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ABSTRACT

Objective. Binge eating is a heritable quantitative trait associated with eating disorders (ED) and refers to the
rapid consumption of a large quantity of energy-dense food that is associated with loss of control, anxiety, and
depression. Binge Eating Disorder is the most common ED in adults in the US; however, the genetic basis is
unknown. We previously identified robust mouse inbred strain differences between C57BL/6J and DBA/2J in
binge-like eating (BLE) of sweetened palatable food (PF) in an intermittent access, conditioned place preference
paradigm.

Methods. To map the genetic basis of BLE, we phenotyped and genotyped 128 C57BL/6J x DBA/2J-F2 mice.
Results. We identified a quantitative trait locus (QTL) on chromosome 13 influencing progressive changes in
body weight across training days (LOD = 5.5; 26-39 cM). We also identified two sex-combined QTLs influencing
PF intake on chromosome 5 (LOD = 5.6; 1.5-LOD interval = 21-28 cM) and 6 (LOD =5.3; 1.5-LOD interval = 50-
59 cM). Furthermore, sex-specific analyses revealed that the chromosome 6 locus was driven by males (1.5-
LOD interval: 52-59 cM) and identified a female-selective QTL for BLE on chromosome 18 (LOD =4.1; 1.5-LOD
interval: 23-35 cM). Systems genetic analysis of the chromosome 6 locus for BLE using GeneNetwork legacy
trait datasets from BXD recombinant inbred strains identified Adipor2 and PIxnd1 as two positional, functional,
biological candidate genes.

Discussion. We identified genetic loci influencing BLE. Future studies will phenotype BXD recombinant inbred

strains to fine map loci and support candidate gene nomination and validation.
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INTRODUCTION

Binge eating (BE) is a heritable complex trait present within the spectrum of eating disorders (ED),
including Binge Eating Disorder (BED), Bulimia Nervosa (BN), and Anorexia Nervosa (AN). BE is defined by
repeated bouts of ingesting large quantities of food intake over a short time period (typically less than two hours)
that is associated with a loss of control, anxiety, guilt, remorse, and depression (Wolfe et al. 2009). While BE
guantity, duration, and frequency are deemed important characteristics of BE (Johnson et al. 2000), the severity
of loss of control [inability to eat the amount of food that was intended or planning a binge in violation of normal
dietary standards (Johnson et al. 2000)] can best predict clinical impairment and psychiatric dysfunction
(Vannucci et al. 2013).

BE is associated with behavioral, malnutritional, metabolic and psychiatric dysfunction, including aberrant
and compensatory restrictive eating, obesity and associated health risks (da Luz et al. 2018), negative valence
(Vannucci et al. 2015), mood disorders (Guerdjikova et al. 2019), and substance use disorders (Munn-Chernoff
and Baker 2016). Genetic and environmental factors contribute to susceptibility to BE (Bulik, Sullivan, and
Kendler 2003). Genome-wide association studies (GWAS) of ED have identified significant risk loci for AN,
including loci near genes related to metabolic and psychiatric dysfunction (Watson et al. 2019). However, GWAS
of BE, BED, and BN are lacking (Hubel et al. 2018) .

We developed a binge-like eating (BLE) procedure in mice to measure escalation in the consumption of
sweetened palatable food (PF) over time in an intermittent, limited access conditioned place preference (CPP)
paradigm and subsequent compulsive-like intake in a light/dark conflict procedure (Kirkpatrick et al. 2017). We
identified multiple novel genetic factors contributing to BLE. First, using a Reduced Complexity Cross (RCC)
between closely related substrains of C57BL/6 mice (Bryant et al. 2018, 2020), we mapped a major-effect
guantitative trait locus (QTL) near a proposed gain-of-function missense mutation in Cyfip2 (Kumar et al. 2013)
that influenced BLE (Kirkpatrick et al. 2017). Cyfip2 +/- mice showed reduced BLE on the BLE-prone C57BL/6NJ
(B6NJ) background (Kirkpatrick et al. 2017). As subsequent study showed that haploinsufficiency of the closely
related gene Cyfipl also modulated BLE but in a complex manner that depended on C57BL/6 genetic
background, sex, and parent-of-origin (Babbs et al. 2019). Finally, knockout mice for casein kinase 1l-epsilon
(Csnkle), a gene whose deletion enhances behavioral sensitivity to the stimulant, rewarding, and reinforcing
responses to opioids and psychostimulants (Bryant et al. 2012; Wager et al. 2014) and is associated with opioid
dependence in humans (Levran et al. 2008, 2015), showed a robust, female-specific induction of BLE on the
BLE-resistant C57BL/6J (B6J) background (Goldberg et al. 2017). These studies illustrate the utility of our BLE
paradigm in identifying genetic factors exerting pleiotropic influence on addiction traits and BLE that could have
clinical relevance in humans.

To expand our efforts in gene discovery of BLE, we identified a robust genetic difference in BLE between
the BLE-resistant B6J inbred strain which showed very little BLE of sweetened palatable food in our intermittent,
limited access CPP (Goldberg et al. 2017; Kirkpatrick et al. 2017) versus the DBA/2J (D2J) inbred strain which
showed robust BLE (Babbs et al. 2018). In that study, we generated a small cohort of B6J x D2J-F2 mice and
tested candidate loci based on the prior QTL literature regarding sweet taste (chromosome 4) and bitter taste

(chromosome 6) between B6J and D2J strains (Blizard, Kotlus, and Frank 1999). We found a significant
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association between BLE in males and a polymorphic marker within the Tas2r locus on chromosome 6 (133 Mb)
containing bitter taste receptors (Babbs et al. 2018) that was previously associated with variation in quinine
(bitter) taste between B6J and D2J (Blizard et al. 1999; Nelson, Munger, and Boughter 2005). However, there
are several remaining questions from these findings. First, is the association between Tas2r and BLE significant
at the genome-wide level? Second, does linkage of BLE with chromosome 6 peak nearTas2r (~132.5-133.5 Mb,
mmZ10) or can it be more precisely localized? Third, is there functional evidence for candidate genes underneath
this QTL that could modulate BLE? And fourth, can we identify additional genome-wide significant loci linked to
BLE?

To answer these questions, we genotyped the same cohort of B6J x D2J-F2 mice (Babbs et al. 2018)
genome-wide to conduct QTL analysis of BLE and determine if we could replicate candidate loci at the genome-
wide level and identify new QTLs underlying BLE. Our results confirmed a major genome-wide significant, male-
sensitive QTL on chromosome 6. Furthermore, we identified an additional QTL on chromosome 5 affecting BLE
in both sexes and a nearly significant female-sensitive QTL for BLE on chromosome 18. We employed
GeneNetwork (Chesler et al. 2004; Mulligan et al. 2017) to identify candidate genes exhibiting functional
evidence for B6J/D2J polymorphisms influencing their expression and to identify the correlation of these

candidate genes with other relevant behavioral and physiological traits. GeneNetwork (www.genenetwork.org/)

is an online data repository and tool for analyzing thousands of historical gene expression, physiological, and
behavioral traits among mouse crosses and genetic reference panels, especially in crosses and panels
segregating B6J and D2J alleles (Chesler et al. 2004; Mulligan et al. 2017).

METHODS
Mice

All experiments were conducted in accordance with the NIH Guidelines for the Use of Laboratory Animals
and were approved by the Institutional Animal Care and Use Committee at Boston University (AN-15403).
Seven-week old, B6J x D2J-F; mice (15 breeder pairs) were purchased from Jackson Laboratory (JAX; Bar
Harbor, ME) and were habituated in the colony for one week prior to breeding in-house to generate 128 B6J x

D2J-F, mice for experimental testing.

Home cage diet and experimental palatable food (PF) pellets

Chow (Teklad 18% Protein Diet, Envigo, Indianapolis, IN, USA) and tap water were provided in the home
cage ad libitum throughout the entire study. For BLE training, sweetened PF pellets (TestDiet; 20 mg each; 5TUL
diet; MO, USA) contained a metabolizable energy density of 3.4 kcal/g (21% from protein, 13% from fat, 67%

from carbohydrates) were provided in an intermittent, limited access model of BLE as described below.

Binge-like eating (BLE) and compulsive-like eating (CLE)

F2 mice were previously trained in an intermittent, limited access BLE procedure in a PF conditioned
place preference (CPP) paradigm over 22 days (Babbs et al. 2018) as described in the Supplementary
Information and multiple publications (Babbs et al. 2019, 2020; Kirkpatrick et al. 2017).
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Genotyping in B6J x D2J-F> mice

DNA was extracted from tail snips using a salting out procedure. DNA was shipped for genome-wide
genotyping on the MiniMUGA array (Neogen GeneSeek Operations, Lincoln, NE, USA). There are 3314
polymorphic SNP markers between B6J and D2J on this array that can identify parental inheritance of
recombinant, chromosomal regions. Marker positions were converted from bp to sex-averaged cM prior to
mapping, using the JAX Mouse Map Converter (http://cgd.jax.org/mousemapconverter).

Data analysis

Prior to QTL analysis, F2 mice were analyzed irrespective of genotype in R using mixed model ANOVAs
with Sex as a factor and Day as a repeated measure followed by unpaired t-tests (Sex comparisons) or paired
t-tests (Day comparisons). Quality checking and QTL analysis were performed in R (https://www.r-project.org/)

using R/bestNormalize (https://github.com/petersonR/bestNormalize) and R/gtl (Broman et al. 2003).

Phenotypes were assessed for normality using the Shapiro-Wilk Test. Because the data residuals sometimes
deviated significantly from normality, we used the orderNorm function to perform Ordered Quantile (ORQ)
normalization (Peterson and Cavanaugh 2019) on all phenotypes. For sex-specific analyses, datasets were
guantile-normalized separately for females and males. Genotype calls were quality checked to identify possible
errors and to ensure reliable markers. We dropped any markers with a call rate of less than 95%. We used the
countXO function, to examine the number of crossovers per individual and removed three outlier subjects
showing more than 1000 crossovers each. Finally, we identified double-crossover genotyping errors by running
the calc.errorlod function in R/gtl with an assumed genotyping error rate of 0.05. Markers with log of the odds
(LOD) scores greater than 5 were removed. After QC, 2994 markers and phenotypes from 128 F2 samples were
used in QTL analysis.

QTL analysis was performed using the “scanone” function and Haley-Knott (HK) regression. “Cohort”
was included as an additive covariate and “Sex” was included as an interactive covariate in the QTL model. For
separate female and male analyses, “Cohort” was included as an additive covariate. Permutation analysis (perm
= 1000) was used to compute genome-wide suggestive (p < 0.63) and significance (p < 0.05) thresholds. For
each significant QTL, we calculated both the Bayes credible interval and 1.5 LOD drops from the peak-associated

marker. Percent phenotypic variance explained by each QTL was calculated using the “fitqtl” function.

Identifying candidate genes and variants within the QTL intervals

The Sanger Institute Mouse Genomes Project (https://www.sanger.ac.uk/science/data/mouse-genomes-

project) contains gene annotations of inbred mouse strains. We used this tool to identify polymorphic genes
between C57BL/6J and DBA/2J within the male-selective chromosome 6 QTL interval (111-125 Mb) were filtered
to include SNPs and insertions/deletions (indels) that were Ensembl-annotated as “high impact” (see

Supplementary Information).

Systems genetic analysis of male-selective chromosome 6 QTL for BLE in GeneNetwork
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Cis-eQTL and PheQTL-eQTL network analysis were performed using GeneNetwork, an online data
repository containing legacy SNP and transcriptome datasets and an analysis tool, to explore gene regulatory
networks (Mulligan et al. 2017). Candidate genes for each QTL were identified using BXD RI data sets
(Supplementary Information).

Sixty-seven pheQTLs with peak Likelihood Ratio Statistic (LRS) scores within each interval of interest
were identified through the BXD Published Phenotypes dataset [BXDPublish; GN602]. PheQTL-eQTL network
graphs were generated to visualize Pearson correlation coefficients greater than 0.5 or less than -0.5.

Power analysis

Knowing that we had limited power to detect QTLs with a sample size of 128 F2 mice unless a locus was
of large magnitude, we used the R package QTLdesign with the “detectable” function on D23 intake data to
generate a plot representing power versus variance explained for an additive QTL (p<0.05) (Sen et al. 2007).

RESULTS

Changes in BW, PF intake, PF-CPP, and power analysis in B6J x D2J-F2 mice.

In examining BW across BLE training (D2-D18) and CLE assessment (D23), males showed a
significantly greater percent increase in BW and a greater slope of increase in BW gain compared to females
(Figure 1A,B). Despite showing less % increase in BW, females consumed significantly more PF than the males
on D4, D16, and D23 (Figure 1C); however, the slope of intake did not differ significantly (Figure 1D: p = 0.1).
Interestingly, there was a significant negative correlation between the slope of % BW gain (D2-D18) and the
slope of % BW of PF consumed (D2-18) (Figure 1E), indicating that greater escalation of PF intake predicted
less rapid BW gain. In an intermittent access procedure, rodents learn to reduce home cage chow intake in
anticipation of the more reinforcing PF (Cottone et al. 2008) which could explain this negative relationship.

In examining PF-CPP, there was a main effect of Day (Figure 1F: *p = 2.0 x 10*) but no interaction with
Sex, indicating significant PF-CPP, regardless of Sex. Analysis of the change in preference (D22-D1) confirmed
no significant sex difference (Figure 1G).

Figure 1H shows power versus effect size (% variance explained) for an additive QTL with our sample
size (128 F2 mice; p < 0.05). Twenty, 40, 60, and 80% power can be achieved with an effect size of 5.45%,
7.93%, 10.31%, and 13.32% phenotypic variance explained, respectively.

Identification of QTLs underlying differences in BW and PF intake but not PF-CPP

Table 1 lists the details of the QTLs discussed below. Supplementary Figure 1 provides a visual heat
map of the QTLs via R/qgtlcharts (Broman 2015). We identified a genome-wide significant QTL on chromosome
13 for D23 BW that explained 64% of the variance (Figure 2A). There was a day-dependent increase in linkage
that was significant by D23 (Figure 2B). Sex-specific analyses revealed that only females showed a significant
peak that was more distally located than the nonsignificant males-only peak (Figure 2C). The effect plots of the

peak loci show an increase in BW associated with the D2J allele (Figure 2D-F).
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QTL analysis of sex-combined PF intake revealed genome-wide significant QTLs on chromosomes 5
and 6 for D2 PF intake and D23 PF intake, respectively (Figure 3A). For chromosome 5, the effect plot of the
peak locus showed an increase in D2 PF intake with increasing D2J alleles (Figure 3B,C). For chromosome 6,
the D2J allele was also associated with increased intake (Figure 3D,E). The chromosome 6 QTL clearly showed
a progressive increase in linkage across PF intake assessment days (Figure 3D), indicating that the strength of
genetic linkage reflects the strength of increased PF intake.

Because we identified sex-dependent candidate loci for BLE (Babbs et al. 2018), we conducted separate
QTL analyses for females and males. For males, we identified QTLs on chromosomes 5 and 6 that mirrored the
sex-collapsed results (Figure 4A). For chromosome 5, a significant QTL was again identified for D2 intake
(Figure 4B) and a second, more proximal chromosome 5 QTL for D18 intake (Figure 4B). The D2J allele was
associated with increasd PF intake (Figure 4C).

A significant chromosome 6 QTL was also identified for D16 intake in males (Figure 4D) and for D23
intake during CLE (Figure 4D). The D2J allele was associated with increased PF intake (Figure 4E).

For females, there was a nearly significant QTL on chr. 18 (p = 0.052) underlying the slope of escalation
in PF intake (Figure 5A,B). Interestingly, the effect plot of the peak locus suggested an overdominance effect,
with heterozygotes showing the greatest normalized escalation compared to homozygous genotypes (Figure
5C).

For QTL analysis of PF-CPP, there were no genome-wide significant QTLs for the D22-D1 right side time
measure (Supplementary Figure 2).

To summarize, the results indicate that the significant QTLs detected with our sex-collapsed data, in
particular the QTL on chr. 6, were driven primarily by males, while the suggestive peaks on chromosomes 18

and 19 were driven by females.

eQTL and PheQTL-eQTL networks identify candidate genes for the chromosome 6 QTL for D23 PF intake
in males (111-125 Mb).

To identify positional candidate genes for the male-selective chromosome 6 locus influencing PF intake
on D23, we employed the bioinformatic pipeline illustrated in Figure 6. The chromosome 6 QTL was prioritized
because it was highly significant, narrow in size, and showed a progressive, day-dependent increase in the
strength of genetic linkage with PF intake. Using the Sanger Institute Mouse Genomes Project

(https://www.sanger.ac.uk), we generated a gene list containing 57 polymorphic, protein-coding genes with high-

impact variant annotations within the 1.5 LOD confidence interval (chromosome 6: 111 Mb-125 Mb;
Supplementary Table 1). Next, we used GeneNetwork (Mulligan et al. 2017) to identify eQTLs within BXD RI
gene expression datasets that were associated with these genes in several brain regions (Supplementary
Information) and then filtered genes to those possessing a maximum LRS score within our QTL interval. We
then examined correlations among genes containing eQTLs and published behavioral and physiological
phenotypes with QTLs containing peak LRS scores within the male-selective chromosome 6 locus. Using the
BXDPublish dataset on GeneNetwork, we identified 67 traits with QTL peaks located within the chromosome 6

QTL interval; 18 of these traits were included in the analysis (Supplementary Table 2).
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To illustrate the strongest PheQTL-eQTL correlations, we generated a graph with all genes in each
dataset and all of our selected phenotype records. Three genes (Adipor2, PIxndl, and Rad18) were strongly
correlated with at least two traits. Thus, network graphs for each of these three genes were generated in
GeneNetwork to further examine the correlations among phenotypes. Cis-eQTLs were identified for Adipor2 in
nucleus accumbens and ventral tegmental area and eight directly connected nodes were identified between
gene and phenotype (Figure 7). Cis-eQTLs were identified for PIxnd1 in hypothalamus, amygdala, and striatum
and eight connected nodes (Supplementary Figure 3). Cis-eQTLs were identified for Rad18 in prefrontal cortex,
nucleus accumbens, striatum, and ventral tegmental area and 10 connected nodes (Supplementary Figure 4).
Thus, Adipor2, PIxnd1, and Rad18 are three high priority candidate genes based on the functional evidence at
the level of DNA sequence, gene expression, and in turn, the connectivity of differential expression of these

genes with other phenotypes relevant to PF intake.

DISCUSSION

We identified major QTLs during BLE and CLE (Table 1), including a chromosome 13 QTL for BW gain
(Figure 2), a chromosome 5 locus for initial PF intake (Figure 3B,C), a chromosome 6 locus (Figure 3D,E) that
was male-selective (Figure 4D,E) and influenced final PF intake, and a nearly significant, female-selective
chromosome 18 QTL for the slope in escalation of PF intake (Figure 5). The BW QTL was separate from loci
influencing PF intake, indicating a genetic dissociation. In fact, the slope in escalation of PF intake during BLE
was somewhat negatively correlated with the slope of BW gain (Figure 1E), suggesting a learned, reduced
intake of the less reinforcing home cage chow in BLE-prone animals in anticipation of the more reinforcing PF
(Cottone et al. 2008).

We resolved the male-selective chromosome 6 locus for D23 PF intake (Babbs et al. 2018) to a region
peaking at 114 Mb and spanning 111-125 Mb (Table 1; Figure 4D). TheTas2r locus containing bitter taste
recpetors (132.5-133.5 Mb) lies outside of this 1.5-LOD support interval near the distal edge of the Bayes interval
(100-141 Mb), 24 Mb distal from the peak. Although these observations do not rule out the Tas2r cluster as a
source of the QTL, they do call into question whether Tas2r is the primary contributor to differences in PF intake.
The original QTL for bitter (quinine) taste sensitivity using the same F2 cross was more distal and peaked much
closer to Tas2r at 129 Mb (62 cM; D6Mit338) and spanned 112-139 Mb (49-67 cM: D6Mit287-D6Mit198) (Blizard
et al. 1999). Other studies identified the same locus for bitter taste sensitivity in other crosses with C57BL/6J,
including sucrose octaacetate with NZB/BINJ spanning 87 Mb (38 cM: D6Mit9) to 146 Mb (78 cM: D6Mit14) (Le
Roy, Pager, and Roubertoux 1999). Subsequent analysis of quinine sensitivity in the BXD recombinant inbred
(RI) strain panel (comprising fixed alleles from B6J and D2J) resolved the locus to a sharp peak squarely flanking
Tas2r (D6Mit13; 132.6 Mb), spanning 125.4 Mb (D6Mit254) to 134.2 Mb (D6Mit374) (Nelson et al. 2005). High
resolution mapping confirmed the same peak marker and interval for sucrose octaacetate taste aversion
(Bachmanov et al. 2001). To summarize, we located a more proximal chromosome 6 peak and locus for BLE
compared to the historical bitter taste locus, suggesting additional genetic factors besides the Tas2r locus

contribute to variance in BLE.
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What are the causal genetic factor(s) upstream of Tas2r on chromosome 6 that underlie BLE in males?
To identify positional candidate genes based on functional evidence and correlations with historical phenotypes,
systems genetic analysis using legacy BXD RI datasets from GeneNetwork (Mulligan et al. 2017) identified
Adipor2 (adiponectin receptor 2) as a top candidate gene, which codes for a seven transmembrane domain cell-
surface receptor for the protein adiponectin, an adipokine secreted by white adipose tissue that regulates the
metabolism of lipids and glucose and insulin sensitivity (Yamauchi et al. 2014). Adiponectin acts on Adipor2 and
Adiporl in the periphery and in the brain (hypothalamus, brainstem, pituitary, cortex) to regulate energy
homeostasis and other processes such as synaptic plasticity and neurogenesis by signaling through AMPK, p38
MAPK, JNK, PPARa, and NF-kB (Bloemer et al. 2018; Thundyil et al. 2012; Yamauchi et al. 2007). There are
212 variants within Adipor2 that distinguish the D2J strain from the B6J strain (https://www.sanger.ac.uk),

including one 5 UTR SNP, three, 3’ UTR SNPs, and over 60 nmd intronic variants (see “high impact variants” in
Supplementary Table 1). Serum levels of adiponectin are inversely correlated with BMI and risk for diabetes
and are decreased in patients with BED and increased in patients with AN (Khalil and EI Hachem 2014).
ADIPOR?2 is implicated in diabetes, obesity, high-fat feeding, and metabolism (Yamauchi et al. 2014). Adipor2
knockout mice show lower body fat and increased resistance to high-fat diet-induced obesity, along with
improved glucose tolerance, increased locomotor activity, and energy metabolism whereas Adiporl knockouts
showed largely opposite phenotypes (Bjursell et al. 2007). In addition, high-fat feeding is associated with lower
adiponectin and higher levels of both Adiporl and 2 (Bullen et al. 2007). Interestingly, adult males (mice and
humans) show lower plasma adiponectin than females (Arita et al. 1999; Gui, Silha, and Murphy 2004), providing
evidence that sex differences in the adiponectin system could underlie male-selective genetic effects of the
chromosome 6 locus containing Adipor2 on BLE (Figures 3-4).

Although Adipor2 is an interesting candidate gene, our BLE regimen is relatively abbreviated and is
unlikely to induce much metabolic dysfunction as evidenced by a lack of increased weight gain relative to control
chow pellet training (Babbs et al. 2018), a decreased correlation between slope of PF intake and BW gain
(FigurelE), and a genetic dissociation between QTLs for BW (Figure 2) and BLE (Figures 3-5). Therefore,
could Adipor2 dysfunction contribute to earlier physiological processes that initiate progression to BLE? Adiporl,
Adipor2, and T-cadherin transcripts (third adiponectin receptor) can be detected in taste receptor cells (Crosson
et al. 2019), suggesting that saliva-derived adiponectin could impact taste processing to influence eating. Also,
adiponectin-induced activation of Adiporl expressed on dopamine neurons in the VTA decreased spontaneous
neuronal activity and firing and reversed stress-induced increase in dopamine neuron firing and anxiety-like
behavior and Adiporl haploinsufficiency increased dopamine neuron firing and anxiety-like behavior (Sun et al.
2019). These findings suggest that the adiponectin system, traditionally thought to regulate
metabolic/homeostatic functions, could communicate taste information (e.g., hedonic versus aversive) to the
mesolimbic dopaminergic reward system to influence development of BLE.

A second candidate gene based on GeneNetwork analyses was PIxndl (Supplementary Figure 3)
which codes for plexin D1, a cell surface receptor for class 3 semaphorins that regulates migration of cell types,
including neuronal axon guidance and synapse formation [e.g., in striatum (Ding et al. 2011)] and vascular
development (Oh and Gu 2013). There are 119 variants in Plxndl distinguishing D2J from B6J
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(https://www.sanger.ac.uk), including three, 3’ UTR variants, two splice site variants, one 5" UTR variant, and

one missense variant (see “high impact variants” in Supplementary Table 1). Semaphorin 3E/plexin D1 also
mediates macrophage recruitment to visceral adipose tissue during obesity to promote cytokine expression,
inflammation and insulin resistance (Schmidt and Moore 2013). PLXND1 has been associated with body fat
distribution in humans (Justice et al. 2019) and a nominal genetic association was identified with lipolysis
(Strawbridge et al. 2016) — the hydrolysis of lipids to fatty acids in adipocytes that contributes to metabolic
dysfunction and obesity. PIxnd1 function is required for normal adipocyte morphology and number, body fat
distribution, and insulin sensitivity (Minchin et al. 2015). We observed some interesting correlations of PIxdnl
expression with addiction traits such as cocaine reinforcement, ethanol preference, and morphine withdrawal as
well as behavioral models for psychiatric traits such as anxiety-like behavior and novelty seeking
(Supplementary Figure 3). Self-administration of the mu opioid receptor agonist oxycodone was associated
with an upregulation of PIxndl in the nucleus accumbens (Yuferov et al. 2018). Thus, PIxndl is a reasonably
strong, second candidate gene within the chromosome 6 locus that could underlie male-selective differences in
PF intake during BLE.

A third candidate gene based on GeneNetwork analyses was Rad18 (Supplementary Figure 4) which
is located at 112.62 Mb. Rad18 codes for RAD18 E3 ubiquitin protein ligase which is a protein that is part of the
DNA repair pathway and associates with other Rad proteins and ubiquitinating proteins following DNA damage
and is involved in recombination (Ting, Jun, and Junjie 2010). There are 95 Rad18 variants distinguishing B6J

from D2J https://www.sanger.ac.uk), including five, 3’ UTR variants, 25 intronic nmd variants, and one 7 Kb

structural variant (deletion) (see Supplementary Table 1 for high impact variants). Rad18 dysfunction can lead
to mutagenesis, carcinogenesis, and tumorigenesis (Yang et al. 2018). Expression QTLs from several brain
tissues were linked to Rad18 expression which, in turn, were correlated with several traits related to BW,
metabolism, emotional, and substance use disorder traits (Supplementary Figure 4). However, to our
knowledge, there is no known function of RAD18 in eating behavior, eating disorders, obesity, metabolic function,
or psychiatric disorders. Thus, although there is positional and functional evidence to support Radl8 as a
candidate gene for BLE, there is very little, if any evidence from the literature.

There are some limitations to this study. First, our sample size was only powered to detect QTLs of large
magnitude (> 13%; Figure 1H). A larger F2 sample size will permit detection of smaller-effect QTLs and explain
additional variance. Second, QTL resolution in F2 mice is notoriously poor. To overcome this limitation, careful
selection of a subset of BXD-RI strains will allow us to fine-map the QTLs reported here. For example, there are
54 BXD-RI strains containing at least one historical recombination event within the 111-125 Mb interval on

chromosome 6 (https://www.genenetwork.org). Another limitation is that we limited our bioinformatics exercise

to genes containing Ensembl-defined high impact variants that were associated with eQTLs in multiple brain
tissues. Causal variants could lie within other genes that lack polymorphisms with “high impact” designation,
within genes that change protein function without modulating transcript levels, or within intergenic regions not
assigned to any nearby genes. Second, we only assessed consumption of one particular PF diet that was

essentially sweetened chow. Although the current dataset cannot speak to the specificity of the observed QTLs
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for the sweetened component of the PF, note that our prior study found very little parental strain differences in
control chow pellet intake between B6J and D2J (Babbs et al. 2018).

In summary, we demonstrated a genome-wide significant, male-sensitive QTL on chromosome 6 that
influenced BLE and identified at least two positional, functional candidate genes that have supportive biological
evidence from the literature, including Adipor2 and PIxndl. We also identified a novel chromosome 5 QTL
influencing BLE in both sexes. Finally, we identified a nearly significant, female-sensitive locus on chromosome
18 influencing BLE. Phenotyping and fine mapping in a population with more recombination events like the BXD
RI panel will reduce the number of candidate genes and variants. Gene/variant editing and validation will permit
the study of gene function in the context of multiple eating disorder models, including additional diets (e.g., high
fat diet), regimens (cycles of food restriction and binge eating, stress) and comorbidity with other ED models

(e.g., activity-based anorexia) and other psychiatric disorders (mood, substance use).

AUTHORSHIP STATEMENT

E.J.Y. conducted a majority of the statistical analyses and data presentation and contributed to the writing
of the manuscript. C.D.B. designed experiments and wrote the manuscript. R.K.B., J.C.K., and K.P.L. conducted
the experiments and assisted in data curation and analysis. M.I.D. assisted in the writing and editing of the
manuscript. M.K.M. designed the bioinformatics pipeline and assisted in the analysis and writing of the

manuscript

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

All data in its raw and processed forms will be made immediately available upon request.


https://doi.org/10.1101/2020.06.24.168930
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.24.168930; this version posted June 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

REFERENCES

Arita, Y., S. Kihara, N. Ouchi, M. Takahashi, K. Maeda, J. Miyagawa, K. Hotta, |. Shimomura, T. Nakamura, K. Miyaoka, H.
Kuriyama, M. Nishida, S. Yamashita, K. Okubo, K. Matsubara, M. Muraguchi, Y. Ohmoto, T. Funahashi, and Y.
Matsuzawa. 1999. “Paradoxical Decrease of an Adipose-Specific Protein, Adiponectin, in Obesity.” Biochemical
and Biophysical Research Communications 257(1):79-83.

Babbs, R. K., J. C. Kelliher, J. L. Scotellaro, K. P. Luttik, M. K. Mulligan, and C. D. Bryant. 2018. “Genetic Differences in the
Behavioral Organization of Binge Eating, Conditioned Food Reward, and Compulsive-like Eating in C57BL/6J and
DBA/2) Strains.” Physiology & Behavior 197(Journal Article):51-66.

Babbs, Richard K., Jacob A. Beierle, Qiu T. Ruan, Julia C. Kelliher, Melanie M. Chen, Ashley X. Feng, Stacey L. Kirkpatrick,
Fabiola A. Benitez, Fred A. Rodriguez, Johanne J. Pierre, Jeya Anandakumar, Vivek Kumar, Megan K. Mulligan,
and Camron D. Bryant. 2019. “Cyfip1 Haploinsufficiency Increases Compulsive-Like Behavior and Modulates
Palatable Food Intake in Mice: Dependence on Cyfip2 Genetic Background, Parent-of Origin, and Sex.” G3
(Bethesda, Md.) 9(9):3009-22.

Babbs, Richard K., Jacob A. Beierle, Emily J. Yao, Julia C. Kelliher, Arthurine R. Medeiros, Jeya Anandakumar, Anyaa A.
Shah, Melanie M. Chen, William E. Johnson, and Camron D. Bryant. 2020. “The Effect of the Demyelinating
Agent Cuprizone on Binge-like Eating of Sweetened Palatable Food in Female and Male C57BL/6 Substrains.”
Appetite 150:104678.

Bachmanov, A. A, X. Li, S. Li, M. Neira, G. K. Beauchamp, and E. A. Azen. 2001. “High-Resolution Genetic Mapping of the
Sucrose Octaacetate Taste Aversion (Soa) Locus on Mouse Chromosome 6.” Mammalian Genome: Official
Journal of the International Mammalian Genome Society 12(9):695—-99.

Bjursell, Mikael, Andrea Ahnmark, Mohammad Bohlooly-Y, Lena William-Olsson, Magdalena Rhedin, Xiao-Rong Peng,
Karolina Ploj, Anna-Karin Gerdin, Gunnel Arnerup, Anders EImgren, Anna-Lena Berg, Jan Oscarsson, and Daniel
Lindén. 2007. “Opposing Effects of Adiponectin Receptors 1 and 2 on Energy Metabolism.” Diabetes 56(3):583—
93.

Blizard, D. A., B. Kotlus, and M. E. Frank. 1999. “Quantitative Trait Loci Associated with Short-Term Intake of Sucrose,
Saccharin and Quinine Solutions in Laboratory Mice.” Chemical Senses 24(4):373—-85.

Bloemer, Jenna, Priyanka D. Pinky, Manoj Govindarajulu, Hao Hong, Robert Judd, Rajesh H. Amin, Timothy Moore,
Muralikrishnan Dhanasekaran, Miranda N. Reed, and Vishnu Suppiramaniam. 2018. “Role of Adiponectin in
Central Nervous System Disorders.” Neural Plasticity 2018:4593530.

Broman, K. W., H. Wu, S. Sen, and G. A. Churchill. 2003. “R/Qtl: QTL Mapping in Experimental Crosses.” Bioinformatics
19(7):889-90.

Broman, Karl W. 2015. “R/Qtlcharts: Interactive Graphics for Quantitative Trait Locus Mapping.” Genetics 199(2):359-61.

Bryant, C. D., M. T. Ferris De Villena,F. P. M., M. |. Damaj, V. Kumar, and M. K. Mulligan. 2018. “Reduced Complexity
Cross Design for Behavioral Genetics.” Pp. 165-90 in Molecular-Genetic and Statistical Techniques for Behavioral
and Neural Research, edited by R. T. Gerlai.

Bryant, C. D., C. C. Parker, L. Zhou, C. Olker, R. Y. Chandrasekaran, T. T. Wager, V. J. Bolivar, A. S. Loudon, M. H. Vitaterna,
F. W. Turek, and A. A. Palmer. 2012. “Csnkle Is a Genetic Regulator of Sensitivity to Psychostimulants and
Opioids.” Neuropsychopharmacology : Official Publication of the American College of Neuropsychopharmacology
37(4):1026-35.


https://doi.org/10.1101/2020.06.24.168930
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.24.168930; this version posted June 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.
Bryant, Camron D., Desmond J. Smith, Kathleen M. Kantak, Thaddeus S. Nowak, Robert W. Williams, M. Imad Damaj, Eva
E. Redei, Hao Chen, and Megan K. Mulligan. 2020. “Facilitating Complex Trait Analysis via Reduced Complexity
Crosses.” Trends in Genetics: TIG.

Bulik, C. M., P. F. Sullivan, and K. S. Kendler. 2003. “Genetic and Environmental Contributions to Obesity and Binge
Eating.” The International Journal of Eating Disorders 33(3):293—98.

Bullen, John W., Susann Bluher, Theodoros Kelesidis, and Christos S. Mantzoros. 2007. “Regulation of Adiponectin and
Its Receptors in Response to Development of Diet-Induced Obesity in Mice.” American Journal of Physiology.
Endocrinology and Metabolism 292(4):E1079-1086.

Chesler, E. J., L. Lu, J. Wang, R. W. Williams, and K. F. Manly. 2004. “WebQTL: Rapid Exploratory Analysis of Gene
Expression and Genetic Networks for Brain and Behavior.” Nat Neurosci 7(5):485-86.

Cottone, P., V. Sabino, L. Steardo, and E. P. Zorrilla. 2008. “Intermittent Access to Preferred Food Reduces the
Reinforcing Efficacy of Chow in Rats.” American Journal of Physiology.Regulatory, Integrative and Comparative
Physiology 295(4):R1066-76.

Crosson, Sean M., Andrew Marques, Peter Dib, Cedrick D. Dotson, Steven D. Munger, and Sergei Zolotukhin. 2019.
“Taste Receptor Cells in Mice Express Receptors for the Hormone Adiponectin.” Chemical Senses 44(6):409-22.

Ding, Jun B., Won-Jong Oh, Bernardo L. Sabatini, and Chenghua Gu. 2011. “Semaphorin 3E-Plexin-D1 Signaling Controls
Pathway-Specific Synapse Formation in the Striatum.” Nature Neuroscience 15(2):215-23.

Goldberg, L. R,, S. L. Kirkpatrick, N. Yazdani, K. P. Luttik, O. A. Lacki, R. K. Babbs, D. F. Jenkins, W. E. Johnson, and C. D.
Bryant. 2017. “Casein Kinase 1-Epsilon Deletion Increases Mu Opioid Receptor-Dependent Behaviors and Binge
Eatingl.” Genes, Brain, and Behavior 16(7):725-38.

Guerdjikova, Anna I., Nicole Mori, Leah S. Casuto, and Susan L. McElroy. 2019. “Update on Binge Eating Disorder.” The
Medical Clinics of North America 103(4):669—-80.

Gui, Yaoting, Josef V. Silha, and Liam J. Murphy. 2004. “Sexual Dimorphism and Regulation of Resistin, Adiponectin, and
Leptin Expression in the Mouse.” Obesity Research 12(9):1481-91.

Hibel, Christopher, Virpi Leppa, Gerome Breen, and Cynthia M. Bulik. 2018. “Rigor and Reproducibility in Genetic
Research on Eating Disorders.” The International Journal of Eating Disorders 51(7):593-607.

Johnson, W. G., K. N. Boutelle, L. Torgrud, J. P. Davig, and S. Turner. 2000. “What Is a Binge? The Influence of Amount,
Duration, and Loss of Control Criteria on Judgments of Binge Eating.” The International Journal of Eating
Disorders 27(4):471-79.

Justice, Anne E., Tugce Karaderi, Heather M. Highland, Kristin L. Young, Mariaelisa Graff, Yingchang Lu, Valérie Turcot,
Paul L. Auer, Rebecca S. Fine, Xiuging Guo, Claudia Schurmann, Adelheid Lempradl, Eirini Marouli, Anubha
Mahajan, Thomas W. Winkler, Adam E. Locke, Carolina Medina-Gomez, Tonu Esko, Sailaja Vedantam, Ayush Giri,
Ken Sin Lo, Tamuno Alfred, Poorva Mudgal, Maggie C. Y. Ng, Nancy L. Heard-Costa, Mary F. Feitosa, Alisa K.
Manning, Sara M. Willems, Suthesh Sivapalaratnam, Goncalo Abecasis, Dewan S. Alam, Matthew Allison,
Philippe Amouyel, Zorayr Arzumanyan, Beverley Balkau, Lisa Bastarache, Sven Bergmann, Lawrence F. Bielak,
Matthias Bliher, Michael Boehnke, Heiner Boeing, Eric Boerwinkle, Carsten A. Boger, Jette Bork-Jensen, Erwin P.
Bottinger, Donald W. Bowden, lvan Brandslund, Linda Broer, Amber A. Burt, Adam S. Butterworth, Mark J.
Caulfield, Giancarlo Cesana, John C. Chambers, Daniel I. Chasman, Yii-Der Ida Chen, Rajiv Chowdhury, Cramer
Christensen, Audrey Y. Chu, Francis S. Collins, James P. Cook, Amanda J. Cox, David S. Crosslin, John Danesh, Paul
I. W. de Bakker, Simon de Denus, Renée de Mutsert, George Dedoussis, Ellen W. Demerath, Joe G. Dennis, Josh
C. Denny, Emanuele Di Angelantonio, Marcus Dorr, Fotios Drenos, Marie-Pierre Dubé, Alison M. Dunning,
Douglas F. Easton, Paul Elliott, Evangelos Evangelou, Aliki-Eleni Farmaki, Shuang Feng, Ele Ferrannini, Jean


https://doi.org/10.1101/2020.06.24.168930
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.24.168930; this version posted June 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.
Ferrieres, Jose C. Florez, Myriam Fornage, Caroline S. Fox, Paul W. Franks, Nele Friedrich, Wei Gan, llaria Gandin,
Paolo Gasparini, Vilmantas Giedraitis, Giorgia Girotto, Mathias Gorski, Harald Grallert, Niels Grarup, Megan L.
Grove, Stefan Gustafsson, Jeff Haessler, Torben Hansen, Andrew T. Hattersley, Caroline Hayward, Iris M. Heid,
Oddgeir L. Holmen, G. Kees Hovingh, Joanna M. M. Howson, Yao Hu, Yi-Jen Hung, Kristian Hveem, M. Arfan
Ikram, Erik Ingelsson, Anne U. Jackson, Gail P. Jarvik, Yucheng Jia, Torben Jgrgensen, Pekka Jousilahti, Johanne
M. Justesen, Bratati Kahali, Maria Karaleftheri, Sharon L. R. Kardia, Fredrik Karpe, Frank Kee, Hidetoshi Kitajima,
Pirjo Komulainen, Jaspal S. Kooner, Peter Kovacs, Bernhard K. Kramer, Kari Kuulasmaa, Johanna Kuusisto,
Markku Laakso, Timo A. Lakka, David Lamparter, Leslie A. Lange, Claudia Langenberg, Eric B. Larson, Nanette R.
Lee, Wen-Jane Lee, Terho Lehtimaki, Cora E. Lewis, Huaixing Li, Jin Li, Ruifang Li-Gao, Li-An Lin, Xu Lin, Lars Lind,
Jaana Lindstrom, Allan Linneberg, Ching-Ti Liu, Dajiang J. Liu, Jian’an Luan, Leo-Pekka Lyytikdinen, Stuart
MacGregor, Reedik Magi, Satu Mannistd, Gaélle Marenne, Jonathan Marten, Nicholas G. D. Masca, Mark |.
McCarthy, Karina Meidtner, Evelin Mihailov, Leena Moilanen, Marie Moitry, Dennis O. Mook-Kanamori, Anna
Morgan, Andrew P. Morris, Martina Miiller-Nurasyid, Patricia B. Munroe, Narisu Narisu, Christopher P. Nelson,
Matt Neville, loanna Ntalla, Jeffrey R. O’Connell, Katharine R. Owen, Oluf Pedersen, Gina M. Peloso, Craig E.
Pennell, Markus Perola, James A. Perry, John R. B. Perry, Tune H. Pers, Ailith Ewing, Ozren Polasek, OIli T.
Raitakari, Asif Rasheed, Chelsea K. Raulerson, Rainer Rauramaa, Dermot F. Reilly, Alex P. Reiner, Paul M. Ridker,
Manuel A. Rivas, Neil R. Robertson, Antonietta Robino, Igor Rudan, Katherine S. Ruth, Danish Saleheen, Veikko
Salomaa, Nilesh J. Samani, Pamela J. Schreiner, Matthias B. Schulze, Robert A. Scott, Marcelo Segura-Lepe,
Xueling Sim, Andrew J. Slater, Kerrin S. Small, Blair H. Smith, Jennifer A. Smith, Lorraine Southam, Timothy D.
Spector, Elizabeth K. Speliotes, Kari Stefansson, Valgerdur Steinthorsdottir, Kathleen E. Stirrups, Konstantin
Strauch, Heather M. Stringham, Michael Stumvoll, Liang Sun, Praveen Surendran, Karin M. A. Swart, Jean-Claude
Tardif, Kent D. Taylor, Alexander Teumer, Deborah J. Thompson, Gudmar Thorleifsson, Unnur Thorsteinsdottir,
Betina H. Thuesen, Anke Ténjes, Mina Torres, Emmanouil Tsafantakis, Jaakko Tuomilehto, André G. Uitterlinden,
Matti Uusitupa, Cornelia M. van Duijn, Mauno Vanhala, Rohit Varma, Sita H. Vermeulen, Henrik Vestergaard,
Veronique Vitart, Thomas F. Vogt, Dragana Vuckovic, Lynne E. Wagenknecht, Mark Walker, Lars Wallentin, Feijie
Wang, Carol A. Wang, Shuai Wang, Nicholas J. Wareham, Helen R. Warren, Dawn M. Waterworth, Jennifer
Wessel, Harvey D. White, Cristen J. Willer, James G. Wilson, Andrew R. Wood, Ying Wu, Hanieh Yaghootkar, Jie
Yao, Laura M. Yerges-Armstrong, Robin Young, Eleftheria Zeggini, Xiaowei Zhan, Weihua Zhang, Jing Hua Zhao,
Wei Zhao, He Zheng, Wei Zhou, M. Carola Zillikens, Fernando Rivadeneira, Ingrid B. Borecki, J. Andrew Pospisilik,
Panos Deloukas, Timothy M. Frayling, Guillaume Lettre, Karen L. Mohlke, Jerome I. Rotter, Zoltan Kutalik, Joel N.
Hirschhorn, L. Adrienne Cupples, Ruth J. F. Loos, Kari E. North, Cecilia M. Lindgren, CHD Exome+ Consortium,
Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) Consortium, EPIC-CVD Consortium,
ExomeBP Consortium, Global Lipids Genetic Consortium, GoT2D Genes Consortium, InterAct, ReproGen
Consortium, T2D-Genes Consortium, and MAGIC Investigators. 2019. “Protein-Coding Variants Implicate Novel
Genes Related to Lipid Homeostasis Contributing to Body-Fat Distribution.” Nature Genetics 51(3):452—-69.

Khalil, Rami Bou, and Charline El Hachem. 2014. “Adiponectin in Eating Disorders.” Eating and Weight Disorders: EWD
19(1):3-10.

Kirkpatrick, S. L., L. R. Goldberg, N. Yazdani, R. K. Babbs, J. Wu, E. R. Reed, D. F. Jenkins, A. F. Bolgioni, K. |. Landaverde, K.
P. Luttik, K. S. Mitchell, V. Kumar, W. E. Johnson, M. K. Mulligan, P. Cottone, and C. D. Bryant. 2017.
“Cytoplasmic FMR1-Interacting Protein 2 Is a Major Genetic Factor Underlying Binge Eating.” Biological
Psychiatry 81(9):757—-69.

Kumar, V., K. Kim, C. Joseph, S. Kourrich, S. H. Yoo, H. C. Huang, M. H. Vitaterna, F. P. de Villena, G. Churchill, A. Bonci,
and J. S. Takahashi. 2013. “C57BL/6N Mutation in Cytoplasmic FMRP Interacting Protein 2 Regulates Cocaine
Response.” Science (New York, N.Y.) 342(6165):1508-12.

Le Roy, I., J. Pager, and P. L. Roubertoux. 1999. “Genetic Dissection of Gustatory Sensitivity to Bitterness (Sucrose
Octaacetate) in Mice.” Comptes Rendus de I’Academie Des Sciences. Serie lll, Sciences de La Vie 322(10):831-36.

Levran, O., D. Londono, K. O’Hara, D. A. Nielsen, E. Peles, J. Rotrosen, P. Casadonte, S. Linzy, M. Randesi, J. Ott, M.
Adelson, and M. J. Kreek. 2008. “Genetic Susceptibility to Heroin Addiction; a Candidate-Gene Association
Study.” Genes Brain Behav (Journal Article).


https://doi.org/10.1101/2020.06.24.168930
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.24.168930; this version posted June 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.
Levran, O., M. Randesi, J. C. da Rosa, J. Ott, J. Rotrosen, M. Adelson, and M. J. Kreek. 2015. “Overlapping Dopaminergic
Pathway Genetic Susceptibility to Heroin and Cocaine Addictions in African Americans.” Annals of Human

Genetics 79(3):188-98.

da Luz, Felipe Q., Phillipa Hay, Stephen Touyz, and Amanda Sainsbury. 2018. “Obesity with Comorbid Eating Disorders:
Associated Health Risks and Treatment Approaches.” Nutrients 10(7).

Minchin, James E. N., Ingrid Dahlman, Christopher J. Harvey, Niklas Mejhert, Manvendra K. Singh, Jonathan A. Epstein,
Peter Arner, Jesus Torres-Vazquez, and John F. Rawls. 2015. “Plexin D1 Determines Body Fat Distribution by
Regulating the Type V Collagen Microenvironment in Visceral Adipose Tissue.” Proceedings of the National
Academy of Sciences of the United States of America 112(14):4363—68.

Mulligan, M. K., K. Mozhui, P. Prins, and R. W. Williams. 2017. “GeneNetwork: A Toolbox for Systems Genetics.” Methods
in Molecular Biology (Clifton, N.J.) 1488(Journal Article):75-120.

Munn-Chernoff, M. A, and J. H. Baker. 2016. “A Primer on the Genetics of Comorbid Eating Disorders and Substance Use
Disorders.” European Eating Disorders Review : The Journal of the Eating Disorders Association 24(2):91-100.

Nelson, T. M., S. D. Munger, and J. D. Boughter Jr. 2005. “Haplotypes at the Tas2r Locus on Distal Chromosome 6 Vary
with Quinine Taste Sensitivity in Inbred Mice.” BMC Genetics 6(Journal Article):32-2156-6—32.

Oh, Won-Jong, and Chenghua Gu. 2013. “The Role and Mechanism-of-Action of Sema3E and Plexin-D1 in Vascular and
Neural Development.” Seminars in Cell & Developmental Biology 24(3):156—-62.

Peterson, RA, and JE Cavanaugh. 2019. “Ordered Quantile Normalization: A Semiparametric Transformation Built for the
Cross-Validation Era.” Journal of Applied Statistics 1-16.

Schmidt, Ann Marie, and Kathryn J. Moore. 2013. “The Semaphorin 3E/PlexinD1 Axis Regulates Macrophage
Inflammation in Obesity.” Cell Metabolism 18(4):461-62.

Sen, S., J. M. Satagopan, K. W. Broman, and G. A. Churchill. 2007. “R/QtlIDesign: Inbred Line Cross Experimental Design.”
Mammalian Genome : Official Journal of the International Mammalian Genome Society 18(2):87-93.

Strawbridge, Rona J., Helmut Laumen, Anders Hamsten, Michaela Breier, Harald Grallert, Hans Hauner, Peter Arner, and
Ingrid Dahlman. 2016. “Effects of Genetic Loci Associated with Central Obesity on Adipocyte Lipolysis.” PloS One
11(4):e0153990.

Sun, Fengjiao, Yun Lei, Jingjing You, Chen Li, Linshan Sun, Jacob Garza, Di Zhang, Ming Guo, Phillip E. Scherer, Daniel
Lodge, and Xin-Yun Lu. 2019. “Adiponectin Modulates Ventral Tegmental Area Dopamine Neuron Activity and
Anxiety-Related Behavior through AdipoR1.” Molecular Psychiatry 24(1):126-44.

Thundyil, John, Dale Pavlovski, Christopher G. Sobey, and Thiruma V. Arumugam. 2012. “Adiponectin Receptor Signalling
in the Brain.” British Journal of Pharmacology 165(2):313-27.

Ting, Liu, Huang Jun, and Chen Junjie. 2010. “RAD18 Lives a Double Life: Its Implication in DNA Double-Strand Break
Repair.” DNA Repair 9(12):1241-48.

Vannucci, A., E. E. Nelson, D. M. Bongiorno, D. S. Pine, J. A. Yanovski, and M. Tanofsky-Kraff. 2015. “Behavioral and
Neurodevelopmental Precursors to Binge-Type Eating Disorders: Support for the Role of Negative Valence
Systems.” Psychological Medicine 45(14):2921-36.

Vannucci, Anna, Kelly R. Theim, Andrea E. Kass, Mickey Trockel, Brooke Genkin, Marianne Rizk, Hannah Weisman, Jakki
0. Bailey, Meghan M. Sinton, Vandana Aspen, Denise E. Wilfley, and C. Barr Taylor. 2013. “What Constitutes
Clinically Significant Binge Eating? Association between Binge Features and Clinical Validators in College-Age
Women.” The International Journal of Eating Disorders 46(3):226—32.


https://doi.org/10.1101/2020.06.24.168930
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.24.168930; this version posted June 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Wager, Travis T., Ramalakshmi Y. Chandrasekaran, Jenifer Bradley, David Rubitski, Helen Berke, Scot Mente, Todd Butler,
Angela Doran, Cheng Chang, Katherine Fisher, John Knafels, Shenping Liu, Jeff Ohren, Michael Marconi, George
DeMarco, Blossom Sneed, Kevin Walton, David Horton, Amy Rosado, and Andy Mead. 2014. “Casein Kinase 16/«
Inhibitor PF-5006739 Attenuates Opioid Drug-Seeking Behavior.” ACS Chemical Neuroscience 5(12):1253-65.

Watson, Hunna J., Zeynep Yilmaz, Laura M. Thornton, Christopher Hiibel, Jonathan R. I. Coleman, Héléna A. Gaspar,
Julien Bryois, Anke Hinney, Virpi M. Leppd, Manuel Mattheisen, Sarah E. Medland, Stephan Ripke, Shuyang Yao,
Paola Giusti-Rodriguez, Anorexia Nervosa Genetics Initiative, Ken B. Hanscombe, Kirstin L. Purves, Eating
Disorders Working Group of the Psychiatric Genomics Consortium, Roger A. H. Adan, Lars Alfredsson, Tetsuya
Ando, Ole A. Andreassen, Jessica H. Baker, Wade H. Berrettini, llka Boehm, Claudette Boni, Vesna Boraska
Perica, Katharina Buehren, Roland Burghardt, Matteo Cassina, Sven Cichon, Maurizio Clementi, Roger D. Cone,
Philippe Courtet, Scott Crow, James J. Crowley, Unna N. Danner, Oliver S. P. Davis, Martina de Zwaan, George
Dedoussis, Daniela Degortes, Janiece E. DeSocio, Danielle M. Dick, Dimitris Dikeos, Christian Dina, Monika
Dmitrzak-Weglarz, Elisa Docampo, Laramie E. Duncan, Karin Egberts, Stefan Ehrlich, Georgia Escaramis, Ténu
Esko, Xavier Estivill, Anne Farmer, Angela Favaro, Fernando Ferndndez-Aranda, Manfred M. Fichter, Krista
Fischer, Manuel Focker, Lenka Foretova, Andreas J. Forstner, Monica Forzan, Christopher S. Franklin, Steven
Gallinger, Ina Giegling, Johanna Giuranna, Fragiskos Gonidakis, Philip Gorwood, Monica Gratacos Mayora,
Sébastien Guillaume, Yiran Guo, Hakon Hakonarson, Konstantinos Hatzikotoulas, Joanna Hauser, Johannes
Hebebrand, Sietske G. Helder, Stefan Herms, Beate Herpertz-Dahlmann, Wolfgang Herzog, Laura M. Huckins,
James I. Hudson, Hartmut Imgart, Hidetoshi Inoko, Vladimir Janout, Susana Jiménez-Murcia, Antonio Julia,
Gursharan Kalsi, Deborah Kaminska, Jaakko Kaprio, Leila Karhunen, Andreas Karwautz, Martien J. H. Kas, James
L. Kennedy, Anna Keski-Rahkonen, Kirsty Kiezebrink, Youl-Ri Kim, Lars Klareskog, Kelly L. Klump, Gun Peggy S.
Knudsen, Maria C. La Via, Stephanie Le Hellard, Robert D. Levitan, Dong Li, Lisa Lilenfeld, Bochao Danae Lin,
Jolanta Lissowska, Jurjen Luykx, Pierre J. Magistretti, Mario Maj, Katrin Mannik, Sara Marsal, Christian R.
Marshall, Morten Mattingsdal, Sara McDevitt, Peter McGuffin, Andres Metspalu, Ingrid Meulenbelt, Nadia
Micali, Karen Mitchell, Alessio Maria Monteleone, Palmiero Monteleone, Melissa A. Munn-Chernoff, Benedetta
Nacmias, Marie Navratilova, loanna Ntalla, Julie K. O'Toole, Roel A. Ophoff, Leonid Padyukov, Aarno Palotie,
Jacques Pantel, Hana Papezova, Dalila Pinto, Raquel Rabionet, Anu Raevuori, Nicolas Ramoz, Ted Reichborn-
Kjennerud, Valdo Ricca, Samuli Ripatti, Franziska Ritschel, Marion Roberts, Alessandro Rotondo, Dan Rujescu,
Filip Rybakowski, Paolo Santonastaso, André Scherag, Stephen W. Scherer, Ulrike Schmidt, Nicholas J. Schork,
Alexandra Schosser, Jochen Seitz, Lenka Slachtova, P. Eline Slagboom, Margarita C. T. Slof-Op ’t Landt, Agnieszka
Slopien, Sandro Sorbi, Beata Swigtkowska, Jin P. Szatkiewicz, loanna Tachmazidou, Elena Tenconi, Alfonso
Tortorella, Federica Tozzi, Janet Treasure, Artemis Tsitsika, Marta Tyszkiewicz-Nwafor, Konstantinos Tziouvas,
Annemarie A. van Elburg, Eric F. van Furth, Gudrun Wagner, Esther Walton, Elisabeth Widen, Eleftheria Zeggini,
Stephanie Zerwas, Stephan Zipfel, Andrew W. Bergen, Joseph M. Boden, Harry Brandt, Steven Crawford,
Katherine A. Halmi, L. John Horwood, Craig Johnson, Allan S. Kaplan, Walter H. Kaye, James E. Mitchell,
Catherine M. Olsen, John F. Pearson, Nancy L. Pedersen, Michael Strober, Thomas Werge, David C. Whiteman,
D. Blake Woodside, Garret D. Stuber, Scott Gordon, Jakob Grove, Anjali K. Henders, Anders Juréus, Katherine M.
Kirk, Janne T. Larsen, Richard Parker, Liselotte Petersen, Jennifer Jordan, Martin Kennedy, Grant W.
Montgomery, Tracey D. Wade, Andreas Birgegard, Paul Lichtenstein, Claes Norring, Mikael Landén, Nicholas G.
Martin, Preben Bo Mortensen, Patrick F. Sullivan, Gerome Breen, and Cynthia M. Bulik. 2019. “Genome-Wide
Association Study Identifies Eight Risk Loci and Implicates Metabo-Psychiatric Origins for Anorexia Nervosa.”
Nature Genetics 51(8):1207-14.

Wolfe, B. E., C. W. Baker, A. T. Smith, and S. Kelly-Weeder. 2009. “Validity and Utility of the Current Definition of Binge
Eating.” The International Journal of Eating Disorders 42(8):674—86.

Yamauchi, Toshimasa, Masato Iwabu, Miki Okada-lwabu, and Takashi Kadowaki. 2014. “Adiponectin Receptors: A
Review of Their Structure, Function and How They Work.” Best Practice & Research. Clinical Endocrinology &
Metabolism 28(1):15-23.

Yamauchi, Toshimasa, Yasunori Nio, Toshiyuki Maki, Masaki Kobayashi, Takeshi Takazawa, Masato Iwabu, Miki Okada-
Iwabu, Sachiko Kawamoto, Naoto Kubota, Tetsuya Kubota, Yusuke Ito, Junji Kamon, Atsushi Tsuchida, Katsuyoshi
Kumagai, Hideki Kozono, Yusuke Hada, Hitomi Ogata, Kumpei Tokuyama, Masaki Tsunoda, Tomohiro Ide, Kouji


https://doi.org/10.1101/2020.06.24.168930
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.24.168930; this version posted June 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.
Murakami, Motoharu Awazawa, Iseki Takamoto, Philippe Froguel, Kazuo Hara, Kazuyuki Tobe, Ryozo Nagai,
Kohjiro Ueki, and Takashi Kadowaki. 2007. “Targeted Disruption of AdipoR1 and AdipoR2 Causes Abrogation of
Adiponectin Binding and Metabolic Actions.” Nature Medicine 13(3):332-39.

Yang, Yang, Yanzhe Gao, Anastasia Zlatanou, Satoshi Tateishi, Vyacheslav Yurchenko, Igor B. Rogozin, and Cyrus Vaziri.
2018. “Diverse Roles of RAD18 and Y-Family DNA Polymerases in Tumorigenesis.” Cell Cycle (Georgetown, Tex.)
17(7):833-43.

Yuferov, Vadim, Yong Zhang, Yupu Liang, Connie Zhao, Matthew Randesi, and Mary J. Kreek. 2018. “Oxycodone Self-
Administration Induces Alterations in Expression of Integrin, Semaphorin and Ephrin Genes in the Mouse
Striatum.” Frontiers in Psychiatry 9:257.


https://doi.org/10.1101/2020.06.24.168930
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.24.168930; this version posted June 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Table 1.

QTLs for body weight (BW) and PF intake

Trait Chr. | Peak,cM | LOD |1.5L0D Bayes interval, | % variance
(Mb) interval, cM cM (Mb) explained

(Mb)

D23 BW 13 [(31cM 5.5 26-39 cM 27-38 cM 64%
(58 Mb) (46-73 Mb) (53-72 Mb)

D2 intake 5 26 cM 5.8 21-28 cM 13-61 cM 19%
(46 Mb) (40-53 Mb) (28-121 Mb)

D23 intake 6 53 cM 5.4 50-59 cM 42-72 cM 21%
(114 Mb) (110-125 Mb) | (93-141 Mb)

D2 intake (M) |5 25cM 4.4 12-66 cM 8-66 cM 16%
(45 Mb) (25-128 Mb) (17-128 Mb)

D18 intake (M) | 5 11 cM 4.2 7-25 cM 6-25 cM 24%
(24 Mb) (16-46 Mb) (15-45 Mb)

D16 intake (M) | 6 53 cM 4.3 43-60 cM 30-67 cM 23%
(114 Mb) (94-126 Mb) (65-136 Mb)

D23 intake (M) | 6 53 cM 5.9 52-59 cM 47-72 cM 32%
(114 Mb) (111-125 Mb) | (100-141 Mb)

Slope (F) 18 |(24cM 4.1 23-35 cM 23-33 cM 23%
(45 Mb) (43-62 Mb) (43-58 Mb)

D = Day of protocol; F = females only analysis; M = males-only analysis; cM = centimorgans; Mb = megabases
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FIGURE LEGENDS

Figure 1. Percent change in BW, PF intake, PF-CPP, and power analysis in B6J x D2J-F2 mice. (A):
Change in BW (% of D2) across BLE training days through D22; just prior to assessment of compulsive-like
eating (CLE) on D23. There was a main effect of Day (Fsess = 169.26, p < 2 x 10%), Sex (F1120 = 27.8,p=5.5
x 107), and an interaction (Fsess = 13.29, p = 2.4 x 10?). On all PF days subsequent to the first day (D2) of PF
exposure (i.e., D4, D9, D11, D16, D18, and D23), males showed a significantly greater % increase in BW
compared to the females (*all p’s = 0.0003). (B): Slope of % increase in BW from D2 through D22 in F2 females
(n =66)and in F2 males (n = 65). Unpaired Student’s t-test revealed a significantly steeper rise in % increase in
BW over BLE training days in males compared to females (tizo = -7.69, *p = 3.35 x 10*?). (C): PF intake (%BW)
over BLE training days in F2 females and males. There was a main effect of Day (Fe774= 59.06, p < 2 x 107)
and Sex (F1120=4.64, p = 0.03), but no interaction (p = 0.12). Females showed greater intake on D4, D16, and
D23 (ti20 = 2.0, 2.54, 2.18; *p’s = 0.048, 0.012, 0.031). (D): Analysis of slope of PF intake (%BW) in F2 females
and F2 males indicated no significant difference (p = 0.10). (E): Negative correlation between the slope of PF
intake (%BW) and the slope of weight gain (% of D2) for the sex-combined (black: r = -0.29, tizg = 3.45; p =
00076), female (red: r = -0.23; t120 = 1.87; p = 0.067), and male (blue: r = -0.29; t129 = 2.41; p = 0.019) datasets.
(F): Time spent on the PF-paired side on D1 prior to BLE training and on D22 post-BLE training. There was a
main effect of Day (F1.120 = 14.66, *p = 2 x 10%) which indicated significant PF-CPP, but no effect of Sex (p =
0.619), and no interaction (p = 0.37). (G): Analysis of the difference in time spent on the PF-paired side between
D1 and D22 (D22-D1, s) in females and males confirmed no significant difference (ti2o < 1). (H): Power versus
effect size (% variance explained) for an additive QTL model and a sample size of 128 F2 mice (p < 0.05). 0.2,
0.4, 0.6, and 0.8 power is achieved with an observed effect size of 5.45%, 7.93%, 10.31%, and 13.32% variance

explained, respectively.

Figure 2. Emergence of agenome-wide significant QTL on medial chromosome 13 influencing BW during
BLE and CLE. (A): Genome-wide QTL plot for BW across assessment days for PF intake revealed a significant
QTL on chromosome 13 for Day 23 BW [LOD = 5.54, peak = 30.79 cM (57.85 Mb), Bayes C.I.: 52.51-71.71 Mb,
1.5 LOD: 51.46-72.52 Mb]. The numbers indicate the chromosome-#. The solid horizontal line for panels A-C
indicates significance threshold (p < 0.05) and the dotted horizontal line indicates the suggestive threshold (p <
0.63). 64% of the phenotypic variance was explained by the chromosome 13 QTL. (B): Chromosome 13 QTL
plot of BW for each day of assessment of PF intake. The rainbow color scheme illustrates a clear day-dependent
increase in linkage across days/spectrum (red -> purple) that is significant by the final day of PF intake
assessment on D23 (purple trace) prior to CLE assessment in the light/dark box. (C): Female and male
chromosome 13 QTL plots for BW on D23. Females showed a more distal peak on chromosome 13 (red trace;
peak = 32.98 cM, 63.76 Mb) compared to the males (blue trace; peak = 30.79 cM, 57.85 Mb) that drove the
overall sex-combined QTL signal. (D): Sex-combined effect plot at the peak locus for D23 BW (chromosome 13:
30.79 cM, 57.85 Mb). There is an increase in quantile-normalized BW with increasing D2J (D) alleles. (E):
Female effect plot at the peak chromosome 13 locus for D23 BW (32.98 cM, 63.76 Mb) shows an increase in
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guantile-normalized BW with increasing D alleles. (F): Male effect plot of the peak locus on chromosome 13 for
D23 BW (30.79 cM, 57.85 Mb) shows an increase in quantile-normalized BW with each D allele.

Figure 3. Sex-combined QTLs influencing PF intake on chromosomes 5 and 6. (A): Genome-wide QTL plot
revealed significant QTLs for PF intake (% BW consumed) on chromosomes 5 and 6. The chromosome 5 QTL
was significant for D2 intake [LOD = 5.77, peak = 25.82 cM (46.20 Mb), Bayes C.I.: 27.67-121.03 Mb, 1.5 LOD:
40.22-52.51 Mb] and explained 19% of the phenotypic variance. The chromosome 6 QTL was significant for D23
intake [LOD = 5.36, peak = 52.86 cM (113.80 Mb), Bayes C.I.: 92.99-141.19 Mb, 1.5 LOD: 109.61-124.76 Mb]
and explained 21% of the phenotypic variance. The solid horizontal line for panels A, B, and D indicates
significance threshold (p < 0.05) and the dotted horizontal line indicates the suggestive threshold (p < 0.63). (B):
The chromosome 5 QTL plot shows a significant QTL for PF intake on D2 (red trace). (C): The effect plot of the
peak chromosome 5 locus (25.82 cM, 46.20 Mb) shows an increase in quantile-normalized D2 intake with each
copy of the D2J (D) allele. BB = homozygous for B6J allele; BD = heterozygous; DD = homozygous for D2J
allele. (D): The chromosome 6 QTL plot shows a significant QTL for D23 PF intake in the light/dark box. (E): The
effect plot of the peak locus on chromosome 6 (52.86 cM, 113.80 Mb) shows an increase in quantile-normalized

D23 intake with each copy of the D allele.

Figure 4. Genome-wide QTL analysis of PF intake in F2 males. (A): Genome-wide significant QTLs were
identified for males on chromosomes 5 and 6. Chromosome 5 contained QTLs for D2 intake [LOD = 4.22, peak
=24.45 cM (44.78 Mb), Bayes C.I.: 17.13-141.23 Mb, 1.5 LOD: 24.80-127.95 Mb, 16% variance explained] and
for D18 intake [LOD = 4.26, peak = 10.66 cM (24.07 Mb), Bayes C.I.: 13.73-45.06 Mb, 1.5 LOD: 15.88-45.58
Mb, 24% variance explained]. Chromosome 6 contained QTLs for D16 intake [LOD = 4.29, peak = 52.86 cM
(113.80 Mb), Bayes C.l.: 65.01-138.58 Mb, 1.5 LOD: 94.06-125.62 Mb, 23% variance explained] and for D23
intake [LOD =5.74, peak = 52.86 cM (113.80 Mb), Bayes C.I.: 100.46-141.19 Mb, 1.5 LOD: 111.06-123.63 Mb,
32% variance explained]. The solid horizontal line for panels A, B, and D indicates the significance threshold (p
< 0.05) and the dotted horizontal line indicates the suggestive threshold (p < 0.63). (B): The QTL plot for
chromosome 5 shows significant QTLs for D2 intake (red trace) and D18 intake (blue trace). (C): The effect plots
for chromosome 5 at the peak loci for D2 intake (24.45 cM, 44.78 Mb) and D18 intake (10.66 cM, 24.07 Mb)
show increased normalized PF intake with increasing D alleles. (D): The chromosome 6 QTL plot shows a
significant QTL for PF intake on D16 (light blue trace) and D23 (black trace). (E): Effect plots for the chromosome
6 QTLs at the peak locus (52.86 cM, 113.80 Mb) shows an increasing effect of the D allele on PF intake for D16
and D23.

Figure 5. Genome-wide QTL analysis of PF intake in F2 females. (A): There was one, nearly significant QTL
on chromosome 18 in females (p = 0.052) for the slope of intake across PF training days [LOD = 4.11, peak =
23.81 cM (44.88 Mb), Bayes C.l.: 43.16-58.40, 1.5 LOD: 42.74-61.80 Mb]. The chromosome 18 QTL explained
23% of the variance in the slope of PF intake across days. Solid horizontal line for panels A and B indicates

significance threshold (p < 0.05), dotted horizontal line indicates suggestive threshold (p < 0.63). (B):
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Chromosome 18 QTL plot shows a peak on the medial portion. (C): Chromosome 18 effect plot at the peak locus
(23.81 cM, 44.88 Mb) shows evidence for an overdominance effect whereby the heterozygous BD genotype

displays the greatest normalized slope value.

Figure 6. Schematic of bioinformatics pipeline for identifying positional, functional candidate genes for PF intake
and associated phenotypes.

Figure 7. PheQTL-eQTL network graph generated via GeneNetwork for Adipor2 within the male-specific
chromosome 6 QTL interval (111-125 Mb) shows cis-eQTLs in two brain regions (nucleus accumbens and
ventral tegmental area) with eight phenotypic nodes. Correlated PheQTLs include traits involved in metabolism,
lipidomics, body mass, anxiety, and morphine withdrawal (Supplementary Table 2). Bold blue lines indicate
Pearson correlation coefficients of -1 to -0.7, normal light blue: -0.7 to -0.5, bold red: 0.7 to 1, normal orange: 0.5
to 0.7. The number inside each green box indicates the trait's BXDPublish Record ID number (see

Supplementary Table 2). Only connected nodes are shown.
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FIGURE 3
(A) PF intake (% BW) during BLE (D2-D18) and CLE (D23)
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SUPPLEMENTARY INFORMATION

SUPPLEMENTAL METHODS

PF-CPP paradigm

On Day (D) 1, mice were assessed for initial preference for the PF-paired side (right side) over 30 min.
On D2, D4, D9, D11, D16, and D18, mice were confined to the right side of the apparatus for 30 min and allowed
access to PF. Food pellets were weighed both before and after each 30 min session. On D3, D5, D10, D12,
D17, and D19, a clean, empty food bowl was provided in the corner on the left side and mice were confined
there for 30 min. on D22, mice were provided with open access to both sides (clean, empty food bowls on both
sides) and were re-assessed for time spent on the PF-paired side. PF-CPP was assessed by calculating the
change in time (s) spent on the PF-paired side between D1 and D22 (D22-D1).

On D23, mice were tested in a light/dark conflict test for compulsive-like eating (CLE) (Kirkpatrick et al.,
2017) in which PF was available in the light side of the box which is considered anxiety-provoking and aversive.
PF Intake was calculated as % body weight consumed [g consumed / body weight (g) * 100]. All behaviors were
recorded with infrared cameras (Swann Communications U.S.A. Inc., Santa Fe Springs, CA, USA) and video-

tracked with ANY-maze video tracking software (Stoelting Co., Wood Dale, IL, USA).

High impact variants for GeneNetwork analyses

Ensembl-annotated “high impact variants” included the following classifications: “coding sequence

LT LNTH

variant,” “feature elongation,” “feature truncation,” “incomplete terminal codon variant,” “initiator codon variant,”

“‘mature miRNA variant,” “missense variant,” “NMD transcript variant,” “regulatory region ablation,” “regulatory
region amplification,” “regulatory region variant,” “splice acceptor variant,” “splice donor variant,” “splice region
variant,” “stop gained,” “stop lost,” “TF binding site variant,” “TFBS ablation,” “TFBS amplification,” “transcript

ablation,” or “transcript amplification.”

Genenetwork eQTL datasets from BXD RI strains

We used the following eQTL datasets for GeneNetwork (Mulligan et al., 2017) analyses: Amygdala
MRNA [INIA Amygdala Cohort Affy MoGene 1.0 ST (Mar11); GN323], hypothalamus mRNA [INIA Hypothalamus
Affy MoGene 1.0 ST (Nov10); GN281], Nucleus Accumbens mRNA [VCU BXD NAc Sal M430 2.0 (OctQ7);
GN156], striatum mRNA [HQF Striatum Affy Mouse Exon 1.0ST Gene Level (Dec09); GN399], Prefrontal Cortex
MRNA [VCU BXD PFC Sal M430 2.0 (Dec06); GN135], and ventral tegmental area mRNA [VCU BXD VTA Sal
M430 2.0 (Jun09); GN228].

SUPPLEMENTARY RESULTS
In examining PF-CPP, we did not identify any genome-wide significant QTLs for the D22-D1 right side
time measure (Supplementary Figure 2). , although we observed a significant female-selective QTL for initial

preference for the PF-paired side (D1 right side time) that coincidentally, also happened to be located on
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chromosome 6 (but more distal to the BLE QTL) and drove a confounding, nonsignificant trending QTL at the
same locus (Supplementary Figure 2). Thus, these results are not related to motivation for PF but rather, the
confounding effect of the D1 QTL (initial preference, prior to PF exposure) on the D22-D1 subtraction measure.

SUPPLEMENTARY TABLE LEGENDS

Supplementary Table 1. List of polymorphic genes, position (bp), variant name, allele, type, and consequence

with Ensembl high-impact annotations within 1.5 LOD confidence interval for our male-specific chromosome 6
QTL (111.06 Mb - 12476 Mb). Generated from Sanger Institute Mouse Genomes Project

(https:/www.sanger.ac.uk).

Supplementary Table 2. Phenotypes identified from GeneNetwork that have peak QTLs localized in the male-

selective chromosome 6 QTL (111-125 Mb). Yellow-highlighted rows denote the phenotyped used in
GeneNetwork analysis for Adipor2, PIxnd1, and Rad18.

SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure 1. Linkage heat map of LOD scores at each marker for each day (D) of PF intake

in B6J x D2J-F2 females (red), males (blue), and sex-combined (black) mice. The graph was generated
using R/gticharts (Broman, 2015). QTLs for the sex-combined, females-only, and males-only analysis of PF
intake across BLE training days and CLE test are presented, including the slope of escalation in PF intake across
training days. In particular, note chromosomes 5 and 6 for the sex-combined and males-only analyses and

chromosome 18 for the females-only analysis.

Supplementary Figure 2. Genome-wide analysis PF-CPP. (A-C): Sex-combined, males-only, and females-
only QTL analysis. A genome-wide significant QTL was identified in females (C) for initial preference for the PF-
paired side (right side) on Day (D) 1. (D): Chromosome 6 QTL plot in females for D1 right side time and for D22-
D1 right side time (Post-PF training). The D1 QTL interval peaked at 69 cM (139 Mb; LOD = 4.2; p < 0.05) and
spanned 67-73 cM (137-142 Mb) or 52-77 cM (111-144 Mb; Bayes Credible interval). (E): Chromosome 6 effect
plot of peak locus in females for the significant QTL (left panel: D1 time on PF-paired side; right side) and for

the nonsignificant QTL (right panel: D22-D1 right side time).

Supplementary Figure 3. PheQTL-eQTL network graph for PIxnd1 within the male-specific chromosome 6 QTL

interval shows cis-eQTLs in three brain regions (hypothalamus, amygdala, striatum) with eight nodes. Correlated
PheQTLs include traits related to body mass, drug addiction, obesity, and bitter taste. Bold blue lines indicate
Pearson correlation coefficients of -1 to -0.7, normal light blue: -0.7 to -0.5, bold red: 0.7 to 1, normal orange: 0.5
to 0.7. The number inside each green box indicates the trait's BXDPublish Record ID number. Only connected

nodes are shown.
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Supplementary Figure 4. PheQTL-eQTL network graph for Rad18 within the male-specific chromosome 6 QTL

interval shows cis-eQTLs in three brain regions (hypothalamus, amygdala, striatum) with eight nodes. Correlated
PheQTLs include traits involved in body mass, drug addiction, obesity, and bitter taste. Bold blue lines indicate
Pearson correlation coefficients of -1 to -0.7, normal light blue: -0.7 to -0.5, bold red: 0.7 to 1, normal orange: 0.5
to 0.7. The number inside each green box indicates the trait's BXDPublish Record ID number. Only connected

nodes are shown.
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