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Abstract

We conducted whole-genome sequencing of four inbred mouse strains initially selected for high (H1, H2) or low (L1, L2)
open-field activity (OFA), and then examined strain distribution patterns for all DNA variants that differed between their
BALB/cJ and C57BL/6J parental strains. Next, we assessed genome-wide sharing (3,678,826 variants) both between and
within the High and Low Activity strains. Results suggested that about 10% of these DNA variants may be associated with
OFA, and clearly demonstrated its polygenic nature. Finally, we conducted bioinformatic analyses of functional genomics
data from mouse, rat, and human to refine previously identified quantitative trait loci (QTL) for anxiety-related measures.
This combination of sequence analysis and genomic-data integration facilitated refinement of previously intractable QTL

findings, and identified possible genes for functional follow-up studies.
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Introduction

Anxiety disorders are among the most common mental dis-
orders observed in the United States, affecting about 31.3%
of all adults at least one time in their lifespan, with 19.1% of
United States adults experiencing an anxiety disorder in the
last year alone (National Institute of Mental Health 2017).
Furthermore, those who are suffering from some type of
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anxiety disorder are 3—5 times more likely to visit a doctor
than those who are not (Anxiety and Depression Association
of America 2018), and these disorders are highly comorbid
with other diseases (Meier and Deckert 2019). Anxiety dis-
orders are estimated to cost~ $45 billion annually, represent-
ing around 30% of total expenditures for all mental illnesses
in the United States (DeVane et al. 2005).

There is clear evidence that risk for anxiety disorders is
determined by a fine interplay between genetics and envi-
ronment. Heritability estimates for anxiety disorders range
between 30 and 50%, based on epidemiological, twin,
and family studies (Shimada-Sugimoto et al. 2015) with
small contributions from common familial environments
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in females and the same predisposing genes across sexes
(Gottschalk and Domschke 2017).

Although treatment options such as psychotherapy, phar-
macotherapy, and homeopathic interventions are currently
available, many of these lead to unwanted side effects and
may not have a substantial beneficial effect for patients
[reviewed in (Bandelow et al. 2017)]. For example, que-
tiapine has high efficacy but is not licensed for use in most
countries due to the substantial negative side effects (Ban-
delow et al. 2017). Given the lack of effective treatments,
there is an urgent need to identify underlying biological
mechanisms contributing to anxiety behaviors. In this paper,
we advance this goal using a genetic mouse model combined
with bioinformatic analyses of new and existing publicly
available functional genomics data.

High and Low Activity selected strains
as a model

Given the complex genetics of anxiety disorders in humans,
mouse models provide a convenient system within which to
clarify and identify genetic influences on anxiety. Previous
research has demonstrated that neuronal circuitry involved in
human anxiety disorders is also implicated in rodent models
of anxiety-related behaviors, e.g. hyperactivation of the hip-
pocampus, which is linked to anxiety behaviors in rodents
and humans (Duval et al. 2015). Mouse models offer many
opportunities for insight into the neurobiological mecha-
nisms of anxiety including a well-characterized genome,
controlled experiments to establish causality, and established
measures of anxiety-like behavior. Open-field activity (OFA)
is commonly used as a measure of anxiety in mice, where
higher activity and increased exploration reflect lower anxi-
ety and vice versa (Seibenhener and Wooten 2015). In a clas-
sic bidirectional selection experiment for open-field activity,
DeFries et al. (1978) differentially selected two replicate
lines of mice for 30 generations. The selection experiment
began with an F3 generation derived from an initial cross
between the inbred BALBc/J and C57BL/6J strains. From
each of ten F3 generation litters that contained at least two
males and two females, the most active male and most active
female within each litter were selected. These ten selected
males and ten selected females were then mated at random
to become the progenitors of the H1 line. In a corresponding
manner, the least active male and least active female from
each of these same litters were selected and mated at random
to become the progenitors of the L1 line. From a different
sample of ten F3 litters, one male and one female within
each litter were chosen at random to become the progenitors
of the C1 line. From two additional sets of ten F3 litters, a
similar procedure was used to establish the replicate H2,
L2, and C2 lines (Turri, Henderson et al. 2001a, b). During

30 generations of subsequent within-litter selection, the two
H lines gradually diverged from the two L lines, eventually
manifesting a 30-fold difference in open-field activity scores
(Fig. 1). These lines were subsequently maintained by ran-
dom mating within line for 18 generations, and then inbred
using brother-sister matings. As outlined below, F2 crosses
of the H and L inbred strains have been utilized for genetic
mapping experiments.

The unique H1 and L1 strains were studied in the early
1990s to perform the first quantitative trait loci (QTL) map-
ping study of a behavioral trait using an F2 intercross of the
High and Low Activity strains (Flint et al. 1995). In addi-
tion to open-field activity, the investigators also confirmed
differences between strains in the expected direction for
other mouse measures of anxiety-like defensive behavioral
responses, including Y-maze, elevated plus-maze (EPM),
and defecation scores. QTL on chromosomes 1, 12, and 15
were identified to contain genes linked to “emotionality”
across all four testing measures.

Both the behavioral and QTL results were subsequently
replicated in a separately derived F2 population, and the
light—dark box (LDB) measure of anxiety was added to the
behavioral phenotypes. The same three loci (chromosomes
1, 12, and 15) as well as four more loci on chromosomes 4,
7, 18, and X were linked with anxiety phenotypes. However,
based on the overlap among identified QTL for multiple
phenotypes, it was unclear whether each QTL contributed
equally to certain anxiety-related behaviors, or whether spe-
cific regions were unique to particular phenotypes (Turri
et al. 2001a, b).

To address the question of whether the same set of genes
impacts the behaviors observed in the different tests, data
from mice tested in Turri et al. (2001a, b) were re-analyzed
to evaluate an expanded set of anxiety-related behaviors in
five tests: OFA, EPM, LDB, mirror chamber, and square
maze (Turri et al. 2001a, b). Consistent with both of the
previously described studies, loci on chromosomes 1, 4, and
15 had statistically significant LOD scores; however, they
also reported QTL on chromosomes 7, 12, 14, 18, and X as
having some influence on anxiety-related phenotypes, but to
a lesser extent. Loci on chromosome 15 appeared to influ-
ence every phenotype while loci on chromosome 1, 4, 12,
18, and X influenced many but not all. They also reported
high LOD scores for loci on chromosome 7. Finally, analy-
ses revealed that avoidance behaviors were associated with
loci on chromosome 15, generalized activity was associated
with loci on chromosome 4, and exploratory behaviors were
associated with loci on chromosome 1. Loci on chromosome
1 were estimated to account for 10% of phenotypic variance
(Turri et al. 2001a, b).

Finally, a follow-up analysis by Henderson et al. (2004)
combined data across the previous studies and used factor
analysis to evaluate detailed phenotypic aspects to further
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Fig. 1 Response to 30 genera-
tions of bi-directional selection
for high and low open-field
activity reproduced, with
permission, from (DeFries et al.
1978)
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characterize which QTL are associated with specific features
of the anxiety-related behaviors. Their goal was to investigate
potential consequences of certain choices for phenotypes in
mapping studies. This comprehensive analysis provided a
complete overview of genetic effects on over 100 endopheno-
types related to anxiety-related behaviors. Using this approach,
one additional chromosomal locus was linked to these pheno-
types on chromosome 8, while replicating previously identified
QTL (1,4, 5,7, 12, 15, 18, and X) consistent across the four
mapping studies. Altogether these loci account for between 20
and 36% of the phenotypic variance for measures of anxiety-
like defensive behavioral responses. Chromosomes 1 and 15
show the largest influence on these measures. A benefit of the
diverse set of measures used is that it allows for more spe-
cific interpretation of the behavioral mechanisms involved.
Upon further evaluation of the loci on chromosomes 1 and
15, it was discovered that their contributions to anxiety-related
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phenotypes are slightly different. Chromosome 1 appeared to
play arole in fear and hiding. Chromosome 15 was associated
with modulation of latency to move from one area of a test-
ing apparatus to another, suppression of rearing behavior, and
no contribution whatsoever to autonomic activity (Henderson
et al. 2004). In summary, the experiments described above
with the High and Low Activity mice have shown there is a
strong influence of loci on chromosomes 1 and 15 on anxiety-
like behavior, with smaller contributions coming from chro-
mosomes 4, 5, 7, 8, 12, 14, 15, 18, and X. These mice have
not been studied since these early QTL studies, but have been
continuously inbred at the Institute for Behavioral Genetics,
and were recently retested to confirm the dramatic differences
in anxiety-related behaviors, including sub-measures of OFA
(e.g., center activity in the open-field, and time spent in the
center of the open-field), as well as other well-established
tests for anxiety-related behaviors such as light—dark box,
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elevated plus-maze, and novel object recognition (Booher
et al. submitted).

Other genetic models of anxiety

In addition to the High and Low Activity strains, other
genetic populations have been used to study anxiety-like
phenotypes. In BXD (derived from C57BL/6J and DBA/2J
mice) recombinant inbred (RI) mice, (Philip et al. 2010)
identified significant QTL on chromosomes 9, 10, and 13
and suggestive QTL on chromosomes 1,4, 5,6, 8,9, 10, 11,
and 13. In a separate study of habituation, characterized by
areduction in activity in a novel environment, chromosome
15 was identified using BXD RI lines, but suggest it may
be more involved in anxiety-related behaviors than activ-
ity based on similar findings in other studies (Bolivar and
Flaherty 2003). Another cross-species analysis using BXD
recombinant inbred mice was carried out to assess candidate
genes for anxiety-related behaviors (Ashbrook et al. 2015).
Using BXD recombinant inbred mice, QTL on chromo-
somes 1 and 13 were linked with elevated zero-maze meas-
ures and open-field activity, respectively (Ashbrook et al.
2015). Chromosome 1 is consistent with results from the
High and Low Activity mice results, and the two QTL over-
lap slightly. Another experiment involving 1063 advanced
intercross line (AIL) mice (derived from LG/J and SM/J
mice), a multigenerational outbred population, identified
novel associations between QTL, expression QTL (eQTL)
and locomotor activity (Gonzales et al. 2018). Integrating
Genome Wide Association Study (GWAS) results with QTL
data, four chromosomes were identified as being important
for locomotor activity in mice: 4, 6, 8, and 17 (Gonzales
et al. 2018). Chromosomes 4 and 8 are consistent with previ-
ous studies discussed for having an influence in anxiety-like
phenotypes. Finally, an older review summarized findings
from studies of four different crosses (C57BL/6J (B6) X
DBA/2J (D2), B6 X C3H/HeJ (C3H), ILS/Ibg X ISS/Ibg
(ISS) and C57BL/6By (B6y) X BALB/cBy (BALB)) and
identified a QTL-rich region on chromosome 1 (QRR1)
implicated in emotionality and other neurobehavioral phe-
notypes (Mozhui et al. 2008). This QRR1 hotspot is between
172.5 and 177.5 Mb in mice, which overlaps with the chro-
mosome 1 QTL region in the High and Low Activity mice
between 172.5 and 177.3 Mb (Mozhui et al. 2008).

Whole genome sequencing to assess effects
of selection, coupled with bioinformatics
to identify gene candidates

Mapping in selected mouse lines allows identification of
QTL that account for a greater percentage of the genetic
variance contributing to the phenotype (Parker et al. 2014;

Zhou et al. 2019), compared to natural populations, such
as humans, where high polygenicity and small effect sizes
reduce statistical power to identify associated loci. How-
ever, these studies, particularly early QTL mapping stud-
ies, require substantial follow up and refinement to identify
causal variants and the gene products they influence. Whole
genome sequence (WGS) data from selected mouse strains
can be coupled with expanding informatics databases and
tools to create a system for prioritizing genes through the
aggregation and integration of data across species. This bio-
informatics approach represents a powerful tool for exam-
ining legacy data from historic gene mapping experiments
where QTL intervals could not be narrowed to specific
genes. In the current study, there were two main objectives
directly related to the High and Low Activity strains. First,
we assessed the effects of selection and subsequent inbreed-
ing on genomic architecture in the High and Low Activity
strains through whole genome sequencing, by identifying
regions that were selected repeatedly in the two High or
two Low Activity lines. Second, genes within these regions
specific to the High and Low Activity strains were prior-
itized using current genomics databases and tools for cross-
species analyses. As a broader third goal, we applied this
cross-species analytical approach across ALL genetic studies
related to anxiety, thereby allowing identification of genes
most represented in the field as a whole.

Methods
Animals

Male and female High (H1 and H2) and Low (L1 and L2)
Activity mice were bred and housed in the specific pathogen-
free Jennie Smoly Caruthers Biotechnology Building at the
University of Colorado Boulder on a 12-h light:dark cycle
(lights on at 7:00 AM). The mice were housed in standard
30 cm X 13 cm X 17 cm polycarbonate cages with ad libitum
access to food (Envigo Teklad 2914 irradiated rodent diet,
Harlan, Madison, WI, USA) and water. Room temperature
was maintained between 23 and 24.5 °C.

DNA sequencing, assembly, and variant calling,
and high/low strain comparison

For each of the four strains, DNA was isolated from one
male and one female using the QIAmp Fast DNA Tissue
Kit (Qiagen, Inc, Hilden, Germany) per the manufacturer’s
instructions for tail tissue. Isolated DNA samples were sent
to Novogene, Inc for library construction using the NEB
Next Ultrall DNA Library Prep Kit, 350 bp insert library.
Sequencing was performed in China on an [llumina HiSeqX
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Ten instrument using a paired-end 150 bp sequencing
strategy.

We aligned the short reads to the mouse GRCm38 refer-
ence genome using BWA-MEM 0.7.17 (Li and Durbin 2009;
Li 2013) with default parameters, and sorted the resulting
Sequence Alignment/Map (SAM) file and converted it to
BAM format with samtools 1.9 (Li et al. 2009). We then
jointly called variants across all eight individuals using
beftools (Li 2011; Danecek et al. 2014) mpileup (-e 20 -F
0.002 -h 100 -L 250 -m 1 -0 40), call (-m —keep-alts), and
filter (-e ‘DP <2’ -Oz). We restricted the called variants
using the -targets-file call command to sites polymorphic
between the C57BL/6J and BALB/cJ progenitor strains,
identified through the Wellcome Sanger Mouse Genomes
Project (ftp://ftp-mouse.sanger.ac.uk/current_snps/strai
n_specific_vcfs/BALB_cJ.mgp.v5.snps.dbSNP142.vcf.gz).

We removed indels and multi-allelic sites, and those
in which read depth was below 20 or above 120, mapping
quality was below 35, and/or quality score was below 20.
Because all four lines (H1, H2, L1, and L2) had been inbred
over a number of generations, we expected little to no auto-
somal variation still segregating within strains. Therefore,
we further restricted our analysis to sites in which no indi-
viduals were heterozygous and where males and females of
the same strains had exactly matching genotypes, retaining
a total of 3,678,826 biallelic positions across the 19 auto-
somes. We note that this likely excluded some small number
of real heterozygous positions that have arisen within strains
through de novo mutation. However, we were interested pri-
marily in the variants segregating among progenitor strains
that influence anxiety-like behaviors, and there were unlikely
to be many true new mutations compared to sequencing and
variant calling errors. Future work may address the influence
of de novo mutations on selected strains. We used the Mouse
Map Converter from The Jackson Laboratory (Mouse Map
Converter (n.d.)) to assign genetic map position based on
physical positions, and assigned alleles as either of BALB/
cJ (B) or C57BL/6J (C) origin (the two progenitor strains)
by comparison to the sequenced genomes available through
the Sanger Institute (Mouse Genomes Project-Sanger Insti-
tute (n.d.)).

High/low strain genome comparison

We performed two primary analyses to compare the strain
distribution patterns of the selected strains. First, we esti-
mated the proportion of variants possibly associated with
OFA. Let V equal the number of variants that are associ-
ated with OFA, U equal the number that are not associated
with OFA, P equal the proportion of variants associated
with OFA, i.e., P=V/(V+U), and w, X, y, and z equal the
observed number of variants in the four combinations of
possible parental variants in the High and Low selected
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strains: BB, BC, CB, CC. The expected (w+2z)=0.5U,
while the expected (x+y)=V 4+ 0.5U. Therefore, the
expected [x+y — (W+2)] =V and the expected total num-
ber of variants is (W+z+y+2z)=V +U. P can then be
calculated for each pair of H1 and L1 (P1), and H2 and L2
(P2). We estimated P1 and P2 across the whole genome
and for each autosome separately.

Second, we estimated ¢, the coefficient of association
(Sokal and Rohlf 1995; Rieseberg et al. 2003) which varies
from — 1 to 1, and compares the genomic distribution of
progenitor strain alleles in each of the pairs of descend-
ant lines with the expected distribution of alleles under
selection. Namely, we expected there to be a strong posi-
tive association in H1-H2 and L1-L2 comparisons, but
0-to-negative association of alleles when comparing high
to low strains. We performed this analysis in 1 ¢cM win-
dows to localize signals of association, and used a block
jackknife to estimate the genome-wide mean and stand-
ard error of ¢, which accounts for linkage disequilibrium
across the genome (Reich et al. 2009). We also assessed
the impact of window size by applying 5 ¢cM and 10 cM
windows.

Our initial analyses revealed remarkably consistent esti-
mates for the L1 and L2 strains and for the H1 and H2 strains
(see below). Although strong selection for a highly polygenic
character may have yielded these results, it is possible that
some inadvertent cross-contamination may have occurred
between the two L strains and/or between the two H strains.
Following a mouse hepatitis virus epidemic in our main
colony during 2009-2010, newborn pups from these lines
were transferred to a nucleus colony room and cross-fostered
to clean mothers. Because it is possible that an inadvertent
cross of the replicate strains could have occurred during that
transfer, we regard our between-replicate analyses (i.e., H1
vs H2 and L1 vs L2) as being only exploratory.

Identification of genes within narrowed QTL

Using the whole genome sequence data from the H1, H2, L1,
and L2 mice, we identified regions, which will be referred
to as “regions of difference” in which High Activity strains
and Low Activity strains had opposite alleles, i.e., Hl &
H2 shared the same allele, and L1 & L2 shared the oppo-
site allele. We overlaid the QTL found by Henderson et al.
(2004), using these High and Low Activity strains with the
regions of difference from our genotyping, resulting in nar-
rowed regions on chromosomes 1, 4, 7, 8, 14, 15, and 18
based on their genetic map positions. We used the Mouse
Genome Database (MGI-Mouse Genome Informatics 2019)
to identify genes within the overlapping intervals, and con-
sidered these to be candidate genes for anxiety phenotypes
in subsequent analyses.
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Integrative network analysis

We performed a bioinformatics analysis to further prioritize
the positional candidates using aggregate data from func-
tional genomics experiments in the GeneWeaver 2.0 system.
GeneWeaver is a suite of microservices that can be accessed
via a web browser to perform customized analysis of gene
sets selected from its data repository of hundreds of thou-
sands of gene sets derived from genomic databases, publica-
tions, and user submissions on 10 different species (Baker
et al. 2011). Genes are mapped onto one another using pub-
lic sources of orthology information, obtained from Alliance
of Genome Resources, homologene, and other identifier
mapping information. Selections from the data repository
are integrated by gene orthology and analyzed with cus-
tomizable workflows based on its suite of analytic tools that
support various set comparison and statistical operations
(Baker et al. 2011).

In GeneWeaver, gene lists derived from studies of anxi-
ety-related behaviors were identified using the search terms
“anxiety”, “open-field behavior”, “open-field”, “elevated
plus-maze”, “elevated zero-maze”, “light—dark box”, light/
dark box”, and “social interaction test”. This revealed 55
viable publication sources across mouse, rat, and human
studies on anxiety phenotypes. Gene sets involving the
usage of drugs of any kind were excluded to reduce possible
confounding variables. For human genetic studies, we only
included appropriately powered genome-wide associations
(no less than 1700 participants) to reduce possible bias from
candidate gene studies with small sample sizes. Genome-
wide association studies, rather than targeted candidate gene
studies allow an agnostic survey of the genome allowing
genes that are supported across species and data types to be
identified. Several of the gene sets that arose were from the
same publication but focused on different brain regions, etc.,
and these gene sets were combined using the Boolean Alge-
bra Union tool within GeneWeaver to create one combined
gene set consisting of the union of all list members from
the same publication to eliminate over counting duplicate
genes. To reduce the possible false negatives, we manually
evaluated each paper and gene list to ensure there was no
duplication by brain region from the same study or dataset.

The Boolean Algebra Intersection tool allows for genes
appearing in a user defined number of gene sets to be
highlighted for reference in subsequent analyses using the
“Emphasis Genes” feature. These Emphasis Genes were
determined for mice and rats individually using the Boolean
Intersection tool. Emphasis genes were defined as those that
appeared in our gene set from the High and Low Activity
mice and at least three other gene sets. Finally, the collection
of rat, mouse, and the High and Low Activity mouse QTL
was compared against the Human GWAS data to identify
candidate genes and visualized using the GeneSet Graph

CEINNTS

tool. This tool was set to a minimum of six connections
meaning that only those genes that appeared in at least six
independent studies across the species listed would appear.
We further examined a larger list of genes, present in five
independent studies, to determine whether they appeared to
cluster in specific functional pathways, using PANTHER
(Mi et al. 2009).

Results
Genomic comparison of High and Low strains

Across the four lines sequenced, we identified 3,678,826
high-quality biallelic positions across the 19 autosomes.
For each position, we identified the strain of origin for each
allele as either BALB/cJ or C57BL/6J (Table 1, Fig. 2, Sup-
plementary Fig. 1).

We estimated, P, the genome-wide estimated proportion
of variants associated with OFA, to be 0.103 and 0.073 for
the two replicates (Table 1). These estimates varied substan-
tially among chromosomes, with the among-chromosome
standard deviation of the estimate to be 0.24 and 0.31 for
the two replicates (Supplementary Table I). Because of the
possible inadvertent crossing of the replicates, their corre-
sponding estimates of P may not be independent.

The association of alleles among strains, ¢, was strong
and positive for comparisons of HI-H2 and L1-L2 (¢ >0.8),
but weak for high activity vs. low activity strain comparisons
(¢ <0.11; Fig. 2, Table 2). These estimates were highly and
significantly different from each other, as shown by non-over-
lapping 95% confidence intervals (Table 2). Thus, lines under
similar directional selection were more similar to one another
than to strains under opposite directional selection. Estimates
of ¢ were largely unaffected by the size of the window (1, 5,
or 10 cM; Supplementary Fig. 2, Supplementary Table II).
These analyses identified numerous genomic windows in
which High Activity strains were nearly perfectly concordant,

Table 1 Genome-wide counts of the variants with each strain distri-
bution pattern based on progenitor strain alleles

Strain Distribution Replicate

High Low Term 1 2

BALB BALB w 905,074 991,602

BALB C57 X 1,052,074 1,104,134

C57 BALB y 977,042 868,813

C57 C57 z 744,635 714,276
P 0.103 0.073

P is the genome-wide estimated proportion of all variants associated
with OFA, within each replicate

Abbreviations: BALB, BALB/cJ; C57, C57BL/6]
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Table2 Genome-wide mean and 95% confidence interval of ¢ coefficient of association, estimated using 1 ¢cM windows and a block jackknife

for each pair of strains

Strain pair compared HI1.H2 HI.L1 H1.L2 H2.L2 H2.L1 L1.L2
Mean 0.828 0.102 0.108 0.083 0.082 0.857
Lower 95% CI 0.812 0.082 0.088 0.065 0.064 0.842
Upper 95% CI 0.844 0.121 0.128 0.102 0.101 0.872
Low Activity strains were nearly perfectly concordant, and
in which High and Low strains were highly dissimilar. These B BALBc/
. .ded the basis fi b t ¢ Ivsi C57BL/6J

regions provided the basis for subsequent gene set analysis. - 1 mm it 1
Identification of genes within narrowed QTL o i omm Kf mEiC
Regl.ons of 1.ntere.st were locatc.:d on every ch.romosome with - ; —
previously-identified QTL with the exception of chromo- :
somes 12 and X. 247 genes were found on chromosome 1 ~ ;

N 1 W —

within the narrowed QTL (71.0-87.0 cM). Chromosome
4 had 379 genes in the narrowed region of 26.0-52.0 cM
(Supplementary Fig. 1). Chromosome 7 produced 661 genes
between the region of 33.0 and 66.0 cM (Fig. 3). Chromo-
some 8 had 543 genes in the 22.0-65.0 cM region. Chromo-
some 14 had 517 genes between the 11.0 and 29.0 cM posi-
tions. Interestingly, chromosome 15 only had four coding
genes within the region from 18.0-20.0 cM. Chromosome
18 had 77 genes in the region between 16.0 and 35.0 cM
(Supplemental Table III. Genes found in QTL regions of
High_Low mice). This list of 2428 genes was condensed into
a single list and entered into GeneWeaver for comparison
against other publications.

Prioritization of positional candidates
with functional evidence in GeneWeaver

After collecting publications (Supplemental Table IV.
GeneWeaver Publications) across the three species (mouse,
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Fig.3 Assigned strain-of-origin for each allele carried by the high
and low activity line (H1, H2, & L1, L2, respectively) on chromo-
some 7. The dashed line represents the coat color locus TYR, and we
note that low activity mice are albino while high activity mice are
brown

rat, human) we identified eight mouse QTL studies contain-
ing a total of 17,554 positional candidate genes and seven
mouse differential expression studies, which contained 1456
genes. For rats we found 11 QTL studies containing 11,979
positional candidate genes and six differential expression
studies containing 3437 genes. Thirteen human GWAS stud-
ies were represented with only 280 genes based on genome-
wide statistically significant GWAS hits. Upon completion
of running the Boolean Intersection tool to find genes that
were represented on at least 4 gene sets, 128 genes from
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the mouse data and 31 genes from the rat data were labeled
as Emphasis Genes. "GeneSet Graph" tool was then run in
order to enumerate the overlap among multiple publications,
species, and genes. From this graph tool, five genes (AcydS,
Cstc, Vmnlrl, Vcaml, Slc6al5) appeared as most highly
connected to all publications being compared (Fig. 4). These
five genes each appeared in seven publications (Table 3,
bold gene names). From those five genes, only two (Cstc
and Vmnlrl) had come from our High and Low Activity
sequencing study. 59 genes were discovered to be the second
most highly connected genes from the publications, present
in at least six publications. Thirteen of these were located
with High/Low QTL regions as emphasis genes (see column
2 in Table 3).

The GeneSet graph (Fig. 4, Supplementary Figs. 3 and
4) presents the bipartite graph of genes and gene sets with
the most highly connected genes on the far right of the fig-
ure; AcydS, Cstc, Vmnlrl, Vcaml, Slc6al5. The left side
of the figure shows the 59 genes (of which seventeen are in
High/Low QTL regions) that appear in the minimum number
of publications as set by the user, in this case, six publica-
tions. These genes are shown in “Table 3. Highly Connected
Genes”’; with the most highly connected genes listed first
and in bold.

Gene ontology and pathways implicated using
PANTHER

There were 344 genes present in at least five studies, which
was large enough to conduct PANTHER ontology and path-
way analyses. The 2428 genes present in the High and Low
QTL regions were used as the reference genes list to evaluate
over/under representation and fold enrichment in the 344
genes present in five studies. Results from this analysis are
presented in Supplementary Table V (those in red show fold-
enrichment less than 3). In particular, the pathway analysis
revealed over-representation of genes involved in glutamate
signalling.

Discussion

The replicate strains of the High and Low Activity mice pro-
vide a unique opportunity to study the genetic architecture of
response to behavioral selection, given the current availabil-
ity of high-throughput, cost-effective sequencing technology.

The first major goal of the project was to assess how
strongly selection affects allele distribution at a genome-
wide level. From whole-genome sequence data, we esti-
mated the ¢ coefficients within two High and Low strains to
be very high, at 0.828 and 0.857, respectively. Conversely, ¢
was drastically lower (< 0.13) when comparing High to Low
strains. These extreme differences between strains compared

to high similarity within strains illustrate the strong power of
selection on complex behavioral traits to affect the distribu-
tion of variants derived from two single progenitor strains
of mice. Importantly, the proportion of variants associated
with OFA was estimated at 0.103 within H1 and L1 strains,
and 0.073 in the H2 and L2 strains, confirming the high
polygenicity of the trait. Additionally, these similarities and
differences were spread across every single chromosome,
and replicated twice in each selected direction, indicating
the genome-wide architecture of these selected behaviors.
These results parallel selection experiments in other rodent
models for behavioral traits, such as wheel running in mice
(Waters et al. 2013) and alcohol consumption in rats (Lo
et al. 2016), demonstrating the utility of bidirectional selec-
tion experiments in elucidating the genomic and mechanistic
underpinnings of complex behavioral phenotypes.

Despite this large number of loci influencing these
behaviors, and complete genome sequence data for the four
selected strains, the specific genes underlying OFA cannot
be narrowed down through sequence data alone due to the
relatively few recombinations within the inbred strains. Indi-
vidual regions consistent in their strain distribution pattern
are relatively large, containing many known genes within
them. However, by combining these exhaustive sequence
data with results from previous mapping studies in these and
other strains, specific, prioritized genes may be identified.

Historically, large QTLs were resolved through the breed-
ing of congenic mice, backcrossing, and selecting for the
QTL region until recombinations of the QTL against a pure
background could be tested to identify more precisely the
location of the causal variant or variants. Even with the
advances in genotyping and marker assisted matings, this
is an arduous process. Alternatively, aggregating new and
existing functional genomic evidence has the potential to
more rapidly identify plausible candidates for follow-up
study, as was recently done for alcohol-related genes, which
were confirmed in a mouse knock-out model (Bubier et al.
2016). We applied this same strategy to identify genes of
interest, putatively influencing anxiety-like behaviors, by
aggregating the narrowed genomic regions from whole
genome sequence data with High and Low Activity QTL
regions using cross-species ‘omics’ data available in
GeneWeaver.

These analyses narrowed the large number of possible
regions and genes of interest to two high priority genes
with a connection to seven previous studies on anxiety
phenotypes: Ctsc and Vmnlrl. Ctsc codes for a lysosomal
protease, cathepsin C, involved in the activation of other
proteases within bone marrow-derived cells, which perform
functions such as cell-mediated phagocytosis, cytotoxicity,
and activation of inflammatory mediators (Bloch-Zupan
et al. 2012). Mutations in this gene have been associ-
ated with severe forms of periodontitis (Genetics Home
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Fig.4 Most highly connected genes amongst gene sets obtained using GeneWeaver. Furthest right are genes with higher connections amongst
gene sets while genes on the left-hand side are less connected but still prevalent among the gene sets obtained

Reference 2020), which may be a risk factor for neuropsy-
chiatric disease (Hashioka et al. 2019; Wadhawan et al.

in the immune system is interesting considering the con-
2020). Its role in coordinating activation of serine proteases

nection between the immune system and anxiety and stress
(Miller and Raison 2016); indeed, bone marrow-derived
@ Springer
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Table 3 Highly connected

genes present in at least six

publications

Gene Name

High Low Activity QTL

Mouse QTL Mouse DE

Rat QTL Rat DE Human GWAS

Cstc
Vmnlrl
Acyd$
Veaml1
Slc6al5
Ncan
Ndn
Pexlla
Lpl
Chrna7
Slc6a?2
Ndufal3
Cckbr
Lztsl
Csgalnactl
Alad
Atpla2
Sh2d4a
Synpo
Phax
Ephxl
Kcnjl0
Snx24
Zfp608
Nxphl
Inf3
Htr2c
Grm2
Folhl
Spaml
S100al10
Tacr3
Suclgl
Grik3
Slc12a2
Crhbp
Ncdn
Camk2a
Pias2
Cd74
Dcc
Gpr85
Locl100911356
Vmn2ri2
Gabrd
Ptprg
Bhlhe40
Mpst
Nxph4
Pawr
Ewl

Chromosome 7
Chromosome 1

Chromosome 8
Chromosome 7
Chromosome 7
Chromosome 8
Chromosome 7
Chromosome 8
Chromosome 8
Chromosome 7
Chromosome 8
Chromosome 8
Chromosome 4
Chromosome 1
Chromosome 8
Chromosome 18
Chromosome 18
Chromosome 1
Chromosome 1
Chromosome 18
Chromosome 18

I
11T
11T

IIx
IIx
I
I
II
I

III1
II
III
II
III
III
II

11
1

I
I

I
I
il
I
I
I
I
I

I

I
II
I
II
III

II
I
I
II
II
II
II
I
I
II
1
I
I
il
11
I
1
1
11
I
1
11
11
11
11
I
11
II
II
II
I
II
I
I

11
11
I
11
I
I
11T
il
I
I

il

I
I

II
II
II
II

III
II
II

II

11

11
I
11
11
11
I

1

—

I

I

b b

e e e e
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Table 3 (continued) Gene Name

High Low Activity QTL Mouse QTL Mouse DE Rat QTL Rat DE Human GWAS

Grm7

Missi

Mrpli3

Rps7

Mchrl

Tst

Atad?2
Locl00911104

I I II I
I I II I
11 I II I

I I II

il I I

I III I I

I I II

I I I I

OTL Quantitative trait locus; DE Differential expression; GWAS Genome Wide Association Study

cells are thought to be an important determinant of stress-
induced anxiety-like states and affective disorders. In the
brain, cathepsin C is upregulated in microglia in association
with neuroinflammation (Fan et al. 2012). Vmnlrl, which
is found on chromosome 1, is a vomeronasal receptor and
member of the VIR gene family. Little information is avail-
able about this particular receptor subtype, and a reported
human homolog has not been identified. The VIR gene fam-
ily is involved in pheromone and semiochemical detection,
which contributes to communication between animals of
the same species, including social and reproductive behav-
iors (Jiao et al. 2019). Given the lack of a human homolog,
Vmnlrl is a lower priority for immediate future study,
but the fact that it emerged from the GeneWeaver analysis
emphasizes the importance of smell or pheromone detection
for anxiety-related behaviors in rodents, which has been well
documented (Chen et al. 2019).

Several other genes, also highly connected amongst gene
sets, were identified as interesting candidates based on pre-
vious biological and genetic evidence: Ndn, Cckbr, Kcnjl0,
and Slc12a2. Ndn (necdin) is located in the Prader-Willi syn-
drome deletion region on chromosome 15. It has been impli-
cated in suppressing cell growth in postmitotic neurons, and
it facilitates the entrance to cell cycle arrest (Chapman and
Knowles 2009). Cckbr (cholecystokinin B receptor) encodes
a G protein-coupled receptor for gastrin and cholecystokinin,
which are regulatory peptides in the brain and gastrointes-
tinal tract. It was previously identified as a top candidate
for anxiety disorders with the use of comparative functional
genomics (Le-Niculescu et al. 2011), which is supported
by our results. In humans, a pharmacological agent target-
ing CCKBR, cholecystokinin-tetrapeptide (CCK-4), is a
commonly used approach to induce panic attacks in oth-
erwise healthy participants for study of neuronal functions
in various brain imaging studies (Eser et al. 2009). Kcnjl0
(potassium inwardly rectifying channel subfamily J member
10) is located on chromosome 1 and highly expressed in
the brain. Loss of function of this gene has connections to
epilepsy, ataxia, and sensorineural deafness (Bockenhauer
et al. 2009).

@ Springer

Likewise, Slc12a2 encodes a sodium-potassium-chloride
cotransporter and is necessary for inner ear function that
leads to hyperactivity in a mouse model (Antoine 2017).
Gene ontology and pathway analyses comparing genes pre-
sent in at least five studies to all genes present in the High
and Low Activity QTL regions revealed over-representation
of genes involved in glutamate signaling. This is consistent
with previous research demonstrating an important role of
glutamatergic signaling in anxiety and stress-related disor-
ders (Peterlik et al. 2016).

Recently, four well-powered human GWAS studies of
anxiety-related measures have been reported, which each
identified several loci reaching genome-wide significance
thresholds (Meier et al. 2019; Levey et al. 2020; Purves et al.
2019; Ward 2019). Genes from these studies were included
in our GeneWeaver analysis, but none emerged as any of
the top genes, mentioned above. Human GWAS studies are
limited by the fact that many of the top SNPs associated with
the trait are located in intergenic/non-coding regions, so it is
difficult to assign the variants to a specific “gene”. As more
data become available through ongoing gene expression and
epigenetic mapping approaches, the resulting data can be
further integrated into GeneWeaver for improved integration
of functional genomics analyses.

There were several limitations to this study. First, the
gene sets defined for the High and Low Activity QTL were
defined based on previous mapping studies (Henderson
et al. 2004; Turri et al. 2001a, b; Turri et al. 2001a, b).
It is possible that non-coding regulatory variants within
those windows influence distal genes not included in
our gene list. In addition, while GeneWeaver is the most
extensive database currently available, such user-curated
databases remain limited by current existing data, which
could be biased by over-representation of certain rat or
mouse strains. Most historic mouse genetic mapping stud-
ies involved C57BL/6 mice or their derivatives, crossed
to strains that are now appreciated to be quite closely
related to this strain. Thus, we are identifying genes that
are most represented among these crosses, but may miss
other anxiety-related genes that are only found in certain
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specific crosses. As such databases grow as new studies
are included, the power of these analyses will continue to
improve, and additional target genes may yet be identified.

In summary, this study reports the first examination
of whole-genome sequence similarity across replicate
strains of inbred mice differentially selected for high and
low OFA. The results highlight the strong effects of selec-
tion and the high polygenicity of the trait, as demonstrated
by the low ¢ coefficient and relatively high proportion,
approximately 10%, of associated variants, respectively.
In light of this polygenicity, where individual loci are
expected to be of small effect in both large sample human
GWAS and in mouse linkage mapping studies, the com-
bination of new WGS data and GeneWeaver analyses of
legacy allowed us to prioritize genes for future study.
This cross-species analysis successfully and substantially
reduced the number of priority genes within QTL regions
of High and Low strains identified over twenty years ago,
from 2428 genes to two likely candidates, illustrating the
value and power of applying novel integrative bioinformat-
ics approaches to legacy datasets. Using RNA sequencing,
DNA methyl-sequencing, or other additional cutting-edge
genomics approaches, these animals have potential for fur-
ther discovery of genetic pathways and molecular mecha-
nisms contributing to anxiety-related behaviors.
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