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Augmentor & and f§ (Auga and Augf) are newly discovered ligands of the receptor
tyrosine kinases Alk and Ltk. Augot functions as a dimeric ligand that binds with high
affinity and specificity to Alk and Ltk. However, a monomeric Augot fragment and
monomeric Augf also bind to Alk and potently stimulate cellular responses. While pre-
vious studies demonstrated that oncogenic Alk mutants function as important drivers
of a variety of human cancers, the physiological roles of Augot and Augf are poorly
understood. Here, we investigate the physiological roles of Augat and Augf by explor-
ing mice deficient in each or both Aug ligands. Analysis of mutant mice showed that
both Auga single knockout and double knockout of Augar and Augf exhibit a similar
thinness phenotype and resistance to diet-induced obesity. In the Augo-knockout mice,
the leanness phenotype is coupled to increased physical activity. By contrast, Augfi-
knockout mice showed similar weight curves as the littermate controls. Experiments are
presented demonstrating that Augat is robustly expressed and metabolically regulated in
agouti-related peptide (AgRP) neurons, cells that control whole-body energy homeosta-
sis in part via their projections to the paraventricular nucleus (PVN). Moreover, both
Alk and melanocortin receptor-4 are expressed in discrete neuronal populations in the
PVN and are regulated by projections containing Augat and AgRP, respectively, dem-
onstrating that two distinct mechanisms that regulate pigmentation operate in the
hypothalamus to control body weight. These experiments show that Alk-driven cancers
were co-opted from a neuronal pathway in control of body weight, offering therapeutic
opportunities for metabolic diseases and cancer.
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Receptor tyrosine kinases (RTKs) represent an important family of cell surface recep-
tors that regulate numerous essential cellular responses during embryonic development
and in the homeostasis of adult organisms (1). Alk was originally discovered as an
oncogenic RTK fusion protein endowed with constitutively activated tyrosine kinase
activity generated by chromosomal translocation in a subset of anaplastic large cell lym-
phoma (2). At least 20 distinct partners of oncogenic Alk fusion proteins generated by
chromosomal translocations as well as germline and somatic Alk mutations were identi-
fied as key drivers of a variety of cancers, including large B cell lymphomas, inflamma-
tory myofibroblast tumors, and pediatric neuroblastoma (3-6). As physiological ligands
of full-size Alk and of a second family member designated Ltk were not known for two
decades, the two RTKs were classified as “orphan receptors”.

In 2014, Zhang et al. identified two secreted proteins of unknown function desig-
nated FAM150A and FAM150B as ligands that bind specifically to Ltk and stimulate
Ltk activation (7). It was subsequently demonstrated that these proteins, also desig-
nated Augmentor o (Augo; or ALKAL2) and Augmentor B (Augf; or ALKAL1), func-
tion as specific and potent ligands of Alk (8, 9). Biochemical characterization showed
that Auga functions as a dimeric ligand of both Alk and Ltk, and that a conserved cys-
teine residue located in the N-terminal variable region of primate Auga is responsible
for mediating Augat dimerization via formation of a disulfide bond between two Auga
molecules (10). We have also demonstrated that a monomeric fragment composed of
the conserved C-terminal region of Auga efficiently stimulates activation and cell sig-
naling in Alk- or Ltk-expressing cultured cells (10). Recent biochemical and structural
characterization demonstrated that AugP functions as a monomeric activating ligand of
Alk and Ltk, demonstrating and revealing a mechanism of how dimeric or monomeric
Aug proteins stimulate Alk dimerization, activation, and cellular signaling (11).

The first insight concerning the biological role of Aug proteins emerged from genetic
studies of zebrafish pigment development. These studies demonstrated that zebrafish
Aug homologs and Alk homologs are components of a cellular signaling pathway con-
trolling neural crest—derived pigment cell development in zebrafish (12, 13). It also
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provided in vivo evidence for a functional ligand/receptor link
between Aug and Alk homologs during neural crest develop-
ment in zebrafish.

Results

Auga Is Expressed in Agouti-Related Peptide (AgRP)-Positive
Neurons within the Arcuate Nucleus (ARC) in the Hypothalamus.
To elucidate the physiological roles of Auga and Augp in mam-
mals, we generated individual knockout mice and double knock-
out mice of Auga and Augf. Auga-knockout mice were generated
by replacing exons 1 to 4 with a green fluorescent protein (GFP)
expression cassette to enable analysis of the expression pattern of
endogenous Augo protein in both tissues and cells. Similarly,
Augf-knockout mice were generated by replacing exon 1 with a
GFP expression cassette. Double knockout mice were generated by
crossing Auga- and Augf-deficient mice (SI Appendix, Fig. S1
A-C). We also generated another line of knockout mice by replac-
ing Auga with a LacZ cassette (i.e., AugalacZ/+ and AugalacZ/
LacZ mice; SI Appendix, Fig. S1 D and E).

Using Auga-Gfp/+ and AugB-Gfp/+ mice, we next analyzed
the expression of Auga and Augf primarily within the brain.
Visualization of Auga-Gfp/+ mice by immunofluorescence
microscopy revealed strong expression in the hypothalamus
(Fig. 14). To determine whether loss of Auga may cause
changes in cytoarchitecture and in the localization of neuronal
cell populations expressing Auga, we generated and similarly
analyzed Auga-Gfp/Gfp—knockout mice. No obvious defects
were observed in the overall brain anatomy and in the region
containing cells labeled by Augo—GFP (Fig. 1A4). The most
robust expression of Auga was detected within the ARC, with
weaker expression in the paraventricular nucleus (PVN), dorso-
medial nucleus (DMH), and suprachiasmatic nucleus (SCN;
Fig. 1 Aand B).

Next, we determined the cell types expressing Auga within
the ARC nucleus. The ARC nucleus contains two major neuro-
nal cell populations that control energy metabolism, including
hunger-promoting AgRP neurons and satiety-promoting proo-
piomelanocortin (POMC) neurons (14, 15). To determine the
specific cells within the ARC that express Auga, we immunola-
beled postnatal day 60 (P60) coronal sections of Auga-Gfp/+
mice with anti-neuropeptide Y (NPY) antibody, which also
labels AgRP neurons (S7 Appendix, Fig. S2A), and with an anti-
POMC antibody that labels POMC neurons (SI Appendix, Fig.
S2B). This experiment showed increased coexpression of NPY-
positive neurons with GFP-labeled neurons, suggesting endoge-
nous expression of Auga in AgRP neurons within the ARC.
Moreover, published single-cell RNA-sequencing data (16)
revealed high expression of Augo (Fam150B) within AgRP
neurons among 18 neuronal cell populations (87 Appendix, Fig.
S2 Cand D). To further establish colocalization of Augo—Gfp
within the ARC neuronal populations, we genetically labeled
Augo—Gfp-expressing cells within the ARC nucleus using
AgRP-Cre; Ail4-tdT mice that label all AgRP-expressing neu-
rons (in red) and POMC-Cre; Ail4-tdT mice that label all
POMC-expressing neurons (in red; Fig. 1 C and D). The
Augo—Gfp neurons within the ARC showed strong colocaliza-
tion with the AgRP-expressing neurons and minimal colocaliza-
tion with POMC neurons. It is noteworthy that we were not
able to detect Augp expression in the brain, which is consistent
with open-label RNA-sequencing data (17), which also did not
reveal AugP mRNA expression in the brain (S/ Appendix, Fig.
S2E). Taken together these experiments show a particularly
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Fig. 1. Auga is predominantly expressed in AgRP neurons within the ARC,
and its expression is increased upon fasting. (A) Expression of Gfp within
the hypothalamus in the Auga-Gfp/+ animals at P90. (Scale bar, 500 pm.)
(B) Heat map showing the level of Gfp expression within the Auga-Gfp/+
and Auga-Gfp/Gfp mice at P90 (n = 3). (C and D) Coronal sections of Auga-
Gfp/+; AgRP-Cre; Ai14-tdT (C) and Auga-Gfp/+; POMC-Cre; Ai14-tdT (D) ani-
mals at P60 showing predominant colocalization of Auga and AgRP. (Scale
bar, 40 um.) (E and F) Expression of GFP (Auga) and red fluorescent protein
(AgRP) within the ARC and PVN of the Auga-Gfp/+; AgRP-Cre; Ai14-tdT and
Auga-Gfp/Gfp; AgRP-Cre; Ai14-tdT mice under normal conditions (E) and
under 16 h of food deprivation. 3V is 3rd ventricle (F). (Scale bar, 40 pm.)
(G) Quantifications of Aug-Gfp expression within the ARC and PVN from £
and F. Data in the figure are presented as mean + SEM. A two-way ANOVA
with Bonferroni’s multiple comparisons test was applied; ***P < 0.001, **P
< 0.01 (n = 4). (H) Expression of c-Fos within the ARC nuclei of the Auga-
Gfp/+; AgRP-Cre; Ai14-tdT and Auga-Gfp/Gfp; AgRP-Cre; Ai14-tdT mice after
16 h of food deprivation. (Scale bar, 20 pm.) (/) Quantification of c-Fos in
Ai14-tdT-positive cells from H. A two-way ANOVA with Bonferroni's multiple
comparisons test was applied (n = 3).

high expression of Auga in AgRP neurons in the ARC nucleus
of the hypothalamus.

Fasting Stimulates Auga Expression in AgRP Neurons. AgRP
neurons located within the ARC of the hypothalamus are criti-
cal for regulating food intake and energy homeostasis (18). In
response to fasting, AgRP neurons show increased expression of
various orexigenic molecules, including AgRP peptide, which
regulates neurons in the PVN (19). To determine whether
Augo expression within the ARC nucleus is involved in control
of hunger and satiety, we performed a 16-h food starvation
study on the Auga-Gfp/+; AgRP-Cre; Ail4-tdT and Augo-
Gip/Gfp; AgRP-Cre; Ail4-tdT animals. We observed that
Augo is metabolically stimulated upon fasting within AgRP
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Fig. 2. Auga-knockout mice are thin. (A and B) Body weight kinetics of Auga™*; Auga-Gfp/+; Auga-Gfp/Gfp littermate male (4) and female (B) mice fed on a
standard diet (n > 6). (C) Body weight kinetics of Auga-Gfp and Augp-Gfp single and double knockout mice and littermate double heterozygous male mice on
a normal diet (n > 5). (D and E) Body weight in the Auga*’*; Auga-Lacz/+; Auga-Lacz/Lacz littermate male (D) and female (£) mice fed on a standard diet; n >
4in A, and n > 5 in B. (F) Body weight gain from male and female Auga-knockout, heterozygous, and wild-type littermate mice on a HFD (n > 5). (G) Represen-
tative image showing the gross morphology of 36-wk-old Auga-knockout, heterozygous, and wild-type mice on a standard diet. (H-/) MRI analysis of fat (H),

lean mass (/), and body weight () (n > 5). Data in the figure are presented as
test was applied; *P < 0.05, **P < 0.01.

neurons, while its expression within PVN remains unchanged
(Fig. 1 E-G and SI Appendix, Fig. S3). RNA seq (17) data also
showed similarly increased expression of Auga in AgRP neu-
rons upon fasting versus refeeding (S/ Appendix, Fig. S2E).
However, the increased expression of Auga did not affect
AgRP neuron activation, as shown by c-Fos immunostaining in
Augo-Gfp/Gfp versus Augo-Gfp/+ animals (Fig. 1 H and ),
suggesting that Augo may act downstream from AgRP signaling.

To determine whether Auga governs any of the metabolic
phenotype during fasting, we performed fasting and refeeding
experiments on Auga-knockout and wild-type littermate mice
in metabolic cages. Single animals were housed for 4 d in the
metabolic cage, and at the end of day four, the mice were food
deprived for 16 h and then allowed to feed for the next 24 h.
During food deprivation, significantly higher energy expendi-
ture and respiratory exchange rate (RER) of Auga-deficient
mice were detected due to increased CO, production during
the dark phases, indicating a preference for carbohydrate
consumption over lipids with activity trending higher (87
Appendix, Fig. S4). A significant increase in water intake was
also detected in Augo-deficient mice during the dark phase of
the fasting period (S/ Appendix, Fig. S4E). However, upon
refeeding, a small but significant decrease in both food and
water intake was observed in Auga-deficient mice as compared to
their wild-type littermates (87 Appendix, Fig. S5). Taken together,
the results showed that Auga expression increases upon fasting
similar to the expression of other orexigenic genes, including
AgRP and Npy. These results link Augar to the metabolic circuit
of AgRP-controlled energy homeostasis (20).
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mean + SEM. A one- or two-way ANOVA with Bonferroni's multiple comparisons

Auga-Knockout Mice Are Thin. To determine the effect of
Auga deficiency on animal physiology, we assessed the weight
and body composition of the Augo-knockout and littermate
control mice. The mice were born according to the Mendelian
ratio. We observed that both Augat male and female knockout
mice, derived from both Gfp- and LacZ-knockin mouse lines,
gained less weight with age than wild-type littermate or hetero-
zygous mice on standard chow diet. Differences in body
weights were noticed from the age of 4 wk onward. Moreover,
from the age of 14 wk onward, Auga-knockout animals (male
and female) were significantly leaner than Augo heterozygous
or wild-type animals. There was no significant weight difference
between heterozygous and wild-type mice (Fig. 2 A, B, D, and
E). The Auga and AugP double knockout mice and Auga sin-
gle knockout mice showed similar age-dependent weight differ-
ences compared to the double heterozygous mice. In contrast,
the AugP-knockout mice, which carry one Auga allele, showed
no weight difference compared to double heterozygous litter-
mates. These results demonstrate that Auga deficiency is critical
for thinness, while Augf deficiency does not cause thinness
(Fig. 20). In addition, Augo-knockout mice gained signifi-
cantly less weight than littermate controls when the mice were
fed a high-fat diet (HFD), suggesting that Auga deficiency pro-
vides resistance against HFD-induced weight gain (Fig. 2F).
Inspection of the gross morphology of the animals revealed a
substantial reduction in the circumference of the animals but
no change in their length, indicating that the differences seen
in the weights of males and females are not due to change in
body length (Fig. 2G). We next analyzed the body composition
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Fig. 3. Auga-knockout mice exhibit decreased adiposity. (A) Bar plot showing the weights of fat mass from BAT, scWAT, rWAT, and gWAT; n > 8. (B) Repre-
sentative H&E image of BAT, scWAT, rWAT, and gWAT showing decreased size of the adipocytes in Auga-knockout versus wild-type mice. (Scale bar, 120 pm.)

(C-E) Line graph showing quantification of adipocyte area from scWAT (C), rWAT (D), and gWAT (E); n =

3. (F-H) gRT-PCR quantification of fatty acid oxidation

and thermogenesis genes (UCP1, PCGTa, Cidea, and Beta3AR) in scWAT (F), rWAT (G), and gWAT (H); n > 9. (/) Quantification of NE level from BAT, SCWAT,
rWAT, gWAT, and sera; n > 8. Data in the figure are presented as mean + SEM. A two-tailed unpaired Student's t test was applied; *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001.

of adult Auga-knockout mice and their littermate wild-type as
well as heterozygous controls by magnetic resonance imaging
(MRI). This analysis revealed that Augo-knockout mice have
significantly less overall body fat and more lean mass than
wild-type and heterozygous littermate mice with respect to their
overall body weight (Fig. 2 H-)).

Furthermore, to determine the contributions of each of the
fat deposits, fat from subcutaneous white adipose tissue
(scWAT), retroperitoneal WAT (rWAT), and gonadal WAT
(gWAT) as well as brown adipose tissue (BAT) from Auga-
knockout and wild-type animals was isolated. The results pre-
sented in Fig. 34 revealed significantly reduced weight of
scWAT, rWAT, and gWAT in Auga-knockout mice. Overall
gross anatomy revealed reduction in the size of the adipose tis-
sue depots in the Auga-knockout mice, which were further
analyzed by hematoxylin and eosin (H&E) staining to assess fat
composition and adiposity. Overall, lower percentages of large
adipocytes were detected in Auga-knockout mice than in their
littermate controls; conversely, a higher percentage of small
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adipocytes was detected in Auga-knockout mice (Fig. 3 B-E).
To gain insight into the mechanism of reduced fat deposition
in the adipocytes of Auga-knockout mice, qRT-PCR analysis
was carried out for genes involved in the control of thermogenesis
and fat oxidation. The experiment presented in Fig. 3 /~-H reveals
increased expression levels of mitochondrial brown fat uncoupling
protein 1 (UCP1), peroxisome proliferator—activated receptor
coactivator 1o (PGCla), cell death activator (CIDEA-A), and B3
adrenergic receptor (B3AR) in WAT depots, suggesting some
browning of WAT. To determine a potential link between
decreased Augot expression in brain and increased browning of
WAT, we next analyzed the levels of norepinephrine (NE) pro-
duced in adipose tissue and in the sera of Auga-knockout and
control mice. This experiment revealed a strong increase of NE
levels in scWAT (Fig. 3J). It was previously demonstrated that
hypothalamic PVN neurons regulate NE production within adi-
pocytes through a cascade of neuronal connections, resulting in
enhancement of thermogenesis and fat oxidation (21). While our
experiments reveal changes in adipose tissue depots in Augo-
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Fig. 4. Auga-knockout mice show increased energy expenditure and glucose tolerance. (A-G) Line plots showing the kinetics of energy expenditure (EE) (A),
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knockout mice, these results may not represent the sole mecha-
nism underlying the leanness of Augo-knockout mice.

Increased Energy Expenditure and Physical Activity of Auga-
Knockout Mice. To approach the mechanisms contributing to
the lean phenotype of the Auga-knockout mice, we compared
3- to 6-mo-old Auga-knockout mice with littermate control
mice fed on a standard diet in metabolic cages for 2 d. We
observed that Auga-knockout mice were slightly more active
during daytime but had a significantly higher activity during
the night period with two separate peaks. Coherent with this,
the augmented activity was associated with higher energy
expenditure and RER contributed by increased O, consump-
tion and CO, production (Fig. 4 A-E). However, while during
the night period, food and water intake tend to be increased in
the lean knockout mice, this did not reach statistical signifi-
cance (Fig. 4 F and G). We also assessed these animals for
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glucose tolerance and insulin sensitivity. The experiment pre-
sented in Fig. 4 H-I illustrates that Auga deficiency leads to
improved glucose tolerance and sensitivity to insulin, consistent
with increased energy expenditure and physical activity.

Taken together, the metabolic parameters suggest that the
age-dependent thinness of Augo-knockout mice is the likely
result of increased physical activity linked to higher energy
expenditure and superior glucose clearance. However, longer
and more detailed metabolic analysis may reveal the full contri-
bution of altered food intake, possibly with behavioral changes,
to the Auga-knockout mice lean phenotype.

Auga Regulates AgRP Neuronal Projection and Alk Activation
in the PVN. To identify the mechanism of neuronal control of
Augo-knockout mice thinness, we took a cue from our previous
studies where we showed that Auga induces neurite elongation
in neuroblastoma cell lines (10). To determine whether Auga
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Fig. 5. Reduced AgRP projections leads to suppressed Alk phosphoryla-
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can also mediate a similar response in mouse neuronal cultures,
we isolated neural stem cells from a wild-type animal and stim-
ulated them in the presence of recombinant mouse Augo
protein. This experiment showed a robust increase in neurite
formation, as shown in S/ Appendix, Fig. S6A by staining with
microtubule-associated protein-2. We next examined the possi-
bility of whether Auga deletion may affect the arborization of
AgRP neuronal projections to the PVN, a critical region that
regulates energy homeostasis downstream of ARC. In this
experiment serial sections of the PVN isolated from adult and
P15 brains of Auga-Gfp/+; AgRP-Cre; Ail4-tdT and Augo-
Gip/Gfp; AgRP-Cre; Ail4-tdT mice were analyzed for AgRP
axon arborization into the PVN. We observed that axonal pro-
jections of AgRP neurons onto PVN neurons were significantly
reduced in numbers, indicating a disruption in metabolic cir-
cuitry (Fig. 5). These results suggest a potential role of Auga in
the development of the metabolic circuit.

It was previously demonstrated that Alk is expressed in a
subset of PVN neurons and that knockout of Alk leads to thin-
ness (22). Additionally, in situ hybridization data of Alk from
Allen Brain Atlas and experiments performed in our laboratory
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confirmed Alk localization in the PVN (87 Appendix, Fig. S6 B
and (). Mechanistically, Auga binding stimulates tyrosine
autophosphorylation and Alk activation, leading to stimulation
of Alk-dependent intracellular signaling pathways (10). To
determine if Auga expression in ARC and/or the PVN influen-
ces Alk activation within the PVN, we performed immunolab-
eling of Alk using antibodies that bind to the Alk extracellular
domain as a measure for Alk level and phospho-Alk (pAlk)—
selective antibodies as a measure of Alk activation in the brains
of Auga-Gfp/+; AgRP-Cre; Ail4-tdT and Augo-Gfp/Gip;
AgRP-Cre; Ail4-tdT mice. This experiment showed that
tdTomato-labeled AgRP projections are in close proximity to
pAlk-expressing cell bodies, suggesting that Auga expressed in
AgRP neurons may mediate activation of Alk within the PVN.
Moreover, GFP-labeled Auga neurons are in the vicinity of the
pAlk-expressing neurons in the PVN, revealing close proximity
of endogenous Auga with Alk, consistent with Augo-induced
Alk activation in these neurons. Further analysis of the Auga-
Gfp/Gfp; AgRP-Cre; Ail4-tdT brains revealed that the level of
pAlk is reduced in Auga-deficient mice (Fig. 5 Cand D and S/
Appendix, Fig. S6F), while the level of total Alk remains unaf-
fected in the PVN of Auga-deficient mice (SI Appendix, Fig.
S6 D and E). These results provide a mechanistic link to an ear-
lier finding demonstrating that deletion of Alk from the PVN
results in thinning of mice (22). We propose that Augo
expressed in AgRP and/or the PVN stimulates Alk activation in
the PVN, an area within the hypothalamus implicated in con-
trol of energy metabolism (22).

Experiments presented in this manuscript show that the
Augo-activated Alk signaling pathway may operate within the
hypothalamus, ARC, and PVN neurons, a region in which
signaling via MC4 receptors (MC4Rs) controls an important
metabolic process that regulates food intake. It was shown
that binding of AgRP or melanocyte-stimulating hormone
(a-MSH) to MC4R in the PVN promotes hunger or satiety,
respectively, and that aberrant activation of this pathway results
in severe cases of obesity (23-25). To determine whether
the Augo—Alk signaling pathway is linked to or part of the
a-MSH-MCA4R  signaling pathway, we analyzed single-cell
RNA-sequencing data from the PVN to identify neurons that
express Alk. Interestingly, the data presented in Fig. 6 A-D
show that Alk is not expressed in MC4R-expressing neurons,
which otherwise coexpress thyrotropin-releasing hormone
(TRH). Alk, on the other hand, is expressed in corticosterone-
releasing hormone (CRH)-positive neurons. This result was
confirmed by immunostaining analysis (Fig. 6E). These experi-
ments show that MC4R and Alk are expressed in discrete
populations of cells within the PVN, demonstrating that two
distinct mechanisms that are also responsible for pigmentation
operate within the PVN to control body weight.

Discussion

While it is now clear that Augot and Augf bind specifically to
the extracellular domains, stimulate tyrosine autophosphoryla-
tion of Alk and Ltk, and activate multiple intracellular signaling
pathways (8, 9), the physiological roles of Auga and Augf in
mammals are essentially unknown. First insights into the physi-
ological role of Augo and AugP were described in genetic stud-
ies of zebrafish homologs of Auga and AugP, revealing an
important function of the Aug—Alk axis in control of neural
crest—derived pigmentation during zebrafish development (12,
13). Mice deficient in Auga and AugP individually or mice

deficient in both molecules were generated to explore the
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Fig. 6. Gene expression analysis of Alk- and MC4R-positive neurons in the PVN. (A and B) Heat map (A) and bar plot (B) showing differentially expressed
genes from mouse hypothalamus RNA sequencing. (C) Scatter plot showing Alk and CRH correlation from the RNA-sequencing data. (D) Scatter plot showing
MC4R and TRH correlation from the RNA-sequencing data. (E) Immunostaining showing colocalization of Alk (green) and CRH (red) in the PVN from P50
mice. Bottom, magnified image of dotted box from Top. (Scale bars, 40 pm and 200 pm, respectively.).

physiological roles of Alk and Ltk ligands. In this manuscript,
we describe the role played by Auga in the modulation of brain
functions. Experiments are presented demonstrating that Augo
is expressed predominantly in AgRP neurons within the ARC
in the hypothalamus and that starvation causes strong Augo
expression in AgRP neurons, similar to other orexigenic mole-
cules. It is also demonstrated that Augo-deficient mice are thin
when either fed a normal diet or HFD. Upon 16 h of food
deprivation, Auga-deficient mice displayed increased energy
expenditure and RER, indicating failed energy-conserving
mechanisms to cope with starvation. Furthermore, upon refeed-
ing after fasting, Auga-knockout mice showed a slight decrease
in food and water intake. Interestingly, Auga-deficient mice fed

PNAS 2022 Vol.119 No.16 2200476119

on standard chow showed a significant increase in energy
expenditure, RERs, and activity without any significant change
in food intake, indicating reduced efficiency of the orexigenic
pathway to conserve energy. Consistently, Alk-deficient mice
also show a similar phenotype of thinness attributed to high
energy expenditure (22).

Auga-deficient mice showed reduced weight gain starting
from the age of 3 to 4 wk in comparison to littermate controls,
and weight differences continued to grow as the mice aged
until 1 y, the last time point recorded. It is noteworthy that
recent genome- and transcriptome-wide association studies
identified Auga as a potential gene regulating obesity and basic
metabolic rate (body mass index [BMI]) in humans. Moreover,
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a transcriptome-wide association study identified 12 genes,
including Fam150B (Augn), to be associated with childhood
obesity. This study proposed Fam150B as a candidate gene for
childhood BMI (26). Another consortium study in the United
Kingdom on adults identified a single-nucleotide polymor-
phism near the Fam150B (Auga) locus to be associated with
BMI and hereditable thinness in healthy thin (z = 1,471) ver-
sus severely obese (7 = 1,456) individuals (27).

The demonstration that Auga-deficient mice are thinner
than control mice is consistent with identification of an Esto-
nian population cohort in which Alk was shown to be linked to
thinness (22). Moreover, a short hairpin RNA screen in Dro-
sophila and the phenotype of Alk-deficient mice also revealed
thinness. Impaired Alk signaling in the PVN was implicated in
increased WAT thermogenesis and as the cause for thin mice
(22). Here, we demonstrate that Augo-expressing AgRP neu-
rons project onto the Alk-expressing neurons in the PVN and
that deletion of Auga leads to suppression of AgRP neuron
projection into the PVN. Auga-expressing AgRP projections in
the PVN are likely responsible for Alk activation as evident
from reduced Alk activation in Auga-deficient mice. This result
also provides a mechanistic link between Auga stimulation and
thinness attributed to the deficiency of Alk expression in the
PVN. Considering that AgRP neurons are part of the melano-
cortin system, that is, AgRP being a reverse agonist of MC4Rs,
and both Alk and MC4R are expressed in the PVN, our study
shows that the Auga—Alk signaling pathway is innate to but
not overlapping with the central melanocortin system. More-
over, it also shows that two distinct mechanisms
(t-MSH-MCA4R regulating food intake and Auga—Alk regulat-
ing activity/energy expenditure) playing a central role in control
of pigmentation act in concert in the hypothalamus to control
body weight. Regarding the origin of AgRP projections to
PVN Alk versus MC4R cells, it will be important to determine
whether these segregated AgRP efferents to the PVN originate
from the same cell bodies or from different parent cells. If they
arise from the same cells, thereby representing collaterals, then
the functional interplay between the melanocortin and Alk sys-
tems are more integrated in metabolism regulation than if they
arise from nonoverlapping subpopulations of AgRP neurons.
This knowledge could inform future therapeutic avenues.

In this manuscript, we also describe the initial characteriza-
tion of the phenotype of Auga- and Augf-deficient mice to
pave the way for future mechanistic studies rather than provide
a comprehensive analysis of the molecular mechanism underly-
ing the phenotype of these mice. The higher physical activity of
Augoa-knockout mice during night and day could explain their
increased energy expenditure linked to muscle contraction.
Although the Auga-knockout mice seem to have a somewhat
higher food intake, this increment may offset the increased
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caloric demand caused by increased muscle activity. Future
experiments will determine whether the enhanced physical
activity reflects behavioral alterations, for example, changes in
eating behavior, anxiety/changes in day—night balance, and
muscle-inherent modifications (e.g., changes in fiber composi-
tion, glycolytic versus oxidative fibers).

Finally, we conclude that the Auga—Alk signaling cascade
represents a neuronal signaling pathway controlling metabolic
processes that was co-opted to induce a variety of human can-
cers by aberrant expression of activated Alk mutants. Moreover,
the recent elucidation of the three-dimensional structure of free
and Aug-occupied ligand-binding region of Alk provides
important new insights about how Auga and Augf bind to Alk
and Ltk and stimulate receptor dimerization and activation (11,
28, 29). It is noteworthy that a molecular mechanism estab-
lished for ligand-induced Alk activation (11) is consistent with
the mode of action of Auga described in our manuscript.
Accordingly, Augo molecules produced in projections of AgRP
neurons may act locally in close proximity to Alk-containing
neurons in the PVN, resulting in their activation. The struc-
tural analyses reveal unique interactions with the cell membrane
that together with reduced dimensionality enable efficient
Augo-induced Alk activation. This mechanism is consistent
with the locally Auga-induced Alk activation described in this
report and is distinct from the common paradigm of how cir-
culating hormones and growth factors (i.e., insulin, epidermal
growth factor, or platelet-derived growth factor) activate their
cognate receptors (1).

Materials and Methods

Detailed descriptions of the materials and methods used in this study are avail-
able in the S/ Appendix, Materials and Methods (30-34).

Data Availability. All study data are included in the article and/or
Sl Appendix.
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