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therapies to tackle the evolving Western obesity epidemic. The orphan (0) GPCR
GPR101 emerged as an attractive candidate in this regard. Expressed on cells in brain
areas regulating energy homeostasis, including the hunger-suppressing
proopiomelanocortin (POMC) + neurons, it is minimally expressed outside the brain. To
understand the function of this receptor in vivo, we herein generated and

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Suggested Reviewers:

Opposed Reviewers:
Additional Information:

Question

comprehensively characterized a Gpr101 knockout mouse line, either under standard
feeding conditions or with chronic high-fat diet (HFD) access (16 weeks). GPR101 loss
accelerated the risk for diet-induced obesity (DIO), hyperinsulinemia and disrupted
glucose homeostasis. Hypothalamic transcriptomic analysis revealed also decreased
Pomc activation with HFD suggesting impaired hunger suppression. Moreover, on a
standard diet, there was a molecular signature of downregulated tristetraprolin (TTP)
pathway gene activation suggesting impaired inflammation resolution and one of
aberrant microglial phagocytosis and lipid metabolism on HFD. Morphometry revealed
altered hypothalamic arcuate nucleus microglial morphology consistent with the
transcriptomic profile. We discuss how the GPR101 specialized pro-resolving mediator
(SPM) receptor capacity likely underlies the aberrant microglial function and
contributes to DIO risk. Thus, this evidence shows that GPR101 is a potential
therapeutic target for DIO through, among other factors, effects on hypothalamic
inflammation resolution.

Ingo Bechmann

Professor, Leipzig University

ingo.bechmann@medizin.uni-leipzig.de

Professor Bechmann is a microglia expert and so would be able to best judge the
scientific credibility of our findings

Yann Herault

Professor, Institut of Genetics and Molecular and Cellular Biology
yann.herault@igbmc.fr

Professor Herault is an expert in genetic mouse models and neuropsychiatric disease
modelling

John Cryan

Professor, University College Cork

j-cryan@ucc.ie

Professor Cryan is an expert in mouse models of brain control of feeding and
metabolism and is therefore in a position to critically review the manuscript

Carsten Wotjak
Boehringer Ingelheim GmbH
wotjak@psych.mpg.de

Response

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Cover letter

HELMHOLTZ
MUNICI?

Helmholtz Zentrum Miinchen Deutsches Forschungszentrum fiir
Gesundheit und Umwelt (GmbH), Postfach 11 29, 85758 Neuherberg

Prof. Andreas Meyer-Lindenberg, MD PD Dr. Sabine M. Holter
Editor-in-chief Neuroscience Applied Team Leader

Central I.nstltute of Mental Health, +49 89 3187 3674
Mannheim, Germany hoelter@helmholtz-munich.de
Manuscript submission 19. Dezember 2022

Dear Prof. Meyer-Lindenberg,

We are delighted to submit our manuscript entitled “GPR101 loss promotes insulin resistance and diet-induced obesity
risk” for consideration as a research article in Neuroscience Applied. We believe that our manuscript will be of interest to
your readers as we take a neuroscience-based approach to understanding diet-induced obesity (DIO) and, in so doing,
highlight the therapeutic potential of the orphan G-protein coupled receptor GPR101.

In tackling the Western obesity epidemic, there is a need for novel and more efficacious therapies with minimal side
effects. GPR101, predominantly expressed in the hypothalamus, alters appetite and energy expenditure through an
unknown mechanism and thus has potential in this regard. Recent evidence also implicates this receptor in inflammation
resolution through its pro-resolving mediator capacity. We showed here, for the first time, that loss of Gpr101 in mice
augmented DIO and insulin resistance risk on high-fat diet (HFD). Furthermore, we established that there is a molecular
signature of immune and microglial activation under standard conditions and microglial morphology indicative of blunted
microglial phagocytosis with HFD. Combined, this work illustrates the potential of GPR101 as a novel target for DIO
treatment through, among other factors, hypothalamic immune responsivity and resolution.

I would like to submit this article as the first contribution to the Special Section topic “Addressing pitfalls in translation”
you invited me to put together as ECNP Preclinical Data Forum Network Chair. You can find a short introductory editorial
to this topic on the second page of this letter.

Thank you for receiving the manuscript, it describes original work, is not under consideration for publication elsewhere
and all authors approved the manuscript and declare no conflict of interest. | hope you will find it of interest, we appreciate
your time and look forward to your response.

All the RNA-seq data generated for this study can be accessed here:
https://www.ncbi.nlm.nih.gov/geo/query/acc.cqgi?acc=GSE220533 using the token mbsdmkuczbelpux.
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ATTACHMENT: Introductory editorial to Special Section topic

Addressing pitfalls in translation

Translational failures in neuropsychiatry have been widely discussed for quite some time, prompting the development of
several suggestions for solutions. Prominent solution suggestions include enhancement of preclinical study design and
data quality, pre-registration of preclinical studies, and improved back-translation of clinical diagnoses for preclinical
usage based on the RDoC framework.

This Special Section attempts to highlight less well-known solution suggestions that have been developed by PREMOS
(Predictive Model Systems), a cluster supported by the European Brain Research Area (EBRA): European brain research:
Addressing translational gaps (openaccessgovernment.org). They focus more on the facilitation of mechanistic insights

and a better understanding of disease etiologies by broadening our perspective in disease-related investigations in animal
models. For example, sex is still not systematically considered as a biological variable in basic neuroscience and
preclinical studies, with potentially detrimental consequences for the translational success of the insights gained.
Likewise, most studies are very focused instead of a broader consideration of multiple body systems that might be
clinically relevant in the context of disease comorbidities. Similarly, including environmental factors like diets or genetic
factors could enhance our mechanistic understanding as well as target identification.

The different contributions to this Special Section give individual examples for the inclusion of potential translationally
relevant aspects that have largely been ignored in study designs in the past.

www.helmholtz-munich.de 2
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Abstract

G-protein-coupled receptors (GPCRs) represent targets for improved low-side-effect therapies
to tackle the evolving Western obesity epidemic. The orphan (o) GPCR GPR101 emerged as an
attractive candidate in this regard. Expressed on cells in brain areas regulating energy
homeostasis, including the hunger-suppressing proopiomelanocortin (POMC) + neurons, it is
minimally expressed outside the brain. To understand the function of this receptor in vivo, we
herein generated and comprehensively characterized a Gpr101 knockout mouse line, either
under standard feeding conditions or with chronic high-fat diet (HFD) access (16 weeks).
GPR101 loss accelerated the risk for diet-induced obesity (DIO), hyperinsulinemia and
disrupted glucose homeostasis. Hypothalamic transcriptomic analysis revealed also decreased
Pomc activation with HFD suggesting impaired hunger suppression. Moreover, on a standard
diet, there was a molecular signature of downregulated tristetraprolin (TTP) pathway gene
activation suggesting impaired inflammation resolution and one of aberrant microglial
phagocytosis and lipid metabolism on HFD. Morphometry revealed altered hypothalamic
arcuate nucleus microglial morphology consistent with the transcriptomic profile. We discuss
how the GPR101 specialized pro-resolving mediator (SPM) receptor capacity likely underlies
the aberrant microglial function and contributes to DIO risk. Thus, this evidence shows that
GPR101 is a potential therapeutic target for DIO through, among other factors, effects on

hypothalamic inflammation resolution.

Keywords: GPR101, Diet-induced obesity, insulin resistance, hypothalamus, inflammation
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1. Introduction

According to the World Health Organisation (WHO), obesity prevalence numbers in Western
society have almost tripled in the last 40 years. This is paralleled by increases in obesity-
associated metabolic disorders including Type |l diabetes (T2D), cardiovascular disease and
non-alcoholic fatty liver disease (NAFLD) further impacting patient life quality and increasing
mortality rates (Gregg et al. 2019; Saeedi et al. 2019). In certain cases, successful weight
reduction and T2D treatment necessitate pharmacological intervention and so there is the
need to develop more safe and efficacious therapies. In this regard, ‘orphan’ G-protein
coupled receptors (0GPCRs), part of the seven transmembrane-spanning domain receptor
family, localized to brain areas controlling feeding and energy balance regulation, provide
novel and attractive therapeutic targets. While there is progress in GPCR deorphanization, the
ongoing challenge lies in establishing the endogenous ligand(s) and function of these orphan

receptors to determine their likely efficacy and potential side-effect profile (Ngo et al. 2016).

The class A oGPCR, GPR101, is of interest in this context. This receptor couples to Gs, Gaqg/11,
and Gal12/13 and strongly activates cAMP (Abboud et al. 2020). It is highly expressed in the
brain, specifically in regions that control metabolism, reward and emotionality including the
amygdala, nucleus accumbens and the arcuate nucleus (ARC) of the hypothalamus (Bates et
al. 2006; Lee et al. 2001; Trivellin et al. 2016). Within these regions, GPR101 is expressed in
~55% of the anorexigenic proopiomelanocortin (POMC)+ neurons in ARC, glutamatergic
neurons and thyrotropin-releasing hormone (TRH)+ neurons in the lateral hypothalamus and
in a subset of y-aminobutyric acid (GABA)+ and dopaminergic neurons in the ventral tegmental
area (VTA) and substantia nigra (SN) (Nilaweera et al. 2007; Paul et al. 2019). While the
physiology, function and known ligands of GPR101 remain largely unexplored, expression in

different brain regions alters after energetic challenges e.g. food deprivation and during
3



85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

lactation (Nilaweera et al. 2007; Nilaweera et al. 2008). This suggests an important role for
GPR101 in energy homeostasis, a possibility supported by evidence of a SNP in the GPR101
coding sequence associated with increased BMI in the Japanese population (missense variant
(rs1190736 (C > A);p.Vall24Leu)) (Akiyama et al. 2017). The developing pituitary gland also
expresses GPR101. In humans, a pediatric disorder, X-linked acrogigantism (X-LAG), results
from an Xg26.3 genomic duplication involving GPR101, characterized by early-onset gigantism
due to hypersecretion of growth hormone (GH) (Trivellin et al. 2014). Moreover, in mice,
overexpression of Gpr101 under the control of the rat Ghrhr (growth hormone releasing
hormone receptor) promoter (expressed in anterior pituitary somatotrophic cells) leads to
chronic GH hypersecretion. Lower fat mass (with decreased adipocyte fat content and area)
and hepatomegaly (with reduced liver fat) manifest in these transgenic mice (Abboud et al.
2020). Altogether, this evidence highlights the untapped potential of GPR101 as a therapeutic

target for treating obesity.

In addition to roles in controlling body weight and GH secretion, GPR101 is the receptor
mediating the leukocyte-directed actions of N-3 docosapentaenoic acid-derived resolvin D5
(RvD5n-3 DPA) in inflammatory arthritis (Flak et al. 2020). So-called specialized pro-resolving
mediators (SPMs) resolve inflammation to restore homeostasis and include resolvins as well
as lipoxins and protectins. As metabolic inflammation (metaflammation) may be involved in
insulin resistance, curtailing inflammation could be beneficial for obesity and T2D (Charles-
Messance et al. 2020). Thus, that RvD5n-3 DPA is a GPR101 agonist highlights an additional

route through which targeting this receptor could benefit these disorders.

To understand the function of GPR101, we generated a GPR101 knockout (KO) mouse and
assessed the metabolic phenotype on chow (CD) or chronic high-fat diet (HFD) feeding. As

POMC is the precursor of adrenocorticotrophic hormone (ACTH), active in the hypothalamic-
4
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pituitary-adrenal stress axis (Herman et al. 2016), we determined also the effect of GPR101
loss on mild stress responsivity. Mechanistically, we explored the effect of GPR101 deletion
on hypothalamic gene expression and microglia and astrocyte numbers. The results from the
study indicate augmented DIO and insulin resistance risk as well as altered POMC and
inflammatory activation associated with GPR101 loss highlighting the potential of this

receptor as a novel therapeutic target for appetite control and obesity.

2. Methods

2.1 Generation of GPR101 KO mouse
The C57BL/6NTac-Gpr101¢m70367ac mouse line with a constitutive Knock-Out (KO) of the

Gpr101 gene was custom-engineered using CRISPR/Cas9-mediated genome editing by Taconic
Biosciences (https://www.taconic.com/genetically-engineered-animal-models/knockout-
mice/). The NCBI transcript NM_001033360.3 formed the foundation for the targeting
strategy. Deletion of exons 1 and 2 including approx. 1.5 kb of the promoter region resulted
in the loss of function of the Gpr101 gene by deleting the complete gene. We backcrossed the
mouse line onto C57BL/6NTac and confirmed that GPR101 mRNA significantly decreased in
our transcriptomic analysis of the hypothalamus of Gpr101 KO mice (Fig. 1A). Mice were
group-housed in individually ventilated cages (Kallnik et al. 2007) with water and standard
mouse chow available ad libitum before the start of the experiment according to the directive
2010/63/EU. The care and use of animals and assays used in this study were approved and
carried out according to the ARRIVE guidelines and the rules outlined by the ethical
committees of the district government of Upper Bavaria (Regierung von Oberbayern) and the

Helmholtz Zentrum Miinchen in Germany.

2.2 Experimental design and body weight analysis
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All mice had access to standard chow up to the age of 7 weeks. At this time point, male mice
were randomly selected from the wild-type littermate control (“WT”) and the hemizygous
Gpr101 KO (“MUT”) groups and were given access to 60% kcal from fat HFD (Research Diets,
Inc.) until the end of the experiment. Fig. 1B depicts the experimental design used for this
analysis. From the age of 11-23 weeks, all mice were phenotyped systematically in the German
Mouse Clinic as described previously (Fuchs et al. 2018; Fuchs et al. 2009) and Supplementary
Fig. S1 shows the pipeline. The testing details described here are for those assays where there
were genotype-pertinent alterations. We compared male MUT and WT mice on either
standard chow (CD) or HFD and Supplementary Table 1 shows the number of animals per
group and age of testing for the different assays. The mice were weighed throughout the

experimental timeline to determine their body weight evolution.

2.3 Open field

The 20-minute Open Field (OF) test was carried out at 11 weeks of age using the ActiMot
system (TSE, Germany) as described previously (Garrett et al. 2012; Holter et al. 2015). The
arena was made of transparent and infra-red light-permeable acrylic with a smooth floor

(internal measurements: 45.5 x 45.5 x 39.5 cm, illumination = 150 lux corners, 200 lux middle).

2.4 Indirect calorimetry in metabolic homecages (MHC)

At the age of 15 weeks, MHC locomotor activity (distance travelled) and exploration (rearing),
gas exchange (oxygen consumption and carbon dioxide production, VCO2/V02), energy
expenditure (heat production, kJ/h/animal), food intake and substrate utilisation of single-
caged mice was measured by indirect calorimetry in metabolic home-cages (TSE, Germany,

see:https://www.mousephenotype.org/impress/Procedurelnfo?action=list&proclD=855&pip
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elD=14). The measurement commenced five hours before lights off and finished four hours

after lights-on the next morning (21 hours in total).

2.5 Body composition (QNMR lean/fat)

Our whole body composition analyzer (Bruker MiniSpec LF 50) based on Time Domain Nuclear
Magnetic Resonance (TD-NMR) provides a robust method for the measurement of lean tissue
and body fat in live mice without anaesthesia. It uses TD-NMR signals from all protons in the

entire sample volume and provides data on lean and fat mass.

2.6 Glucose tolerance test (GTT)

Glucose metabolism disturbance was determined using the (GTT) at the age of 16 weeks.
Glucose was administered intraperitoneally (2 g/kg i.p.) after a 16-h food withdrawal and basal
fasting glucose levels and 15, 30, 60, and 120 minutes after glucose injection were measured
from a drop of blood collected from the tail vein with the Accu-Chek Aviva Connect glucose

analyzer (Roche/Mannheim).

2.7 Blood collection, hematology and immunology

The final blood samples were collected under isoflurane anaesthesia by retrobulbar puncture
in Li-heparin-coated tubes. They were then stored on ice until centrifugation (4500xg, 10 Min)
and separation of plasma aliquots for further analyses. The clinical chemistry analyses of
circulating biochemical parameters in ad libitum fed mouse blood was performed using a
clinical chemistry analyser (Beckman Coulter AU 480 autoanalyzer, Krefeld, Germany) at the

age of 16 weeks. A broad set of parameters was measured including enzyme activities as well
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as plasma concentrations of specific substrates and electrolytes (Rathkolb et al. 20133;

Rathkolb et al. 2013b).

2.8 Pathological examination

For pathological analyses at 16 weeks of age, hematoxylin and eosin (H&E) staining was
performed on formalin-fixed paraffin-embedded sections (4 um) from 28 organs. Two
independent pathologists analysed the slides according to standardized protocols as

previously described (Fuchs et al. 2018).

2.9 RNA isolation and transcriptome analysis of hypothalamus

Hypothalami were dissected and total RNA was isolated using the RNeasy Mini kit (Qiagen)
including Trizol treatment. The Agilent 2100 Bioanalyzer was used to assess RNA quality and
RNA with RIN > 7 was used for RNAseq analysis. Total RNA was analysed by RNA sequencing.
Paired-end data was generated and analysed by a RNAseq pipeline consisting of quality
control (FastQC, MultiQC), read trimming (trim_galore), genome alignment (STAR), and gene-
level read counting (summarizeOverlaps, mode = "Union’). The significantly regulated genes
were determined with DEseq2 after excluding low expressed genes. For the biological
interpretation of the observed gene regulation we performed protein-protein interaction

analysis using the STRING database, Version 11.5 (www.string-db.org)(Szklarczyk et al. 2019),

enrichment analyses with QIAGEN’s Ingenuity Pathway Analysis software (IPA®, QIAGEN
Redwood City, www.giagen.com/ingenuity), and Enrichr

(https://maayanlab.cloud/Enrichr/(Chen et al. 2013)). A more microglia-specific enrichment

analysis was also performed using MGEnrichment

(https://ciernialab.shinyapps.io/MGEnrichmentApp/). We used genome-wide transcriptome
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analysis on 17 KO animals (9 HFD, 8 CD) and 15 WT animals (8 HFD, 7 CD). All samples passed

the quality control criteria and we conducted statistical analyses with DEseq2.

2.10 Tissue collection, immunostaining and design-based stereological
analysis of microglia and astrocyte populations

Adult mice were euthanised and perfused by transcardial perfusion with a solution of 4 %
paraformaldehyde (PFA) in 0.1 M PBS (pH= 7.4). Dissected brains were post-fixed in the same
fixative over night at 4 °C. Brains were transferred to a 30 % (w/v) sucrose solution and stored
at 4 °C. 40 um thick coronal sections were taken using a cryostat (Leica CM3050S), collected
in cryoprotective solution (25 % ethylene glycol and 25 % glycerin in phosphate buffer) and

stored at -20 °C. A one-in-six series of sections was used for each analysis.

For immunostaining of ionized calcium-binding adapter molecule 1 (IBA1)+ microglia and glial
fibrillary acidic protein (GFAP)+ astrocytes, an Avidin-Biotin Complex (ABC) method like that
employed previously (Garrett et al. 2020; Garrett et al. 2018; Ung et al. 2021) was used. For
IBA1 immunostaining, the antibodies used were a primary goat monoclonal anti-lbal antibody
(Abcam plc, Cambridge, UK; order no ab5076; dilution 1:200) with a biotinylated rabbit anti-
goat IgG (1:300 Biotin-SP AffiniPure Rabbit Anti-Goat IgG, Jackson ImmunoResearch Inc., USA).
For GFAP immunostaining, a primary rabbit monoclonal anti-GFAP antibody (Abcam plc,
Cambridge, UK; order no ab4648; dilution 1:5000) was implemented in conjunction with a
biotinylated goat anti-rabbit IgG (1:300 Biotin-SP AffiniPure Goat Anti-Rabbit IgG, Jackson
ImmunoResearch Inc., USA). The tertiary ABC complex was employed according to
manufacturer’s instructions (VECTASTAIN Elite ABC HRP Kit PK-6100, VECTOR LABORATORIES,
INC., Burlingame, USA). The negative controls, with omission of the primary antibodies,

revealed no positive staining.
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IBA1+ and GFAP+ cell numbers were estimated throughout the rostro-caudal extent of the
hypothalamic ARC with design-based stereology using the Stereolnvestigator software system
(Stereolnvestigator, MBF Biosciences Inc.). We also measured the cell density as the number
of cells per size-matched counting frame. The estimates were made in every sixth serial 40-
um coronal section with the Optical Fractionator probe as described previously (Heermann et
al. 2019). The observer was blind to the experimental groups. Two animals from each analysis

were excluded due to tissue damaged during processing.

2.11 Microglial morphometric analysis

The branching morphology of the IBA1+ microglia was carried out as described previously (Ung
et al. 2021) using a Zeiss Axio Imager M2 microscope (Carl Zeiss, Oberkochen, Germany) with
a motorized stage and a CCD color camera and Neurolucida software (Version 2018) and
Neurolucida Explorer (2018, MBF biosciences, Williston, VT, USA). Using the 100x objective, 5
microglial cells per animal were traced in the ARC between Bregma -1.22 - -2.54. Cell bodies
of each cell were contoured in the Neurolucida program at the z-stage-level where it showed
the biggest area in focus. The branches where traced in 3D focusing through the z-plane
adjusting for branch thickness. The traced 3D-cell structures were analyzed in Neurolucida
Explorer using the Branched Structure Analysis function. The parameters measured for each
microglial cell were number of endings, branch length and volume. The coefficient of variation

within the morphological parameters for each animal was lower than 0.5.

2.12 Statistics

Data was analysed using either 2-way ANOVA with genotype and diet as main factors or with
separate t-tests to determine genotype differences on CD or HFD. A post-hoc Fisher’s LSD was

used to test genotype x diet interaction effects. A Grubb’s test was used to identify outliers

10
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that were subsequently excluded from the analysis (1 WT on CD and 1 WT on HFD for insulin
levels, 1 MUT on HFD for TNF removed). For body weight evolution, body weight change and
ipGTT analysis, a repeated measures (RM) ANOVA (with post-hoc Sidak’s test) was
implemented with time and genotype/diet as independent variables. Data was statistically
analysed using GraphPad Prism version 8 for Windows (GraphPad Software, La Jolla,
California, USA, www.graphpad.com). For all tests, a p value < 0.05 was the level of significance

and data are mean £ SD. A correction for multiple testing was not performed.

2.13 Data availability
The RNA-seq data has been submitted to the GEO database at NCBI (GSE220533) and all
phenotyping data will be available on the Phenomap Viewer of the German Mouse Clinic

webpage (http://tools.mouseclinic.de/phenomap/jsp/annotation/public/phenomap.jsf).

3. Results

3.1 GPR101 loss increases vulnerability to DIO

To determine whether constitutive loss of GPR101 (Fig. 1A shows downregulation of
hypothalamic Gpr101) would increase vulnerability to DIO, we gave Gpr101 young adult male
hemizygous KO and control mice ad libitum access to 60 % kcal from fat HFD over a period of
15-16 weeks from 7 weeks of age (Fig. 1B). Body weight measurements conducted over this
period revealed that while a small increase in body weight was evident in the CD-fed MUT
group, HFD consumption induced a more pronounced genotype difference as shown by the
body weight evolution over time (Fig. 1C). This increased body weight was significant in the
HFD-fed Gpr101 mutant mice compared to controls during the first six weeks of HFD access
(age 8 — 14 weeks). Nevertheless, there was higher within-group variation after this point and

genotypic differences in absolute body weight diminished. This was reflected in the body
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weight change where the mutant mice initially gained significantly more weight compared to
controls however the magnitude of this difference was not as pronounced from week 6
onwards (Fig. 1D). We observed a significant reduction in food intake in the mutant group
after 8 weeks on HFD (15 weeks of age) not evident on CD (Fig. 1E). In particular, 5/15 mutant

mice (compared to 1/15 control mice) did not consume HFD.

Using non-invasive quantitative nuclear magnetic resonance, we determined the body
composition of fat and lean content (aged 15 weeks, 8 weeks HFD). While there were no
genotype differences in fat or lean mass on CD (Fig. 1F), HFD increased the mutant fat mass
without altering lean mass (Fig. 1G) and increased the adiposity index (fat mass/lean mass,
Fig. 1H). Furthermore, in spite of GPR101 overexpression association with acromegaly, we did
not detect anatomical alterations in Gpr101 KO mice compared to control mice after physical
examination. There were also no significant genotypic differences in mean tibia length (Fig.

11).

As GPR101 is highly expressed in the hypothalamic sub-nuclei and POMC+ neurons that also
mediate stress reactivity (e.g. paraventricular nucleus of the HPA axis), we also determined
the GPR101-loss effects on emotion-related behavior. There was slightly decreased anxiety-
related behavior in mutant mice on CD in the open field (center entries increased, tendency
to increased center time and distance), consistent with an existing Gpr101 KO model
(Supplementary Fig. S2 for comparison). This anxiolytic effect is no longer evident on HFD.
The corresponding basic neurological and locomotor functions assessed by SHIRPA, grip
strength and rotarod were not affected by the mutation (All data will be available at

http://tools.mouseclinic.de/phenomap/jsp/annotation/public/phenomap.jsf).
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3.2 GPR101 ablation causes hyperinsulinemia

To assess the effect of GPR101 loss on the glycemic index we measured circulating insulin,
fasted glucose levels and glucose tolerance. Insulin resistance occurs when there is an
impairment of insulin ability to influence glucose metabolism requiring hyperinsulinemia to
maintain signaling levels due to receptor downregulation and impaired glucose transport
(Barazzoni et al. 2018). The Gpr101 KO mice showed hyperinsulinemia compared to controls
on both CD and HFD (Fig. 2A). To determine the association between this altered insulin state
and effects on glucose regulation, we measured fasting glucose (after 6 weeks HFD) and
performed the glucose tolerance test (ipGTT) after 10 weeks on HFD at 16 weeks of age. The
loss of GPR101 slightly delayed glucose clearance on CD without differences on HFD (Fig. 2B)

and did not alter circulating fasted glucose (Fig. 2C).

Reduced responsiveness to circulating insulin typifies insulin resistance and is a common
feature of obesity that increases the risk of several pathological conditions, including
hyperinsulinemia, glucose intolerance, T2D, cardiovascular disease and NAFLD. Liver weight
(body weight normalized), measured at the end of the study, tended to increase with GPR101
loss and HFD feeding and qualitative analysis of H&E stained liver sections suggests an
exacerbation of HFD-induced lipid accumulation with GPR101 loss (Fig.2D, E). Increased

weight with lipid accumulation in the liver increases NAFLD risk.

3.3 GPR101 loss alters hypothalamic immuno-regulatory gene expression

Given the hypothalamic GPR101 expression and that HFD-induced gliosis and metabolic stress
lead to hypothalamic circuit dysfunction (De Souza et al. 2005; Kothari et al. 2017), we
performed RNA-Seq analysis of this region to investigate the molecular basis for the GPR101

loss-associated increased DIO risk (in 21-week-old mice, 15 weeks HFD, full gene lists and
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summary of all analyses in Supplementary information gene lists, Tables 2-6). We observed
227 differentially expressed genes (DEGs) in mutant mice compared to controls on HFD and
179 on CD (with raw P < 0.01, not significant with Padj). To understand the functional
significance of the DEGs, we used the STRING (‘Search Tool for Retrieval of Interacting
Genes/Proteins’) database, to determine the predicted interactions of the genes upregulated
or downregulated in the Gpr101 KO mice under CD or HFD conditions. We also enlisted the
Enrichr and MGEnrichment databases for enrichment analysis. This method entails the
systematic association of the genesets with biological terms to derive a mechanistic
impression. While it will reveal whether DEG subsets are relevant to a particular function or
disease, further experimental validation is necessary to understand how up- or down-
regulation of specific genes affect the ascribed function. We describe below the main outcome
for each dietary condition separately, focusing on the most strongly significant DEGs and those
forming protein interaction networks (the full list of DEGs can be found in the Supplementary

information).

DEGs in mutant mice on CD: Under standard CD conditions, among other genes, GPR101 loss
caused upregulation of the disease-associated microglia (DAM) gene Trem2 (Triggering
receptor expressed on myeloid cells 2) (Fig. 3A, upper panel). TREM2 is expressed
predominantly in microglia in the brain, playing an immune homeostatic role, necessary for
microglial proliferation, migration, phagocytosis, cytokine release, lipid sensing and ApoE
binding(Atagi et al. 2015; Kleinberger et al. 2014; Ulrich and Holtzman 2016). Upregulation of
hypothalamic TREM2 with GPR101 loss under standard conditions suggests potential immune
activation. Accordingly, this was accompanied by downregulation of the gene encoding ZFP36
(Zinc-finger protein 36 or Tristetraprolin (TTP)) and the related protein functional interaction

network (Fig. 3A, lower panel, Zfp36, Btg2, Dusp1, Nrd4al, Egrl, Fosb, KIf4, KIf2, Atf3 and ler2,
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Table 1 for functional annotations). TTP is an RNA-binding protein controlling RNA stability
and is anti-inflammatory by guiding unstable pro-inflammatory protein mRNA. TTP loss
thereby has the potential to elevate TNF-a cytokine expression and enhance hypothalamic
inflammation through activating microglia (as is evidenced here by Trem2 upregulation)

altering energy expenditure (Jeong et al. 2021).

The enrichment analysis of Gpri01 KO mouse DEGs on CD revealed a significant
overrepresentation of genes associated with “TNF alpha Signaling by NF-kB” and
“Astrocyte:Brain” (for downregulated DEGs), microglia (for both up- and down-regulated
genes), and “Oligodendrocyte Brain Non-Microglia” (for upregulated DEGs) encompassing the
ZFP36 network/TTP genes and Trem2 (Fig. 3B, see Supplementary Information for full
enrichment terms and analysis details). In this case, that the enriched term “TNF-alpha
Signaling by NF-kB” concerns the TTP interactome DEGs (see Supplementary Information for
the list of genes associated with each enriched term) is consistent with the afore mentioned
TNF-a activating effects of TTP impairment. Overall, this pattern indicates a state of altered
immuno-regulation and microglial activity as a result of GPR101 loss under standard feeding
conditions. Given this profile, we performed an additional microglia (MG)-specific functional
enrichment analysis of this gene set using the MGEnrichment tool (Jao and Ciernia 2021) (Fig.
3C, full details and term explanations in Supplementary information). On CD, among other
MG-terms, the mutant mouse hypothalamic DEGs were significantly enriched for:
“DAMstagel < DAMstage2 MG” (for up- and down-regulated genes) and “Microglia anti-
inflaimmatory responses” (for downregulated genes). Collectively, this infers that loss of
GPR101 on CD induces a hypothalamic molecular signature (of both up- and down-regulated
DEGs) characteristic of stage 2 DAMs (rather than stage 1) and altered microglial anti-

inflammatory responsivity. DAMs are produced through a two-step mechanism (Keren-Shaul
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360 et al. 2017) transitioning from the resting/homeostatic microglial state to an intermediate
361 (stage 1) and then to a TREM2-dependent activation state (stage 2). This evolution includes
362  upregulation of Trem2 and downregulation of the anti-inflammatory TTP interactome genes,
363  consistent with the hypothalamic pattern observed with GPR101 loss under standard

364 conditions.

365 DEGSs in mutant mice on HFD: On HFD, we found upregulation of genes involved in excitatory
366  and inhibitory neurotransmission (Gabra3 [GABAergic receptor subunit alpha-3 gene], Lrrtm2
367 [Leucine-rich repeat transmembrane neuronal protein-2]) as well as appetite control (Ankrd26
368  [Ankyrin repeat domain 26]) (Fig. 3D, upper panel). Furthermore, the ciliogenesis genes Ttbk2
369  (Tau-tubulin kinase 2) and Ccp110 (Centriolar coiled-coil protein of 110 kDa) were upregulated,
370 that directly and indirectly (via Ttbk2) interact with Ankrd26. The encoded ANKRD26 protein
371 regulates adipogenesis and KO in mice caused hyperphagia and obesity (Acs et al. 2015). In
372  parallel, the Gpr101 KO mice on HFD showed downregulation of the anorexigenic Pomc gene,
373 inflammation and microglia-related genes (Rela, Csf1r, Clqgc, Hcls1, Masp1, Ubc, Ripk1, Tifa),
374  endothelial cell signaling and integrity-related genes (Vegf3 (Figf), Vegfr-3 (FIt4), Emcn, Ramp2,
375 Rampl, Timp4, Mmpl4), phagocytosis-related genes (Gabarap, Cyba), as well as lipid
376  metabolism and lipoprotein signaling-related genes (Lrp10, Lipg, Acsbgl) (Fig. 3D, lower
377  panel). Lrp10 (low-density lipoprotein receptor-related protein 10) mediates internalization
378  of lipophilic ApoE implicated in cholesterol efflux and microglial phagocytosis(Gibbons et al.
379  2010)(Jeongetal. 2019). The Acsbg1 (Acyl-coa synthetase bubblegum family member 1) gene
380 encodes a protein that activates cellular lipid synthesis and degradation. Lipg encodes an
381 endothelial lipase with phospholipase and triglyceride lipase activity. Impaired autophagy, as
382 indicated by downregulated Gabarap and Cyba, can lead to changes in lipid metabolism (Saito

383 etal. 2019).
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Within the mutant DEGs on HFD, there was enrichment of the terms “BDNF regulation of
GABA” (for upregulated DEGs), “TNFR2 signaling”, “Matrix Metalloproteinase inhibition” and
“Endothelial cell” (for downregulated DEGs, Fig. 3E). With the MGEnrichment tool, we found
enrichment of the terms “DAMstagel < DAMstage2 MG” for upregulated and
“Amoeboid>Ramified MG"” and “DAM<HOM MG” for downregulated mutant DEGs (Fig. 3F).
This suggests that GPR101 loss on HFD produces a molecular signature consistent with stage
2 DAM activation (with less homeostatic (“DAM<HOM MG”) microglial gene expression) yet
with more ramified compared to amoeboid microglial morphology indicative of a less
phagocytic state. Overall, this transcriptomic evidence indicates that loss of GPR101 leads to
blunted hypothalamic microglial phagocytosis, impaired lipid metabolism and aberrant
endothelial cell signaling and integrity after 15 weeks on HFD. Neither Gh nor its receptors

were differentially regulated in the hypothalamus with GPR101 loss (Supplementary Fig. S6).

3.4 GPR101 loss alters immune markers and hypothalamic microglial morphology

Based on the transcriptomic analysis, we performed a more detailed investigation of
inflammatory markers as well as microglia and astrocyte cell populations in the ARC of the
hypothalamus. Pro-inflammatory activation of macrophages is causally linked to obesity and
obesity-associated disorders, e.g. systemic insulin resistance and NAFLD due to chronic
activation of stress- and inflammation-related kinases. GPR101 loss on HFD feeding induced
innate immune response activation that was not evident with intact functioning of this protein
on the same diet. This was manifest as increased circulating monocyte ((Fig. 4A, left panel)

and TNF-a (Fig. 4A, right panel) levels in the mutant mice.

We used design-based stereology to quantify microglial (IBA1+) and astrocyte (GFAP+) cell

density and microglial morphometry to index microglial activation. Our analysis revealed that
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astrocyte density increased on HFD with no apparent influence of GPR101 loss (Fig. 4B, right
panel). Furthermore, while HFD did not significantly alter microglia density at this time point
(23 weeks of age, 16 weeks HFD), loss of GPR101 function increased microglia density in the
ARC (Fig. 4C, right panel). As described, the MGEnrichment analysis revealed GPR101 loss
caused differential regulation of genes affecting amoeboid microglial morphology formation.
When activated, the microglial cell soma is enlarged and less ramified with shorter branches
yielding an amoeboid appearance, emblematic of ongoing phagocytosis(Morrison and Filosa
2013). Previous evidence shows that hypothalamic ARC microglia increase in size with 16
weeks HFD (Valdearcos et al. 2014). Nevertheless, GPR101 deficient mice exhibited more
elongated ramified ARC microglia on HFD compared to CD (Fig. 4D), with increased branch
number (“Ends”, Fig. 4E left panel), volume (Fig. 4E, middle panel) and branch length (Fig. 4E
right panel). The latter tended to be increased compared to WT on HFD and this pattern was
not evident in mice with functioning GPR101 (Fig. 4E right panel). Overall, the morphology
indicates that GPR101 deficient microglia are enlarged and exhibit impaired phagocytosis in

response to HFD.
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4., Discussion
The oGPCR GPR101 is a promising target for metabolic disease treatment due to expression

in brain regions controlling energy homeostasis (Bates et al. 2006; Nilaweera et al. 2007). To
elucidate further the function and role of this receptor in energy balance regulation, we
scrutinized a Gpr101 full knockout mouse line (hemizygous males) under both standard and
chronic HFD feeding conditions. Building on extant correlational mouse (Nilaweera et al. 2007)
and human data (Akiyama et al. 2017), we showed that Gpr101 loss heightened DIO risk during
HFD challenge with a persistent body composition shift to increased adiposity. Moreover,
there was genotype-dependent hyperinsulinemia (with and without HFD) and reduced
glucose tolerance (on CD), hinting towards increased insulin resistance in mutants. Our
hypothalamic transcriptomic analysis indicated that constitutive loss of GPR101 alters feeding,
lipid metabolism, microglial and inflammation-associated gene activation both under
balanced and HFD conditions. This was coupled with aberrant surrogate indices of
hypothalamic microglial activity that likely, among other factors, contributed to the
heightened DIO risk. Consonant with the pleiotropy and ability of GPCRs to respond to
multiple ligands, there are potentially several underlying factors involved (discussed below)

(Wacker et al. 2017).

Direct effects of GPR101 loss on the hypothalamic neurons mediating feeding and energy
homeostasis can contribute to the associated DIO risk. Existing correlational data implicates
GPR101 in appetite and feeding regulation (Nilaweera et al. 2007). Expressed in a subset of
anorexigenic POMC+ (~55%) and orexigenic NPY+ (5%) neurons (Nilaweera et al. 2007),
activation putatively facilitates the release of the melanocortins a-, B- and y-melanocyte
stimulating hormone (MSH) suppressing appetite (Bagnol 2010). That GPR101 ablation

decreased hypothalamic Pomc activation on HFD likely undermined this response promoting
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hunger and feeding. While it is not apparent why GPR101 loss then reduced food intake at 8
weeks on HFD, an initial increased HFD feeding may be blunted over time by parallel
alterations suggested by the hypothalamic transcriptomic profile. For example, the GABAergic
receptor subunit Gabra3 and the glutamatergic AMPA receptor-anchoring Lrrtm2 were both
upregulated in the mutant hypothalamus on HFD indicating changes in inhibitory and
excitatory function. It is thus relevant, for example, that in the POMC/GABAergic neuron
subset, Pomc expression restores normal food intake in obese mice (Trotta et al. 2020). Given
the diversity of POMC+ cell subpopulations, analysis of POMC+ cell specific Gpr101 knockout
mice will aid in understanding the function in these cells (Steuernagel et al. 2022). In addition
Ankrd26 along with associated ciliogenesis genes Ttbk2 and Ccp110 upregulated with GPR101
KO on HFD. The ANKRD26 protein regulates adipogenesis and disruption in mice caused
obesity, insulin resistance and increased feeding behaviour putatively through primary
ciliopathy of the melanocortin pathway neurons (Acs et al. 2015; Bera et al. 2008). Increased
ANKRD26 activation with primary ciliogenesis therefore potentially offsets the effects of
GPR101 loss on feeding and metabolic regulation for confirmation in future studies. Altered
GH signalling due to GPR101 loss may also contribute to fat accumulation and
hyperinsulinemia (Sharma et al. 2018) (Abboud et al. 2020; Rodd et al. 2016; Sharma et al.
2018). Nevertheless, the tibia length did not differ to suggest altered developmental growth
nor were Gh related transcripts differentially expressed in the hypothalamic transcriptome.

Thus, confirmation of both altered pulsatile GH release and regulation would be propitious.

Our analysis revealed further mechanistic insights into the DIO-susceptibility associated with
GPR101 loss. Under both dietary conditions, the mutant transcriptomic profile indicated
altered hypothalamic inflammatory signalling, microglia, endothelial cell and lipid

metabolism-related gene activation. Disrupted TTP activity with GPR101 ablation on CD can

20



470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

produce a chronic inflammatory state seen also in inflammatory arthritis (Ross et al. 2017).
This finding of apparent impaired inflammation resolution tallies with the established GPR101
pro-resolving function as the SPM RvD5n-3 receptor (Flak et al. 2020). In addition, obstructed
TTP associates with activated microglia, a possibility supported by upregulated Trem2 in CD-
fed Gpr101 KO mice. TREM2 is a lipid-sensitive marker of DAMs that stimulates phagocytosis
(Boche and Gordon 2022). In general, hypothalamic microglia sense and initiate inflammatory
and phagocytic reactions to dietary excess before metabolic adaptations; a process obstructed
in obesity (Mendes et al. 2018). Even without a dietary challenge, activated microglia, as
inferred by the transcriptomic profile of Gpr101 KO mice already on CD, promote weight gain
and immune primed-microglia increase DIO susceptibility (Fernandez-Arjona et al. 2022;
Valdearcos et al. 2017). After 15 weeks on HFD, the hypothalamic DEG profile in the mutant
mice was one of impaired lipid sensing and metabolism and blunted microglial phagocytosis
that may have also elevated the DIO risk and/or are responses to protracted nutritional
challenge. Within the hypothalamus, microglia are necessary for lipid detection and debris
clearance, the impairment of which contributes to their inflammatory activation and excess
lipid accumulation (Folick et al. 2021). Thus, GPR101 loss could have accelerated DIO risk on

HFD due to inappropriate microglial lipid sensing.

A new microglia classification was defined recently, the so-called ‘lipid droplet accumulating
microglia’ (LDAM) (Marschallinger et al. 2020). These cells are typified by excessive lipid
droplet intake, defective phagocytosis and high reactive oxygen species (ROS) and
proinflammatory cytokine levels. TTP (ZFP36) pathway genes were among the top
differentially expressed in LDAMs (Marschallinger et al. 2020). GPR101 dysfunction may
induce LDAM generation as supported by the aberrant lipid metabolism transcriptomic profile.

Moreover, the increased microglial end number, volume and branch length in the HFD-fed
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mutant group infers LDAM-typical decreased phagocytosis (Kettenmann et al. 2011). As the
RvD5 receptor in macrophages, GPR101 increases effero- and phago-cytosis (Flak et al. 2020).
Microglia also express SPM receptors and can respond to resolvins in neuroinflammation
resolution (Tiberi and Chiurchiu 2021). GPR101 loss likely then undermined the microglial pro-
resolving capacity. The concomitant increased vulnerability to LDAM formation can fuel the
HFD-induced inflammation, lipid accumulation, impaired phagocytosis, increased POMC+ cell
loss and elevated DIO risk. A more in-depth scrutiny of GPR101 deficient microglia will shed

more light on associated DIO risk.

4.1 Conclusion
To conclude, we have shown that constitutive GPR101 loss in male mice increases the risk for

DIO and insulin resistance that may relate to the loss of hypothalamic satiety neurons and
microglial pro-resolving inflammation function of this receptor. There is more investigation
needed to identify the GPR101 ligand(s) that produce these pathogenic effects as well as the
confirmation of the underlying physiological mechanisms. Nevertheless, these initial gene
ablation phenotypes reinforce the therapeutic promise of this receptor for human obesity

patients paving the way for additional research into GPR101.

Acknowledgments
We thank Ronan le Gleut (Helmholtz Zentrum Miinchen, ICB, Core Facility Statistical

Consulting) for statistical advice as well as the technical staff from the German Mouse Clinic
at Helmholtz Zentrum Miinchen. The study was supported by the German Federal Ministry of
Education and Research (Infrafrontier grant 01KX1012 to MHdA); German Center for Diabetes

Research (DZD) (MHdA).

22



516
517

518

519

520

521

522

523
524

525

526
527

528

529

530

531

532

533

534

535

536

537

538

539

Author contributions (names must be given as initials)
LG, MI, AB, BR, RG, LB, ASM, AAP, RR, YLC, MK, JCW, HF, VGD, SMH, TZ conceptualised the

experiment, developed and executed the methodology, performed the formal analysis with
statistics, conducted the research and analysed and interpreted the data, wrote the
manuscript, reviewed and edited the manuscript. WW, MHdA, TZ and SMH reviewed and
edited the manuscript, supervised and lead the research activity. MHdA and WW acquired the

funding necessary to conduct the research.

Additional Information (including a Competing Interests Statement)
AB and TZ are employees of Boehringer Ingelheim Pharma GmbH & Co. KG. AB and TZ declare

no competing financial interest in this work.

Figure Legends

Figure 1. Loss of Gpr101 increased susceptibility to diet-induced obesity (DIO) on high-fat
diet (HFD). Transcriptomic analysis of the hypothalamus revealed clear loss of Gpr101 (A) in
the mutant mice (MUT) compared to wildtype controls (WT) regardless of feeding with chow
diet (CD) or HFD. ****p<0.0001 genotype effect in 2-way ANOVA. (B) The experimental design
overview with the age at which the mice received HFD and the different assays performed
(generated at www.biorender.com). WT and MUT mice consumed a 60 % kcal HFD from the
age of 7 weeks with a WT and MUT group remaining on CD. While a small increase in body
weight was evident in the CD-fed MUT group, HFD consumption induced a more pronounced
genotype difference as shown by the body weight evolution over time (C). Body weight change
during initial weeks on HFD compared to starting body weight was significantly higher in MUT
mice compared to WT (D). The magnitude of this difference diminished from 6 weeks on HFD.

The HFD-fed mice also decreased food intake compared to WT during indirect calorimetry
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analysis at 15 weeks (E). Fat (F) and lean (G) mass were measured at the age of 15 weeks (8
weeks of HFD). HFD feeding significantly increased fat mass in the MUT mice without altering
lean mass. The adiposity index of fat mass (FM) in ratio to lean mass (LM) was increased in
HFD-fed MUTs (H). The tibia length was normal in the MUT mice (l). *p<0.05, **p<0.01,

*A*%p<0.0001 WT vs. MUT.

Figure 2. Loss of Gpr101 increased insulin resistance risk and impaired glucose clearance.
Constitutive loss of Gpr101 (MUT) caused increased circulating plasma insulin levels with high-
fat diet (HFD) and without (CD — chow diet) compared to wildtype controls (WT) (A). In the
intraperitoneal glucose tolerance test (ipGTT), used to assess glucose clearance after i.p.
injection of a glucose bolus, there was slightly impaired glucose clearance in the MUT
compared to WTs under CD conditions (B). The effect was not apparent with HFD. There were
no differences between the genotypes in fasting glucose levels with either feeding condition
(C). Liver weight tended to increase in MUT group with HFD and not with CD (D). The increased
liver weight was associated with qualitative liver histological alterations indicative of increased

fat deposition (E). **p < 0.01, MUT vs. WT

Figure 3. GPR101 loss induced aberrant hypothalamic expression of inflammation, microglial
and feeding-related genes with and without high-fat diet challenge. Functional analysis of
hypothalamic differentially expressed genes (DEGs) from Gpr101 knockout (“MUT”) and
control (“WT”) mice on either standard chow-diet (CD) or 60 % kcal high-fat diet (HFD) from
21-week old mice after 15 weeks HFD. (A) A STRING (Search Tool for the Retrieval of
Interacting Genes/Proteins) predicted functional association network for upregulated (upper
panel) and downregulated (lower panel) DEGs in mutant mice on CD with the main evidence
for protein-protein interactions (PPIs) depicted. The legend (taken from string-db.org) is also

shown. Each node is representative of all proteins produced by a protein coding gene. The
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edges indicate protein-protein associations with shared functions. Magenta- and cyan-colored
edges are established interactions and the remainder are predicted interactions. Upregulated
genes (top panel) included Trem2 (Triggering receptor expressed on myeloid cells 2) activated
in disease associated microglia (DAM). For downregulated DEGs in mutant mice on CD (lower
panel), there was a significant PPl network for the ZFP36/Tristetraprolin (TTP) protein (related
nodes highlighted in purple), the downregulation of which is associated with increased
inflammation. Depicted are selected significant terms from the enrichment analysis of the
MUT DEGs on CD wusing the Enrichr platform accessing different databases
(https://maayanlab.cloud/Enrichr/) (B) and with the microglia-specific MGEnrichment

analysis tool (https://ciernialab.shinyapps.io/MGEnrichmentApp/) (C). In the STRING analysis

of DEGs in MUT mice on HFD, there was upregulation (upper panel) of genes involved in
glutamatergic (Lrrtm2) and GABAergic (Gabra3) signaling (D). Ankrd26 and associated
ciliogenesis genes (Ttbk2, Ccpl110) were also upregulated in MUT mice on HFD. The
anorexigenic Pomc was downregulated (lower panel) in MUT mice on HFD as were genes
associated with inflammation and microglia (Rela, Csf1r, Clqc, Hcls1, Masp1, Ubc, Ripk1, Tifa),
endothelial cell signaling and integrity (Vegfd (Figf), Vegfr3 (Flt4), Emcn, Ramp2, Rampl,
Timp4, Mmp14), phagocytosis (Gabarap, Cyba) and lipid metabolism (Lrp10, Lipg, Acsbgl).
Selected significant enriched terms from the enrichment analysis with Enrichr (E) and (F)
MGEnrichment for the upregulated and downregulated MUT DEGs on HFD. FDR = false
discovery rate. The raw p values and significance are depicted in the respective bar. *p<0.05,

**p<0.01, ***p <0.001.

Figure 4. GPR101 loss altered innate immune response markers and hypothalamic microglial
morphology with high-fat diet (HFD) feeding. (A) Circulating monocytes were increased with

HFD-fed Gpr101 knockout (KO or “MUT"”) mice compared to both HFD-fed wildtype (“WT” and
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chow diet (CD)-fed MUT (Left panel). A similar pattern was evident for circulating tumor
necrosis factor (TNF)-alpha, the proinflammatory cytokine, produced by
monocytes/macrophages (Right panel). (B) Left and middle panels show representative
photomicrographs of the astrocyte marker, glial fibrillary acidic protein (GFAP), staining
patterns in WT CD and HFD fed mice. The cell density estimates (Right panel) revealed clearly
increased (GFAP)+ astrocyte cells with HFD consumption in the hypothalamic arcuate nucleus
(ARC) but this was not altered by Gpr101 loss. (C) Left and middle panels show representative
photomicrographs of the lonized calcium binding adaptor molecule 1 (IBA1)+ microglial
marker immunostaining from WT CD and HFD fed mice. The cell density estimates are shown
in the right panel and reveal increased density in the ARC of HFD-fed MUT mice compared to
CD-fed MUT mice. The WT mice did not show a similar increase. (D, E) The morphological
analysis of ARC IBA1+ microglia from mice of each group revealed that HFD caused increased
IBA1+ microglia volume, number of branch ends and branch length in MUT mice compared to
CD-fed MUT mice. The microglial branch length also tended to be higher in the HFD-fed MUT
compared to WT mice. Data comparisons with 2-way ANOVA with post-hoc LSD test. *p<0.05,
**p<0.01 WT vs. MUT, #p<0.05, ##p<0.01, ###p<0.001 CD vs. HFD. 3V = third ventricle. Scale

bar = 10 mm. Black arrows highlight immuno-stained cells (astrocytes or microglia)

Table 1. Protein annotations of hypothalamic differentially expressed genes with GPR101 loss

and high-fat diet feeding. From https://string-db.org

Gene Protein annotation

Btg2

BTG2; Anti-proliferative protein; the function is mediated by association with deadenylase subunits of the
CCR4-NOT complex. Activates mRNA deadenylation in a CNOT6 and CNOT7-dependent manner. In vitro can
inhibit deadenylase activity of CNOT7 and CNOT8. Involved in cell cycle regulation. Could be involved in the
growth arrest and differentiation of the neuronal precursors. Modulates transcription regulation mediated
by ESR1. Involved in mitochondrial depolarization and neurite outgrowth (By similarity); Belongs to the BTG
family (158 aa)

Ccl12

C-C motif chemokine 12; Chemotactic factor that attracts eosinophils, monocytes, and lymphocytes but not
neutrophils. Potent monocyte active chemokine that signals through CCR2. Involved in allergic inflammation
and the host response to pathogens and may play a pivotal role during early stages of allergic lung
inflammation; Belongs to the intercrine beta (chemokine CC) family (104 aa)
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Kif2

Kruppel-like factor 2 (lung); Krueppel-like factor 2; Transcription factor that binds to the CACCC box in the
promoter of target genes such as HBB/beta globin or NOV and activates their transcription (354 aa)

Hist1h4j

H4 clustered histone 6; Histone cluster 1, H4j; Core component of nucleosome. Nucleosomes wrap and
compact DNA into chromatin, limiting DNA accessibility to the cellular machineries which require DNA as a
template. Histones thereby play a central role in transcription regulation, DNA repair, DNA replication and
chromosomal stability. DNA accessibility is regulated via a complex set of post-translational modifications of
histones, also called histone code, and nucleosome remodeling (103 aa)

Atf3

Cyclic AMP-dependent transcription factor ATF-3; This protein binds the cAMP response element (CRE)
(consensus: 5'-GTGACGT[AC][AG]-3'), a sequence present in many viral and cellular promoters. Represses
transcription from promoters with ATF sites. It may repress transcription by stabilizing the binding of
inhibitory cofactors at the promoter (By similarity); Belongs to the bZIP family. ATF subfamily (181 aa)

Nr4al

Nuclear receptor subfamily 4, group a, member 1; Nuclear receptor subfamily 4 group A member 1; Orphan
nuclear receptor. May act concomitantly with NURR1 in regulating the expression of delayed-early genes
during liver regeneration. Binds the NGFI-B response element (NBRE) 5'- AAAAGGTCA-3'. May inhibit NF-
kappa-B transactivation of IL2. Participates in energy homeostasis by sequestrating the kinase STK11 in the
nucleus, thereby attenuating cytoplasmic AMPK activation (By similarity) (601 aa)

Fseg

DEPP1 autophagy regulator; Protein DEPP1; Acts as a critical modulator of FOXO3-induced autophagy via
increased cellular ROS (205 aa)

Kif4

Krueppel-like factor 4; Transcription factor; can act both as activator and as repressor. Binds the 5'-CACCC-3'
core sequence. Binds to the promoter region of its own gene and can activate its own transcription.
Regulates the expression of key transcription factors during embryonic development. Plays an important role
in maintaining embryonic stem cells, and in preventing their differentiation. Required for establishing the
barrier function of the skin and for postnatal maturation and maintenance of the ocular surface. Involved in
the differentiation of epithelial cells and may also fu [...] (483 aa)

Cytip

Cytohesin-interacting protein; By its binding to cytohesin-1 (CYTH1), it modifies activation of ARFs by CYTH1
and its precise function may be to sequester CYTH1 in the cytoplasm (359 aa)

Gpr101

Probable G-protein coupled receptor 101; Orphan receptor (511 aa)

ler2

Immediate early response gene 2 protein; DNA-binding protein that seems to act as a transcription factor (By
similarity). Involved in the regulation of neuronal differentiation, acts upon JNK-signaling pathway activation
and plays a role in neurite outgrowth in hippocampal cells (By similarity). May mediate with FIBP FGF-
signaling in the establishment of laterality in the embryo (By similarity). Promotes cell motility, seems to
stimulate tumor metastasis (By similarity) (221 aa)

Dusp1

Dual specificity protein phosphatase 1; Dual specificity phosphatase that dephosphorylates MAP kinase
MAPK1/ERK2 on both 'Thr-183' and 'Tyr-185', regulating its activity during the meiotic cell cycle; Belongs to
the protein-tyrosine phosphatase family. Non-receptor class dual specificity subfamily (367 aa)

Clgtnf3

Complement c1q tumor necrosis factor-related protein 3; C1q and tumor necrosis factor related protein 3
(319 aa)

Egrl

Early growth response protein 1; Transcriptional regulator. Recognizes and binds to the DNA sequence 5'-
GCG(T/G)GGGCG-3'(EGR-site) in the promoter region of target genes. Binds double-stranded target DNA,
irrespective of the cytosine methylation status (By similarity). Regulates the transcription of numerous target
genes, and thereby plays an important role in regulating the response to growth factors, DNA damage, and
ischemia. Plays a role in the regulation of cell survival, proliferation and cell death. Activates expression of
p53/TP53 and TGFB1, and thereby helps prevent tumor forma [...] (533 aa)

Cdc20b

Cell division cycle 20B (519 aa)

Fosb

Fbj osteosarcoma oncogene b; Protein fosB; FosB interacts with Jun proteins enhancing their DNA binding
activity; Belongs to the bZIP family. Fos subfamily (338 aa)

Scin

Adseverin; Ca(2+)-dependent actin filament-severing protein that has a regulatory function in exocytosis by
affecting the organization of the microfilament network underneath the plasma membrane. Severing activity
is inhibited by phosphatidylinositol 4,5-bis-phosphate (PIP2) (By similarity). In vitro, also has barbed end
capping and nucleating activities in the presence of Ca(2+). Required for megakaryocyte differentiation,
maturation, polyploidization and apoptosis with the release of platelet-like particles (By similarity). Plays a
role in osteoclastogenesis (OCG) and actin cytoskele [...] (715 aa)

9530053A07Rik

RIKEN cDNA 9530053A07 gene (2581 aa)

Zfp36

mRNA decay activator protein ZFP36; Zinc-finger RNA-binding protein that destabilizes numerous
cytoplasmic AU-rich element (ARE)-containing mRNA transcripts by promoting their poly(A) tail removal or
deadenylation, and hence provide a mechanism for attenuating protein synthesis. Acts as an 3'-untranslated
region (UTR) ARE mRNA-binding adapter protein to communicate signaling events to the mRNA decay
machinery. Recruits deadenylase CNOT7 (and probably the CCR4-NOT complex) via association with CNOT1,
and hence promotes ARE-mediated mRNA deadenylation. Functions also by recruiting compon [...] (319 aa)

Aipl1

Aryl-hydrocarbon-interacting protein-like 1; May be important in protein trafficking and/or protein folding
and stabilization (328 aa)
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E2f8

Transcription factor E2F8; Atypical E2F transcription factor that participates in various processes such as
angiogenesis and polyploidization of specialized cells. Mainly acts as a transcription repressor that binds DNA
independently of DP proteins and specifically recognizes the E2 recognition site 5'-TTTC[CG]CGC-3'. Directly
represses transcription of classical E2F transcription factors such as E2F1: component of a feedback loop in S
phase by repressing the expression of E2F1, thereby preventing p53/TP53-dependent apoptosis. Plays a key
role in polyploidization of cells in placenta a [...] (860 aa)

Ssx9

MCG116991, isoform CRA_b; Synovial sarcoma, X breakpoint 9 (170 aa)

Apold1

Apolipoprotein L domain containing 1 (246 aa)

Ccna2

Cyclin-A2; Cyclin which controls both the G1/S and the G2/M transition phases of the cell cycle. Functions
through the formation of specific serine/threonine kinase holoenzyme complexes with the cyclin-dependent
protein kinases CDK1 and CDK2. The cyclin subunit confers the substrate specificity of these complexes and
differentially interacts with and activates CDK1 and CDK2 throughout the cell cycle (422 aa)

Kril

KRI1 homolog (S. cerevisiae); Belongs to the KRI1 family (705 aa)

D630003M21Rik

Uncharacterized protein KIAA1755 homolog; RIKEN cDNA D630003M21 gene (1187 aa)

Gpri101

Probable G-protein coupled receptor 101; Orphan receptor (511 aa)

Pgap1

Post-gpi attachment to proteins 1; GPI inositol-deacylase; Involved in inositol deacylation of GPl-anchored
proteins. GPI inositol deacylation may important for efficient transport of GPl-anchored proteins from the
endoplasmic reticulum to the Golgi (By similarity) (922 aa)

Dnm1l

Dynamin-1-like protein; Functions in mitochondrial and peroxisomal division. Mediates membrane fission
through oligomerization into membrane- associated tubular structures that wrap around the scission site to
constrict and sever the mitochondrial membrane through a GTP hydrolysis-dependent mechanism. Through
its function in mitochondrial division, ensures the survival of at least some types of postmitotic neurons,
including Purkinje cells, by suppressing oxidative damage. Required for normal brain development, including
that of cerebellum. Facilitates developmentally regulated apoptos [...] (716 aa)

Acsbg1

Acyl-coa synthetase bubblegum family member 1; Long-chain-fatty-acid--CoA ligase ACSBG1; Mediates
activation of long-chain fatty acids for both synthesis of cellular lipids, and degradation via beta-oxidation.
Able to activate long-chain fatty acids. Can activate diverse saturated, monosaturated and polyunsaturated
fatty acids (By similarity) (721 aa)

Elavi4

ELAV-like protein 4; May play a role in neuron-specific RNA processing. Protects CDKN1A mRNA from decay
by binding to its 3'-UTR. Binds to AU-rich sequences (AREs) of target mRNAs, including VEGF and FOS mRNA
(By similarity) (385 aa)

Pak3

Serine/threonine-protein kinase PAK 3; Serine/threonine protein kinase that plays a role in a variety of
different signaling pathways including cytoskeleton regulation, cell migration, or cell cycle regulation. Plays a
role in dendrite spine morphogenesis as well as synapse formation and plasticity. Acts as downstream
effector of the small GTPases CDC42 and RAC1. Activation by the binding of active CDC42 and RAC1 results in
a conformational change and a subsequent autophosphorylation on several serine and/or threonine
residues. Phosphorylates MAPK4 and MAPK6 and activates the downstrea [...] (544 aa)

Zfp64

Zinc finger protein 64, isoform cra_b; May be involved in transcriptional regulation (676 aa)

Hr

Lysine demethylase and nuclear receptor corepressor; Lysine-specific demethylase hairless; Histone
demethylase that specifically demethylates both mono- and dimethylated 'Lys-9' of histone H3. May act as a
transcription regulator controlling hair biology (via targeting of collagens), neural activity, and cell cycle (By
similarity) (1182 aa)

Kcnell

Potassium voltage-gated channel, isk-related family, member 1-like, pseudogene; Potassium voltage-gated
channel subfamily E regulatory beta subunit 5; Potassium channel ancillary subunit that is essential for
generation of some native K(+) currents by virtue of formation of heteromeric ion channel complex with
voltage-gated potassium (Kv) channel pore-forming alpha subunits. Functions as an inhibitory beta-subunit of
the repolarizing cardiac potassium ion channel KCNQ1 (143 aa)

Lrrtm2

Leucine-rich repeat transmembrane neuronal protein 2; Involved in the development and maintenance of
excitatory synapse in the vertebrate nervous system. Regulates surface expression of AMPA receptors and
instructs the development of functional glutamate release sites. Acts as a ligand for the presynaptic
receptors NRXN1-A and NRXN1-B (By similarity) (515 aa)

Ctsa

Cathepsin a (carboxypeptidase c); Lysosomal protective protein; Protective protein appears to be essential
for both the activity of beta-galactosidase and neuraminidase, it associates with these enzymes and exerts a
protective function necessary for their stability and activity. This protein is also a carboxypeptidase and can
deamidate tachykinins (474 aa)

Car3

Carbonic anhydrase 3; Reversible hydration of carbon dioxide (260 aa)

Prrg3

Proline rich Gla (G-carboxyglutamic acid) 3 (transmembrane) (231 aa)

Mmp14

Matrix metalloproteinase-14 (membrane-inserted); Matrix metalloproteinase-14; Endopeptidase that
degrades various components of the extracellular matrix such as collagen. Activates progelatinase A.
Essential for pericellular collagenolysis and modeling of skeletal and extraskeletal connective tissues during
development. May be involved in actin cytoskeleton reorganization by cleaving PTK7 (By similarity). Acts as a
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positive regulator of cell growth and migration via activation of MMP15. Involved in the formation of the
fibrovascular tissues (By similarity). Cleaves ADGRBI1 to release va [...] (582 aa)

Figf

Vascular endothelial growth factor D; Growth factor active in angiogenesis, lymphangiogenesis and
endothelial cell growth, stimulating their proliferation and migration and also has effects on the permeability
of blood vessels. May function in the formation of the venous and lymphatic vascular systems during
embryogenesis, and also in the maintenance of differentiated lymphatic endothelium in adults. Binds and
activates VEGFR-3 (Flt4) receptor (358 aa)

Tmem80

Transmembrane protein 80 (123 aa)

Alox12b

Arachidonate 12-lipoxygenase, 12R-type; Non-heme iron-containing dioxygenase that catalyzes the stereo-
specific peroxidation of free and esterified polyunsaturated fatty acids generating a spectrum of bioactive
lipid mediators. Mainly converts arachidonic acid to (12R)- hydroperoxyeicosatetraenoic acid/(12R)-HPETE
and minor stereoisomers. In the skin, acts upstream of ALOXE3 on the lineolate moiety of esterified omega-
hydroxyacyl-sphingosine (EOS) ceramides to produce an epoxy-ketone derivative, a crucial step in the
conjugation of omega-hydroxyceramide to membrane proteins. Therefore [...] (701 aa)

Gabra3

Gamma-aminobutyric acid receptor subunit alpha-3; GABA, the major inhibitory neurotransmitter in the
vertebrate brain, mediates neuronal inhibition by binding to the GABA/benzodiazepine receptor and opening
an integral chloride channel; Belongs to the ligand-gated ion channel (TC 1.A.9) family. Gamma-aminobutyric
acid receptor (TC 1.A.9.5) subfamily. GABRA3 sub-subfamily (492 aa)

Crebrf

CREBS3 regulatory factor; Acts as a negative regulator of the endoplasmic reticulum stress response or
unfolded protein response (UPR). Represses the transcriptional activity of CREB3 during the UPR. Recruits
CREB3 into nuclear foci (By similarity) (640 aa)

Ramp1

Receptor activity-modifying protein 1; Transports the calcitonin gene-related peptide type 1 receptor
(CALCRL) to the plasma membrane. Acts as a receptor for calcitonin-gene-related peptide (CGRP) together
with CALCRL; Belongs to the RAMP family (148 aa)

Morc4

MORC family CW-type zinc finger protein 4; Microrchidia 4 (883 aa)

Lipg

Endothelial lipase; Has phospholipase and triglyceride lipase activities. Hydrolyzes high density lipoproteins
(HDL) more efficiently than other lipoproteins. Binds heparin (By similarity) (500 aa)

Agpatd

1-acylglycerol-3-phosphate O-acyltransferase 4 (lysophosphatidic acid acyltransferase, delta); 1-acyl-sn-
glycerol-3-phosphate acyltransferase delta; Converts lysophosphatidic acid (LPA) into phosphatidic acid by
incorporating an acyl moiety at the sn-2 position of the glycerol backbone; Belongs to the 1-acyl-sn-glycerol-
3-phosphate acyltransferase family (378 aa)

Lrp10

Low-density lipoprotein receptor-related protein 10; Probable receptor, which is involved in the
internalization of lipophilic molecules and/or signal transduction. May be involved in the uptake of
lipoprotein APOE in liver (713 aa)

Ankrd26

Ankyrin repeat domain 26; Acts as a regulator of adipogenesis. Involved in the regulation of the feeding
behavior (1681 aa)

Npepl1

Probable aminopeptidase NPEPL1; Probably catalyzes the removal of unsubstituted N- terminal amino acids
from various peptides (524 aa)

Cpm

Carboxypeptidase M; Specifically removes C-terminal basic residues (Arg or Lys) from peptides and proteins.
It is believed to play important roles in the control of peptide hormone and growth factor activity at the cell
surface, and in the membrane-localized degradation of extracellular proteins (By similarity) (443 aa)

Prpf40b

Pre-mRNA-processing factor 40 homolog B; May be involved in pre-mRNA splicing; Belongs to the PRPF40
family (873 aa)
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