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ABSTRACT OF THE THESIS

The Role of Ubiquitin-like Modifier FAT10 in Adipose Metabolism

by

Peter Huy Tran

Master of Science in Physiological Science
University of California. Los Angeles, 2024
Professor Claudio Javier Villanueva, Co-Chair

Professor Andrea Hevener, Co-Chair

In the United States, approximately a third of the population is affected by obesity, with exercise
and dietary modifications implemented as the traditional methods of combatting metabolic-
related diseases. We identified ubiquitin-like modifier FAT10 as a novel protein significantly
correlated with adiposity. Despite the scientific literature describing FAT10 in various
inflammation-driven disorders and types of cancers, the mechanism by which FAT10 regulates
metabolic pathways in white and brown adipose tissue is not well understood. Here, we
demonstrate the dynamic expression of FAT10 in adipose tissue and show adipose-specific
FAT10 gain-of-expression mice mitigates weight gain by altering lipid metabolism and energy
homeostasis. Within white adipose depots, small adipocytes present in significantly higher
numbers with FAT10 overexpression compared to controls, while brown adipose depots present
with a decrease in lipid content. Adipose tissue overexpression of FAT10 induces lipolysis and
fuels catabolic processes such as fatty acid oxidation and UCP1-dependent non-shivering

thermogenesis. Our findings indicate FAT10 plays a diverse and critical role in both white and



brown adipose tissue regarding the regulation of lipolysis, fatty acid oxidation, and UCP1-
dependent thermogenesis, suggesting a potential therapeutic target to combat obesity and

metabolic-associated diseases.
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Introduction

Ubiquitin D (UBD) or human leukocyte antigen-F adjacent transcript 10 (FAT10) is a
ubiquitin-like modifier (UBL) that directly targets proteins for proteasomal degradation.
Ubiquitination as a post-translational modification process regulates a myriad of physiological
functions exclusively in mammalian species®. Similar to other unique derivations of
ubiquitination processes like SUMOylation and NEDDylation, FAT10 participates in a
ubiquitin-independent process called FAT10ylation’. FAT10ylation is catalyzed by activating E1
enzyme UBAG and conjugating E2 enzyme UBAG6-specific enzyme to initiate FAT10 ligation to
an E3 enzyme’*2, Interestingly, unlike in canonical ubiquitination processes where ubiquitin is
removed from its substrate protein, FAT10 remains attached and is collectively degraded through
the 26S proteasome'?. FAT10 has varying basal levels of expression across diverse tissues but
remains highly expressed in cells of the immune system as interferon gamma (INF-y) and tumor
necrosis factor alpha (TNF-a) regulate its induction’*2, With FAT10 closely associated with
various inflammation-driven pathways and its regulatory function as a UBL, many studies have
focused on how FAT10 may have a critical role in the pathogenesis of several cancers and
immune-driven diseases®811:1214,

Recent studies have shown how perturbations to FAT10 expression across the body and
in specific tissues may also influence various metabolic processes. Global knockout of FAT10 in
mice has been shown to have reduced adiposity and protective benefits from age-associated
obesity. This metabolic reprogramming due to the loss of ubiquitous FAT10 suggests its
influence on immune-metabolic-related pathways surrounding adipose metabolism®. However,
adipose-specific studies looking at the role of FAT10 in white and brown adipose tissue

metabolism remain inadequately understood. Numerous studies have also shown uncoupling



protein 1 (UCP1)-dependent thermogenesis may impact adiposity. UCP1 is primarily found in
multilocular brown adipose tissue, along with some thermogenic function in beige adipose tissue,
a hybrid between brown and white adipose'®. Through UCP1-mediated proton gradient
dissipation along the inner mitochondrial membrane, energy is lost as heat, contributing to non-
shivering thermogenesis'>*6. How FAT10 may regulate either UCP1-dependent non-shivering
thermogenesis in brown adipose tissue and its downstream effects on adiposity is poorly
understood.

Here, we sought to determine how adipose-specific gain-of-expression of FAT10 may
regulate adiposity and downstream metabolic processes in white and brown adipose tissue. To
address this, we constructed an adeno-associated virus (AAV) with an adiponectin promoter and
generated various mouse models to look at the local morphological and whole-body metabolic
adaptation as a result of the tissue-specific overexpression. Our studies determined that adipose-
specific FAT10 overexpression significantly reduces adiposity through the breakdown of
triglycerides which later fuel catabolic processes that significantly alter energy homeostasis.
These observations identify how FAT10 regulates lipid metabolism in white and brown adipose
and may potentially be used as a therapeutic to modulate adiposity and combat adipose-driven

metabolic syndrome.



Materials and Methods

Primer List for gPCR

Species Gene Symbol Forward Reverse
Mouse 18S CGCCGCTAGAGGT | CGAACCTCCGACT

GAAATTCT TTCGTTCT

Abcal CTTCCCACATTTTT | AAGGTTCCGTCCT
GCCTGG ACCAAGTCC

Abhd5 AGTGATGCGGAA | TAGGGCCCTGATC
GAAGTGGA CAAACTG

Acadl TGCACACATACAG | CATGGAAGCAGA
ACGGTGC ACCGGAGT

Acadm GCAGCCAATGATG [ CACCCTTCTTCTCT
TGTGCTTAC GCTTTGGT

Acox1 GCCCAACTGTGAC [ GGCATGTAACCCG
TTCCAT TAGCACT

Acsll ACCATCAGTGGTA | CTTCCAACCAACA
CCCGCTA CCCTCAT

Atgl CAACGCCACTCAC | ACCAGGTTGAAGG
ATCTACG AGGGATG

CD36 GTGCAAAACCCAG | TCCAACAGACAGT
ATGACGT GAAGGCT

Cidea TCTGCAATCCCAT | GTGGCTGATAGGG
GAATGTC CAGTGAT

Elova3l CCAACAACGATGA | CGGGTTAAAAATG
GCAACAG GACCTGA

Fabp4 TTCGATGAAATCA [ GGTCGACTTTCCA
CCGCAGA TCCCACTT

Hsl TGAGATTGAGGTG | GTACCTTGCTGTC
CTGTCGT CTGTCCT

Lpl AGGACCCCTGAAG | GGCACCCTCAACT
ACAC CTATA

Mgl GCTTCCGACGGAC | TGAATAACCGTTG




TTACAAC GGATGCT

UBD (1) CCTTACCCTGAAG |CTTCCAGCTTCTTT
GTGGTGA CCGTTG

UBD (2) CCTTACCCTGAAG | CTTCCAGCTTCTC
GTGGTGA GTTG

UCP1 GGAAAGGGACGA | CCGGCAACAAGA
CCCCTAATC GCTGACA




Antibody List

REAGENT/ANTIBODY SOURCE CATALOG #
uBD ThermoFisher (Invitrogen) MAS-32487
HSP90 Cell Signaling 4877S
GAPDH Cell Signaling 5174S

p-HSL Cell Signaling 4139T

HSL Cell Signaling 4107T

ATGL Cell Signaling 2138S

UCP1 Cell Signaling 14670S




Human Subjects

Gene-Derived Correlations Across Tissues (GDCAT)

A cohort of 310 human subjects (between the ages of 20-79) from the UCI Systems Genetics Lab
web interface Gene-Derived Correlations Across Tissues (GDCAT) (n=210 male and n=100
female) underwent correlative analysis that is used to help identify mechanisms of organ
crosstalk between various tissues?. FAT10 analyses were compared between both males and

females in visceral white adipose tissue as the originating tissue.

METSIM studies

Genetic association and gene expression analyses were conducted on data collected from the
metabolic syndrome in men (METSIM) study?*. The study consists of a cohort of 10,197 men
(between the ages of 45 and 73) randomly selected from Kuopio, Eastern Finland, between 2005
and 2010. For this study, no additional human samples were acquired. Correlative analysis was
conducted between adipose FAT10 expression and self-reported questionnaire responses related

to exercise frequency.

Animals

UCLA Exercise Hybrid Mouse Diversity Panel (eHMDP)

All mice were obtained from The Jackson Laboratory and bred at University of California, Los
Angeles. Mice were maintained on a chow diet (Ralston Purina Company) until 12 weeks of age
when they either were kept in normal husbandry cages or housed with an in-cage running wheel.
Exercise trained mice (TRN) housed with the running wheel were then allowed to exercise

voluntarily for 30 days. Prior to tissue harvesting, running wheels were locked to allow for 24-



hour acute training recovery and euthanized the following day. Additionally, this resource was
established to provide a platform for high-resolution genome-wide mapping and systems-level
analysis of gene-gene and gene-trait relationships. Animal studies were approved by the

University of California, Los Angeles Institutional Animal Care and Use Committee.

Acute Running Treadmills

Mice were trained on the Columbus Exer 3/6 Treadmill for 60 minutes, starting at 5
meters/minute (m/min) at a 5-degree incline for 15 minutes. The speed was then increased by 1
m/min until 15 m/min. Post-exercise recovery times were then determine based on the

experimental design. All animals were monitored during the 60-minute acute training session.

Animal characteristics

Blood and tissues were taken from 6-8-month-old, 6 hour fasted mice. Circulating parameters
were analyzed: glucose (Hemocue America 110723), insulin and leptin (Meso Scale Discovery
K15124C-1), and non-esterified fatty acids (Fujifilm 27676491, 99934691, 99534791,
99134891, 99335191). Intraperitoneal insulin tolerance tests (IPITT, 0.7 U/kg) were performed
with 6 or 16 hours fasting. Exercise performance and training (30d of volitional in cage wheel
running) as previously described*®. Body fat and lean fat were determined by NMR (Bruker).
Oxygen consumption, carbon dioxide production, respiratory exchange ratio, and energy
expenditure were determined using the Promethion metabolic screening system (Sable Systems).
Body temperature measurements were conducted using an implantable RFID microchip (BMDS
IMI-1000 Transponder) inserted subcutaneously while animals were under anesthesia. Body

temperature measurements were taken using a wireless reader (BMDS DAS-8006 IUS).



Adeno-associated virus (AAV) Injection (Local gWAT Injection)

Male C57BL/6J wild-type mice (8 months) (The Jackson Laboratory, #000664) were
anesthetized with isoflurane and fixed into a supine position. The midventral line region was
shaved and cleaned with ethanol. A 1.5-2 cm midline incision was made in the skin followed by
separation of the underlying musculature to expose the gonadal white adipose tissue (QWAT). 1
x 10t GC/ul of AAVS-hAdp-mUBD (AAV-FAT10) (Vector Biolabs, AAV-275456) dissolved
in 50 uL of saline was injected directly into the left gWAT. The same amount of control virus
(AAV-Control) and saline volume was injected into the other side of gWWAT. The body wall was
sutured, and the wound was closed with wound clips with animals recovered on a heating pad.
To prevent infection, antibiotic ointment containing polymyxin B sulfate, bacitracin zinc, and
neomycin was applied to the closed wound. Animals were observed daily for any signs of
inflammation. 7 days after surgery, the wound clips were removed. After four weeks of AAV

injection, mice were euthanized by isoflurane overdose followed by cervical dislocation.

Adeno-associated virus (AAV) Injection (Tail Vein Injection)

Male C57BL/6J wild-type mice (6 months) (The Jackson Laboratory, #000664) were restrained
in an injection cone one at a time, exposing the lateral tail vein. The lateral tail vein is sterilized
and pre-warmed to vasodilate the exposed vessel. Either 1 x 10" GC/ul of AAV8-hAdp-mUBD
(AAV-FAT10) (Vector Biolabs, AAV-275456) dissolved in 50 uL of saline or control virus was
injected directly into the lateral tail vein. Animals were then observed daily for any
abnormalities. After eight weeks of AAV injection, mice were euthanized by isoflurane overdose

followed by cervical dislocation.



Adeno-associated virus (AAV) Injection (Local BAT Injection)

Male C57BL/6J wild-type mice (8 months old) (The Jackson Laboratory, #000664) were
anesthetized with isoflurane and fixed into a supine position. The fur on the subscapular region
was shaved where either 1 x 10! GC/ul of AAVS8-hAdp-mUBD (AAV-FAT10) (Vector Biolabs
AAV-275456) dissolved in 50 uL of saline or control virus was injected. Animals were then
observed daily for any abnormalities. After eight weeks of AAV injection, mice were euthanized

by isoflurane overdose followed by cervical dislocation.

Cell culture and treatments

Cell lines, 3T3-L1 fibroblasts, were maintained in high glucose DMEM, 10% fetal bovine serum
with penicillin/streptomycin. To obtain differentiated white adipocytes, cells were allowed to
reach confluence and switched the media to high glucose DMEM, 10% fetal bovine serum,
dexamethasone (1uM), IBMX (0.5 mM), insulin (5ug/mL) with penicillin/streptomycin for 2
days. Media is then switched to DMEM, 10% fetal bovine serum, and insulin (5ug/mL) with
penicillin/streptomycin for an additional 2 days. Lastly, media is switched to high glucose

DMEM, 10% fetal bovine serum with penicillin/streptomycin for the remaining four days.

Immunoblot and densitometry analysis

Mouse tissue samples were pulverized in liquid nitrogen and homogenized in RIPA lysis buffer
containing freshly added protease (complete EDTA-Free, Roche) and phosphatase inhibitors
(Phosphatase Inhibitor Cocktail 2, Sigma). All lysates were clarified, centrifuged, and resolved

by SDS-PAGE. Samples were transferred to PVDF membranes and subsequently probed with



the following antibodies for protein listed in antibody list. Densitometric analysis was performed

using BioRad Quantity One image software.

DNA & RNA extraction, cDNA synthesis, quantitative RT-PCR

DNA and RNA were extracted from a homogenous portion of gonadal white adipose and brown
adipose tissue homogenate using DNeasy/RNeasy Isolation kits (Qiagen) as described by the
manufacturer. Isolated DNA and RNA was tested for concentration and purity using a NanoDrop
Spectrophotometer (ThermoScientific). Isolated RNA was converted into cDNA, checked for
purity, and qPCR of the resulting cDNA levels was performed using the Applied Biosystems

Quantstudio 5. All genes were normalized to the housekeeping gene 18S.

ImageJ Adipocyte Quantification
Analysis of adipocyte cell area and count were processed through ImageJ open-source automated
software Adiposoft?!. For further descriptions and instructions about Adiposoft, please visit

https://imagej.net/plugins/adiposoft. Quantification and statistical analyses on adipocytes were

conducted on Python. All analyses are open-source and available on the following GitHub link:

https://github.com/peterxtran/UCLA-FAT10-Thesis. For any questions, please contact the first-

or corresponding author.

Statistical analysis
Values presented are expressed as means + SEM. Statistical analyses were performed using
Student’s t-test when comparing two groups of samples or one-way analysis of variance

(ANOVA) with Tukey’s post hoc comparison for identification of significance within and

10


https://imagej.net/plugins/adiposoft
https://github.com/peterxtran/UCLA-FAT10-Thesis

between groups using GraphPad Prism 10 (GraphPad Software). Mean differences between
groups over time were assessed by repeated measures analysis of variance. Significance was set

a priori at P < 0.05.
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Results
Dynamic FAT10 Expression in Adipose Tissue

Human leukocyte antigen (HLA)-F adjacent transcript 10 (FAT10), also known as
ubiquitin D (UBD), is a ubiquitin-like modifier found within the human MHC locus®. Early
studies first characterized the role of FAT10 in immune function due to its high inducibility to
pro-inflammatory cytokines such as interferon gamma (IFNy) and tumor necrosis factor
(TNF)>®. While FAT10 has been extensively studied in various immune-related systems, recent
studies have begun to expand on the role of FAT10 in other pathologies such as osteosarcoma?,
metabolic-associated fatty liver disease*, and adiposity®. However, as the role of FAT10 has been
described uniquely in these different diagnoses, it remains unclear the downstream pathways
affected by fluctuating FAT10 expression levels. FAT10 has been shown to serve as either an
early biomarker for advanced disease prognosis® or have regulatory protective function®. With
recent studies unraveling the complex role of FAT10 in diverse tissue types, we interrogated
transcriptomic data from the Gene-Derived Correlations Across Tissues (GDCAT)20.2, e
saw the vast FAT10 expression in various tissues but found a high number of transcripts
significantly correlated with FAT10 primarily in visceral white adipose tissue (Figure 1A).
While there continues to be a strong correlation between FAT10 expression and immune-
regulated pathways, the role of this ubiquitin-like modifier in top tissue origins such as white
adipose tissue is poorly understood.

To first contextualize the expression of FAT10 in adipose tissue, we did a comparative
screen of FAT10 gene expression across various tissues in male and female C57BL/6J mice
(Figure 1B). Across the comparative screen, FAT10 gene expression was highest in the spleen,

an immune-rich tissue system. Surprisingly, visceral gonadal white adipose tissue (JWAT) also

12



expresses high levels of FAT10, suggesting its critical role in regulating and modulating adipose-
specific signaling pathways.

With previous studies showing how a global knockout of FAT10 significantly reduces
adiposity®, we explored whether chronic exercise in mice, known to decrease adiposity, would
affect FAT10. Through the exercise Hybrid Mouse Diversity Panel (eHMDP), we looked to see
if 30 days of voluntary chronic exercise with an in-cage running wheel had any impact on
adipose FAT10 gene expression. FAT10 was the only differentially expressed gene significantly
correlated with adiposity between sedentary (SED) and chronic exercise-trained (CTRN) mice.
Further studies showed that cTRN mice exhibited a decrease in whole-body adiposity,
correlating with an increase in total running distance and a reduction in adipose FAT10 gene
expression (Figure 1C). Similar correlative relationships were seen in the Metabolic Syndrome
In Men (METSIM) study, which utilized samples collected from over 10,000 Finnish men to
investigate both the genetic and non-genetic risk factors associated with type 2 diabetes,
cardiovascular disease (CVD), and other metabolic diseases. Finnish men who reported
recommended exercise levels exhibited lower adipose FAT10 expression levels compared to
those who reported little to no exercise’ (Figure 1D). Since FAT10 is highly inducible to
inflammatory signals, we sought whether different recovery times post-exercise cessation would
influence FAT10 expression in adipose tissue?’.

To test the effect of post-exercise recovery on gWAT FAT10 expression, mice were
subjected to 60 minutes of acute exercise on a rodent treadmill and were sacrificed at 0-hour, 12-
hour, and 24-hour post-exercise cessation. Immunoblots and densitometric analyses were then
performed to examine FAT10 protein expression in gWAT between acute exercise-trained

(aTRN) and SED mice (Figure 1E). Immediately following acute exercise with no recovery,

13



FAT10 protein expression significantly increased approximately four-fold and remains elevated
12 hours post-exercise cessation. 24 hours of recovery after acute training, FAT10 protein
expression between aTRN and SED mice is normalized. In addition to elucidating the role of
exercise in regulating adiposity and the expression of the adipose FAT10 gene and protein, our
findings underscore the significance of various post-exercise recovery periods in shaping the
dynamic profile of FAT10. By delineating the unique relationship between FAT10 and adiposity,
it is crucial to delve into tissue-specific investigations to improve our understanding of its role

within adipose tissue.

FAT10 Overexpression Changes White Adipocyte Morphology

With respective changes between adiposity and adipose FAT10 expression, we hope to
characterize further how FAT10 specifically influences adipocyte form and function. Using an
AAV8-Adiponectin-FAT10 (AAV-FAT10), we hypothesized that the local overexpression of
FAT10 in the gWAT would exhibit significantly different histological phenotypes. We
aestheticized 6-month-old C57BL/6J males and made a 1.5-2 cm midline incision in the lower
abdominal region, exposing the bilateral gWAT. One gWAT depot was injected with the AAV-
FAT10 (local-AAV-FAT10), while the other gWAT depot was injected with an empty AAV
vector (local-AAV-Control) (Figure 2A).

To confirm that the local-AAV-FAT10 had an overexpression of FAT10, we used reverse
transcription-quantitative polymerase chain reaction (RT-gPCR) and conducted a pairwise
statistical analysis (Figure 2B). The gWAT samples were then formalin-fixed and sectioned for
hematoxylin and eosin (HE) staining which show significant differences in the density of

adipocytes present (Figure 2C). Through the ImageJ Adiposoft?!, an automated open-source
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software developed to analyze adipose tissue histology, histological HE sections were quantified
for adipocyte count and cell area. Upon image quantification, a pairwise statistical comparison
showed a significant increase in the number of small adipocytes in the local-AAV-FAT10
gWAT compared to the local-AAV-Control (Figure 2D). However, implications on the
metabolic mechanism behind this difference in adipocyte distribution still need to be better
understood. Whether this adipose hyperplasia phenotype is due to an increase in metabolic
activity resulting in the decrease in lipid storage or disruption of homeostatic adipocyte function
leading to lipodystrophy requires further investigation of how overexpression of FAT10 in

adipose affects whole-body physiology.

Adipose-specific FAT10 Overexpression Affects Energy Homeostasis and Metabolism

To investigate the whole-body effects of adipose-specific overexpression of FAT10, male
C57BL/6J mice were administered the same AAV-FAT10 or AAV-Control via the lateral tail
vein (Figure 3A). For the following eight weeks, body weight and body composition, including
lean muscle and fat mass, were measured. After approximately four weeks post-injection, AAV-
FAT10 mice exhibited mitigated weight gained compared to AAV-Control mice (Figure 3B).
AAV-FAT10 mice also showed a significant decrease in fat mass and an increase in lean mass
(Figure 3C). There was no change in accumulated food or water intake (Supplemental Figure
1A). With a significant difference in body weight between the two cohorts, an intraperitoneal
insulin tolerance test (ITT) was performed with either an overnight or six-hour fast. However,
both ITTs showed no significant difference suggesting FAT10 overexpression does not affect
insulin sensitivity (Supplemental Figure 1B, C). After a week of recovery, AAV-FAT10 and

AAV-Control mice were housed in metabolic chambers for one week to measure energy

15



homeostasis. The respiratory exchange rate (RER), volume of oxygen consumed (VO2), and
volume of carbon dioxide produced (VCO2) was significantly elevated in AAV-FAT10 mice
(Figure 3D, E). Surprisingly, when normalized to body weight, AAV-FAT10 mice have
significantly higher energy expenditure compared to control mice (Figure 3F). There was no
significant change in locomotor activity (Supplemental Figure 1D). These findings show that
adipose-specific FAT10 overexpression plays an underlying role in regulating adipose

metabolism and energy homeostasis.

FAT10 Regulates Lipids Metabolism Through Lipolysis and Fatty Acid Oxidation

The changes in energy homeostasis in AAV-FAT10 mice are indications of downstream
alterations in canonical molecular metabolic pathways?2. While maintaining an overexpression of
FAT10 of approximately two to three-fold of physiological range, we saw similar histological
differences as seen with the local-AAV-FAT10 cohort (Figure 4A, Supplemental Figure 2A).
Within the gWAT of AAV-FAT10 mice, adipocytes within the depot were significantly smaller
compared to controls. Similarly, Oil Red O was performed on differentiated 3T3-L1 FAT10
overexpression cells, showing an overall decrease in triglycerides and lipids with increased
FAT10 expression (Figure 4B, C). Understanding that adipose triglycerides are broken down into
fatty acids to fuel catabolic processes, we also saw that there was a significant decrease in non-
esterified fatty acids (NEFA) in the plasma and liver triglycerides (TG) in AAV-FAT10 mice
(Supplemental Figure 2B, C).

To examine the impact of adipose FAT10 expression on downstream lipid pathways,
gene expression analysis was conducted on differentiated 3T3-L1 FAT10 overexpression cells

and white adipose tissue from AAV-FAT10 mice. Interestingly, pathways such as fatty acid
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oxidation and lipolysis was trending upwards in AAV-FAT10 mice and significantly increased in
3T3-L1 FAT10 overexpression cells (Figure 4D, E). Together, our findings show how
overexpression of FAT10 plays a role in regulating the breakdown of triglycerides through

lipolysis to fuel catabolic pathways such as mitochondrial fatty acid oxidation.

FAT10 Regulates UCP1-Dependent Thermogenesis

With an increased in energy expenditure associated with upregulated FAT10, we
investigated changes in brown adipose tissue (BAT) metabolism. BAT histology presented with
a decreased in lipid droplets in AAV-FAT10 mice compared to controls (Figure 5A). With a
decrease in lipid accumulation in the adipose depot, lipid metabolism pathways such as lipolysis
and fatty acid oxidation were trending upwards similar to that seen in WAT (Figure 5B). To
determine changes in thermogenic pathways, we also did gene and protein analysis of UCP1, a
key mitochondrial protein involved in regulating non-shivering thermogenesis. While gene
expression remained unchanged for UCP1, other thermogenesis genes had a trending increased
(Figure 5C). Moreover, UCP1 protein levels were significantly increased, paralleling the
increased in energy expenditure seen previously (Figure 5D). To further interrogate if FAT10
overexpression in brown adipose tissue translated to increased thermogenic capabilities, AAV-
FAT10 was locally injected into the BAT (BAT-AAV-FAT10), where mice were fed a high-fat
diet. Across seven weeks on high-fat diet, there was no change in body weight (Figure 5E). Body
temperature remained unchanged under baseline room temperature conditions (Figure 5F).
However, when placed in a four-degree cold-stress environment, BAT-AAV-FAT10 mice could

maintain their core body temperature up to four hours, where the body temperature of the

17



controls gradually decreased over time (Figure 5F). Together, our findings show how

overexpression of FAT10 can mediate UCP1-dependent thermogenesis.
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Figure 1. Dynamic FAT10 expression in adipose tissue. (A) Significantly correlated genes

associated with FAT10 originating from visceral white adipose tissue. (B) Baseline FAT10 gene
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expression in male and female C57BL/6J mice across diverse tissues. (C) White adipose FAT10
gene expression correlated with sedentary and exercise-trained mice adiposity of the eHMDP.
Decreased adiposity is significantly correlated with decreased adipose FAT10 gene expression.
(D) Adipose FAT10 gene expression amongst male human subjects who self-reported little to no
exercise or performed the recommended amount of exercise. Exercise is significantly correlated
with decreased adipose FAT10 gene expression. (E) Immunoblot and densitometric analysis of
FAT10 protein expression in gonadal white adipose tissue (JWAT) was conducted on acute
exercise male mice following different post-exercise recovery timepoints. FAT10 protein
expression increases post-exercise following no recovery and remains elevated until 12-hours
post-exercise recovery. Following 24-hours post-exercise recovery, FAT10 protein levels are

normalized. Data are presented as mean + SEM. * p < 0.05, ** p < 0.005.
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Figure 2. FAT10 overexpression changes white adipocyte morphology. (A) Schematic depicting
the local injection of AAV-FAT10 and AAV-Control in bilateral gonadal white adipose tissue
(QWAT) (Biorender). (B) Pairwise comparison validating the overexpression of FAT10. (C)
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Hematoxylin and eosin (HE) staining of the locally injected AAV-FAT10 and AAV-Control fat
depots showing an increase in the number of small adipocytes with FAT10 overexpression. (D)
Quantification of cell area and density through Adiposoft. Validated an increase in small

adipocyte density with upregulated FAT10.
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Figure 3. Adipose-specific FAT10 overexpression affects energy homeostasis and metabolism.
(A) Schematic depicting the injection of AAV-FAT10 or AAV-Control through the lateral tail
vein (Biorender). (B) Body weight measurements across 8-weeks showing significant mitigated
weight gain starting at week 4 with AAV-FAT10 mice. (C) Body composition measurements
showing AAV-FAT10 mice decreasing in fat mass and increasing in lean mass across time. (D)
Respirometry data showing increase of volume of oxygen consumed and carbon dioxide
produced in AAV-FAT10 mice. (E) Respiratory exchange rate is increased with AAV-FAT10
mice. (F) Energy expenditure correlated with body weight shows increase trends with FAT10

overexpression. Data are presented as mean + SEM. * p < 0.05, ** p < 0.005.
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Figure 4. FAT10 regulates lipids metabolism through lipolysis and fatty acid oxidation. (A) HE
shows an increased number of smaller adipocytes in the gWAT of AAV-FAT10 mice compared
to controls. (B) Oil Red O (ORO) staining in 3T3-L1 differentiated adipocytes with a significant
decrease in lipid droplets indicated by red staining with FAT10 overexpression. (C) Optical
density (OD) quantification at an absorbance 500 nanometers (nm) showing a significant
decrease in ORO staining with FAT10 overexpression. (D) Gene expression in gWAT of AAV-
FAT10 mice showing a trending upregulation of fatty acid oxidation and lipolysis related genes.
(E) Gene expression in 3T3-L1 differentiated adipocytes showing a statistically significant
increase in fatty acid oxidation and lipolysis. Data are presented as mean + SEM. * p < 0.05, **

p < 0.005, *** p < 0.0005, **** p < 0.00005.
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Figure 5. FAT10 regulates UCP1-dependent thermogenesis. (A) HE of brown adipose tissue

(BAT) between AAV-Control and AAV-FAT10 mice. (B) Gene expression in BAT for genes
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related to fatty acid oxidation and lipolysis trending upwards. (C) Gene expression in BAT for
UCP1 show no significant trends or differences. Other thermogenesis-related genes trending
upwards. (D) Immunoblot and protein densitometry analysis of FAT10 and UCP1 protein levels,
where both are significantly increased. (E) Body weight of BAT-AAV-FAT10 mice across 7
weeks with no change. (F) Baseline body temperature at room temperature (21°C) following six
hours of cold exposure (4°C). BAT-AAV-FAT10 mice are capable of maintaining body
temperature up to four hours of cold exposure compared to controls. Data are presented as mean

+ SEM. * p <0.05, ** p <0.005.
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Supplemental Figure 1. (A) Measurements of accumulated food and water intake across three

days showing no significant differences. (B) Intraperitoneal insulin tolerance test (ITT) with an

overnight (16-hour) fast showing no significant difference between cohorts. (C) Intraperitoneal

ITT with a 6-hour fast showing no significant difference between cohorts. (D) Average activity

levels in meters (m) per day measured across three days in the metabolic chamber have no

significant difference.
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Supplemental Figure 2. (A) FAT10 gene expression in gonadal white adipose tissue between

AAV-Control and AAV-FAT10 mice. (B) Non-esterified fatty acids (NEFA) measured in

circulating plasma showing a significant decreased in AAV-FAT10 mice. (C) Liver triglycerides

(TG) significantly decreased in AAV-FAT10 mice. Data are presented as mean + SEM. * p <

0.05, ** p < 0.005.
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Graphical Abstract. FAT10 plays an important role in the breakdown of triglycerides and lipids
in both white and brown adipose tissue through lipolysis. Fatty acids from these processes are
then used to fuel catabolic processes such as fatty acid oxidation (FAQ) and UCP1-dependent

thermogenesis, influencing energy homeostasis.
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Discussion

In this study, we provided evidence that ubiquitin-like modifier FAT10 plays a critical
role in regulating lipid metabolism in white and brown adipose tissue. Beyond its high
inducibility to inflammatory ligands and its downstream effects in immune-related pathologies,
FAT10 facilitates the breakdown of lipid stores in adipose tissue to fuel catabolic processes such
as fatty acid oxidation and UCP1-dependent thermogenesis.

Present literature has extensively described the mechanism of action of FAT10 in
neurodegenerative diseases and cancer®®1214 However, there continues to be a lack of
consensus of how perturbations of FAT10 are associated with various pathologies. A study
looking at the global knockout of FAT10 saw modulations in adiposity through upregulation of
beta-oxidation in skeletal muscle and increases in energy expenditure®. While fatty acid
oxidation and energy expenditure is upregulated in our adipose-specific overexpression model,
the phenotypes present in the global knockout may be due to a compensatory response or
complex organ crosstalk due to the ubiquitous loss of FAT10. Another study utilizing a tissue-
specific overexpression of FAT10 in the liver showed impairments of peroxisome proliferator-
activated receptor a (PPARa)-mediated lipid metabolism and accumulation of lipids resembling
phenotypes of metabolic-dysfunction associated steatotic liver disease (MASLD)?. Herein, our
study sought to investigate the role of FAT10 in adipose tissue to contribute to a better
understanding of its role in a tissue-specific manner.

Through our studies, we provide evidence of how expression of FAT10 variable and
dynamic given different conditions of adipose physiology. With chronic, voluntary exercise,
mice exhibit an overall decrease in adipose FAT10 expression that parallels decrease in

adiposity. However, with varying timepoints of post-exercise recovery after acute treadmill
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running, we find that adipose FAT10 is variable with dynamic protein levels. To investigate the
adipose-specific role of FAT10, we first constructed an adiponectin-driven AAV that was locally
injected to the gWAT. Herein, we saw significant changes in adipose morphology, where the
white adipose depot presented with an increase number of small adipocytes compared to its
internal control. To investigate the effects on adipose metabolism, AAV-FAT10 was
administrated through the tail vein which result in mitigated weight gain and a significant
decrease in fat mass. Further studies then demonstrated an overall increase in lipolysis,
decreasing the lipid droplets stored in both white and brown adipose tissue. Interestingly, energy
expenditure was also increased with adipose FAT10 expression levels, leading us to identify an
increase in catabolic processes such as fatty acid oxidation and non-shivering UCP1-mediated
thermogenesis. While our findings begin to characterize the role of FAT10 in white and brown
adipose tissue, further experimentation describing FAT10 as a ubiquitin-like modifier and its role
in regulating protein stabilization and localization may improve our understanding of its
mechanistic regulation of metabolic processes.

Together, we show the dynamic expression of FAT10 in adipose tissue and how it
regulates energy homeostasis by breaking down lipid stores through lipolysis to fuel energy-
demanding metabolic pathways like fatty acid oxidation and thermogenesis (Graphical Abstract).
More importantly, our study emphasizes the importance of studying FAT10 in a tissue-specific
manner to further improve our understanding of the role of FAT10 in metabolism. These
findings suggest that FAT10 is essential in the homeostatic regulation of energy metabolism,
suggesting that FAT10 may be a target for future therapeutic interventions for obesity and

metabolically associated diseases.
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Conclusion

Our findings suggest that FAT10 plays a pivotal role in regulating lipolysis pathways in
both white and brown adipose tissue, where lipid stores are broken down into fatty acids to fuel
catabolic and energetic pathways. Primarily, these catabolic pathways consist of an upregulation
of fatty acid oxidation and UCP1-dependent thermogenesis. This study also emphasizes the
importance of studying FAT10 in a tissue-specific manner to better characterize its role in the
scheme of whole-body physiology and metabolism. Together, this study suggests that FAT10
may be targeted as a therapeutic to potentially ameliorate the burden of obesity and metabolically

associated disease.
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