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SUMMARY

Approximately 1 in 4 people worldwide have non-alcoholic fatty liver disease (NAFLD); however, there are
currently no medications to treat this condition. This study investigated the role of adiposity-associated
orphan G protein-coupled receptor 75 (GPR75) in liver lipid accumulation. We profiled Gpr75 expression
and report that it is most abundant in the brain. Next, we generated the first single-cell-level analysis of
Gpr75 and identified a subpopulation co-expressed with key appetite-regulating hypothalamic neurons.
CRISPR-Cas9-deleted Gpr75 mice fed a palatable western diet high in fat adjusted caloric intake to remain
in energy balance, thereby preventing NAFLD. Consistent with mouse results, analysis of whole-exome
sequencing data from 428,719 individuals (UK Biobank) revealed that variants in GPR75 are associated
with a reduced likelihood of hepatic steatosis. Here, we provide a significant advance in understanding of
the expression and function of GPR75, demonstrating that it is a promising pharmaceutical target for

NAFLD treatment.

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) has emerged as a lead-
ing cause of chronic liver disease; however, there are currently
no approved medications to specifically treat this condition.
NAFLD is characterized by the accumulation of excess fat in
the liver, and as the disease advances, it promotes fibrosis, stea-
tosis, and non-alcoholic steatohepatitis (NASH)." Prolonged
NASH can damage the liver, progressing to cirrhosis, hepatocel-
lular carcinoma, and/or liver failure.” Overweight and obesity are
frequently comorbid with NAFLD, with approximately 75% of
overweight individuals and 90% of individuals with extreme
obesity affected by NAFLD.>® Obesity also significantly in-
creases death rates in patients suffering from NAFLD.® NAFLD
in obesity is believed to result from unhealthy, dysfunctional ad-
ipose tissue and/or an inability to further expand adipose tissue
to safely store lipids. This leads to overflow of lipids and their
accumulation in the liver. NAFLD is also observed in conditions
in which adipose expansion is constrained, such as in syn-
dromes of lipodystrophy, conditions typically associated with
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low to normal body mass indexes (BMIs). Therefore, the relation-
ship between NAFLD and BMI is not simple.* The current treat-
ment strategy for NAFLD is behavioral modification, increasing
physical activity and decreasing food intake to promote weight
loss.” However, approximately 80% of people losing weight
through lifestyle modification regain weight, illustrating the
need for additional treatment options.®

Very little is known about orphan G protein-coupled receptor
75 (GPR75), a receptor that has garnered intense interest
following a recent report from a large-scale human exome study
revealing GPR75 variants are associated with lower body fat and
BML.” Likewise, targeted genetic inactivation of Gpr75 in mice
prevents dietary-induced obesity (DIO),”° suggesting that this
receptor plays a fundamental role in body weight regulation.
However, the mechanisms via which loss of GPR75 fosters lower
body fat and BMI have not been defined. Given that most genes
whose disruption promotes leanness in people have been re-
vealed to cause a form of lipodystrophy, which is associated
with increased risk of fatty liver, it is important to establish the ef-
fects of GPR75 perturbation on hepatic lipid accumulation. Here,
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Figure 1. Characterization of Gpr75 expression

(A) Expression of Gpr75 mRNA across mouse tissues measured by real-time gPCR.
(B) Depiction of widespread expression of Gpr75 within mouse hypothalamus (red). UMAP plot of Gpr75 expression across hypothalamic nuclei population from

HypoMap dataset.

(C) Co-expression analysis identified top neuronal clusters in Gpr75-positive nuclei.
(D-F) Feature plots showing co-expression in Gpr75-positive population with (D) neuropeptide Y (Npy), (E) agouti-related peptide (Agrp), and (F) GABA vesicle

uptake protein solute carrier family 32 member 1 (Slc32a7).

(G) Histological validation of co-expression with Npy/AgRP/GABA (NAG) neurons in the arcuate nucleus of the hypothalamus. Expression of Npy (green using
Npy-GFP mice) and detection of Gpr75 by RNAScope (red). Combined overlay of images confirms co-expression in a subset of NAG neurons. Scale bar, 100 um;

magnified scale bar, 50 um.

we specifically examined the function of GPR75 in lipid accumu-
lation relevant to NAFLD.

RESULTS

Single-cell RNA-seq and histochemical characterization
of hypothalamic Gpr75 cells

We first profiled Gpr75 mRNA expression in mice and report that
it is most abundantly expressed in the brain and has negligible
expression in liver (Figure 1A). Given its abundance in the brain,

we began by mapping Gpr75 mRNA expression using in situ hy-
bridization (RNAScope). We found that it is widely distributed
throughout the brain, including (but not restricted to) regions
associated with energy homeostasis such as the hypothalamus
(Figure S1).

We next performed a detailed characterization of its expression
within the hypothalamus, a principal region regulating adiposity, to
examine possible mechanisms through which Gpr75 modulates
lipid accumulation. We interrogated HypoMap, a large integrated
single-cell RNA sequencing (RNA-seq) dataset consisting of 18
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Figure 2. Gpr75 knockout mice show reduced food intake and higher activity on high-fat diet
CRISPR-Cas9 gene editing resulted in a 5 bp deletion introducing a premature stop in the Gpr75 sequence.
(A) Sanger sequencing of Gpr75 sequence of CRISPR-edited mice showing a 5-base pair (bp) deletion at CRISPR SG site.

(A) Translation of CRISPR-edited sequence.

(B) Real-time qPCR showing no detection of Gpr75 wild-type (WT) mRNA sequence in Gpr75 knockout (KO) mice (n = 5 per group).
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single-cell RNA-seq datasets of the mouse hypothalamus.'® Out
of 384,925 cells in HypoMap, 11,970 cells were Gpr75 positive
(unigue molecular identifier [UMI] count > 1), reflecting 3.12% of
all cells. The majority of Gpr75-positive cells were neurons
(10,609 cells, 88.6%). We next focused on Gpr75*VE neurons
and regenerated the uniform manifold approximation and projec-
tion (UMAP) plot (Figure 1B). There are seven levels of clustering in
HypoMap, allowing for the display of increasing levels of granu-
larity within the dataset. At cluster level C185, Gpr75*VE cells are
presentin all 130 neuronal clusters (Table S1A). The largest cluster
of Gpr75-expressing cells is C185-72: Fam122b.Vipr2.GABA-2
(4.26% of all Gpr75*VE cells), which are predicted to be located
in suprachiasmatic nucleus (SCN) (Figure 1C). The other 4 top
clusters of Gpr75*VE cells are C185-30: Hmcn2.Gpr149.GLU-3
(2.65%), C185-115: Npy.Agrp.GABA-4 (2.46%), C185-19:
Foxb1-GLU-2 (2.03%), and C185-106: Sox6.Lhx8.GABA-1
(1.99%) (Figures 1C-1F).

We further characterized neuropeptide Y (Npy), agouti-
related peptide (Agrp), and GABA (“NAG”) co-expressing neu-
rons because they are key regulators of appetite and
adiposity.'" Specifically, activation of NAG neurons potently
stimulates feeding, whereas NAG neuron ablation in adult
mice reduces food intake, resulting in weight loss.'>"® We
adopted a histological approach to confirm Gpr75 co-expres-
sion with NAG neurons using Npy-hrGFP mice. We previously
reported that 99.5% of Npy-GFP neurons express Agrp
mRNA."® Consistent with our findings from HypoMap, we
observed widespread hypothalamic expression of Gpr75 and
that a small subset of Gpr75 (using RNAScope) is co-ex-
pressed with NAG neurons (using Npy-hrGFP mice). Focusing
specifically on NAG cells, we found approximately a quarter
of NAG neurons co-expressed Gpr75 (Figure 1G). Agrp com-
petes for action with pro-opiomelanocortin (Pomc)-derived
peptides at the melanocortin 4 receptor (MC4R) to regulate
body weight.'" Capitalizing on this neurobiological effect and
demonstrating translational relevance, the MC4R agonist set-
melanotide is used to treat genetic forms of extreme obesity."”
Our data indicate that Gpr75 is a new player influencing the ac-
tivity of approximately a quarter of NAG neurons. We conclude
that Gpr75 is heterogeneously expressed in the brain, including
regions and specific neuronal populations significantly modu-
lating food intake and lipid accumulation.
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Gpr75 KO mice adjust HFD intake to be equivalent to
chow caloric intake

We examined whether Gpr75 is required for normal appetite
control by generating a mouse line without functional Gpr75. A
CRISPR-Cas9 approach was used to create a 5 base pair (bp)
deletion in Gpr75, introducing a premature stop in the Gpr75
sequence (Gpr75 knockout [KOJ; Figures 2A and 2B). We report
that male and female Gpr75 KO mice consumed a similar num-
ber of calories to wild-type (WT) mice when fed a chow diet
(Figures 2D-2G). However, when provided with a palatable,
high-calorie diet high in fat (42% fat; high-fat diet [HFD]), male
and female Gpr75 KO mice adjusted intake to maintain calories
equivalent to chow consumption (Figures 2D-2G). This occurred
despite a clear preference for HFD as compared with chow when
given a choice between the two diets, which illustrates that the
lowered HFD intake is not due to palatability (Figures S2N and
S20). By contrast, WT mice significantly increased daily caloric
intake on an HFD (Figures 2D-2G), promoting obesity (Figure 3).
We performed meal pattern analysis to examine ingestive
behavior in mice provided with the two different diets. Meal
structure analysis revealed that mice reduced daily meal size
(measured in grams) and duration when presented with the
HFD compared with chow, consistent with the HFD being
more calorific and satiating than chow (Figures 2H and 2I).
WT mice increased their daily caloric intake on the HFD
(Figures 2D-2G) by having more frequent meals (Figure 2J)
with a smaller interval between meals (Figure 2K) compared
with the chow diet. The meal structure analysis showed that
Gpr75 KO mice adjusted meal size and duration but did not
change meal frequency or time between meals when provided
with the HFD compared with chow (Figures 2H-2L). These re-
sults indicate that Gpr75 KO mice consume an appropriate num-
ber of calories to maintain energy balance when provided with a
palatable, high-calorie diet.

We also assessed energy expenditure and observed that
Gpr75 KO mice were significantly more physically active
(Figures 2M-2P and S2A-S2D), particularly during the onset of
the dark phase (Figures S2H and S2K). However, no overall dif-
ferences between genotypes in daily expenditure were detected
when mice were fed chow or after acute (4 days) HFD exposure
(Figures 2Q and 2R). Energy expenditure was also quantified in
mice maintained on HFD for 4.5 months. Minimum metabolic

(C) Schematic of study design in TSE PhenoMaster cages and assessment parameters.

(D and E) (D) Daily caloric food intake over 4 days of chow diet and 4 days of high-fat diet (HFD) (ANOVA time X genotype F7, g4y =2.794, p = 0.01, n =7 per group)
and (E) average daily food intake by caloric value over 7 days of chow diet and 7 days of HFD (ANOVA diet x genotype Fy, 4= 12.71,p =0.001; n =7 per group) in
male Gpr75 KO and WT littermates.

(F and G) (F) Daily food intake by caloric value over 4 days of chow diet and 4 days of HFD (ANOVA time X genotype F(7, gg)=4.080, p = 0.0001, n = 6 per group) and
(G) average daily food intake by caloric value over 7 days of chow diet and 7 days of HFD in female Gpr75 KO and WT littermate mice (ANOVA time x genotype
Fa, 26) = 4.919, p = 0.03; n = 6 per group).

(H-L) Meal pattern analysis of male and female Gpr75 KO and WT littermate mice calculated as daily average. Gpr75 KO and WT mice exhibit decreased (H) meal
size (ANOVA diet F(4, 27y =54.71,p <0.0001; n = 17 [WT] and n = 12 [KQJ) and (I) meal duration on HFD compared with chow diet (ANOVA genotype F 4, 27) = 24.56,
p <0.0001; n=17 [WT]and n = 12 [KO]). WT mice (but not Gor75 KO mice) provided with an HFD increase (J) meal frequency (ANOVA diet F(y, 57, =6.109, p = 0.02;
n=17[WT]and n = 12 [KQO]) and reduced (K) intermeal interval (ANOVA time X genotype F 4, 27)=4.329, p = 0.047; n =17 [WT] and n = 12 [KQ)). (L) Gpr75 KO and
WT mice exhibit the same eating rate on both diets (ANOVA diet F(y, 27 = 1.294, p = 0.25; n = 17 [WT] and n = 12 [KQ]).

(M and O) (M) Male and (O) female Gpr75 KO mice have higher average spontaneous daily activity on both chow (red) and HFD (blue) compared with WT mice fed
chow (white) and HFD (gray).

(N and P) Representative heatmaps illustrating 24 h cage activity pattern measured by total individual beambreaks in (N) male and (P) female HFD-fed Gpr75 KO
and WT littermate mice (scale: low activity white, high activity red).

(Q and R) Gpr75 KO and WT (Q) male and (R) female littermates have similar daily energy expenditure. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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Figure 3. Loss of Gpr75 is associated with lower adiposity in mice and humans
Mice were provided with a 42% high-fat diet (HFD) for 4.5 months.

Women ® Men ® Both

(A-E) (A) Male Gpr75 knockout (KO) mice show a significant protection from weight gain (time x genotype Fyg, 284 = 14.70, p < 0.0001) and significantly
lower (B) fat mass (DEXA) (t(13) = 4.921, p = 0.0003), (C) fat-free mass (DEXA) (t test, t(13) = 3.233, p = 0.006), (D) dissected visceral white adipose tissue (VWAT)
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rate (MMR; lowest 20 min over 72 h of measurement) was signif-
icantly related to lean body mass but was not affected by sex or
genotype (Figure S2E). In female mice, the ratio of measured
metabolic rate/MMR showed the expected large effect of light
vs. dark cycle with more energy expenditure in the dark cycle
as compared with light cycle (Figure S2F). In addition, there
was a large effect of genotype with female Gpr75 KO mice hav-
ing higher energy expenditure compared with WT mice both in
the light and dark cycles (Figure S2J). This effect did not reach
statistical significance in male mice (Figure S2G); however, the
small increase in energy expenditure associated with a signifi-
cant increase in physical activity could still be physiologically
meaningful (Figures S2H and S2I). Further statistical analysis re-
vealed a more pronounced physically active phenotype in female
Gpr75 KO mice as compared with male Gpr75 KO mice (Fig-
ure S2M). We also observed a significant cycle (light vs. dark)
by genotype interaction, with the increase in energy expenditure
during the dark phase greater in female Gpr75 KO compared
with the WT mice (Figure S2J). These data indicate that HFD-
fed Gpr75 KO mice are more physically active in the dark phase
compared with WT mice, consistent with their higher energy
expenditure relative to resting levels during the dark cycle.

Gpr75 KO mice have less body fat, and the effect is more
prominent in females
Given that Gpr75 KO mice maintained on a standard chow diet
showed similar levels of caloric intake and energy expenditure
relative to WT mice, we expected to observe minor genotypic dif-
ferences in adiposity on this diet. To test this, body weight and
body fat were tracked for 4.5 months in mice fed a standard
chow diet. Although chow-fed male Gpr75 KO mice had compa-
rable body weight to WT mice and female Gpr75 KO mice had
modestly lower body weight compared with WT mice, a large ef-
fect on body fat was observed (Figures S3A-S3P). Specifically,
male and female chow-fed Gpr75 KO mice showed significantly
lower overall fat mass, which was evident when analyzing both
visceral and subcutaneous fat pads (Figures S3A-S3P).

We next investigated the effect of a western 42% HFD on body
weight and lipid accumulation over 4.5 months in our novel
CRISPR-Cas9 Gpr75 KO mice. Male Gpr75 KO mice gained
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50% less weight and female Gpr75 KO mice gained 76% less
weight compared with HFD-induced body weight gain in WT
mice (Figures 3A and 3F). Similarly, male Gpr75 KO mice gained
35% less fat mass and female mice gained 74% less fat mass on
an HFD as compared with WTs (Figures 3B, 3G, and S3Q-S3V).
The reduction in body fat was found in both visceral and subcu-
taneous adipose tissue depots (Figures 3D, 3E, 3l, and 3J). A sex
comparison revealed that HFD-fed female Gpr75 KO mice
gained significantly less body weight and body fat as compared
with male Gpr75 KO mice (Figures 3K and 3L). Histological anal-
ysis of visceral fat revealed a striking change in adipocytes in fe-
male HFD-fed Gpr75 KO mice that was not evident in female
chow-fed mice or male HFD or chow-fed mice (Figure 3M). Spe-
cifically, female HFD-fed Gpr75 KO mice white adipose tissue
had histological browning characteristics that were supported
by gPCR analyses (Figures 3M-3S). However, no differences in
brown adipose tissue were detected in Gpr75 KO mice
compared with WTs (Figures S4B, S4E, and S4F). Consistent
with the histological profile, no changes in thermogenic markers
were observed in male HFD-fed Gpr75 KO mice compared with
WT mice (Figures S4C and S4D). Additional body composition
analysis revealed that female Gpr75 KO mice had higher bone
mineral content and density relative to WT mice (Figures S4H
and S4J). These data illustrate that perturbations in Gpr75 func-
tion protect both male and female mice from gaining body fat
and that this phenotype is retained even in the presence of a
high-calorie diet and is more pronounced in female mice.

Effects of human GPR75 LOF variants in humans

A recent publication reported that GPR75 loss-of-function
(LOF) variants are associated with lower BMI and total body
fat in 645,626 people (including the UK Biobank [UKBB]).” We
hypothesized that GPR75 may have a sex dimorphic effect
on body fat deposition, as seen in our mouse model. To test
this, we used the publicly available UKBB exomes comprising
of 428,719 individuals of European ancestry, where we identi-
fied 145 individuals (68 males and 77 females) carrying LOF
variants in the coding region of GPR75 (STAR Methods). First,
we confirmed that GPR75 LOF carriers have a lower percent-
age of total body fat compared with non-carriers in this group

(t(13) =4.329, p = 0.0008), and (E) dissected subcutaneous white adipose tissue (sWAT) (t(13) = 4.066, p = 0.001) weights compared with wild-type (WT) mice (n =
7 per group).

(F-J) (F) Female Gpr75 KO mice also show a significant protection from weight gain (time x genotype F(;s, 28g) = 36.65, p < 0.0001) and significantly lower (G) fat
mass (DEXA) (t(16) = 14.79, p < 0.0001), (H) fat-free mass (DEXA) (t(16) = 10.14, p < 0.0001), (I) dissected VWAT (t(16) = 26.16, p < 0.0001), and (J) dissected sSWAT
weights (t(16) = 10.23, p < 0.0001) compared with WT mice (n = 9 per group).

(K and L) Female Gpr75 KO mice show significantly lower HFD-induced (K) percentage weight gain (sex X genotype F1, 9y = 4.148, p = 0.05) and (L) fat mass
(sex x genotype F, 29) = 4.290, p = 0.04) compared with male Gpr75 KO mice.

(M-S) (M) Fat-soluble dye Oil Red O histology of male and female vVWAT on chow diet and following 4.5 months HFD feeding in Gpr75 KO and WT mice. Scale bar,
100 pm. Female Gpr75 KO mice have increased gPCR mRNA expression of lipid metabolism and energy expenditure markers Pgc1a (VWAT t(14) = 4.616,p =
0.0004, sSWAT t(15) = 2.443, p = 0.03), Pparg (VWAT t(14) = 3.711, p = 0.002, sWAT t(15) = 1.048, p = 0.3), and Ucp1 (VWAT t(14) = 4.015, p = 0.001, sWAT t(15) =
2.282, p = 0.04) in (N)-(P) vWAT and (Q)—(S) sWAT compared with WT mice.

(T) Whole exome analysis of 428,719 individuals from UK Biobank dataset analyzing association between GPR75 variants and body fat identified 135 individuals
(female: n = 72; male: n = 63) carrying high-confidence (HC) protein-truncating variants (PTVs) in GPR75. Distribution plot shows percentage body fat score
(Z score) calculated by sex against HC PTV mutations. An association between HC PTV GPR75 mutations and lower fat percentage was observed overall
(combined: Bolt-Imm Inf p = 0.0016, beta = —1.5906, SE = 0.5038, STAAR-O p = 0.0027) and when examining males (blue line; STAAR-O p = 0.0364, Bolt-Imm Inf
p =0.011, beta = —1.7294, SE = 0.6760) and females (red line; Bolt-lmm Inf p = 0.016, beta = —1.7998, SE = 0.7503, STAAR-O p = 0.0363) separately.

(U) Forest plot showing effect of GPR75 HC PTVs on waist-hip ratio adjusted for BMI (BMIAdjWHR) indicating a significant sex difference. (Combined beta + SE =
0.0060 + 0.0047, p = 0.2; female beta + SE = 0.0191 + 0.0068, p = 0.0052; male beta + SE = —0.0090 + 0.0063, p = 0.15; p diff (male vs. female) = 0.0024.)
(V) Forest plot showing effect of GPR75 HC PTVs on hepatic steatosis index (HSI), illustrating GPR75 HC PTVs have a lower rating compared with non-carriers
(combined beta + SE = 1.42 + 0.559, p = 0.012). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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Figure 4. Gpr75 knockout mice are protected from fatty liver

(A-E) Male Gpr75 knockout (KO) mice show (A) lower dissected liver weight (t(13) = 4.132, p = 0.001), (B) liver triglyceride content (t(12) = 4.750, p = 0.0005), (C and
D) lower lipid percentage (t(13) = 3.943, p = 0.002), and (C and E) number of lipid droplets (t(13) = 4.855, p = 0.0003) compared with and wild-type (WT) mice fed
HFD for 4.5 months. Scale bars, 100 pm.

(F-J) Similarly, female Gpr75 KO mice show (F) lower dissected liver weight (t(16) = 9.823, p < 0.0001), (G) liver triglyceride content (t(16) = 2.432, p = 0.03), (Hand I)
lower lipid percentage (t(16) = 6.472, p < 0.0001), and (H and J) number of lipid droplets (t(16) = 10.74, p < 0.0001) compared with WT mice fed HFD for 4.5 months.
Scale bars, 100 pm.

(legend continued on next page)
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(beta + SE = —1.5906% =+ 0.5038%, p = 0.0016). Next, we
examined total percent body fat by sex and observed no differ-
ences associated with specific GPR75 mutations or degree of
percent body fat associated with male and female GPR75
LOF carriers (Figures 3T, S4L, and S4M; Tables S1B-S1F;
male beta + SE = —1.7294% =+ 0.6760%, p = 0.011; female
beta + SE = —1.7998% + 0.7503%, p = 0.016; male vs. female
p = 0.9406). However, when we examined the effect of GPR75
LOFs on body fat distribution using waist-hip ratio (WHR) as a
proxy, GPR75 LOF variants were associated with higher WHR
in women after adjusting for BMI, and this effect was absent
in men (Figure 3U; Table S1C; combined beta = SE
0.0060 + 0.0047, p = 0.2; female beta + SE = 0.0191 =+
0.0068, p = 0.0052; male beta + SE = —0.0090 + 0.0063, p =
0.15; p male vs. female = 0.0024). This implies that GPR75
LOFs may affect the deposition of lipid in humans in a sex-
dependent manner.

To date, the majority of genes whose disruption promotes
leanness in people lead to forms of lipodystrophy. This disease
impairs the safe storage of lipids in adipocytes, which promotes
harmful lipid accumulation in other tissues, particularly the liver.
We next asked if GPR75 LOF variants protect against or promote
non-alcoholic liver disease (NALD). However, the rarity of GPR75
LOF variants, coupled with the well-known healthy participant
bias of the UKBB,'® resulted in a nonrepresentative low preva-
lence of NALD in the UKBB compared with other cohorts,'®
thereby hindering the direct analysis of the disease. Therefore,
we examined the effect via liver function tests: blood alanine
transaminase (ALT) and aspartate aminotransferase (AST) levels
and the hepatic steatosis index (HSI = 8 x ALT/AST + BMI [+2 if
type 2 diabetes yes, +2 if female]) developed to determine the
likelihood of hepatic steatosis.?**? Though GPR75 LOF carriers
have indistinguishable blood ALT (p = 0.346) and AST (p = 0.715)
levels compared with the non-carriers (Figures S4N and S40),
they do display a BMI-dependent lower HSI score (beta + SE =
—1.42 + 0.559, p = 0.012) (Figure 3V). These results imply that
GPR75 LOF carriers have a reduced risk of lipid accumulation
in liver. We next utilized Gpr75 KO mice to further investigate
the protective effect of GPR75 mutations on liver disease in
appropriately powered studies.

Gpr75 KO mice are protected from developing NAFLD

To investigate the effect of GPR75 on NAFLD, Gpr75 KO and WT
mice were fed an HFD for 4.5 months, and liver health was evalu-
ated by analysis of lipid content, markers of lipid storage, and
fibrosis. Both male and female Gpr75 KO mice livers weighed
less and had reduced triglyceride and lipid percentage
(Figures 4A-4J). A sex difference was not observed in the protec-
tive effect of Gpr75 KO mice on liver lipid accumulation (Fig-
ure S4K). The lower hepatic triglyceride content and lipid
percentage in the Gpr75 KO mice corresponded to lower expres-
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sion of lipid droplet storage markers (peroxisome proliferator-acti-
vated receptor gamma [PPARg] and fatty acid binding protein 4
[Fabp4]; Figures 4K, 4L, 4Q, and 4R). Gpr75 KO mice also had
reduced expression of extracellular matrix markers (collagen 1,
collagen 2, tissue inhibitor of metalloproteinase 1 [TIMP1], and
aSMA), indicating less HFD-induced liver fibrosis compared with
WT mice (Figures 4M-4P, 4S-4V, and S4P). These findings sup-
port that Gpr75 loss reduces adipose mass by beneficially altering
energy balance rather than by restricting the expansion of adipose
tissue as seen in lipodystrophies. These data indicate that both
male and female Gpr75 KO mice are significantly protected
from HFD-induced liver lipid accumulation and show a reduction
in NAFLD severity compared with WT mice, findings consistent
with analysis of GPR75 LOF carriers from the UKBB.

DISCUSSION

Despite the high global prevalence of NAFLD, there are currently
no medications to specifically treat this condition. Here, we iden-
tify GPR75 as a target to significantly reduce lipid accumulation
in the liver. GPR75 genetic variation or deletion was also associ-
ated with significantly lower percent body fat in both humans
and mice, providing support for this receptor in preventing or
reducing lipid accumulation more broadly in conditions such
as obesity. Though GPR75 genetic variation was associated
with significantly lower body fat in both males and females, a
sex difference was identified in the characteristics of adipose
tissue, suggesting that females may show greater benefit from
GPR75 pharmaceutical interventions.

Very few genes that, when mutated, cause healthy leanness
have been identified.”*® The discovery of GPR75 is therefore
important because GPR75 variants are associated with the
largest decrease in body weight in humans reported to date, re-
flecting in the UKBB 1.8 kg/m? lower BMI (approximately 5.3 kg
lower body weight). The magnitude of this gene effect on body
weight is on par with the scale of weight gain seen with LOF
MC4R mutations (1.6 kg/m? higher BMI) in UKBB. This indicates
that GPR75 genetic variation is not only associated with the
biggest effect on human leanness but also that this gene pro-
duces one of the largest effects overall on human adiposity
discovered to date.

Our findings indicate that Gpr75 loss does not lower fat mass
by restricting adipose tissue expansion per se. This is important
as limiting adipose expansion in the face of overnutrition typically
promotes ectopic fat accumulation in liver and worsens meta-
bolic health, as is seen in conditions such as lipodystrophies.
Instead, we report that loss of Gpr75 substantially protects
against the development of fatty liver. We performed a more
detailed characterization of adiposity in mice and people with
GPR75 LOF variants and uncovered a sex difference. Specif-
ically, HFD-fed female Gpr75 KO mice showed a greater

(K-0) Liver gPCR expression levels of lipid handling markers (K) peroxisome proliferator-activated receptor gamma (Pparg) (t(9) = 2.695, p = 0.02), (L) fatty acid
binding protein 4 (Fabp4) (t(9) = 5.195, p = 0.0006), and fibrosis markers (M) collagen1 (Col7a7) (t test, t(9) = 2.736, p = 0.02), (N) collagen2 (Col2a1) (t(9) = 4.253, p =

0.002), and (O) TIMP metallopeptidase inhibitor 1 (Timp1) (t(9) = 2.990, p = 0.02).

(P) Western blot quantification of fibrosis marker «SMA in the liver of HFD-fed male KO mice compared with WT controls (t(9) = 3.642, p = 0.005).
(Q-V) Similarly, analysis of markers of fibrosis and lipid storage was performed in the liver of Gpr75 KO female mice compared with WT controls fed an HFD (Pparg
1(9) =2.728, p = 0.02; Fabp4 1(9) = 2.818, p = 0.02; Col1a t(8) = 0.6292, p = 0.5; Col2a1 t(9) = 2.550, p = 0.03; Timp1 t(7) = 0.37, p = 0.7; aSMA(9) = 2.847, p = 0.02).

*p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.
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protective effect on lipid accumulation as compared with male
Gpr75 KO mice and evidence of browning in white adipose tis-
sue. The effect on browning appears to be a consequence of
the HFD since it was not evident in female Gpr75 KO mice fed
a chow diet. This diet-related physiological effect increasing
the thermogenic capacity of white adipose tissue could further
the appeal of GPR75 as a pharmaceutical target for obesity
treatment. To investigate whether a sex bias in the protective ef-
fect of GPR75 on body fat accumulation also exists in people, we
examined percent body fat in men and women with and without
GPRY75 genetic variants in the UKBB. We mapped GPR75 high-
confidence (HC) protein-truncating variant (PTV) in both men and
women by degree of body fat. The most common variant was
234Q/*. There was no obvious sex difference in the expression
of a particular GPR75 variant. However, a sex difference was
observed in WHR with female GPR75 HC PTV carriers tending
to have a higher WHR compared with non-carriers, consistent
with less fat distributed in the hips. Although this appears coun-
terintuitive, it may be a reflection of greater leanness in the
GPR75 HC PTV carriers. A difference in WHR was not observed
in male GPR75 HC PTV carriers vs. non-carriers. These data indi-
cate that male and female GPR75 HC PTV and Gpr75 KO mice
are significantly leaner compared with controls, and a sex bias
warrants further investigation.

Given the established “healthy skew” of the UKBB'® and the
rarity of LOF GPR75 mutations, only 3 GPR75 mutation carriers
met criteria for NAFLD, making it difficult to draw any meaningful
conclusions with regards to protection against this disease in the
UKBB. Thus, we instead used HSI as a proxy in the UKBB sam-
ple and our mouse model for detailed characterization of the role
of GPR75 in liver fat accumulation and disease. GPR75 LOF car-
riers had a lower HSI score, suggesting that they have a reduced
risk of lipid accumulation in liver. To evaluate this effect in more
detail in appropriately powered studies, we profiled Gpr75 KO
and WT mice. This revealed that HFD-fed Gpr75 KO mice were
significantly protected from the development of fatty liver. Both
male and female WT mice fed an HFD for 4.5 months had
approximately 40% of their liver as lipid, triglycerides were
elevated, and showed a significant increase in markers of
fibrosis. By contrast, male and female Gpr75 KO mice retained
healthy livers with very little lipid accumulation. The observation
that Gpr75 KO mice are protected from NAFLD and hepatic stea-
tosis demonstrates that GPR75 is a promising new target for the
treatment of NAFLD.

We aimed to establish how the absence of GPR75 produces
this protective effect on lipid accumulation. The field is still at
the beginning of understanding the expression and function of
GPRY75, its ligand(s), and signaling pathways. GPR75 is classi-
fied as an orphan GPCR by the International Union of Basic
and Clinical Pharmacology (IUPAHR). Recently, RANTES and
20-hydroxyeicosatetraenoic acid (20-HETE) have been pro-
posed as ligands for GPR75°?°; however, we and others
observe constitutive GPR75 Gi- and B-arrestin coupling.®
GPR75 maps onto chromosome 2p16 and encodes a 540 amino
acid long protein and has been reported to be highly expression
in the brain, retina, and testes in people.?**° We performed a
quantitative analysis of the tissue distribution of Gpr75 in mouse,
which also showed the highest expression of Gpr75 in the brain.
We next performed the first detailed map of Gpr75 brain expres-

1084 Cell Metabolism 36, 1076-1087, May 7, 2024

Cell Metabolism

sion, which indicated that it is widely expressed throughout the
mouse brain. This is in contrast to other genes influencing
adiposity, such as Agrp and Pomc, which are exclusively ex-
pressed in small defined subregions of the brain."'*" Focusing
on the adiposity-related brain region the hypothalamus, we
observed that Gpr75 is heterogeneously expressed, including
cells containing various neuropeptides, neurotransmitters, re-
ceptors, and genes associated with energy homeostasis, body
weight, and body fat regulation. Given the widespread distribu-
tion of Gpr75, the relative percentage of co-expression with
a specific subpopulation of cells is small but could be physiolog-
ically meaningful. lllustrating the heterogeneous nature of
anatomical hypothalamic expression, cells with the highest
expression of Gpr75 are found in different regions of the hypo-
thalamus. These include ARC NAG neurons, SCN vasoactive
intestinal peptide receptor 2 (Vipr2) neurons, and mammillary
body Foxb1 neurons.

NAG neurons have been extensively studied for their essential
role in appetite and body weight regulation.”’ Npy, Agrp, and
GABA derived from NAG neurons each control food intake
through action at their own second-order neurons.*>~** Demon-
strating the translational relevance of the Agrp component of
NAG neurons, the MC4R agonist setmelanotide is used to treat
genetic forms of extreme obesity.'” Previous reports indicate
that the dynamics of NAG neurons are altered by HFD.**° It is
possible that Gpr75 plays a role in dietary fat action/signaling in
NAG neurons, and thereby, in the absence of Gpr75, NAG neurons
retain the ability to appropriately regulate caloric intake. Thisis one
possible explanation requiring further study for the observation
that Gpr75 KO mice retain equivalent caloric intake when provided
with chow or HFD, a response that ultimately prevents HFD-
induced weight gain and NAFLD. Here, we demonstrate that
Gpr75is new player positioned to influence the activity of a subset
of key appetite and adiposity-controlling NAG neurons.

Gpr75 is also co-expressed with Vipr2, a receptor necessary
for normal circadian rhythms in rest/activity behavior.*” This sug-
gests that Gpr75 may play a role in the regulation of circadian
rhythms or SCN function. However, Gpr75 KO mice exhibited
broadly normal circadian-related eating and activity behavior.
The transcription factor Foxb1 (formerly known as Fkh5) is
required for normal CNS development. Specifically, Foxb1 KO
mice suffer substantial perinatal degeneration of the hypotha-
lamic medial and lateral mammillary body in the posterior hypo-
thalamus, a region involved in body temperature and spatial and
working memory.*®2° The gross anatomy of the posterior hypo-
thalamus appeared normal in Gpr75 KO mice. We believe that
the widespread distribution of Gpr75 within the brain suggests
that it likely influences lipid accumulation by acting through
more than one brain pathway, analogous to the leptin receptor
and 5-HT,¢ receptor’®*'; however, this remains to be deter-
mined. The characterization of Gpr75-positive neurons also
suggests that Gpr75 may contribute to other hypothalamic func-
tions. This first detailed characterization of hypothalamic Gpr75
expression provides a resource for future investigation into the
mechanism through which Gpr75 influences physiology, health,
and eating behavior.

We profiled energy homeostasis in Gpr75 KO mice to clarify
how Gpr75 genetic perturbation protects against lipid accu-
mulation in the liver and more broadly. An earlier study of
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Gpr75 KO mice assessed before sexual maturity reported that
young Gpr75 KO mice are mildly hypophagic on an HFD and
have no differences in physical activity or energy expendi-
ture.” As we were interested in the function of the receptor
in adulthood, here we provide a detailed characterization of
energy homeostasis in adult Gpr75 KO and WT mice. We
found no genotypic differences in food intake on a chow
diet, indicating that Gpr75 KO mice are not hypophagic.
Gpr75 KO mice adjusted caloric intake to retain energy bal-
ance when provided with an HFD, illustrating that they are
adept at calibrating caloric intake to energy demands. We
also observed that adult Gpr75 KO mice did not have altered
minimal metabolic rates but were more physically active, and
this was associated with an increase in the energy expendi-
ture relative to the MMR on HFD. Consistent with this, a
recent paper using a different Gpr75 KO mouse line reported
that adult Gpr75 KO mice display higher energy expenditure
compared with WT mice when provided with an HFD but not
when fed a chow diet (physical activity was not measured).’
We conclude that the protective effect of Gpr75 genetic inac-
tivation on HFD-associated NAFLD is associated with main-
tained energy balance that prevents DIO and NAFLD.

Here we report that LOF of GPR75 significantly protects
against the development of liver disease. More broadly,
GPR75 has emerged as a gene producing the strongest associ-
ation with leanness identified to date in people. This role of
GPR75 in lipid accumulation persists with different diets, and
we report that it is related to calibrating energy intake to energy
demands to maintain energy balance. This makes GPR75 an
attractive drug target to control adiposity. Our results also un-
covered a sex effect on the extent to which lipid accumulation
was protected, with female Gpr75 KO mice fed an HFD being
more protected than males, and this effect was likely related to
greater physical activity and energy expenditure in females. A
sex difference was also found in human GPR75 HC PTV carriers
with regards to WHR. We conclude that GPR75 has a significant
role in influencing lipid accumulation in both liver and adipose tis-
sue and warrants investigation as much-needed new therapy for
the treatment of NAFLD.

Limitations of the study

A limitation of using the UKBB to interrogate the function of
GPR75 is the well-described healthy skew of its participants.'®
This is seen in the lower prevalence of obesity within the cohort,
compared with the general population (25.6% vs. 31.5% in men;
23.0% vs. 32.2% in women, respectively), and as a result, the far
lower prevalence of relevant comorbidities, including NAFLD.
Future more representative studies with a higher prevalence of
liver disease will more definitively establish whether human var-
iations in GPR75 are protective from the development of this dis-
ease. Likewise, the greater effect of Gpr75 gene KO on body fat
observed in female mice compared with male mice may also be
detected in women vs. men in future studies where the complete
loss (as opposed to possible partial loss) of GPR75 function has
been verified, which requires GPR75 to first be deorphanized.
Finally, future systematic exploration of different subpopulations
of GPR75 within the brain will establish their individual contribu-
tions to lipid accumulation and broader functions in behavior and

physiology.
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GSE87544. All code is publicly available as of the date of publication and DOls are listed in the key resources table. Details of any addi-
tional information required to reanalyze the data reported in this paper is available from the lead contact upon request. Source data are
provided with this paper and all data will be shared by the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal Models

Adult male and female Gpr75 KO and WT and Npy-hrGFP mice”® were used. Gpr75 KO mice were created in house using CRISPR-
Cas9. Single guides targeting the early coding region sequence of Gpr75 were used to introduce a deletion in the protein coding
region of Gpr75 (CRISPR SG-GPR75 FW 5-CACCGTGCTATTTCCCCCGTGCAG-3’ CRISPR SG-GPR75 RV 5-AAACCTG
CACGGGGGAAATAGCAC-3’). The resulting mouse was sequenced which confirmed an 5bp deletion and introduction of premature
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stop codon. Littermates of the same sex were assigned to experimental groups based on their genotype and experiments were car-
ried out in mice between 2-8 months old. Both male and female mice were used for experiments as reported. All procedures were
carried out in accordance with the U.K. Animals (Scientific Procedures) Act 1986 and following local ethical approval at University of
Aberdeen.

Husbandry and Housing Conditions of Experimental Animals

Mice were group-housed with ad libitum access to food and water in a 12-hour light/12-hour dark cycle in a temperature and humid-
ity-controlled environment (20-22°C, 45-55%). Mice were maintained on a chow diet (CRM(P) 801722, Special Diet Services) or fed a
high fat diet (HFD) (42% from fat, TD.88137, Teklad Envigo) as detailed in the Results.

METHOD DETAILS

Whole exome sequencing

Whole exome sequencing data of 454,796 participants from the UK Biobank (Project number 32974) was used in this study. Data
processing and quality control was performed on the Research Analysis Platform as described in Gardner et al.*? Briefly, individuals
were excluded for excess heterozygosity, missingness on genotyping arrays and subjects from non-European ancestry. A total of
421,065 individuals were included in the analysis. Quality controls were performed by excluding using the following criteria: SNV ge-
notypes with 324 depth < 7 and genotype quality < 20 or InDel genotypes with a depth < 10 and genotype quality < 20. Variants were
next annotated using Variant Effect Predictor v104, Revel, CADD and Loftee. Transcripts that are protein coding and listed as MANE
select v0.97/VEP Canonical were prioritized for the analysis. Phenotype data was filtered for extreme values (+5 SD), and association
testing was performed using per-gene burden test with STAAR.

Metabolic Assessment and Meal Pattern Analysis

Mice underwent metabolic assessment measuring food intake, activity, and energy expenditure in metabolic cages (PhenoMaster,
TSE, Germany). Mice were housed in open-circuit metabolic chambers measuring gas exchange (oxygen consumption and cardon
dioxide production), weight of food consumed, and activity using x, y, and z plane infrared sensors. Activity heatmaps were created
by multiplying the total number of beambreaks from each individual x and y infrared sensors over a 24 hr period to give spatial rep-
resentation of the animal’s cage activity. Meal pattern analysis was calculated using TSE software. A meal was defined as consump-
tion of at least 20 mg and no more than 5 minutes without a bout of eating.*® Meal size was calculated as the number of milligrams
consumed per meal (g/meal), meal duration was the time taken to consume meals (min/meal) and eating rate was how quickly the
mouse consumed meals (g/min). Meal frequency was the number of meals per day (meals/day) and the intermeal interval was defined
as the average amount of time between meal events (min). Meal analysis was carried out over 3 days of chow diet and 3 days of HFD
(days with cage changes were excluded from analyses) and presented as an average analysis over this period. Mice were assessed
for a minimum of 120 hours where the first 48 hours were excluded for habituation. No specific method of randomization was used to
assign groups, rather littermates were used where possible. Mice were assigned to experimental groups to minimize the influence of
other variables such as age or sex on the outcome.

Mouse Body Composition

Body composition including fat mass, fat free mass, bone mineral content and bone mineral density was measured by EchoMRI-500
body composition analyzer (Zinesser Analytic GmbH) or by dual-energy X-ray absorptiometry (DEXA, Lunar PIXImus). DEXA compo-
sition data was analyzed using previously reported methods.*’

Tissue Processing

Tissues were collected immediately following CO, terminal anesthesia and cervical dislocation and snap frozen in liquid nitrogen and
stored at -70°C. Body length was measured post mortem and tissues were weighed following dissection. Liver samples for histology
were dissected and immersed in 10% formalin and stored at 4°C for 48 hours before being transferred to PBS. Liver and adipose
sections were processed on a Peloris Tissue Processor (Leica) and embedded in into Sakura Tissue-Tek Il paraffin wax. Liver sec-
tions were cut at 40 um, and adipose sections were cut at 5 um on a microtome (Leica) and dried at 56°C overnight before being
stained with H&E. For RNAscope histochemistry, mice were transcardially perfused with PBS followed by 10% formalin (Sigma-
Aldrich). Brains were dissected and post-fixed in 10% formalin at 4°C for 24 hours and transferred to 30% sucrose in PBS and stored
at 4°C. Brains were sectioned coronally into five equal series using a freezing sliding microtome at 25 um.

Gene expression

Total RNA was extracted from frozen tissue using a standard guanidinium thiocyanate-phenol-chloroform extraction protocol
or RNeasy mini kit (QIAGEN) following the manufacturer’s protocol. RNA concentration was measured, and an equal quantity of
RNA was reverse transcribed using M-MLV reverse transcriptase (Invitrogen). Real-Time quantitative PCR was performed
on CFX384 Touch Real-Time PCR Detection System (BIORAD) using SYBR detection reagent and primers designed for each
gene of interest. Results of each gene of interest were normalized to the geometric mean of two stable reference genes and
no template controls and no reverse transcriptase controls were run for each gene. Primers used are as follows; Collagen 1
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FW-5’-CCAAAGGTGCTGATGGTTCT-3’, RV-5’-ACCAGCTTCACCCTTGTCAC-3’; Collagen 2: FW-5’-CCTCAAGGCAAAGTTGGT
CCT-3’, RV-5'-GGCTCCAGGAATACCATCAGT-3’; Fabp4: FW-5’- CAAACTGGGCGTGGAATTCG-3’, RV-5'-ACCAGCTTGTCACC
ATCTCG-3’; Gpr75 (5-bp Deletion): FW-5’-TAAACATGCCTCCCCTGCACG-3’, RV-5’-GATGGCAAGCAGAAAAGTGC-3’; Gpr75:
FW-5’- TCTTCTTTGGCACATGCTCG-3’, RV-5’- CACTGGACGTGAAAAGACGA-3’; Hprt: FW-5’- GTTAAGCAGTACAGCCCCA
AA-3’, RV-5'- AGGGCATATCCAACAACAAACTT-3’; Nono: FW-5’- GCCAGAATGAAGGCTTGACTAT-3’, RV-5’- TATCAGGGGGA
AGATTGCCCA-3’; Pgcla: FW-5'- AGCCTCTTTGCCCAGATCTT-3’, RV-5’- GGCAATCCGTCTTCATCCAC-3’; Pparg: FW-5'-CAG
ACCTCAGGCAGATCGTC-3’, RV-5’-GAAGGAACACGTTGTCAGCG-3’; TIMP1: FW-5-GCAACTCGGACCCTGGTCATAA-3’, RV-
5'-CGCCCCGTGATGAGAACT-3’; Ywhaz: FW-5’- GAAAAGTTCTTGATCCCCAATGC-3’, RV-5'- TGTGACTGGTCCACAATTCCT
T-3’. For the detection of Ucp1 a TagMan gPCR probe was used: Mm01244861 m1 (ThermoFisher).

Western Blot

Liver samples were homogenized in lysis buffer containing protease inhibitors (Thermo). The concentration of the protein lysates was
determined by BCA assay (Thermo). Proteins were separated by standard SDS-PAGE and transferred to PVDF membrane. Protein
expression was detected using the following antibodies: aSMA (Abcam, ab21027), B-Tubulin (Cell Signalling, D3U1W), anti-mouse
IgG HRP-linked secondary (Cell Signalling, 7076S), and rabbit anti-goat IgG (Abcam, ab6697). Membranes were visualised using ECL
detection reagent (Thermo) and quantified using ImagedJ software (NIH).

Histology Analysis

Histology and RNAscope in situ hybridization (ISH) sections were imaged using Axioskop 2 Mot Plus microscope (Zeiss, Germany)
and analyzed using ImagedJ (NIH). Liver histology was analyzed from four images per animal using the trainable weka segmentation
tool** to separate the image into lipid or background using 25 reference segments. A probability map was generated and transformed
to a binary image. The lipid content was calculated from each image.

Triglyceride assay

Liver triglyceride content was measured from frozen tissue lysates. Frozen liver samples were weighed prior to homogenization in
PBS. Lysates were centrifuged at 12,000xg for 10 minutes at 4°C before the supernatant was extracted. Triglyceride levels were
determined against a standard curve using Triglyceride Liquid Assay (Sentinel Diagnostics). Each sample was then normalized to
individual tissue weights.

RNAscope ISH

A series of a full mouse brain was mounted on SuperFrost Plus slides and air-dried at room temperature. Slides were treated and
detected using DAB staining according to the manufacturers protocol (RNAscope 2.5 HD Assay Detection, Advanced Cell Diagnos-
tics) using Gpr75 probe (Cat. 318281, Advanced Cell Diagnostics). Negative control probe targeting DapB gene was also run for each
RNAscope ISH experiment.

Single cell RNA sequencing

The clustered mouse hypothalamus single nucleus RNA sequencing data (generation described in 8) and RNA sequencing data
is available from (https://doi.org/10.17863/CAM.87955). Hypomap dataset from Steunernagel et al.’® was used for analysis of
Gpr75 transcript expression in the mouse hypothalamus. Analysis was performed using the Seurat package version 4.0.3/R 4.1 A8
Nuclei expressing at least one >1 UMI count for Gor75 gene were identified as Gpr75*'VE cells. The feature plots were generated
using the Seurat package and ggplot2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Raw data were inputted into or transferred to Excel (Microsoft) files. Plots and statical analyses were generated in GraphPad Prism
9.4 (GraphPad Software). Data has been analyzed using unpaired two-tailed Student’s t test, one-way analysis of variance (ANOVA),
or two-way or mixed model analysis of variance (ANOVA) as required and detailed in the results. Where appropriate, data are pre-
sented as individual data points, and summary data are presented as mean + SEM. Details of statistical tests results and number of
animals can be found in the figure legends. Statistical significance was defined as *p <0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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