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ABSTRACT OF THE THESIS: 

Investigating Ubiquitin Like Modifier, UBD, Linking Genetic Variation to Weight Loss After Exercise 

 

by 

 

Brayden K. Leyva 

Master of Science in Physiology 

University of California. Los Angeles, 2022 

Professor Mark Frye, Co-Chair 

Professor Andrea Hevener, Co- Chair 

 

 Obesity incidence worldwide continues to rise annually and is considered a major contributor to 

the pathobiology of other life-threatening diseases including cardiometabolic disorders and cancers. 

Globally, obesity is responsible for over 67.5 billion dollars of healthcare expenditure and over 4 million 

days lost to absenteeism in the workforce. Therapeutics targeting increased adiposity besides prescribed 

exercise are minimal. Additionally, mechanisms that underlie adipose tissue weight loss in response to 

exercise training remain inadequately understood. We utilized mouse genetics and a human Genome 

Wide Association Study (GWAS) to identify candidate genes driving reductions in adiposity associated 

with daily exercise. In a 100-strain mouse panel, we performed Ribonucleic Acid (RNA) sequencing on 

gonadal and inguinal fat pads from sedentary (SED) vs exercise trained (TRN) animals. We identified 

transcripts associated with fat pad mass after 30 days of volitional activity. We cross-referenced putative 

exercise-responsive and adipocyte-regulatory transcripts against other mouse panels from our laboratory, 

as well as human exercise studies. Adipose tissue RNA sequencing data from the METabolic Syndrome 

In Men (METSIM) study of 10,000 Finnish men, was plotted against self-reported activity level. We 

performed caloric modification studies in 5 strains of mice to determine whether TRN-impacted targets 

were differentially expressed in adipose tissue in response to caloric intake. We mined adipose tissue 
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RNA sequencing data from the 4-core genotype mouse panel to determine target regulation by sex 

(chromosomes vs hormones). Adipose Ubiquitin D1 (UBD1) transcript was inversely associated with 

exercise-induced adipose tissue weight loss (P=5.2*10 -13 ). Moreover, adipose tissue UBD1 expression 

was elevated in females compared to males (P<0.01), and its expression was impacted by caloric intake 

and X chromosome-linked mechanism(s). Gene dosing studies in adipocytes to interrogate molecular 

actions of UBD1 on adipocyte metabolism are underway. UBD1 is an exercise-responsive transcript with 

sexually dimorphic expression. Reduction in adipose tissue expression following 30 days of wheel 

running was highly associated with exercise-induced adipose tissue weight loss in a large panel of mice, 

and this relationship was confirmed in human subjects. These data suggest that repression of specific 

targets in adipose tissue, including UBD1, may in part underlie the remarkable remodeling that occurs in 

adipose tissue depots as a consequence of daily physical activity. Identification of the molecular 

transducers that deliver the health benefits associated with exercise training will improve clinical care of 

individuals suffering from cardiometabolic related diseases. 
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Introduction 

The National Institute of Health (NIH) has made a significant investment through the Office of 

the Director Common Fund, to investigate the molecular transducers of physical activity (MoTrPAC) 

to determine the exercise-induced adaptations that are critical for driving improvements in human 

health. Exercise remains an important clinical intervention to combat metabolic dysfunction and obesity 

however mechanisms that underlie adipose tissue weight loss in response exercise training remain 

inadequately understood. Obesity incidence continues to rise annually, and new data from the Center 

for Disease Control and Prevention (CDC) indicates that the percentage of adults in America who are 

currently overweight is 69% while ~36% are obese. The National Institute of Health (NIH) estimates 

over 40% of adults living in the United States are clinically obese, and over 40% of adults worldwide 

are at least overweight. Increased adiposity is strongly associated with increased risk of morbidity and 

mortality as obesity is an underlying factor in the pathobiology of cardiometabolic disease and certain 

cancers. This level of adiposity has devastating consequences with negative physiological and 

economic implications. In fact, inadequate levels of physical activity are estimated to cost at least $67.5 

billion globally in health-care expenditure and lost productivity per year. Weight loss generally occurs 

in rodents and humans following chronic exercise and may be partially unrelated to the temporary 

increase in energy demand during and shortly after exercising31-35. While sustained physical activity 

over long periods of time is known to reduce disease burden and improve general well-being, the 

molecular transducers, especially those related to the well-known exercise induced reduction in weight 

loss, are not well understood. Remarkably, to date, there are few effective therapeutics for human 

weight loss, and exercise/sustained physical activity is one of the only proven interventions to reduce 

disease burden and improve general well-being. However, the molecular transducers, especially those 

related to the well-known exercise induced reduction in adipose mass, are not well understood. 

Moreover, the role genetic background and biological sex play in modulating these mechanism(s) 

driving exercise reduction in adiposity remains inadequately studied. Our laboratory has developed a 

mouse resource called the University of California, Los Angeles (UCLA) exercise (Exc) Hybrid Mouse 
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Diversity Panel (HMDP) which serves as a rich phenotypic and multi-omics resource for studying 

exercise and its effects including ~8,500 tissue samples, five transcriptomics data sets, fecal 

metagenomics, and sixty metabolic, clinical, and cellular traits. In assessing gene-trait relationships we 

identified UBD1 as one of the top genes differentially expressed in adipose tissue in response to 

exercise training. A reduction in expression of UBD1 was strongly associated with adipose tissue 

weight loss after 30 days of volitional wheel running. The post-translational modification of proteins 

with ubiquitin or ubiquitin-like modifiers (ULMs) is a central mechanism to regulate the stability, 

protein-protein interactions, and cellular localization and function of these modified proteins. How 

UBD1 is regulated during exercise training is poorly understood and identifying the mechanisms by 

which UBD1 controls adiposity will determine UBD1’s potential therapeutic value to improve human 

health. 

Human leukocyte antigen F adjacent transcript 10 (FAT10) also known as Ubiquitin D (UBD1) 

is a member of the ubiquitin-like modifier (ULM) family61. UBD1 is present exclusively in mammals 

and localized in the MHC class 1 locus, directly targeting proteins for proteasomal degradation. Protein 

expression is mainly concentrated in the immune system as well as adipose tissue, skeletal muscle, and 

liver. UBD1 is one of the only ULMs which directly targets its substrates for degradation by the 26S 

proteasome, and is ubiquitously induced in response to IFN-y or TNF-a. In fact, UBD1 is one of the 

most differentially expressed genes (DGEs) in models of inflammation, and regulates pathways 

involved in cancer. Structurally, FAT10 is unique in that it is composed of two UBL domains that are 

connected by a short link of five amino acids. FAT10 is relatively small and contains a molecular weight 

of 18.3 kilodaltons (kDa)61. Aichem et al., and Hipp et al., discovered FAT10’s short half-life in cells 

(1 hour) due to the absence of recycling of ubiquitin at the proteasome via deubiquitylating enzymes 

(DUBs), but instead found it is degraded with its substrates by the proteasome. NEDD8- ultimate buster 

1 (Nub1L), the FAT10 non-covalent long isoform partner speeds up this process eight-fold and is 

responsible for this increased rate of degradation62-63.  
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FAT10 plays a major role in both adaptive and innate immune responses. Briefly, FAT10 

expression alters MHC class 1 molecule peptide presentation in medullary thymic epithelial cells 

(mTECS) which function to aid in T-cell selection. Buerger et al. found that when FAT10 is N-

terminally infused to pp65, MHC class I presentation of the human cytomegalovirus (HCMV)- derived 

antigen pp65 is enhanced in Henrietta Lacks (HeLa) cells, while Schliehe et al. discovered enhancement 

of presentation and degradation rate of lymphocytic choriomeningitis virus (LCMV) epitopes on MHC 

class I molecules fused to the N-terminus of the LCMV nucleoprotein64-65. FAT10 is also thought to 

play a part in autophagy, and Aichem et al. demonstrate Fat10 is shown to promote changes in substrate 

binding partners, cellular localization, and efficacy of transcriptional factors61. Most notably however, 

FAT10 is known to target hundreds of proteins within the 26S proteasome for degradation, and more 

recently Roverato et al. published a distinct interplay between FAT10 and Parkin, an E3 ubiquitin ligase 

whose mutations via the PARK2 gene are associated with Parkinson’s disease66. FAT10 has been 

shown to conjugate to Parkin while regulating its degradation dependent of the proteasome. Parkin 

binds to FAT10’s E2 enzyme where it auto-FAT10ylates regulating FAT10 ylation of Mitofusin2 

indicating it as a FAT10 E3 ligase and signifying its role in mitochondria. This FAT10ylation of Parkin 

inhibits its mitochondrial depolarization activation causing mitophagy impairment66. Our laboratory 

has made the observation that there is poor correlation between mRNA and protein abundance 

especially for nuclear encoded genes that modulate mitochondrial form and function. Additionally, we 

observed that Parkin regulates adiposity by coordinating mitophagy. Canaan et al. developed a UBD1 

KO mouse that not only demonstrated leanness with reduced body fat compared to control, but also 

showed a reduction of the development of age-associated obesity, and an increased lifespan54. 

Collectively these data support our hypothesis that FAT10 is linked with the regulation of the 

mitochondrial control E3 Ubiquitin ligase Parkin in the control of adiposity and exercise-induced 

adipose tissue weight loss. These data are supportive of the notion that UBD1 plays a role in the 

regulation of adiposity. Additionally, Parkin is a UBD1 substrate and Parkin too is directly correlated 

with adiposity and inversely associated with mitochondrial DNA (mtDNA) copy number (CN). We 
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have previously shown a strong inverse correlation between adiposity and mtDNA CN, a surrogate for 

mitochondrial density.  

 

 

 

 

 

 

 

 

 

 

*Schematic showcasing Ubd actions and highlighting its action in disease pathobiology68 
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METHODS 

We utilized mouse genetics and human GWAS to identify candidate genes driving reductions in 

adiposity that are associated with daily exercise. Because previous studies interrogating the benefits of 

exercise have been performed predominantly on a limited number of tissues and pathways, we employed 

an unbiased assessment of whole animal trait and genome wide responses to exercise training with a focus 

on adipose tissue. Mice from the Hybrid Mouse Diversity Panel (HMDP) performed voluntary wheel 

running for 30 days. The HMDP is a powerful and unique genetic resource consisting of 100 diverse inbred 

strains of mice.  We have previously used the HMDP to perform molecular dissection of complex traits, 

especially related to cardiometabolic disorders17-19. The HMDP enables high-resolution genome wide 

association studies (GWAS) and assessment of gene-by-environment interactions (in this instance physical 

activity). The HMDP has been particularly powerful when integrated with multi-omics analyses. In the 

current study 12 tissues were harvested from each animal of the exercise (Exc)HMDP providing 

quantification of 30 distinct whole-body and tissue-specific physiological traits; however, herein we 

focused on findings in adipose tissue. Furthermore, we integrated our ExcHMDP data with the human 

METSIM Study (deep phenotyping of 10,000 men from Finland) and Skeletal Muscle, Myokines and 

Glucose Metabolism (MyoGlu) study, which includes longitudinal collection of clinical traits and multiple 

biopsies of tissues following acute (one session of exercise training) and long-term (12 weeks) exercise 

intervention20. MyoGlu, METSIM and ExcHMDP are complementary data sets where both human and 

mouse samples of several tissues were subjected to multi omic analysis and these data were subsequently 

integrated with a variety of phenotypic traits.  To address the role of genetics in the exercise response, we 

used a 100-strain panel of mice, the Hybrid Mouse Diversity Panel (HMDP)39. All HMDP strains are inbred 

allowing for reliable comparisons to be made between different HMDP studies; thus, the HMDP is an 

expandable data resource. In our study, termed the ExcHMDP, mice from each strain were randomly 

divided into two groups, exercise trained (TRN), or sedentary (SED), no exercise. Mice were allowed to 

exercise train using an in-cage running wheel for thirty days, which is considered a sufficient time to induce 
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exercise training adaptations40-41. Following the experimental time frame, wheels were locked, and mice 

were euthanized 30 hours later to avoid the confounding effects of the last exercise bout42. Food was 

withdrawn from the cage and mice were fasted during the last 6 hours of the 30-hour recovery period from 

the last exercise bout to ensure a postabsorptive state. We examined the translational relevance of our 

findings in mice by integrating our results with a retrospective longitudinal exercise study including aerobic 

exercise training, clinical parameters, and molecular measurements in human subjects. The Skeletal 

Muscle, Myokines and Glucose Metabolism (MyoGlu) study consisted of twenty-six Norwegian male 

subjects as described previously21. The biopsy schedule employed allowed us to examine acute (a single 

session of exercise training) and chronic (long-term exercise training) exercise responsive genes. 

Metabolic Syndrome in Men (METSIM) was interrogated for the study of adipose tissue insulin sensitivity 

including 8460 nondiabetic participants from an ongoing population based cross-sectional METSIM study 

were included. Tissue-specific expression data were obtained from GeneSapiens, version IST4, containing 

expression data of 16 adipose tissue samples from healthy human tissue, measured with Affymetrix gene 

expression microarrays. METSIM adipose array data are available from Gene Expression Omnibus 

(GSE70353). Gene-trait relationships presented here were obtained from 770 male participants4,11,13. 

RNA sequencing was performed on fat pads from sedentary vs exercise trained (TRN) animals of the 

ExcHMDP (n=200 per condition). mtDNA copy number was determined by qPCR (n=100 per condition).  

We identified transcripts associated with fat pad mass after 30 days of volitional activity. We cross-

referenced putative exercise-responsive, adipocyte-regulatory transcripts against other mouse panels from 

our laboratory, as well as human exercise studies. Adipose tissue RNA sequencing data from the METSIM 

study, was plotted against self-reported activity level. We performed caloric modification studies in 5 

common strains (C57Bl/6J, AJ, DBA, CHC3, and BalbC) of mice to confirm whether TRN-impacted 

targets were differentially expressed in adipose tissue in response to caloric intake. We mined adipose tissue 

RNA sequencing data from the 4-core genotype mouse panel to determine target regulation by sex 

(chromosomes vs hormones). 
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Floxed Kdm5c mice were backcrossed to C57BL/6J to generation N11 and then crossed with C57BL/6J 

Ella:Cre mice (Jackson Laboratory) to generate heterozygous knockouts of the floxed allele through Cre-

lox recombination. Subsequent generations were crossed with C57BL/6J mice to eliminate Cre and the 

floxed allele. Because male Kdm5/–/Y mice were not viable on a C57BL/6 inbred background, female XX 

Kdm5c+/+ and Kdm5c+/– mice produced by mating Kdm5c+/– females with WT males were studied67. 

FCG mice were housed 2 per cage with identical genotypes, and mice of the Kdm5c gene dosage model 

were housed 2–4 per cage. All mice were maintained under a 12-hour light/12-hour dark cycle. Mice were 

initially fed a Purina Rodent Laboratory Chow diet containing 5%–6% fat from calories (Purina 5001). 

Where indicated, adult FCG and Kdm5c mice were fed a high-fat diet (S3282, Bio-Serve; 60% calories 

from fat, 26% from carbohydrate, 15% from protein)67. 
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RESULTS 

Utilizing the excHMDP, we discovered that 80 of the 100 strains showed a reduction in 

adiposity with exercise training, weight loss varied based upon genetic background.  Weight loss was 

more strongly associated with genetic background (% of weight loss  variance explained by genetics 

= 68.2%)  than exercise volume (% of weight loss  variance explained by exercise volume = 3.1%).  

Figure1. Percent change in adiposity with exercise and running distance across 100 strains of 
the UCLA eHMDP. 

 

We  observed a ~20% reduction in adiposity  (P=5.2*10-13) following one month of  exercise training 

across the exercise Hybrid Mouse Diversity Panel (excHMDP) irrespective of genetic background.   

 

 

 

 

 

 

 

 

Figure 2. Adiposity was significantly different between TRN vs SED  (P=5.2*10-13) 
irrespective of  genetic background. 
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These data suggest some mouse strains are predisposed to more exercise induced weight loss. We 

exploited the natural variation within the excHMDP by performing a genome wide association study 

(GWAS) and identified a region on chromosome (chr) 17 that significantly associated with exercise 

induced weight-loss. 

Figure 3. GWAS for adiposity. Red line= significance threshold (P-Value: Log10 4.1*1041
. 

 

 Correlation of all chr 17 region genes with adiposity, exercise induced-weight loss, and running 

volume each displayed a significant association with one gene, FAT10 (human leukocyte antigen-F 

adjacent transcript 10) in adipose tissue (P=0.001). Adipose Fat10 expression is also  negatively 

correlated with exercise  volume (P=0.003).  

    A    B 

 

 

 

 

 

Figure 4. Adipose FAT10 correlates with adiposity. (A) Adipose FAT10 gene expression correlates 
with adiposity in sedentary or exercised animals respectively (P=0.001). (B) Adipose Fat10 

expression correlates with daily running distance (P=0.003). Dotted lines indicate linear model with 
significance. 
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Furthermore, the exercise-induced change in adiposity and adipose UBD1 expression were positively 

correlated (P=0.006). METSIM).  

 

 

 

 

 

 

 

 

 

Figure 5. Change in adiposity and change in Adipose FAT10 expression demonstrate a 
positive correlation (P=0.006). METSIM). 

 

Adipose UBD1 transcript was inversely associated with exercise-induced adipose tissue weight loss 

(P=5.2*10-13). 

 

 

 

 

 

 

Figure 6. Exercise induced Adipose tissue weight loss is inversely correlated with Adipose 
UBD1 (P=5.2*10-13). 

 

 

 In humans, self-reported physical activity from METSIM, when stratified for meeting recommended 

physical activity guidelines, adipose UBD1 expression was reduced in adipose tissue for physically fit 

vs sedentary (P=0.008).  
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Figure 7. Adipose UBD1 expression was reduced in adipose tissue for physically fit vs sedentary 
(P=0.008)(METSIM). 

 

We identified a significant positive correlation between gonadal white adipose tissue mass and 

adipose UBD1 gene expression (r2=0.751, P=7.6*10-23).  

 

 

 

 

 

 
Figure 8. A positive correlation between gonadal white adipose tissue mass and adipose 
UBD1/FAT10 expression 

 

 

 

 

 

 

              

                                                                                                              

                                                                                     



 12

 

                                                                                  

         UBD1 

                                HSP90 

                                                     

 

 

                                             

                                                                                  UBD1  

                                                                                  HSP90 

 

 

 

 

Figure 9. Quantification of male Gonadal and Inguinal White Adipose Tissue 
(GWAT/IWAT) indicate a reduction in UBD1 expression after exercise. iWAT (Protein P-
Value: 0.014935).  gWAT (Protein P-Value: 0.001226).  

 

With respect to sex as a biological variable, UBD1 expression was elevated in females compared to 

males, and its expression was impacted by caloric intake (HFD P<0.0001) and X chromosome-linked 

mechanism(s) (Kdm5c). 

 

 

 

 

 

Figure 10. UBD1 expression is regulated via the x chromosome escape gene KDM5C, not estradiol. 
Significant increase in UBD1 expression in KDM5C Knock-Out mice. 
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DISCUSSION 

Gene dosing studies in adipocytes to interrogate molecular actions of UBD1 on adipocyte metabolism are 

underway. Molecular targets of UBD1 include Parkin and P53 which we have previously shown to regulate 

mitochondrial content and adipocyte size and number. UBD1 might stabilize Parkin expression directly or 

indirectly by modifying some other Parkin binding partner. Stabilization of Parkin is permissive for fat 

accumulation. This is likely achieved by a larger adipogenic/lipogenic program that Parkin plays a role in 

but includes the downregulation of mitochondrial number. This is consistent with our data showing that 

UBD1 is increased in expression in adipose tissue following HFD-feeding. In contrast during repetitive 

bouts of activity, chronic exercise training, we show reduced expression of UBD1 and Parkin and this may 

underlie the increase in mtDNA copy number and reduction in adiposity. The increase in caloric 

expenditure seen in exercise training leading to reduced UBD1 expression is in alignment conceptually 

with the reduction in UBD1 seen in caloric restriction – thus overall shifts in caloric intake and expenditure 

seem to impact UBD1 expression to modulate adiposity. 

 

 

 

 

 

 

Figure 11. Image modified. Moore, T.M., Cheng, L., Wolf, D.M. et al. Parkin regulates adiposity by 
coordinating mitophagy with mitochondrial biogenesis in white adipocytes. Nat Commun 13, 6661 
(2022). https://doi.org/10.1038/s41467-022-34468-260 
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CONCLUSION 

UBD1 is an exercise-responsive transcript with sexually dimorphic expression. Reduction in adipose tissue 

expression following 30 days of wheel running was highly associated with exercise-induced adipose tissue 

weight loss in a large panel of mice, and this relationship was confirmed in human subjects. These data 

suggest that repression of specific targets in adipose tissue, including UBD1, may in part underlie the 

remarkable remodeling that occurs in adipose tissue depots as a consequence of daily physical activity. 

Identification of the molecular transducers that deliver the health benefits associated with exercise training 

will improve clinical care of individuals suffering from cardiometabolic related diseases. 
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