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“Innovation is the key to the future, but basic research 

is the key to future innovation” 
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ABSTRACT 
Metabolic-associated steatotic liver disease (MASLD) is the leading global liver chronic 
disease and it is estimated to affect 30% of the world population. MASLD is a progressive 
multi-stage disease characterized by an abnormal accumulation of fat in liver, also known as 
steatosis. Major risk factors for developing MASLD include obesity and metabolic syndrome. 
Patients with MASLD are at risk of developing co-morbidities such as cardiovascular disease, 
diabetes and chronic kidney disease. Unfortunately, there is no approved pharmacological 
treatment for MASLD.  

PPARα is a nuclear receptor that is activated upon fasting to coordinate the hepatic 
response against this cue. It promotes the expression of genes that are essential for fatty acid 
oxidation (FAO) and ketone body (KB) synthesis. It emerged as a promising therapeutic target 
for MASLD due to its strong protective role against the development of MASLD in mouse 
models. In addition, treatment of MASLD mouse models with PPARα agonists improves 
steatosis.  

In this thesis, we have identified NRCA1 as a novel regulator of PPARα. NRCA1 is a 
multifaceted protein that regulates many aspects of metabolic homeostasis through its action 
in different tissues. It also modulates many cellular processes, including autophagy and 
apoptosis. Essentially, liver-specific NRCA1 ablation impaired the activation of PPARα upon 
fasting, which caused a blunted upregulation of FAO and KB synthesis genes. This resulted 
in increased hepatic fat accumulation. These effects were more pronounced in aged mice. By 
using PPARα agonists, we uncovered that NRCA1 is required to fully activate PPARα.  

Interestingly, NRCA1 ablation also impaired the transcriptional activation of autophagy 
during fasting. This may be a direct effect of impaired PPARα activation, as PPARα was 
shown to be a master regulator of hepatic autophagy in response to fasting. Autophagy has 
also been established to be a protective against MASLD.  

We used a methionine- and choline-deficient (MCD) diet to promote MASLD in control 
and NRCA1-deficient mice and treated them with the PPARα agonist GW7647 to assess the 
potential role of NRCA1 in the development and treatment of MASLD. Interestingly, female 
NRCA1-deficient mice subjected to a one-week regime of MCD diet showed impaired 
activation of PPARα by the agonist GW7647. In addition, male NRCA1-deficient mice fed with 
MCD diet during 3 weeks and treated chronically with GW7647 during the diet showed lower 
response to GW7647. 

To elucidate how NRCA1 regulates PPARα activation we used the BioID technology 
to map the binding partners of NRCA1. Most of the identified interactors are involved in the 
regulation of chromatin dynamics and epigenetics, with coregulator activity and nuclear 
receptor binding functions. In keeping with this, we have also shown that NRCA1 is a 
chromatin-binding protein that interacts with RING1A, a ubiquitin ligase (E3) that acts as the 
catalytic component of the Polycomb repressive complex 1 (PRC1). The PRC1 is an 
epigenetic modulator that ubiquitinates histone H2A to suppress gene expression. In addition, 
NRCA1 interacts with UBR5, another E3 that is involved in the turnover of nuclear receptors. 
These results indicate that NRCA1 may regulate PPARα-dependent gene expression through 



 

its interaction with players of the epigenetic machinery. ChIP-Seq experiments will be key to 
confirm this hypothesis.  

 In conclusion, NRCA1 is required for the full activation of PPARα in response to fasting 
and to agonists. When NRCA1 is ablated in the liver, upregulation of FAO, KB synthesis and 
autophagy genes in response to fasting is blunted. This renders NRCA1-deficient hepatocytes 
incapable of ridding of the fat overload coming from adipose tissue lipolysis, leading to 
increased hepatic fat accumulation.  
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2. INTRODUCTION  
2.1. The liver: a key organ in metabolic homeostasis  
The liver is a key organ in metabolic homeostasis. As a central organ of metabolic control, it 
plays crucial functions for maintaining homeostasis, including nutrient sensing and regulation, 
detoxification and protein synthesis.  

The liver plays a pivotal role in nutrient sensing and regulation. In glucose metabolism, 
it regulates the production of glucose by gluconeogenesis, as well as the metabolism of 
glucose (glycolysis) and the pentose phosphate pathway. Simultaneously, it also serves as 
the main reservoir for glycogen storage, releasing glucose as needed to meet energy 
demands through glycogenolysis. These processes are finely tuned to maintain blood glucose 
levels within a physiological range1.  

In lipid metabolism, the liver modulates the synthesis and breakdown of fatty acids, 
triglycerides and cholesterol. Additionally, the liver regulates lipoprotein production, thus 
influencing the transport of lipids in the bloodstream and to distal organs. Through these 
intricate processes, the liver ensures a delicate balance between energy storage and 
utilization, responding to the body’s metabolic demand2.  

Detoxification is another critical facet of the liver’s functions. It acts as a primary site 
for the clearance of toxins and metabolic byproducts, such as urea, and converts them into 
less harmful substances that can be eliminated through excretion. This detoxification capacity 
protects the organism from potentially toxic chemical insults3.   

The liver synthesizes numerous proteins, including clotting factors, albumin and 
enzymes involved in various metabolic pathways. Many of the proteins produced by the liver 
are secreted to the bloodstream and are essential for the regulation of blood composition4. 
The liver also secretes hormone-like proteins termed hepatokines, such as FGF-21 and 
insulin-like growth factors (IGFs), including IGF-I and IGF-II5. Hepatokines regulate systemic 
metabolic homeostasis by modulating energy expenditure, glucose and lipid metabolism5. 

 Dysregulation of any of the above-mentioned hepatic functions can lead to liver 
disease. This thesis will focus on a particular disease: metabolic dysfunction-associated 
steatotic liver disease (MASLD).  
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2.1.1.  Metabolic dysfunction-associated liver disease (MASLD) 
2.1.1.1. MASLD, a silent epidemic  

Metabolic dysfunction-associated steatotic liver disease (MASLD), also known as non-
alcoholic fatty liver disease (NAFLD)6, is the leading chronic liver disease worldwide. It is 
estimated to affect approximately 25 to 30% of the world population, with varying prevalence 
across geographic regions7. The new nomenclature was introduced as an overarching term 
to include the metabolic aspects of the disease, as it is associated with metabolic dysfunction. 
Moreover, the use of the term steatotic liver disease (SLD) was adopted to incorporate a less 
stigmatizing language compared to the term fatty liver disease (FLD)6.  

MASLD is a progressive multi-stage disease characterized by an abnormal 
accumulation of fat in liver, also known as steatosis, and elevated serum levels of hepatic 
enzymes, including alanine aminotransferase (ALT) and aspartate aminotransferase (AST). 
MASLD is diagnosed when at least 5% of hepatocytes show signs of steatosis in individuals 
without secondary causes, with little to no alcohol consumption and without any indirect 
causes, such as drug consumption or other metabolic liver diseases (e.g., lipodystrophy, etc.).  

 The stages of MASLD include metabolic dysfunction-associated steatotic liver 
(MASL), metabolic dysfunction-associated steatohepatitis (MASH), liver fibrosis and cirrhosis, 
which can progress to hepatocellular carcinoma (HCC) (Figure 1). MASLD is histologically 
classified into MASL and MASH. MASL is characterized by ≥ 5% hepatic steatosis without 
evidence of hepatocellular injury. MASH manifests with ≥ 5% hepatic steatosis, and 
inflammation with hepatocyte injury (e.g., ballooning) with or without fibrosis8. It is estimated 
that 20% of individuals with MASLD have MASH, and 20% of these individuals may progress 
to cirrhosis9. Individuals with cirrhosis are at an increased risk of developing HCC10. 

 
Figure 1: MASLD spectrum. Adapted from7. Created with BioRender.    
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MASLD can be considered a silent epidemic11, as it usually manifests with no 
symptoms in most individuals until it has progressed to cirrhosis, making it difficult to detect 
the pathology in early stages. The most common symptom is right upper quadrant pain and 
fatigue, which is then confirmed by ultrasonic evidence or MRI and serum biochemistry tests 
showing increased levels of hepatic enzymes  (e.g. ALT, AST, etc.) and lower albumin levels8. 

2.1.1.2. Metabolic syndrome and genetic factors in the development of MASLD 

The metabolic mechanisms leading to MASLD are complex and involve other tissues such as 
skeletal muscle and white adipose tissue (WAT). The main cause of MASLD is a chronic 
imbalance of energy metabolism in the liver, in the form of excess energy (mostly 
carbohydrates and fat) due to excess food intake. This surplus of energy supplies is far 
superior to the capability of the liver to oxidize it or transport it as very low density lipoproteins 
(VLDLs), resulting in a net accumulation of energy in the liver as triglycerides (TGs). Mono- 
and disaccharides, especially fructose, sucrose and high-fructose corn syrup, which is 
ubiquitously present in processed foods, can activate hepatic de novo lipogenesis (DNL). 
Additionally, fructose is exclusively metabolized in the liver and is mostly converted into 
triglycerides by DNL. Skeletal muscle insulin resistance, an early sign of metabolic syndrome 
(Box 1) and prediabetes, also contributes to the development of MASLD by diverting glucose 
away from skeletal muscle into the liver for DNL. Furthermore, white adipose tissue 
dysfunction in the context of obesity also redirects lipid storage to the liver, exacerbating 
MASLD7.  Hepatic insulin resistance impairs glycogen synthesis and thus repurposes glucose 
for lipogenic pathways, further promoting MASLD12.  

 Genetic predisposition can also influence the development of MASLD. GWAS studies 
have provided valuable information on gene loci associated with MASLD susceptibility13. A 
major genetic variant concerns the gene encoding for PNPLA3 (rs738409 C>G), which results 
in the substitution of isoleucine to methionine at position 148. PNPLA3 is a lipase involved in 
the breakdown of TGs, and the I148M mutation induces a loss-of-function in its enzymatic 
activity14, which may be responsible for increased hepatic fat accumulation. This mutant 
variant has also been reported to evade proteasomal degradation and accumulate in lipid 
droplets (LDs)15, where it may affect the activity of other lipases such as ATGL.  

 Epigenetic factors are also involved in the pathogenesis of MASLD13. It has been 
reported that maternal fat intake contributes to the development of MASLD in adult offspring16. 
In this study, female mice were fed either a chow diet (CD) or a high-fat-diet (HFD) during 
gestation and lactation. The offspring were fed either a CD or a HFD after weaning, resulting 
in four offspring groups: CD/CD (offspring fed with a CD born from a mother that was fed a 
CD), CD/HFD, HFD/CD and HFD/HFD. Offspring mice were fed with CD or HFD for 15 weeks 
or 30 weeks. Interestingly, at 15 weeks of age, CD/HFD and HFD/CD offspring developed 
MASL, whereas HFD/HFD offspring developed MASH. At 30 weeks, HFD/HFD offspring had 
a more severe form of MASH compared to CD/HFD and HFD/CD offspring16.  

MASLD also has a heritable component. It has been reported that first degree relatives 
of patients with MASLD are at considerably increased risk of manifesting the disease13. In a 
family study, MASLD was significantly more common in siblings (59%) and parents (78%) of 
children with MASLD, independently of adiposity17. Moreover, studies conducted with twins 
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showed that circulating liver enzymes such as ALT have between 35-61% heritability, and 
phenotype concordance was higher in monozygotic that in dizygotic twins14.  

Currently, there is no approved pharmacological treatment for MASLD and therapeutic 
options may vary depending on the stage of the disease. Several drugs are in clinical trials, 
which target a plethora of liver proteins including nuclear receptors, among others18. Lifestyle 
intervention has also proved to ameliorate MASLD. In a 12-month weight-loss intervention 
study, it was shown that weight reduction improved histological parameters including 
steatosis, hepatocyte ballooning, inflammation and fibrosis19. Moreover, this improvement 
was dependent on the percentage of weight loss (with a positive correlation), for example 35% 
of patients who lost less than 5% of their weight (1.78 ± 0.16) had improved steatosis, whereas 
100% of patients who lost more than 10% of their weight (13.04 ± 6.6) had improved steatosis. 
Exercise also improves liver steatosis and liver stiffness independently of changes in diet20,21. 
In a study with a cohort of 233,676 subjects, moderate to vigorous exercise was shown to be 
beneficial in decreasing risk of fatty liver incidence as well as improving existing fatty liver 
during a 5-year follow-up22. In addition, a dose-response relationship between exercise 
volume and steatosis reduction has been established, independent of weight reduction23. 
Individuals performing moderate to vigorous physical activity over 400 minutes (409.7 ± 10.7) 
per week experienced higher responses compared to individuals exercising over 200 minutes 
(216 ± 15.4) per week, which in turn showed higher responses compared to individuals 
exercising over 100 minutes (101.6 ± 15.8) per week23. 

In conclusion, MASLD emerges as a complex liver disorder driven by an energy 
imbalance within the liver, with insulin resistance in key tissues and the compounding effects 
of metabolic syndrome and obesity collectively contributing to its progression and severity. 
Therefore, MASLD can be considered the hepatic manifestation of the metabolic syndrome. 
Due to its systemic nature, MASLD constitutes a risk factor for many other diseases, including 
cardiovascular diseases, diabetes and chronic kidney disease, among others24. Overall, 
among people with MASLD, cardiovascular disease are the leading cause of death, followed 
by cancer. Pharmacological treatment of MASLD is currently under evaluation with several 
drugs in clinical trials. However, lifestyle interventions, including dietary weight loss and 
exercise, look promising in the management and treatment of MASLD.  
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Box 1 | Metabolic syndrome  

Metabolic syndrome is a cluster of interconnected risk factors that significantly increase 
the likelihood of developing cardiovascular diseases, type 2 diabetes, and other health 
complications such as MASLD. At the core of metabolic syndrome is insulin resistance, 
a condition where the cells become less responsive to the effects of insulin. Insulin 
resistance results in impaired glucose uptake in insulin-sensitive tissues such as white 
adipose tissue and skeletal muscle, leading to elevated blood sugar levels and 
contributing to the development of metabolic syndrome. Increased glucose levels in 
circulation are diverted to other tissues such as liver, where it becomes a main substrate 
for DNL.  

WAT plays a critical role in metabolic health. Obesity, or excessive accumulation 
of visceral fat, particularly around the abdominal area, is associated with insulin 
resistance and inflammation, resulting in metabolic syndrome. AT is not merely a passive 
energy storage site; it secretes hormones and cytokines, also known as adipokines, 
which can disrupt insulin signaling and promote inflammation. This inflammatory state 
exacerbates insulin resistance at autocrine and endocrine level, reaching other tissues 
like skeletal muscle, thus creating a detrimental cycle that fuels the progression of 
metabolic syndrome. 

Skeletal muscle, a major site for glucose utilization, also plays a key role in 
metabolic syndrome. Impaired insulin signaling in skeletal muscle, influenced by 
adipokines, hampers glucose uptake, contributing to elevated blood sugar levels. 
Additionally, reduced physical activity and muscle mass, common in sedentary lifestyles, 
further exacerbate metabolic syndrome. 

The intricate relationship between metabolic syndrome and liver health is evident 
in the context of MASLD. Insulin resistance contributes to the accumulation of fat in the 
liver through various mechanisms, including DNL, leading to hepatic steatosis. 
Therefore, MASLD is often considered the hepatic manifestation of metabolic syndrome.  

At the molecular level, metabolic syndrome is associated with autophagy 
dysfunction. Numerous studies indicate that suppression of autophagy in WAT and liver 
impairs metabolic homeostasis in mouse models (discussed later in the thesis). 
Dysregulated or aberrant activation of nuclear receptors can also contribute to metabolic 
syndrome (discussed later in the thesis).  

In conclusion, metabolic syndrome is a complex condition characterized by the 
interplay of insulin resistance, dysfunctional white adipose tissue, and impaired skeletal 
muscle function. These components collectively contribute to the cascade of events 
leading to metabolic syndrome and its associated health risks including cardiovascular 
diseases, type 2 diabetes, and MASLD. Understanding these key components is crucial 
for effective prevention and management strategies.  



12 | INTRODUCTION 

 

 

2.1.2. The role of nuclear receptors in liver metabolism and 
homeostasis  

2.1.2.1. General aspects of nuclear receptors 

Nuclear receptors (NRs) are a class of proteins that play a crucial role in the regulation of 
various physiological processes, including metabolism, development, immunity, and 
reproduction. These receptors act as transcription factors and their key feature is their ability 
to bind to specific ligands, which can be hormones, vitamins, or other signaling molecules. 
Upon ligand binding, NRs undergo conformational changes that enable them to interact with 
DNA and modulate the transcription of target genes. Mammals express a diverse array of 
NRs, and the total number can vary among species. In humans, there are approximately 48 
NRs identified to date and they are classified according to their association with ligands 
(Figure 2). The diversity of NRs allows for a finely tuned and dynamic regulation of gene 
expression in response to a variety of signals, such as hormones, metabolites, and 
environmental cues in a tissue-specific manner25. This thesis will focus on NRs that regulate 
the transcriptional control of energy metabolism, with special emphasis on liver metabolism.  

 
Figure 2: NR classification. The NR superfamily comprises 48 members in humans and they are classified 
according to their association with ligands. Classic NRs (red) belong to the group of receptors for which natural 
ligands were known before the receptor was identified by molecular cloning (e.g. thyroid hormones receptors and 
all-trans-retinoic acid receptors). Orphan NRs (distinct shades of blue) were identified without prior knowledge of 
their ligand association, and they remain in this class even after the identification of their ligands. Orphan NRs can 
be further classified into adopted and foster homes NRs. Adopted NRs are those for which association with one or 
more well-defined high-affinity ligands has been firmly established. Foster homes NRs are those functionally linked 
to broad, ill-defined class of ligands. The remaining 16 orphan NRs have yet to be associated with a natural ligand. 
Adapted from25. 
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The general mechanism of action of NRs can be briefly summarized in the following steps 
(Figure 3):  

1. Ligand binding: NRs are activated by binding to specific ligands, which can be 
hormones, vitamins, or other signaling molecules. Ligand binding induces 
conformational changes in the receptor, leading to an active state.  

2. Dimerization: Some NRs function as homodimers or heterodimers. Dimerization is 
essential for the receptor’s ability to bind to specific DNA sequences.  

3. DNA binding: Activated NR dimers translocate to the cell nucleus, where they bind to 
specific DNA sequences called ‘response elements’. These response elements are 
typically located in the promoter regions or enhancers of target genes.  

4. Transcriptional regulation: Upon DNA binding, NRs interact with co-regulator proteins 
(coactivators or corepressors). Through the recruitment of epigenetic regulators26 (Box 
2), coactivators enhance gene transcription, while corepressors inhibit it. Typically, NR 
activation by ligand recruits co-activators. When NRs are inactive, they are bound to 
corepressors.  

5. Transcription initiation: The presence of coactivators leads to the recruitment of the 
transcriptional machinery, including RNA polymerase. This results in the initiation of 
transcription and the synthesis of mRNA from the target gene, which is eventually 
processed and translated into a protein with a biological effect.  

 
Figure 3: Mechanism of action of NRs. 1) Ligand binding, 2) Dimerization, 3) DNA binding, 4) Recruitment of 
coactivators, 5) Transcription of target genes. Created with BioRender. 
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Box 2 | Epigenetic regulators 

Epigenetics refers to changes in gene function (or expression) that do not entail a change 
in DNA sequence and it constitutes a key regulatory mechanism for gene expression. 
Epigenetics permits spatiotemporal control of gene expression in response to 
endogenous and environmental stimuli. Epigenetic regulation is achieved through 
reversible modifications in the DNA or histones: 

� DNA modifications: DNA methylation is the main DNA modification and results in 
repression of gene expression. 

� Histone modifications: DNA is wrapped around histones, forming a structure 
called chromatin. The fundamental subunit of chromatin is the nucleosome, 
which consists of a little less than two turns of DNA wrapped around 8 histones 
(histone octamer). Common histone modifications are acetylation, methylation 
and ubiquitination. These modifications affect the structure of chromatin, 
influencing gene accessibility and expression. When chromatin is accessible for 
gene expression, it is called euchromatin. When chromatin is not accessible, it is 
called heterochromatin.  

Epigenetic regulators are proteins that modulate epigenetic modifications, also known 
as epigenetic marks, and their subsequent outcomes. These proteins can be classified 
according to their action: 

� Epigenetic writers: epigenetic writers are enzymes responsible for adding 
epigenetic marks. For example, DNA methyltransferases add methyl groups to 
DNA, and histone acetyltransferases add acetyl groups to histone.  

� Epigenetic erasers: epigenetic erasers are enzymes responsible for removing 
epigenetic marks. Examples include DNA demethylases that remove methyl 
groups from DNA and histone deacetylases that remove acetyl groups from 
histones.  

� Epigenetic readers: epigenetic readers are proteins that recognize and bind to 
specific epigenetic marks. They interpret the epigenetic code and recruit 
downstream effectors to mediate an effect in gene expression. Examples include 
proteins with chromodomains or bromodomains that recognize methylated or 
acetylated histones, respectively.  

� Chromatin remodelers: chromatin remodelers are enzymes that alter the 
structure of chromatin by moving, ejecting, or repositioning nucleosomes. They 
are primarily involved in the dynamic restructuring of chromatin, allowing or 
restricting the binding of transcriptional machinery to gene regulatory regions.  

Epigenetic modifications collectively contribute to the regulation of gene activity, cellular 
differentiation, development, and response to environmental stimuli. 
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2.1.2.2. Hepatic nuclear receptors and metabolic homeostasis 

The liver expresses a subset of NRs that play a crucial role in regulating key aspects of liver 
metabolism, such as glucose and lipid metabolism. Some of the key hepatic NRs that are 
involved in liver health and disease are: farnesoid X receptor (FXR), hepatocyte nuclear factor 
4α (HNF4α), peroxisome proliferator-activated receptors (PPARs), retinoid X receptor (RXR), 
liver X receptors (LXRs) and liver receptor homolog-1 (LRH-1)27.  

� FXR: FXR is activated by bile acids and heterodimerizes with RXR. Upon activation, it 
regulates bile acid synthesis and transport, maintaining bile acid homeostasis. FXR 
also influences glucose and lipid metabolism by regulating genes involved in 
lipogenesis, gluconeogenesis and TG synthesis28.  

� PPARs: PPARs are activated by long-chain fatty acids and are key regulators of lipid 
metabolism. They heterodimerize with RXR. There are three PPARs: PPARα 
(encoded by PPARA), PPARβ/δ (encoded by PPARD) and PPARγ (encoded by 
PPARG) and they have different tissue distribution. PPARα is highly expressed and 
active in the liver, PPARβ/δ is predominantly active in skeletal muscle and PPARγ 
highest expression is in adipose tissues29. This thesis will focus on PPARα, as it is the 
PPAR with the highest expression in the liver30.  

� RXR: RXR forms heterodimers with several NRs, including PPARs, LXRs and FXR. 
These heterodimers play a key role in coordinating the regulation of liver metabolism 
and energy balance.  

� LXR: LXRs, including LXRα and LXRβ, are activated by cholesterol metabolites such 
as oxysterols and act as heterodimers with RXR. LXRs play an important role in 
cholesterol homeostasis by regulating the expression of genes involved in cholesterol 
uptake, efflux and conversion to bile acids. LXRs are also involved in the regulation of 
lipogenesis31.  

� LRH-1: LRH-1 is activated by phospholipids and it is involved in the regulation of bile 
acid homeostasis, together with FXR. It is also involved in the regulation of glucose, 
TG and phospholipid metabolism32. 

Liver metabolism is finely regulated by nutrient status, and NRs play a central role in 
orchestrating the metabolic adaptations in response to variations in nutrient availability. The 
liver serves as a metabolic hub, integrating signals from the fed and fasting states to ensure 
proper utilization and storage of nutrients through the action of NRs.  

Fed state  

In the fed state, elevated nutrient levels trigger the activation of the following NRs:  

FXR 

The release of bile acids to the intestine under fed conditions activates FXR. Activation of FXR 
inhibits bile acid synthesis through a feedback mechanism that involves SHP (small 
heterodimer partner). SHP is also a NR, but unlike others, it lacks the well-conserved DNA-
binding domain, and thus functions as a coregulator (mostly as a corepressor). FXR activation 
promotes transcription of SHP, which in turn binds and represses the transcriptional activity 
of LRH-1 and LXR. LRH-1 and LXR promote the expression of Cyp7a1, the first and rate-
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limiting enzyme in the bile acid synthesis pathway. Therefore, SHP-mediated repression of 
LRH-1 and LXR blunts bile acid synthesis. FXR activation also increases the expression of 
bile acid exporters to promote its excretion to the bile duct. Overall, FXR prevents the 
accumulation of bile acids in the liver, protecting it from its toxic effects33.  

Activation of FXR has implications other than modulating bile acid homeostasis. It was 
recently shown that FXR activation reduces the expression of key lipogenic enzymes, 
including Scd1, Lpin1 and Dgat234. FXR also represses the transcription of genes involved in 
the regulation of autophagy, thus limiting autophagy activation during the fed state35,36. 
Autophagy is cellular catabolic process of utmost importance in the liver and other tissues, 
which will also be discussed in detail in this thesis. Moreover, FXR activation ameliorates 
MASLD in mouse models through two mechanisms of action: 1) by lowering lipid intestinal 
absorption as a consequence of lowering bile acid production and 2) by repressing hepatic 
lipogenesis34. In fact, there are several FXR agonist drugs on clinical trials for MASLD18.  

LXR 

LXR activation in the liver by oxysterols, which are oxidized cholesterol derivatives, promotes 
the transcription of genes involved in cholesterol excretion and catabolism, while also 
decreases the uptake of cholesterol in the form of low density lipoprotein (LDL)31. LXR controls 
the expression of ATP-binding cassette transporters ABCG5 and ABCG8, which act as 
heterodimers to promote hepatic cholesterol excretion into the bile duct, which is then 
eliminated through bile. It also induces the expression of the rate-limiting enzyme in the bile 
acid synthesis pathway Cyp7a1, thus promoting cholesterol conversion into bile acids. 

 LXR activation also promotes DNL and TG synthesis through the expression of key 
enzymes involved in these pathways. In concert with this, LXR drives the production and 
secretion of VLDLs, providing an additional mechanism to rid the liver of cholesterol31.  

 LXR also plays an important role in cholesterol homeostasis in peripheral tissues, 
through a process known as reverse cholesterol transport (RCT). In extra-hepatic tissues, 
LXR activation induces the expression of ABCA1 and ABCG1, which transfer cholesterol to 
high density lipoprotein (HDL). HDL particles deliver cholesterol to the liver for its eventual 
catabolism. 

Coordinated response of FXR and LXR  

Early in the fed state upon nutrient intake, bile acids are released into the gut to emulsify and 
promote the absorption of dietary lipids. In response to increased levels of bile acids, FXR is 
activated. Activation of FXR limits the synthesis of bile acids and lipogenesis. Lipids are then 
absorbed by the intestine and reach the liver in the form of chylomicrons, which contains TGs 
and cholesterol. LXR senses cholesterol derivatives and is activated, which promotes DNL, 
TGs synthesis, VLDL production, bile acid synthesis and cholesterol efflux. The LXR-
mediated bile acid synthesis may also activate FXR, which promotes bile acid efflux and 
exerts a negative feedback loop on LXR. In conclusion, the coordinated activation of FXR and 
LXR in the fed state finely tunes the management and handling of dietary lipids.  
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Fasting state  

The major NR that modulates the fasting response in the liver is PPARα37. Ligands of PPARα 
include different types of fatty acids with a clear preference for long-chain poly-unsaturated 
fatty acids, as well as fatty-acid derivatives, such as eicosanoids. During fasting, adipose 
tissue lipolysis is activated through the action of several hormones, including catecholamines, 
cortisol, and glucagon, among others. This event leads to increased levels of glycerol and free 
fatty acids (FFAs) in circulation and elevated flux of fatty acids into many tissues including the 
liver. These FFAs serve as the source of endogenous ligands that activate PPARα in the 
fasting state38.  

 Activation of PPARα triggers a shift in fuel utilization in the liver towards fatty acids, 
given the high abundance of FFAs provided by WAT and low glucose availability during 
fasting, which is mostly diverted to the brain. Hence, PPARα activation upregulates the 
expression of genes involved in fatty acid oxidation (FAO) and ketone body (KB) formation, 
also known as ketogenesis. Brain cannot rely on fatty acids as fuel because of the blood-brain 
barrier, as they cannot pass through it, but it can use KBs, which is why fasting activates 
ketogenesis in the liver.   

 PPARα also activates the transcription of genes involved in the regulation of 
autophagy, also known as ATG (autophagy-related) genes36. Autophagy is a cellular recycling 
process that permits the degradation of a broad variety of substrates ranging from proteins to 
whole organelles including LDs and mitochondria, among others. Activation of hepatic 
autophagy during fasting permits the degradation of LDs, further increasing the pool of fatty 
acids for their subsequent oxidation.  

 PPARα  is regarded as a therapeutic target for MASLD as it was shown to be protective 
against MASLD in mouse models39, with several PPARα agonist drugs that have dual agonism 
(activates simultaneously PPARα and another PPAR, such as PPARγ or PPARδ) in clinical 
trials18. Ablation of PPARα in liver aggravates MASLD in mice in response to a methionine- 
and choline-deficient diet (MCD), a diet used for pre-clinical MALFD studies. Moreover, liver-
specific knockout mice develop spontaneous hepatic steatosis during ageing. Along these 
lines, it was reported that PPARα expression and activity is downregulated during aging40, 
and growing evidence suggests that aging is a relevant risk factor in the development of 
MASLD41.  
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2.2. Autophagy 
Autophagy targets cytosolic components, including proteins and organelles, to the lysosome 
for degradation. Three types of autophagy occur in mammals: macroautophagy42, 
microautophagy43, and chaperone-mediated autophagy (CMA)44. Macroautophagy 
(autophagy hereafter) is the most characterized type of autophagy and it requires the 
formation of autophagosomes, namely double-membrane vesicles that deliver the cargo to 
lysosomes. Once autophagosomes are formed, they fuse with lysosomes into autolysosomes, 
where the cargo and autophagosomes are degraded into building blocks that are recycled by 
the cell. Autophagy is a tightly regulated process that requires a complex signaling cascade 
and ATG proteins. mTORC1 and AMPK, two key metabolic sensors, control the initial events 
in autophagosome biogenesis45.  

Autophagy can take place in a non-selective manner (non-selective autophagy), which 
involves the random uptake of cytosolic material for degradation (e.g., upon nutrient 
deprivation). On the other hand, during selective autophagy, autophagosomes recruit specific 
cellular components46. Selective degradation through autophagy receives a distinct 
nomenclature depending on the cargo recruited: aggrephagy (protein aggregates), mitophagy 
(mitochondria), lipophagy (lipid droplets) etc. The degradation of cellular material by 
autophagy serves as a quality control mechanism to maintain homeostasis.  

2.2.1. Mechanistic regulation of autophagy 
Autophagy relies on the formation of autophagosomes. The initial structure that precedes the 
autophagosome is called phagophore. The upstream signaling complex in autophagosome 
biogenesis is the ULK1 complex, formed by the heterotetramer ULK1, ATG13, ATG101 and 
FIP200 (Figure 4). This complex plays a central role in autophagy signaling as it is regulated 
by the mammalian target of rapamycin complex 1 (mTORC1) and the AMP-activated protein 
kinase (AMPK), both key metabolic sensors47. The ULK1 complex anchors at autophagosome 
assembly sites, where it recruits, phosphorylates and activates the class III phosphoinositide 
3-kinase (PI3K) complex I (also known as VPS34 complex)48— composed of Vps34 (also 
known as the catalytic subunit), Vps15 (also known as the regulatory subunit), Beclin-1 and 
ATG14. This complex generates phosphatidylinositol 3-phosphates (PI3Ps) at phagophores49 
for the anchoring of the ATG2-WIPI complex, a PI3P effector that allows the recruitment of 
downstream machinery42 (Figure 4).  

Downstream of ATG2-WIPI are the ubiquitin-like (UBL) conjugation systems. As their 
name indicates, these systems resemble ubiquitin conjugation systems and they consist of a 
UBL protein, an E1-like enzyme, an E2-like enzyme and an E3-like enzyme50. The autophagic 
machinery contains two UBL-conjugation systems with shared factors: ATG12 and ATG8 are 
UBL proteins, ATG7 acts as an E1-like enzyme, ATG10 and ATG3 as E2-like enzymes and 
the conjugated ATG12-ATG5-ATG16L complex as an E3-like enzyme. In the first conjugation 
system, ATG12 is conjugated to ATG5 through ATG7 and ATG10 and subsequently binds to 
ATG16L to form an E3-like enzyme complex. In the second conjugation system, ATG8 is 
processed by the cysteine protease ATG451 and conjugated to phosphatidylethanolamine 
(PE) moieties present in nascent autophagosomes through ATG7, ATG3 and the ATG12-
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ATG5-ATG16L complex50,52 (Figure 4). Conjugated ATG8 to PE is referred to as ATG8-II and 
serves many functions: (i) further recruitment of upstream factors, generating a positive 
feedback loop, (ii) elongation and closure of nascent autophagosomes, (iii) cargo recruitment 
and (iv) fusion of autophagosomes with lysosomes53. Mammalian cells express 6 distinct 
ATG8 homolog proteins, of which the most widely studied is LC3B54. In this regard, LC3B-II 
serves as a bonafide autophagosome marker55.  

Autophagosomes recruit cargo through a variety of adaptor proteins, also known as 
autophagic adaptors or receptors, such as p6246. These adaptors recognize both the cargo, 
through ubiquitin-associated (UBA) domains and ATG8 proteins in the autophagosome 
membrane via LC3-interacting region (LIR) motives54 (Figure 4). Once the cargo has been 
engulfed, autophagosomes fuse with lysosomes, forming autolysosomes, where the cargo 
and autophagosomes themselves are degraded into recyclable building blocks (Figure 4).  

 
Figure 4: Mechanisms of autophagy. Autophagy is initiated by the ULK1 complex, which can be activated via 
mTORC1 inhibition or AMPK activation (1). The nucleation step results in the formation of the phagophore and 
requires the class III phosphatidylinositol 3-kinase complex I (PI3KC3-C1) and the WIPI2-ATG2 complex (2). 
Phagophore expansion and maturation into autophagosome requires delivery of membranes by ATG9-containing 
vesicles and other sources of membrane like the endoplasmic reticulum, and the conjugation of ATG8 homolog 
proteins to the phagophore membrane (3). Autophagic adaptors such as p62 mediate cargo recruitment. ATG8 
proteins are also required for cargo recruitment and are conjugated to autophagosome membranes through the 
action of the ATG12 and ATG8 conjugation systems. Autophagic cargo can be ubiquitinated, which may be 
essential for recognition by adaptor proteins46, which recognize both the cargo and conjugated ATG8 on the 
autophagosome membrane. For instance, p62 binds ubiquitinated protein aggregates and ubiquitinated 
mitochondria through a UBA (ubiquitin-associated) domain and interacts with LC3B (an ATG8 protein) anchored 
at the autophagosome membrane through an LC3-interacting region (LIR). The fusion between autophagosomes 
and lysosomes is mediated by the class III phosphatidylinositol 3-kinase complex II (PI3KC3-C2) (4). The fusion 
event results in the formation autolysosomes, where cargo and autophagic adaptors are degraded (5). Adapted 
from56.  
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2.2.2. Autophagy and liver physiology 
Autophagy is a fundamental cellular process in the adaptation to starvation/fasting. Hepatic 
autophagy activity fluctuates periodically depending on the fasting-feeding cycle and is under 
regulation by nutrients and hormones, including insulin and glucagon57. Activation of hepatic 
autophagy in the fasting state permits the breakdown of glycogen, lipid droplets (LDs) and 
proteins, in this order57 during severe nutrient deprivation to supply glucose, fatty acids and 
amino acids. However, during steady state conditions, basal selective autophagy also occur, 
which serves as a quality and quantity control of organelles, including mitochondria. This in 
turn regulates features of hepatic metabolism such as β-oxidation.  

2.2.2.1. Regulation of autophagy in the fed state   

Autophagy in the liver is tightly regulated by nutrient status, which is primarily sensed via 
mTORC1, a sensor of amino acids. Under nutrient rich conditions, mTORC1 is directly 
activated by increased levels of amino acids and phosphorylates many target proteins to 
inhibit autophagy at the machinery level and at the transcriptional level. For example, 
mTORC1 phosphorylates and inhibits ULK1, therefore blunting the autophagosome formation 
signaling cascade. mTORC1 also phosphorylates transcription factor EB (TFEB), the master 
transcription factor of lysosomal and autophagy genes58, to keep it inactive in the cytoplasm. 
Insulin also inhibits autophagy in the liver, although to a lesser extent compared to amino 
acids59, through the phosphatidylinositol 3-kinase (PI3K)/AKT pathway60.  

The activation of FXR in the fed state also contributes to the inhibition of 
autophagy35,36, through two possible mechanisms. FXR activation upon feeding disrupts and 
transrepresses the CREB-CRTC complex, which is a key transcriptional effector complex of 
glucagon in the fasting state (discussed later). FXR also binds directly promoters autophagy 
genes upon its activation, which promotes the recruitment of corepressors and reduces the 
recruitment of RNA polymerase II, thus repressing the expression of autophagy genes36. 

2.2.2.2. Regulation of autophagy in the fasting state   

In the fasting state, low amino acid levels and insulin lead to inactive mTORC1, therefore it 
can no longer phosphorylate its substrates. Thus, all the mTORC1-mediated inhibitory inputs 
are alleviated, which permits the activation of the autophagy machinery and the transcription 
of autophagy and lysosomal genes via TFEB58. 

 Glucagon, a key hormone secreted by pancreatic α cells in response to fasting, plays 
an important role in the activation of autophagy in liver. Glucagon stimulates production of the 
second messenger cAMP by adenylyl cyclase, which in turn activates the protein kinase A 
(PKA). PKA phosphorylates many substrates, including regulators of glucose metabolism to 
promote glycogenolysis and gluconeogenesis. An important effector of PKA is the 
transcription factor cAMP response-element binding protein (CREB). PKA phosphorylates 
CREB to induce its nuclear translocation, and it also activates the nuclear translocation of 
CREB-regulated transcription coactivator (CRTC). As a consequence, CREB forms a complex 
with CRTC that binds cAMP response elements, thus upregulating the expression of genes 
related to gluconeogenesis (e.g. pyruvate carboxylase, phosphoenol pyruvate cabroxykinase 
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and glucose-6-phosphatase) and autophagy35. In addition, CREB-CRTC also induces the 
expression of TFEB35.  

 PPARα activation during fasting also upregulates the expression of autophagy genes 
directly36. It has been reported that PPARα binds to enhancer regions in LC3a and LC3b, key 
autophagy genes, upon fasting or treatment with PPARα agonist GW7646, which increased 
RNA polymerase II recruitment to the genes36.  In fact, PPARα and FXR compete for the same 
elements in autophagy genes with opposite transcriptional outputs36.  

2.2.2.3. Metabolic implications of hepatic autophagy 
In the liver, suppression of  hepatic autophagy in Atg7-deficient mice results in increased total 
TG content in the liver, which can be observed in the fed state, but it becomes much more 
pronounced upon overnight fasting. This increased accumulation of TGs in autophagy-
deficient livers is due to impaired autophagy-mediated LD breakdown, also known as 
lipophagy61 (Box 3). During lipophagy, LDs associate with autophagosomes through 
lipophagy receptors and are delivered to lysosomes for their subsequent breakdown to 
release free fatty acids for β-oxidation. Not surprisingly, rates of β-oxidation are decreased in 
autophagy deficient cells61.  

In the context of obesity, genetically obese mice and high fat diet-induced obese mice 
show impaired autophagy activity, also known as autophagy flux, in liver62. In agreement with 
this observation, livers of mice challenged with a high-fat diet during 16 weeks show a 
remarkable reduction in LD-containing autophagosomes. These results suggest that fat 
overload (obesity) can impair hepatic autophagy, resulting in decreased lipophagy. Decreased 
lipophagy leads to increased accumulation of fat in the liver (steatosis), thus promoting a 
detrimental feed-forward loop.  

Autophagy ablation also impairs glucose metabolism. Adenoviral repression of Atg7 
induces ER stress and insulin resistance in the liver, and systemic insulin resistance resulting 
in increased blood glucose levels62, suggesting that suppression of autophagy may lead to 
metabolic syndrome. Additionally, restoration of autophagy in obese mice via reconstitution of 
Atg7 attenuates hepatic ER stress, improves insulin action and alleviates hepatic steatosis62. 
Moreover, it has been reported that autophagy is necessary for circadian-dependent 
regulation of gluconeogenesis in mice63.  

In conclusion, autophagy is a finely tuned cellular recycling system that is important in 
the regulation of lipid and glucose homeostasis through various mechanisms of action. 
Therefore, autophagy is necessary for metabolic health56. Alterations in hepatic autophagy, 
such as in the context of obesity, may lead to metabolic syndrome. Sustained insulin 
resistance and the inability to breakdown LDs may eventually cause hepatic steatosis and 
MASLD. Interestingly, activation of lipophagy with a synthetic lipophagy adapter protein using 
adeno-associated virus ameliorated steatohepatitis in mouse MASLD models64. Additionally, 
numerous studies suggest that autophagy declines upon aging65, which is an important risk 
factor for developing MASLD. Furthermore, autophagy is impaired in the livers of patients with 
MASLD66. Thus, autophagy emerges as a potential therapeutic target to treat metabolic 
syndrome and MASLD.  
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2.3.1. NRCA1 regulates transcription  
Initial sequence analysis of NRCA1 using subcellular localization prediction tools suggested 
that NRCA1 was predominantly a nuclear protein. Subsequent immunocytochemistry studies 
confirmed the nuclear localization of NRCA1 in proliferative cells, such as HeLa cells, C2C12 
myoblast cells and 1C9 myoblast cells  

 
. NRCA1 localization also varies from tissue to tissue. 

   
.  

 Sequence analysis also revealed that NRCA1 has a LXXLL box, also known as NR 
box , . The NR box is present in 
coregulators and allows them to bind NRs to repress or activate gene expression. 
Transcription reporter assays were performed to assess whether NRCA1 had the capacity to 
act as a coregulator of NRs. Overexpression of NRCA1 was able to  

 
   

 
 
 
 
 
 
 

 Additionally, there is a 
functional interaction between the coactivator effect of NRCA1 on NRs and known NR 
coactivators  

.  

 The role of NRCA1 as a NR coactivator was also confirmed in endogenous conditions. 
 
 
 

   
 

 .  

 The molecular mechanisms underlying the NR coactivator function of NRCA1 has yet 
to be elucidated. The NR box suggests that NRCA1 may interact physically with NRs to 
regulate their transcriptional output. 

  
 
 

 It could also be that NRCA1 enhances 
the activity of NRs through interaction with other coactivators.  
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Apart from regulating transcription of NR target genes, NRCA1 also induces the 
transcription  

   
 

. These data suggest that 
NRCA1 regulates transcription and protein synthesis.  
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while the whole protein promotes autophagy, small fragments of NRCA1  
 could inhibit it.  

 The role of NRCA1 as an autophagy activator has also been confirmed in vivo studies 
in mice. On one hand, depletion of NRCA1  
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2.3.3. NRCA1 promotes death receptor-mediated apoptosis 
Many proteins involved in the regulation of autophagy participate in the crosstalk between 
autophagy and apoptosis89, including NRCA1 .  

 
 
 
 

  
  

 
 
 
 

  

 NRCA1-deficient cells were less sensitive to  

   
 
 

.  

 NRCA1-mediated induction of 
 
 
 

   
 
 
 
 
 
 
 
 
 
 

   

 In a recent report, it was shown that kinase  
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2.3.4. NRCA1 is a master regulator of metabolic homeostasis  

2.3.4.1. Skeletal muscle 

Early indications that NRCA1 could be involved in the regulation of metabolic homeostasis 
stem from the initial hybridization assay  

 
 Reduced expression of NRCA1 was also  

 
   

 
 

  
.  

2.3.4.2. White adipose tissue  

 In white adipose tissue, NRCA1 is a negative regulator of adipogenesis  
   

 
   

 
            

 
 

  
   

Total NRCA1 ablation also promoted adipogenesis in mice. These mice showed white 
adipose hyperplasia and thus accumulated more subcutaneous and visceral adipose tissues. 
In addition, adipocytes from 4-month old NRCA1-deficient mice showed higher expression of 

 
 
 

 
 

  
 
 
 

   
 

 . 

Transcriptomic analysis in NRCA1-deficient preadipocytes indicated impaired  
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, thus repressesing adipogenesis. 

2.3.4.3. Brown adipose tissue  

In brown adipose tissue (BAT), NRCA1 plays the opposite role, it promotes adipogenesis 
   

 
 
 
 
 

 . 

 NRCA1 ablation in vivo substantially increased  
 
 
 

  
 
 

 . In keeping with all these data, 
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 Transcriptomic analysis revealed that NRCA1-deficient BAT have impaired  
 
 
 
 

.  
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2.3.4.4. Liver 

In liver, NRCA1 ablation did not cause any changes in body weight, body composition nor 
liver weight in young mice (16-week old) 

 
.  

Under fasting conditions, NRCA1-KO mice showed  
 

   
 
 

. On the other hand, fasting induced enhanced 
 

.  

Transcriptomic and gene set enrichment analysis (GSEA) in fed conditions revealed a 
downregulation in PPAR signaling and fatty acid metabolism pathways  

. ChIP enrichment analysis (ChEA) was performed to assess the putative 
transcription factors regulating the expression of downregulated genes. LXR, RXR and 
PPARα were the top enriched transcription factors, which regulate many aspects of lipid 
metabolism (2.1.2.2).  

In order to evaluate the effects of NRCA1 depletion upon nutrient overload, LoxP and 
NRCA1-KO mice at the age of 8 weeks were subjected to HFD (60% kcal of fat) for 8 weeks 
or 16 weeks. Upon 8 weeks and 16 weeks of HFD, there were no differences in body weight 
gain between genotypes. Food intake and fecal excretion were comparable between 
genotypes. However, liver weight was increased in NRCA1-KO mice after 16 weeks of HFD 
pathways .  

Glucose metabolism was impaired in NRCA1-KO mice upon HFD. In this regard, these 
mice showed higher fasting glucose levels, together with a tendency towards higher fasting 
insulin levels. The homeostasis model index of insulin resistance (HOMA-IR) is a calculation 
widely used as an estimate of insulin resistance56 and it takes into consideration fasting 
glucose and insulin levels. NRCA1-KO mice showed higher HOMA-IR values. Concomitantly, 
these mice also showed impaired glucose handling as evidenced by glucose tolerance test 

.  

Histological analysis showed increased hepatic fat accumulation of NRCA1-depleted 
mice. HFD caused a slight infiltration of F4/80-positive immune cells in NRCA1-KO animals, 
but not in LoxP littermates. Moreover, plasma analysis showed a tendency towards increased 
ALT and AST values in HFD-fed NRCA1-KO mice. Plasma KB levels were reduced in HFD-
fed NRCA1-KO mice, similarly to fed conditions. In addition, plasma cholesterol and TG levels 
were also reduced in HFD-fed NRCA1-depleted animals. These mice also showed increased 
hepatic accumulation of TGs upon 8 weeks and 16 weeks of HFD, and also increased hepatic 
cholesterol upon 8 weeks of HFD. However, 16 weeks of HFD did not further increase liver 
cholesterol levels in NRCA1-KO mice, and were actually reduced compared to LoxP animals 
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Since the increase in hepatic cholesterol upon 8 weeks of HFD was abrogated upon 
16 week of HFD, cholesterol metabolism was investigated in more detail in mice fed a HFD 
for 8 weeks. ApoA1, which is mainly synthesized in the liver and the small intestine, serves 
as an important component of high-density lipoproteins (HDLs) and accounts for up to 70% of 
the total protein content of HDLs. ApoA1 is upregulated at the mRNA and protein levels in 
HFD-fed NRCA1-KO mice. ApoA1 is essential for HDL structure, stability and function. In this 
regard, NRCA1-KO animals showed decreased number of HDL particles, but these particles 
had increased size [ . Mechanistically, primary hepatocytes 
isolated from livers of NRCA1-KO mice showed increased accumulation of free cholesterol in 
the presence of LDL, which may explain why cholesterol is more accumulated in NRCA1-KO 
livers upon an 8-week HFD. However, alterations observed in HDLs were not observed in 
LDLs.  

To further analyze the implications of NRCA1 ablation in cholesterol metabolism, mice 
were subjected to a 16-week long western diet (WD) at the age of 8 weeks. WD contains 40% 
of kcal of fat, 35% of sucrose (w/w) and 0.2% cholesterol (w/w). Under these conditions, there 
were no differences in body weight, liver weight, hepatic cholesterol nor hepatic TGs between 
genotypes. WD led to a dramatic increase in plasma cholesterol levels, but there were no 
differences between genotypes. Histological analysis showed no differences in number of lipid 
droplets, fibrosis nor glycogen content between genotypes. WD induced infiltration of F4/80-
positive immune cells in NRCA1-KO animals, but not in LoxP animals. In addition, plasma 
ALT levels tended to be higher in WD-fed NRCA1-KO mice. Strikingly, plasma bile acids and 
fecal bile acids were dramatically reduced in WD-fed NRCA1-KO animals. Interestingly, 
expression of FXRα was slightly upregulated in these mice. However, FXRα target genes 
were not upregulated in NRCA1-deficient mice.  

Despite all these alterations in glucose, TG and cholesterol metabolism upon HFD and 
WD, transcriptomic analysis did not show major changes in gene expression between 
genotypes under these conditions. Although hepatic NRCA1 ablation seems to be protective 
in response to HFD, the implications of NRCA1 deficiency in liver needs further investigation.  

 

 

 

 

 

 

 

 

2.3.5. NRCA1 and other processes  
Numerous reports suggest that NRCA1 has antitumor effects and suggest that it may 
negatively correlate with tumor progression and malignancy . Bioinformatics analysis of 
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publicly available transcriptomics data from cancer patients show that NRCA1 expression is 
downregulated in several cancers, including breast cancer, colorectal cancer, skin cutaneous 
melanoma and papillary thyroid carcinoma, among others .  In a similar study, the expression 
of NRCA1 negatively correlated with estrogen receptor-negative breast cancer risk . These 
observations indicate that NRCA1 may have a tumor suppressive role, which would be 
consistent with the role of NRCA1 in apoptosis.  

 It has also been reported that NRCA1 promotes the differentiation of . 
NRCA1 expression increases during  differentiation. To monitor  
differentiation,  activity can be measured, as differentiated 

 exhibit higher  activity. Silencing of NRCA1 resulted in reduced activity, 
which indicates impaired  differentiation, whereas NRCA1 overexpression 
increased  activity .  

Another study revealed that NRCA1 mRNA is the most abundant mRNA in 
 and it is essential for  and target innervation in vivo .  

 
  

 
 

   

   
.  

In all, NRCA1 is a gene/protein that exerts tissue-specific functions. It seems that 
NRCA1 has a prominent role in cellular differentiation, as observed in brown and white 
adipocytes,  and myoblasts. Interestingly, expression levels of NRCA1 are 
remarkably affected by the differentiation process in all these cells. In this regard, NRCA1 
expression is upregulated during  differentiation (unpublished data), suggesting that 
NRCA1 may also be important for differentiation. Another important role of NRCA1 
is that of regulation of metabolism, as specific deletion of NRCA1 in metabolically relevant 
tissues, such as BAT, WAT and skeletal muscle, results in metabolic dysregulation. Therefore, 
this thesis is focused on the study of NRCA1 depletion in the liver, a major organ in metabolic 
homeostasis.  
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3. OBJECTIVES  
NRCA1 is a multifaceted protein that regulates numerous physiological and cellular 
processes. The implications of NRCA1 ablation in liver has been studied, but requires further 
investigation. Considering the available data from , we 
hypothesize that NRCA1 ablation impairs PPARα activation in response to fasting and 
synthetic agonists, and that this has implications in the development and treatment of MASLD. 
To test this hypothesis, we have set the following objectives for this thesis:  

x To further characterize the loss-of-function effects of NRCA1 in liver metabolism.  This 
aim will be divided in the following sub-objectives: 
 

o To characterize the implications of NRCA1 ablation in liver metabolism during 
aging.  

o To characterize the implications of NRCA1 in the development of MASLD. 
 

x To elucidate the molecular mechanisms responsible for the effects of NRCA1 ablation 
in the liver. To achieve this aim, we will identify the molecular partners of NRCA1 and 
perform functional studies with validated interactors.  
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4.3.3. Mass spectrometry experiment    
In the pilot experiment, gene sets enriched under starvation conditions were very similar to 
that of basal conditions, therefore, we decided not to perform the proteomic analysis under 
starvation conditions. Although the pilot experiment was performed with one biological 
replicate and three technical replicates, the detection of NCOR1, which is a known interactor 
of NRCA1 , provided us confidence that the TurboID assay worked.  

We performed the mass spectrometry experiment with 4 biological replicates. To 
maximize discovery in the analysis, we used the same strategy as in the pilot experiment. We 
run the samples through two different mass spectrometers (Orbitrap Lumos and Orbitrap 
Eclipse), performed protein identification and quantification using two different search engine 
platforms (MaxQuant and Proteome Discoverer) and used two different interactome analysis 
algorithms (SAINTe and SAINTq), as described in 7.5.2. We noticed that in this experiment, 
we needed to be less restrictive with the BFDR to identify interactors, therefore we set a BFDR 
≤ 0.2, but we increased the fold-change (FC) ≥ 3. We identified a total of 233 interactors.  

In the interactome studies, we were particularly interested in finding ubiquitin ligases 
as NRCA1 has a UIM (Figure 5), and also because ubiquitin ligases regulate stability of their 
target proteins through degradation116, including NRs117,118. In the pilot experiment, we 
detected several ubiquitin ligases, including RING1, UBR5, and UBE2O, among others.  

In this experiment, we could again detect NCOR1, and also GABARAPL2, another 
known interactor of NRCA1 involved in the regulation of autophagy . In addition, we could 
also detect the ubiquitin ligases identified in the pilot experiment (RING1, UBR5 and UBE2O). 
Next, we performed GSEA. Top enriched gene sets (Figure 53) were similar to those enriched 
in the pilot experiment (Figure 51). The most significant gene ontology (GO) terms for 
biological process, molecular function and cellular component were all related to chromatin, 
histone modifications and epigenetics (Figure 53). Interestingly, NRCA1 seems to interact with 
many proteins that bind to NRs and have coregulator activity (Figure 54), which could explain 
NRCA1 NR coactivator activity , including activation of PPARα observed in this thesis.  

Since many of the interactors found in the pilot and in the actual experiment were the 
same, and GSEA yielded similar results, we decided to combine both datasets and performed 
GSEA (Figure 55). This resulted in a total number of 526 binding partners that were enriched 
in gene sets related to chromatin, epigenetic regulation, transcription coregulators, and 
nuclear receptors.  
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We also measured the levels of UBR5, NRCA1, UBE2O, RING1A, and RING1B under 
the conditions used to study autophagy flux. We observed that UBR5 levels do not change 
upon starvation nor upon inhibition of autophagy (Figure 71A/B). In keeping with this, flux 
analysis show that UBR5 is not degraded through autophagy (Figure 72A).  

In WT cells, UBE2O protein levels are upregulated upon a 5-hour starvation pulse, 
similarly to what we observed upon a 10-hour starvation pulse, and its levels are further 
increased when autophagy is inhibited (Figure 71A/C). Moreover, UBR5 ablation prevented 
these upregulations to occur (Figure 71A/C).  Flux analysis indicate that UBE2O is not an 
autophagy substrate (Figure 72B). 

 NRCA1 levels are upregulated in UBR5-/- cells in basal conditions, as we observed 
earlier (Figure 71A/D). We also observed that NRCA1 levels are remarkably upregulated in 
starved cells upon autophagy inhibition, which are further upregulated upon UBR5 ablation 
(Figure 71A/D). This is consistent with flux analysis, as they indicate that NRCA1 can be 
degraded through autophagy upon starvation, and that UBR5 ablation enhances it (Figure 
72C). This results indicate that NRCA1 is an autophagy substrate under starvation conditions.  

 RING1A is upregulated in UBR5-/- cells in basal conditions, as we observed earlier, 
and it is dramatically downregulated in starved UBR5-/- cells when autophagy is inhibited 
(Figure 71A/E). In addition, flux analysis show that starvation decreases degradation of 
RING1A through autophagy, which is further reduced upon UBR5 ablation (Figure 72D). 
However, UBR5 ablation alone does not reduce RING1A autophagic degradation (Figure 
72D). 

RING1B is also upregulated in UBR5-/- cells in basal conditions, and it is also 
dramatically downregulated in starved UBR5-/- cells when autophagy is inhibited (Figure 
71A/F). Autophagy inhibition also downregulated RING1B levels in UBR5-/- cells in basal 
conditions. In keeping with this, flux analysis show, similarly to RING1A, that starvation 
decreases autophagic degradation of RING1B, which is also further reduced upon UBR5 
ablation (Figure 72E). But, unlike RING1A, UBR5 ablation alone also reduced RING1B 
autophagic degradation (Figure 72D). 
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5. DISCUSSION  
5.1. NRCA1 is a novel PPARα activator  
5.1.1. NRCA1 ablation impairs PPARα activation 
In this thesis, we have identified NRCA1 as a novel activator of PPARα in response to fasting 
in vivo. These findings are consistent with previous work in the lab that showed that NRCA1 
can act as a coactivator of TRα, PPARγ, GRα, VDR and ERα in in vitro luciferase reporter 
assays . We have observed in 16-week old male mice that ablation of NRCA1 impairs the 
activation of PPARα in response to overnight fasting (16 h), which leads to a decreased 
upregulation of PPARα target genes that are essential for FAO and KB synthesis in response 
to fasting (Figure 8).  

 It is known that fasting induces intrahepatic lipid accumulation in rodents and in 
humans148–150, most likely due to the uptake of FFAs coming from adipose tissue lipolysis151, 
which serve as a source for energy through FAO, and building blocks for processes such as 
gluconeogenesis and KB synthesis, among other processes152.  Along these lines, as a 
consequence of impaired PPARα activation, fasted NRCA1-KOAlb mice showed increased 
hepatic triglyceride levels compared to LoxP mice (Figure 9A) and decreased plasma β-
hydroxybutyrate levels (Figure 9B). Because FAO predominantly occurs in mitochondria and 
peroxisomes, it would be interesting to measure mitochondrial and peroxisomal fatty acid 
oxidation rates in NRCA1-KOAlb livers153. 

We have also evaluated the activation of PPARα upon fasting in a tamoxifen-inducible 
total KO model (NRCA1-KOUbc). In this model, unlike the NRCA1-KOAlb model, NRCA1 
ablation does not occur at the embryonic level but upon feeding a tamoxifen-containing diet. 
Mice around the age of 8 weeks are fed with a tamoxifen-containing diet for 4 weeks, so they 
are 12-week old on the sacrifice day. The NRCA1-KOUbc mouse model was previously 
characterized .  These mice have a slight increase in body weight and enhanced WAT weight 
compared to LoxP mice. Interestingly, this increase in WAT mass was not due to adipocyte 
hypertrophy, but due to adipocyte hyperplasia, which is considered a less pathogenic form of 
obesity . We observed that 12-week old male NRCA1-KOUbc also had impaired activation of 
PPARα, as evidenced by blunted upregulation of PPARα target genes (Figure 11). These 
results indicate that NRCA1 ablation also impairs PPARα activation in a metabolic context 
characterized by hyperplasic obesity.  

 The effects of NRCA1 ablation on PPARα activation also occur in female mice (Figure 
14). Moreover, we have uncovered sex-dependent differences in the activation of PPARα in 
response to fasting. In keeping with this, male mice show a much higher upregulation of 
Cyp4a10 (around tenfold) in response to fasting compared to female mice (Figure 15), which 
is a gene extremely sensitive to PPARα activation. This may suggest that female mice require 
a minor activation of PPARα to handle the lipid overload under fasting conditions, whereas 
male mice need a higher activation of PPARα.  
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 The effects of NRCA1 ablation on PPARα activation are maintained during aging in 
male mice. We observed that PPARα activation is impaired in one-year old (Figure 16) and in 
two-year old (Figure 19) male NRCA1-KOAlb mice. It has been suggested in the literature that 
PPARα activity declines with age40. Our data not only confirms this, but also indicate that 
NRCA1 ablation further exacerbates the age-dependent decline in PPARα activity (Figure 20). 
Concomitantly, one-year old and two-year old mice also show increased hepatic lipid content 
in fasting conditions (Figure 33 and Figure 34).  

 Fasting is the physiological condition that activates PPARα. Concomitantly, refeeding 
inhibits PPARα36,154. In this regard, it would also be interesting whether NRCA1 ablation has 
any effects on refeeding-induced PPARα inhibition.  

 Fasting elicits a complex metabolic response affecting several tissues155. We have 
shown that NRCA1 is necessary for a correct PPARα activation in response to fasting. To 
further confirm that NRCA1 is required for PPARα activation, we made use of PPARα 
agonists. With PPARα agonists, we make sure that we are specifically targeting PPARα, as 
fasting can trigger a plethora of pathways. We subjected 16-week old female mice to a single 
dose of GW7647 through oral gavage and collected livers 4 hours after the treatment. NRCA1-
KOAlb mice treated with GW7647 showed impaired activation of PPARα, as evidenced by 
blunted upregulation of PPARα itself, ACAT1, Cyp4a10 and Cyp4a14 (Figure 26) and similar 
results were obtained when mice were treated with the PPARα agonist Wy14643 (Figure 27). 
These results confirm that NRCA1 is indeed required for the full activation of PPARα in the 
presence of ligand.  

 Strikingly, GW7647 treatment in 16 week old male mice did not show differences in 
the activation of PPARα between genotypes. Male NRCA1-KOAlb mice were able to induce 
the expression of PPARα target genes at the same levels as LoxP mice (Figure 28). Similarly 
to sex-dependent differences in the activation of PPARα in response to fasting, it could be 
that agonist treatment has different kinetics in male mice. It would be interesting to evaluate 
how aged male NRCA1-KOAlb mice respond to PPARα agonist treatment. 

Hepatic autophagy is a cellular process that is also important in the fasting response 
as livers with defective autophagy also show a dramatic accumulation of hepatic TGs61 under 
fasting conditions. Apart from impaired upregulation of PPARα target genes upon fasting, we 
also observed impaired expression of autophagy genes during fasting in NRCA1-KOAlb and 
NRCA1-KOUbc mice (Figure 13). This is in agreement with the impaired autophagy flux 
detected in primary hepatocytes isolated from NRCA1-KOAlb mice  

. Interestingly, it was established that PPARα controls the transcriptional activation of 
autophagy, acting as a transcription factor for autophagy genes36. Therefore, it NRCA1 may 
be regulating the expression of autophagy genes upon fasting via PPARα.  
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 The molecular mechanism by which NRCA1 regulates the activation of PPARα in 
response to fasting or agonists remains to be elucidated. We have shown that NRCA1 ablation 
does not cause changes in the expression of PPARα coregulators in fed nor in fasting 
conditions (Figure 10). It has been reported that PPARα can regulate its own expression as a 
feed-forward mechanism103. In keeping with this, PPARα binds to PPREs that are present in 
the promoter region of PPARα to enhance its own expression103. In our studies we have 
detected that PPARα autoinduction is also impaired in NRCA1-KOAlb mice in some of the 
cohorts (Figure 10, Figure 11 and Figure 16), but not in all of them. Therefore, impaired 
PPARα activation upon fasting is unlikely to be driven by impaired autoinduction of PPARα.  

 In our in vitro studies, we uncovered that NRCA1 binds to many proteins that are 
involved in the regulation of chromatin dynamics and epigenetics. Interestingly, some of these 
proteins have nuclear receptor binding function. Therefore, it could be that NRCA1 regulates 
PPARα activation through interactions with these epigenetic players, discussed in 5.3. 
Interestingly, we have shown that NRCA1 interacts with UBR5, and that there is a functional 
interaction between these two proteins. In this regard, UBR5 ablation leads to upregulation of 
NRCA1, and NRCA1 ablation leads to downregulation of UBR5 (4.5.1). Results from UBR5-/- 
cells suggest that UBR5 is an E3 that ubiquitinates NRCA1 for degradation.  

Interestingly, UBR5 was identified as an E3 that promotes nuclear receptor 
degradation upon ligand binding117, perhaps as a feedback loop mechanism to terminate 
nuclear receptor activation. However, in this study117, the implications of UBR5 in the 
degradation and regulation of PPARα was not evaluated. Therefore, it would be interesting to 
study if there is a functional interaction between NRCA1 and UBR5 in liver cells. It might be 
that NRCA1 regulates UBR5 function, thus regulating the degradation of PPARα upon agonist 
treatment or fasting. UBR5 not only could be degrading PPARα, but also NRCA1 to shut down 
PPARα activation.  
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5.1.2. NRCA1 may be a PPARα target gene  
An interesting observation is the upregulation of NRCA1 expression upon overnight (Figure 
12). In this regard, NRCA1 expression is upregulated in response to fasting in 16-week, one-
year old and two-year old mice, as well as in 16-week female mice. This prompted us to think 
that perhaps NRCA1 could be under the transcriptional control of PPARα. In keeping with this, 
when we treated female mice with the agonist GW7647, expression of NRCA1 was not 
induced (Figure 26). However, treatment with the agonist Wy14643 led to a remarkable 
upregulation of NRCA1 (Figure 27). Moreover, chronic treatment with GW7647 in male mice 
fed with MCD diet during 3 weeks induced the expression of NRCA1 (Figure 30). 
Discrepancies observed with different agonists may be due to the fact that GW7647 is almost 
a thousand-fold more potent than Wy14643. In this regard, the dose we used with Wy14643 
was only ten times lower compared to the dose we used with GW7647.  

 If NRCA1 is a PPARα target gene, it should contain PPAR-responsive elements 
(PPREs). We explored the PPARgene database156, which can provide predictions on whether 
queried genes may contain PPAR-responsive elements based on verified target genes, 
although it is not specific for PPARα, as it may also apply for PPARγ and PPARδ. Surprisingly, 
NRCA1 was predicted as a PPAR target gene with a medium confidence level and we 
obtained 4 putative PPREs, one of which may be conserved in mouse and rat.  

 To further investigate whether NRCA1 is a PPARα target gene, luciferase reporter 
assays with the putative PPREs from NRCA1 should be performed. It would also be essential 
to perform ChIP experiments to assess whether PPARα binds to the NRCA1 gene. 
Considering our data that NRCA1 is required to fully activate PPARα, if NRCA1 is a PPARα 
target it would constitute a feed-forward loop to ensure maximum activation of PPARα in 
response to fasting.  
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5.2. Characterization of NRCA1-KOAlb mice 
5.2.1. Standard diet 
Male NRCA1-KOAlb mice fed a standard diet did not have any changes in body and liver weight 
nor body composition at 16 weeks of age . Body weight is 
known to increase due to aging157. Interestingly, NRCA1-KOAlb mice gained more body weight 
during aging compared to LoxP littermates (Figure 32). It has been reported that liver-specific 
PPARα-KO (PPARα-KOAlb) mice gain more weight during aging39. Since NRCA1 ablation 
impairs PPARα activation, it could be that increased age-associated body weight gain in 
NRCA1-KOAlb mice is due to impaired PPARα activation.  

 PPARα-KOAlb mice are also characterized by increased liver weight at the age of 18 
weeks158, but age-associated liver weight gain in PPARα-KOAlb mice  has not been 
documented. We observed that in NRCA1-KOAlb mice, liver weight was not increased in young 
nor in old mice, probably because PPARα activation in these mice is only partially impaired in 
contrast to PPARα-KOAlb mice. Increased hepatic fat accumulation upon fasting in NRCA1-
KOAlb mice is consistent with increased hepatic fat accumulation upon fasting observed in 
PPARα-KOAlb mice39. Moreover, aged PPARα-KOAlb mice develop fatty liver spontaneously39. 

 As described previously, NRCA1 activates autophagy through interactions with key 
protein involved in autophagy regulation (2.3.2). Moreover, we have uncovered in this thesis 
that NRCA1 can also regulate hepatic autophagy at the transcriptional level, most likely 
through the action of PPARα36. Moreover, autophagy flux is impaired in primary hepatocytes 
isolated from NRCA1-KOAlb mice livers . It has been reported 
that hepatic autophagy, more specifically lipophagy, is very important to prevent fat 
accumulation in the liver in response to HFD61. In addition, it has been widely reported that 
autophagy is impaired in conditions that favor the development of MASLD in mice56, including 
HFD. Furthermore, activation of lipophagy with a synthetic lipophagy adapter using adeno-
associated virus ameliorated steatohepatitis in mouse MASLD models64. In keeping with this, 
it would be likely that NRCA1-KOAlb mice, apart from impaired FAO and KB synthesis, it also 
has impaired lipophagy due to impaired PPARα activation. Therefore, it would be interesting 
to assess in NRCA1-KOAlb livers whether there is increased accumulation of autophagosome-
containing lipid droplets.  
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5.2.2. High-fat diet  
Characterization of NRCA1-KOAlb mice under HFD was described in  

.  

Under 16 weeks of HFD, NRCA1-KOAlb mice showed impaired glucose metabolism. 
In this regard, fasting blood glucose was higher in NRCA1-deficient animals, and plasma 
insulin levels tended to be higher. Concomitantly, homeostasis model index of insulin 
resistance (HOMA-IR) values were higher in NRCA1-KOAlb animals, indicating increased 
insulin resistance. These mice were also glucose intolerant, as indicated by glucose tolerance 
test. However, in contrast, HFD-fed PPARα-KOAlb mice did not show glucose intolerance, but 
were actually more glucose tolerant compared to HFD-fed LoxP animals, in spite of 
developing more severe MASLD158. This suggests that insulin resistance in HFD-fed NRCA1-
KOAlb animals may involve a PPARα-independent mechanism.  

Analysis of livers showed that NRCA1-KOAlb mice had enhanced liver weight upon 
HFD without differences in total body weight, food intake nor fecal excretion between 
genotypes. Histological analysis of livers showed increased number and size of lipid droplets 
in NRCA1-KOAlb animals. In addition, Oil-Red-O staining and biochemical measurement of 
hepatic triglycerides showed enhanced lipid accumulation in livers of HFD-fed NRCA1-KOAlb 

mice . These results do not fit with our observations in that 
expression of PPARα target genes in response to 16 weeks of HFD is not impaired in NRCA1-
KOAlb animals (Figure 21). It could be due to a PPARα-independent mechanism, or also 
because the treatment with HFD was too long and the overload of lipids from the diet bypassed 
the effects of NRCA1 ablation. Lipidomic analysis of livers from mice fed a HFD for 16 weeks 
showed a significant remodeling of several types of lipids upon NRCA1 ablation (unpublished 
data). As fatty acids are the natural PPARα ligands, it could be that the extensive remodeling 
of lipids in NRCA1-KOAlb livers impedes the effects of NRCA1 ablation on PPARα activation. 
Upon 8 weeks of HFD, NRCA1-KOAlb mice also tended to accumulate more hepatic fat [  

. It would be interesting to check whether PPARα activation is 
impaired upon 8 weeks of HFD. 

Upon 8 weeks of HFD, NRCA1-KOAlb mice also accumulate more cholesterol in liver 
. However, when HFD is extended to 16 weeks, hepatic 

cholesterol in NRCA1-KOAlb mice is normalized. Studies with 16 weeks of WD showed that 
bile acid metabolism is impaired upon  ablation. In this regard, NRCA1-KOAlb mice 
fed a WD for 16 weeks had decreased levels of bile acids in plasma and feces  

. It has been reported that bile acids can induce the expression of 
PPARα159. Therefore, it would be interesting to analyze bile acid metabolism in NRCA1-KOAlb 

mice fed upon 8 weeks and 16 weeks of HFD. It could be that 16 weeks of HFD leads to 
increased bile acids, which in turn activate PPARα, thus bypassing the effects of NRCA1 
ablation. However, despite PPARα being activated to the levels of LoxP mice, NRCA1-KOAlb 

mice still accumulate more hepatic lipid.  

Staining of liver sections with Sirius Red and Masson’s trichrome to detect extracellular 
collagen as a marker of tissue fibrosis showed slight increase in fibrosis due to HFD, but there 
were no differences between genotypes. However, when stained with an antibody against 
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F4/80, a specific marker for monocytes and macrophages used to assess liver inflammation, 
NRCA1-KOAlb mice showed increased F4/80-positive area in response to HFD, whereas LoxP 
mice did not show this kind of increase when fed a HFD. This suggests that NRCA1 has a 
protective role against HFD-induced liver inflammation. Moreover, HFD-fed NRCA1-deficient 
mice had a tendency towards increased plasma levels of ALT and AST, which are used a 
biochemical parameters of liver damage.  

In all, prolonged HFD caused enhanced hepatic fat accumulation in NRCA1-KOAlb 

mice, even though PPARα activation was not impaired in these mice. Moreover, NRCA1-KOAlb 

animals were more insulin resistant compared to LoxP littermates after 16 weeks of HFD, and 
had slightly increased infiltration of F4/80-positive immune cells and elevated levels of ALT 
and AST. These results indicate that NRCA1 has a protective role in response to prolonged 
HFD independent of PPARα.  

5.2.3. Western diet  
Characterization of NRCA1-KOAlb mice under 16 weeks of WD was described in  

].  

 Unlike HFD, NRCA1-KOAlb mice fed a WD for 16 weeks showed impaired PPARα 
activation (Figure 24). Surprisingly, this was not accompanied by enhanced hepatic fat 
accumulation. In addition, despite impaired PPARα activation, WD-fed NRCA1-KOAlb mice did 
not show any signs of enhanced liver damage . 

 WD-fed NRCA1-KOAlb mice showed altered bile acid metabolism, as in decreased 
plasma and fecal levels of bile acids. These mice also show a remodeling of certain lipid 
species compared to LoxP animals. Elevated bile acids are toxic for the liver33. Moreover, 
elevated blood bile acids has been reported  in MASLD patients, and they can cause liver 
injury and drive MASLD development160. Perhaps the decrease in plasma and fecal levels of 
bile acids is so beneficial for the liver that bypasses the impaired PPARα activation. Maybe 
the remodeling of certain lipid species also contributes to these beneficial effects.  

 WDs are widely used to model MASLD because they have been reported to better 
phenocopy human MASLD, because they also induce obesity and insulin resistance160. In 
most studies, mice are fed with WD during at least 24-32 weeks to model MASLD160. It is likely 
that 16 weeks of WD are not sufficient to see changes in liver damage even though we 
observe impaired PPARα activation in WD-fed NRCA1-KOAlb mice.    
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5.2.4. Methionine- and choline-deficient diet  
The  MCD diet is also used to model MASLD in mice, however it causes a dramatic weight 
loss that is not observed in humans105 and it does not mimic the metabolic dysfunction 
associated with human MASLD161. Therefore, its use for preclinical MASLD models is under 
debate160.  The MCD diet drives liver damage by impairing hepatic lipid export due to the lack 
of phosphatidylcholine, the main constituent of VLDLs160. It also induces lipolysis, which is 
why it induces weight loss, thus releasing massive amounts of FFAs that reach the liver. The 
main advantage of the MCD diet is that it can induce a MASLD-like phenotype in a short period 
of time (3 weeks)106 in contrast to WDs (24-32 weeks)160. Moreover, a 0.1% supplementation 
of methionine in drinking water can circumvent the non-physiological weight loss106.  

PPARα has a strong protective role against the development of MASLD39 and treatment 
with PPARα agonists ameliorates the disease in MASLD mouse models107–109. NRCA1 
ablation leads to impaired PPARα activation and enhanced hepatic fat accumulation. 
Therefore, we wondered whether NRCA1-KOAlb mice would be more susceptible to develop 
MASLD and whether they would respond worse to PPARα therapy in the context of MASLD. 
To test this, we subjected mice around the age of 8 weeks to 3 weeks of MCD diet and chronic 
treatment with GW7647 as described previously (Figure 37).  

Feeding with MCD diet supplemented with 0.1% methionine in drinking water did not 
cause detrimental weight loss in vehicle-treated animals (Figure 38B/D), as reported in the 
literature106. However, two doses of GW7647 separated by a time window of 5 days induced 
weight loss in both LoxP and NRCA1-KOAlb mice (Figure 38C/E). Weight loss tended to be 
higher in NRCA1-KOAlb mice (Figure 38F). After 11 daily doses of GF7647, NRCA1-KOAlb mice 
kept losing more weight, but body weight in LoxP was maintained (Figure 38C/E). The total 
weight loss induced by GW7647 was significantly higher in NRCA1-KOAlb mice compared to 
LoxP animals (Figure 38G).  It has been reported that chronic treatment with the PPARα 
agonist Wy14643 during MCD diet feeding caused weight loss in LoxP mice, but not in total 
PPARα-KO mice162, however, the mechanisms are unknown.  

Liver weight was similar between both genotypes upon MCD diet. However, LoxP mice 
treated with GW7647 showed a remarkable increase in liver weight (Figure 38H). Chronic 
treatment with Wy14643 in MCD diet-fed mice also induced an increase in liver weight162. 
Chronic treatment with the PPARα agonist GW9578 also led to increased liver weight in obese 
AKR/J mice163. These results are consistent with the known effects of PPARα activation on 
hepatocyte proliferation164,165. GW7647-induced liver weight gain was also observed in 
NRCA1-KOAlb mice, but to a lower extent (Figure 38H). In fact, there were only 3 out of 8 mice 
that had a prominent increase in liver weight, suggesting that most NRCA1-KOAlb mice 
respond worse to GW7647-treatment. Concomitantly, if we remove those 3 “super-responder” 
NRCA1-KOAlb mice, PPARα activation by GW7647 is clearly impaired in NRCA1-KOAlb 
animals. Interestingly, plasmas collected from the NRCA1-KOAlb mice with impaired PPARα 
activation were yellowish compared to vehicle-treated animals and LoxP GW-7647 treated 
animals. Histological analysis will be seminal to determine the state of the livers and evaluate 
whether MCD diet has differential effects between genotypes, and whether GW7647 
treatment has any effects between genotypes on top of MCD diet.  
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We also measured body composition at day 10 after two doses of GW7647 and at day 
19, after 9 daily doses of GW7647 plus the previous two doses. To begin with, NRCA1-KOAlb 
mice showed enhanced lean mass (Figure 39A) and reduced fat mass (Figure 40A) at day 10 
of MCD diet. Strikingly, two doses of GW7647 induced a significant increase in lean mass in 
both genotypes (Figure 39A), however the total GW7647-induced lean mass gain tended to 
be higher in LoxP mice (Figure 39C). Two doses of GW7647 induced a significant loss in fat 
mass in both genotypes (Figure 40A), and total GW7647-induced fat mass loss tended to be 
higher in LoxP mice as well (Figure 40C).  

Nevertheless, the differences in body composition observed at day 10 were abrogated 
at day 19 (Figure 39B, Figure 40B). In addition, the higher GW7647-induced lean mass gain 
and fat mass loss in LoxP animals were no longer observed at day 19 (Figure 39D, Figure 
40D). We do not know whether this adaptation in body composition at day 19 in NRCA1-KOAlb 
mice is due to prolonged MCD diet treatment, prolonged GW7647 treatment or a combined 
effect of both.  

 We also subjected female mice to MCD diet. However, in this case, we only fed the 
female mice with MCD diet during one week to evaluate the effects of NRCA1 ablation in 
response to an acute lipid overload stress in the liver. Liver weights were similar in both 
genotypes (Figure 41B) after one week of MCD diet, but it caused a modest decrease in body 
weight in female mice of both genotypes (Figure 41C/D). At the day 7 of MCD diet mice were 
treated with GW7647 for 4 hours. PPARα activation by GW7647 was clearly impaired in 
NRCA1-KOAlb female mice (Figure 29). Strikingly, vehicle-treated NRCA1-KOAlb mice showed 
enhanced expression of Cyp4a10 and Cyp4a14 compared to vehicle-treated LoxP mice 
(Figure 29). In fact, GW7647 treatment caused a downregulation in the expression of Cyp4a10 
and Cyp4a14 in NRCA1-KOAlb animals (Figure 29). It has been reported that MCD diet induces 
an increase in the expression of Cyp4a1439,166. This increased expression is associated to 
MASLD progression, as overexpression of Cyp4a14 induced fatty liver166, whereas Cyp4a14 
ablation ameliorated MCD diet-induced MASLD166. In this regard, Cyp4a14 overexpression 
upregulated the expression of CD36, a lipid transporter that mediates fatty acid uptake in 
hepatocytes166. Moreover, Cyp4a14-KO mice showed attenuated expression of Cyp4a14 
upon MCD diet compared to LoxP animals166, suggesting that increased CD36 expression by 
Cyp4a14 drives MASLD.  

 PPARα agonism has been shown to ameliorate MASLD in mouse models in numerous 
studies107–109, and it induces the expression of Cyp4a14. However, studies in Cyp4a14-KO 
mice and mice with Cyp4a14 overexpression have shown that Cyp4a14 is a driver of MASLD 
pathogenesis166. 

 We have evaluated the effects of NRCA1 ablation in the activation of PPARα by 
GW7647 in an MCD diet-induced MASL model in male and female mice. Our results indicate 
that PPARα activation in NRCA1-KOAlb animals in response to GW7647 is impaired in male 
and female mice fed with MCD diet. Histological analysis will be key to evaluate whether 
NRCA1 ablation has detrimental effects in the pathogenesis of MASLD, and whether NRCA1 
ablation prevents amelioration of MASLD by GW7647.  
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5.3. NRCA1 is a chromatin-binding protein that interacts 
with the epigenetic machinery  

In this study, by using the BioID technology for interactome analysis, we have identified the 
binding partners of NRCA1. One of the advantages of the BioID technology is the detection 
of transient interactors, as well as the detection of indirect interactors, for instance proteins 
that interact with a NRCA1 interactor but not directly with NRCA1 but are detected because 
of their vicinity with NRCA1. Therefore, the concept of “proximome” has arisen from BioID 
studies167, to indicate the proximity nature of the BioID assay. For our proteomics analysis, 
we have used an exhaustive strategy by harnessing two different mass spectrometers, two 
different database searching software and two different interactome analysis algorithms. 
Therefore, we could be less restrictive with the BFDR and FC values in identifying interactors. 
Most binding partners we identified, under basal and starvation conditions, are proteins that 
are in some way regulating chromatin dynamics and epigenetics. Although starvation does 
induce some changes in the specific interacting partners, these changes are not reflected 
when performing GSEA, suggesting that the functions and processes that are regulated by 
the starvation-induced interactors are the same as those regulated by interactors in basal 
conditions.  

 As described in 2.3.2, NRCA1 is an activator of autophagy and is constantly shuttling 
between the nucleus and the cytoplasm. However, upon autophagy-activating conditions, 
such as starvation, there is a considerable increase in the pool of cytoplasmic NRCA1 in 
puncta-like structures . Therefore, we would have expected an increase in the number of 
cytoplasmic interactors in the BioID experiment under starvation conditions. It could be that 
starvation-induced cytoplasmic translocation of NRCA1-TID is somehow impaired by the 
attachment of TurboID at the C-terminus of NRCA1. However, attachment of GFP at the C-
terminus of NRCA1 does not alter cytoplasmic translocation of NRCA1 under autophagy-
activating conditions (unpublished data). It could also be that a one-hour starvation pulse was 
not sufficient to remodel the proximome of NRCA1.  

Given the role of NRCA1 in autophagy, we also expected to identify new interactors 
involved in the regulation of autophagy. In this regard, we identified ATG2B in our mass 
spectrometry analysis, however, when we attempted to validate the interaction through 
pulldown assays in HeLa cells stably overexpressing NRCA1-GFP, we could not detect 
interactions between NRCA1 and ATG2B. Interestingly, in our validation studies of the 
NRCA1-TID construct (4.3.1), when we performed biotin-affinity pulldown assays we could 
observe interaction between NRCA1 and p62 (Figure 49), which we further validated with the 
NRCA1-GFP system. However, we were not able to detect p62 as an interactor in the 
proteomics analysis. These results indicate the presence of false negatives in the proteomics 
analysis.  

 Previous work in our laboratory showed that NRCA1 is a coactivator of several nuclear 
receptors in the presence of their ligands, including TRα, PPARγ, GRα, VDR and ERα. These 
experiments were performed using luciferase reporter assays containing responsive elements 
for said nuclear receptors  However, the molecular mechanism by which NRCA1 mediated 
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the activation of these nuclear receptors in the presence of their ligands remains to be 
elucidated. Now that we have uncovered the interacting partners of NRCA1, it would not be 
far-fetched to hypothesize that NRCA1 acts as a coactivator of nuclear receptors by 
interacting with epigenetic players in the presence of ligand. More specifically, as NRCA1 
enhances the activation of nuclear receptors upon ligand binding, these interactions between 
NRCA1 and epigenetic regulators may act to favor the incorporation of epigenetic marks that 
open the chromatin to allow gene transcription (ON marks), or to suppress the incorporation 
of epigenetic marks that close the chromatin to prevent gene transcription (OFF marks), or a 
combination of both. Interestingly, we have also demonstrated in mouse liver that NRCA1 
indeed acts as a coactivator of PPARα, as lack of NRCA1 impairs PPARα activation by fasting 
and by agonist.  

 Validation of the interaction between NRCA1 and RING1A and NRCA1 and UBR5, 
and the identification of several other members of the PRC1 in our mass spectrometry 
analysis prompted us to think that NRCA1 could also be a chromatin-binding protein. We 
performed subcellular and chromatin purification assays using several cell lines and we were 
able to detect NRCA1 in purified chromatin of all the cell lines tested. We could also detect it 
in the chromatin purified from mouse livers. It would be interesting to check whether NRCA1 
binds directly to DNA or through another partner that does interact with DNA, which can be 
assessed with electrophoretic mobility shift assay (EMSA). Interestingly, the amino acid 
sequence of NRCA1 contains two regions that are rich in basic amino acid residues, from 
138-152 and 169-203 (Figure 5) that could be for interaction with DNA. NRCA1 as a 
chromatin-binding protein raises the question whether it is bound to specific DNA sequences 
and to what genes it is bound. ChIP-seq analysis could be performed to answer these 
questions. Given the tissue-specific roles of NRCA1, it would not be surprising if NRCA1 were 
bound to different sequences and genes depending on the tissue. Antibodies to perform ChIP 
are usually the limiting factor in ChIP-seq studies, therefore good-quality antibodies are 
needed for this type of experiments. To date, we have not been able to identify any commercial 
antibody that works well to detect NRCA1 in western blot analysis, let alone to 
immunoprecipitate endogenous NRCA1. We have an in-house made antibody that can 
recognize and detect endogenous NRCA1 in western blot analysis, but it has limited capacity 
to immunoprecipitate overexpressed NRCA1. The lack of a good NRCA1 antibody constitutes 
a seminal limitation in studying its cellular and molecular functions. 

 NRCA1 interacts with RING1A, and it is in close proximity to other members of the 
PRC1. The PRC1 ubiquitinates histone H2A to mediate gene repression121.  We hypothesize 
that a possible mechanism by which NRCA1 regulates PPARα activation is through its 
interaction with RING1A and the PRC1.  There is no reported role of the PRC1 in liver 
metabolism. Interestingly, RING1B silencing in breast cancer cells, the paralog of RING1A, 
upregulates genes involved in fatty acid metabolism126. As PRC1 is a repressive complex, and 
NRCA1 is an activator of PPARα, it would be reasonable that NRCA1 prevents the action of 
PRC1 on PPARα target genes upon activation of PPARα by fasting or agonists. However, 
when NRCA1 is ablated, PRC1 can repress PPARα target genes, even in the presence of 
agonists or upon fasting. Therefore, it would be interesting to assess whether NRCA1 ablation 
promotes PRC1 occupancy on PPARα target genes through ChIP-Seq analysis.



 

 

5.4. UBR5 regulates NRCA1 protein levels  
In this thesis, we have uncovered that NRCA1 interacts with UBR5. To study whether there 
was any functional interaction between these two proteins, we generated Ishikawa cells 
lacking UBR5. What we first noticed in UBR-/- cells was an upregulation of NRCA1 protein 
levels (Figure 66), suggesting that UBR5 could be an E3 involved in the ubiquitination and 
proteasomal degradation of NRCA1. Interestingly, NRCA1 deletion in Ishikawa cells 
downregulated UBR5 protein levels (Figure 67), indicating a mutual functional interaction.  

 Not only did UBR5 ablation upregulated NRCA1 protein levels, but it also enhanced 
NRCA1-related processes. On one hand, UBR5 deletion sensitized cells to apoptosis under 
basal conditions, to starvation-induced apoptosis and to autophagy-inhibition-induced 
apoptosis (Figure 73, Figure 74). On the other hand, UBR-/- cells showed enhanced basal 
autophagy flux and starvation-induced autophagy flux (Figure 70). Interestingly, autophagy 
flux studies indicated that UBR5 ablation enhanced NRCA1 degradation through autophagy 
(Figure 72). It has been widely reported that when proteasome substrates can no longer be 
degraded by the proteasome (e.g. when proteins aggregate), they become substrates for 
autophagic degradation116.  

Considering the data concerning UBR5 and NRCA1, it will be essential to demonstrate 
that UBR5 indeed ubiquitinates and targets NRCA1 for proteasomal degradation. UBR5 is an 
E3 that belongs to the N-end rule pathway168. This proteolytic pathway mainly targets short-
lived proteins168, and NRCA1 is a short-lived protein with a half-life of around 5 hours  

. The N-end rule pathway requires the generation of a degron at the 
N-terminus of target proteins through various mechanisms168. Degrons are amino acid 
sequences used by E3s to recognize their substrates for subsequent ubiquitination. 
Interestingly, NRCA1 only contains 3 lysine residues that could be ubiquitinated. Triple 
mutation of these residues increased dramatically increased the half-life of NRCA1. It would 
be very interesting to assess the half-life of NRCA1 in UBR5-depleted cells, and in UBR-/- cells 
with re-expression of WT UBR5 or catalytically-dead UBR5 mutant.  

The identification of UBR5 as the potential E3 that targets NRCA1 opens up the 
possibility to modulate NRCA1-related processes, such as autophagy and apoptosis via 
UBR5. NRCA1 has been reported to sensitize cancer cells to death receptor-dependent 
apoptosis . In keeping with this, UBR5 inhibitors could be produced to enhance the pro-
apoptotic effects of NRCA1 in the context of cancer treatment.  

Another interesting observation is that UBR5-depleted cells and NRCA1-depleted cells 
show upregulated RING1A levels, suggesting there is functional interaction between these 3 
proteins. It could be that UBR5 also targets RING1A for degradation. This could require 
NRCA1, maybe to act as a scaffold to promote UBR5-RING1A interaction, which is why 
NRCA1 ablation also leads to upregulation of RING1A protein levels.  
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6. CONCLUSIONS  
The data obtained from in vivo studies allow us to propose the following conclusions: 

1. Liver-specific and total NRCA1 ablation impairs hepatic PPARα activation by overnight 
fasting in 12-week, 16-week, one-year and two-year old male mice and in 16-week old 
female mice. This is accompanied by enhanced hepatic fat accumulation upon 
overnight fasting.  

2. NRCA1 expression is upregulated in response to overnight fasting in female and male 
mice of all ages.  

3. Aging impairs fasting-induced induction of NRCA1, and PPARα activation by overnight 
fasting, which is further exacerbated by NRCA1 ablation.  

4. PPARα activation by agonist is impaired by NRCA1 ablation in standard diet-fed 
female mice, but not in male mice.  

5. PPARα activation by agonist is impaired by NRCA1 ablation in MCD-diet fed female 
mice and male mice.  

The data obtained from in vitro studies allow us to propose the following conclusions:  

1. NRCA1 is a chromatin-binding protein in different cell lines and in mouse liver. 
2. NRCA1 predominantly interacts with proteins involved in the regulation of chromatin 

dynamics and epigenetics. Many of these proteins have nuclear receptor binding 
function and are members of the PRC1.  

3. NRCA1 interacts with RING1A, UBE2O and UBR5 through co-immunoprecipitation 
assays.  

4. There is functional interaction between NRCA1, UBR5 and RING1A. On one hand, 
NRCA1 ablation leads to UBR5 downregulation. On the other hand, UBR5 ablation 
causes upregulation of NRCA1. Ablation of either NRCA1 or UBR5 leads to an 
upregulation of RING1A. 

5. UBR5 ablation enhances basal and starvation-induced autophagy flux, and promotes 
apoptosis under basal and starvation conditions. 
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7.2. In vivo methods 
7.2.1. Generation of liver-specific NRCA1 knockout model 
The NRCA1 liver-specific knockout model (NRCA1-LKO) was initially generated  

 . This was performed using the Cre/Lox recombination technology to 
delete a specific region within the NRCA1 gene. NRCA1 LoxP/LoxP mice were previously used 
in our group by . 
Those mice were transgenically modified to contain two LoxP recombination sites within the 
NRCA1 gene, which were placed before exon 3 and after exon 4 of the sequence (Figure 75). 
The activity of the Cre recombinase causes the excision of Exon 3 (containing the start codon 
ATG) and Exon 4, resulting in NRCA1 protein ablation, specifically in hepatocytes. 

The NRCA1 liver-specific knockout model was generated by crossing homozygous 
NRCA1LoxP/LoxP mice with a strain expressing the Cre recombinase under the hepatocyte-
specific albumin promoter. Both mouse strains had a pure C57BL/6J genetic background. 
This crossing resulted in a first generation of heterozygous mice (Alb-Cre-/+, NRCA1LoxP-/LoxP+). 
These mice were further crossed to obtain littermates of the two desired genotypes:  

x Alb-Cre-/-, NRCA1LoxP+/LoxP+: Mice with normal NRCA1 expression due to the absence 
of Cre recombinase. These mice are further referred to as LoxP or control mice.  

x Alb-Cre-/+, NRCA1LoxP+/LoxP+: Mice with hepatocyte-specific ablation of NRCA1. These 
mice are further referred to as NRCA1-KOAlb or KOAlb mice.  

All mice assigned to experiments have been shown to be homozygous for carrying the 
LoxP sequence by genotyping. Furthermore, mice were genotyped for Cre recombinase. Mice 
containing the sequence coding for Cre recombinase were considered NRCA1-LKO mice, 
and littermates lacking this sequence were used as controls. The genotypes were confirmed 
at the end of experiments on mRNA and protein level after necropsy.  
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7.2.3. Oral gavage 
Oral gavage was performed adhering to the following protocol and by Vanessa Hernàndez, 
our animal technician:  

1. Weigh the mouse to determine the appropriate dosing volume. The volume should 
not exceed 100 μL/10 grams of body weight, with a maximum of 300 μL to be 
administered.  

2. Restrain the mouse by gently gripping the dorsal neck. 
3. Draw up the calculated volume, attach the feeding needle to the syringe and slightly 

lubricate it with water.  
4. Grasp the skin over the shoulders and hold the mouse upright so that it cannot push 

the gavage tube away with the front feet. Gently pull the head backward.  
5. Slide the needle into the mouth behind and to the left of the incisor teeth and over the 

tongue and slowly advance the needle into the oral cavity. Avoid rotating the needle.  
6. When insertion is properly achieved, slowly administer the solution.  
7. Once the solution is administered, remove the gavage tube smoothly and return the 

mouse to its cage.  
8. Keep the mouse under observation for at least 15 minutes for signs of pain or distress, 

such as breathing difficulties or bleeding.  
9. Monitor animals at least once between 12-24 hours after dosing and check for the 

above-mentioned signs of distress.  
10. Dosing may be repeated up to 3 times within a 24 hour period.  

Oral gavage solutions were prepared in aqueous solution containing 10% DMSO, 40% 
PEG300, 5% Tween-80 and 45% PBS. For GW7647, mice were administered a 5 mg/kg dose. 
For Wy14643, mice were administered a 50 mg/kg dose.  

7.2.4. Body composition measurement  
To measure body composition, the EchoMRI™ equipment was used, which measures fat, 
lean, total water and free water mass. The system utilizes quantitative nuclear magnetic 
resonance for analysis. Animals are placed inside a plastic holder and inserted into the system 
without the need for sedation or anesthesia. The determined fat mass is the total of all fat 
molecules within the animal expressed as equivalent weight of canola oil. The lean mass 
includes all body parts that contain water excluding fat, bone minerals, hair and claws. Free 
water consists mostly of urine within the bladder, while total water includes free water as well 
as water contained in lean mass. 
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7.3. Ex vivo methods 
7.3.1. Histological analysis of liver samples  
The morphology of mouse livers was analyzed microscopically using various standard staining 
techniques. Mice were sacrificed by cervical dislocation and liver tissue was collected 
immediately after. The liver was washed in PBS to remove residual blood and the right median 
lobe was cut in half using a scalpel. One part was immersed in 4 % paraformaldehyde and 
incubated overnight, while the other part was embedded in OCT solution and frozen in liquid 
nitrogen-cooled isopentane. Paraformaldehyde fixed livers were washed in PBS and stored 
at 4 ℃ before being transferred to the Histopathology Facility of the IRB. OCT embedded 
samples were stored at -80 ℃. 

Samples were processed by the Histopathology Facility of the IRB. They performed 
tissue embedding in paraffin, cutting of sections, mounting onto slides and staining. Livers 
were stained using hematoxylin and eosin (H/E), Periodic acid–Schiff stain (PAS), Masson’s 
trichrome stain and Sirius red stain. Furthermore, immunohistochemistry was performed for 
the macrophage marker F4/80. OCT embedded samples were cut, mounted and stained using 
Oil-Red-O (ORO). Slides were scanned using the NanoZoomer 2.0-HT (Hamamatsu). 
Quantification of F4/80- and ORO-stained livers was performed by analyzing three different 
regions per sample. The stained area per image was determined using the ImageJ software. 
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7.4.2.3. Plasmid verification and amplification  

If cloning was successful, colonies will form on the selection plate. To verify the plasmid, we 
grew single colony bacteria in a 5 mL bacterial culture tube overnight with LB supplemented 
with 100 μg/mL ampicillin. The next day, we purified plasmid using the NucleoSpin Plasmid, 
Mini kit for plasmid DNA and sent the plasmid for sequencing.  

Once the plasmid was verified, we amplified the plasmid. To do so, we transformed 
Top 10 E.Coli as described in . with the purified plasmid f
rom the previous step. Single colony was grown in a 5 mL bacterial culture tube overnight with 
LB supplemented with 100 μg/mL ampicillin. The next day, 1 mL of the bacterial culture was 
further grown overnight in a Erlenmeyer flask containing 200 mL of LB supplemented with 100 
μg/mL ampicillin. The next day, plasmid was purified using Macherey-Nagel NucleoBond Xtra 
Maxi and sent for sequencing.  

7.4.2.4. Turbo-ID protocol 
Day 1: Seeding HEK293T cells 

Seed 10*106 HEK293T cells onto 15 cm dishes (2 dishes should give you enough protein).  

Day 2: Transfection  

Transfect cells with PEI.  

Day 3: Addition of exogenous biotin and collect cells  

Add biotin to a final concentration of 50 μM and incubate for 2 hours. Collect cells and proceed 
with affinity purification (freeze cell pellet at -80ºC if you are not performing the pull-down the 
same day).  

Day 4: Affinity purification with streptavidin-coated magnetic beads (Pierce Thermo 
Fisher). “Detailed protocol” 

1. Resuspend the cell pellet with 1.5 ml of RIPA lysis buffer (see recipe on the next page).  
2. Incubate 1h on an end-over-end rotator at 4ºC. 
3. Centrifuge at 16,000g for 30 minutes. (In the meantime, pre-equilibrate the magnetic 

beads with 1ml of lysis buffer twice in a LoBind microtube).  
4. Take 10% of the lysate for western blot input analysis.  
5. Incubate lysate with streptavidin-coated magnetic beads in a LoBind microtube 

(Eppendorf). Note: in our hands, what works the best is 20 μl of beads / 1 mg of protein. 
Adjust the amount of beads accordingly.  

6. Incubate the lysates with the beads on an end-over-end rotator at 4ºC for 3 hours.  
7. Take 10% of the supernatant for western blot flowthrough analysis.  
8. Transfer the beads to a new LoBind microtube and wash them once with 1ml of lysis 

buffer and twice with 1 ml of 50 mM ammonium bicarbonate (pH 8).  
9. Transfer the beads to a new LoBind microtube and wash two more times with 1 ml of 

50 mM ammonium bicarbonate (pH 8).   
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10. Resuspend the beads in 50 mM ammonium bicarbonate (pH 8). Example: if you used 
180 μl of beads, resuspend the beads in 180 μl of ammonium bicarbonate.  

11. Take a small amount of the beads to analyze the IP fraction through western blot for 
quality control purposes. Note: 180 μl of beads / 60 μl of 1x sample buffer. Boil the 
beads with sample buffer at 95ºC for 10 minutes at 600 rpm.  

12. Snap-freeze the rest of the beads and keep them at -80ºC until performing on-bead 
digestion.  

7.4.3. Determination of autophagy flux  
Autophagic flux describes the complete process of degradation of cellular components into its 
breakdown products by autophagy, including phagophore and autophagosome formation, 
fusion with the lysosome and subsequent degradation and release of recycled material back 
into the cytosol143  

The macrolide Bafilomycin A1 (BafA1) disrupts autophagic flux via two distinct ways. 
First, BafA1 blocks lysosomal acidification and enzyme activation by inhibiting the proton 
pump V-ATPase. Furthermore, it also prevents autophagosome-lysosome fusion by inhibiting 
the endoplasmic reticulum calcium pump Ca-P60A/SERCA  

.  

Assessment of autophagic flux was performed as follows:  

1. 106 cells are seeded into 6 cm dishes.  
2. The following day, media is removed, and cells are washed with PBS.  

3a. To assess basal autophagy flux, culture media containing 200 nM Bafilomycin A1 or 
an equal volume of a DMSO vehicle was added to cells. 

3b. To assess starvation-induced autophagy flux, EBSS media containing 200 nM 
Bafilomycin A1 or an equal volume of a DMSO vehicle was added to cells. 

4. After four hours of incubation, cells were harvested for protein extraction (as described 
in 7.5.4.2).  

5. A detailed explanation on how to calculate autophagy flux is provided (Figure 79). 
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7.5. Molecular biology methods  
7.5.1. Analysis of gene expression by real time quantitative PCR 

7.5.1.1. RNA extraction 

RNA was extracted using TRIzol™ and purified using Purelink™ RNA Mini High Yield columns 
by following the manufacturer’s instructions. RNA extraction from cells was performed by 
removing media, adding 500 μL of lysis buffer (provided within the kit) to 6-well plates and 
scraping of cells. In case of tissues, pieces of about 30 mg were put into pre-chilled tubes 
containing three zirconium oxide beads and 500 μL cold TRIzol™. Tissue was homogenized 
using the Mini-Beadbeater disrupter (Bio Spec Products) for 30 s at 3,400 oscillations per 
minute. The extracted RNA of cells and tissues was purified as follows:  

1. 100 μL of chloroform is added to every 500 μL of TRIzol™, mixed thoroughly and 
incubated at RT for 2 min.  

2. Samples are centrifuged for 15 min at 12,000g and 4℃ to achieve phase separation. 
3. The upper aqueous phase is carefully removed and added to 300 μL of pre-chilled 

70% ethanol. 
4. The sample is transferred to a spin cartridge and centrifuged for 30 s at RT. The flow-

through is discarded.  
5. 700 μL Wash Buffer I is added to the spin cartridge followed by another centrifugation 

step. Flow-through is again discarded.  
6. 80 μLPureLink™ DNase mixture is added directly to the surface of the spin cartridge 

membrane and incubated for 15 min at RT.  
7. 500 μL Wash Buffer II is added to the spin cartridge followed by another centrifugation. 

Flow-through is again discarded.  
8. Step 8 is repeated.  
9. The empty spin cartridge is centrifuged for 1 min at 12,000g and RT to dry the 

membrane with bound RNA.  
10. 30μL of pre-warmed RNase-free water (70℃) is added and incubated for 1 min.  
11. The spin cartridge is inserted into a recovery tube and centrifuged for 1 min at 12,000g 

and RT.  
12. Eluted RNA is stored at -80 ℃.  

7.5.1.2. RNA quantification  

The quantity and purity of RNA was determined by spectrophotometry using the NanoDrop 
2000 UV-Vis Spectrophotometer. The concentration of RNA is given in ng/μL. The purity of 
the RNA is specified by two different absorbance ratios. Nucleotides, RNA and DNA absorb 
light at 260 nm, whereas proteins, phenol and other contaminants have a strong absorbance 
at 280 nm. A 260 / 280 ratio that is considerably lower than 2.0 indicates a contamination of 
a given sample. Contaminants such as carbohydrates, EDTA and phenol have absorbance 
near 230 nm. Thus, a 260 / 230 ratio that lies within the expected range of 2.0 - 2.2 is used 
as a secondary measure of nucleic acid purity. 
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7.5.1.3. Complementary single-stranded DNA preparation  

Complementary single-stranded DNA (cDNA) is synthetized from an RNA template in a 
process called reverse transcription using the enzyme Reverse transcriptase (RT). In course 
of this thesis, cDNA was synthesized using qScript® cDNA SuperMix following the 
manufacturer’s instructions:  

1. An amount of 1 μg RNA is brought to a final volume of 16 μL using UltraPure™ Distilled 
Water and 4 μL qScript® cDNA SuperMix is added to each reaction.  

2. After thoroughly mixing the reactions, cDNA is synthesized using the GeneAmp® 
thermocycler by incubating the samples with the following conditions:  

x 5 min at 25 ℃  
x 30 min at 42 ℃  
x 5 min at 85 ℃  
x 4 ℃ on hold  

3. Once the samples cooled down to 4 ℃, they are diluted 1:50 using UltraPure™ 
Distilled Water. Subsequently, 6 μL of this cDNA dilution is used for every reaction 
during quantitative polymerase chain reaction.  

7.5.1.4. Real time quantitative PCR 

Real time quantitative polymerase chain reaction (RT-qPCR) was performed in 384-well 
plates using the thermocycler QuantStudio™ 6 Flex Real-Time PCR System. Each sample 
was measured in triplicates and all measurements were normalized to β-actin. Reactions 
contained 6 ng of cDNA, 625 nM of forward and reverse primers, 6 μL of SYBR Green PCR 
Master Mix in a final volume of 16 μL.  

The RT-qPCR is performed in three distinct steps. First, there is an initial denaturation 
step at 95 ℃ for 10 min. This is followed by 40 cycles of 15 s of 95 ℃ and 1 min at 60 ℃. 
During the last step a melting curve is recorded, which serves as a positive control that only 
one specific PCR-product was amplified. The melting curve is generated by constantly 
detecting fluorescence while the temperature is increasing 0.05 ℃ / s. Rising temperatures 
cause dissociation of double-stranded DNA molecules, resulting in a decrease of 
SYBR®Green fluorescence. Melting temperatures are specific for each DNA molecule. Thus, 
RT-qPCRs that amplified a specific target will show a melting curve with one single peak, 
while RT-qPCRs that were unspecific will generate curves with multiple peaks. 
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7.5.2. Proteomics  
All the procedures in this section were performed by the Mass Spectrometry and Proteomics 
core facility of IRB Barcelona.  

7.5.2.1. Sample preparation 

Tryptic digestion was performed directly on beads by incubating them with 1 µg of trypsin in a 
solution of 50% of beads in 50 mM NH4HCO3 (ABC buffer) at 37ºC overnight. The following 
morning, an additional 1 µg trypsin was added and incubated for 2 h more at 37°C. 

Beads were pelleted by centrifugation at 2,000 g for 5 min, and the supernatant was 
transferred to a fresh Eppendorf tube. Beads were washed once with 100 µL of 50 mM ABC 
buffer, and these washes were pooled with the first supernatant. FA was added to the eluates 
to a 1% final concentration (in the case of magnetic beads, complete separation of the beads 
is performed with a magnetic separation rack). Samples were cleaned up through C18 tips 
(polyLC C18 tips) and peptides were eluted with 80% acetonitrile, 1% TFA in water. Next, 
samples were diluted to a final concentration of 20% acetonitrile and 0.25% TFA and loaded 
into SCX columns (polyLC),; peptides were eluted in 5% NH4OH, 30% methanol. Finally, 
samples were evaporated to dry in the Speed Vac, reconstituted in 50 µL and diluted 1:8 with 
3% acetonitrile, 1% FA aqueous solution for MS analysis. 

7.5.2.2. LC-MSMS analysis  

Two types of nano-LC-MS/MS set up were used in this work. 

Evosep-Eclipse 

Diluted peptides were loaded to a Evotip C18 µ-precolumn (Evosep) following the commercial 
instruction. Peptides were separated using a C18 analytical column EV1106 column (150 μm 
× 150 mm, 1.9 μm) (Evosep) using a Evosep One (EV-1000, Evosep) chromatographic 
system with a 88 min run. The column outlet was directly connected to an Orbitrap Eclipse™ 
Tribrid (Thermo Scientific). The mass spectrometer was operated in a DDA mode. Survey MS 
scans were acquired in the Orbitrap with the resolution (defined at 200 m/z) set to 120,000. 
The lock mass was user-defined at 445.12 m/z in each Orbitrap scan. The top speed (most 
intense) ions per scan were fragmented by CID with a NCE of 30 % and detected in the linear 
ion trap. The ion count target value was 400,000 and 10,000 for the survey scan and for the 
MS/MS scan respectively. Target ions already selected for MS/MS were dynamically excluded 
for 15 s. RF Lens were tuned to 30 %. Minimal signal required to trigger MS to MS/MS switch 
was set to 5,000. The spectrometer was working in positive polarity mode and singly charge 
state precursors were rejected for fragmentation. 

Dionex-Lumos 

Peptides were analyzed using an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo 
Scientific, Waltham, MA, USA) equipped with a Thermo Scientific Dionex Ultimate 3000 
ultrahigh-pressure chromatographic system (Thermo Scientific, Waltham, MA, USA) and an 
Advion Triversa Nanomate (Advion Inc Biosciences Ithaca, NY, USA) as the nanospray 
interface. C18 trap (300 μm × 5 mm, C18 PepMap100, 5 μm, 100 Å; Thermo Scientific, 
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Waltham, MA, USA) and C18 analytical columns (NanoEase MZ HSS T3 column (75 μm×250 
mm, 1.8 μm, 100 Å); Waters, Milford, MA, USA) were used for the chromatographic separation 
at a 250 nL/min flow rate and 60 min gradient from 1 to 35 % B (A = 0.1% FA in water, B = 
0.1 % FA in acetonitrile). The mass spectrometer was operated in a DDA mode using Orbitrap 
resolution in the MS1 (120 k) and Ion Trap in MS2; ions were fragmented by CID with a 35 % 
NCE. The ion count target value was 400,000 and 10,000 for the survey scan and for the 
MS/MS scan respectively. Target ions already selected for MS/MS were dynamically excluded 
for 30 s. RF Lens were tuned to 30%. Minimal signal required to trigger MS to MS/MS switch 
was set to 5,000. The spectrometer was working in positive polarity mode and singly charge 
state precursors were rejected for fragmentation. 

 Orbitrap Eclipse & Lumos Tune Application 3.5.3890 and 4.0.4091 and Xcalibur 
versions 4.5.445.18 and 4.6.67.17 were used to operate the instruments and to acquire data, 
respectively 

7.5.2.3. Database search  
We also used a twin strategy using the searching softwares MQ and PD. We tried to keep the 
big majority of MQ and PD parameters as analogous as possible taking into account that they 
are completely different database search tools. 

MaxQuant 

We used MQ (v1.6) with its Andromeda search engine170–175. We used the Human proteome 
from SwissProt (released in 2021), the SwissProt  Mouse protein sequence, and the 
list of common contaminants as a protein database (released in 2017). The search was run 
against the target and the decoy databases in order to determine the FDR. Only peptides and 
proteins with an FDR below 1 % were considered as positive identifications. Some of the most 
relevant search parameters were trypsin (allowing for two missed cleavage sites) as digesting 
enzyme; oxidation in methionine and acetylation in protein N-terminus, as dynamic 
modifications; 10 ppm as precursor mass tolerance; and 0.6 Da as MS/MS mass tolerance. 

Proteome Discoverer 

We used PD (v2.5) with Sequest HT as a search engine. We used the Human proteome from 
SwissProt (released in 2021), the SwissProt  Mouse protein sequence, and the list 
of common contaminants as a protein database (released in 2017). Both searches were run 
against the target and the decoy databases in order to determine the FDR with the Percolator 
algorithm176,177. Only PSMs with an FDR below 1 % were considered as positive 
identifications. Some of the most relevant search parameters were trypsin (allowing for two 
missed cleavage sites) as digesting enzyme; oxidation in methionine, acetylation in protein N-
terminus, and methyl group loss with and without acetylation in protein N-terminus, as 
dynamic modifications; 10 ppm as precursor mass tolerance; and 0.6 Da as MS/MS mass 
tolerance176. 
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7.5.2.4. Interactome analysis  

Similarly as we did for the database search, we followed a twin strategy for the interactome 
analysis based on two different scoring algorithms called SAINTq178 and SAINTexpress179 and 
analyzed PD and MQ outputs in parallel.  

SAINTq 

The SAINTq-based interactome analysis uses protein abundances to score potential 
interactors. We drop contaminant and decoy identifications and only abundances from unique 
peptides for protein groups were sent to SAINTq scoring algorithm. The resulting list with 
potential interactors was initially filtered by requiring FC ≥ 3 and BFDR ≤ 0.02. 

SAINTexpress 

The SAINTexpress-based interactome analysis uses PSMs counts to score potential 
interactors. Additionally as we did with SAINTq, with SAINTexpress we also analyzed the 
combination of PD and MQ outputs (PD+MQ). This combined dataset is constructed by taking 
the maximum PSM count between PD and MQ, for a given prey and a given sample. As usual, 
contaminant and decoy identifications were removed and only unique peptides for protein 
groups were sent to the SAINTexpress scoring algorithm. The resulting list with potential 
interactors was initially filtered by requiring FC ≥ 3 and BFDR ≤ 0.02.  

7.5.3. Transcriptomics  

7.5.3.1. Interactome analysis  

RNA was extracted as in 7.5.1.1. 

7.5.3.2. Library preparation and sequencing  
Library preparation was performed by the Functional Genomics Core Facility of IRB 
Barcelona. Briefly, total RNA extractions were quantified with the Nanodrop One (Thermo 
Fisher), and RNA integrity was assessed with RNA ScreenTape assay of the Tapestation 
4200 platform (Agilent). Libraries for RNA-seq were prepared at IRB Barcelona Functional 
Genomics Core Facility. Briefly, rRNA depletion and library preparation was performed from 
1 μg of total RNA and used to generate dual-indexed cDNA libraries with the Illumina Stranded 
Total RNA Prep, Ligation with Ribo-Zero Plus kit (Illumina) and UD Indexes Set A (Illumina). 
Ten cycles of PCR amplification were applied to all libraries.  

 Sequencing-ready libraries were quantified using the Qubit dsDNA HS assay 
(Invitrogen) and quality controlled with the Tapestation HS D5000 assay (Agilent). An 
equimolar pool was prepared with the sixteen libraries and submitted for sequencing at the 
Centre for Genomic Regulation. A final qPCR quality control was performed before 
sequencing in an Illumina NextSeq2000. Sequencing output was 703 Million 50-bp single-end 
reads and at least 39 million of reads were obtained for each library. 
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7.5.3.3. Analysis 
Genome and annotation versions 

The dataset consists of single end reads. The genome version used for alignment was mouse 
mm10 with annotations from GENCODE version M25180. 

RNASeq data preprocessing and alignment 

Single-end reads were aligned to the corresponding genome using STAR (v2.7.10a)181 with 
default parameters. STAR indexes were built using the GENCODE annotation with versions 
referenced above. SAM files were converted to BAM and sorted using sambamba (v0.6.70)182. 
Gene counts were obtained with the featureCounts function from the Rsubread package183 
with the GTF file corresponding to the annotation used for indexing the genome.  

RNASeq differential expression and functional enrichment 

All analyses were performed in the R programming language version 4.1.3184 unless otherwise 
stated. Differential analyses were performed using the DESeq2 package185. Functional 
enrichment was performed using the roastgsa package186. Gene set analysis was performed 
employing the regularized rlog transformed matrix. The Broad Hallmarks gene set collection187 
was downloaded from188 and gene ontology and KEGG pathways from189,190 (v3). 

7.5.4. Western Blot  
Western blotting is a commonly used technique to detect proteins of interest within a protein 
extract. First, protein homogenates are prepared from cells or tissues. The concentration of 
protein is quantified, and samples are prepared for gel electrophoresis, a procedure that 
separates proteins based on their size. An electrical current is used to transfer the proteins 
from the gel onto a membrane. The membrane is then incubated in solutions containing 
specific antibodies to detect selected proteins. The primary antibody is designed to bind the 
protein of interest, while the secondary antibody is directed against the primary antibody. 
Secondary antibodies are often conjugated to a fluorophore or enzymes like horseradish 
peroxidase (HRP). These conjugates allow detection of desired proteins by imaging systems 
(such as the Odyssey® Fc Imaging System) or by incubating the membrane with a substrate 
solution (ECL). HRP, which is conjugated to the secondary antibody, catalyzes the conversion 
of chemiluminescent substrates, which emits low intensity light that can be detected using X-
ray films. Finally, detected signals can be quantified by densitometric analysis.  

7.5.4.1. Protein extraction from tissues  

1. Pieces of about 20 - 30 mg tissue are added to tubes containing 600 μL RIPA buffer 
and three zirconium oxide beads.  

2. Tubes are inserted into the Mini-Beadbeater disruptor (Bio Spec Products) and 
homogenized for 30 s at 3,400 oscillations per minute.  

3. Samples are rotated for 30 min at 4 ℃.  
4. Homogenates are centrifuged at 18,200 g for 10 min at 4 ℃.  
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5. Supernatant is collected and quantified (Material and Methods, 7.5.4.3) and adjusted 
to 5 μg / μL. 

7.5.4.2. Protein extraction from cells  

1. Culture dishes (6 or 10 cm dishes) are placed on ice and cells were harvested in 
culture media using a cell scraper. 

2. Cell suspension is transferred to pre-chilled 2 mL microcentrifuge tubes and 
centrifuged at 300g at 4℃ for 5 min (5427 R, Eppendorf™).  

3. The supernatant is removed, and the pellet is washed once with ice-cold PBS. 
4. Centrifugation at 1,600 rpm at 4 ℃ for 5 min.  
5. Supernatant is removed and the cell pellet is frozen at -80 ℃.  
6. The cell pellet is resolved in RIPA buffer and incubated on ice for 15 min.  
7. Samples are centrifuged at 18,200 g for 10 min at 4 ℃.  
8. Supernatant is collected and protein content is quantified (Material and Methods, 

7.5.4.3) and adjusted to 5 μg/μL. 

7.5.4.3. Protein extract quantification  

Protein homogenates were quantified using Pierce™ BCA Protein Assay Kit following the 
manufacturer’s instructions. This procedure is based on the generation of a violet compound 
in amounts proportional to the protein concentration of the sample. In an alkaline environment, 
proteins within the sample reduce Cu2+ to Cu1+, which is also known as the Biuret reaction. 
Bicinchoninic acid (BCA) is highly sensitive to Cu1+ cations and is converted into purple 
reaction products that can be quantified by measuring the absorbance at 562 nm using a 
spectrophotometer. Samples are measured in duplicates. The kit contains an albumin 
standard solution with a concentration of 2 mg/mL that was used to prepare a standard curve 
(Water was used as a blank):  

1. An albumin standard curve ranging from 1 to 20 mg is pipetted into wells of a microtiter 
plate.  

2. Samples (2 μL) are added to microtiter wells.  
3. BCA reagent B is diluted 1:50 with BCA reagent A and 200 μL of the solution are 

added to each well.  
4. The plate is incubated at 37 ℃ for 30 min.  
5. Finally, the absorbance at 562 nm is detected using a microplate reader (BioTek®, 

Sunrise®).  

Protein concentration of samples is calculated by interpolating the unknown value from the 
standard curve. 

7.5.4.4. Sample preparation  

Protein homogenates are brought to a desired concentration with ultrapure water. Three 
volumes of sample are mixed with one volume of 4X loading dye and samples are boiled at 
95 ℃ for 5 min to denature proteins. Protein homogenates destined for detection of high 
molecular weight proteins by western blot were not boiled. 
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7.5.4.5. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis  

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) was performed 
using the Mini-Protean system (Bio-Rad). Gels of 1.5 mm depth were poured between two 
clean glass plates (sandwich of spacer and short glass). Depending on the molecular weight 
of the proteins of interest, a 6-13 % acrylamide separation gel is prepared (Material and 
Methods, Table 10), poured between the glasses and topped with isopropanol to straighten 
the gels surface. The gel is allowed to polymerize. The stacking gel is prepared (Material and 
Methods, (Table 11) and added on top of the polymerized separation gel after elimination of 
the isopropanol layer. Depending on the volume of samples, 1.5 mm thick 10- or 15-well 
combs were inserted into the stacking gel to create wells of 66 μL or 40 μL, respectively. The 
gel was allowed to polymerize before the comb was removed. Gels were used immediately or 
stored up to 4 days at 4 ℃.   

 Glass sandwiches containing polymerized gels were placed into the electrophoresis 
system. The buffer tank was filled with electrophoresis buffer (Material and Methods, Table 
12). The gel was allowed to equilibrate for 15 min before the protein standard (Material and 
Methods, Table 15) and samples were loaded into the wells. The electrophoresis chamber 
was closed using a lid that is connected to the power supply. The gel was run using a constant 
electrical potential difference of 90 V until the migration front reached the bottom of the gel.  

7.5.4.6. Transfer of proteins to PVDF membranes 

After SDS-PAGE, proteins need to be transferred from the gel to a membrane in order to be 
detected. In course of this thesis PVDF membranes (Material and Methods, Table 16) that 
require activation in 100 % methanol prior to transfer, were used. In order to transfer the 
proteins, a sandwich out of filter papers (Whatman®), sponges, gel and membrane was 
prepared in color-coded cassettes in a box filled with transfer buffer (Material and Methods, 
Table 13). Care was taken to avoid bubbles between the layers, which prevent the transfer of 
proteins. The sandwich was assembled in the following order:  

1. A sponge soaked in transfer buffer is placed on the black part of the cassette.  
2. A transfer buffer-soaked filter paper is placed on top of the sponge.   
3. The gel containing separated proteins is equilibrated in transfer buffer and placed onto 

the filter paper.  
4. A piece of PVDF membrane, activated for 1 min in methanol, is placed onto the gel.  
5. Another filter paper, soaked in transfer buffer, is placed on top of the membrane.  
6. A transfer buffer-soaked sponge is placed on top of the filter paper.  
7. The transparent part of the cassette is pressed onto the layers and is then closed.  

The cassette was inserted into the transfer tank. The color-coded cassettes and electrodes of 
the tank ensure the correct orientation of the gel and membrane during transfer. A cooling unit 
was inserted into the transfer tank before it was filled with transfer buffer. The transfer chamber 
was closed using a lid that is connected to the power supply. The power was turned on, and 
the gel was run for 999 min using an electrical current of 90 mA. After the transfer, the 
membrane is removed from the cassette and is used for immunodetection of proteins 
(7.5.4.8).  
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7.5.4.7. Total protein staining 

To proof the homogeneous transfer of proteins onto PVDF membranes, as well as determining 
the relative protein amount of a sample, used to normalize the signal of a target of interest, 
reversible staining of total protein was performed. This step is done immediately after the 
transfer of proteins onto membranes and before the blocking step.  

x For immunodetection of proteins of interest with fluorescence-based secondary 
antibodies, the membrane is rinsed with dH2O and stained with the Revert™ 700 Total 
Protein Stain solution for 5 min at RT with agitation. The membrane is washed twice 
with a washing solution (6.7% v/v acetic acid, 30% v/v methanol) for 2 min each. The 
membrane is rinsed with dH2O and is scanned using the Odyssey® Fc Imaging 
System. Images are acquired using the Image Studio™ Software, according to the 
manufacturer’s instruction. After detection, the membrane is destained with a reversal 
solution (0.1% w/v NaOH,30% v/v methanol) for 5-10 min until the color of stained 
proteins disappears. Afterwards, the membrane is washed three times with dH2O and 
once with PBS containing 0.1 % (v / v) Tween-20 (PBST), for 5 min each. The 
membrane is now ready for the immunodetection of proteins of interest (7.5.4.8). 

x For immunodetection of proteins of interest with HRP-based secondary antibodies, the 
membrane is rinsed with dH2O and stained with Ponceau S solution (0.1% w/v in 5% 
acetic acid). The membrane is washed 3 times with dH20 and is scanned with a 
conventional scanner. The membrane is destained with TBS containing 0.1% (v/v) 
Tween-20 (TBS-T). The membrane is now ready for the immunodetection of proteins 
of interest (7.5.4.8). 

7.5.4.8. Immunodetection of proteins of interest  

Proteins transferred onto a membrane can be immunodetected using primary antibodies that 
specifically bind to proteins of interest, and secondary antibodies directed against primary 
antibodies. Immunodetection consists of four main steps including blocking, incubation with 
primary and secondary antibody and finally detection.  

 First, the membrane is placed into a blocking solution of TBS-Tsupplemented with 5% 
(w/v) skimmed milk powder. The membrane is incubated for one hour on a shaker with 
agitation (100 rpm). This step reduces background signals by blocking non-specific binding 
sites for antibodies using a solution rich in proteins.  

 The blocked membrane is then immersed in the primary antibody solution. Specific 
conditions depend on the antibody that is used and are described in detail in Material and 
Methods, Table 27. Membranes are incubated overnight inside 50 mL tubes placed on a 
TubeRoller™ at 4 ℃. After incubation, the membranes are washed three times using TBS-T 
for 10 min each. The washing steps are performed with agitation on a shaker at RT.  

 The membrane that is now free of unbound primary antibody is immersed in a 
secondary antibody solution that is prepared in PBST containing 5% (w/v) skimmed milk 
powder. Specific conditions are detailed in Material and Methods, Table 28. Secondary 
antibodies target primary antibodies and are conjugated to fluorophores or enzymes that allow 
their detection. Membranes are incubated for 1h at RT and with agitation. After incubation, 
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the membranes are washed three times using TBST for 5 min each. In case of fluorescently 
labelled secondary antibodies, membranes were washed one more time using TBS without 
Tween-20.  

 Lastly, the protein of interest is detected. This was done in two different ways, 
depending on the secondary antibodies that were used. Membranes incubated with HRP-
conjugated secondary antibodies were incubated with a substrate solution (ECL™, GE 
Healthcare) according to the manufacturer’s instructions. Briefly, solution A (luminol solution) 
and solution B (peroxidase solution) are mixed (1:1) and the surface of the membrane is 
covered. After 1 min of incubation, excess solution is removed, and the membranes were 
placed between plastic sheets into an X-ray film cassette. Depending on the intensity of the 
signal, standard or high-sensitive films were exposed to the membranes for different times 
inside a dark room. The exposed films were subsequently developed using the Hyper 
Processor Model AM4 (Amersham Pharmacia Biotech).  

 In the case of membranes incubated with fluorescently labelled secondary antibodies, 
the membranes were scanned using the Odyssey® Fc Imaging System and the Images were 
acquired using the Image Studio™ Software, according to the manufacturer’s instruction. 

7.5.4.9. Densitometry analysis of protein relative levels  

In order to determine the relative amount of the proteins of interest and housekeeping 
proteins, developed X-ray films were scanned using the HP Officejet Pro X576dw printer. The 
software Image J (Fiji) was used to quantify the density (intensity) of bands on the X-ray scans.  

7.5.4.10. Membrane stripping  

Restore™ Western Blot Stripping Buffer was used to remove primary and secondary 
antibodies from PVDF membranes in order to incubate the same membrane using different 
antibodies. Membranes were incubated in Stripping Buffer for 15 min, followed by blocking 
and incubation with another set of primary and secondary antibodies. 
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7.6. Statistical analysis  
In this PhD thesis, data are presented as mean ± SEM. Different statistical tests have been 
used depending on the number of groups that were analyzed. These include, unpaired 
Student’s t-test, paired Student’s t-test and One-way ANOVA test coupled with multiple 
comparisons Significance was established at p < 0.05. Statistical analysis was applied mostly 
to data from n ≥ 3 independent experiments. 
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Review

The ubiquitin-proteasome system and
autophagy: self-digestion for metabolic health
Jia Liang Sun-Wang,1,2,3,* Alex Yarritu-Gallego,4,5 Saška Ivanova,1,2,3 and Antonio Zorzano1,2,3,*

Type 2 diabetes mellitus (T2DM) is a global health challenge. Therefore, under-
standing the molecular mechanisms underlying the pathophysiology of T2DM
is key to improving current therapies. Loss of protein homeostasis leads to the
accumulation of damaged proteins in cells, which results in tissue dysfunction.
The elimination of damaged proteins occurs through the ubiquitin-proteasome
system (UPS) and autophagy. In this review, we describe the mutual regulation
between the UPS and autophagy and the involvement of these two proteolytic
systems in metabolic dysregulation, insulin resistance, and T2DM. We propose
that alterations in the UPS or autophagy contribute to triggering insulin resis-
tance and the development of T2DM. In addition, these two pathways emerge
as promising therapeutic targets for improving insulin resistance.

Diabetes mellitus (DM): a major global health issue
DM is themost commonmetabolic disease and one of the top ten causes of deathworldwide [1]. The
prevalence of DM has increased dramatically in recent decades. In 2017, around 425 million people
between 20 and 79 years of age lived with DM and this number is estimated to rise to 629 million by
2045 [2]. DM is characterized by impaired glucose homeostasis, which results in hyperglycemia. DM
is classified into different disease categories and the most prevalent is type 2 DM (T2DM). T2DM
is characterized by a gradual loss of insulin production by pancreatic β-cells and the progressive
development of insulin resistance in metabolically relevant tissues, such as skeletal muscle, adipose
tissue, liver, and brain, most likely due to alterations in the insulin signaling pathway [3].

One of the major risk factors in the development of T2DM is obesity, a detrimental metabolic
condition [4]. The prevalence of obesity has also risen tremendously over recent decades due
to industrialization, sedentary lifestyles, and diets based on processed foods [4,5]. Another
relevant risk factor in T2DM is aging [3]. The metabolic derangements in T2DM patients can
lead to numerous health complications, including cardiovascular, renal, and neurodegenerative
disease, thus impairing their healthspan and lifespan [6]. Therefore, T2DM poses a serious threat
to global health that needs to be tackled following the United Nations Sustainable Development
Goal 3 (SDG3) to ‘ensure healthy lives and promote well-being for all at all ages’ [7]. A better
understanding of the molecular mechanisms leading to insulin resistance and to β-cell failure
will permit the prevention of T2DM, as well as allowing for more efficient and personalized
treatments. Therefore, based on recent data, we propose that the ubiquitin-proteasome system
(UPS) and autophagy participate in the pathophysiology of T2DM.

Cellular protein degradation machinery
The UPS
The UPS targets most cellular proteins for degradation to the 26S proteasome (proteasome
hereafter), a multiprotein complex formed by the 20S core particle (CP) and the 19S regulatory
particle (RP) [8]. Proteins that are targeted to the proteasome are previously subjected to
ubiquitination (Box 1). Ubiquitinated substrates are recognized and bound directly to ubiquitin
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receptors located at the 19S RP of the proteasome or indirectly through proteasome-shuttling
factors (see Glossary) [9]. Substrates are then committed to degradation through an ATP-
dependent and irreversible binding step to the 19S RP. Prior to degradation, ubiquitin conjugates
are removed by deubiquitinating enzymes (DUBs), thereby allowing the reutilization of
ubiquitin. The timely degradation of substrates and the clearance of damaged proteins by the
proteasome contributes to protein homeostasis (proteostasis).

Autophagy
Autophagy targets cytosolic components, including proteins and organelles, to the lysosome
for degradation. Three types of autophagy occur in mammals: macroautophagy [10],
microautophagy [11], and chaperone-mediated autophagy (CMA) [12]. Macroautophagy
(autophagy hereafter) is the most characterized type of autophagy and it requires the formation
of autophagosomes, namely double-membrane vesicles that deliver the cargo to lysosomes
(Figure 1). Once autophagosomes are formed, they fuse with lysosomes into autolysosomes,
where the cargo and autophagosomes are degraded into building blocks that are recycled by
the cell. Autophagy is a tightly regulated process that requires a complex signaling cascade and
ATG proteins. mTORC1 and AMPK, two key metabolic sensors, control the initial events in
autophagosome biogenesis [13] (Figure 1).

Autophagy can take place in a nonselective manner (nonselective autophagy), which involves
the random uptake of cytosolic material for degradation (e.g., upon nutrient deprivation).
However, during selective autophagy, autophagosomes recruit specific cellular components
[14]. Selective degradation through autophagy receives a distinct nomenclature, depending
on the cargo recruited: aggrephagy (protein aggregates), mitophagy (mitochondria), etc.
The degradation of cellular material by autophagy serves as a quality control mechanism
to maintain homeostasis. More specifically, aggrephagy contributes to the maintenance of
proteostasis.

Box 1. Ubiquitination as a ‘degrade-me’ signal
Ubiquitination, also referred to as ubiquitylation, is a post-translational modification that involves the covalent attachment of
one (monoubiquitination) or multiple (polyubiquitination) ubiquitin monomers to the ε-amino group of a lysine residue.
Ubiquitin is a small regulatory protein of 8.6 kDa, ubiquitously expressed in eukaryotic organisms. Ubiquitination occurs
through a sequence of enzymatic reactions catalyzed by ubiquitin-activating enzymes (E1s), ubiquitin-conjugating
enzymes (E2s), and ubiquitin ligases (E3s). E3s provide substrate specificity for ubiquitination, a feature that explains
why humans and other eukaryotic organisms have hundreds of genes that encode for E3s [109]. Polyubiquitin chains
can be generated through the consecutive addition of ubiquitin molecules to any lysine residue of the previous ubiquitin:
M1, K6, K11, K27, K29, K33, K48, and K63, thus offering a wide variety of linkage types to regulatemany cellular functions
[110]. In this regard, K48-, K29-, and K11-polyubiquitin chains are signals for proteasome degradation, whereas K63
chains are involved in autophagy degradation and in the regulation of protein activity.

Therefore, ubiquitin is a common molecular player shared by the UPS and autophagy. But how the different types of
polyubiquitin chains target a substrate protein to the proteasome or to autophagy remains to be elucidated. Furthermore,
p62 constitutes a key player, as it is not only an autophagic adaptor, but also a proteasome shuttling factor [111]. Thus,
p62 can be considered a dual proteasomal and autophagic receptor, suggesting that other autophagic adaptors with
similar biochemical properties may also act as dual receptors. Recent findings showed that the choice between
proteasomal and autophagic degradation depends on the ability of p62 to oligomerize [112,113]. When p62 is in an
oligomeric state, it binds with higher preference to K63-linked polyubiquitin chains [112]. By contrast, K48-linked
polyubiquitin chains can disrupt p62 oligomers, suggesting that a nonoligomeric state favors proteasomal degradation,
whereas an oligomeric state favors autophagic degradation [112]. Moreover, the generation of artificial receptors has
revealed that oligomeric receptors are inefficient in the degradation of soluble substrates compared with monomeric
receptors [113]. By contrast, only oligomeric receptors are capable of promoting autophagic degradation of
aggregation-prone substrates [113]. In conclusion, the choice which of the two degradation systems (i.e., proteasomal
or autophagic) will be used depends on several factors: (i) polyubiquitin linkage type, (ii) receptor oligomerization state,
and (iii) substrate aggregation state.

*Correspondence:
jialiang.sunwang@irbbarcelona.org
(J.L. Sun-Wang) and
antonio.zorzano@irbbarcelona.org
(A. Zorzano).
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Mechanisms of interaction between the UPS and autophagy
UPS and autophagy sharemolecular players (e.g., ubiquitin and p62) (Box 1) and there is increas-
ing evidence that they regulate each other. In this section, we describe mechanisms of interaction
between the UPS and autophagy and discuss their implications in proteostasis.

Proteaphagy: the clearance of proteasomes by autophagy
Degradation of proteasomes through autophagy, also referred to as proteaphagy, was first
hinted at through early observations in rat liver, in 1995 [15]. However, it was not until recently
that the degradation of proteasomes through autophagy was described in mammalian cells
[16], yeast [17], and plants [18]. In mammals, proteaphagy is activated upon amino acid and
serum (AAS) deprivation (Figure 2). The 20S CP and 19S RP subunits are highly enriched in
autophagosome–lysosome fractions and are dramatically reduced in whole-cell lysates after
24–30 hours of AAS starvation [16]. Upon AAS starvation, 19S RP subunits are ubiquitinated,
a process that is necessary for proteasome uptake by autophagosomes [16]. However, the
E3s responsible for the ubiquitination of the 19S RP under AAS deprivation remain to be
described. p62 was identified as the autophagic adaptor necessary for proteasome recruitment
into autophagosomes via the UBA domain [16].

Proteasome inhibitors (PIs) also activate proteaphagy [19–21] (Figure 2) and induce
ubiquitination of the 19S RP, a process mediated by the E3 STUB1 [19]. Ubiquitination of the
19S RP promotes the reversible sequestration of proteasomes in aggresomes by p62, which
could lead to two distinct outcomes. On one hand, removal of PIs from the cellular medium
rescues proteasomes, resulting in the recovery of proteasomal activity. On the other hand,
continued exposure to PIs induces the clearance of aggresome-associated proteasomes
through autophagy [19], thus pointing to crosstalk between aggrephagy and proteaphagy.

Interestingly, genetically and chemically induced proteasome impairment upregulates autophagy,
with p62 playing a central role, and also activates the proteasome recovery pathway (PRP)
through the transcription factor Nrf1 [22]. Activation of autophagy under deficient proteasomal
degradation relies on multiple mechanisms, including the activation of the unfolded protein
response (UPR) associated with endoplasmic reticulum (ER) stress [23,24] and the stabilization
of the master transcription factor of lysosomal and autophagy genes TFEB [25], among others
[22]. Therefore, upregulation of autophagy, activation of the PRP, and induction of proteaphagy
may be a coordinated response for the disposal of defective proteasomes, the clearance of
substrates that should have been degraded by the proteasome, and the synthesis of new
proteasomes to maintain proteostasis.

The mechanisms underlying proteaphagy are coming to light, but the physiological role of this
process remains elusive. In the context of starvation and in contrast to in vitro studies [16],
there are no changes in proteasome abundance in mouse skeletal muscle and liver after 24
and 48 hours of fasting [26]. However, proteasomes are present in the hepatic lysosomes of
fasted rats [15]. Furthermore, starvation increases proteasome activity in muscle and liver [26]
and in cultured cells [27], observations that thus question the physiological relevance of
starvation-induced proteaphagy.

In the context of oxidative stress, proteaphagy may be a relevant cytoprotective mechanism.
In this connection, oxidative stress causes protein damage and misfolding, resulting in an initial
upregulation of the UPS to deal with misfolded proteins. However, if oxidative stress persists, it
may enhance the formation of aggregates that can overwhelm the proteasome and induce
proteotoxic stress [28]. In these conditions and in an attempt to restore proteostasis,

Glossary
Aggresomes: cytoplasmic inclusions
that isolate misfolded proteins and
prevent them from harming the cell.
Aggresomes form when the protein
degradation machinery is overwhelmed
(e.g., upon proteasome inhibition).
AMPK: AMP-activated protein kinase.
AMPK is an energy sensor that is
activated when cellular energy levels run
low, thus promoting catabolism.
ATG proteins: Atg stands for
‘autophagy-related’. Atg proteins form
the core macroautophagic machinery.
ATG8: a ubiquitin-like protein that is
conjugated to autophagosome
membranes and is involved in cargo
recruitment and autophagosome
biogenesis in yeast. Mammals have six
ATG8 homologs that perform similar
functions (LC3A, LC3B, LC3C,
GABARAP, GABARAP-L1, and GATE-
16). The most studied ATG8 homolog in
mammals is LC3B, a bona fide
autophagosome marker [130].
Cargo: cellular material to be degraded
in the lysosome.
Chaperone-mediated autophagy
(CMA): a form of autophagy that targets
only proteins that bear a KFERQ
sequence (or KFERQ-like sequence) for
degradation by the lysosome. Proteins
with the KFERQ sequence are delivered
to the lysosomal membrane by
chaperones, where they interact with
lysosomal-associated membrane
protein 2 isoform A (LAMP2A). LAMP2A
then forms a pore that allows
translocation of the proteins to the
lysosomal lumen for degradation.
Deubiquitinating enzyme (DUB):
DUBs catalyze the removal of ubiquitin
from ubiquitinated proteins. Humans
have more than 100 genes that encode
for DUBs [109].
Microautophagy: a form of autophagy
that does not require the formation of
autophagosomes for cargo delivery to
the lysosome. Instead, the lysosomal
membrane invaginates to take up the
cargo.
mTORC1: mammalian target of
rapamycin complex 1. mTORC1 is a
protein kinase complex that acts as a
metabolic sensor. It is activated by
nutrients, such as growth factors and
amino acids, and it promotes anabolism
while it inhibits catabolism through the
phosphorylation of downstream target
proteins. When nutrients are scarce,
mTORC1 is inactive. mTORC1 can also
be chemically inhibited by rapamacyin.
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proteaphagy could be jointly activated with aggrephagy to degrade blocked proteasomes and
aggregated proteins.

Regulation of the autophagic machinery by ubiquitination
E3 ubiquitin ligases are essential players in the UPS. In addition, recent studies have shown that
ubiquitination of ATG proteins is a fundamental process in the regulation of autophagy. Many
components of the autophagic machinery are subjected to different types of ubiquitination by a
wide variety of E3s (Table 1). Based on the data, K48-linked ubiquitination of ATG proteins pro-
motes their proteasomal degradation and may serve as a regulatory signal to restrict autophagy
when it is not necessary (i.e., under nutrient-rich conditions) or as a signal to terminate autophagy
to prevent overactivation. On the contrary, other linkage types of ubiquitin chainsmay regulate the
activity of ATG proteins to promote autophagy under autophagy-activating conditions.

Ubiquitination is a reversible process that can be antagonized by DUBs. Interestingly, DUBs also
play a role in the regulation of autophagy by removing ubiquitin chains. For instance, K48-linked
ubiquitin chains in ULK1 can be removed by USP20 to prevent its proteasomal degradation, thus
stabilizing ULK1 and promoting autophagy [29]; whereas K63-linked ubiquitin chains in ULK1 can
be removed by USP1, thus suppressing autophagy [30].

The importance of the regulation of autophagy by E3s and DUBs has been demonstrated by a
recent study [31]. In this connection, K29/K48 ubiquitination of the class III PI3-kinase subunit
VPS34 by UBE3C promotes its proteasomal degradation, thus suppressing autophagy. Ubiquitin
chains on VPS34 can be removed by TRABID [31]. Under ER stress and proteotoxic stress
induced by PIs, UBE3C interaction with VPS34 is diminished, resulting in decreased VPS34
ubiquitination and VPS34 stabilization [31]. Interestingly, mice fed with a high-fat diet (HFD) exhibit
reduced levels of TRABID and VPS34, decreased autophagy, and develop hepatic steatosis.
Under these conditions, overexpression of TRABID in HFD-fed mice restored VPS34 protein
levels and autophagy and alleviated steatosis [31]. Therefore, the timely action of E3s and
DUBs modulates autophagy to preserve proteostasis and tissue homeostasis.

The UPS and autophagy in metabolic disease
Understanding the molecular mechanisms underlying the development of insulin resistance and
T2DM is key to designing novel therapeutic approaches. In this section, we discuss the implica-
tions of the UPS and autophagy in obesity, insulin resistance, and T2DM. We propose that these
pathways are promising therapeutic targets for the treatment of metabolic diseases.

The UPS and metabolic homeostasis
Proteasome activity is reduced in livers from ob/ob and db/db mice [32] and also in adipocytes
from obese insulin-resistant human subjects [33]. Proteolysis by the proteasome is also impaired in
the brains of streptozotocin-induced diabetic rats [34] and the spontaneous obese rat WNIN/Ob
[35]. Gene expression of proteasome subunits is reduced in the livers of db/db mice [36] and in
mouse heart upon HFD [37]. HFD also impairs proteasome activity in mouse white adipose tissue
(WAT), brown adipose tissue (BAT), and liver [32,33,38]. These findings indicate that UPS function
is altered under conditions characterized by obesity or insulin resistance.

Recent data have provided strong evidence that the UPS is required in nonshivering thermogenesis
and that inhibition of the proteasome represses the expression of metabolic genes such as UCP1
or PGC1α and induces ER stress in BAT [38]. Furthermore, proteasome activity mediated by the
transcription factor Nrf1 is essential for BAT thermogenic adaptation and metabolic health in
mice [38]. BAT-specific deletion of Nrf1 reduces proteasome activity, which is exacerbated by a

Nrf1: nuclear factor erythroid 2-related
factor 1. A transcription factor that
modulates the expression of
proteasome subunits.
p62: also referred to as SQSTM1
(sequestosome 1). p62 is a
multifunctional protein involved in cell
signaling, autophagy, and proteasomal
degradation. It contains a UBA domain,
which recognizes ubiquitinated proteins,
a LIR, which recognizes Atg8 homologs
at the autophagosome membrane, and
a PB1 domain, which serves for
oligomerization and for interaction with
proteasomes. The presence of these
domains allows p62 to act as an
autophagic adaptor and as a
proteasome-shuttling factor [131].
Proteasome inhibitors (PIs): small
molecules that inhibit proteasomal
degradation, thus inducing proteotoxic
stress. These inhibitors are extensively
used for research and therapeutic
purposes. For instance, the proteasome
inhibitor bortezomib has been in clinical
use for multiple myeloma for more than
10 years [132].
Proteasome recovery pathway
(PRP): a mechanism mediated by the
transcription factor Nrf1 that upregulates
the synthesis of proteasome subunits
upon proteasome inhibition [133].
Proteasome-shuttling factors:
ubiquitin receptors that shuttle
ubiquitinated proteins to the proteasome
for degradation. These proteins contain
a UBL (ubiquitin-like) domain that is
recognized by proteasome intrinsic
ubiquitin receptors and a UBA (ubiquitin-
associated) domain that recognizes
ubiquitinated proteins [134].
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HFD and results in the secretion of proinflammatory cytokines in plasma and systemic insulin
resistance (Table 2) [38]. Interestingly, intra-BAT injection of adenoviruses encoding for either
Nrf1 or the proteasome activator PA28α in diet-induced obese mice and ob/ob mice enhances
proteolysis by the proteasome, which in turn ameliorates insulin resistance [38]. In addition, ablation
of the proteasome activator PA28 results in ER stress in the liver, leading to hepatic insulin
resistance and exacerbated glucose intolerance upon HFD [32]. Moreover, proteasome inhibition
induces ER stress and impairs insulin signaling in adipocytes [33]. Taken together, these data
indicate that the UPS is involved in metabolic homeostasis and it emerges as a possible target
for the treatment of insulin resistance and T2DM.

By contrast, proteasome activity is increased in myotubes derived from obese insulin-resistant
individuals [39]. This differential profile of changes in proteasome activity in skeletal muscle
suggests that the UPS plays distinct roles in different tissues to handle insulin resistance. The
observation that the PI bortezomib attenuates palmitic acid-induced ER stress, inflammation,
and insulin resistance in myotubes [40] further supports the notion that the UPS in muscle is
differentially regulated in comparison with other tissues. This upregulation in UPS activity in
myotubes derived from obese insulin-resistant subjects might be due to increased transcriptional
activity of Forkhead Box (Fox) O transcription factors, which coordinate the transcription of genes
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Figure 1. Autophagy. Autophagy is initiated by the ULK1 complex, which can be activated via mTORC1 inhibition or AMPK activation (1). The nucleation step results in
the formation of the phagophore and requires the class III phosphatidylinositol 3-kinase complex I (PI3KC3-C1) and the WIPI2-ATG2 complex (2). Phagophore expansion
and maturation into autophagosome requires delivery of membranes by ATG9-containing vesicles and the conjugation of ATG8 homolog proteins to the phagophore
membrane (3). Autophagic adaptors such as p62 mediate cargo recruitment. ATG8 proteins are also required for cargo recruitment and are conjugated to
autophagosome membranes through the action of the ATG12 and ATG8 conjugation systems. Autophagic cargo can be ubiquitinated, which may be essential for
recognition by adaptor proteins [14], which recognize both the cargo and the autophagosome membrane. For instance, p62 binds ubiquitinated protein aggregates
and ubiquitinated mitochondria through a UBA (ubiquitin-associated) domain and interacts with LC3B (an ATG8 protein) anchored at the autophagosome membrane
through an LC3-interacting region (LIR). The fusion between autophagosomes and lysosomes is mediated by the class III phosphatidylinositol 3-kinase complex II
(PI3KC3-C2) (4). The fusion event results in the formation of autolysosomes, where cargo and autophagic adaptors are degraded (5).
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related to the UPS, including E3s and proteasome subunits [41]. Insulin inhibits FoxO activity [42],
thereby downregulating UPS-related genes and proteasomal degradation. However, the inhibi-
tory action of insulin on FoxO is lost upon insulin resistance, with a concomitant increase in
UPS activity [41,42]. FoxO1, 3, and 4 control the muscle-specific expression of the E3s
Atrogin-1 and MuRF-1, the main E3s that are responsible for muscle atrophy, which may be a
reason for FoxO-dependent increase in UPS activity that only occurs in muscle [41,43]. It is
unclear whether FoxO1, 3, and 4 regulate expression of E3s in liver or in adipose tissues.
Additional experimental data on proteasome activity in muscle and other metabolically relevant
tissues is required to fully understand UPS regulation in insulin-resistant conditions in humans
and in animal models.

Autophagy in metabolic fitness
Alterations in autophagy have also been documented in the context of obesity. The protein
levels of ATG5, ATG7, ATG12, and Beclin-1 are reduced in the livers of HFD-fed mice [44,45]
and in ob/ob mice, together with autophagy flux [46]. ATG7 protein levels are also decreased
in mouse heart upon HFD [47]. Muscles of patients with T2DM also showed attenuated expression
of ATG proteins, including ATG5 and p62 [48], repressed autophagic signaling through the ULK1
complex [48], and decreased levels of the autophagy activator TP53INP2, suggesting impaired
autophagy flux [49].

By contrast, HFD increases the levels of ATG5 and ATG12 [45] and enhances autophagy flux in
mouse WAT [50]. It has also been reported that autophagy is necessary for adipogenesis [51].
Increased autophagic flux in WAT upon HFD may be an adaptive response to increase the

TrendsTrends inin EndocrinologyEndocrinology & MetabolismMetabolism

Figure 2. Mechanisms of proteaphagy. Proteaphagy can be triggered by amino acid and serum (AAS) starvation and by proteasome inhibition (PI). AAS starvation-
induced proteaphagy promotes the ubiquitination of the 19S regulatory particle (RP) by an unknown E3. Ubiquitinated proteasomes are recognized by the UBA domain of
p62, which recruits proteasomes into autophagosomes for lysosomal degradation. PI-induced proteaphagy triggers the ubiquitination of the 19S RP by the E3 STUB1.
Ubiquitinated proteasomes are sequestered into aggresomes in a reversible manner by p62. If PI persists, proteasomes and aggresomes are engulfed by
autophagosomes and then targeted to the lysosome for degradation. Abbreviations: LIR, LC3-interacting region; Ub, ubiquitin.
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number of adipocytes in order to store excess fat or it could also be a consequence of increased
lipid droplet (LD) biosynthesis, as LDs contribute to autophagosome biogenesis [52].

Suppression of autophagy in WAT and liver impairs metabolic homeostasis in mouse models
(Table 2) [46,53,54]. Simultaneous deletion of ATG3 or ATG16L in mouse WAT and BAT leads
to the accumulation of dysfunctional mitochondria and toxic lipid peroxides, which in turn induce
WAT inflammation and systemic insulin resistance [53]. Interestingly, autophagy plays a seminal
role in lipid metabolism [55] and WAT biology [51]. In this regard, ablation of the autophagy
activator TP53INP2 promotes adipose hyperplasia, thus leading to hyperplasic obesity [56], a
less pathogenic form of obesity [57]. Currently available data reveal a multiplicity of potential
mechanisms behind what we refer to autophagy and the need for more in-depth studies.

In mouse liver, ATG5 deletion impairs fasting-induced hepatic steatosis (Table 2) [58]. Lack of
ATG7 in mouse liver increases ER stress, impairs hepatic insulin signaling, and induces systemic
insulin resistance, which are restored upon ATG7 re-expression [46]. Moreover, ATG7 ablation
in mouse liver impairs glucose homeostasis as a result of alterations in gluconeogenesis [54].
By contrast, mice lacking ATG7 in muscle are protected from diet-induced obesity and insulin
resistance due tometabolic adaptations induced by FGF21 [59], a hormone secreted in response
to nutrient challenges to restore metabolic homeostasis [60]. Suppression of autophagy in
muscle leads to mitochondrial dysfunction, oxidative stress, ER stress, and the subsequent

Table 1. List of E3s that regulate autophagy through the ubiquitination of ATG proteins
ATG E3 Uba Conditionb Resultc Refs

Initiation
ULK1

TRAF6 K63 Short starvation + [114]

NEDD4L K48 Prolonged starvation – [115]

KLHL20 K48 Prolonged starvation – [116]

ATG13 LUBAC M1 Short starvation + [117]

Nucleation

Beclin-1

TRAF6 K63 TLR4 activation + [118]

TRIM50 K63 Short starvation + [119]

KLHL20 K48 Prolonged starvation – [116]

RNF216 K48 Prolonged starvation – [120]

WIPI2
HUWE1 K48 Nutrient rich – [121]

CUL4 K48 Mitosis activation – [122]

VPS34 UBE3C K29
K48

Basal – [31]

VPS34 KLHL20 K48 Prolonged starvation – [116]

ATG9 Met30 K48 Nutrient rich – [123]

Expansion ATG16L CUL3-gigaxonin K48 Basal + [124]

ATG4 RNF5 K48 Basal – [125]

GABARAP MIB1 K48 Basal – [126]

p62 UBE2D2/3d K63? PIs treatment + [127]

NEDD4 K63 Basal + [128]

Fusion UVRAG SMURF1 K29
K33

Basal + [129]

aThe linkage type of the ubiquitination is detailed in the ‘Ub’ column.
bThe cellular conditions under which these ubiquitination events were identified are detailed in the ‘Condition’ column.
cThe outcome of the ubiquitination events is listed in the ‘Result’ column as favoring (+) or suppressing (–) autophagy.
dUBE2D2 and UBE2D3 are E2s.
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secretion of FGF21 (Table 2) [59]. This FGF21-dependent metabolic adaptation is also observed
in mice upon muscle-specific deletion of FUNDC1, a mitophagy adaptor [61].

In all, available data indicate that autophagy plays a role in the regulation of metabolic homeostasis
and that it undergoes adaptations in metabolic disorders. Additionally, recent data reveal that small
molecules that induce autophagy exert beneficial effects in obese insulin-resistant mice [62]. Thus,
chronic treatment with a chemical compound named MSL-7, which activates autophagy,
improves glucose homeostasis and insulin sensitivity in ob/ob mice and HFD-induced obese
mice and these effects occur in the absence of changes in body weight [62]. Additionally,
administration of the plant metabolite Rg2, a steroid glycoside that induces autophagy, ameliorates
insulin resistance and reduces body weight gain in HFD-fed mice [63]. Improvement of insulin
sensitivity by Rg2 is autophagy-dependent, as this effect is lost in autophagy-deficient mice [63].
Moreover, autophagy enhancers attenuate diabetic cardiomyopathy in rat and mouse models by
mitigating oxidative stress [64–66]. Based on these observations, autophagy emerges as a poten-
tial target to ameliorate insulin resistance and diabetic complications in obese and T2DM patients.

Altered UPS and autophagy in the progression of metabolic disease
Alterations in the UPS and autophagymay pave the way for the progression of metabolic disease.
β-Cell dysfunction is the definitive alteration that triggers T2DM [67]. β-Cells secrete insulin
together with amylin, also referred to as islet amyloid polypeptide (IAPP). Accumulating evidence
suggests that IAPP aggregation is involved in β-cell dysfunction in the context of T2DM (Figure 3)
[68]. Interestingly, the UPS and autophagy have been reported to regulate IAPP turnover in
β-cells (Figure 3) [69]. In addition, proteasomal degradation and autophagy are impaired in
the pancreatic islets of T2DM patients [69,70], thus leading to a marked accumulation of
ubiquitinated proteins [69]. Autophagy is also suppressed in β-cells of HFD-fed and diabetic

Table 2. In vivo metabolic effects of altered UPS or autophagy
Genotypea Organ UPS/

autophagy
Model Metabolic phenotype Refs

Nrf1–/– BAT ↓UPS Regular or HFD, mice Mitochondrial dysfunction, ER stress, inflammation, and insulin resistance [38]

Nrf1 adOE BAT ↑UPS HFD, ob/ob mice Improved insulin sensitivity [38]

PA28α adOE BAT ↑UPS HFD, ob/ob mice Improved insulin sensitivity [38]

PA28–/– Whole body ↓UPS Regular or HFD, mice ER stress and insulin resistance [32]

ATG3–/– WAT
BAT

↓Autophagy Regular diet, mice Mitochondrial dysfunction, inflammation, and insulin resistance [53]

ATG16L–/– WAT
BAT

↓Autophagy Regular diet, mice Inflammation and insulin resistance [53]

TP53INP2–/– Whole body = Autophagy HFD, mice Increased adiposity w/o altering glucose homeostasis [56]

ATG5–/– Liver ↓Autophagy Fasting, mice Impaired fasting-induced hepatic steatosis [58]

ATG7 adKD Liver ↓Autophagy Regular diet, mice ER stress and insulin resistance [46]

ATG7 adOE Liver ↑ Autophagy ob/ob, mice ↓ER stress, improved insulin sensitivity [46]

ATG7–/– Liver ↓Autophagy Regular diet, mice Impaired gluconeogenesis [54]

ATG7–/– Muscle ↓Autophagy HFD, mice Mitochondrial dysfunction, ER stress, FGF21 secretion,
and improved insulin sensitivity

[59]

FUNDC1–/– Muscle ↓Autophagy HFD, mice Mitochondrial dysfunction, FGF21 secretion, and improved
insulin sensitivity

[61]

ATG7–/– β-cells ↓Autophagy Regular or HFD diet, mice Mitochondrial dysfunction, ↓β-cell mass, ↓insulin production,
and hyperglycemia

[73]
[74]

aAbbreviations: adOE, adenoviral overexpression; adKD, adenoviral knockdown.
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mice [71], and deletion of autophagy in mouse β-cells enhances IAPP-induced apoptosis [72],
thus reducing β-cell mass [73–75]. By contrast, the autophagy enhancer MSL-7 improves
IAPP clearance and β-cell function and ameliorates diabetes in an IAPP-induced diabetes
mouse model [76]. In keeping with this, the autophagy activator rapamycin decreases β-cell
apoptosis and improves insulin secretion in human pancreatic islets from T2D donors [77].
Chronic exposure to high glucose in INS-1E β-cells and human pancreatic islets reduces
proteasome activity, increases the accumulation of ubiquitinated proteins, and triggers ER stress
and apoptosis [78]. Furthermore, the PI MG-132 promotes apoptosis in INS-1E β-cells and
human pancreatic islets [78]. Moreover, hyperglycemia also impairs autophagy in INS-1E
β-cells [70]. Interestingly, IAPP aggregates have been proposed to inhibit the UPS and autophagy
[79]. These observations suggest the interesting notion that metabolic stress in prediabetic
individuals is responsible for UPS and autophagy dysfunction in β-cells, ultimately resulting in
β-cell failure. In short, UPS and autophagy collaborate to maintain metabolic health by degrading
IAPP and ameliorating oxidative stress in β-cells, thus improving β-cell survival and function
(Figure 3). However, therapeutic strategies aiming at enhancing autophagy in β-cells should be
carefully considered, as excessive activation of autophagy promotes the degradation of insulin
secretory granules, thereby reducing insulin secretion and impairing glucose tolerance [80].
Additionally, short-term inhibition of autophagy in β-cells improves β-cell function upon HFD
through changes in the lipidome [81,82], suggesting that suppressing autophagy for a short
time may also be beneficial.

TrendsTrends inin EndocrinologyEndocrinology & MetabolismMetabolism

Figure 3. The ubiquitin-proteasome system (UPS) and autophagy preserve β-cell function by degrading islet amyloid polypeptide (IAPP). The UPS and
autophagy contribute to preservation of β-cell function by degrading IAPP (broken arrows, left panel). However, UPS and autophagy function in β-cells decline under
metabolic stress [e.g., high glucose, oxidative stress, endoplasmic reticulum (ER) stress, mitochondrial dysfunction, etc.], thus allowing IAPP to form toxic aggregates.
IAPP aggregates further inhibit the UPS and autophagy, generating a vicious cycle that exacerbates IAPP aggregation, which eventually leads to β-cell failure.
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Metabolic alterations, including enhanced reactive oxygen species (ROS) production, mitochon-
drial dysfunction, and increased ER stress, are characteristic of insulin resistance and T2DM and
they may precede the development of these conditions [83–85]. Interestingly, mitochondrial
dysfunction has been reported to impair autophagy and also UPS function [86,87] (Figure 4).
Thus, ablation of the mitochondrial fusion protein Mitofusin 2 (Mfn2) promotes mitochondrial
dysfunction, causes insulin resistance, and reduces autophagy flux in cells and in skeletal muscle
[86,88,89]. However, despite decreased autophagy flux, lack of Mfn2 in skeletal muscle activates
an adaptive mitophagy pathway via HIF1α and BNIP3 to minimize mitochondrial damage [87],
suggesting that mitochondrial stress can induce mitophagy even when autophagy activity is
reduced. Moreover, mutations in respiratory complex I reduce the assembly and activity of the
proteasome [87]. Deficiencies in the UPS and autophagy have also been associated with mito-
chondrial dysfunction in cells [90], muscle [59,61,91], BAT [38], WAT [53], β-cells [92], and
heart [93]. Alterations in the UPS and autophagy also cause ER stress in liver [32,46], muscle
[59], and adipocytes [33]. Altogether, these data suggest that mitochondrial dysfunction contrib-
utes to the alterations in UPS and autophagy function under prediabetic conditions. Furthermore,
altered UPS and autophagy may in turn establish a feed-forward loop that exacerbates

TrendsTrends inin EndocrinologyEndocrinology & MetabolismMetabolism

Figure 4. Alterations in the ubiquitin-proteasome system (UPS) and autophagy under insulin resistance. Cells from healthy individuals are characterized by
normal mitochondrial function and mild levels of oxidative stress. Functional UPS and autophagy contribute to the maintenance of proteostasis, thus preserving insulin
signaling and metabolic health (left). However, under metabolic stress, for example, in the context of obesity, cells are characterized by upregulation of the E3s MG53
and MARCH1, mitochondrial dysfunction, chronic oxidative stress, and endoplasmic reticulum (ER) stress (not shown). Increased expression of MG53 and MARCH1
promotes proteasomal degradation of the insulin receptor and insulin receptor substrate 1 (IRS1), thus impairing insulin signaling. Mitochondrial dysfunction may
contribute to alterations in the UPS and autophagy. In turn, alterations in both proteolytic systems may exacerbate mitochondrial dysfunction and ER stress (not shown),
thus aggravating insulin resistance and leading to β-cell failure and the development of type 2 diabetes mellitus (right). Abbreviation: ROS, reactive oxygen species.
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mitochondrial dysfunction and ER stress, thus aggravating insulin resistance in peripheral tissues
and leading to β-cell failure and the development of T2DM (Figure 4).

Physical exercise and calorie restriction have been widely considered to have beneficial effects in
T2DM patients [94,95]. UPS activity is enhanced in human skeletal muscle after high-intensity
exercise [26], in mouse muscle and liver upon fasting [26], and in the brain of WNIN/Ob rats
upon calorie restriction [35]. Autophagy is also enhanced upon exercise in mouse [96] and
human muscle [97] and this exercise-induced adaptation in autophagy is required for glucose
homeostasis in mice [96]. Intermittent fasting preserves β-cell function in an autophagy-
dependent manner in obese mice [71]. Moreover, long-term calorie restriction in humans
increases the expression of ATG genes, including ULK1 and Beclin-1 [98]. Interestingly, intermeal
fasting in mice activates autophagy in liver, adipose tissue, muscle, and brain, thus conferring
systemic metabolic benefits [99]. The modulation of the UPS and autophagy may contribute to
the beneficial metabolic effects associated with exercise and calorie restriction.

Ubiquitination in metabolic homeostasis
The insulin signaling pathway is also regulated by ubiquitination [100]. Several E3s have been
identified to play a role in metabolic homeostasis. Expression of the E3s MG53 and MARCH1
is upregulated in muscle and WAT from obese human subjects and HFD-treated mice
[101,102]. In this context, MG53 and MARCH1 promote proteasomal degradation of the insulin
receptor (IR) and the IR substrate 1 (IRS1), leading to insulin resistance [101,102] (Figure 4). By
contrast, ablation of these E3s prevents insulin resistance upon HFD [101,102]. Additionally,
MG53 has been identified as a myokine with insulin-desensitizing effects secreted by muscle
[103]. Circulating MG53 acts as an allosteric inhibitor of the IR by binding to its extracellular
domain, and neutralization of MG53 with an antibody enhances insulin sensitivity in db/db mice
[103]. Furthermore, global deletion of MKRN1 protects mice from diet-induced obesity and
diabetes through AMPK stabilization and activation in liver, WAT, and BAT [104].

DUBs also contribute to metabolic fitness. Along these lines, chronic ER stress in mice
upregulates USP14, which stabilizes 3′,5′-cyclic monophosphate-responsive element binding
(CREB) protein (CBP), thus enhancing glucagon action, gluconeogenesis, and hyperglycemia
[105]. Liver-specific deletion of USP14 reduced hepatic glucose output and improved hypergly-
cemia and glucose intolerance in HFD-treated mice [105]. USP14 has also been reported to
increase the stability of fatty acid synthase (FASN) and USP14 levels are upregulated in HFD-fed
mice and in db/db mice [106]. Overexpression of USP14 increases hepatic triglyceride content
and promotes steatosis [106]. By contrast, knockdown of USP14 reduces liver triglyceride
content, alleviates steatosis, and improves glucose metabolism in db/db mice [106]. Another
study in mice has shown that UPS20 is a positive regulator of cholesterol biosynthesis under fed
conditions by stabilizing HMG-CoA reductase, the rate-limiting enzyme in cholesterol synthesis
[107]. Interestingly, genetic ablation or pharmacological inhibition of USP20 in mice improves
insulin sensitivity, reduces diet-induced body weight gain, and increases energy expenditure
[107]. Liver-specific overexpression of USP18 improves lipid metabolism and insulin sensitivity in
mice fed with a HFD by suppressing TAK1 activity and the nuclear factor kappa B signaling
pathways, whereas hepatic ablation of USP18 exacerbates steatosis and glucose intolerance
upon HFD [108]. In all, these data suggest that ubiquitination dynamics governed by E3s and
DUBs can also be a potential therapeutic target to promote metabolic fitness.

Concluding remarks
Alterations in both the UPS and autophagy have been documented in the context of obesity,
insulin resistance, and T2DM in mouse models and human subjects. However, further research

Outstanding questions
Are the alterations that occur in the UPS
or autophagy in specific tissues respon-
sible for the development of insulin
resistance and β-cell dysfunction?

What are the molecular bases for the
alterations in the UPS and autophagy
in the context of obesity, insulin resis-
tance, and T2DM?What are themech-
anisms by which these alterations
impair metabolic health?

Does proteaphagy play a relevant role in
the maintenance of energy homeostasis
and in metabolic disorders? To answer
these questions, we need a thorough
understanding of the processes that
regulate proteaphagy and the design
and implementation of molecular tools
to study this process in vivo.

Are specific E3 ubiquitin ligases or
deubiquitinases involved in the
dysregulation of autophagy upon
metabolic diseases? If so, it would be
pertinent to identify the intracellular
signals that activate or inhibit them.
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is required in animal models and humans to fully elucidate tissue-specific alterations in these two
processes (see Outstanding questions). There is accumulating evidence that the modulation of
these degradation pathways have beneficial effects on metabolism. Therefore, it is reasonable
to put forward the UPS and autophagy as promising targets to improve the metabolic profile of
obese and T2DM patients.

The UPS and autophagy share molecular players and regulate each other in a timely manner. On
one hand, autophagy can regulate the UPS through proteaphagy, which can be activated under
certain stress conditions, including starvation and proteasome inhibition. On the other hand, the
UPS can regulate autophagy dynamics through the action of E3s and DUBs. The molecular
aspects of the interplay between the UPS and autophagy are still far from being fully understood.
Moreover, the physiological relevance of this inter-regulation has yet to be investigated (see
Outstanding questions) and it will be key to analyze whether the interplay between the UPS
and autophagy is essential to maintain metabolic homeostasis.

Recent data suggest that mitochondrial dysfunction contributes to the alterations in the UPS and
autophagy in tissues under insulin resistance. We propose that impaired proteostasis due to
alterations in the UPS and autophagy exacerbates mitochondrial dysfunction and ER stress,
ultimately resulting in β-cell failure and promoting the transition from insulin resistance to T2DM.
In this regard, it would be relevant to study whether alterations in the UPS and autophagy
occur in the natural course of T2DM development.
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A B S T R A C T   

Dysregulated proteostasis is one of the hallmarks of ageing. Damaged proteins may impair cellular function and 
their accumulation may lead to tissue dysfunction and disease. This is why protective mechanisms to safeguard 
the cell proteome have evolved. These mechanisms consist of cellular machineries involved in protein quality 
control, including regulators of protein translation, folding, trafficking and degradation. In eukaryotic cells, 
protein degradation occurs via two main pathways: the ubiquitin-proteasome system (UPS) and the autophagy- 
lysosome pathway. Although distinct pathways, they are not isolated systems and have a complementary nature, 
as evidenced by recent studies. These findings raise the question of how autophagy and the proteasome crosstalk. 
In this review we address how the two degradation pathways impact each other, thereby adding a new layer of 
regulation to protein degradation. We also analyze the implications of the UPS and autophagy in ageing.   

1. Introduction 

1.1. The ubiquitin-proteasome system 

The ubiquitin-proteasome system (UPS) targets the vast majority of 
cellular proteins (70–80 %) to the proteasome for degradation (Collins 
and Goldberg, 2017). Proteins that undergo proteasomal degradation 
are previously ubiquitinated, which consists of the conjugation of one or 
more ubiquitin molecules to one or multiple lysine residues of the sub-
strate (Akutsu et al., 2016). Ubiquitin conjugation is orchestrated by an 
enzymatic cascade that contributes to the modulation of the half-lives of 
substrate proteins, ranging from seconds to days. First, ubiquitin is 
activated in an ATP-dependent manner by ubiquitin-activating enzymes 
(E1s), followed by the transfer of the activated ubiquitin to 
ubiquitin-conjugating enzymes (E2s), thereby forming an E2~ubiquitin 
complex. Finally, ubiquitin can be transferred to the substrate directly 
by the E2 (Hoeller et al., 2007) or via ubiquitin ligases (E3s). E3s act as a 
scaffold by binding to both the substrate and the E2s~ubiquitin complex 
to facilitate substrate ubiquitination (Pohl and Dikic, 2019). When the 
E2~ubiquitin—E3—substrate complex is formed, depending on the type 
of E3, ubiquitin is transferred by the E2 (this is the case for RING E3s, the 
predominant type of E3s) or by the E3 itself (this is the case for HECT E3s 

and RING-between-RING E3s) (Morreale et al., 2016). The human 
genome encodes for at least 2 E1s, 41 E2s and 634 E3s (Liu et al., 2019). 
E3s provide substrate specificity and this feature explains why cells 
express hundreds of these enzymes and why they have emerged as novel 
therapeutic targets for modulating the half-life of disease-causing pro-
teins (Zheng and Shabek, 2017). Ubiquitin can be removed by deubi-
quitinating enzymes (DUBs), which further regulate the fate and 
function of substrates by reverting the effects of ubiquitination. In the 
context of proteasomal degradation, DUBs allow the continuous recy-
cling of ubiquitin (Collins and Goldberg, 2017) (Fig. 1). There are at 
least 113 DUBs encoded in the human genome (Liu et al., 2019). 

The 26S proteasome is a 2.5 MDa multiprotein complex composed of 
two different subcomplexes, namely the 20S core particle (CP) and the 
19S regulatory particle (RP), and it is found in the cytoplasm and nu-
cleus of all eukaryotic cells. The 20S CP, also known as the 20S pro-
teasome, has a barrel-shape structure formed by 7 α-subunits (α1−7) and 
7 β-subunits (β1−7) that are arranged in 4 stacked heteroheptameric 
rings, which in turn form 2 outer α-rings and 2 inner β-rings (Tanaka, 
2009; Budenholzer et al., 2017; Rousseau and Bertolotti, 2018) (Fig. 1). 
The CP is responsible for proteolytic activity, which is attributed to the 
β-rings, specifically to subunits β1, β2 and β5, each of which exerts 
distinct proteolytic activity, also known as caspase-like, trypsin-like and 
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chymotrypsin-like activity, respectively (Tanaka, 2009; Budenholzer 
et al., 2017; Rousseau and Bertolotti, 2018). The 2 outer α-rings serve as 
a gate to regulate polypeptide access to the proteolytic chamber and as 
an anchoring platform for the 19S RP (Marshall and Vierstra, 2019). This 
particle, also known as PA700 (proteasome activator of 700 kDa), is 
bound to the 20S CP in an ATP-dependent manner (Chu-Ping et al., 
1994). It has two components, namely the base and the lid, which 
control substrate recognition, unfolding and translocation into the cat-
alytic site of the 20S CP through the α-rings (Collins and Goldberg, 2017; 
Finley, 2009; Bhattacharyya et al., 2014). The base contains a total of 10 
subunits, 6 AAA+-ATPase proteins forming a ring that is in contact with 
the α-ring of the CP, and 4 non-ATPase proteins, of which 3 are intrinsic 
ubiquitin receptors. Ubiquitin recognition at the proteasome can also be 
mediated by external proteins that are not integral subunits of the pro-
teasome, also known as extrinsic ubiquitin receptors or proteasome 
shuttling factors (Bard et al., 2018). The lid contains 9 non-ATPase 
subunits, one of which is a deubiquitinase. The 19S RP has the 
following functions: (i) initial binding of ubiquitinated substrates by the 
ubiquitin receptors located in the base; and (ii) commitment of the 
substrate to degradation, which requires ATP hydrolysis, protein 
unfolding and 20S CP gate opening by the ATPase subunits in the base 
and substrate deubiquitination (Collins and Goldberg, 2017) by the lid 
(Fig. 1). 

Proteasome composition can be heterogeneous depending on the 
cellular context and cell type. This diversity stems from the existence of 
other catalytic subunits and RPs. The catalytic subunits β1, β2 and β5 
form the standard 20S proteasome, but can be replaced by subunits β1i, 
β2i and β5i (Fig. 2) in response to inflammation (IFN-γ), giving rise to the 
20S immunoproteasome (Johnston-Carey et al., 2015). The 20S immu-
noproteasome was initially described in immune cells, where it plays a 

key role in antigen processing, antigen presentation and T cell biology 
(Murata et al., 2018). The 19S RP can also be replaced by other regu-
latory complexes that control substrate entry into the 20S CP to 
assemble distinct forms of proteasomes (Fig. 2). These regulatory com-
plexes are ATP-independent, in contrast to the 19S, and include the 11S 
RP (also known as PA28 or REG) and PA200 (also known as PSME4), but 
their functions have not been as widely characterized as those of the 19S 
RP (Collins and Goldberg, 2017). PA28 consists of subunits PA28α, 
PA28β and PA28γ (Cascio, 2014). PA28α and PA28β are inducible by 
IFN-γ (Cascio, 2014), they form a heteroheptameric ring with an α4β3 
stoichiometry (Huber and Groll, 2017), they are implicated in immunity 
(Murata et al., 2018) and locate mainly to the cytosol (Brooks et al., 
2000). In contrast, PA28γ forms a homoheptameric ring and it is not 
involved in immunity, but it participates in cell cycle regulation (Mao 
et al., 2008), DNA repair (Levy-barda et al., 2011), male fertility (Huang 
et al., 2016) and it resides mainly in the nucleus (Brooks et al., 2000). 
PA200 is also nuclear and has been implicated in DNA repair (Ustrell 
et al., 2002) and male fertility (Huang et al., 2016). However, the 
mechanism of action of these alternative RPs are poorly understood. The 
heterogeneity of proteasome composition is further enriched by the 
ability of these RPs to form hybrid proteasomes with the 19S RP at one 
end of the 20S proteasome and with PA28 at the other end (Cascio et al., 
2002) (Fig. 2). Of note, there is increasing evidence that the 20S pro-
teasome alone is able to degrade unfolded proteins (Ben-Nissan and 
Sharon, 2014). 

1.2. The autophagy-lysosome pathway 

Autophagy is a cytoprotective pathway that delivers cytosolic com-
ponents (e.g. proteins, organelles) to the lysosomes for degradation 

Fig. 1. The ubiquitin-proteasome system. 
Degradation through the UPS (left) is initiated by the ATP-dependent activation of ubiquitin (Ub) through an E1 (1). The activated Ub is transferred to an E2 (2). An 
E3 serves as a docking platform for the substrate protein and the E2-Ub complex to mediate Ub ligation to the substrate (3). The substrate protein acquires multiple 
ubiquitin moieties attached through ubiquitin conjugation (4). The substrate protein can be recognized by the proteasome itself or can be delivered to it by a shuttle 
factor such as p62, which recognizes the ubiquitin chains in the substrate via its UBA domain and the proteasome through its PB1 domain (5). The proteolytic activity 
of the proteasome results in small peptides and the prior deubiquitination by DUBs allows the recycling of Ub (6). Structure of the 26S proteasome (right). The 19S RP 
is formed by the lid (substrate deubiquitination) and the base (substrate binding and unfolding, and 20S CP gate opening). The 20S CP is formed by α-rings (substrate 
gating) and β-rings (substrate proteolysis). 
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Fig. 2. Heterogeneity of proteasome composition. 
Proteasome composition can vary depending on the cellular context and the cell type. This heterogeneity stems from the existence of several RPs, including 19S RP, 
PA28αβ, PA28γ and PA200 (top-left), and different catalytic subunits that can replace the standard catalytic subunits, resulting in immunoproteasomes (bottom-left). 
20S CPs can be present in a free form without RPs or be assembled with RPs in distinct combinations, giving rise a heterogeneous population of proteasomes. For 
instance, in the nucleus, free 20S CPs can be assembled with PA28γ and PA200, which are involved in DNA repair (top-right). In the cytosol, free 20S CPs can be 
assembled with the 19S RP to target ubiquitinated proteins, with PA28αβ to target oxidized proteins or with both to form hybrid proteasomes. 

Fig. 3. The autophagy-lysosome pathway. 
Degradation through the autophagy-lysosome pathway is initiated by the ULK1 complex, which activates the VPS34 complex (1). The VPS34 complex I catalyses the 
formation of phosphatidyl-inositol 3-phosphates (PI(3)P) on the membrane of the nascent phagophore, which allows nucleation of the phagophore and recruitment of 
WIPI2 (2), a PI(3)P effector. WIPI2 recruits the ubl-conjugation systems that promote the conjugation of ATG8 proteins to the membrane of the phagophore (3). The 
assembly of the autophagic machinery allows elongation of the phagophore (4). p62 in its oligomeric state recognizes protein aggregates and other cellular 
structures, such as mitochondria, through the UBA domain and recruits them to maturating phagophores via LC3-interaction through the LIR sequence. The 
phagophore matures into an autophagosome (5), which eventually fuses with the lysosome with the aid of the VPS34 complex II (6), which contains hydrolytic 
enzymes, resulting in autolysosomes where the engulfed cargo is degraded. 
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(Galluzzi et al., 2017). Three types of autophagy have been described in 
mammals: macroautophagy (Bento et al., 2016a), microautophagy (Li 
et al., 2012) and chaperone-mediated autophagy (Kaushik and Cuervo, 
2018). The most widely characterized type of autophagy is macro-
autophagy (autophagy from here on). Autophagy is initiated by a 
complex signaling cascade that enables the formation of 
double-membrane organelles called autophagosomes around the 
cellular material to be degraded, also known as ‘cargo’ (Bento et al., 
2016b). Cargo is often also ubiquitinated. The initial structure that 
precedes the autophagosome is called phagophore. The upstream 
signaling complex in autophagosome biogenesis is the ULK1 complex, 
formed by the heterotetramer ULK1, ATG13, ATG101 and FIP200 
(Fig. 3). This complex plays a central role in autophagy signaling as it is 
regulated by the mammalian target of rapamycin complex 1 (mTORC1) 
and the AMP-activated protein kinase (AMPK), both key metabolic 
sensors (Alers et al., 2012). The ULK1 complex anchors at autophago-
some assembly sites, where it recruits, phosphorylates and activates the 
class III phosphoinositide 3-kinase (PI3K) complex I (also known as 
VPS34 complex) (Russell et al., 2013)— composed of Vps34 (also known 
as the catalytic subunit), Vps15 (also known as the regulatory subunit), 
Beclin-1 and ATG14. This complex generates phosphatidylinositol 
3-phosphates (PI3Ps) at phagophores (Seglen and Gordon, 1982) for the 
anchoring of the ATG2-WIPI complex, a PI3P effector that allows the 
recruitment of downstream machinery (Bento et al., 2016a) (Fig. 3). 

Downstream of ATG2-WIPI are the ubiquitin-like (UBL) conjugation 
systems. As their name indicates, these systems resemble ubiquitin 
conjugation systems and they consist of a UBL protein, an E1-like 
enzyme, an E2-like enzyme and an E3-like enzyme (Geng and Klion-
sky, 2008). The autophagic machinery contains two UBL-conjugation 
systems with shared factors: ATG12 and ATG8 are UBL proteins, ATG7 
acts as an E1-like enzyme, ATG10 and ATG3 as E2-like enzymes and the 
conjugated ATG12-ATG5-ATG16 L complex as an E3-like enzyme. In the 
first conjugation system, ATG12 is conjugated to ATG5 through ATG7 
and ATG10 and subsequently binds to ATG16 L to form an E3-like 
enzyme complex. In the second conjugation system, ATG8 is processed 
by the cysteine protease ATG4 (Tanida et al., 2004) and conjugated to 
phosphatidylethanolamine (PE) moieties present in nascent autopha-
gosomes through ATG7, ATG3 and the ATG12-ATG5-ATG16 L complex 
(Geng and Klionsky, 2008; Nakatogawa, 2013) (Fig. 3). Conjugated 
ATG8 to PE is referred to as ATG8-II and serves many functions: (i) 
further recruitment of upstream factors, generating a positive feedback 
loop, (ii) elongation and closure of nascent autophagosomes, (iii) cargo 
recruitment and (iv) fusion of autophagosomes with lysosomes (Martens 
and Fracchiolla, 2020). Mammalian cells express 6 distinct ATG8 ho-
molog proteins, of which the most widely studied is LC3B (Johansen and 
Lamark, 2020). In this regard, LC3B-II serves as a bonafide autophago-
some marker (Klionsky et al., 2016). 

Autophagosomes recruit cargo through a variety of adaptor proteins, 
also known as autophagic adaptors or receptors, such as p62 (Gatica 
et al., 2018). These adaptors recognize both the cargo, through 
ubiquitin-associated (UBA) domains and ATG8 proteins in the auto-
phagosome membrane via LC3-interacting regions (LIR) (Johansen and 
Lamark, 2020) (Fig. 3). Once the cargo has been engulfed, autophago-
somes fuse with lysosomes, forming autolysosomes, where the cargo and 
autophagosomes themselves are degraded into recyclable building 
blocks (Fig. 3). Autophagosome-lysosome fusion requires several fac-
tors, including membrane tethering factors (Nakamura and Yoshimori, 
2017) and the class III PI3K complex II, formed by Vps34, Vps15, 
Beclin-1 and UVRAG (UV radiation resistance-associated gene). In this 
regard, UVRAG promotes fusion events by activating Vps34 (Liang et al., 
2008), but this function is antagonized by the interaction between 
UVRAG and RUBCN (Sun et al., 2011) (rubicon). Additionally, mTORC1 
phosphorylates UVRAG to enhance the interaction with RUBCN under 
nutrient-rich conditions (Kim et al., 2015) — an interesting observation 
that links mTORC1 to autophagy initiation and maturation. Autopha-
gosomes can engulf random cellular material in a process termed bulk 

autophagy, or they can be highly selective depending on the cellular 
context. In the context of proteostasis, autophagy is upregulated upon 
proteotoxic stress to target protein aggregates (Lim et al., 2015), which 
are also conjugated with ubiquitin moieties, similarly to the UPS. The 
degradation of protein aggregates through autophagy is also known as 
aggrephagy (Stolz et al., 2014). 

1.3. Ubiquitin and p62 function in UPS and autophagy 

Despite being different degradation mechanisms, the UPS and 
autophagy share some molecular players, ubiquitin being one of the 
most common. Ubiquitin is a small regulatory protein (8.6 kDa) that is 
ubiquitously expressed in eukaryotic organisms and is essential for pro-
tein ubiquitination. The incorporation of ubiquitin to target proteins can 
occur at one or multiple lysine (K) residues, where either a single 
ubiquitin molecule (mono- and multi-monoubiquitination, respectively) 
or ubiquitin polymers (polyubiquitination) are added. Ubiquitin chains 
or polymers can be generated through the consecutive attachment of 
ubiquitin molecules to the N-terminus (Met1), to a lysine residue of the 
substrate, or to a lysine residue of the previous ubiquitin (Lys6, Lys11, 
Lys27, Lys29, Lys33, Lys48, Lys63), thus offering many possibilities to 
assemble homotypic (ubiquitin chains that contain a single linkage type) 
or heterotypic conjugates (ubiquitin chains that contain mixed linkages) 
and therefore providing a wide range of regulatory signals. The cellular 
outcomes of ubiquitination depend not only on chain topology but also 
on other factors, such as the timing and reversibility of the reaction, or 
enzyme and substrate localization, thus adding a layer of complexity to 
the ubiquitin code (Akutsu et al., 2016). 

Cellular functions of the ubiquitin code can be classified into pro-
teolytic and non-proteolytic. The former refers to the ability of ubiquitin 
to modulate the degradation rate of proteins through the UPS or the 
autophagy-lysosome pathway, while processes such as the regulation of 
protein interactions, activity or localization fall into the category of non- 
proteolytic functions, which have been extensively reviewed elsewhere 
(Chen and Sun, 2009; Komander and Rape, 2012). The main ubiquitin 
polymers that contribute to the regulation of proteasomal degradation 
are Lys48-linked chains, as their levels increase rapidly upon protea-
some blockade (Peng et al., 2003; Xu et al., 2009; Kaiser et al., 2011; Kim 
et al., 2011). In addition, the presence of Lys11 linkages in heterotypic 
ubiquitin conjugates constitutes a strong proteasomal degradation 
signal (Meyer and Rape, 2014; Grice et al., 2015). In contrast, 
Lys63-linked chains are involved in the lysosomal degradation of 
membrane proteins (Huang et al., 2006; Mukhopadhyay and Riezman, 
2007) and degradation of protein aggregates through autophagy, as 
autophagic receptors bind to Lys63-linked chains with higher preference 
(Kirkin et al., 2009). 

Another molecular player shared by the two degradation systems is 
the p62/SQSTM1 protein. p62 is a multifunctional stress-inducible 
scaffold protein involved in many cellular processes, for example, it 
serves as a receptor for autophagy and as a signaling hub for mTORC1 
activation (Sánchez-Martın and Komatsu, 2018; Sánchez-Martín et al., 
2019). In the context of protein degradation, p62 is a well-characterized 
ubiquitin receptor, and it contains an UBA domain (Kirkin et al., 2009). 
It is also able to interact with the proteasome via its Phox and Bem1p 
(PB1) domain (Seibenhener et al., 2004) and with ATG8 autophagy 
proteins via its LIR domain (Pankiv et al., 2007). Proteomic studies have 
not found evidence for the binding of p62 to proteasomes under basal 
conditions, although p62 association with the proteasome was robustly 
detected under proteasome inhibition conditions (Choi et al., 2020). 

The ability of p62 to interact with key elements from both systems, 
together with its ability to oligomerize (Wurzer et al., 2015), allows it to 
escort ubiquitinated proteins to the proteasome as a shuttle factor 
(Seibenhener et al., 2004) or to autophagosomes as an autophagy re-
ceptor. The question as to how p62 “decides” which pathway to deliver 
ubiquitinated substrates to remains to be fully elucidated. However, 
recent findings indicate that pathway selection may depend on the 
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oligomeric state of the receptor (Lu et al., 2017). When p62 adopts an 
oligomeric or filamentous state, K48-linked ubiquitin chains are less 
efficiently bound to the complex than K63-linked chains. However, 
K48-linked chains disrupt p62 oligomers more effectively (Wurzer et al., 
2015), thereby suggesting that an oligomeric state favors autophagy 
while a non-oligomeric state is involved in proteasomal degradation. 
Oligomerization of p62 can be induced by proteotoxic stress, i.e. accu-
mulation of protein aggregates, as observed upon proteasome inhibition 
(Peng et al., 2017). The involvement of p62 in the crosstalk between the 
UPS and autophagy raises the question as to whether other autophagic 
receptors also participate. Such participation would highly depend on 
the molecular and biochemical characteristics of the receptors, that is to 
say, whether they can interact with the proteasome. 

Ubiquitin and p62 serve as the bridge between the UPS and auto-
phagy (Fig. 4) and, together with other factors, they coordinate a 
functional crosstalk between the two systems, which is important for cell 
adaptation to environmental cues. Alterations in the ubiquitin- 
proteasome system or in autophagy contribute to the pathogenesis of 
several human diseases, such as cancer and neurodegenerative disorders 
(e.g. Parkinson disease and Alzheimer’s disease) (Rousseau and Berto-
lotti, 2018; Yang and Klionsky, 2020). 

2. Regulation of autophagy by the UPS 

2.1. Autophagy upregulation by a deficient UPS 

Accumulating evidence indicates that autophagy is upregulated 
under conditions of deficient degradation of ubiquitinated proteins by 
the UPS, such as upon proteasome inhibition by bortezomib, epoxomicin 
and MG-132, among others. These compounds have been widely used 
for research purposes and some of them as anti-cancer agents (Mana-
sanch and Orlowski, 2017). For instance, inhibition of the proteasome 
by MG-132 induced autophagy in colon cancer cells (Wu et al., 2008) 
and rat alveolar macrophages (Fan et al., 2018). In addition, the pro-
teasome inhibitor bortezomib increased autophagy in HeLa cells 
(Laussmann et al., 2011), melanoma cell lines (Selimovic et al., 2013), 

human prostate cancer cells (Zhu et al., 2010), immortalized mouse 
embryonic cells (Zhu et al., 2010) (MEFs) and human breast cancer cell 
lines (Milani et al., 2009). Proteasome impairment induced by genetic 
manipulation, e.g. genetic ablation of proteasomal subunits, also acti-
vated autophagy (Zhu et al., 2010; Pandey et al., 2007). Moreover, in an 
in vivo fly model of the neurodegenerative disease spinobulbar muscular 
atrophy, characterized by UPS impairment and the accumulation of 
ubiquitin-positive protein aggregates, autophagy is upregulated to 
compensate deficient UPS degradation (Pandey et al., 2007). All these 
studies reported enhanced autophagy by monitoring increased expres-
sion of autophagy genes, increased LC3B-II protein levels under basal 
conditions and increased formation of LC3-positive puncta also under 
basal conditions. However, none of these studies performed autophagy 
flux assessment, the gold standard assay to measure autophagic activity 
(Klionsky et al., 2016). 

The molecular mechanisms underlying this cellular compensation 
are not fully understood. It has been proposed that the unfolded protein 
response (UPR), a protein quality control mechanism that is activated in 
the ER upon a variety of stressors (Hetz et al., 2015), provides a link 
between UPS impairment and autophagy upregulation. In multiple 
myeloma cells, proteasome inhibition causes the accumulation of mis-
folded proteins in the ER lumen, thus activating the UPR (Obeng et al., 
2006) and its three signaling branches: PERK, IRE1α and ATF6, which 
have been reviewed elsewhere (Hetz et al., 2015). However, another 
study using multiple myeloma cells reported that proteasome inhibition 
promoted the disruption of the UPR rather than its activation (Lee et al., 
2003). Along these lines, bortezomib enhanced the formation of auto-
phagosomes as seen through electron microscopy, as well as the tran-
scription of autophagy-related genes (ATG) through the activation of the 
PERK-eIF2α-ATF4 axis in human prostate cancer cells (Zhu et al., 2010) 
and the activation of the IRE1α-ASK1-JNK1 axis in melanoma cells 
(Selimovic et al., 2013). In melanoma cells, the upregulation of auto-
phagy was associated with apoptosis, but whether increased cell death 
was dependent on autophagy was not assessed (Selimovic et al., 2013). 
In contrast, in other cancer cell lines, bortezomib was found to enhance 
cell death by blocking autophagy (Kao et al., 2014). 

Fig. 4. Overview of UPS and autophagy crosstalk. 
Ubiquitin and p62 are central players in the communication between the two protein quality control systems. On one hand, the proteasome degrades single proteins 
in a one-by-one fashion. On the other hand, autophagy can target clusters of proteins that may even be aggregated. For proteasomal degradation, substrates are 
usually tagged with K48-linked ubiquitin chains, whereas for autophagy-lysosome degradation, K63-linked ubiquitin chains are usually utilized. In its monomeric 
form, p62, a triple ubiquitin- proteasome-autophagy receptor, can act as a shuttle, bringing protein substrates to the proteasome to facilitate their degradation. 
Additionally, upon oligomerization, which can occur under certain cellular contexts, p62 can serve as an autophagy receptor to recruit cargo into autophagosomes. 
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The transcription factor EB (TFEB), a master regulator of lysosome 
biogenesis and autophagy (Napolitano and Ballabio, 2016), also par-
ticipates in the upregulation of autophagy upon proteasome inhibition. 
TFEB coordinates the transcription of genes involved in the 
autophagy-lysosome pathway in response to environmental cues and it 
is degraded by the UPS (Sha et al., 2017). Under nutrient-rich condi-
tions, TFEB activity is limited due to mTORC1-mediated phosphoryla-
tion (Napolitano and Ballabio, 2016). Upon starvation, phosphorylated 
TFEB is ubiquitinated by STUB1 (Sha et al., 2017) and degraded by the 
proteasome to increase the pool of non-phosphorylated TFEB, which can 
homodimerize to become transcriptionally active and activate auto-
phagy, as STUB1 deletion in MEFs reduced the expression of ATG genes 
as well as the formation of LC3 positive puncta (Sha et al., 2017). A 
recent report showed that MG-132-induced proteasome inhibition 
enhanced the levels of TFEB and facilitated its nuclear translocation, 
thereby increasing the expression of genes related to the 
autophagy-lysosome pathway, such as LC3 and LAMP1 in neuroblas-
toma and HEK 293 cells (Li et al., 2019). An interesting study links TFEB 
to ER stress (Martina et al., 2016). Along this line, ER stressors cause 
TFEB translocation to the nucleus in a PERK-dependent and 
mTORC1-independent manner in MEF and ARPE-19 (human retinal 
pigment epithelium) cells, thus upregulating the transcription of other 
UPR genes like ATF6 (Martina et al., 2016). This observation may 
integrate TFEB and the UPR into the proteasome inhibition response to 
enhance autophagy (Fig. 5). 

The transcription factors Nrf1 (also named NFE2L1, nuclear factor 
erythroid-2-like 1) and Nrf2 (NFE2L2, nuclear factor erythroid-2-like 2), 
members of the cap’n’collar basic leucine zipper (CnC-bZip) family of 
transcription factors and master regulators of the anti-oxidative stress 
response, are important in the compensation mechanism (Fig. 5). 
Whereas immature Nrf1 is a glycoprotein embedded in the ER, Nrf2 
resides in the cytoplasm. It has been documented that Nrf1 mediates the 
rapid induction of GABARAPL1 and p62 expression upon proteasome 
inhibition in several human cell lines (Sha et al., 2018), a key event to 

isolate non-degraded proteins into insoluble aggregates and to deliver 
them to autophagosomes for lysosomal clearance. ER-bound Nrf1 is 
cleaved by the protease DDI2 (Koizumi et al., 2016) (DNA-damage 
inducible 1 homolog 2) upon proteasome dysfunction. Interestingly, 
Nrf1 activation not only upregulates p62 levels but also the expression of 
proteasome subunits, to mediate the proteasome recovery pathway, also 
known as the proteasome “bounce-back” mechanism (Radhakrishnan 
et al., 2010). Similarly, Nrf2 is also a dual activator of the expression of 
autophagy genes (Pajares et al., 2016), including p62, and proteasome 
genes (Kwak et al., 2003). Upon proteasome dysfunction, Nrf2 has been 
reported to activate autophagy in mouse liver as seen by increased 
formation of p62 positive puncta, increased p62 phosphorylation and 
increased p62 degradation (Kageyama et al., 2014), and the proteasome 
bounce-back mechanism in fruit flies (Tsakiri et al., 2013a). Interest-
ingly, Nrf2 is a proteasome substrate. Under normal conditions, Nrf2 is 
bound to Keap1, which serves as a substrate adaptor for the E3 ubiquitin 
ligase Cul3, which in turn ubiquitinates Nrf2 to promote its proteasomal 
degradation, thus limiting its activity (McMahon et al., 2003). There-
fore, Nrf2 protein levels may increase upon proteasome deficiency and 
enhance its transcriptional activity. Furthermore, Nrf2 has been re-
ported to be phosphorylated by PERK in MEF cells upon glucose depri-
vation (Cullinan and Diehl, 2004), one of the branches of the UPR, and it 
may be activated by ER stress. Nonetheless, it remains uncertain 
whether Nrf2 activation upon proteasome inhibition is dependent on the 
UPR. 

As mentioned before p62 is a key player in the crosstalk between the 
UPS and autophagy, as it is a receptor shared by both systems. Under 
conditions in which the proteasome is inhibited, the main ubiquitin 
chains that accumulate are the K48-linked chains (Komander and Rape, 
2012). These bind less efficiently to oligomeric p62 and disrupt its 
oligomerization more effectively (Wurzer et al., 2015). This observation 
suggests that proteins that are accumulated/aggregated upon protea-
some blockade need further modification by E3s, such as the addition of 
K63-linked chains, which preferentially bind to oligomeric p62. 

Fig. 5. UPS deficiency leads to autophagy upregulation through the integration of several signals. 
ER stress can be triggered upon proteasome deficiency, leading to the activation of the UPR and the consequent transcription of ATG genes. Nrf1/2 and TFEB may 
accumulate due to proteasome inhibition, contributing to the expression of ATG genes and to the overall upregulation of autophagy. Nrf1/2 accumulation may also 
activate the proteasome recovery pathway. 
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Interestingly, p62 oligomerizes through its PB1 domain, which also 
recognizes the proteasome. Therefore, p62 oligomerization may also 
favor autophagy by abolishing the interaction with proteasomes, though 
further affinity and binding studies are required. In addition, blocking 
proteasomal degradation induced p62 phosphorylation by several pro-
tein kinases Thus promoting upregulation of aggrephagy (Lim et al., 
2015; Matsumoto et al., 2011). 

2.2. Autophagy regulation by E3 ubiquitin ligases 

Ubiquitination of the core autophagic machinery is an important 
regulatory mechanism. It affects all the steps involved in autophago-
some formation and maturation, from the initial upstream signaling by 
the ULK1 complex to autophagosome-lysosome fusion, thus ensuring a 
tight control under different cellular contexts (Grumati and Dikic, 2018; 
Chen et al., 2019). E3s are key players in the UPS as they are essential for 
substrate ubiquitination and, more importantly, they provide substrate 
specificity. Therefore, we consider important to describe the regulation 
of autophagy by E3 ubiquitin ligases, although it does not necessarily 
constitute a mechanism of crosstalk between the two degradation 
pathways. 

2.2.1. Autophagy initiation 
ULK1 and VPS34 are the major components that drive autophagy 

initiation and autophagosome formation. Both complexes are regulated 
via phosphorylation and ubiquitination. ULK1 is ubiquitinated by a 
variety of E3s (Zachari and Ganley, 2017), such as the TNF 
receptor-associated factor 6 (TRAF6). TRAF6 adds K63-linked ubiquitin 
chains to ULK1 to enhance its stability, thus increasing its activity 
(Fig. 6). However, the recruitment of TRAF6 to ULK1 requires the 
cofactor AMBRA1, a binding partner of the VPS34 complex (Nazio et al., 
2013), in a mechanism that is dependent on mTOR inhibition. Addi-
tionally, activated ULK1 phosphorylates AMBRA1, initiating a positive 
feedback loop and promoting AMBRA1 autophagy functions, i.e. acti-
vation of the VPS34 complex. ULK1 is also ubiquitinated by the 
NEDD4-like E3 ubiquitin ligase (NEDD4L), which, in contrast to TRAF6, 
induced ULK1 proteasomal degradation upon autophagy progression 
(Nazio et al., 2016) (Fig. 6). The cullin-3 E3 ligase complex 

Cul3-KLHL20 also induced ULK1 ubiquitination and subsequent pro-
teasomal degradation (Liu et al., 2016) during prolonged starvation. 
Taken together, NEDD4L- and Cul3-induced ubiquitination of ULK1 
ensures timely regulation of autophagy, thus preventing its over-
activation. The mitochondrial E3 MUL1 has also been reported to 
ubiquitinate ULK1 upon selenite-induced mitophagy (Li et al., 2015) to 
promote its proteasomal degradation, which could serve to halt 
mitophagy. 

2.2.2. Phagophore nucleation 
VPS34 activity is regulated by the ubiquitination of Beclin-1 (Hill 

et al., 2019). Beclin-1 is a substrate of TRAF6-mediated K63-linked 
ubiquitination, which activated the VPS34 complex and TLR4-induced 
autophagy in macrophages (Shi and Kehrl, 2010). The interaction be-
tween TRAF6 and Beclin-1 seems to be direct (Shi and Kehrl, 2010). A 
parallel study showed that K63-linked ubiquitination of Beclin-1 is also 
driven by AMBRA1 (Xia et al., 2013), although the specific E3 was not 
elucidated. Based on the data, it may be that the E3 is either TRAF6 or 
the Cul4-ligase complex, as AMBRA1 is part of the Cul4-ligase complex. 
TRIM50, another E3, also ubiquitinated Beclin-1 in a K63-dependent 
manner to enhance its interaction with ULK1 and promote autophagy 
(Fusco et al., 2018) (Fig. 6). Beclin-1 is negatively regulated through 
K48-linked chains by the E3 ligase complexes Cul3-KLHL20 (Liu et al., 
2016) and RNF216 (Xu et al., 2014), leading to its degradation by the 
proteasome. The E3 NEDD4 induced Beclin-1 ubiquitination with K11- 
and K63-linked chains (Platta et al., 2012). Whereas K11-ubiquitination 
targeted Beclin-1 for proteasomal degradation, K63-linked ubiquitina-
tion by NEDD4 was not further examined for its possible role in the 
regulation of autophagy. The two different ubiquitination patterns could 
presumably occur in a general context under different cellular condi-
tions; for instance, K63-linked ubiquitination could be more predomi-
nant under autophagy-activating conditions, whereas K11-induced 
proteasomal degradation could be more pronounced under conditions 
where autophagy is not required or could serve as a termination signal 
after a long induction of autophagy. 

Moreover, PI3P effectors, such as WIPI2, which are downstream of 
the VPS34 complex, also undergo ubiquitination. The E3 HUWE1 me-
diates WIPI2 ubiquitination in an mTORC1-dependent fashion (Wan 

Fig. 6. Overview of autophagy-regulating E3s. 
Every step of autophagosome formation and maturation is subjected to ubiquitin regulation. Some E3s negatively regulate autophagy (blunt dashed arrows), whereas 
others activate autophagy (pointy dashed arrows). 

J.L. Sun-Wang et al.                                                                                                                                                                                                                            



Ageing Research Reviews 64 (2020) 101203

8

et al., 2018) (Fig. 6). When nutrients are available, mTORC1 is activated 
and it phosphorylates WIPI2. This step is necessary for the recruitment 
of HUWE1 to WIPI2 and its subsequent ubiquitination, which promotes 
WIPI2 degradation via the proteasome, thus keeping autophagy 
switched off. Also, Cul4-RING E3s marked WIPI2 for proteasomal 
degradation during mitosis to ensure that autophagy is shut down dur-
ing cellular division (Lu et al., 2019). 

2.2.3. Phagophore elongation and autophagosome maturation 
Ubiquitination also modulates the UBL conjugation systems. ATG16 

L K48-linked ubiquitination is driven by gigaxonin (Scrivo et al., 2019), 
a substrate adaptor for Cul3 E3 complexes (Fig. 6), which promoted the 
degradation of ATG16 L by both the proteasome and autophagy, 
although K63-linked ubiquitination was not reported. A recent study 
showed that correct turnover of ATG16 L is necessary for the proper 
elongation of autophagosomes and the maintenance of basal autophagic 
flux, as deletion of gigaxonin caused aberrant accumulation of ATG16 L 
and impaired autophagosome production and autophagy flux (Scrivo 
et al., 2019). It would be interesting to study whether ATG16 L turnover 
is also necessary for autophagosome elongation under 
autophagy-activating conditions. 

The cysteine protease ATG4, which cleaves ATG8 to facilitate its 
lipidation, is a substrate of the E3 RNF5 (Kuang et al., 2012) (Fig. 6). 
Under basal conditions, RNF5 ubiquitination of ATG4 promoted its 
proteasomal degradation, thereby limiting autophagy. On the other 
hand, upon starvation, ATG4-RNF5 interaction was attenuated, pre-
venting ATG4 from being degraded by the proteasome and thus favoring 
autophagy. The centrosome-residing E3 Mib1 promoted GABARAP 
(ATG8 family member) proteasomal degradation by adding K48-linked 
ubiquitin chains. However, during starvation, the centriolar satellite 
protein PCM1 interacted with GABARAP and prevented Mib1-mediated 
ubiquitination, thus allowing the recruitment of GABARAP to auto-
phagosomes (Joachim et al., 2017) (Fig. 6). Modulation of GABARAP 
levels by the proteasome raises the question as to whether other ATG8 
proteins, such as LC3B, also undergo E3-mediated proteasomal degra-
dation. In this regard, NEDD4 interacts with LC3B but does not ubiq-
uitinate LC3B. This interaction was required for NEDD4-induced 
ubiquitination of p62 (Sun et al., 2017) (Fig. 6). It has also been shown 
that NEDD4 directly interacts with p62 and mediates its ubiquitination 
to promote aggrephagy (Lin et al., 2017). Several studies further 
confirmed that ubiquitination of p62 is required for its function as an 
autophagic receptor (Peng et al., 2017; Lee et al., 2017), but the 
mechanism remains elusive. To unravel how p62 ubiquitination regu-
lates its function in autophagy, it would be pertinent to study whether 
modifications by ubiquitin are involved in p62 oligomerization, a pro-
cess that facilitates cargo recruitment for autophagy degradation 
(Wurzer et al., 2015). Recently, our laboratory showed that TP53INP2, 
an autophagic protein that binds to all mammalian ATG8 proteins 
(Sancho et al., 2012), also interacts with TRAF6 to facilitate caspase-8 
K63-linked ubiquitination during death receptor-induced apoptosis 
(Ivanova et al., 2019). Whether TP53INP2 modulates TRAF6 activity 
during autophagy and promotes K63-linked ubiquitination of the core 
autophagic machinery remains to be documented. Furthermore, 
UVRAG, a component of the class III PI3K complex II, is ubiquitinated by 
the E3 Smurf1, which incorporates non-canonical K29/K33-linked 
ubiquitin chains that reduce its binding to RUBCN, thus enhancing 
autophagy (Feng et al., 2019). 

Given all these observations, it appears that K63-linked ubiquitina-
tion promotes autophagy, whereas K11- and K48-linked chains target 
components of the autophagic machinery to proteasomal degradation, 
thus blocking autophagy (Fig. 6). K63-linked ubiquitination of the 
autophagic machinery occurs upon autophagy-activating stimuli, such 
as starvation. It would, therefore, be interesting to study whether 
ubiquitination also serves as a termination signal by promoting the 
clearance of the autophagic machinery, thus returning autophagic flux 
to basal levels. In this regard, K11- and K48-linked ubiquitination may 

contribute to signaling the termination of autophagy. Interestingly, 
recent studies show that DUBs deubiquitinate proteins from the core 
autophagic machinery to promote or inhibit autophagy, depending on 
the type of ubiquitin linkage chains that they remove. For instance, 
ULK1 K63-linked ubiquitination by TRAF6 can be reverted by the DUB 
USP1 to prevent autophagy (Raimondi et al., 2019); and its proteasomal 
degradation signal can be antagonized by USP20 (Kim et al., 2018). In 
short, the coordinated action of E3s and DUBs contributes to the regu-
lation of autophagy dynamics. 

The molecular signals that stimulate E3s to activate or inhibit 
autophagy under certain conditions remain largely unknown. Some E3s 
are subjected to tight regulation by post-translational modifications in 
order to avoid unwanted protein ubiquitination, such as phosphoryla-
tion (Zheng and Shabek, 2017; Song and Luo, 2019). Therefore, it is not 
unreasonable to speculate that E3s that enhance autophagy may be 
activated by phosphorylation events or lack thereof upon 
autophagy-activating stimuli, e.g. lack of mTORC1 phosphorylation or 
phosphorylation by AMPK, and the contrary for autophagy-inhibiting 
E3s. To shed light on this, a comprehensive study of post-translational 
modifications of E3s involved in autophagy regulation should be con-
ducted under autophagy-activating and -inhibiting conditions. 

3. Regulation of the UPS by autophagy 

Degradation of the proteasome by autophagy was first indicated in in 
vivo studies showing the accumulation of proteasomes in rat liver ly-
sosomes (Cuervo et al., 1995). It was not until two decades later that 
proteasome subunits were found to accumulate in plant cells with mu-
tations in ATG genes (Marshall et al., 2015). The same study revealed 
that, upon nitrogen starvation, 26S proteasomes co-localized with 
ATG8-marked autophagosomes, thereby indicating that 26S protea-
somes can indeed be degraded through the autophagy-lysosome 
pathway, in a process termed proteaphagy (Marshall et al., 2015). 
Further analysis showed that chemical inhibition or genetic disruption 
of the proteasome stimulates ubiquitination of the 19S RP to promote 
proteasome autophagic clearance mediated by Rpn10 (also known as 
Psmd4). Rpn10 is a ubiquitin-proteasome receptor that, under this 
condition, becomes an autophagy receptor, delivering inactive protea-
somes to autophagosomes (Marshall et al., 2015) (Fig. 7). Rpn10 asso-
ciation with the proteasome 19S RP increases upon its ubiquitination 
and interacts with ATG8 through a ubiquitin-interacting motif (UIM) 
rather than a LIR domain (Marshall et al., 2015). The role of Rpn10 as an 
autophagy receptor for the selective recruitment of inactive proteasomes 
was further confirmed by the observation that inhibitor-induced pro-
teaphagy is blocked in RPN10 mutant plant cells (Marshall et al., 2015). 
However, Rpn10 and ubiquitination of the 19S RP are not involved in 
nitrogen starvation-induced proteaphagy. This observation suggests the 
existence of other autophagy receptors that target proteasomes to 
autophagosomes under different stress conditions and therefore diverse 
proteaphagic pathways, similarly to mitochondria, which also undergo 
distinct mitophagic routes (Youle and Narendra, 2011). 

Proteaphagy has also been described in yeast (Waite et al., 2016; 
Nemec et al., 2017; Marshall et al., 2016; Marshall and Vierstra, 2018) 
and in mammalian cells (Cohen-Kaplan et al., 2016). In these cells, 
RPN10 does not interact with ATG8 (Marshall et al., 2016). In yeasts, 
Cue5 ubiquitin receptor acts as an autophagic receptor for inactive 
proteasomes (Marshall et al., 2016), however, a receptor for nitrogen 
starvation-induced proteaphagy remains to be identified (Fig. 7). Yeast 
proteaphagy required prior aggregation of impaired proteasomes in 
insoluble protein deposit (IPOD) structures mediated by Hsp42 
(Marshall et al., 2016). Proteasome inhibition also induced proteasome 
ubiquitination in yeast (Marshall et al., 2016), but whether this process 
occurred before or after proteasome aggregation into IPOD structures 
remains elusive. Other yeast studies reported that nitrogen starvation 
induced rapid degradation of proteasomes, a process that required their 
encapsulation in cytoplasmic puncta (probably endosomes) mediated by 
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Snx4 (Nemec et al., 2017) before engulfment by autophagosomes 
(Fig. 7). Conversely, nitrogen starvation did not induce proteasome 
ubiquitination (Marshall et al., 2016). Additional observations indicated 
that carbon starvation does not rapidly induce proteaphagy (Waite et al., 
2016; Marshall and Vierstra, 2018). Instead, it triggers the formation of 
proteasome storage granules (PSGs), where proteasomes are protected 
from degradation (Marshall and Vierstra, 2018) as a mechanism that 
favors cell survival (Fig. 7). When nutrients are available, proteasomes 
stored in PSGs can be remobilized to promote renewed growth (Marshall 
and Vierstra, 2018). However, if carbon starvation is prolonged, pro-
teasomes may slowly undergo proteaphagy (Marshall and Vierstra, 
2018). 

In mammalian cells, p62 mediates proteaphagy (Cohen-Kaplan et al., 
2016) under conditions of amino acid and serum deprivation for 24−30 
h (Fig. 7), which results in a more than 50 % reduction in proteasome 
subunit protein levels. Contrary to yeast and plants, amino acid and 
serum starvation in HeLa cells induced heavy ubiquitination of several 
proteasome subunits, including Rpn1, Rpn2, Rpn10 and Rpn13. Ubiq-
uitinated proteasomes are recognized by p62 through its UBA domain 
and delivered to autophagosomes through the interaction with LC3B 
(Cohen-Kaplan et al., 2016). Under these conditions, the PB1 domain of 
p62 does not appear to be essential for proteasome recognition 
(Cohen-Kaplan et al., 2016). This observation raises the question as to 
whether other proteaphagic routes are present in mammalian cells, 
triggered by environmental cues other than starvation, such as protea-
some inhibition (Choi et al., 2020), and whether autophagy receptors 
other than p62 are involved in these forms of selective proteaphagy. In 
this regard, in mammalian cells, proteasome subunits are also 

ubiquitinated upon proteasome inhibition (Choi et al., 2020; Besche 
et al., 2014), which signals proteasome inactivation (Besche et al., 2014) 
and degradation through proteaphagy (Choi et al., 2020). During pro-
teaphagy of inhibited proteasomes in mammalian cells, ubiquitinated 
proteasomes are sequestered into p62-positive aggresomes in a revers-
ible fashion, allowing the rescue of proteasomes (Marshall and Vierstra, 
2018). This observation suggests, alongside the reported rapid induction 
of p62 upon proteasome blockade (Sha et al., 2018), that p62 also serves 
as the autophagic receptor for inactive proteasomes in mammals. 
Moreover, autophagy is upregulated when proteasomes are inactive (see 
section 2.1), suggesting that this compensation mechanism also governs 
the dynamics of proteaphagy. A question that remains open is the 
identity of the E3s involved in the ubiquitination of the proteasome 
before its lysosomal degradation and the type of ubiquitin chains that 
are incorporated. In this regard, several E3s associate with the protea-
some in yeast and humans (Saeki, 2017). Interestingly, the E3s Ube3c 
and RNF181 ubiquitinate the Rpn13 and Rpt1 subunits, respectively, in 
response to the chemical inhibition of the proteasome in HEK293 cells 
(Besche et al., 2014). Rpn13 is a proteasomal ubiquitin receptor, and its 
ubiquitination reduced the capacity of the proteasome to bind and 
degrade ubiquitinated proteins (Besche et al., 2014). It would be worth 
investigating whether Rpn13 ubiquitination is necessary for mammalian 
proteaphagy. Furthermore, amino acid starvation also induced the 
ubiquitination of proteasome-associated E3s (Cohen-Kaplan et al., 
2016), such as HUWE1 and KCMF1, thereby pointing to a coordinated 
regulation of proteaphagy under stress conditions. A recent report has 
identified STUB1 as the E3 responsible for the ubiquitination of 
mammalian proteasomes during proteaphagy of inhibited proteasomes 

Fig. 7. Overview of proteaphagy in yeast and mammals. 
In yeast cells (left), proteaphagy is activated in response to different stressors. Under nitrogen starvation (N-), nuclear proteasomes can dissociate into the 19S RP and 
20S CP and exit the nucleus, but it is not known whether they exit the nucleus as a whole complex. Once in the cytoplasm, whole proteasomes and subcomplexes can 
be encapsulated in a Snx4-dependent manner (perhaps into endosomes) before engulfment by autophagosomes. Subcomplexes can also be targeted separately upon 
nitrogen starvation: 20S CP degradation is Ubp3-dependent, whereas 19S RP degradation is not. Upon chemical inhibition (MG-132), proteasomes are aggregated 
into IPOD-like structures and ubiquitinated (although the order of events remains elusive), after which they are recognized by Cue5 and recruited to autophago-
somes. However, carbon starvation (C-) stimulates the reversible mobilization of proteasomes into PSG. In mammalian cells (right), proteaphagy can be stimulated by 
amino acid and serum starvation and proteasome inhibition. Whether proteasomes also dissociate in the nucleus and whether this is prior to nuclear exit remains 
elusive. Contrary to yeast, proteasomes are ubiquitinated upon amino acid and serum starvation (AAS-), which is necessary for the association of p62. During 
mammalian proteaphagy of inhibited proteasomes, proteasomes are ubiquitinated by STUB1 and sequestered into p62-positive aggresomes in a reversible manner. 
p62 binds ubiquitinated proteasomes through the UBA domain and recruits them to autophagosomes via the LIR motif. 
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(Choi et al., 2020). 
The subcellular localization of proteasomes is highly variable and 

dynamic among different cell types (Enenkel, 2014). Numerous studies 
support the hypothesis that proteasome localization is predominantly 
nuclear in highly proliferating cells, whereas it is mostly cytoplasmic in 
non-dividing cells (Enenkel, 2014). In the proteaphagy studies in yeast 
cells, proteasomes seemed to accumulate in the nucleus in basal con-
ditions but then shifted to the vacuole (the lysosome equivalent in yeast 
(Li and Kane, 2009) upon nitrogen starvation and proteasome inhibition 
(Marshall et al., 2016). Similar results were found in mammalian cells 
under amino acid and serum starvation (Cohen-Kaplan et al., 2016). 
These findings raise the question as to how the proteasome overcomes 
the nuclear barrier in order to be targeted to the vacuole. One possible 
explanation could be that nuclear proteasomes are degraded by auto-
phagy alongside the nucleus, in a process termed nucleophagy (Papan-
dreou and Tavernarakis, 2019; Mijaljica and Devenish, 2013). Studies in 
yeast revealed that nitrogen starvation-induced proteaphagy of nuclear 
proteasomes do not require nucleophagy but do depend on the nuclear 
export machinery (Nemec et al., 2017). Follow-up studies suggested that 
nuclear proteasomes can undergo dissociation before nuclear export for 
their autophagic degradation (Nemec et al., 2017). Interestingly, other 
reports in yeast showed that proteaphagy can target proteasome sub-
complexes separately upon nitrogen starvation (Waite et al., 2016), and 
even upon proteasome inhibition (Marshall et al., 2016). In this regard, 
nitrogen starvation induced the dissociation of the subcomplexes. 
Additionally, the autophagic clearance of the 20S CP depended on the 
DUB Ubp3, the yeast homolog of human Usp10, whereas degradation of 
the 19S RP was Ubp3-independent (Waite et al., 2016; Marshall and 
Vierstra, 2018), suggesting distinct pathways for each subcomplex. 
Moreover, proteasome subcomplexes can be mobilized separately to 
PSGs upon carbon starvation (Marshall and Vierstra, 2018), thereby 
further supporting the notion that proteasome subcomplexes can be 
targeted separately. However, several questions remain open: (i) can 
cytoplasmic proteasomes also be targeted as separated subcomplexes? 
(ii) is proteasome dissociation a pre-requisite for proteaphagy? (iii) what 
are the factors that regulate this dissociation prior to proteaphagy? (iv) 
are different autophagic receptors involved in the recognition of pro-
teasome subcomplexes? (v) are all these molecular mechanisms also 
present in mammalian proteaphagy? and (vi) what is the physiological 
role of proteaphagy? Regarding this last question, a recent study showed 
that proteasome subunit levels are not altered in muscle or liver of mice 
fasted for 24 or 48 h (VerPlank et al., 2019), contrasting the in vitro 
findings (Cohen-Kaplan et al., 2016). This might be due to the fact that 
cells used in the in vitro studies were LC3B-overexpressing HeLa cells. 
Therefore, the importance of proteaphagy in vivo needs to be thor-
oughly investigated. 

Given the role of autophagy in the degradation of proteasomes, a 
compelling question is how deficiencies in autophagy or proteaphagy 
affect proteasome function. In this regard, it would be of interest to 
design chemical or genetic approaches to inhibit proteaphagy. Accu-
mulation of proteasomes would be expected upon autophagy inhibition, 
as reported previously (Marshall et al., 2015), but whether this accu-
mulation enhances or impairs proteasome function remains elusive. In 
this respect, an increase in proteasome activity and subunit levels (at 
both mRNA and protein levels) has been described upon pharmacolog-
ical inhibition and RNA interference of autophagy in colon cancer cell 
lines (Wang et al., 2013). These observations could be attributed to a 
decreased proteaphagy. Autophagy-deficient cells have been reported to 
activate Nrf2 through the accumulation of p62, as p62 sequesters Keap1 
in inclusion bodies, thus blocking Nrf2 proteasomal degradation 
(Komatsu et al., 2010). The activation of Nrf2 upon autophagy defi-
ciency may also contribute to the increase in proteasome function by 
upregulating the expression of proteasome subunits (Kwak et al., 2003). 
Another study using HeLa cells showed decrease in degradation of 
proteasome substrates following autophagy inhibition by compromised 
delivery of substrates to the proteasome (Korolchuk et al., 2009), and 

independent of changes in proteasome activity. This impairment in the 
delivery of substrates was due to p62 accumulation in 
autophagy-deficient cells, which sequestered proteasome substrates in 
aggregates (Korolchuk et al., 2009). Along these lines, genetic ablation 
of autophagy genes in C. elegans decreased proteasome degradation, 
although independently of p62 accumulation (Jha and Holmberg, 
2020). In light of the above, it is possible that autophagy-compromised 
cells upregulate the expression of proteasome subunits to enhance pro-
teasome function as a compensatory mechanism, similar to how auto-
phagy is upregulated following proteasome inhibition. However, this 
compensation may be hindered by the accumulation of p62. 

4. Coordinated regulation of the UPS and autophagy 

We have analyzed the regulation of autophagy by UPS, and also the 
degradation of proteasomes through autophagy. These examples docu-
ment the crosstalk between UPS and autophagy, and may also permit to 
explain cell adaptation under specific stress conditions. 

There is also broad evidence indicating that under some other con-
ditions, autophagy and UPS are regulated in parallel. In this regard, 
mTOR inhibition or amino acid starvation activates protein degradation 
by up-regulation of both UPS and autophagy in cultured cells (Zhao 
et al., 2015). The rapid activation of the UPS was characterized by 
increased K48 ubiquitin conjugation and ubiquitin-dependent degra-
dation of growth-related proteins such as HMGCS1, SUPT6H, α-taxilin 
and Myst2. This process permits to slow down anabolic processes while 
providing building blocks for energy production to sustain the most vital 
biological pathways under mTOR inhibition. These results are in 
agreement with studies that showed coordinated activation of the UPS 
and autophagy through FoxO transcription factors in muscle cells upon 
denervation or fasting that lead to muscle atrophy (Zhao et al., 2007; 
Mammucari et al., 2007). Similar observations were also reported in 
vivo, where deletion of FoxO transcription factors in mice attenuated 
muscle atrophy upon denervation by reducing the expression of atro-
genes, namely genes involved in the UPS and autophagy (Milan et al., 
2015). FoxO transcription factors are negatively regulated by the 
insulin/IGF-1 (IIS) pathway (Brown and Webb, 2018), which is acti-
vated under nutrient repletion conditions. In fed conditions, mTOR is 
also activated (Bar-Peled and Sabatini, 2014), which together with the 
activation of the IIS pathway is set to repress both the UPS and 
autophagy. 

Oxidative stress also upregulates the UPS and autophagy through the 
action of the transcriptional factor Nrf2 (Pajares et al., 2016; Pickering 
et al., 2012; Jain et al., 2010) and post-translational mechanisms dis-
cussed in the next section. This may constitute a cytoprotective mech-
anism to prevent the accumulation of oxidized and damaged proteins 
harmful for cells. 

UPS and autophagy activity are also subjected to regulation by ex-
ercise (VerPlank et al., 2019; Grumati et al., 2011; He et al., 2012; 
Schwalm et al., 2015). Studies performed in human and rat skeletal 
muscles show increased Rpn6 phosphorylation and proteasome activity 
after exercise, through a mechanism dependent on cAMP and the acti-
vation of PKA (VerPlank et al., 2019). Exercise also induced autophagy 
in mouse skeletal muscle, which required the phosphorylation of BCL2 
(He et al., 2012), probably by AMPK (Schwalm et al., 2015). The 
physiological implications of exercise-mediated upregulation of the UPS 
and autophagy may be to enhance the capacity to degrade misfolded 
proteins as a result of mechanic damage due to muscle contraction or as 
a result of oxidative damage by free radicals due to increased mito-
chondrial metabolism. This increase in overall proteolysis may also 
contribute to the degradation of proteins that are not needed for muscle 
recovery after exercise. 

Interestingly, it has been reported that the UPS can be upregulated 
upon certain stimuli independently of autophagy. In this regard, 
increasing intracellular levels of cGMP enhanced 26S proteasomal 
degradation of proteins without affecting autophagy in neuroblastoma 
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and HEK293 cells (VerPlank et al., 2020). The same authors reported 
increased 26S proteasome activity upon stimuli that rise cAMP levels in 
several cell lines and mouse tissues (VerPlank et al., 2019; Lokireddy 
et al., 2015). However, these stimuli had no effect on basal autophagy in 
mouse primary hepatocytes, but did inhibit Torin1-induced autophagy 
in mouse C2C12 myotubes and HEK293 cells (VerPlank et al., 2019). 

5. UPS and autophagy crosstalk during oxidative stress 

The UPS and the autophagy-lysosome pathway form a complex 
protein quality control network that contributes to the overall surveil-
lance of protein degradation in order to ensure a healthy proteome and 
prevent the deleterious effects of the accumulation of misfolded and 
damaged proteins (e.g. oxidized proteins) into aggregates. The presence 
of protein aggregates and the accumulation of aberrant proteins in 
different cell types are characteristic of a wide range of human diseases, 
including neurodegenerative disorders (Chiti and Dobson, 2017) (e.g. 
Huntington’s disease and Parkinson’s disease), metabolic disorders (e.g. 
type 2 diabetes (Mukherjee et al., 2015) and cancer (Deshaies, 2014). 
Both degradation systems work hand in hand to prevent these events. 
However, several lines of evidence indicate that disease-causing aber-
rant proteins impair the activity of the proteasome and autophagy, thus 
leading to a positive feedback loop that favors the accumulation of toxic 
proteins. 

When proteins are translated, they fold into their native conforma-
tion in order to undertake their functions, but this folding process may 
also yield misfolded or unfolded proteins. Proteins with aberrant folding 
are recognized by molecular chaperones, such as Hsp70 and Hsp90, 
which prevent their aggregation and attempt to re-fold these proteins 
(Bukau et al., 2006) before they are directed to degradation. These 
chaperones also interact with E3s (Kevei et al., 2017) to couple protein 
re-folding with proteasomal degradation. In this regard, when the 
chaperone machinery fails to re-fold client proteins, chaperone-bound 
E3s, such as the C-terminus of Hsc70-interacting protein (Murata 
et al., 2001) (CHIP), ubiquitinate unfolded and misfolded proteins to 
mark them for degradation through the proteasome (Kevei et al., 2017), 
thus ensuring protein quality control under normal conditions. How-
ever, under stress conditions, such as oxidative stress, the number of 
misfolded and damaged proteins increases, thus requiring cells to push 
their protein quality control systems to handle this kind of insult (Kor-
ovila et al., 2017). 

In the presence of acute oxidative stress, 26S proteasomes are 
inhibited and dissociate into 20S CPs and 19S RPs in a reversible 
manner. This dissociation allows the generation of 20S proteasomes, 
which increases cellular capacity to remove oxidized proteins indepen-
dently of ATP and ubiquitin, although it leads to the accumulation of 
ubiquitinated proteins (Wang et al., 2010; Livnat-Levanon et al., 2014; 
Wang et al., 2017). This dissociation is conserved from yeast to humans, 
and it depends on the Ecm29 protein, as Ecm29 deletion prevents pro-
teasome dissociation (Wang et al., 2010, 2017). However, the molecular 
mechanism by which Ecm29 dissociates the 19S RP from the 20S CP 
remains elusive. Mitochondrial dysfunction-induced oxidative stress 
also triggered proteasome dissociation through the generation of ROS 
(Livnat-Levanon et al., 2014). This dissociation may also allow the 20S 
proteasome to be associated with other RPs. In this regard, the associ-
ation between PA28αβ and the 20S proteasome increased rapidly upon 
H2O2 treatment in MEF cells (Pickering and Davies, 2012) and enhanced 
the degradation of oxidized proteins (Pickering and Davies, 2012; 
Pickering et al., 2010). 

Proteasomes are tightly regulated by a wide variety of post- 
translational modifications (Kors et al., 2019). Interestingly, a number 
of post-translational modifications on the proteasome, such as S-gluta-
thionylation, occur when cells are under oxidative stress (Demasi et al., 
2003; Silva et al., 2012; Leme et al., 2019; Zmijewski et al., 2009). H2O2 
induced S- glutathionylation on residues Cys76 and Cys221 of the α5 
subunit (Demasi et al., 2003; Silva et al., 2012) increased α-ring gate 

opening and conferred resistance to oxidative stress in yeast (Silva et al., 
2012; Leme et al., 2019). Whether this also occurs in mammalian cells 
remains elusive. It would be interesting to study whether oxidative 
stress-induced post-translational modifications are also involved in 
proteasome dissociation. In addition to post-translational modifications 
on the proteasome, oxidative stress has been reported to enhance the 
expression of 20S proteasomes, PA28 RPs and PA200 (Pickering et al., 
2010), mostly through the activation of Nrf2 (Pickering et al., 2012), 
thus contributing to overall cellular anti-oxidant defense. Oxidative 
stress triggers conformational changes in Keap1 through the oxidation of 
critical cysteine residues, a process that abolishes its binding to Nrf2, 
resulting in Nrf2 stabilization and activation (Espinosa-Diez et al., 
2015). In short, under acute oxidative stress, the proteasome undergoes 
a series of reversible modifications and remodeling, thus providing an 
adaptive response that allows rapid degradation of damaged and 
oxidized proteins in an ATP- and ubiquitin-independent fashion while 
undermining the clearance of ubiquitinated proteins. Interestingly, a 
study performed in cultured rat hippocampal neurons revealed that only 
a 20 % of the proteasomes are being actively used under unstressed 
conditions, leaving an 80 % of proteasomes unengaged (Filomeni et al., 
2015). It may be possible that oxidative stress mobilizes this excess of 
non-active proteasomes (Fig. 8). 

Oxidative stress has also been reported to activate autophagy 
through various mechanisms (Filomeni et al., 2015; Zhang et al., 2019). 
Oxidative stress can induce ER stress, which in turn triggers the UPR 
(Zhang et al., 2019) (Fig. 5). A key transcription factor involved in the 
upregulation of autophagy in response to oxidative stress is Nrf2 
(Pajares et al., 2016). p62 has been described to interact with Keap1 and 
promote its degradation via autophagy, thus freeing and activating Nrf2 
(Komatsu et al., 2010). Interestingly, as Nrf2 upregulates gene expres-
sion of autophagy genes (Pajares et al., 2016), including p62 (Jain et al., 
2010), a positive feedback loop is generated that further enhances Nrf2 
activation (Jain et al., 2010). Therefore, Nrf2 serves as a nexus that 
upregulates both the UPS and autophagy during oxidative stress. 
Whether oxidative stress induces post-translational modifications on the 
autophagic machinery to stimulate autophagy remains an open debate 
(Filomeni et al., 2015). In this regard, oxidative stress induced the 
oxidation of 2 conserved cysteine residues of p62, namely Cys105 and 
Cys113, which are located in the PB1 domain (Carroll et al., 2018). This 
enhanced p62 oligomerization resulted in increased autophagy flux and 
stress resistance (Carroll et al., 2018). Oxidative stress also inhibited the 
ATG8-delipidating activity of ATG4, which is necessary for correct 
autophagosome formation (Scherz-Shouval et al., 2007). 

When the UPS is saturated, misfolded and damaged proteins may 
form large insoluble protein aggregates (Hyun et al., 2003) that can no 
longer be removed by the proteasome. Additionally, protein aggregates 
further inhibit the proteasome (Bence et al., 2001; Lindersson et al., 
2004; Díaz-Hernández et al., 2006; Myeku et al., 2016). Under these 
circumstances, autophagy can be activated. The communication be-
tween the overwhelmed UPS and autophagy involves a complex inte-
gration of signals that results in an overall upregulation of autophagy 
(Fig. 5), with p62 as the key player in the crosstalk. In this regard, p62 
oligomerizes, and then captures and isolates protein aggregates into 
structures called aggresomes to minimize their toxicity (Komatsu et al., 
2007) and delivers them to autophagosomes for lysosomal clearance 
(Pankiv et al., 2007). p62 may also target saturated proteasomes to 
autophagy under these conditions (Marshall et al., 2015, 2016; 
Cohen-Kaplan et al., 2016). It would be interesting to examine whether 
autophagy-activating E3s are also involved in the crosstalk between the 
UPS and autophagy upon oxidative insults. Taken together, proper 
communication between the UPS and autophagy is essential for a co-
ordinated response against environmental cues, such as oxidative stress 
(Fig. 8). 
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6. UPS and autophagy in ageing 

During ageing, many cellular pathways and functions deteriorate, 
leading to detrimental cellular processes such as mitochondrial 
dysfunction (Sebastián et al., 2017) and cellular senescence (Childs 
et al., 2015), which in turn contribute to the pathophysiology of 
age-related diseases, including cardiovascular, metabolic and neurode-
generative disorders and cancer. Protein quality control is also damp-
ened in ageing organisms, resulting in the accumulation of toxic protein 
aggregates, a hallmark of ageing (López-Otín et al., 2013). Therefore, 
special attention has been made to study the effects of ageing on the UPS 
and the autophagy-lysosome pathway. 

6.1. UPS 

UPS dysfunction can occur at different levels, i.e. due to decreased 
expression of proteasome subunits, changes in the subunit composition, 
decreased peptidase activity and alterations in the expression and ac-
tivity of ubiquitin conjugation enzymes. Early gene expression studies in 
the brain and skeletal muscle of mice, and isolated human fibroblasts 
revealed reduced expression of proteasome subunits and ubiquitin- 
related enzymes in old mice compared to young counterparts (Lee 
et al., 1999, 2000; Ly et al., 2000), but whether this decrease in the 
expression of proteasome subunits led to declined proteolysis was not 
reported. This reduced expression of proteasome subunits was reversed 
by a calorie-restricted diet (Lee et al., 1999, 2000). Proteasome content 
was also markedly downregulated in epidermal cells in elderly humans, 
correlating with decreased peptidase activity (Petropoulos et al., 2000), 
and also in rat heart (Bulteau et al., 2002). Moreover, the proteolytic 
activity of the 26S proteasome was decreased in fruit flies upon ageing 

due to alterations in the assembly of the 19S RP with the 20S CP (Ver-
nace et al., 2007; Tonoki et al., 2009). An increase in the content of 20S 
immunoproteasomes was observed in aged rat muscle, but proteasome 
activity was decreased (Ferrington et al., 2005). These observations 
suggest that muscles respond to ageing by upregulating immunopro-
teasomes, albeit futilely, most likely due to the multi-layered effects of 
ageing, like chronic oxidative stress, which may influence its activity in 
a different manner than acute oxidative stress. It would be of interest to 
study the post-translational landscape of proteasomes from aged 
organisms. 

In aged mice, overall proteasome activity has also been observed to 
be reduced in primary hepatocytes (Tomaru et al., 2012) and liver 
(Rodriguez et al., 2010), both 20S and 26S activities were reduced in 
white adipose tissue (Dasuri et al., 2011) (WAT) and in skeletal muscle 
(Strucksberg et al., 2010; Hwee et al., 2014; Fernando et al., 2019) from 
aged mice, along with a decreased content of 20S subunits and increased 
accumulation of oxidized proteins (Dasuri et al., 2011). However, 
another study reported increased proteasome content and activity in the 
hindlimb muscles of aged rats, an observation that was associated with 
muscle wasting and sarcopenia (Altun et al., 2010). Ageing effects on the 
proteasome might occur differently depending on the tissue or cell type, 
as proteasome activity varies across tissues (Fredriksson et al., 2012; 
Vilchez et al., 2012a; Tsakiri et al., 2013b), and even across different 
types of muscle and myofiber (Fernando et al., 2019; Raz et al., 2017). In 
this regard, aged somatic tissues in fruit flies exhibited lower protea-
some content and activity than aged reproductive tissues (Tsakiri et al., 
2013b). in vivo measurements in C. elegans showed that body-wall 
muscle cells display a less severe decline in proteasome activity 
compared to dorso-rectal neurons (Hamer et al., 2010) during ageing. 
The role of the UPS in ageing is also evidenced by studies that show 

Fig. 8. UPS and autophagy at the crossroads of oxidative stress. 
Proteins are oxidized and damaged upon oxidative stress and their accumulation can be toxic for cells. Under normal conditions, Nrf2 is bound to Keap1, which acts a 
substrate adaptor for Cul3, thus promoting Nrf2 ubiquitination (red circle) and proteasomal degradation. However, oxidative stress, e.g. reactive oxygen species 
(ROS), can induce the oxidation of cysteine residues in Keap1, thereby stimulating the release of Nrf2 into the nucleus and its activation(1). Once in the nucleus, Nrf2 
stimulates the transcription of antioxidant response genes, including 20S proteasome subunit genes, PA28, PA200 and ATG genes, among others. This increases the 
number of proteasomes (2) and enhances the formation of autophagosomes (2′). ROS can also induce 26S proteasome dissociation into free 19S RP and 20S CP, post- 
translational modifications (brown squares) on the proteasome and may also mobilize non-active proteasomes to increase the cellular capacity to degrade oxidized 
proteins (3). ROS can also oxidize p62 (brown squares), which enhances autophagy flux (3′). This adaptive response increases the capacity of cells to degrade 
oxidized and damaged proteins, thus granting cells protection against oxidative stress (4). 
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increased resistance to oxidative stress and increased life span upon 
enhancement of proteasome function through genetic approaches in 
C. elegans (Ghazi et al., 2007; Vilchez et al., 2012b; Chondrogianni et al., 
2015), fruit flies (Tonoki et al., 2009) and yeast (Kruegel et al., 2011). 
Moreover, a genetically engineered mouse model with reduced 
chymotrypsin-like activity shows a shorter life span compared to normal 
mice (Tomaru et al., 2012), whereas a fly model with increased 
chymotrypsin-like activity exhibited a prolonged life span (Nguyen 
et al., 2019). Interestingly, skin fibroblasts derived from healthy cente-
narians show higher expression of proteasome subunits and higher 
proteasome activity compared to those of old adults under 100 years of 
age (Chondrogianni et al., 2000). Similar observations have been per-
formed in livers of long-lived naked mole-rats (Rodriguez et al., 2012). 
These observations suggest that active proteasome activity is beneficial 
for healthy ageing. 

6.2. Autophagy 

A compelling question is whether autophagy ameliorates reduced 
proteasome function in ageing through the compensation mechanisms 
discussed in previous sections (Fig. 5). However, the general view is that 
autophagy function also declines during ageing, and improvement of 
autophagy function promotes longevity in several animal models (Alvers 
et al., 2009; Harrison et al., 2009; Bjedov et al., 2010; Robida-Stubbs 
et al., 2012; Zhang et al., 2014; Simonsen et al., 2008; Pyo et al., 2013; 
Lapierre et al., 2013; Ulgherait et al., 2014), similarly to the UPS. 
Conversely, a study in C. elegans showed that autophagy flux increases 
with age in several tissues, including the intestine, muscle and neurons 
(Chapin et al., 2015). Another report suggested a shift from proteasomal 
degradation to autophagy-lysosome degradation during ageing in pri-
mary human fibroblasts and rat brains, where autophagy is upregulated 
(Gamerdinger et al., 2009). An explanation of these rather controversial 
data could be that the effects of ageing on the autophagy-lysosome 
pathway are context- and time-dependent and that the specimens 
analyzed were not old enough to show reduced autophagy. In this re-
gard, the upregulation of autophagy may occur early during ageing as a 
mechanism to compensate decreased proteasomal function and may 
then decline in later stages of ageing. To shed light on this hypothesis, an 
extensive analysis of the two proteolytic systems should be performed in 
different tissues and at different stages of ageing. An interesting study 
showed that healthy human centenarians have increased protein levels 
of Beclin-1 compared to young adults (Emanuele et al., 2014), sug-
gesting that enhanced autophagy promotes healthy ageing, thus pro-
longing life span. This hypothesis is further supported by studies in 
model animals whose life span is increased upon pharmacological (e.g. 
rapamycin (Alvers et al., 2009; Harrison et al., 2009; Bjedov et al., 2010; 
Robida-Stubbs et al., 2012; Zhang et al., 2014)) or genetic induction of 
autophagy (Simonsen et al., 2008; Harrison et al., 2009; Bjedov et al., 
2010; Robida-Stubbs et al., 2012; Zhang et al., 2014; Simonsen et al., 
2008; Pyo et al., 2013; Lapierre et al., 2013; Ulgherait et al., 2014), 
although rapamycin may affect many other processes apart from auto-
phagy (Li et al., 2014). 

Taken together, all these data indicate that the UPS and the 
autophagy-lysosome pathway are protein quality control systems 
involved in the ageing process and that they are essential to maintain a 
healthy life span. The current view is that the activity of the two 
degradation systems declines during ageing. This decline may partially 
be attributed to the detrimental effects of chronic oxidative stress and 
other mechanisms. Along these lines, age-associated loss of Nrf2 activity 
has been reported in mouse liver and auditory cortex (Li et al., 2018; 
Zhang et al., 2012), rat liver (Suh et al., 2004; Shih and Yen, 2007), 
human bronchial epithelial cells (Zhou et al., 2018) and skeletal muscle 
of sedentary human individuals (Safdar et al., 2010). Moreover, the 
long-lived naked mole rat exhibited higher Nrf2 expression and activity 
compared to conventional laboratory mice, and Nrf2 expression and 
activity were positively correlated to maximum life span potential across 

rodent species (Lewis et al., 2015). These observations suggest that 
age-related loss of Nrf2 function is involved in the age-associated decline 
of the UPS and autophagy. Interestingly, recent work from our lab 
demonstrated a decrease in the expression of mitofusin-2 (MFN2) in 
aged mice, a key protein in mitochondrial dynamics (Liesa et al., 2009), 
which led to decreased autophagy and the accumulation of damaged 
mitochondria. These observations point to the involvement of MFN2 in 
the age-related decline of autophagy, and probably also the UPS, as 
mitochondrial dysfunction was reported to modulate proteasome 
composition (Livnat-Levanon et al., 2014). 

However, it is not clear whether, despite this decline in activity, the 
two systems are still able to communicate with each other. 

The impairment of both degradation systems upon ageing leads to 
the accumulation of protein aggregates that can react with other cellular 
components resulting in highly crosslinked un-degradable oxidized 
material such as lipofuscin (Reeg and Grune, 2015; Moreno-García et al., 
2018). Lipofuscin, also known as the “age pigment”, accumulates in the 
cytosol and in the lysosomal lumen and has detrimental effects for cells 
(Höhn and Grune, 2013). In this regard, it has been reported that lip-
ofuscin inhibits proteasomal degradation by competitive binding to the 
20S proteasome (Höhn et al., 2011). The proposed mechanism involves 
the recognition of hydrophobic amino acid patches on the surface of 
lipofuscin by the 20S proteasome. Due to the un-degradable nature of 
lipofuscin, these aggregates remain attached to the 20S proteasome, 
thus preventing the degradation of oxidized proteins and aggravating 
the accumulation of protein aggregates (Höhn et al., 2011). Lysosomal 
lipofuscin accumulation is present in mouse models that recapitulate 
neurodegenerative disorders characterized by impaired autophagic flux 
(Shacka et al., 2007; Dehay et al., 2012; Brandenstein et al., 2015; 
Wavre-Shapton et al., 2015). Additionally, lipofuscin accumulation ap-
pears to impair lysosomal degradation (Terman et al., 1999), probably 
by interfering with lysosomal function, which may hinder aggrephagy. 
Therefore, lipofuscin establishes a positive feedback loop that causes 
further alterations in the UPS and autophagy and further accumulation 
of toxic protein aggregates. 

6.3. UPS and autophagy crosstalk 

The expression of p62, as well as that of other autophagy-related 
genes, decreases with age in mouse liver (Kwon et al., 2012). Also, 
generic deletion of p62 reduced life span and accelerated ageing in mice 
(Kwon et al., 2012). This mouse model exhibited early-onset mito-
chondrial dysfunction in brain, liver and heart, and this dysfunction was 
correlated with a downregulation of the Nrf2-dependent antioxidant 
pathway, thus contributing to the accelerated ageing phenotype. How-
ever, autophagy was not examined in this mouse model. Induction of 
p62 expression in middle-aged flies extended life span by improving 
mitochondrial fitness (Aparicio et al., 2019), which is coherent with the 
observation that p62 is involved in mitophagy (Ashrafi and Schwarz, 
2013). In C. elegans, p62 overexpression induced autophagy, improved 
proteostasis, and subsequently extended life span (Kumsta et al., 2019). 
The decline in p62 during ageing (Kwon et al., 2012) may have various 
implications in the crosstalk between the UPS and autophagy that have 
not been explored to date. An important implication might be the 
impairment of proteaphagy. Acute oxidative stress has been shown to 
induce various post-translational modifications in the proteasome 
thereby modulating its activity as an adaptive response. However, little 
is known whether this stress can alter proteaphagy. In this regard, 
oxidative stress promoted p62 oligomerization and enhanced autophagy 
flux (Carroll et al., 2018). Therefore, the promotion of proteaphagy 
when oxidative stress overwhelms the UPS would appear to be logical. 
Oxidative stress is a hallmark of ageing (López-Otín et al., 2013; Finkel 
and Holbrook, 2000) and may be a mechanism by which proteasome 
activity declines with age. Furthermore, autophagy is also down-
regulated in aged organisms, suggesting that not only proteasome ac-
tivity but also proper disposal of deficient proteasomes is impaired in 
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these organisms. In this context, it would, therefore, be relevant to 
examine the effects of chronic oxidative stress on proteaphagy and 
whether proteaphagy flux is attenuated in aged organisms. 

A recent study performed in rat hippocampus showed that UPS- 
autophagy crosstalk is attenuated in aged organisms (Gavilán et al., 
2015). In this study, authors show that upon proteasome inhibition, 
young rats are capable of upregulating autophagy as a compensation 
mechanism, whereas aged rats are not. This compensation seems to rely 
on the activation of the insulin/IGF-1 (IIS) pathway in young mice, 
which is lost in aged mice (Gavilán et al., 2015). In another study, livers 
from young mice were able to enhance proteasomal degradation to 
compensate for impaired chaperone-mediated autophagy (Schneider 
et al., 2015). However, this compensation mechanism was not observed 
in aged mice. The mechanisms underlying the loss of functional crosstalk 
compensation among proteolytic systems upon ageing requires further 
elucidation. 

The involvement of E3s in ageing and age-related diseases is starting 
to be understood. The ageing process is governed by signaling pathways, 
including mTOR, AMPK and insulin/IGF-1 (IIS) (Kenyon, 2010). 
Whereas reduced mTOR signaling contributes to lifespan extension (Liu 
and Sabatini, 2020), increased AMPK signaling supports longevity 
(Salminen and Kaarniranta, 2012), most likely through the effects of 
autophagy (Liu and Sabatini, 2020). The IIS pathway is closely linked to 
the activation of the mTOR signaling pathway and it contributes to 
longevity through the effect of various transcription factors, including 
the FoxO family and Nrf2 (van Heemst, 2010; Kevei and Hoppe, 2014). 
Attenuation of the IIS pathway activates these transcription factors and 
promotes the expression of genes, among others, involved in the UPS 
and autophagy (Milan et al., 2015), which may contribute to their 
pro-longevity effects (Webb and Brunet, 2014). The IIS, mTOR and 
AMPK signaling pathways have been reported to be regulated by a 
complex integration of ubiquitin signals mediated by E3s (Ronnebaum 
et al., 2014; Jiang et al., 2019). Along these lines, the E3 CHIP regulates 
multiple IIS/mTOR signaling components, including Akt (Su et al., 
2011), the p85 subunit of PI3K (Ko et al., 2014) and SGK1 (Belova et al., 
2006), all of them through K48-linked ubiquitination-induced protea-
somal degradation, along with many other E3s (Balaji et al., 2018). A 
recent study showed that CHIP also regulates insulin receptor (INSR) 
turnover through mono-ubiquitination, which triggers the 
endocytic-lysosomal degradation of the receptor in C. elegans, the fruit 
fly, and HEK293 cells (Tawo et al., 2017). In this regard, CHIP mediates 
INSR degradation under normal conditions, thus limiting insulin 
signaling and prolonging life span in C. elegans, whereas under proteo-
toxic conditions, CHIP is recruited to accumulated damaged proteins 
and cannot mono-ubiquitinate the INSR, thereby reducing the 
pro-longevity effects of CHIP (Tawo et al., 2017). Therefore, with age, 
CHIP might function exclusively in the degradation of accumulated 
proteins. In addition, CHIP-deficient mice have shorter lifespans and 
exhibit an altered protein quality control, as reflected by a decline in 
proteasome activity and accumulation of damaged proteins (Min et al., 
2008). In C. elegans, the CUL-1 E3 ligase complex regulates longevity by 
increasing the transcriptional activity of FoxO (Ghazi et al., 2007). 
Additionally, FoxO transcription factors are also subjected to 
ubiquitin-dependent proteasomal degradation, which is mediated by the 
E3s SKP2 and Mdm2 (Huang and Tindall, 2011). The 
lifespan-prolonging effects of reduced IIS is well-established in inver-
tebrate models, but is rather controversial in mammals as decreased IIS 
may lead to insulin resistance, a detrimental condition often associated 
with ageing and that eventually results in type 2 diabetes (T2D) and a 
shorter lifespan (Vitale et al., 2019). This controversy is most likely due 
to the complexity of the IIS pathway in mammals gained through evo-
lution (van Heemst, 2010), e.g. tissue-specific expression of components 
of the signaling pathway. In light of the above, the pro-longevity effects 
of reduced IIS are not so clear in mammals and may largely depend on 
those components of the pathway that are regulated in tissue-specific 
contexts and the extent to which the pathway is repressed. 

7. Concluding remarks 

The UPS and the autophagy-lysosome pathway are not isolated 
protein degradation systems. Through crosstalk mechanisms, they work 
hand in hand as guardians of the proteome, protecting it from envi-
ronmental stress. Ubiquitin, p62 and E3s are central elements of the 
communication between the two systems. The UPS regulates the activity 
of the autophagy-lysosome pathway through the modulation of tran-
scription factors, which may depend on the cellular context. On the 
other hand, autophagy regulates the activity of the UPS through the 
clearance of proteasomes. Understanding the dialogue between the UPS 
and autophagy is of paramount importance in the search for drugs to 
block one pathway or the other. For instance, in the context of cancer, 
proteasome inhibitors are currently under clinical use for cancer ther-
apy, such as bortezomib, but some types of cancer show resistance 
(Manasanch and Orlowski, 2017), which could partially be due to the 
crosstalk between the UPS and autophagy-lysosome pathway, resulting 
in the upregulation of the latter. However, autophagy upregulation by 
deficient proteasome should be revised by performing autophagy flux 
studies. Although several crosstalk mechanisms have been described, 
the communication between these two systems is just starting to be 
elucidated. In this regard, further research is needed to address how the 
upregulation of one system affects the other. Furthermore, the physio-
logical role of proteaphagy is unknown. The activity of the two degra-
dation pathways are also coordinately regulated in order to respond to 
environmental cues, such as oxidative stress, and this coordination may 
be achieved through the mechanisms discussed in this review. 

Studies performed in model organisms suggest that UPS and auto-
phagy function decline during ageing and may contribute to the path-
ogenesis of age-related diseases, including neurodegenerative and 
metabolic disorders. However, human studies are scarce. Understanding 
how ageing and oxidative stress negatively affect the function of the UPS 
and autophagy and also their crosstalk is key for the future development 
of clinical approaches to abrogate the deleterious effects of ageing and to 
promote healthy ageing. In this regard, enhancing these proteolytic 
systems has emerged as an attractive therapeutic strategy. However, this 
is a challenging task, as overactivation of these protein quality control 
systems in aged individuals may also be detrimental. Also, the UPS and 
autophagy play distinct roles in different tissues in the development of 
age-related metabolic disorders. This topic has been extensively inves-
tigated in the context of autophagy through the genetic manipulation of 
autophagy genes. However, physiological studies in the context of the 
UPS are scarce and should therefore be reinforced. Moreover, E3 ubiq-
uitin ligases are becoming attractive therapeutic targets in ageing, and 
in the pathophysiology of age-related diseases such as metabolic syn-
drome and type 2 diabetes, and future studies should focus on under-
standing their role in the crosstalk between the UPS and autophagy, 
their molecular characteristics such as substrate-specificity, tissue-spe-
cific expression and their abundance or redundancy. 
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Membranes of Liposomes and Living Cells by a
Calix[4]pyrrole Cavitand

Few studies assess the amino acid transport properties of synthetic carriers using
liposomal and cell membranes. Herein, we apply an optimized radiometric assay
to demonstrate the selective transport of L-Pro across liposomal membranes by
the means of a synthetic calix[4]pyrrole cavitand. Moreover, we show that the
carrier also contributes to the overall uptake of L-Pro in HeLa cells. These
unprecedented results augur well for the potential application of calix[4]pyrroles
as therapeutic tools for L-Pro-dependent diseases, including some cancers and
hyperprolinemia.
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Facilitated Diffusion of Proline
across Membranes of Liposomes and Living
Cells by a Calix[4]pyrrole Cavitand

Luis Martı́nez-Crespo,1 Jia Liang Sun-Wang,1,2,4 Andres Felipe Sierra,1 Gemma Aragay,1

Ekaitz Errasti-Murugarren,2 Paola Bartoccioni,2,3 Manuel Palacı́n,2,3,4,* and P. Ballester1,5,6,*

SUMMARY

The transport of anions and cations through liposomal membranes
facilitated by synthetic carriers has been widely described. In
contrast, analogous studies describing the facilitated transport of
amino acids (aa) are scarce.We describe the use of calix[4]pyrrole re-
ceptors as synthetic carriers for the facilitated diffusion of aa across
membranes of liposomes and living cells. We demonstrate that a
calix[4]pyrrole cavitand is highly effective and selective for the facil-
itated diffusion of L-proline (L-Pro). We propose a mobile carrier
diffusion mechanism to explain the observed aa facilitated diffusion
process. The transport process involves the formation of a 1:1 com-
plex between the carrier and the aa (e.g., L-Pro31). We also
describe the unprecedented application of a synthetic carrier to
contribute to the uptake of L-Pro in human cells in addition to that
mediated by the natural transporters. The reported results augur
well for the potential use of aa synthetic carriers in therapeutic ap-
plications.

INTRODUCTION

Cell membranes are selectively permeable to the passage of biologically relevant
polar molecules, either neutral or charged, as well as simple monoatomic ions.
The reduced solubility of these compounds in the hydrophobic core of the mem-
brane is responsible for its impermeability. The low solubility also translates to
reduced rates for their passive diffusion through phospholipid bilayers in living cells
and liposomes.1 As the transport of neutral and charged molecules, as well as small
ions, across cell membranes, plays a crucial role in the metabolism energetics and
cell signaling of living organisms, it demands the existence of specific carrier and
channel proteins to regulate this process. Missing or defective endogenous carriers
and channels underlie a number of human diseases, such as cystic fibrosis (Cl! trans-
port deficiency)2 or primary inherited aminoacidurias (defects in the renal absorption
of amino acids)3,4 among many others. On the one hand, the development of syn-
thetic molecules, aka carriers, that are able to facilitate the transport of biologically
relevant molecules and ions across liposomal membranes is an important goal in su-
pramolecular chemistry. On the other hand, it also constitutes a sensible approach
with therapeutic potential in the treatment of the diseases mentioned above.

Many examples of synthetic carriers able to transport monoatomic anions and cat-
ions through synthetic lipid membranes and living cell membranes can be found
in literature.5–9 In contrast, the number of reports describing the facilitated transport
of amino acids (aa) across lipid bilayers using synthetic carriers is scarce.10,11 Most of

The Bigger Picture

Important diseases in the modern
society, including cancer,
aminoacidurias, and
neurodegenerative disorders,
might be provoked by missing or
defective amino acid transporters
at the cell membrane. Synthetic
receptors capable of transporting
amino acids across cell
membranes could serve as
therapeutic tools to tackle these
diseases. To date, few studies
concerning synthetic transporters
of amino acids were performed
using liposomal membranes.
Moreover, as far as we are aware,
there are no literature precedents
reporting the amino acid
transport properties of synthetic
receptors through membranes of
living cells. This work describes
the use of a calix[4]pyrrole-based
synthetic carrier for the facilitated
transport of amino acids across
the membranes of liposomes. It
also represents the first account
reporting the ability of a synthetic
carrier to contribute to the L-Pro
influx of living cells.
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the reported examples describing synthetic carriers able to mediate the transport of
aa across lipophilic membranes are based on the results of U-tube transport exper-
iments. In these types of experiments, a non-polar organic solvent i.e., CHCl3 is used
to mimic a lipophilic bilayer.12,13 Nevertheless, the potential biological/therapeutic
application of any developed synthetic aa carrier demands the assessment of its
transport activity in synthetic liposomes and living cells.

An early example of the facilitated diffusion of aa across lipophilic bilayers was re-
ported by Stillwell.14 This work demonstrated that the uptake of aa into lipid vesicles
could be stimulated by the formation of an imine between the primary amine of the
aa and several water-soluble aldehydes. A few years later, Sunamoto et al., reported
the first example of a photo-responsive spiropyran-based synthetic carrier that
mediated the efflux of phenylalanine from the interior of a liposome to the extrave-
sicular media.15 The authors attributed the facilitated transport to the formation of a
1:1 complex between the zwitterionic forms of both the merocyanine-isomer of the
carrier and the phenylalanine, which increased the solubility of the latter in the lipo-
philic membrane. The amount of extravesicular aa was quantified using a fluorescent
assay involving the reaction of fluorescamine with the primary amine of the
effluxed aa.

More recently, the groups of Hou and Gale published two elegant contributions
describing the facilitated diffusion of aa through lipid bilayers. Remarkably, the
two reported approaches are substantially different.10,11 On the one hand, Hou
and co-workers demonstrated that peptide-appended pillar[n]arenes (n=5,6) func-
tion as artificial channels facilitating aa transport across liposomal membranes.10

Their assessment of the transport activity of the synthetic channels relied on the
quantification of the concentration of extravesicular aa (i.e., efflux experiments)
also using the fluorescamine method. The reported transport activities were derived
from the ratio of transport rate constants measured in the presence and absence of
the synthetic channel. Liposomes embedding the more active tubular channel
showed a 3-fold increase in transport activity for the polar glycine (Gly) compared
with the liposomes lacking the artificial channel.

On the other hand, Gale and co-workers described a dynamic covalent approach for
the facilitated transmembrane transport of aa.11 They showed that the combination
of squaramide 6 (Figure 1) with the lipophilic and electrophilic aldehyde 7 (Figure 1)
produced a synergistic effect on the transport of Gly across liposomal membranes.
The facilitated transport of Gly was proposed to derive from the assembly of a three-
component hydrogen-bonded complex involving the two NHs of the squaramide
and the carboxylate group (COOˉ) of the Gly imine or hemiaminal. In turn, the imine
or hemiaminal of Gly resulted from the reaction of its primary NH2 groups with the
carbonyl of the aldehyde (Figure 1). The authors also developed a new fluorescent
assay based on liposomes entrapping a calcein-Cu2+ complex to measure the Gly
influx.

It is rather complex to compare the transport effectiveness of the two approaches
described above for Gly. Not only are the experimental conditions of the transport
experiments different (influx versus efflux) but also the quantification methods.

The examples of facilitated transport of aa described above used fluorescence spec-
troscopy to assess the intravesicular or extravesicular aa concentrations after efflux
or influx processes. Notwithstanding that fluorescence assays are highly valuable
and easy to implement in the laboratory for quantitative kinetic studies, they are
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prone to significant errors caused by unspecific transport of other species. Radio-
tracer assays have been shown to be very useful in determining the kinetics of influx
and efflux processes of biologically relevant molecules across liposomal membranes
and living cell membranes.16–18 Their implementation requires the use of dedicated
laboratories, the safe handling, and disposal of used hazardous radioisotopes, and
time-consuming autoradiographic treatments. However, all these shortcomings and
limitations are compensated by the unequivocal molecular identification of the spe-
cies responsible for the radiation level.

We reported that ‘‘two walls’’ and ‘‘four walls’’ calix[4]pyrroles are effective carriers of
mono- and polyatomic anions through phospholipid membranes.19,20 It is worth
noting that the different substitutions at the meso-aromatic panels of the calix[4]pyr-
role resulted in a dramatic change of the anion transport activity. Moreover, we and
others have shown that a,a,a,a-isomers of aryl-extended calix[4]pyrroles and their
cavitand derivatives are able to bind small polar molecules in aqueous and organic
solutions with high efficiency and significant selectivity.21–23 In this regard, we re-
ported that the mono-phosphonate bridged calix[4]pyrrole cavitand 1 was an effec-
tive receptor for creatinine binding in CD2Cl2 solution (Figure 1).24 Remarkably, sim-
ple molecular modeling studies revealed that L-Pro was also a good fit in terms of
shape, size, and functional groups complementary with the binding site provided
by cavitand 1. For this reason and given our previous experience in the pre-insertion
of calix[4]pyrroles carriers in liposomal membranes, we decided to undertake the
evaluation of the mono-phosphonate calix[4]pyrrole cavitand 1 as an aa transporter.

Facilitating L-Pro transport with synthetic carriers is relevant in the context that
recent reports identified the important role of intracellular concentration of L-Pro
in the tumorigenic potential25 and metastasis formation26 of some cancer cells.
The development of synthetic carriers selective to L-Pro transport might be ex-
ploited as therapeutic tools in some cancers as well as in other inherited deficiencies
related to L-Pro metabolism in cells, such as hyperprolinemia type I and type II.25

Herein, we describe our results to facilitate the liposomal membrane transport of aa
using pre-inserted cavitand 1. We used optimized radiometric assays for the assess-
ment of the aa concentration in influx and efflux experiments. The used assay is
derived from those employed in transport studies of aa with natural transport pro-
teins.27,28 The developed radiometric assay reduces the risk of false-positive re-
sponses and low reproducibility that we encountered when using the fluorescent la-
beling methods reported in literature. We found that cavitand 1 selectively
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facilitated the transport of L-Pro. In addition, we propose a carrier-facilitated trans-
port mechanism involving the formation of a 1:1 Pro31 inclusion complex for the
process. We also discovered that calix[4]pyrrole cavitand 1 is more efficient in facil-
itating the diffusion of L-Pro than the analog cavitand 2, lacking the phosphonate
group, or the octamethyl calix[4]pyrrole 5, deprived from an aromatic cavity (Fig-
ure 1). The transport activity of 1 for L-Pro seems to be on par with that determined
for a supramolecular system described by Gale.11 However, none of the previously
described amino acid synthetic carriers showed selectivity for L-Pro transport.

Finally, we also studied the facilitated transport of L-Pro in human HeLa cells by
embedding the calix[4]pyrrole cavitand 1 in liposomes. The obtained results suggest
that cavitand 1 increases the L-Pro uptake of the cells at high extracellular substrate
concentrations (i.e., 20 mM).

RESULTS AND DISCUSSION

First, we evaluated the affinity of cavitand 1 toward a reduced set of natural aa in
CD2Cl2 solution. Owing to the low solubility of natural aa in CD2Cl2 solution, we per-
formed a series of solid-liquid extraction experiments. Thus, we added an excess of
the solid amino acid (L-Pro, L-Ala, Gly, L-Glu, L-Arg, L-Val, and L-Ile) to separate
CD2Cl2 solutions of cavitand 1 at mM concentration. After shaking the resulting sus-
pension for 5min, the solid was filtered off and the resulting solution was analyzed by
1H NMR spectroscopy. Remarkably, only the extraction experiment of L-Pro pro-
duced significant changes in the 1H NMR spectrum of 1 (Figures S1 and S2). We
observed a single set of proton signals for the receptor that was assigned to the
bound cavitand 1. The pyrrole NH’s moved downfield compared with those in free
1 (Dd" 2.5 ppm). This observation indicated their involvement in hydrogen-bonding
interactions. We also detected five new broad signals resonating at d = 0.15, 0.97,
1.40, 1.72, 2.71 ppm that were assigned to the protons of L-Pro bound in the aro-
matic cavity of 1 (Figure S1h). The integrals of the proton signals of bound 1 and
included L-Pro assigned a 1:1 stoichiometry to the complex. Taken together, these
results indicated that cavitand 1 extracted 1 equiv of L-Pro to CD2Cl2 solution form-
ing a deep inclusion complex for which we estimated a Ka (L-Pro31) > 106 M!1.29

Gratifyingly, single crystals of the L-Pro31 complex suitable for X-ray diffraction
grew from vapor diffusion of pentane into a dichloromethane solution of the com-
plex. The X-ray structure of the L-Pro31 complex (Figure 2) revealed that L-Pro is
deeply included in the aromatic cavity of 1. In the L-Pro31 complex, four
hydrogen-bonding interactions are established between the pyrrole NHs of 1 and
the oxygen atoms of the carboxylate group of L-Pro. In addition, the oxygen atom
of the P=O group at the upper rim of the cavitand 1 has one additional ionic
hydrogen bond with the protonated amino group of L-Pro.

13C(1)-Proline Transport Experiments Monitored by 13C NMR Assays

Evidence of L-Pro transport facilitated by cavitand 1 was initially derived from a 13C
NMR assay.30 We prepared large unilamellar and multilamellar liposomes (mean
diameter " 800 nm) of egg-yolk phosphatidylcholine (EYPC) loaded with a buffered
solution of L-Pro (e.g., 200mML-Pro, 10mMHEPES, pH 7.4).We suspended the pre-
pared liposomes in an isosmotic medium containing 13C-labeled L-Pro (13C(1)-L-Pro,
200mM) and stirred themixture for 60min. The 13CNMR spectrum of the suspension
showed a single sharp signal resonating at d = 175.8 ppm. We assigned this sharp
signal to the 13C in the carbonyl carbon atom (13C(1)) of both extravesicular and intra-
vesicular, if any, enriched L-Pro. Next, we added an aqueous solution of
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paramagnetic Mn2+ (1 mM MnSO4) in order to induce a selective broadening of the
13C signal of extravesicular enriched L-Pro and acquired a new 13C NMR spectrum of
the resulting suspension.30 The obtained results show that for liposomes not embed-
ding the transporter, there is a slow diffusion of L-Pro reflected by a small signal of
13C(1) corresponding to the intravesicular, unaffected 13C(1)-L-Pro resonating at
d = 175.8 ppm (Figure 3C-left panel). Not surprisingly, the liposomal membrane is
impermeable to the paramagnetic Mn2+. We performed analogous experiments us-
ing liposomes containing 1 embedded in their membranes (0.1% carrier/EYPCmolar
ratio [mr]). In this case, we observed an enhancement of the 13C(1) signal of intact, in-
travesicular 13C(1)-L-Pro after the Mn2+ addition (Figure 3D-left panel). We ascribe
this result to the facilitated diffusion of L-Pro mediated by carrier 1. The subsequent
lysis of the liposomes, induced by the addition of a detergent, produced the broad-
ening of the residual sharp signal resonating at d = 175.8 ppm because theMn2+ can
now interact with all 13C(1)-L-Pro molecules (Figure 3F-left panel).

The increase in the concentration of 1 embedded in the phospholipid membrane
(i.e., 0.1% to 1% mr 1:EYPC) did not provoke significant changes in the 13C NMR
spectra of the liposomes registered after Mn2+ addition (Figures 3D and 3E -left
panel). Most likely, at 0.1%mr of 1, the equilibrium between intra- and extravesicular
concentrations of 13C(1)-L-Pro is reached after the 60 min delay used for monitoring
the transport experiments.

We performed analogous transport experiments using L-alanine enriched with 13C in
the carbonyl carbon atom (13C(1)-L-Ala) (Figure 3-right panel). We selected L-Ala as
an example of non-cyclic a-amino acid, which was not quantitatively extracted by
cavitand 1 in the solid-liquid extraction experiments (Figure S1B). Interestingly, we
observed that the transport of L-Ala was facilitated only when 1 was embedded in
the liposomes at 1% mr (1:EYPC) (Figure 3E-right panel). The 13C NMR spectra of
the suspensions of the liposomes registered after the addition of Mn2+ without
embedded carrier or with carrier 1 embedded at 0.1% mr are identical (Figures 3C
and 3D -right panel). The similar intensities of the sharp 13CNMR signals for the intra-
vesicular 13C(1) of the aa in L-Ala and L-Pro transport experiments of liposomes lack-
ing the embedded carrier indicate that the two aa feature similar passive diffusion
rates across the membrane. The larger efficiency of 1 in facilitating the transport

Figure 2. X-Ray Crystal Structure of the L-Pro31 Complex

Thermal ellipsoids set at 50% probability; the H atoms of the Pro guest are shown as spheres of

0.3 Å. L-Pro and its C and H atoms shown in light green. Purple dashed lines indicate H-bond

interactions. The non-polar hydrogen atoms of cavitand 1 are omitted for clarity.
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of L-Pro correlates well with the extraction properties derived from the solid-liquid
experiments.

Quantification of the Amino Acid Transport Efficiency and Kinetics across
Liposomal Membranes Embedding Calix[4]Pyrrole Cavitand 1

The above NMR studies are not suitable for quantitative kinetic studies of the trans-
port process owing to their long acquisition times. Thus, we assessed the transport
kinetics using [3H] radiolabeled aa. In a typical influx experiment (see Experimental
Procedures section and Supplemental Information), liposomes were incubated with
unlabeled aa (i.e., L-Pro unless indicated otherwise) with a trace of the radiolabeled
aa. At the desired times, transport was stopped by adhering liposomes to nitrocel-
lulose filters and washed in ice-cooled buffer and the trapped radioactivity counted.

The control time course curve of an L-Pro influx experiment using liposomes lacking
the embedded synthetic carrier is shown in Figure 4A as a dashed gray line. The
curve shows a reduced slope indicative of a slow rate for the passive diffusion of
the amino acid across the liposomal membrane ("20 pmol in 60 min) (Figure 4A).
When carrier 1 is embedded into the liposomal membrane (0.1% mr) the rate of
the L-Pro influx increases significantly (up to "100 pmol in 60 min) (Figure 4A

Figure 3. Monitoring the aa Transport by 13C NMR

(A and B) (Top) Schematic representation of the 13C NMR assay used to monitor aa transport.

(Bottom) Blue box: 13C NMR spectra of 13C(1)-L-Pro (left) and 13C(1)-L-Ala (right) in 9:1 H2O:D2O

before (A) and after (B) the addition of MnSO4.

(C–E) Green box: 13C NMR spectra of EYPC liposomes in 9:1 H2O:D2O with different carrier mr (0 C,

0.1% D, and 1% E): the spectra were acquired after 60 min of aa transport time and following the

addition of MnSO4.

(F) 13C NMR spectra registered after the lysis of the liposomes used for the transport experiment of

L-Pro (left) and L-Ala (right) by the addition of detergent. Initial conditions: intravesicular (L-Pro (left

panel) or L-Ala (right panel) 200 mM, HEPES 10 mM, pH 7.4); extravesicular (13C(1)-L-Pro (left) or
13C(1)-L-Ala (right) 200 mM and HEPES 10 mM, pH 7.4).
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continuous black line), supporting that the transport of L-Pro across the lipid bilayer
is facilitated by carrier 1. After 60 min of transport, the ratio of the amount (pmols) of
L-Pro present in the liposomes having embedded the carrier at 0.1% mr with that of
the liposomes lacking the carrier was used to quantify the transport efficiency of 1.
This ratio assigns a 5-fold increase of the facilitated transport compared with the sim-
ple passive diffusion of the aa through the membrane. This result is consistent with
the data obtained using the 13C NMR spectroscopy assay (Figure 3).

To analyze the integrity and permeability of the liposomal bilayer upon inserting car-
rier 1, we performed transport experiments using [14C]-D-mannitol 3 (Figure 1) as a
model system of a polar compound that should be membrane impermeable (Fig-
ure S3).Wedid not observe noticeable differences in the influx transport experiments
of D-mannitol using liposomes embedding carrier 1 at 1% mr and control liposomes
lacking the carrier. In all transport experiments, at 60 min the amount of D-mannitol
present in the liposomes was"10 pmol. The results support that the liposomal mem-
brane integrity is not significantly altered by the insertion of carrier 1 and that the car-
rier does not facilitate the transport of D-mannitol 3. Likewise, the reduced amount of
D-mannitol present in the liposomes at the end of the transport experiments is indic-
ative of a slower passive diffusion of the saccharide compared with the aa.

Next, we monitored efflux transport experiments of radiolabeled [3H]-L-Pro by
slightly modifying the radiotracer assay used in the influx counterparts. The efflux ex-
periments aimed at supporting that activity of carrier 1 worked in the two senses of

Figure 4. Influx and Efflux Radiometric Assay

(A and B) Upper panel: schematic representations of the influx (A) and efflux (B) kinetic experiments

of L-Pro transport across liposomal membranes quantified using radiometric assays. The black

arrows indicate L-Pro transport due to passive diffusion and green arrows facilitated transport of

L-Pro through carrier 1. Lower panel: time course curves (solid black lines) corresponding to the

influx (A) and efflux (B) experiments of L-Pro using liposomes incorporating 1 (0.1% mr) within the

membrane. In both cases, the L-Pro values (pmol) are calculated as the average of three different

experiments and the error bars correspond to the standard deviation. The slashed time course

curves in gray correspond to L-Pro transport due to passive diffusion. The black time course curves

represent L-Pro total transport (diffusion + facilitated transport).
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the transport process (Figure 4B). For these experiments, liposomes (with and
without embedded carrier 1) were loaded with a buffered solution of the radiotracer
(100 mM of NaCl, 10 mM HEPES, pH 7.4, 100 mM of L-Pro, and 20.8 mCi/mL [3H]-L-
Pro) (see Experimental Procedures section). An aliquot of the liposomes containing
the tracer aa (24 mL) was diluted in an identical buffer solution (180 mL) (100 mM of
NaCl and 10 mM HEPES, pH 7.4) not containing the aa. The aa efflux was monitored
by quantifying the residual 3H activity level present in the liposomes at the indicated
times. The obtained results indicated that liposomes with carrier 1 embedded in
their membranes experienced a faster efflux of the aa ("80 pmol L-Pro in 60 min)
compared with the control counterparts ("10 pmol L-Pro in 60 min) (Figure 4B).31

Having demonstrated the facilitated transport of L-Pro in liposomes with carrier 1
embedded, we assessed the transport kinetics at different concentrations of the car-
rier (Figure 5). It is worth to note that, after 60 min of transport, a similar amount of
L-Pro ("80–100 pmol) was present in the liposomes with 0.2% and 0.1%mr of 1. This
value ("80–100 pmol of L-Pro) also coincided with the initial value of L-Pro in the
radiometric efflux experiments (Figure 4B). Most likely, this is the equilibrium
amount of L-Pro present in the prepared volume of liposomes under the described
experimental conditions.

We performed a non-linear fitting of the experimental time course curves obtained in
the L-Pro influx experiments with liposomes embedding different concentrations of
the carrier to a kinetic model for a reversible first-order reaction. This approach to
analyzing influx kinetic data was previously described in the literature.32,33 The fits
of the experimental data to the theoretical model were consistent, allowing us to
derive apparent rate constant values (k) for the L-Pro influx experiments (Figure 5,
see Supplemental Information for details). Not surprisingly, we found that the rate
constant values increased linearly with the carrier concentration (k = 2.4 3 10!4

s!1, 1.3 3 10!3 s!1, and 2.0 3 10!3 s!1 for 0.05, 0.1%, and 0.2% mr, respectively).
The transport rate constant using liposomes lacking the carrier was determined as
k0 = 6.7 3 10!5 s!1. Hou and co-workers defined the transport activity (A) of their
channels at a certain concentration, as the ratio between the transport rate constant
(in the presence of transporter) and that of the passive diffusion (in the absence of

Figure 5. L-Pro Influx Transport Experiments at Different Carrier:Lipid Molar Ratio

Non-linear fits (curves) of the experimental data of L-Pro influx transport experiments (points)

obtained at different carrier:lipid % mr (0%, 0.05% red, 0.1% green and 0.2% blue mr) to the

theoretical kinetic model of a reversible first-order reaction. In all cases, the L-Pro values were

calculated as the average of three different transport experiments replicates and the error bars

correspond to the standard deviation.
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transporter) (A = k/k0). Remarkably, the synthetic artificial channels reported by Hou
and co-workers also showed a linear dependence of A with the mr of the transporter
at low transporter concentrations (i.e., channel:lipid mr < 0.2%).10 They calculated a
maximum of a 3-fold increase in activity, A, for the facilitated passive transport of Gly
for a 0.05 % channel:lipid mr. Remarkably, using calix[4]pyrrole cavitand 1 we ob-
tained a 4-fold increase in transport activity using a 0.05 % carrier 1:EYPC mr and
we reached a 30-fold increase in A using a 0.2% 1:EYPC mr.

The effect of the extravesicular concentration of L-Pro (10–104 mM) in the transport
efficiency of 1 was studied at a fixed transport time (i.e., 180 s; i.e., linear conditions
of transport in this time period). We observed a linear relationship between the
amount of L-Pro present in the liposomes at t = 180 s and the used extravesicular
concentration of L-Pro up to 10,000 mM concentration (Figure S4).

In short, the analysis of the kinetic data for the influx transport experiments per-
formed at different concentrations of carrier 1 and L-Pro hinted to the existence of
linear relationships between both concentrations of the embedded carrier (1) and
extravesicular aa (L-Pro) and the influx rates of the aa in the liposomes. This result
demonstrates that carrier 1 did not reach saturation kinetics in the range of the stud-
ied concentration.

Considering the reduced size of the molecular structure of carrier 1 (14 3 10 Å, Fig-
ure S5)34 compared with the thickness of the liposomal membrane (>30 Å) we favor a
mobile carrier mechanism for the facilitated diffusion process of L-Pro by 1 than cav-
itand 1 behaving as an artificial channel. In nature, carrier diffusion proteins typically
display a maximum value of rate transport owing to saturation of the binding sites of
the carrier (saturation kinetics). Most likely, the non-saturation kinetics observed for 1
are related to the low binding constant L-Pro31 complex when formed in the lipo-
somal membranes.26

Transport Studies of L-Pro in the Presence of a Competitive Binding Guest for
Carrier 1

To further demonstrate the role of 1 as a carrier for the facilitated transport of L-Pro,
we performed transport experiments in the presence of a competitive binding guest.

PyridineN-oxides are known to form thermodynamically and kinetically highly stable
complexes with aryl-extended calix[4]pyrroles (K > 104 M!1) in polar and non-polar
organic solvents and water.21,35 We performed influx transport experiments of L-Pro
in the presence of increasing concentrations of 4-phenylpyridine N-oxide 4

(0–100 mM) in the extravesicular transport buffer (Figure 1). We used freshly prepared
liposomes with 0.1% mr of embedded carrier 1. In all transport experiments, the ex-
travesicular concentration of L-Pro (100 mM) wasmaintained constant (Figure S6). For
each transport experiment at different N-oxide concentrations, we performed con-
trol experiments with liposomes lacking carrier 1. The value of the amount of L-Pro
obtained in the control experiments was subtracted from that obtained in the exper-
iments with liposomes having 1 embedded. The subtracted value of L-Pro (pmol)
was used to assess the magnitudes of the effective competitive transport (ECT).
We defined ECT to be the ratio between the amounts of L-Pro present in the lipo-
somes at the end of two different transport experiments. In one of them, we used
extravesicular buffer containing a defined concentration of theN-oxide. In the other,
the extravesicular buffer did not contain theN-oxide. Consequently, an ECT value of
1 indicates that the competing guest has no effect on the transport experiment. The
obtained data are graphically represented in Figure 6. Interestingly, an increase in
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the concentrations of the N-oxide 4 produced a sensitive reduction in ECT value.
Most likely, the N-oxide 4 preferentially diffuses into the liposomal membrane.
There, it competes with L-Pro for the binding site of the embedded carrier 1 (431

versus L-Pro31 complex). This binding competition effectively reduces the amount
of carrier 1 available to facilitate the transport of L-Pro, resulting in the observed
decrease of L-Pro present in the liposomes at the end of the transport experiment.

Studies of the aa Transport Selectivity of Carrier 1

We also undertook influx transport experiments of L-Ala with liposomes embedding
carrier 1 at two different concentrations (0.1% and 1% mr; Figure S7). We measured
almost identical quantities of L-Ala present in control liposomes (no carrier) and lipo-
somes with 0.1%mr of embedded carrier 1. Increasing the 1/EYPC molar ratio to 1%
provoked a significant increase in the quantity of L-Ala present in the liposomes
(influx). This observation is in line with the transport results obtained using the 13C
NMR assay (Figure 3, bottom). Most likely, the observed selectivity is due to the bet-
ter fit in terms of shape, size, and functional groups of the L-Pro within the cavity of
the calix[4]pyrrole receptor.

In addition to L-Pro and L-Ala, the ability of carrier 1 to transport other natural aa (L-
Glu, L-Arg, Gly, L-Val, and L-Ile) was also studied using the radiometric influx assay
and liposomes having a 0.1% mr concentration of embedded carrier 1. We defined
the transport selectivity of the carrier for each aa as the ratio between the amount
(pmols) of aa transported in the liposomes embedding carrier 1 after 536 and
30 min of transport to that obtained in an analogous L-Pro transport (Figure 7). All
the aa quantities were corrected by subtracting the corresponding amount pro-
duced by their passive diffusion (Figure S8). The obtained results demonstrated
that carrier 1 features a remarkable selectivity for the facilitated transport of L-Pro
over the other studied aa. The transport of L-Glu, Gly, and L-Ala were not facilitated
significantly by embedding carrier 1 in the liposomes’ membrane. Moreover, more
lipophilic aa, such as L-Val and L-Ile, did not show significant differences between
the passive diffusion and facilitated transport with liposomes embedding 0.1% mr
of 1 (See Figure S8). In contrast, the transport of L-Arg seems to be slightly facilitated
in liposomes embedding 1. These findings are in good agreement with the

Figure 6. Effective Competitive Transport

ECT of 1 (0.1% mr) in the presence of 4-phenylpyridine-N-oxide 4 as a competitive guest. Transport

was measured at a fixed transport time (180 s) with an extravesicular concentration of L-Pro 100 mM

with and without the carrier at different concentrations of N-oxide (0, 10, and 100 mM). The ECT (see

main text for details) in the absence of 4 was set to be equal to 1. The ECT values were calculated as

the average of three transport experiments replicates. The error bars correspond to the

propagated errors from the standard deviation values.
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extraction properties of carrier 1 derived from solid-liquid experiments performed
with the aa series. L-Pro was extracted into the dichloromethane solution by 1 to a
larger extent than any other aa.

Studies of L-Pro Transport Using Other Synthetic Carriers

We became interested in studying the aa transport properties of other synthetic car-
riers based on a calix[4]pyrrole scaffold, i.e., 2 and 5 (Figure 1). Cavitand 2 is a bis-
methylene bridged analog of cavitand 1. Octamethyl calix[4]pyrrole 5 contains the
binding site of the calix[4]pyrrole core but lacks the aromatic cavity. Solid-liquid
extraction experiments of L-Pro with receptors 2 and 5 in dichloromethane solution
did not induce noticeable changes in the 1H NMR spectrum of the free host (Figures
S9 and S10). These results indicate that in dichloromethane solution L-Pro has a
reduced affinity for 2 and 5 compared with 1.37 It is worth reminding that receptor
1 was able to extract 1 equiv of L-Pro in analogous solid-liquid extraction experi-
ments (Figure S1). We performed influx experiments of L-Pro using liposomes with
carriers 2 and 5 embedded in their membranes at 0.1% mr (100 mM of aa). The
change with time of the amount of L-Pro present in the liposomes embedding octa-
methyl calix[4]pyrrole 5 (Figure S11) was almost identical to the one measured in
control experiments using liposomes lacking the carrier (i.e., passive diffusion). On
the other hand, liposomes embedding cavitand 2 displayed noticeable changes in
the amount of L-Pro at longer transport times (i.e., 30–60 min) compared with the
control. In any case, the facilitated transport of L-Pro with carrier 2 embedded in
the membrane was less significant (i.e., "40 pmol L-Pro in 60 min; Figure S11)
than that provided by cavitand 1 ("90 pmol in 60 min; Figure S11). Together, these
results demonstrate that cavitand 1 is a privileged carrier for the facilitated transport
of L-Pro across liposomal membranes.

In order to compare the transport abilities of cavitand 1 for L-Pro with those of other
synthetic carriers described in literature, we performed L-Pro influx transport exper-
iments using a multimolecular carrier system closely related to the one described by
Gale and co-workers mainly for Gly transport.11 However, the changes in L-Pro con-
centration were monitored using the radiometric assay optimized in this work
instead of the fluorescent method described by the authors. In our L-Pro influx trans-
port experiments, the squaramide 6 (Figure 1) was pre-inserted (embedded) in the

Figure 7. Transport Selectivity

Determined transport

selectivity values for 1 (0.1% mr)

with different natural

radioactive-labeled aa. To

facilitate comparison, we

defined the transport

selectivity value as the ratio of

the amount of aa present in the

liposomes at the end of a

transport experiment with that

measured for L-Pro in an

identical run. The amount of L-

Pro produced the larger

determining value, thus the transport selectivity of the carrier for L-Pro is set to be equal to 1. The

transported amount of aa was measured at a fixed time (300 s) for an extravesicular concentration of

100 mM. In all cases, the transport selectivity values were calculated as the average of three

transport experiment replicates. The error bars correspond to the propagated errors from the

standard deviation values. The results of L-Val and L-Ile are not included in the figure owing to their

large rate of passive diffusion. See Figure S8 for details.
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liposomes at a 0.1% mr. We start monitoring the kinetics of the transport of L-Pro af-
ter the addition of aldehyde 7 as a DMSO solution (10%mr and 1% vol DMSO). Inter-
estingly, we observed that the modified38 Gale’s carrier system was also efficient in
facilitating the transport of L-Pro (Figure S12) albeit at a lower transport rate than 1

(Figure 4A). This result supports the suitability of our optimized radiometric assay
also in the study of the transport abilities of multimolecular self-assembled carrier
systems.

We conclude that the calix[4]pyrrole cavitand 1 displayed a moderate improvement
in transport abilities of L-Pro compared with the modified multimolecular carrier sys-
tem developed by Gale et al., (6 and 7) (Figures 4A, S11, and S12). It is worth noting
that Gale’s three components assembly carrier system was designed to facilitate the
transport of aa like L-Ala and Gly (i.e., L-Pro was not studied in their work).

Study of the Facilitated L-Pro Transport in HeLa Cells

Bearing in mind the potential use of calix[4]pyrrole derivatives as therapeutic tools,
we wanted to assess whether cavitand 1 was able to transport L-Pro across the mem-
brane of human cells. To do so, HeLa cells were pre-incubated with POPC (1-palmi-
toyl-2-oleyl-sn-glycero-3-phosphocholine) derived liposomes ("100 nm mean
diameter) with cavitand 1 embedded in the membrane at 10% mr (POPC-1). Control
experiments without carrier 1 were also performed (control, POPC).

Transport experiments were performed in choline chloride (ChoCl) medium (so-
dium-free medium), to minimize endogenous L-Pro transport (i.e., functional abla-
tion of sodium-dependent transporters). The overall concentration of L-Pro in
HeLa cells was increased upon POPC-1 treatment (1–10 mM) compared with control
conditions when a high concentration of extracellular L-Pro (i.e., 20 mM) was assayed
(Figure 8A). This increase in L-Pro uptake was not detectable when 1 mM concentra-
tion of substrate was used (Figures 8A and S13). Transport experiments at additional
substrate concentrations (1, 2, 5, 10, and 20 mM) were also performed (Figure S14).
These additional results suggest that the increase in L-Pro uptake upon POPC-1
treatment is only noticeable at high substrate concentrations. Indeed, at 20 mM of
L-Pro concentration, the L-Pro transport into cells attributed to cavitand 1 was
1.2 3 104 G 1.4 3 103 pmols/min$mg protein (Figure 8), which corresponds to a
"35% increase in L-Pro uptake with respect to control conditions (Figures S13 and
S14). These results are in agreement with the linear dependency of the L-Pro concen-
tration in the mM range mediated by compound 1 (Figure 5).

In all, our results suggest that cavitand 1 contributes to L-Pro uptake on top of the
transport mediated by natural transporters (Figure 8B). To the best of our knowl-
edge, this is the first report showing aa transport mediated by a synthetic carrier
in cultured cells. This is reminiscent of transport of inorganic anions in epithelial cells
mediated by synthetic carriers.39 Carrier proteins are integral membrane proteins
featuring the binding pocket accessible on both sides of biological membranes. In
brief, transport occurs by binding the corresponding substrate at one side of the
membrane (e.g., extracellular solution, cis side). Through conformational changes,
they access the trans-side to release the substrate. Finally, re-opening the cis side
closes the transport cycle for a new transport event. This is known as the alternative
access model (Figure 8B).40 In contrast, cavitand 1, with an approximate size of 14 Å
by 10 Å, is not able to access simultaneously both sides of biological membranes
("30 Å). This remark suggests that cavitand 1 might diffuse within the membrane
(e.g., liposomes or the plasmamembrane of HeLa cells), and eventually, upon reach-
ing the membrane surface, binds the substrate (e.g., L-Pro). Afterward, diffusion of
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the L-Pro31 complex within the membrane would access the trans side (i.e., inner
volume) to finally release the substrate (Figure 8C). This transport mechanism, as
in the case of transporter proteins,41 should result in saturation of the transport at
high substrate concentrations, when all the transporter binding sites are occupied.
Remarkably, the experimental results show a linear increase of the L-Pro concentra-
tion in the liposomes with the increase of external L-Pro substrate concentration
either in liposomes (up to 10 mM L-Pro) or in HeLa cells. Most likely, this is caused
by the low affinity of cavitand 1 for L-Pro in the membrane.

Figure 8. L-Pro Transport Experiments in HeLa Cells

(A) Plot of the results obtained for the L-Pro transport experiments using HeLa cells. HeLa cells were

incubated with POPC or POPC-1 and L-Pro transport activity was measured at different substrate

concentrations using L-[3H]-Pro. The y-axis represents the pmol of L-[3H]-Pro internalized by cells

treated with POPC-1 after subtraction of pmol of L-[3H]-Pro internalized by cells treated with POPC

(control experiment). Data is presented as mean G SEM of 3 independent experiments and was

analyzed using a two-tail unpaired Student’s t test (a = 0.05). Error bars correspond to the standard

error of the mean (SEM). NS, no significant differences. *p < 0.05. Cartoons of the proposed

transport mechanism are shown in (B and C).

(B) Normal cells express specific transporters that are in charge of L-Pro transport across the

membrane;

(C) Cells that are treated with POPC-1 incorporate the cavitand 1 in the membrane, which

contributes to L-Pro transport together with endogenous transporters, thereby enhancing overall

L-Pro uptake. The cartoon (C) highlights that the size of the synthetic carrier (even not drawn to

scale) does not allow it to reach both sides of the membrane simultaneously as is the case for the

biological transporter.
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Conclusions

We have shown that calix[4]pyrrole cavitand 1 facilitates aa transport across artifi-
cial (liposomes) and biological (cultured cells) membranes. Based on the experi-
mental results we propose that cavitand 1 transports L-Pro through a mobile carrier
mechanism involving the formation of a 1:1 complex (L-Pro31). Remarkably, we
calculated a 30-fold increase in L-Pro transport activity using liposomes embed-
ding cavitand 1 (0.2 % carrier 1:EYPC mr and 100 mM substrate concentration)
compared with liposomes lacking the embedded carrier. Moreover, we demon-
strated that carrier 1 displays a remarkable selectivity for the facilitated transport
of L-Pro over L-Glu, L-Arg, Gly, and L-Ala. In contrast, in HeLa cultured cells cav-
itand 1 mediates L-Pro transport only at high concentrations of substrate
("20 mM) with a moderate increase in L-Pro uptake over background (endogenous
transporters at the cell membrane). These preliminary results in cells are promising
and augur well for the potential application of calix[4]pyrroles as therapeutic tools
for the modulation of aa transport and in the delivery of aa-derived drugs to tackle
diseases that are of interest to the current society, such as cancer, aminoacidurias,
and neurodegenerative disorders.42 However, further modifications to the molec-
ular structure of 1 are needed to increase the intrinsic transport activity of this syn-
thetic carrier in order to approach the transport capacity of cell-endogenous
transporters.

EXPERIMENTAL PROCEDURES

Resource Availability
Lead Contact
Further information and requests for resources and reagents should be directed and
will be fulfilled by the Lead Contact, Professor Pablo Ballester (pballester@iciq.es).

Materials Availability
This study did not generate new unique reagents.

Data and Code availability
The published article includes all datasets generated during this study. Crystallo-
graphic data for L-Pro31 complex reported in this paper has been deposited in
the Cambridge Structural Database CSD, CCDC: 1984688.

Manuscript available at SSRN: https://ssrn.com/abstract=3554084 or https://doi.
org/10.2139/ssrn.3554084.

General

All chemicals were purchased from commercial sources and used without further pu-
rification unless otherwise stated.13C-labeled aa were purchased from Sigma Al-
drich. Radiolabeled compounds and scintillation reagents were acquired from Per-
kin Elmer. Compounds 1, 2, and 5 were prepared following the reported
procedures.24,43 EYPC, POPC, the mini-extruder set, and Nucleophore! 1 mm
pore diameter polycarbonate membranes were acquired from Avanti! Polar Lipids,
Inc. Lipid solutions were prepared using HPLC grade chloroform supplied by Riedel-
de Haën Honeywell. All aqueous solutions were prepared using deionized water
from a Millipore filtration system.

1H NMR, 13CNMR, and 31P NMR spectra were acquired in a Bruker Avance 400 Ultra-
shield spectrometer. The radioactivity was counted with a b-scintillation counter
LSC-7200 Hitachi Aloka Medical.
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NMR Transport Experiments

In a typical experiment, 250 mL of aa3EYPC liposomes stock solution (see Supple-
mental Information for details) were mixed with 250 mL of transport buffer
(200 mM 13C(1)-L-Pro or 13C(1)-L-Ala, 10 mM HEPES, pH 7.4) in an NMR tube. The
mixture was stirred for 60 min at room temperature. Afterward, 55 mL of D2O and
25 mL of aqueous MnSO4 (20 mM) were added and the 13C NMR spectrum was
registered.

Liposomes’ Radiometric Assays
Influx Experiments
In a typical experiment, 24 mL of EYPC liposomes stock solution (see Supplemental
Information for details) were added to 180 mL of transport buffer (100 mM of L-aa,
[3H]-L-aa 0.5 mCi, 100 mM NaCl, 10 mM HEPES, pH 7.4) in an Eppendorf tube.44

The mixture was homogenized and incubated at room temperature for a concrete
time of transport (t = 1–60 min). Afterward, "1 mL of cold stopping buffer (5 mM
of L-aa, 100 mM NaCl, 10 mM HEPES, pH 7.4, 0#C–4#C) was added. The mixture
was immediately homogenized and filtered through a nitrocellulose filter (0.45 mm
pore diameter). The filters were washed with cold stopping buffer (3 3 2 mL) and
dried in the air for at least 30 min. Finally, the filters were plugged in 3 mL of scintil-
lation liquid, and radioactivity was counted with a b-counter. Transport points were
performed by triplicate for each condition (i.e., transport time, concentration of
transporter).

Efflux Experiments
In a typical experiment, 24 mL of [3H]-L-Pro3EYPC liposomes stock solution (see
Supplemental Information for details) were added to 936 mL of buffer (100 mM
NaCl, 10 mM HEPES, pH 7.4) in an Eppendorf tube. The mixture was homogenized
and incubated at room temperature for a concrete time of transport (t = 5–60 min).
Afterward, "1 mL of cold stopping buffer (5 mM of L-Pro, 100 mM NaCl, 10 mM
HEPES, pH 7.4, 0#C–4#C) was added. The mixture was immediately homogenized
and filtered through a nitrocellulose filter (0.45 mm pore diameter). The filters were
washed with cold stopping buffer (3 3 2 mL) and dried in the air for at least 30 min.
Finally, the filters were plugged in 3 mL of scintillation liquid, and radioactivity was
counted with a b-counter. Transport points were performed by triplicate for each
condition (i.e., transport time, concentration of transporter).

HeLa Cells Radiometric Assays

HeLa cells weremaintained at 37#C in a humidified 5%CO2 environment in DMEM sup-
plemented with 10% fetal bovine serum, 50 units mL!1 penicillin, 50 mg mL!1 strepto-
mycin, and 2 mM L-glutamine. Cells were incubated with 1 mL of POPC suspension
(10 mM in PBS) or POPC-1 suspension (10 mM POPC and 1 mM 1 in PBS) for 10 min at
37#C. After incubation, aa uptake was measured by exposing replicate cultures at
37#C to [3H]-L-Pro (1 mCi/mL; Perkin Elmer) in sodium-free transport buffer (137 mM
choline chloride, 5 mM KCl, 2 mM CaCl2, 1 mM MgSO4, and 10 mM HEPES, pH 7.4).
Transport ratesweredeterminedusingan incubationperiodof1minand increasingcon-
centrations of cold aa. Assays were terminated by washing with an excess volume of
chilled transportbuffer.Cellswere lysedusing0.1%SDSand100mMNaOH.Then radio-
activity was counted in a Packard Tri-Carb Liquid Scintillation Counter, and 10 mL was
used to determine protein content using the Pierce BCA kit (Pierce).

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell viability as-
says showed that cavitand 1 is not cytotoxic under the experimental conditions used
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for the facilitated L-Pro transport radiometric experiments in HeLa cells (see Fig-
ure S16 for details).

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.chempr.
2020.08.018.
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ARTICLE

Barcelona’s science diplomacy: towards an
ecosystem-driven internationalization strategy
Alexis Roig 1,2, Jia Liang Sun-Wang 3 & Juan-Luis Manfredi-Sánchez 4✉

Urban innovation ecosystems are set to play a prominent role in the internationalization and

governance of big cities. By harboring solid scientific and technological assets and attracting

both human and financial capital, they are best suited to become the pivotal actors of

effective multi-stakeholder partnerships between the scientific community, public institu-

tions, the private sector and civil society. In 2018, Barcelona’s knowledge and innovation

ecosystem came together to launch a comprehensive diplomatic strategy to put the city’s

science and technology at the forefront of global challenges. This paper presents the case

study of Barcelona and discuss the opportunities for city-led science diplomacy as a formal,

institutionalized practice aimed to reinforcing the insertion of local interests in the interna-

tional scene while favouring the open interaction between the internal stakeholders involved.
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Introduction

G lobal cities have gained prominence in academic literature
on global governance. Their impact is visible in areas such
as climate action (Bulkeley and Castán-Broto, 2013; Bar-

ber, 2017), migration (Bauder, 2016), human rights (Grigolo,
2019), industrial policy (Dijkstra et al., 2019) or global health. The
city has become the unit of measure for innovation in public
policy, thereby reshaping rules, and governance practices,
including diplomacy.

An increasing number of cities are defining their strategies for
internationalization and defining mechanisms that ensure an
integral approach to foreign action (Curtis and Acuto, 2018),
effective coordination among the different levels of government
operating in international affairs (Kuznetsov, 2015), and adequate
organization of its various stakeholders (Cerda-Bertomeu and
Sarabia-Sanchez, 2016), as global perspectives and policies from
different regions have become increasingly available to local
arenas (Tavares, 2016; Nijman, 2016).

This context overcomes state-based approaches, extending the
scope of foreign policy and diplomatic action. Global urban areas
become active participants by operationalizing technological and
innovation policies, expanding the activity of what global means
for local governments. An innovation ecosystem does not emerge
as an isolated central-government decision: entrepreneurs and
researchers move to cities where universities, venture capital and
human capital are found.

Global cities are contributing to realize “plural diplomacies”
(Cornago, 2013). Old diplomatic structures and agendas may be
not functional in the digital order, characterized by global eco-
nomic flows, information and communication technologies, glo-
balized labor markets, the start-up scene, or even environmental
effects. Global cities pay attention to such transformations and
respond in a new form of multilateralism -as city networks- and
diplomatic practice. What global means for local governments
makes sense in a sovereignty free debate, as global cities focus on
implementing public policies instead of contesting state-nation
configuration or other security issues traditionally related to
realism.

Science and technology have become the cornerstones of
growth within urban ecosystems, with direct consequences on
economic and diplomatic activity. Likewise, science impacts the
global projection of cities through values of internationalization,
economic openness, innovation and demographic attraction of
the so-called creative class (Florida, 2003). In this context, the
following research question arises: what features make up the
science diplomacy of the city of Barcelona? The hypothesis is as
follows: the symbolic capital of the city allows differentiation
through science and technology as sources of soft power.

This article sheds light on The Barcelona Science and Tech-
nology Diplomacy Hub (SciTech DiploHub), a unique experience
on innovation and city diplomacy. The case of Barcelona serves as
an example on how a global city can enhance its scientific and
technological capacity to face local and global challenges, making
use of its innovation ecosystem. The institution and its discourse
exemplify new goals and methods in diplomatic action, particu-
larly on the urban level.

The article employs the case study research method, defined as
a qualitative small research, based on authors’ fieldnotes, focused
on a single phenomenon, and tracing a process linking causes
with observed outcomes. Fieldnotes were taken during the design
and execution of the project by two of its promoters and executive
positions. Since two of the authors were involved in the launching
of the project, the fieldnotes were taken during the meetings and
gatherings with representatives of the public and private sector.
The third author has collected experiences of promoters within
various academic and professional activities such as events and

conferences at Fundación Carolina 2018, Diplocat 2019, Funda-
ción Banc Sabadell 2019, ESADE Business School 2020. In these
quotes, the third author records explanations, questions from the
public, or interventions by the co-authors. They are quotes and
data published on the website of the institution under study. The
case study research method is commonly used in social sciences
to deepen one particular event, and “the goal of a good case study
is to both produce knowledge about the case, but also provide
some cumulative knowledge about the broader universe of cases”
(Lamont, 2015). Regarding the limitations of the research
method, authors provide auto-ethnographic account of -their
experience. This auto-ethnographic exercise intends not to fall
into complacency and, therefore, invites a third external author to
counter overconfidence on the organization’s own work.
To provide evidence, where data are necessary, authors refer to
public information openly distributed and available. The
public–private status, promoters and members of the Ecosystem
Board of Barcelona SciTech DiploHub are accessible on its
website. As a non-profit organization, the information is more
easily accessible and protected information is not violated.

Science and technology in city diplomacy
The rise of global cities takes place in parallel to that of the
knowledge-based society and the digital economy. They have
gained prominence in academic literature as the main driver
behind productivity growth within a given territory. Before that,
innovation policy was primarily intended to increase national
technological competitiveness and spatial implications were
considered only implicitly in the distribution of public funding
(Boschma, 2005). Cities join the globalization process with the
aim of benefiting from the advantages of an open and de-
industrialized international economy. Educational services, the
financial industry and research-intensive companies do not
require factories, but access to knowledge and venture capital to
develop market ideas and solutions. It is in this context that cities
tap into innovation policies, thereby competing for the attraction
of talent and creative classes, access to capital markets and
technological expansion.

Science and innovation have both been drivers and followers of
the globalization of cities and urban areas. Digital transformation
reinforced the urban concentration, as complex economic system
needs scale economies in investments, R&D, multimodal trans-
ports, access to banking and financial services, and other inputs.
Global cities are those which concentrate production, population,
capital markets, technologies and knowledge. Spatial concentra-
tion means hubs and clusters connected to the territory, thereby
giving rise to the development of cluster economic theory (Porter,
1998; Ketels, 2013, G7, 2017). Network effects enhance the
capacity for innovation by enabling people to mobilize resources,
find relevant and reliable information quickly, and access
appropriate knowledge sources and market outlets. This has led
to the development of innovation-oriented regional policies
(Ewers and Wettmann, 1980). Barcelona represents a reference
case, built upon the symbolic capital of the city, which has har-
nessed its business and financial strength to articulate a narrative
of a “global city”, comparable to the one of Paris, London or
Rome among other cities. The organization of the Olympic
Games in 1992 itself consolidated the orientation of a service
economy aligned with economic globalization.

Hubs are not only based on digital communities of activity, but
on policies and institutions: “Complex knowledge, therefore does
not travel well through digital communications channels and
requires the richness of cities to be properly accumulated” (Bal-
land et al., 2020). The global city is the preferred driver to
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capitalize technological capabilities. Universities, colleges, and
business schools provide graduates with intensive knowledge and
expertize in management. Urban scaling and development eco-
nomics require innovation, also in policy-making and governance
(Roig, 2018).

In this context, cities compete with each other in the global
arena for the raising of financial capital, the establishment of
companies, the development of infrastructures or the execution of
cultural and sports mega-events. The underlying economic logic
holds that cities also compete in science and technology. In a
hyperconnected system characterized by multimodal transport
and digital technologies, the most competitive cities will attract
more talent, better services and better cultural and educational
resources, thereby increasing productivity. Competition does not
consist on attracting industrial investments, but in providing
cities with better services to join the geography of technological
capitalism and corporate globalization (Taylor, 2012). Barcelona’s
non-capital status has driven the development of an economic
model, which is highly dependent on the incorporation of its
competitive assets and attractive into the globalization process.
Science, higher education and the provision of cultural services
allow to differentiate Barcelona from its competitors and create a
particular economic offer.

The economic geography of urban cities has become an
important vector of international political action. Opening up
national economies to global markets has given cities a compe-
titive role both within the same country and globally (Crescenzi
et al., 2020; Leffel and Acuto, 2018). Cities host the headquarters
of global corporations, commodity, currency and securities
exchanges, producer services organizations, international gov-
ernmental organizations, global conference centers and inter-
national transportation systems. As they grow in economic
power, cities outstrip their national networks and demand
responsibility in global governance (Acuto and Parnell, 2016;
Bäckstrand et al., 2017). This is manifested in the demand for
access to sources of power and mechanisms of influence in
decision-making (Coll, 2015; Katz and Nowak, 2018; Schragger,
2016).

In order to understand how global cities are actorized,
Ljungkvist explores “how the Global City’s role in the globalized
world is constructed and narrated locally” (2015, p. 2). Global
cities are claiming political authority in foreign and security
affairs (and not just a role in the globalized economy) on the basis
of an emergent urban collective identity. According to Ljungkvist,
reflexivity is crucial here: cities start referring to themselves as
global cities and interacting with the world through policies and
practices developed on behalf of their local societies.

As an example, the explicit withdrawal of some nation states
from international cooperation, exemplified by the British deci-
sion to leave the European Union (EU) and the “America First”
policies of the Trump administration, have propelled cities to take
direct action in the international arena. While in the United
Kingdom, the London City Hall launched the “London is Open”
campaign as a first strategy to maintain close relations with EU
neighbors, in the United States more than sixty mayors signed the
“Chicago Climate Charter”, committing to implement the goals of
the Paris Agreement at the municipal level. These actions point to
the advent of a multi-scalar global governance system in which
cities are taking on some of the roles previously reserved for
nation states, ranging from the creation of international policy-
making frameworks and advocacy coalitions to formulating and
implementing global agendas (Acuto, 2013).

Furthermore, the urban level promotes a flexible multi-
stakeholder governance, open to cooperation among business,
politics, civic society and higher education institutions. From an
urban perspective, local governments around the world are

increasingly interested in sharing best practices on local govern-
ance, particularly to encourage new linkages between their jur-
isdictions and the global environment (Burki et al., 1999; Cabrero
Mendoza, 1995; Campbell, 2000). The multilevel governance
includes regional and subnational level of government integration
of such regional innovation systems in globally operating systems
(Cooke, 2002; Koschatzky, 1997; Koschatzky and Sternberg, 2000;
Marin and Mayntz, 1991). The literature offers examples in
migration policies (Scholten and Pennix, 2016) and climate
change (Hale, 2018; van der Heijden, 2019). This new governance
models inspire the Ecosystem Board of Barcelona Science and
Technology Diplomacy Hub (SciTech DiploHub), which inte-
grates both public and private actors.

The urban voice makes sense in multilateral diplomacy,
excluding the sovereignty debate (Rosenau, 1990). The New
Urban Agenda—Habitat III elaborated a list of priorities in the
international urban demands. The agenda identified five main
pillars: (1) Strengthening the role of local governments (2)
Commitment to creative solutions and innovative practices (3)
Building inclusive alliances and citizen participation (4) Adopting
an integrated and sustainable territorial development model, and
(5) Monitoring, promoting public information and evaluating the
impact of public policies. Cities are core actors for the achieve-
ment of the Sustainable Development Goals. Local effectiveness is
also a consequence of coordinating activities, investments and
decisions in networks of influence. Financing green or blue
bonds, transferring technology, and supporting capacity building
are opportunities for city collaboration. In the field of Sustainable
Development Goals, “The Bellagio cities recognized that collective
or coordinated purchasing policies, even among a small network
of cities, could shape the market in powerful ways, given the
aggregate scale of purchasing” (Pipa, 2019, p. 5). In all these cases,
science and technology emerge as the cornerstones of public
policies to provide specific, global, and shared solutions with
other cities and urban territories.

City networks have also gained traction, with examples such as
C40 cities (Davidson et al., 2019), the Global Covenant of Mayors
for Climate and Energy or the Interreg program in the EU. The
logic of the networks, distributed by themes, affinities and con-
cerns impact. Acuto and Rayner consider that city networks are
“formalized organizations with cities as their main members and
characterized by reciprocal and established patterns of commu-
nication, policy-making and exchange” (2016, p. 1150). It seems
there’s no need for more networks but levering these and other
partnerships to focus-oriented goals.

Literature recognizes city diplomacy as the “formal strategy in
dealing with other governmental and non-governmental actors
on an international stage” (Curtis and Acuto, 2018, p. 1). Cities
will be part of the future world politics organization (Schragger,
2016). The broad definition fixes a second theoretical aspect: city
diplomacy is flexible in formats and processes, opening avenues
for participation. Business sectors, communities, universities,
R&D labs, and other non-state actors contribute to the outcomes
of city diplomacy, but not to international agreements. Such
approach considers city diplomacy outcomes as the aggregate of
product/services offered to increase the value for global issues
effectively involved in city governance, i.e., according to their
appropriate capacity. In the case of the city of Barcelona, its
prestigious higher education institutions and cultural services, as
well as its long-lasting business tradition, allowed the city to
leverage capacity in science and technology. These were assets of
the city’s international action plan that favored Barcelona’s dip-
lomatic profile.

As stated above, in city diplomacy, the outcome is more rele-
vant than international agreements. To understand city diplo-
macy, this paper establishes three conventional layers.
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1. Promotion of the local industry and the internationalization
of its economy. We find initiatives dedicated to attracting
investments and companies, place branding, the protection
of gastronomy, tourism of experiences or traditions. The
start-up nation discourse today is not based on countries,
but on geographical hubs. City networks compete against
Silicon Valley to offer better conditions to increase the
number and quality of high-tech companies. The expected
conclusion is that economy represents a fast-track to
understand globalization through urban lenses, and eco-
nomic statecraft instruments are part of city diplomacy
toolbox.

2. Political influence and representation in international
organizations. There are different topics and approaches
for matters related to climate change, the culture of peace,
destination branding, health promotion or the right to
decent housing. It is not a question of sovereignty, but of
significant opportunity to face real problems by individual
actions (cities alone) or in a collective (C40, UCLG) or
cooperative manner (public and private initiatives). In
traditional diplomacy, the Paris Agreement is an example of
this new power architecture, mixing quality data (air
pollution) and coordination (accountability) to counteract
the effects of climate change.

3. Cultural and identity issues. There are many examples: the
commemoration of historical events, linguistic immersion,
architecture and landscape or cultural festivals. It is worth
highlighting the growing use of memory policies to unite
cultures and peoples, not necessarily identified with a State.
However, at this point it is necessary to warn about
rankings and other tools obsessed with marketing
approaches to cultural dimensions of diplomacy. Place
branding may be under public policy officers, not under PR
strategists. The expected findings are the use of culture to
profile the city, levering the power to attract people
(tourists, investors) and companies.

As a result, the world is facing the rise of a diverse multi-
layered scenario in which cities and other non-state actors such as
higher education institutions, corporations, research centers, and
non-governmental organization (NGOs) are leveraging new
intangible currencies, such as innovation, knowledge, and repu-
tation on the adventure of going global while remaining anchored
to the domestic matters (Weiss et al., 2013). Cities have the
capacity to act globally because of the networked properties of the
actors they host (Sassen, 1991; Castells, 1989; Taylor, 2012). This
requires a “governance perspective, which acknowledges that
multiple actors (public, civil society, and market actors) at mul-
tiple levels (from the local to the global) are now involved in
governing, often through hybrid constellations that exist next to
each other without hierarchical order” (Bouteligier, 2013, p. 13).
These stakeholders are often based in innovation ecosystems
within urban areas, which allows cities to gain global influence.
Cities establish networks, engage in dialog and negotiations,
facilitate public diplomacy, share best practices, encourage col-
laboration between international private and public entities, and
ultimately influence world politics.

Within this context, the role of science in global governance is
becoming crucial to ensure the effective uptake of high-quality
scientific advice by policymakers. The global and scientific nature
of these challenges calls out for international cooperation and
places science at the forefront (The Royal Society & AAAS, 2010).
With a view to the emerging global challenges, an increasing
tendency can be observed in regional and urban policy to reject
the classical economic promotion approach and move towards
the development of soft intangible factors (Landabaso et al.,

2001), including city diplomacy (Acuto, 2013; Glaeser et al., 2010)
and science diplomacy (Van Langenhove and Boers, 2018). Cities
are joining new collaborative platforms of influence (Tukianen
et al., 2015), linking their domestic agendas with universal chal-
lenges of sustainability, economic growth and security and
opening the door for the development of the aforementioned
Urban Agenda. In addition, global challenges from climate
change to global health, migrations and food and water security,
together with rapid developments in areas such as artificial
intelligence, robotics and gene editing require strong cross-border
interactions between science, technology and civil society (6th
World Science Forum, 2013). As Bulkeley and Betsill (2003, p. 9)
explain “urban authorities have a significant but varied role in
relation to urban planning, building codes, the provision of
transportation and the supply of energy, water, and waste services
[…]. Given these powers and their democratic mandate as the
local level of government, municipalities can, therefore, be seen as
in a position to address the challenges of mitigating and adapting
to climate change”.

However, recent literature does not support the idea that cities
will become the main actor in the fight against climate change due
to its own inability to impose the legislative agenda on the
national scale. City networks are powerful diplomatic actors, but
they are still in the process of maturation to occupy the space
reserved for states (Johnson, 2018; Smeds and Acuto, 2018). Both
contributions on city diplomacy and cities in climate action
appear to lack a clear contextualization of urban agency in rela-
tion to the role of globalizing national states—relations that can
be considered to take place on a theoretical continuum between
full antagonism and full cooperation.

In summary, both city diplomacy and science diplomacy, as
manifestations of soft power, chart a different course from tra-
ditional national diplomacy. They have less structure, less direct
influence, and fewer formal tools at their disposal (Nye, 2003;
Skolnikoff, 1993; Wagner, 2002). As a result, they operate inside a
framework that lends itself more easily to collaborative approa-
ches and cooperation. In this regard, theoretical approaches on
ecosystem theory, open innovation and the Triple Helix per-
spective on university-industry-government relationships have
underscored the important role of public policy in facilitating
these cooperative linkages between the institutional spheres of
academic institutions, industry and government (Carayannis
et al., 2018; Engel, 2015; Pique et al., 2018). According to the
European Commission (2017), Barcelona stands out as an
example of the Triple Helix model, built upon two main pillars:
science and international recognition.

Within this theoretical framework, the case study of the Bar-
celona Science and Technology Diplomacy Hub (SciTech
DiploHub) sets an example of how city diplomacy is configured
as a formal practice at the crossroads of science, technology and
international relations.

SciTech DiploHub, a public–private partnership in charge of
deploying Barcelona’s science diplomacy
Public and private in science city diplomacy. Barcelona’s
knowledge and innovation ecosystem came together to
launch a comprehensive diplomatic strategy to put the city’s
science and technology at the forefront of sustainable
development and global challenges in 2018. As a result, the
Barcelona Science and Technology Diplomacy Hub (SciTech
DiploHub) was created as non-profit public–private part-
nership backed by the city’s research centers, universities,
advocacy groups, start-ups, global corporations and public
institutions with the aim to position Barcelona as a global lab
in science diplomacy for cities around the world. SciTech
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DiploHub has the mandate to elevate the role of science,
technology and cities in foreign policy and make Barcelona a
more influential player on the global stage by representing its
knowledge and innovation ecosystem worldwide (Roig,
2018). The mandate is aligned with the academic literature of
globalization and the aspirational desire to become a
“superstar city” (Florida, 2003) through scientific and tech-
nological specialization. Influence in the technological arena
does not depend on past inputs or assets, but can be built
through an open ecosystem of executive education, invest-
ment and universities that endows scientific projects with an
innovative orientation.

The first step towards the creation of Barcelona’s science
diplomacy was to identify the key actors in the city’s innovation
ecosystem. These included research institutions, higher education
institutions, technological parks, scientific infrastructures, tech
companies and start-ups, private foundations and public institu-
tions. Higher education institutions are globally recognized,
including the Times Higher Education—2019 World University
Rankings (5th city of the world with the highest concentration of
top 200 universities), the Innovation Cities Index (4th most
innovative city in Europe and 21st most innovative city in the
world), 5th European hub with most startup capital invested
(Atomico dealroom—2018), and the Nature Top Science Cities
Ranking 2019 (8th European city and scientific production). In
executive education, Barcelona is considered the southern Europe
hotspot with 2 business schools in the top 15 in the world, one of
which has been ranked #1, according to The Financial Times—
2020.

The main challenge encountered during the inception of the
project was the lack of alignment of interests, priorities, and
actions between the wide range of stakeholders in the ecosystem.
It was identified that the internationalization strategies of the
main players in the city were fundamentally reactive to
competitive pressures such as declining domestic markets or
scarce funding, rather than planned, sustainable long-term action
plans. Moreover, uncoordinated or overlapping policies at
different levels of government were identified as another relevant
challenge to overcome. A foundational mission of SciTech
DiploHub was thus to reduce thematic dispersion, align interests
and priorities, achieve greater coherence with other government
levels and dependencies, and build an international cooperation
agenda in accordance with the city’s development strategy.

It is critical that from the very outset, the action plan of the
city’s diplomatic strategy is arranged in an inclusive manner,
taking into consideration the different stakeholders involved, who
will necessarily be beneficiaries and active partners of the projects
to be developed. The sustainability of a city-led science diplomacy
strategy is thus dependant on the degree of legitimacy and
acceptance among the local actors involved. These stakeholders
seek to develop, within their legal-institutional framework, a
series of actions that allow the city to insert itself internationally,
thereby becoming international actors. In this regard, the local
government is assumed as an interested party at the internal level,
while civil society, academic institutions and private companies
are external stakeholders and aim to obtain certain benefits of a
political, functional, financial and non-financial nature. This
strong relationship between the local government (the internally
interested party) and the other stakeholders (external stake-
holders) ensure that the city’s diplomacy strategy is reflected in
the action plans of each of the stakeholders involved, while, in
turn, enabling that public policies are in alignment with the
stakeholder’s priorities, interests and needs.

In order to be able to specify the instruments required for the
insertion of these stakeholders within the city’s diplomatic action,

as well as the potential interactions between them, it is important
to conduct a strategic analysis of (i) “how” does the ecosystem
want to be internationally perceived and (ii) “where” can the city
be recognized as a relevant international partner, while (iii)
assessing the competitive landscape and the international
positioning of other global cities. The need for a global shared
strategy is also driven by the necessity of a better governance.
Good governance is characterized primarily by participation,
transparency, inclusion and equity (UNESCAP, 2006). Gathering
all stakeholders under the umbrella of science and technology can
promote an equal participation of the ecosystem in the
elaboration of transparent and efficient policies that will further
benefit Barcelona’s knowledge and innovation ecosystem and
meet the needs of society while making the best use of common
resources.

The launching of SciTech DiploHub, the Barcelona Science and
Technology Diplomacy Hub, was supported by the Barcelona
Manifesto, which compiled more than two hundred signatories
by university deans, research institutions, all former city mayors,
government ministers, business leaders and the city’s most
prominent scientists and technology experts, both in Barcelona
and abroad. All the stakeholders from the ecosystem came
together for the first time in a collective effort to launch the
project (SciTech DiploHub, 2018). The foundation of the project
through public–private collaboration stands out as a substantive
novelty in science diplomacy, which is usually imposed through
the top-down logic of central governments.

SciTech DiploHub is a non-profit public–private partnership
backed by leading research centers, universities, non-profits,
start-ups, corporations and public institutions that positions
Barcelona as a global lab in science diplomacy for cities around
the world. It has the mandate to elevate the role of science,
technology and cities in foreign policy and make Barcelona a
more influential player on the global stage through its contribu-
tion to global challenges. The main specific goals of the
organization are (SciTech DiploHub, 2018):

● To consolidate Barcelona as an innovation capital, ready to
meet the United Nations Sustainable Development Goals
through science and technology (United Nations General
Assembly, 2015).

● To position the city as an influential geopolitical actor
through science diplomacy. Becoming a reliable partner thus
paving the way for other global cities committed to
developing their own science and technology diplomacy
strategies.

● To promote a sound and inclusive multi-stakeholder dialog to
design and deploy Barcelona’s science diplomacy action plan,
through partnerships among the scientific community, start-
ups, policymakers, NGOs, the diplomatic corps, the private
sector and civil society.

● To empower a global network of top scientists and technology
experts educated in Barcelona to foster international coopera-
tion, showcase our scientific strengths abroad and help us
better understand and interpret key global issues.

● To become a world-class think tank where scientific expertize
and innovation can be harnessed in support of an evidence-
based local and foreign policy.

SciTech DiploHub implements a comprehensive action plan to
deploy Barcelona’s science and technology diplomacy strategy. It
brings together consulates, international organizations and the
city’s innovation ecosystem to enhance collaborative projects;
empowers the global diaspora of scientists and technology experts
educated in Barcelona, the Barcelona Alumni network, and
organizes international events to connect the city’s ecosystem
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with other global hotspots in science and technology. In addition,
it offers capacity building and training in science diplomacy for
city officers and diplomats; delivers policy advice for local city
councils and partners with other international organizations,
working as a think tank where scientific expertize can be
harnessed in support of evidence-based policy (SciTech Diplo-
Hub, 2018). The following section will discuss two of the main
initiatives of Barcelona’s science diplomacy action plan: the
Barcelona Alumni Network and The Barcelona Science and
Technology Diplomatic Circle. These complementary tools are
innovative in terms of soft power, since they articulate
communities of interest, empower citizens outside of public
institutions and allow dialog between different levels of govern-
ment (central, regional and local government).

Networking Barcelona influencers. More attention has been
paid in recent years to the role of higher education and talent
mobility in public diplomacy and the contest for global influence.
Some scholars have highlighted the “influence of high-quality
human capital, local and global human network, and high-valued
intellectual capacity” as elements of soft power in forming “an
intangible regional network and leadership position, which will
extend its long-term political, cultural, and social impacts in the
region and beyond” (Cheng et al., 2011; Mok, 2012; Shields and
Edwards, 2010).

Alumni play an important role as key allies and advocates of
Barcelona’s economic, social and cultural value beyond geogra-
phical areas. However, existent Alumni networks from the city’s
higher education institutions have dedicated minor efforts in
establishing an international network of influence and these have
been limited mainly to the regional arena. A direct consequence is
a low representation and visibility of the city’s higher education
ecosystem in the international scene.

In this vein, the ecosystem’s Alumni were identified as an
underexploited crucial element of Barcelona’s science diplomacy
strategy as intercultural communicators, ambassadors of the city’s
knowledge ecosystem and education, business and trade promo-
ters, thereby increasing the international recognition and visibility
of the city’s ecosystem. To untap this potential, the Barcelona
Alumni network was launched as the global community of
scientists, technology experts, researchers and innovation leaders
trained in Barcelona and currently based abroad. The network
currently gathers over one thousand members of more than thirty
countries (Roig and Jiménez, 2019). Scientific specialization
allows the emergence of a dynamic community, focused on
thematic activities. Scientific dynamism serves as an accelerator of
the diplomatic function: shared interests, as an essential
characteristic of soft power, promote the development of an
agenda of internationalization and influence. Thus, the institution
acts as an umbrella organization, but not as a dominant actor in
the relations between scientists linked to Barcelona. This structure
represents a diplomatic innovation of interest for literature and,
more specifically, for the practice of urban diplomacy.

By connecting and dynamizing this network, Barcelona
Alumni creates opportunities for academic, scientific, and
business partnerships, thus adding value to the ecosystem’s
research institutions and innovation industries while enhancing
the ecosystem’s competitiveness and influence. Simultaneously, it
helps the Alumni to inform and encourage others to consider
Barcelona as a reliable partner in science and technology, as well
as promote the city as a reference destination for training and
high education. It also enables the development of key talent
pools for industry, investment and entrepreneurship that
eventually support the economic development of the ecosystem.
Finally, the Alumni network seeks to better understand

international trends and strategic markets, allowing Barcelona’s
ecosystem to anticipate priorities, research programs and public
policies.

The Barcelona Science and Technology Diplomatic Circle is a
platform developed by SciTech DiploHub and the Barcelona City
Council that engages in periodic visits and encounters between
the more than one hundred diplomatic missions and interna-
tional organizations serving Barcelona and leaders representing
academia, the government and the private sector, which shape the
innovation ecosystem of Barcelona. Heads of missions, counse-
lors, attachés and officers dealing with science, technology and
innovation from consulates, embassies and international organi-
zations have the chance to find out new bonds with Barcelona’s
science and technology landscape, exchange best practices and
connect back to their countries.

This initiative creates opportunities for networking and
exchange of information, starting scientific collaborations that
might be of global interest and enhancing diplomatic ties through
science and technology. It also promotes Barcelona as a reference
destination for doing research, investing and studying, thus
contributing to the city branding and internationalization
strategy. The diplomatic circle is partially inspired by analogous
initiatives in other global cities, such as the Science and
Technology Diplomatic Circle (STDC) in Boston, Singapore,
Shanghai and Tokyo, and the Science Diplomats Club (SDC) in
Washington. Barcelona leverages a pre-existent model to endow it
with its own characteristics and adapt them to the specific context
of the city. As with the first four cities, it includes the following
elements: a high number of international students, a competitive
educational network, investment capital, R&D centers, and a
unique symbolic capital. Like Washington, Barcelona hosts a high
number of resident scientists linked to the diplomatic and
consular network located in the city.

Governance. SciTech DiploHub is a non-profit organization that
establishes itself as the bridge linking together the wide array of
stakeholders comprising Barcelona’s innovation ecosystem, with
the purpose of representing its assets and interests abroad and
contributing to its internationalization. The participation of the
ecosystem’s stakeholders is channeled through the so-called
“Ecosystem Board”. Members of the Ecosystem Board consist of
public and private entities that are mostly non-profit and devoted
to the fields of science, technology, innovation and international
relations. Currently, SciTech DiploHub has the support of the
following entities (Table 1):

The institutions comprising the Ecosystem Board contribute to
the realization of SciTech DiploHub’s activities through the
provision of financial resources. However, not only does the
organization receive financial support from its partner institu-
tions, but it is also granted the position of “ambassador of
Barcelona’s science and innovation ecosystem” in the interna-
tional arena. This non-executive position gains relevance in the
practice of soft power. The attribution of a status or power of
representation, and the diplomatic connotations it encompasses,
provides notoriety and uniqueness to the initiative. The
ambassador role is novel in the urban domain, especially when
referring to the representation of innovation ecosystems, and not
to personalities depending on their career or assigned position.

Establishing an inclusive dialog with the urban stakeholders to
be involved in the city’s internationalization strategy throughout
the entire process is a key ingredient for a fruitful public–private
collaboration. This entails an effort to raise awareness among the
multiple actors about the wide range of assets at their disposal,
and therefore allowing them to build on complementarity by
utilizing the diverse infrastructures, skills and funding sources.
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Communication on a regular basis facilitates the exchange of
ideas, information, and perspectives, as well as the mutual
understanding of roles and responsibilities to ensure a more
efficient decision-making process. A transparent process may
contribute to a broader support for the projects under develop-
ment and set the ground for building mutual trust among the
involved partners. Trust is a fundamental element to the
commitment of stakeholders, eventually enhancing the coopera-
tive nature of the partnership.

As stated above, one of the main challenges was to align
interests between stakeholders. Therefore, a great effort was put on
establishing communication channels among all actors with the
objective of allowing them to get acquainted with each other. Once
the stakeholders have a certain knowledge about their respective
interests and conflicts of interests, synergies can be more easily
enhanced, and a shared global vision can be designed. In light of
the above, SciTech DiploHub emerges as an institutionalized
public–private partnership that serves as the pillar structure where
public and private stakeholders in Barcelona’s innovation
ecosystem share and align their interests and missions, thereby
converging into the implementation of its science diplomacy
strategy and contributing to the city’s international projection.

Discussion and conclusions
Urban innovation ecosystems are set to play a prominent role in
the internationalization and governance of big cities. By harbor-
ing solid scientific and technological assets and attracting both
human and financial capital, they are best suited to become the
pivotal actors of effective multi-stakeholder partnerships between
the scientific community, public institutions, the private sector
and civil society. In response to the research question, the Bar-
celona Science and Technology Diplomacy is characterized by
public–private collaboration. The case of Barcelona paves the way
for other global innovation ecosystems to explore the opportu-
nities for city-led science diplomacy as a formal, institutionalized
practice aimed to reinforce the insertion of local interests in the
international scene while favouring the open interaction between
the city’s internal stakeholders.

The second characteristic is the integration of actors with a strong
international orientation. These include not only educational or sci-
entific institutions, but also financial or business organizations. Bar-
celona’s city-led science diplomacy strategy has not only reinforced the
international influence of the urban innovation ecosystem but also
favored the internal interaction between its main actors by: (i) deli-
miting the international action of the stakeholders involved, (ii)
replacing the tendency towards “reactive internationalization” for a
planned, sustainable internationalization strategy; (iii) improving the
criteria to prioritize actions and initiatives; (iv) reducing thematic
dispersion and aligning interests and priorities; (v) achieving greater
coherence with other government levels and dependencies, and (vi)
building an international cooperation agenda in accordance with the
city’s development strategy.

Barcelona’s ‘niche diplomatic action’, focused on science and
technology, comprises initiatives such as the Barcelona Alumni
Network and The Barcelona Science and Technology Diplomatic
Circle, which are true differentiating contributions in the execu-
tion of a soft power strategy adapted to cities. Overall, the city of
Barcelona has made a substantial effort to adapt its international
action to scientific and technological transformations. Knowledge,
diplomacy and cities are meant to advance in an intertwined
manner, reshaping urban policy planning. In short, Barcelona’s
case study contributes to understand an initial historical phase,
when science and technology met city diplomacy. The designed
model confirms the hypothesis of the symbolic capital of Barce-
lona. The desire for city membership, an esthetic heritage and the
recent developments in science and technology, promote a unique
style of urban diplomacy.

The very concept of city science diplomacy deserves further
discussion. The dawn of this new urban chapter, which links both
scientific knowledge and economic activity, will undoubtedly
have an impact on global governance, as well as on international
institutions and policies related to science and technology. The
capacity to lead this new phenomenon will require a coordinated
private and public response in accordance with the new multi-
layered diplomatic scenario. New capitalism, largely dependent
on technological change and continuous innovation, will force
cities to compete for R&D facilities, digital infrastructures, and
innovation capabilities. Likewise, cities with greater capacity,
either individually or within urban networks, will drive territorial
inequality. The concentration of capital and talent can sharpen
differences among territories and impact economic development,
income inequality, or migration. It is not a minor matter.
Therefore, city science diplomacy emerges as a relevant field to
expand research on global governance.

Data availability
All data generated or analyzed during this study are included in
this published article.
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