were pooled over all clusters from one distinct contrast
(hypo- or hyperconnectivity) and distribution of gene expression values within
the voxels of the clusters was compared to the distribution of gene expression
values of all voxels over the entire brain using a rank sum test (http://
de.mathworks.com/help/stats/ranksum.html) at a threshold of p<0.05 to identify
genes that were significantly enriched in the clusters. The results are presented
as fold changes, in which fold change=[(mean cluster expression — mean brain
expression)/mean brain expression].

Protein-protein-interaction network analysis of enriched genes

We used the STRING protein-protein interaction database to identify functional networks
between enriched genes of a contrast (see also Supplement). This is a database that

collects, scores and integrates publicly available information on interactions between
proteins (termed in the database “functional associations” (Szklarczyk et al., 2019)). We
used the web-based user interface of the database to upload the genes that were identified

in previous analyses to significantly overlap with brain functional changes into the STRING
database. This was done separately for every rs-fMRI network studied. The database then
assesses whether a set of given genes or proteins is enriched in functional associations.

This enrichment is assessed by comparing the observed number of functional associations
between the proteins from the list to a null model. In other words, a question has been posed:
is the number of edges (functional associations) between nodes (proteins) higher than can
be expected by chance? If there were indeed more functional associations between proteins
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than can be expected by chance, we regarded that as indicative of a functional network
formed by these proteins.

Analysis of co-expression patterns of COMT and TRMT2A in humans

RESULTS

COMTand TRMTZA expressions were explored in two human lymphoblastoid cell

line (LCL) datasets (LCLgarcH1: N=407, with 187 schizophrenia patients and 220

HC; LCLgaTcH2: N=449, with 225 schizophrenia patients and 224 healthy controls,
respectively). Co-expression was subsequently explored in three human post-mortem brain
expression datasets (combined N=151).

Expression microarray datasets were retrieved from the GEO database and dbGaP (Table
S1) and pre-processed (for all details see Supplement). Surrogate variables were determined
to account for the effect of unobserved confounders using the R /ibrary sva (Leek et al.,
2012), specifying diagnostic group, and known confounders (age, age?, sex) as variables

of interest. Multiple regression was applied to residualize the expression levels of each

gene for a given dataset with respect to age, age?, sex and the first 10 surrogate variables.
The residualized expression levels were ranked prior to downstream analysis. Co-expression
between COMT and TRMTZ2A and interactions with diagnosis were assessed using multiple
linear regression. Post-hoc analyses of diagnosis-specific co-expression were performed
using Pearson correlation analysis (p<0.05). As we used a discovery-validation approach,
the p-values related to the significance of the COMT- TRMTZA co-expression, were not
corrected for multiple testing.

Functional connectivity analysis

Seed-based analyses detected predominantly higher connectivity for the VTA (Figure 3A)
and SN (Figure 3B) covering the prefrontal and somatosensory cortices, caudate putamen
(CPu), hippocampal areas, periaqueductal gray and superior colliculus (p<0.01) in the
Df(h22g11)/+ mice, as compared to WT group. Contrary, CA (Figure 3C) and DG (Figure
3D) exhibited overall reduced connectivity (p<0.01), except for VTA and SN. The Acb
manifested both reduced (with IL, somatosensory cortex, presubiculum) and increased (with
insula, cortical amygdaloid area, Cpu) correlations (p<0.01) (Figure 3E).

In the ACC, the seed-based analysis detected reduced connectivity with the superior and
inferior colliculi, visual and temporal association cortices, hippocampus and increased
connectivity with the substantia nigra (p<0.01) in the Df(h22g11)/+ mice, as compared to
WT group (Figure 4A). The IL and OC presented similar patterns and, in addition to the SN,
an increased connectivity with the amygdala (p<0.01) (Figures 4B, 4C). Finally, the RS also
exhibited reduced correlations with the inferior colliculus, hippocampus (DG and CAL), but
additionally increased connectivity with the amygdalohippocampal area, bed nucleus of stria
terminalis and Acb (p<0.01) (Figure 4D).
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Identification of genes with expression patterns that are spatially associated with
differential connectivity patterns

In a next step, we aimed to explore which of the deleted genes showed expression patterns
that were spatially associated with differential resting-state connectivity in the Df(h22q11)/+
mice. The results of our analyses are summarized in Figure 5. We found significant
associations between differential resting-state connectivity and spatial gene expression
patterns for all contrasts. The number of individual genes implicated ranged from 7 (seed:
CA) to 19 (seed: IL) for regions showing hyperconnectivity, and 4 (seed: DG) to 18 (seed:
ACC) for regions with hypoconnectivity to the seeds.

Comtand TrmitZawere the most consistently implicated genes across the studied networks.
Comt expression patterns were associated both with networks hyperconnected (except the
CA) and hypoconnected to all seeds. 7rmiZa expression patterns showed similar association
patterns as Comt for hyperconnected networks (also except the CA), and were significantly
associated with all hypoconnected networks.

Other genes showed expression patterns that were associated either with hyper- or
hypoconnected networks. Expression patterns of Ranbpl were associated with all networks
hyperconnected to their seeds, except for RS. Dgcr8expression patterns showed the opposite
direction, as they were associated with all networks hypoconnected to their seeds, except for
VTA.

Genes implicated as associated with differential connectivity form networks above chance

level

For all networks, genes formed protein-protein-interaction networks above chance level.
This indicates that the proteins, encoded by the respective genes, are functionally related and
linked to common biological tasks.

We, next, wanted to explore the specific biological properties, which these protein-protein-
interaction networks would mediate. A data-driven search identified an axonal localization
of their gene products as the main characteristic of the genes implicated across all contrasts
(both hyper- and hypoconnectivity). Across regions with hyperconnectivity to the seeds,
our analyses identified the terms “methyltransferase”, “regulation of chromatin silencing”
and “response to drug” as most enriched. For regions with hypoconnectivity to the seeds, a
slightly different picture emerged, with “transit peptide” and “leucine rich repeat C-terminal

and N-terminal domains” being enriched, besides “methyltransferase activity” (Figure 6).

COMT and TRMT2A are co-expressed in the CNS in healthy controls, but not in
schizophrenia patients

As our analyses indicated an association of Comtand Trmt2a expression patterns

with aberrant brain function in our mouse model of 22q11.2 del, we wanted to

investigate potential co-expression patterns of these two genes in specimens of actual

human schizophrenia patients to explore a translational relevance. We found that in two
lymphoblastoid cell line datasets, COMT and TRMTZA were significantly, but weakly,
co-expressed independent of diagnosis (=0.17, p=4-10~* and p=0.10, p=0.04, respectively).
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Consistent with findings from LCL data, COMT and TRMTZA expression levels were
significantly associated in three human post-mortem brain gene expression datasets ($=0.23,
p=0.004). In contrast to the peripheral blood, however, there was a significant effect of
diagnosis on co-expression (p=0.01), and post-hoc analysis demonstrated that the two

genes were co-expressed in controls (rho=0.46, p=4.1-107°), but not in patients (p>0.75).
Expression did not significantly differ between patients and controls.

DISCUSSION

22011.2 deletion is the most important single genetic risk factor associated with
schizophrenia, but also with other neuropsychiatric disorders, such as ASD (Ousley et al.,
2017; Bassett and Chow, 2008). While the impact of the entire CNV on brain structure (Sun
et al., 2020; Villalon-Reina et al., 2020) and function (Zoller et al., 2019) has been studied
in humans and animals (Reinwald et al., 2020), there still is a critical gap in understanding,
how these neural changes mechanistically emerge and which genes within the deletion are
involved in mediating these effects. In our current study, we linked changes of resting-state
connectivity in a mouse model of 22g11.2 deletion to spatial expression patterns of genes
involved in the deletion. The two most consistently implicated genes by this approach across
all networks, COMT and TRMTZA, showed co-expression in the brain of healthy human
subjects, but not in schizophrenia patients. In the peripheral tissue, the two genes were
co-expressed both in patients and controls. Since our mouse model captures schizophrenia
features and the human samples were extracted from schizophrenia patients, we discuss our
findings in the context of schizophrenia.

The major changes in functional connectivity comprised hyperconnectivity for the
dopaminergic pathways of the ventral tegmental area and substantia nigra, and opposing
predominant hypoconnectivity for the rest of the investigated cortical and subcortical
areas, particularly reduced hippocampal-prefrontal connectivity and hypoconnectivity for
the auditory, visual and fronto-temporal structures. These patterns consistently replicate
connectivity abnormalities in schizophrenia (Brandl et al., 2019) and findings from mouse
models of the 22g11.2 deletion (Sigurdsson et al., 2010; Chun et al., 2017; Hamm et al.,
2017) and from human carriers (Mattiaccio et al., 2016; Larsen et al., 2018). Hippocampal-
prefrontal hypoconnectivity is a central feature of many neuropsychiatric syndromes
hypothesized to underlie cognitive impairment (Godsil et al., 2013), while the aberrant
connectivity within the sensory systems could serve as a marker of risk for developing
psychotic symptoms (Chun et al., 2017; Hamm et al., 2017; Ottet et al., 2013).

Of note, genes associated with hyper- or hypoconnected networks across seeds encode
proteins that interacted with each other above chance level. An enrichment of genes with
axonal function and/or localization across all regions with hyper- and hypoconnectivity
appear as plausible molecular underpinning of changes in resting-state networks (Richiardi
etal., 2015).

Although some regions (e.g., the superior colliculus, secondary visual or primary
somatosensory cortex) showed changes of connectivity for several seeds, there was no
common spatial signature across all networks. Despite this heterogeneity, the expression
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patterns of Comtand Trmt2a demonstrated consistent spatial association with changes in
functional connectivity. We would interpret this constellation as supportive of a plausible
biological involvement of these genes in the emergence of brain functional changes in our
model, rather than an artifact driven by the involvement of identical brain regions across
networks.

As the length of the 22q11.2 deletion doesn’t affect schizophrenia risk, it is possible that
only several genes are critical. Among genes present in different types of deletion is COMT
(Weksberg et al., 2007). However, as COMT is also present in 22q11.2 carriers with no
history of psychosis (Weksberg et al., 2007), it appears more plausible that gene-gene

and gene-environment interactions, rather than a single gene, would play a causal role

in inducing schizophrenia. COMT is one of the best studied genes in the context of
psychiatric disorders (Hiroi et al., 2019) and cognition. COMT genotype (Val108/158Met)
affects prefrontal (Dennis et al., 2010), prefrontal-hippocampal (Bertolino et al., 2006) and
default-mode network connectivity (Liu et al., 2010) during cognitive processing and at
rest in healthy individuals (Tunbridge et al., 2013) (however, also see (Nickl-Jockschat et
al., 2015)). Interestingly, it affects neural pathways and connectivity related to cognitive
performance in patients with schizophrenia differentially, than in healthy individuals
(Wang et al., 2018). Given its role in the regulation of catecholaminergic, particularly,
dopaminergic signaling (Mannisto and Kaakkola, 1999), COMT has been hypothesized

to be a major player in the manifestation of psychosis (Tunbridge et al., 2006). COMT
dose alterations due to a varying number of copies of 22g11.2 segment affect development
of working memory capacity, a critical component of executive function compromised in
neuropsychiatric disorders (Boku et al., 2018). Our own data demonstrating a consistent
association between its expression and patterns of hypo- and hyperconnectivity across seeds
fits the view of COMT as a gene with central pathophysiological relevance within the
deletion. It is not surprising that both connectivity directions (hyper- and hypo-) were
associated with Comt expression, as catecholamines produce both excitatory and inhibitory
effects acting on different types of receptors. The monoallelic deletion of Comtalso
provides a mechanistic explanation for the observed hyperconnectivity of the dopaminergic
ventral tegmental area and substantia nigra in the Df(h22g11)/+ mice that parallels the
observed hyperdopaminergic state in patients with 22g11.2 deletion syndrome (Butcher et
al., 2017). However, it should be noted that Comt expression patterns weren’t exclusively
associated with classical dopaminergic networks, which could indicate a pathomechanism
beyond a simple up-regulation of dopamine levels due to reduced degradation.

Trmt2a, the second implicated gene, is much less extensively studied. It encodes a

transfer RNA (tRNA) methyltransferase, which catalyzes the post-transcriptional chemical
modification of tRNA, stabilizing its structure and increasing the fidelity and efficiency

of protein synthesis (Chang et al., 2019). Additionally, this gene has been linked to

deficits in sustained attention in schizophrenia patients, which might represent a disease
endophenotype (Liu et al., 2007). Of note, a potential epistasis between COMT and
TRMTZA has not been described yet. However, our translational analyses in humans support
the idea of a potential connection between the two, namely our finding of a co-expression

of TRMT2A and COMT in the healthy human brain, which was disrupted in schizophrenia
patients. This finding further supports the notion of COMT and TRMTZA as being relevant
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for brain connectivity and, hence, behavior in 22q11.2 deletion syndrome and should be
regarded as an important translational validation marker. There is an intriguing possibility
of an epistatic interaction between TRMTZA and COMT accomplished via a cross-talk
between protein biosynthesis and neurotransmission or vice versa, which could be disrupted
in schizophrenia.

Two other genes had a consistent association either with hyper- or hyponnectivity. The

first one was Ranbpl whose expression patterns were associated with all networks
hyperconnected to their seeds, except for the retrosplenial cortex. Its product is RNA-
binding G-protein participating in cell cycle (Clements et al., 2017) and involved in

the metabotropic glutamate receptor gene network (Wenger et al., 2016). A homozygous
knockout of this gene results in microcephaly and selective disruption of layer 2/3

cortical projection neuron generation (Paronett et al., 2015). The association between
Ranbpl expression and hyperconnectivity in the Df(h22g11)/+ mice might result from its
involvement in excitatory glutamatergic signaling and the generation of cortical projections.

In contrast to Ranbpl, the Dgcr8 expression patterns showed the opposite association, as
they were associated with all networks hypoconnected to their seeds, except for the ventral
tegmental area. A conditional deletion of Dgcr8in cortical pyramidal neurons leads to
reduction of interneurons in the prefrontal cortex, accompanied by an inhibitory synaptic
transmission deficit (Hsu et al., 2012), which could serve as a mechanistic explanation of the
observed association between Dgcr8expression and hypoconnectivity in the Df(h22q11)/+
mice.

There are several limitations in this study. First, we relied upon gene expression maps from
the Allen Mouse Brain Atlas, which are derived from wild type mice. Expression patterns
differ across mouse strains and can be reasonably expected to be different in animals
modeling 22g11.2 deletion. However, it should be noted that a disruption of Comtand
Trmt2a co-expression, as indicated by our analyses in mice, obviously has a translational
capacity in human schizophrenia patients. Second, it should be noted that the Allen Mouse
Brain Atlas did not provide an expression map for every gene in the deletion. In detail,

3 maps (Igll1, T10 and Mirl185) were missing. Although we would not expect our results
to change decisively with these three maps added, we do acknowledge that their lack in
the analysis might distort the results to a certain degree. Third, substantia nigra and ventral
tegmental area displayed the strongest results in connectivity (hyperconnectivity) and gene
expression, however the latter correlated with hypoconnectity pattern, possibly due to the
fact that smaller connectivity clusters had lower variance and thus possibly deviated more
from the average distribution in the brain. Therefore, the statistical strength of the results
should be interpreted with caution. Also, we did not correct our gene expression analyses
for multiple comparisons. As the Allen Mouse Brain Atlas only provides a single expression
map for most genes (Lein et al., 2007), corrections for multiple comparisons would go
along with a significantly increased risk for false negative findings. To the best of our
knowledge, none of the studies in the field has so far applied such corrections (Fakhry and
Ji, 2015; Kumar et al., 2018; Fernandes et al., 2017). As this approach goes along with a
risk for false positive findings, we would regard our approach as an option to formulate
observer-independent data-driven hypotheses on the potential underpinnings of changes in
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brain function or structure, but have to emphasize that these hypotheses need verification
by additional experiments (Kumar et al., 2018). Importantly, our findings in human
datasets of schizophrenia patients and healthy controls support the idea of a potentially
central role for COMT and TRMTZA in mediating the impact of 22g11.2 deletion on the
brain. Finally, while the Df(h22q11)/+ mouse model of human 22g11.2 deletion shows
behavioral and electrophysiological phenotypes associated with schizophrenia - and, hence,
the focus of our approach and discussion has been placed accordingly, - it should be noted
that this CNV is nosologically unspecific. 22g11.2 deletion is associated with a broad

set of neuropsychiatric disorders, such as ASD, attention-deficit hyperactivity disorder,
anxiety disorders, intellectual disability (Schneider et al., 2014; Zinkstok et al., 2019), and
obsessive-compulsive disorders (Gothelf et al., 2004; Sebat et al., 2009). Our findings

of disrupted co-expression patterns between COMT and 7rmt2ain post-mortem brain
samples of human patients point towards a translational relevance of our results at least

in schizophrenia. However, given the lack of nosological specificity of 22q11.2 deletion, it
remains to be clarified whether that holds up for other disorders associated with this CNV.
Consequently, the results obtained in our mouse model should be rather interpreted as the
effects of a given CNV on brain connectivity, than regarded as a rodent model of a particular
disease.

Acknowledging these caveats, our findings suggest that COMT and TRMTZ2A form a core
genetic component modulating psychosis risk via differential neural activity in 22¢q11.2
deletion. A better understanding of the interplay of these two genes, along with other genes
within the deletion, yields the potential to therapeutically influence liability for psychosis in
22911 deletion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A schematic representation of deleted genes aligned for human (22g11.2) and mouse

(16gA3) chromosomal regions.

Red color denotes genes targeted with a LoxP site, grey shade denotes genes at the border
not comprising part of the deletion. IDs of the expression maps for the respective genes in

the Allen Mouse Brain Atlas are reported in italics.
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Figure 2. Overview over the pipelinefor the joint analysis of gene expression patterns and
differential resting state connectivity.

The top left image contains layered 2D expression images of the COMT gene which

gets converted into the 3D image below. Please note that the lateral edges of the brain

are not fully covered by the sagittal slices. Images then get binarized and aligned to the
Waxholm space, which serves as a standard reference space for both gene expression maps
and clusters indicating differential resting-state connectivity (top right image). After this
alignment, a direct comparison between differential resting-state connectivity and gene
expression patterns can be achieved.
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Figure 3. Between-group comparisons of seed-based resting-state functional connectivity for the
subcortical brain regions between Df(h22q11)/+ and wild type mice.

Two-sample t-tests (p <0.01) show significantly higher (red) and lower (blue) connectivity
between ventral tegmental area (A), substantia nigra (B), Ammon’s horn (C), dentate
gyrus (D), nucleus accumbens (E), and multiple cortical and subcortical brain regions in
Df(h22g11)/+ mice, compared to the control group. Coordinates are in mm to Bregma.
Abbreviations: ACo — anterior cortical amygdaloid nucleus, Al — agranular insular cortex,
APT — anterior pretectal nucleus, Au — auditory cortex, BLA — basolateral amygdaloid
nucleus, BNST — bed nucleus of stria terminalis, CA2 — field CA2 of the hippocampus,
Cgl - cingulate cortex area 1, Cg2 - cingulate cortex area 2, CPu — caudate putamen,

DEn - dorsal endopiriform nucleus, DR — dorsal raphe nucleus, Ent — entorhinal cortex,
HC - hippocampus, LS — lateral septal nucleus, M2 — secondary motor cortex, MD —
mediodorsal thalamic nucleus, MGP — medial globus pallidus, PAG — periaqueductal gray,
PaS - parasubiculum, Pir — piriform cortex, PMnR — paramedian raphe nucleus, PMCo —
posteromedial cortical amygdaloid area, PnO — pontine reticular nucleus oral part, PRh —
perirhinal cortex, PrL — prelimbic cortex, PrS - presubiculum, S1 — primary somatosensory
cortex, S2 - secondary somatosensory cortex, SC — superior colliculus, TeA — temporal
association cortex, V2 — secondary visual cortex, VPM — ventral posteromedial thalamic
nucleus, ZI — zona incerta.
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Figure 4. Between-group comparisons of seed-based rs-FC for the cortical brain regions between
Df(h22q11)/+ and wild type mice.

Two-sample t-tests (p <0.01) show significantly higher (red) and lower (blue) connectivity
between anterior cingulate cortex (A), infralimbic cortex (B), orbitofrontal cortex (C) and
retrosplenial cortex (D) and multiple cortical and subcortical brain regions in Df(h22q11)/+
mice, compared to the control group. Coordinates are in mm to Bregma. Abbreviations: AHi
— amygdalohippocampal area, Amyg - amygdala, Ect — ectorhinal cortex, LPMC - lateral
posterior thalamic nucleus mediocaudal part, Pn — pontine nuclei, V1 — primary visual
cortex, VPL — ventral posterolateral thalamic nucleus. Other abbreviations are the same as in
Figure 3.
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Fig_ure 5. Genes overexpressed in networksindicating hyper- and hypoconnectivity for seed
regions.

Degpicted are the matrices presenting fold changes between neural networks hyper- (left) and
hypoconnected (right) to the seed regions and spatial expression patterns of the hemi-deleted
genes in these networks. Only values for significant overexpression are provided. Comt

and 7rmtZawere the most consistently implicated genes across the studied networks. Other
genes showed expression patterns that were associated either with hyper- or hypoconnected
networks.
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Figure 6. Protein-protein interaction networks overexpressed in networksindicating hyper- and
hypoconnectivity.

The nodes of the network represent the proteins, which are encoded by the genes entered
into our analysis. The content of the node indicates, whether the 3D structure of the gene
product is known or not. The colors of the edges indicate the kind of evidence for protein-
protein interactions. Nodes (proteins) without edges indicate that a protein has no functional
associations with other proteins of that contrast. The p-values under the networks indicate
the likelihood that the involved genes form a protein-protein network above chance level.
Known interactions. light blue — from curated databases, pink — experimentally determined;
predicted interactions. green — gene neighborhood, red — gene fusions, dark blue — gene
co-occurrence; other interactions. light green — text mining, black — co-expression, violet

— protein homology. Abbreviations: Acb - nucleus accumbens, HC - hippocampus, IL -
infralimbic cortex, OC - orbitofrontal cortex, RS - retrosplenial cortex, VTA - ventral
tegmental area.
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