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Abstract  

Adipose tissue is mainly divided into two subgroups: white (WAT) and brown (BAT) adi-

pose tissue. When WAT mass increases, it can lead to obesity and related metabolic 

diseases such as diabetes and atherosclerosis. On the other hand, BAT contributes to 

energy expenditure and heat production through the process of non-shivering thermo-

genesis (NST). An important aspect of brown adipocyte functionality involves maintain-

ing proper homeostasis under high metabolic rates and thermogenic conditions. As a 

result of enhanced protein turnover, unfolded and misfolded proteins accumulate inside 

the cell, which requires an adaptive response from the proteasome to clean the cell and 

maintain proper proteostasis. An ER-membrane protein transcription factor nuclear fac-

tor erythroid-2,like-1 (Nfe2l1 or Nrf1) is a key regulator of proteasome activity in BAT.  

In my thesis, I investigated the role of DNA-damage inducible 1 homolog 2 (Ddi2) in 

proteolytic cleavage of Nfe2l1 in context of brown adipose tissue thermogenesis and 

ferroptosis. Nfe2l1 posttranslational modification comprises of retrotranslocation from the 

ER lumen to the cytosolic face, deglycosylation of glycan residues by Ngly1, and prote-

olytic cleavage by Ddi2. Ddi2 is an aspartic protease that permits the translocation of 

Nfe2l1 to the nucleus and activation of proteasome subunit genes. I initially demon-

strated that Ddi2 is induced by cold, abundant in BAT and vital for Nfe2l1 cleavage. No-

tably, the absence of Ddi2 perturbed proteasomal activity and the ubiquitin-proteasome 

system (UPS), culminating in the hyperubiquitylation of cellular proteins. To my surprise, 

this observation was dispensable for Nfe2l1-dependant regeneration of proteasome sub-

units, as cells successfully promote expression of Psm genes. Silencing Ddi2 and the 

aberrant UPS functionality did not impede adipocyte processes such as adipocytes dif-

ferentiation, lipogenesis, and mitochondrial function. Moreover, the phenotype of Ddi2 

knockout (KO) mice failed to manifest any alterations in energy balance and BAT activa-

tion. The results from the first stage of my project raised the question of whether BAT 

activates other compensatory mechanisms or if the uncleaved Nfe2l1 is sufficiently ac-

tive on its own. Additionally, I investigated whether Ddi2/Nfe2l1 pathway protects from 

oxidative stress and production of reactive oxygen species (ROS). To this aim, I studied 

ferroptosis as a non-apoptotic oxidative form of cell death, which is mediated by iron-

dependent lipid peroxidation. Lack of Ddi2 sensitizes cells to ferroptosis and causes UPS 

remodeling in these cells. Therefore, this study offers a promising framework for proteo-

static regulation by Ddi2-proteasome pathway. Ddi2 is a novel player in regulating UPS 

and can be used as a promising target in therapy to improve anti-cancer drugs.  
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Zusammenfassung 

Adipöses Gewebe wird hauptsächlich in zwei Untergruppen unterteilt: weißes (WAT) und 

braunes (BAT) adipöses Gewebe. Wenn die WAT-Masse zunimmt, kann dies zu 

Fettleibigkeit und damit verbundenen Stoffwechselerkrankungen wie Diabetes und 

Atherosklerose führen. Andererseits trägt BAT durch den Prozess der nicht zitternden 

Thermogenese (NST) zum Energieverbrauch und zur Wärmeproduktion bei. Ein 

wichtiger Aspekt der Funktionalität brauner Adipozyten besteht darin, unter hohen 

Stoffwechselraten und thermogenen Bedingungen eine ordnungsgemäße Homöostase 

aufrechtzuerhalten. Infolge eines erhöhten Proteinumsatzes in diesem Zustand, 

sammeln sich ungefaltete und fehlgefaltete Proteine in der Zelle an, was eine adaptive 

Reaktion des Proteasoms erfordert, um die Zelle zu reinigen und eine ordnungsgemäße 

Proteostase aufrechtzuerhalten. Ein ER-Membranprotein-Transkriptionsfaktor, der 

nukleare Faktor Erythroid-2-ähnlich-1 (Nfe2l1 oder Nrf1), ist ein wichtiger Regulator der 

Proteasom-Aktivität im BAT. 

In meiner Dissertation habe ich die Rolle des DNA-Schadens-induzierbaren 1 Homolog 

2 (Ddi2) bei der proteolytischen Spaltung von Nfe2l1 im Kontext der Thermogenese und 

Ferroptose im braunen Fettgewebe untersucht. Die posttranslationale Modifikation von 

Nfe2l1 umfasst die Retrotranslokation vom ER-Lumen zur zytosolischen Oberfläche, die 

Deglykosylierung des Glykanrests durch das Ngly1 und die proteolytische Spaltung 

durch Ddi2. Ddi2 ist eine Aspartat Protease, die die Translokation von Nfe2l1 in den 

Zellkern und die Aktivierung der Gene der Proteasom-Untereinheit ermöglicht. Ich 

konnte zunächst zeigen, dass die Ddi2 durch Kälte induziert wird, im BAT reichlich 

vorhanden ist und für die Spaltung von Nfe2l1 von entscheidender Bedeutung ist. 

Bemerkenswerterweise führte das Fehlen von Ddi2 zu einer Beeinträchtigung der 

Proteasom-Aktivität und des Ubiquitin-Proteasom-Systems (UPS), was zur 

Hyperubiquitinierung von zellulären Proteinen führte. Interessanterweise, war diese 

Beobachtung unabhängig von der Nfe2l1-abhängigen Regeneration der Proteasom-

Untereinheiten, da die Zellen erfolgreich die Expression von Psms fördern konnten. Die 

Inaktivierung von Ddi2 im Adipöses und die abweichende UPS-Funktionalität 

beeinträchtigten Prozesse wie die Differenzierung von Adipozyten, die Lipogenese und 

die mitochondriale Funktion nicht. Darüber hinaus zeigte der Phänotyp von Ddi2-

Knockout (KO)-Mäusen keine Veränderungen im Energiehaushalt und in der BAT-

Aktivierung. Die Ergebnisse der ersten Phase meines Projekts warfen die Frage auf, ob 

BAT andere kompensatorische Mechanismen aktiviert oder ob ungespaltenes Nfe2l1 

alleine ausreichend aktiv ist. Zusätzlich untersuchte ich, ob der Ddi2/Nfe2l1-Weg vor 

oxidativem Stress und der Produktion von reaktiven Sauerstoffspezies (ROS) schützt. 

Zu diesem Zweck habe ich die Ferroptose als eine nicht-apoptotische oxidative Form 
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des Zelltods untersucht, die durch eisenabhängige Lipidperoxidation vermittelt wird. Das 

Fehlen von Ddi2 sensibilisiert die Zellen für Ferroptose und verursacht eine 

Umgestaltung des UPS in diesen Zellen. Daher bietet diese Studie einen 

vielversprechenden Rahmen für die proteostatische Regulation durch den Ddi2-

Proteasom-Weg. Ddi2 ist ein neuer Akteur bei der Regulierung des UPS und kann als 

vielverheißendes Zielmolekül in der Therapie zur Verbesserung von 

Krebsmedikamenten genutzt werden. 
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1. Introduction 

1.1 Obesity  

Obesity is primarily defined as a body mass index ≥ 30 kg/m2 (1), and is mainly charac-

terized by accumulation dysfunctional adipose tissue (AT) (2). However, lipid distribution 

seems to underline the development of metabolic diseases in obese people, more than 

BMI and total fat mass (3). Obesity further contributes to the development of insulin re-

sistance, activation of the sympathetic nervous system, endothelial dysfunction, and in-

creased vascular resistance, all of which increase the risk of cardiovascular diseases 

(4). Moreover, obesity significantly increases the chance of developing hypertension, 

stroke, metabolic dysfunction-associated fatty liver disease (MAFLD), cancer, dementia, 

and obstructive sleep apnea (5-10). Obesity is mainly caused by the expansion of the 

adipose tissue, and is associated with dysregulated adipokine secretion, mitochondrial 

dysfunction, and glucose/lipid metabolism (11-13). Expansion of adipose tissue in obe-

sity is also accompanied by inflammatory changes that is characterized by an increase 

in circulating cytokines, chemokines, tumor necrosis factor 1 alpha (TNF-α), interleukins, 

and interferons, or by the infiltration of new inflammatory cells such as macrophages (2). 

This impairment caused by genetic, environmental, and behavioral factors is mechanis-

tically linked to various metabolic diseases (14). Therefore, the treatment of obesity 

through therapeutic interventions emphasizes the need for pharmacological strategies 

that promote energy balance and decreasing intracellular lipids accumulation (15).  

1.2 Adipose tissue heterogeneity and function  

Adipose tissue is a remarkably heterogeneous and active organ (16). Cellular subpopu-

lations, heterogeneity, and homeostasis of different AT depots are related to the devel-

opment of various diseases such as obesity, type 2 diabetes mellitus (T2DM), inflamma-

tion, and cardiovascular diseases (CVD) (2). Based on morphology, AT can be broadly 

classified into white adipose tissue (WAT), brown adipose tissue (BAT), and beige sub-

sets (17). WAT can be found in various locations, which constitutes a new classification 

including: Subcutaneous (located under the skin), epicardial, perivascular, and visceral 

(or omental) fat depots (18). BAT was initially thought to be only present in small rodents 

such as mice, rats, and hamsters (19). While a significant amount of the tissue is present 

in newborns, the identification and roles of thermogenic BAT in human adults seem dif-

ficult. However, via simultaneous examinations with fluoro-deoxyglucose (FDG)-positron 
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emission tomography (PET) and X-ray computed tomography (CT), which detect sym-

metrical FDG uptake in the shoulder and thoracic spine regions, the existence of BAT in 

adults was identified (20) (Fig. 1).  

 

Figure 1: Major adipose tissue depots in mice. Brown and white (visceral and subcutaneous) 

adipose tissue depots in mice (left). “Browning” of adipocytes as a reversible transdifferentiation 

of the adipose tissue (right). Development of beige adipocytes in white adipose tissue to make 

brown adipocytes. Created with Biorender.com.   

Endotherms, including humans, are generally well adapted to warm climates on earth by 

dissipating heat in various forms (e.g., high sweat rate and high surface to volume ratio) 

(21). However, they are required to evolve compensatory mechanisms to adapt to colder 

conditions (22). When exposed to cold, mammals rely on an increase in thermogenic 

rate to produce heat via activation of shivering (ST) or non-shivering (NST) thermogen-

esis processes. Cold-induced involuntary muscle contractions and activation of BAT play 

the main role in shivering and non-shivering thermogenesis, respectively (21). During 

NST, BAT produces heat via the dissipation of chemical energy from nutrients via a 

unique mitochondrial protein named uncoupling protein 1 (UCP1). UCP1 uncouples mi-

tochondrial oxidative stress phosphorylation to dissipate the electrochemical gradient as 

a form of heat but not ATP synthesis. Therefore, β-adrenergic mediated activation of 

BAT has a beneficial metabolic effect on controlling whole-body energy balance, obesity, 
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insulin resistance, and atherosclerosis (23-27). Beige or brite adipocytes are the third 

type of fat cells, which are inducible and generated in WAT depots (28). During the pro-

cess of “browning” and in response to stimuli such as cold acclimation, beige adipocytes 

express thermogenic marker UCP1 and exert adaptive thermogenic function (29) (Fig. 

1). While only about one third of AT is comprised of adipocytes, other cell types such as 

fibroblasts, macrophages, endothelial cells, stromal cells, and immune cells can be found 

inside AT (15). AT is also known as an endocrine organ that secretes adipokines, growth 

factors, cytokines and chemokines within particular depots. Adipokines that are largely 

produced by adipocytes include leptin, adiponectin, resistin, omentin, and  fibroblast 

growth factor 21 (FGF21) (30). AT naturally expands either by the volume of the pre-

existing adipocytes (hypertrophy) or by generating new small adipocytes (hyperplasia) 

(Fig. 2).  

 

Figure 2: Hyperplasia and hypertrophy in adipose tissue. Pluripotent mesenchymal stromal 

cells (MSC) undergo commitment to differentiate into adipose progenitor cells (APCs). APCs then 

differentiate into mature adipocytes. Expansion of mature adipocytes occurs through increase in 

the volume of pre-existing adipocytes (Hypertrophy) or generation of new small adipocytes (hy-

perplasia). Created with Biorender.com.   

Various molecular signaling pathways dictate the differentiation of mesenchymal stem 

cells to mature WAT, BAT, beige AT, or skeletal muscle cells (31). An in vivo study of 

brown adipocyte precursors by electron microscopy in interscapular BAT of adult mice 

identified four stages in the differentiation of interstitial stem cells to mature brown adi-

pocytes: (1) interstitial cells, (2) protoadipocytes, (3) preadipocytes, and (4) mature 

brown adipocytes (32). Interstitial stem cells and protoadipocytes are mainly character-

ized by lack of lipid droplets and having a few tiny lipid droplets, respectively. Preadipo-

cytes or adipoblasts contain many mitochondria, well-developed smooth endoplasmic 

reticulum, and lipid droplets. An abundance in mitochondria with very dense cristae and 
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lipid droplets in numerous small vacuoles (multilocularity) characterizes mature adipo-

cytes (32). In contrast to BAT, white adipocytes contain few mitochondria and a unique 

lipid vacuole (unilocularity) in their relatively little cytoplasm (33).  

1.2.1 β-Adrenergic signaling in adipose tissue  

BAT is a highly vascularized thermogenic organ that consumes triglyceride-derived fatty 

acids and glucose to produce heat (34).The natural potent activator of BAT is cold which 

increases sympathetic outflow to β-adrenergic receptors (35) (Fig. 3). In case of high-

energy demand, through the process of lipolysis, triacylglycerols (TAGs) break down into 

fatty acids (FAs) and glycerol inside lipid droplets. Therefore FAs either undergo oxida-

tion in the form of ATP or function as fuel for activation of NST (36). BAT use these fatty 

acids, which leads to proton ions escalation in the mitochondrial intermembrane space 

required for subsequent UCP1 activity (37). Norepinephrine (NE) is a catecholamine that 

promotes lipolysis in adipocytes. In response to cold stimulation, NE is released from 

neuronal terminals that innervate adipocytes through β-adrenergic receptors (βARs) to 

increase intracellular levels of cyclic-AMP (cAMP) (38). Activation of thermogenesis, li-

polysis and induction of hypertrophy in BAT requires an increase in cAMP levels (39). 

Although FAs are vital substrate for cellular energy, they can have a deleterious effect 

through a condition called lipotoxicity (40). The buildup of toxic lipid metabolites can lead 

to numerous disorders such as inflammation, insulin resistance, and apoptosis (41, 42).  
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Figure 3: Brown adipose tissue activation. Stimulation of through β-adrenergic receptors 

(βARs) in brown adipocytes by sympathetic nervous system (SNS). SNS releases norepinephrine 

(NE) which bind to the receptors and induces increase in cAMP level, and activates protein kinase 

A (PKA). PKA increases lipolysis to hydrolysis triacylglycerides to free fatty acids (FFA). FFA 

enters mitochondria and will be used in the electron transport chain (ETC) consisting of I, II, III, 

IV, ETC multi-subunit complexes I through IV; Q, coenzyme Q; Cyt c, cytochrome c. In mitochon-

dria, proton motive force (PMF) created by the ETC system is used to produce ATP through 

processed called “Coupled respiration” (left). Cells increase generation of NADH and FADH2 by 

oxidation of substrate in the tricarboxylic acid cycle (TCA) to re-establish the electrochemical pro-

ton gradient across the inner mitochondrial membrane (IMM). In brown adipocytes, the protons 

bound to UCP1 (right). This UCP1-mediated proton leak results in heat production, but not ATP 

synthesize. This processed called “uncoupled respiration”. Created with Biorender.com.   

The thermogenesis specialty of BAT is due to the high number of mitochondria and the 

presence of a unique protein, UCP1, located in the inner mitochondrial membrane (IMM) 

lipid bilayer (Fig. 3). Ucp1 uncouples the electron transport chain (ETC) from ATP syn-

thesis, which allows the generation of energy in the form of heat from the oxidation of 

substrates (43, 44). In mammals, the oxidation pathways of substrates (like glucose, 

FAs, and amino acids) converge on the TCA cycle, which generates reduced electron 

carriers including NADH and FADH2 in the mitochondria. These electron carriers then 
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donate their electrons to the four multi-subunit complexes (I-IV) of the ETC located in the 

inner mitochondrial membrane (IMM) along with two mobile electron carriers: coenzyme 

Q and cytochrome c (45). Followed by the transferring of electrons through the ETC, the 

pumping of protons into the intermembrane space creates an electrochemical proton 

gradient called the proton motive force (PMF). These protons translocate into the mito-

chondrial matrix through the F0 component which leads to biosynthesis of ATP from ADP 

and inorganic phosphate (46). Therefore, the rate of substrate oxidation is dependent on 

the availability of ADP. If there are any fluctuations in the coupling between ATP produc-

tion and electron flow through ETC results in production of reactive oxygen species 

(ROS) (47). In an alternative pathway, called uncoupled respiration, the main outcome 

is heat, but not ATP production. In this process, protons pass from intermembrane space 

into the matrix through the membrane-bound UCP1, which causes a drop in PMF and 

heat production. Therefore, dissipation of PMF by UCP1 reduces mitochondrial ROS 

production, and provides a remarkable capacity for the oxidation of substrates in BAT 

mitochondria (48). Various elements including the sympathetic nervous system, hor-

mones such as catecholamines and thyroid hormone, and environmental cues like cold 

exposure tightly regulate the thermogenesis of BAT mitochondria (49, 50).  

1.2.2 Adipose tissue and protein quality control 

AT plays a vital role in maintaining metabolic homeostasis under normal conditions (51). 

The endoplasmic reticulum (ER) plays the key role in protein and lipid metabolism, se-

cretory and membrane protein synthesis and folding, calcium homeostasis, etc. (52). 

Perturbation in any of these processes will cause impairment in ER homeostasis (53). 

Any condition that blocks ER function may result in ER stress which is triggered by the 

uncontrollable accumulation of unfolded or misfolded proteins inside, or outside, the ER 

(e.g. in the nucleus or cytosol) (54). The ER's failure to cope with the excess protein load 

or the challenges of proteostasis will cause a wide range of consequences such as inhi-

bition of synaptic function, alteration of calcium homeostasis, insulin resistance, and in-

flammation (55). Activation of several mechanisms such as unfolded protein response 

(UPR), ER-associated degradation (ERAD), and autophagy helps to maintain protein 

quality control in cells (55). UPR is responsible for restoring ER homeostasis (adaptive 

UPR) or promoting cell death (maladaptive/unchecked UPR) (56, 57). The inhibition of 

protein translation and enhancement of the folding capacity of the ER is one crucial step 

in UPR activation (55). Another major pathway in UPR processes is the attachment of 

unfolded proteins to the ER chaperone BiP (also known as GRP78). Because of this 

binding, BiP releases from three UPR sensors anchored in the ER membrane: protein 
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kinase R-like ER kinase (PERK, encoded by EIF2AK3), inositol-requiring enzyme 1-al-

pha (IRE1α, a serine/threonine protein kinase/endoribonuclease encoded by ERN1), and 

activating transcription factor-6 (ATF6) (58). Consequently, an orchestrated downstream 

signaling cascade modulates the transcription of genes involved in promoting protein 

folding via UPR (59). Mitochondrial unfolded protein response (UPRmt) refers to the ac-

cumulation of misfolded proteins within the mitochondria and impaired OXPHOS capac-

ity. Therefore, UPRmt has beneficial effect on maintaining mitochondrial proteostasis via 

the expression of genes such as proteases, chaperones, and mitokines (60). While co-

ordinated activation of mitochondrial function is required for lipid breakdown and oxida-

tive phosphorylation (OXPHOS), any malfunction in mitochondrial oxidative capacity that 

occurs in metabolic disorders results in the accumulation of lipids in AT, skeletal muscle 

and liver (61). There are multiple layers of mitochondrial protein quality control to improve 

overall metabolism and energy homeostasis, namely: UPRmt, antioxidants, mitochondrial 

fusion and fission followed by non-functional mitochondria degradation or mitophagy 

(62).   

 

Figure 4: Major protein quality control pathways. The UPR is one of the responsible cellular 

mechanisms for maintaining proper proteostasis. Unfolded proteins bind to chaperon proteins and 

UPR sensors in ERAD, misfolded proteins undergo ubiquitination degradation via proteasome. 

Upon proteasome inhibition and proteostatic stress, transcription factor NFE2L1 escapes degra-

dation and get cleaves by protease Ddi2 and translocate to the nucleus to promote transcription 

of proteasome subunits. In autophagy, redundant intracellular parts and organelles are degraded 

inside the autolysosomes. Created with Biorender.com.   
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Unlike UPR, which relies on “repairing”, activation of an alternative process termed 

ERAD leads to degradation of these accumulated proteins to avoid ER stress. When 

UPR fails, activation of ERAD eliminates proteins through the ubiquitin proteasome sys-

tem (UPS). The intimate and dynamic coordination of UPR and ERAD is crucial for the 

disposal of misfolded proteins and simultaneous loss of both pathways leads to de-

creased cell survival to during acute stress (63). In ERAD, misfolded proteins are shuttled 

from the ER lumen to the cytosol and undergo ubiquitination and degradation by the 

proteasome. An ER-anchored transcription factor called Nfe2l1 plays a crucial role in 

securing an adaptive increase in proteasomal activity by increasing the expression of 

proteasome subunits (64). Moreover, the role of Nfe2l1 in the activation of the canonical 

mitochondrial UPR pathway through alterations in the in expression of UPRmt-associated 

genes such as ATF4 and 5, CHOP, and their target genes GRP75 (or HSPA9) and 

FGF21 has been reported (65). Lastly, during autophagy, double membrane structures 

engulf cytoplasmic cellular parts and then fuse to lysosomes to form autophagosomes in 

which digestion occurs (55). 

1.2.3 Adipose tissue and antioxidant defense 

ROS are highly reactive compounds that play a role in signaling and cell homeostasis by 

regulating cell proliferation, differentiation, and survival (66). Although ROS are by-prod-

uct of a normal metabolism, they play a role as a casual factor in a number of diseases 

such as inflammation, aging, atherosclerosis, carcinogenesis, etc. (67). The imbalance 

between reactive oxygen or nitrogen species (ROS and RNS) levels and the antioxidant 

defense system is termed as oxidative stress (68). During oxidative stress, increase in 

ROS production leads to several events such as oxidation of proteins, inhibition of en-

zymes, DNA damage, and lipid peroxidation, which collectively can activate programmed 

cell death (69). Therefore, it is vital to eliminate the toxicity of ROS by enzymatic reac-

tions involved in antioxidant defense. Various levels of antioxidant defense in mamma-

lian cells protect biological macromolecules from oxidative stress, including: molecules 

(e.g., glutathione (GSH), ascorbic acid) and enzymes (e.g., catalase, GSH peroxidase 

(GPX), superoxide dismutase (SOD)) (68).  

As a high metabolically active tissue, mitochondrial and cytoplasmic processes such as 

lipolysis leads to generation of ROS and RNS in AT (70). However, in intense metabolic 

conditions, such as obesity and human diabetes, the antioxidant defense is incapable to 

re-establish the redox homeostasis (71). Acute β-adrenergic-stimulated activation of 

BAT thermogenesis is paralleled by enhanced levels of mitochondrial superoxide, hy-

drogen peroxide, and lipid hydroperoxide in the tissue (72). Activation of the Nfe2l2-an-
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tioxidant response element signaling is considered a major mechanism of cellular de-

fense against ROS (73). Activation of Nfe2l2 reduces lipolysis in AT, and knockdown of 

this gene reduces H2O2-induced lipid accumulation (74). It has been shown that another 

member of the Nfe family, Nfe2l1, also binds to the promoter regions through the antiox-

idant response elements (ARE) and regulates the expression of genes involved in ROS, 

inflammation, and cell differentiation (17). To protect cells against ROS, Nfe2l1 regulate 

genes encoding enzymes related to glutathione (GSH) biosynthesis, as a major antioxi-

dant in the cell (75). Moreover, expression regulation of some other antioxidant genes 

including NAD(P)H dehydrogenase, ferritin-H, quinone 1 (NQO1), metallothionein (MT)-

1 and -2 in fibroblasts and hepatocyte is mediated by Nfe2l1 (76-79). 
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1.3 Nuclear factor erythroid 2 like (Nfe2l) gene family 

The transcription factor nuclear factor erythroid-2, like-1 (Nfe2l1, also referred to as 

TCF11 or Nrf1) is the main regulator of maintaining proper proteostasis and cellular in-

tegrity by upregulating the expression of genes encoding proteasome subunits (64). 

Nfe2l1 belongs to the CNC (Cap ’n’ Collar) family of basic leucine zipper proteins with 

structurally related proteins that mediate transcriptional regulation via ARE (80, 81). 

Members of the CNC-bZIP family including Nfe2l1, Nfe2l2, Nfe2l3, p45NFE2, Bach1, 

and Bach2 (82-85) (Fig. 5). Loss of function in Nfe2l2 plays a vital role in susceptibility 

to oxidative stress-induced damage in knockout mice (86). It is well established that 

Nfe2l2 function is regulated through interaction with the actin binding protein Kelch-like 

ECH associating protein 1 (Keap1) and is subject to rapid degradation in the cytoplasm 

of cells. Upon receiving signals such as reactive oxygen species (ROS), Nfe2l2 dissoci-

ates from Keap1, translocate to the nucleus, and transactivates its target genes (87). A 

set of drug-metabolizing enzymes (DMEs) such as NAD(P)H:quinoneoxidoreductase 1 

(NQO1) and glutathione S-transferase (GST), heme oxygenase-1 (HMOX1), and perox-

iredoxin 6 (Prdx6) are among these protective antioxidant genes (88-90).  

 

Figure 5: Major members of the CNC-bZIP transcription factor family. The schematic of the 

structural domains of Nfe2l1, Nfe2l2, and Nfe2l3 transcription factors. The NHB1 peptide within 

Nfe2l1 and Nfe2l3 N-terminal domain (NTD) is a signal that enables these proteins to anchor 

within the endoplasmic reticulum (ER) membrane. Both CNC and bZIP regions enable heterodi-

merization with a small Maf protein and other bZIP proteins prior to binding to antioxidant re-

sponse element (ARE) in promoter regions of target gene sequence. NST (Asn/Ser/Thr-rich) is a 

potential N-glycosylation sites. Neh2 domain within Nfe2l2 sequence is a functional domain near 

N terminus that interacts with Keap1. Both Nfe2l1 and Nfe2l3 have Ddi2 cleavage proteolytic site 

in their structure. Created with Biorender.com.   

Nfe2l1 shares structural similarities with Nfe2l2 and is indispensable for viability during 

mouse embryonic development (91) (Fig. 5). Simultaneous loss of Nfe2l1 and Nfe2l2 

leads to early embryonic lethality (92). Nfe2l1 is essential for cell survival of fibroblasts 

in mice in response to oxidative stress. Lower levels of glutathione has been detected in 
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Nfe2l1 null embryos, leading to enhanced sensitivity to the toxicity of oxidative com-

pounds. Indeed, Nfe2l1 activates expression of glutamyl-cysteine ligase genes (Gclc and 

Gclm) via AREs in their promoter region (76, 78). While both Nfe2l1 and Nfe2l2 contain 

CNC and bZIP domain, Nfe2l1 also contains a functional Neh2 domain near N terminus 

that interacts with Keap1 (93). The N terminus region mediates the cytoplasmic localiza-

tion of the protein. While Nfe2l1 is anchored in the endoplasmic reticulum membrane, 

deletion of this N-terminal hydrophobic transmembrane domain leads to nuclear accu-

mulation of the protein (94). Under normal conditions, Nfe2l1 activity is suppressed by 

ER-associated degradation (ERAD) and its components ubiquitin ligase Hrd1 and 𝛽-

TrCP complexes (95). When proteostasis is challenged, accumulation of ubiquitinated 

proteins exceeds the capacity of available proteasomes. To this end, Nfe2l1 undergoes 

several post-translational modification steps to play a crucial role to prevent ER stress, 

cellular dysfunction and proteotoxicity (96). Nfe2l1 is retrotranslocated to the cytosol face 

of ER by the p97/VCP ATPase complex, accompanied by deglycosylation by N-gly-

canase 1 (NGLY1, also known as PNGase) (97) and proteolytic cleavage by the protease 

DNA damage-inducible 1 homolog 2 (DDI2) (98). This process forms the cleaved active 

form of Nfe2l1 with a molecular weight of 95 kDa, from full-length inactive 120 kDa, which 

then translocate to the nucleus and promotes proteasome gene expression by binding 

to antioxidant response elements in the promoter regions (64) (Fig. 6).  
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Figure 6: Activation of Nfe2l1 and “bounce-back” response. Endoplasmic reticulum (ER)-

resident nuclear factor erythroid-derived 2-related factor 1 (Nfe2l1/Nrf1) undergoes constant deg-

radation via ER-associated degradation (ERAD) machinery under basal conditions in cell. Upon 

proteasome inhibition, Nfe2l1 skips the degradation and translocate to the cytosol face of ER. 

After post-translational modification by Ngly1 and Ddi2, active form of Nfe2l1 enters the nucleus 

and promotes the expression of proteasome subunits genes (Psm). WRR139 and Nelfinavir 

(NFV) are chemical compounds targeting and inhibiting Ngly1 and Ddi2 activities, respectively. 

Created with Biorender.com.   

The nuclear factor (erythroid 2)-like (Nrf3) or Nfe2l3, is the sixth member of NRF family 

(99). Tissue localization of Nfe2l3 is mostly in placental tissue, which differs from ubiqui-

tous expression pattern of Nfe2l1 and Nfe2l2 (84, 100). The under-studied physiological 

function of Nfe2l3 is due to the absence of abnormalities in Nfe2l3-deficient mice under 

physiological conditions (101, 102). However, recent research has attracted more atten-

tion to the intriguing function of Nfe2l3 in cancer malignancy (103, 104). Although the 

activation of Nfe2l3 involves similar processing steps as those of Nfe2l1, involving de-

glycosylation by the enzyme Ngly1 and proteolytic cleavage by Ddi2, it does not affect 

expression of proteasome subunit genes (105). Upon activation, Nfe2l3 translocate to 

the nucleus and increases gene expression of POMP and CPEB3, thereby stimulating 

20S proteasome assembly (106). However, studies focused on the complementary 

crosstalk between Nfe2l1 and Nfe2l3 in colon cancer cells suggest that Nfe2l3 sup-

presses translation of Nfe2l1 in HCT116 cells to maintain basal proteasome activity 

(107). 
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1.4 Ngly1/Ddi2-mediated PTM of Nfe2l1 

N-glycanase 1 (PNGase Caenorhabditis elegans yeast orthologue, NGLY1 in humans, 

Ngly1 in mice) is the enzyme responsible for maturation of proteins in cytosol by remov-

ing N-glycans from intact glycoproteins (97, 108-110). A correlated activity of Ngly1 and 

Ddi2 is required for proper processing of Nfe2l1 in case of proteasome inhibitors toxicity 

in cells (111). N-glycosylation of Nfe2l1 occurs within the Asn/Ser/Thr-rich (NST) glyco-

domain in protein architecture, which includes eight potential N-glycosylation sites (Fig. 

5). Transcriptional activation of Nfe2l1 happens through conversion of asparagine (Asn) 

to aspartic acid (Asp) residues to create a functional transactivating domain in Nfe2l1 

structure (97, 112). While Ngly1−/− mice with a C57BL/6 background are embryonically 

lethal, its deficiency can lead to disorders related to endoplasmic reticulum associated 

degradation pathways such as neurological dysfunction, movement disorder, seizures, 

liver disease, etc. (113).  

 

Figure 7: Domain organization of, DDI1, wild type DDI2, and protease dead (D252) mutant 

DDI2. UBL: ubiquitin-like domain; HDD; helical domain; UIM: ubiquitin-interacting motif; RVP: ret-

roviral protease-like domain. Created with Biorender.com.   

Ddi2 is the aspartic protease responsible for cleavage and subsequent activation of 

Nfe2l1 into the full-length cytosolic form (98, 114). Moreover, proteolytic activity of Ddi2 

is required for cleavage-dependent activation of other proteins in the cells such as nu-

clear translocation of Nfe2l1 (99), the scaffolding protein angiomotin (AMOT) related to 

vertebrate embryonic angiogenesis (115). Another role of Ddi2, together with Ddi1, is 

acting as proteasomal shuttle proteins, which is necessary for the maintenance of ge-

nomic stability in response to DNA replication stress. In this process, DDI2 is responsible 

for removal of Replication Termination Factor 2 (RTF2), a key component in mammalian 

replisome, from stalled fork which otherwise will lead to incomplete replication, sensitivity 

to replication drugs, and chromosome instability (116). DDI2 is a highly conserved as-

partic protease in eukaryotes containing a HIV retroviral protease-like (RVP) domain 

(Fig. 7). Two genes encoding Ddi1-like proteins in human genome: 396-amino-acid DDI2 

homolog 1 (hDDI1), which seems to be descendant of yDdi1 (yeast Ddi1), and the 399-

amino-acid Ddi2 homolog 2 (hDDI2) (117). Ddi2 contains a ubiquitin-like domain (UBL) 

at the N-terminal and RVP domain near C-terminal in its structure (117). In 2014, Ra-

dhakrishnan et al. showed that cleavage of Nfe2l1 occurs between Trp103 and Leu104 
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that is exactly the cleavage motif of retroviral aspartyl proteases (118). Silencing Ddi2 

with siRNA decreases the full-length form of Nfe2l1. Ddi2, lacking the UBL domain par-

tially restores the effect of Ddi2 knockdown. However, replacing aspartic acid 252 in the 

active site of protein with asparagine (D252N) to make protease-dead Ddi2 (mutant form 

of protein) that lacks UBL domain, did not exhibit the same effect (98). Disruption in 

NFE2L1/DDI2 pathways diminish proteasome activity in serious disorders such as in 

Multiple myeloma (MM) (119) colorectal cancer (CRC) tumorigenesis (120), neuro-

degenerative disorders, and muscle dysfunction (121). Furthermore, DDI2 is also con-

sidered as a target of miR-3607 to inhibit tumorigenesis of colorectal cancer (CRC) (120). 

1.5 Nfe2l1 and proteotoxic stress 

The UPS machinery controls protein turnover via degrading ERAD substrate that trans-

locate to the cytosol. Coordinated activity of several components of UPS including ubiq-

uitin, 26S proteasome, ubiquitinating and deubiquitinating enzymes (DUB) are required 

for maintaining proper cellular proteostasis which otherwise will lead to various diseases 

(122).  

1.5.1 Ubiquitin biology 

Ubiquitination was introduced as a complex PTM of proteins in 1980, which plays an 

important role in DNA damage, protein localization, cell cycle regulation, apoptosis, au-

tophagy, cancer, neurodegenerative diseases, and many more pathways. Ubiquitination 

is a cascade of enzymatic reactions that link ubiquitin molecules to target proteins. Ubiq-

uitin (Ub) is a highly conserved small protein with 76 amino acids in all eukaryotic cells, 

which can bind to lysine (Lys) residue of protein targets. Based on lysine residues in the 

ubiquitin molecule, ubiquitin chain can be divided to different isoform including K6, K11, 

K27, K29, K33, K48, and K63. Different ubiquitin chains can be formed linking ubiquitin 

moieties through one of lysine residues or the N-terminal methionine residue (M1). Dif-

ferent ubiquitin chains play different functions in cell such as degradation by proteasome 

(Lys48 and Lys11) and various signaling pathways such as DNA replication, endocytic 

trafficking, and autophagy-lysosome pathway (Lys63) (122-124). Maintaining a stable 

state of intracellular ubiquitin requires dynamic production and degradation of ubiquitin 

molecules. Basal level of ubiquitin is mediated by proper synthesis of ubiquitin by genes 

including UbC, UbB, UbA52, and UbA80. On the other hand, DUBs maintain the ubiquitin 

homeostasis by releasing ubiquitin units from ubiquitinated proteins in cells, which is then 

degraded by lysosomes or proteasomes to recover ubiquitin level (125) (Fig. 8). It has 

been shown that Nfe2l1 along with other transcription factors such as Nfe2l2, SP1, and 



 34 

Heat-Shock Transcription Factor 1 (HSF1) regulate transcription of UbC for encoding 

polyubiquitin under cell stress conditions (126-128). 

 

Figure 8: Ubiquitination of proteins. Three enzymes are involved in addition of ubiquitin chains 

to lysine residues of proteins targeted for degradation. In the first step, ubiquitin is activated by 

E1 (ubiquitin-activating) enzyme and then transferred to E2 (ubiquitin carrier protein) enzyme. In 

the last step, E3 ligases mediate the covalent attachment of ubiquitin to the target substrate. 

Substrates tagged with one (monoubiquitinated) or several (polyubiquitinated chain) ubiquitins 

are delivered to proteasome for degradation. Deubiquitinating enzymes (DUB) removes ubiquitin 

from protein targets and release free ubiquitin for recycling. Created with Biorender.com.      

1.5.2 Mechanisms of UPS 

Eukaryotic cells have developed ubiquitin-26S proteasome as a defense mechanism to 

recognize and control the accumulation of unfolded or misfolded proteins’ toxicity. At-

tachment of ubiquitin chains plays a selective label role in targeting proteins to the 26S 

proteasome for degradation. This binding is modulated by three types of ubiquitinases 

in the cell: E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes and E3 

ubiquitin–ligase enzymes (31, 32) (Fig. 8). In a simplified model, the E1 enzyme gener-

ates a thioester bond between the C-terminal of ubiquitin and a Cys residue in its catalytic 

active site by hydrolyzing ATP. When ubiquitin is activated, it forms a thioester bond with 

an E2 enzyme. Next, the charged E2 enzyme transfers the activated ubiquitin to the 

target proteins through the activity of ubiquitin ligase or E3 (122). Recruited E3 ligases 

further mediate the degradation of ubiquitin-labeled proteins through 26S proteasome 

function. The proteasome contains multimeric assemblies: the ‘barrel-shaped’ 28-subu-

nit core particle (CP, also called 20S) and the regulatory particles 19S particle (also 

known as RP or PA700). The 19S regulates the delivery of substrates to the 20S particle 
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in an ATP-dependent manner. 26S or 30S proteasome structures are made by associa-

tion of 20S with one or two 19S particles, respectively (129) (Fig. 9).  

 

Figure 9: Schematic representation of proteasome complexity. Proteasome exists in various 

forms within the cell. 20S consists of four rings (2 external α subunits and 2 internal β subunits) 

in a stack. The 19S regulatory particle caps the core 20S complex to produce 26s proteasome 

core complex (2) with proteolytic activity. 30S proteasome containing 20S particle plus two 19S 

regulatory particle complexes. Created with Biorender.com.   

The initial reversible binding between proteins and 26S proteasome complex is inde-

pendent of ATP hydrolysis and can be disrupted by other Ub binding domains or high 

salt concentrations. In contrast, degradation of protein requires an ATP-dependent tight-

binding step (130). 20S proteasome has a cylindrical structure that consists of four 

stacked rings. Outer rings in this structure contain seven α subunits while the two inner 

β rings contain seven different β subunits, which three of them harbor active sites. Based 

on their specificity toward peptide substrates these actives sites are classified to: Tryp-

sin-like, chymotrypsin-like, and caspase like sites (131). Targeting multiple subunits of 

the proteasome can be used for treating several related disorders such as anti-cancer 

drugs. Bortezomib (BTZ, velcade), Carfilzomib (CFZ, kyprolis), Ixazomib (IXZ, ninlaro), 

and epoxomicin are among commercially available proteasome inhibitors (132, 133). 

The reversible binding of these chemical compounds to β5 subunits of 19S RP inhibits 

the chymotrypsin-like enzymatic activity and therefore lead to accumulation of ubiqui-

tinated proteins and apoptosis cell death (133-135). Cells require an adaptive mecha-

nism to increase proteasome abundance under either chemical-inhibition of proteasome 

or physiological demands. Higher eukaryotes activate the transcription factor Nfe2l1 in a 

complex feedback loop, which then stimulates production of new 26S proteasomes 

(136).  
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1.6 Nfe2l1 and ferroptosis 

Regulated cell death is initiated by intracellular and extracellular perturbations that trigger 

tightly orchestrated molecular programs (137, 138). Ferroptosis is a form of non-apop-

totic cell death mediated by iron-dependent lipid peroxidation and loss of plasma mem-

brane integrity (139, 140). Recent studies have implicated ferroptosis in several pathol-

ogies, such as neurodegeneration and cancer (141). Execution of ferroptosis is tightly 

linked to lipid and glutathione metabolism. Intracellular iron, which is abundantly availa-

ble in two forms of reduced ferrous (Fe2+) and oxidized ferric (Fe3+), can lead to genera-

tion of phospholipid peroxides. Fe2+ forms the labile iron pool (LIP) through a Fenton 

reaction can generate reactive oxygen species (Fig. 10). The produced ROS then initi-

ates autoxidation of phospholipids in membrane (142). The glutathione redox system is 

also essential to prevent ferroptosis. Glutamate-cysteine ligases are responsible for cat-

alyzing intracellular GSH synthesis. In this model, cysteine is taken up cysteine through 

the cystine/glutamate antiporter (xCT) system which can be inhibited by erastin to induce 

ferroptosis (143). Glutathione peroxidase 4 (GPX4) is a critical enzyme protecting from 

lipid reactive oxygen species (ROS) formation and, thus, from ferroptosis by most prom-

inently uses glutathione for its antioxidative activity (144). GSH depletion triggers ferrop-

tosis similar to other type of cell death such as apoptosis, necrosis, and autophagy (145). 

GPX4, dependent or independent of GSH depletion, can be inactivated through genetic 

interventions or pharmacological ferroptosis-inducing compounds (FINs) (e.g., RSL3, 

FIN56, ML162, ML210 or FINO2) (146). While depletion of the reduced glutathione pool 

predisposes cells to ferroptosis, the compound RAS synthetic lethal 3 (RSL3) directly 

inhibits GPX4 (147-149). GPX4 catalyzes the reduction of phospholipid hydroperoxides 

(PLOOH) into corresponding phospholipid alcohols (150). Therefore, inactivation of 

GPX4 leads to the accumulation of PLOOH, and inducing cell membrane damage and 

death (151). Thus, oxidative stress is sensed and mitigated by GPX4 and its inactivation 

leads to lipid peroxidation and cell death in cells and mouse models (152). High-through-

put screenings identified two potent ferroptosis inhibitor ferrostatin-1 (Fer-1) and liprox-

statin-1 (Lip-1). Fer-1 was one of the first synthetic radical-trapping antioxidants (RTAs) 

to block ferroptosis by preventing accumulation of lipid hydroperoxide in HT-1080 cells 

(142).  
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Figure 10: the mechanism of ferroptosis pathway. Fe3+ transports into the cell and Fe2+ pro-

motes accumulation of lipid peroxides through Fenton reaction and lipid oxidation. Cystine is used 

to synthesize glutathione (GSH) inside the cell. GPX4 uses glutathione as a reduction cofactor to 

reduce toxic lipid peroxides (PL-OOH) to non-toxic lipid alcohols (PL-OH). Created with Bioren-

der.com.   

Nfe2l1, independent of Nfe2l2, maintains the expression of GPX4 as the key protein 

against lipid peroxidation (153). Ngly1-mediated activation of Nfe2l1 decreases ferropto-

sis sensitivity (153). Expression of ROS scavengers such as peroxiredoxins (PRDX) and 

superoxide dismutase (SOD) which contribute to decreased lipid peroxidation and fer-

roptosis is dependent on Nfe2l1. STAT3 signaling, which negatively regulates ferroptosis 

in multiple diseases like ulcerative colitis, pancreatic and gastric cancer, induces Nfe2l1 

activation and GPX4 expression (17). Interestingly, ferroptosis is linked to adaptive 

changes in protein homeostasis, as ferroptosis initiation is associated with diminished 

proteasomal activity and restoration of proteasomal activity and protects cells from fer-

roptotic cell death (154).  
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1.7 Scientific aims 

AT possesses a remarkable capacity for energy storage and expenditure through the 

activity of WAT and BAT, respectively. The imbalance between these two opposing func-

tions leads to disrupted cellular homeostasis and therefore metabolic diseases. The reg-

ulation of UPS plays a fundamental role in maintaining cellular and protein homeostasis 

(proteostasis). Transcription factor Nfe2l1 is a crucial regulator of UPS in case of genetic 

or environmental stressors such as inflammation, proteotoxicity, or oxidative stress and 

cell death. Nfe2l1 undergoes multiple posttranslational modification steps for activation 

and translocation to the nucleus to increase proteasome biosynthesis and function. Ddi2 

is the protease responsible for cleavage and processing of Nfe2l1. However, the specific 

Ddi2 mode of function in Nfe2l1 processing and physiological relevance of Ddi2 ablation 

in cell or animal models has not been elaborated yet.  

In this study, I investigated: 

1. The role of Ddi2 proteolytic activity in Nfe2l1 cleavage and activation in BAT ther-

mogenesis. 

2. The significance of Ddi2/Nfe2l1 pathway in UPS regulation and protection against 

oxidative stress and ferroptosis cell death. 

 

Figure 11: Project overview: Investigating the role of protease Ddi2 in regulation of ubiq-

uitin proteasome system in adipose tissue thermogenesis and ferroptosis cell death. Ddi2 

cleavage and activation of Nfe2l1 in in vitro cell models and BAT-specific phenotype. Additionally, 

the adaptation of UPS system in ferroptosis cell death mediated by Ddi2/Nfe2l1 pathway. Created 

with Biorender.com.   
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2. Material und Methods 

2.1 Mouse experiments 

All mouse experimental procedures were approved by the animal welfare committees of 

the government of Upper Bavaria, Germany (ROB-55.2-2532.Vet_02-20-32) and by the 

Harvard T.H. Chan School of Public Health (HSPH) Institutional Animal Care and Use 

Committee. All animals had ad libitum access to chow diet (sniff) and water and were 

housed at room temperature (22°C) with a 12-h light-dark cycle. Thermoneutrality accli-

matization performed by keeping mice at 30°C for 7 days. For short-term cold exposure 

and long-term adaptation mice were kept at 4°C for 24h and 7 days, respectively. Mice 

were killed by cervical dislocation and tissues were snap-frozen in liquid nitrogen and 

stored at -80°C for experiments indicated. Mice carrying floxed alleles of Ddi2 were gen-

erated by the Hotamisligil Lab, Harvard T.H. Chan School of Public Health, Boston, USA, 

from Ddi2tm1a(EUCOMM)Hmgu (https://www.mousephenotype.org/data/genes/MGI:1917244). 

For that, C57BL/6N-A/a ES cells were injected into blastocysts, giving rise to chimeric 

mice, of which males were continuously bred until germ line transmission was successful 

in producing founders carrying the Ddi2tm1a allele. Mouse experiments with the floxed 

Ddi2tm1a mice transgenic for Ucp1-Cre were performed in collaboration by the Hotamis-

ligil Lab, Harvard T.H. Chan School of Public Health, Boston, USA. For indirect calorim-

etry experiments, CL (Tocris) 0.5 mg/kg in saline IP were injected to mice for measuring 

BAT activity. The Sable Systems PromethionCore® was used to determine indirect calo-

rimetry parameters. Harvested tissues were snap-frozen in liquid nitrogen and then 

stored at -80°C.  

2.2 Cell culture and treatments 

Multiple immortalized human and mouse cells lines were used in this study. WT-1 brown, 

and 3T3L1 white immortalized preadipocytes cells were kept inside the incubators to 

reach 80% confluency in T75 flasks and they were seeded at 6, 24, and 96-well cell 

culture plates as indicated in various experiments. For ferroptosis experiments, 300,000, 

100,000, and 30,000 parental WT and DDI2 KO EA.hy926 cells were seeded at 6, 24, 

and 96-well cell culture plates, respectively. Knockout of Ddi2 in human EA.hy926 cells 

were described previously (155). Cells were cultured in DMEM Glutamax (Gibco), sup-

plemented with 10 % v/v fetal bovine serum (FBS, Sigma) and 1 % v/v Penicillin-Strep-

tomycin (PS, Sigma). Cells were incubated at 37°C, 5 % v/v CO2 and were passaged 

two to three times a week. Primary GPX4 mutant fibroblasts derived from a patient with 

Sedaghatian-type Spondylometaphyseal Dysplasia (SSMD) (a homozygous mutation 
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c.647G>A in exon 6 of GPX4) and control cells were provided by Sanath K. Ramesh 

(curegpx4.org). As GPX4 mutant cells undergo cell death under normal conditions, these 

cells were incubated in DMEM GlutaMax (Gibco) supplemented with 10 % v/v FBS and 

1 % v/v PS, supplemented with 10 µM ferrostatin-1 at 37°C, 5 % v/v CO2. For treatments, 

different concentrations of RSL3 (SelleckChem), FIN56 (SelleckChem), and ferrostatin-

1 (SelleckChem) were used as indicated. Inhibition of proteasome was performed using 

bortezomib (BTZ) (SelleckChem), and Epoxomicin (SelleckChem). Nelfinavir mesylate 

(NFV) (Sigma), and WRR139 (Sigma) were used for chemical inhibition of Ddi2 and 

Ngly1, respectively.  

 

Figure 12: Differentiation and transfection protocol of immortalized brown preadipocytes 

WT-1. Cells were transfected with siRNA on day 3 of the differentiation protocol. Treatments were 

performed as indicated time points for each experiment before harvest on day 5. Created with 

Biorender.com.   

To differentiate immortalized preadipocytes to mature adipocytes, cells were kept in nor-

mal growth medium (NGM) at 37°C, 5 % v/v CO2 as shown in Fig. 12. When cells reach 

~ 80 % confluency, induction medium (IM) (for specific content, see table 1) was added 

to the flask. This step is called day 0. On day 2 the medium was exchanged by differen-

tiation medium (DM). Reverse transfection was carried out on day 3 of differentiation 

protocol. After 24 h, normal medium was added to each well and based on each experi-

ment’s treatments and harvest of cells after washing cells with DPBS were performed 

before day 5.  
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Table 1. Overview of all growth, induction, and differentiation medium ingredients. 

Abbreviations: FBS: Fetal Bovine Serum (Sigma), CS: Calf serum (Sigma), CCS: Cosmic calf 

serum (GE Healthcare Life Sciences), PS: Penicillin-Streptomycin (Sigma), T3: Triiodothyronine 

(Sigma), IBMX: 3-Isobutyl-1-Methylxanthine (Sigma), Indo: Indomethacin, Rosi: Rosiglitazone 

(Cayman Chemicals), Dex: Dexamethasone (Sigma), DMEM: Dulbecco's Modified Eagle Medium 

(Gibco). 

Cell line Growth  

Medium (GM) 

Induction  

Medium (IM) 

Differentiation 

Medium (DM) 

WT-1 DMEM 
+ 10 % FBS  
+ 1 % PS 

DMEM 
+ 10 % FBS  
+ 1 % PS  
+ 850 nM insulin 
(Sigma) 
+ 1 μM Rosi  
+ 1 nM T3  
+ 500 μM IBMX 
+ 1 μM Dex 
+ 125 μM Indo 

DMEM 
+ 10 % FBS  
+ 1 % PS  
+ 1 μM Rosi 
+ 1 nM T3 

3T3L1 DMEM 
+ 10 % CS  
+ 1 % PS 

DMEM 
+ 10 % CCS  
+ 1 % PS  
+ 850 nM insulin 
+ 1 μM Rosi 
+ 500 μM IBMX 
+ 1 μM Dex 

DMEM 
+ 10 % CCS  
+ 1 % PS  
+ 850 nM insulin 
+ 1 μM Rosi 
+ 500 μM IBMX 
+ 1 μM Dex 

 

2.3 Reverse transfection  

In vitro knockdown experiments were performed by reverse transfection of 30nM 

SMARTpool siRNA (Dharmacon) in Lipofectamin RNAiMAX (Thermo). In the first step, 

for each 24-well plates 0.5 μM of siRNA and 1.5 μM of RNAiMAX were diluted in 50 μM 

Opti-MEM in different tube and left in room temperature for 5 minutes. After the incuba-

tion time, two tubes were mixed and further incubated at room temperature for 20 miny-

tes. This transfection mixture (TFX) was then added to each well and cells suspension 

were transferred to the TFX. To prepare cell suspension, the adherent cells were col-

lected by adding 2 ml trypsin, incubation at incubator at 37°C and 5% CO2 for 5 min, and 

then neutralizing trypsin by adding normal growth medium to the flask. After centrifuga-

tion, cell pellets were diluted in differentiation medium and were mixed with transfection 

mixture by gentle shaking. The transfected plate was kept in the incubator for 24 hours 

and the next day (D4) the medium was removed, and new normal growth medium were 

added to the cells. Differentiation protocol lasted for 5 days therefore treatments as in-

dicted in each experiment were performed before harvesting the cells. For transfection 

of plasmids constructs (including Empty vector, DDI2 WT, DDI D252, NFE2L1 WT, 

NFE2L1-8ND), 250 ng of each plasmid, 1.5 μl of TransIT-X2® Transfection Reagent, 
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and 100 μL of  Opti-MEM were all mixed in one tube. After 10 min incubation, cells were 

added to the medium followed by similar procedure as siRNA transfection.  

2.4 Extraction and purification of plasmid DNA 

To increase the amount of plasmid DNA, normal bacterial transformation was performed. 

To this aim, One ShotTM TOP10 chemically competent E. coli (Thermo Fisher Scientific) 

was thawed on ice. 1 μL of the target plasmid (10ng) was added into the vial of ShotTM 

cells and mixed gently. The mix was incubated on ice for 30 minutes. The mixture was 

heat-shocked for 45 seconds at 42°C without shaking and then directly placed on ice for 

2 minutes. Next, 250 μL of pre-warmed Super Optimal broth with Catabolic repression 

growth medium (Thermo Fisher Scientific) was added to each vial followed by horizontal 

shake at 37°C. After 1 h, 30 μL of the mixture is plated onto the agar plate containing 

ampicillin by four quadrants streak method and kept at 37°C to grow. The day after a 

single colony was selected and added to 5 Ml of LB medium containing 100 μg/mL am-

picillin whilst shaking 37°C for 8 h to further grow. Next, for large overnight culture, 100 

μL of the medium containing bacteria was added to 400 mL of LB medium and incubated 

for 12-16 h on shaker incubator at 37°C. NucleoBond® Xtra EF purification system (Ma-

cherey-Nagel) protocol was used to extract the plasmid from the medium based on man-

ufacturer’s protocol. The final concentration of diluted plasmid was measured using spec-

trophotometry (NanoDrop, Thermo Fisher Scientific).   

2.5 Aquabluer 

Cell viability was assessed by AquaBluer MultiTarget Pharmaceuticals) by changing the 

medium of cells to 1:100 of AquaBluer in phenol red-free DMEM GlutaMax when cells 

are ready for harvest. Cell plates were incubated for 4 h at 37°C incubator for change of 

Aquabluer color.  Using a Spark Reader (Tecan) fluorescence was measured at emission 

of 590 nm with an excitation of 540 nm. 

2.6 Protein extraction and immunoblotting 

Cells were lysed in Radio-Immunoprecipitation (RIPA) buffer (150 mM NaCl (Merck), 

5 mM EDTA, 50 mM Tris (Merck) pH 8, 1 % v/v IGEPAL CA-630, 0.5 % w/v sodium de-

oxycholate (Sigma), 0.1 % w/v SDS (Roth)). To inhibit degradation of proteins and en-

dogenous proteases Lysates, 10 ml of lysis buffer was one supplemented with cOmplete 

protease inhibitor cocktail tablet (Roche) and PhosStop (Roche). Lysates were centri-

fuged for 15 min (4°C, 21,000 g) and the supernatant was separated for subsequent 

protein quantification. To extract proteins from tissue samples, 200 TRIzol lysis reagents 
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(Thermo) was added to 2 mL safe lock tubes (Eppendorf) containing organs. One metal 

bead (Quiagen) was added to each tube to ensure sufficient homogenization of the cells. 

Tubes containing cells or tissues were further mechanically disrupted for 3 min in Tis-

sueLyser II (30 Hz; Qiagen). The concentration of proteins in supernatant of cells and 

tissues was determined by Pierce BCA Protein Assay (Thermo) according to the manual. 

Proteins were denatured for 5 min at 95°C in Bolt LDS Sample buffer (Thermo) with 5 % 

v/v 2-mercaptoethanol (Sigma). 30 µg of proteins were loaded in Bolt 4-12 % Bis-Tris 

gels (Thermo), followed by transferring onto a 0.2 μm Polyvinylidenfluorid (PVDF) mem-

brane. The setting for the transfer were 25 Volts, 1.3 Amperes for 7 min. Membranes 

were blocked in TBS-T (200 mM Tris (Merck), 1.36 mM NaCl (Merck), 0.1 % Tween-20 

(Sigma)) containing 5 % w/v milk powder for 1 h at room temperature after staining in 

Ponceau S solution. Incubation by primary antibodies (Table 2) was performed overnight 

at 4°C in 5 % milk, followed by washing membranes 3 times for 10 min with TBS-T and 

incubation with horseradish-peroxidase (HPR) linked secondary antibodies for 1 h at 

room temperature. SuperSignal West Pico PLUS (Thermo) as a substrate for the horse-

radish-peroxidase was used for developing blots in a ChemiDoc MP imager (Bio-Rad).  

Table 2. List of all antibodies used for immunoblotting 

Antibody Company (Cat. No.) Dilution 

DDI2 Abcam (ab197081) 1:1000 

NFE2L1 Cell Signaling Technologies (D5B10) 1:500 

β-TUBULIN Cell Signaling Technologies (2146) 1:1000 

UBIQUITIN (P4D1) Cell Signaling Technologies (3936) 1:1000 

20S Proteasome ɑ subunit Abcam (ab22674) 1:1000 

Anti-Lamin B1 Abcam (ab229025) 1:1000 

Anti-rabbit IgG, HRP-linked Cell Signaling Technologies (7074) 1:10000 

Anti-mouse IgG, HRP-linked Cell Signaling Technologies (7076) 1:10000 

GAPDH Cell Signaling Technologies (D16H11) 1:1000 
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2.7 Proteasome activity assay 

Cells lysis was performed in lysis buffer (40 mM Tris (Merck) pH 7.2, 50 nM NaCl 

(Merck), 5 mM MgCl2(6H2O) (Merck), 10 % v/v glycerol (Sigma), 2 mM ATP (Sigma), 

2 mM 2-mercaptoethanol (Sigma). Samples were kept on ice. Mechanical lysis occurred 

by TissueLyser II (Qiagen) for 3 min, 30 Hz. Next, samples were centrifuged (15 min, 

4°C, 21,000 g) and the supernatant was used for the assay. Proteasome Activity Fluo-

rometric Assay II kit (UBPBio, J41110) was used to measure three different catalytic 

activities of proteasome as manufacturer’s protocol. The emission was measured over 

the course of 15 minutes in 60 seconds intervals at 460 nM in the plate reader (Tecan). 

BCA Protein Assay (Bio-Rad Protein Assay Kit II) was used to normalize the activity of 

subunits to protein levels. 

2.8 Native PAGE 

Cells were lysed in lysis buffer (50 mM Tris/HCl pH 7.5, 2 mM DTT, 10 % v/v glycerol 

(Sigma), 5 mM MgCl2 (Merck), 0.05 % v/v Digitonin, 2 mM ATP (Sigma)) containing 

phosphatase inhibitor (PhosStop, Roche), as described previously (156). Samples were 

kept on ice for 20 min followed by mechanical lysis by TissueLyser II (3 min, 30 Hz; Qiagen) 

and centrifugation for 15 min (4°C, 21,000 g). Concentration of proteins was determined 

with Bio-Rad Protein Assay Kit II. 15 µg of protein were loaded in NuPAGE 3-8 % Tris-

Acetate gels (Thermo) and the gel let run for 4 h at constant voltage of 150 V. Gels were 

incubated for 30 min at 37°C in an activity buffer (1 mM MgCl2 (Merck), 50 mM Tris 

(Merck), 1 mM DTT) with 0.05 mM substrate Suc-Leu-Leu-Val-Tyr-AMC. ChemiDoc MP 

(Bio-Rad) was used to measure fluorescent signals. Afterwards, to prepare samples for 

blotting, gel was incubated in a solubilization buffer (2 % w/v SDS, 1.5 % v/v 2-Mercap-

toethanol (Sigma), 66 mM Na2CO3) for 15 min. Samples were transferred to a PVDF 

membrane at 40 mA through tank transfer. The membrane was kept for 1 h in the ROTI-

block, followed by overnight incubation in primary antibody (1:1000). The day after, the 

membrane was incubated for 3 h in the secondary antibody (1:10,000) at room temper-

ature and developed as previously described in chapter 2.6 (Protein extraction and im-

munoblotting). 

2.9 NFE2L1 reporter assay 

HEK293a cells were used to stably express short half-life firefly luciferase driven by up-

stream activator sequence (UAS) promoter and a chimeric NFE2L1. In this model, the 

DNA-binding domain of NFE2L1 was replaced by the UAS-targeting Gal4 DNA-binding 
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domain (157). The assay measures nuclear translocation and its transactivation by bind-

ing of NFE2L1-UAS to the luciferase promoter (157). 50,000 cells were seeded in 96-

well plates and treated with indicated chemical compounds. Cell lysis and luciferase 

emission was measured by Dual-Glo Luciferase Assay System (Promega) according to 

the manufacturer’s instructions.  

2.10 Gene expression analysis 

RNA extraction was performed using Nucleospin RNA kit (Macherey Nagel), based on 

manufacturer’s instruction. Concentration of RNAs were measured with a NanoDrop 

spectrophotometer (Implen). To prepare complementary DNA (cDNA), 500 ng of meas-

ured RNA were added to 2 µL of MaximaTM H Master Mix 5x and the total volume was 

adjusted to 10 µL with H2O. Biometra TRIO thermal cycler (Analytic Jena) setting for 

cDNA synthesis was: 10 min at 25°C, 15 min at 50°C, 5 min at 85°C, followed by final 

cool down to 4°C.  

The cDNA was diluted at the ratio of 1:40 in aqua ad injectabilia, and 4 µL of cDNA, 5 µL 

of PowerUpTM SYBR Green Master Mix (Thermo), and 1 µL of 5 µM primer stock (Table 

3) were used to measure Relative gene expression. Cycle thresholds (Ct) of gees were 

measured using a Quant-Studio 5 Real-time PCR system (Thermo). Relative gene ex-

pression was normalized to TATA-box binding protein (TBP) levels by ddCt-method. 

Table 3: RTqPCR primers.  

Gene Forward Primer (5’) Reverse Primer (5’) 

NFE2L1 (Hs) AGTGGAGACTTAACCAAAGAGGA
C 

CTCCTTCTGGCGGTGACTAT 

Nfe2l1 (Mm) TTGGCTCTACCAACCTAGCAG CCAGCATAGCTCGTCTAACAG 

Nfe2l2 (Mm) CTCCGTGGAGTCTTCCATTTAC GCACTATCTAGCTCCTCCATTT
C 

Nfe2l3 (Mm) TGAGCCAAGCTATAAGCCATGA AATGGTTCTTGTGCCTGGAA 

DDI2 (Hs) TGCATGTAGTGTGTGTGTACTGC CCAGTGAGGTAGATTCTTTACC
ACTT 

Ddi2  (Mm) ACGGGCATCCTGTGAAAG CACAGGCCTGGCTCTAATAG 

TBP (Hs) CCCATGACTCCCATGACC TTTACAACCAAGATTCACTGTG
G 
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Tbp (Mm) AGAACAATCCAGACTAGCAGCA GGGAACTTCACATCACAGCTC 

Nqo1 AGCGTTCGGTATTACGATCC AGTACAATCAGGGCTCTTCTCG 

Hmox1 AGGGTCAGGTGTCCAGAGAA CTTCCAGGGCCGTGTAGATA 

Psma1 TGCGTGCGTTTTTGATTT TAGAC CCCTCAGGGCAGGATTCATC 

Psma2 TGGCTGTGTTCCGACTTTC AAGCTTACCAGATGGGCTGA 

Psmb1 TTCCACTGCTGCTTACCGAG CGTTGAAGGCATAAGGCGAAAA 

Psmb2 CCCAGACTATGTCCTCGTCG CCGTGTGAAGTTAGCTGCTG 

Psmb4 ACTGGCCACTGGTTATGGTG CAGCACTGGCTGCTTCTCTA 

Psmb5 CCACAGCAGGTGCTTATATTGC GCTCATAGATCGACACTGCC 

Psmb6 GAAAACCGGGAAGTCTCCAC CTCGATTGGCGATGTAGGAC 

Psmd1 GTGATAAAACACTTTCGAGGCCA TGAATGCAGTCGTGAATGACTT 

Psmc3 TTTTCATAGACGAATTGGATGC CATGGTCCTCTGCACCTCTC 

Atf3 GAGGATTTTGCTAACCGACACC TTGACGGTAACTGACTCCAGC 

Ddit3 CTGGAAGCCTGGTATGAGGAT CAGGGTCAAGAGTAGTGAAGG
T 

Adipoq GGAGAGAAAGGAGATGCAGGT CTTTCCTGCCAGGGGTTC 

Ucp1 AGGCTTCCAGTACCATTAGGT CTGAGTGAGGCAAAGCTGATTT 

Fabp4 GGATGGAAAGTCGACCACAA TGGAAGTCACGCCTTTCATA 

Scd1 TTCTTGCGATACACTCTGGTGC CGGGATTGAATGTTCTTGTCGT 

Glut4 GACGGACACTCCATCTGTTG GCCACGATGGAGACATAGC 

Ppargc1α TCTGAGTCTGTATGGAGTGACAT CCAAGTCGTTCACATCTAG-
TTCA 

Pparα AGAGCCCCATCTGTCCTCTC ACTGGTAGTCTGCAAAACCAAA 

Pparg TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT 

Cebpb ATCGACTTCAGCCCCTACCT TAGTCGTCGGCGAAGAGG 
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Mlxipl ATCCAGCCAGACCTGACG CGGTAATTGGTGAA-
GAAATCTGA 

Ywhaz GAAAAGTTCTTGATCCCCAATGC TGTGACTGGTCCACAATTCCTT 

 

2.11 Protein digestion and purification for MS 

Protein digestion and DiGly peptide enrichment was performed as described previously 

(158, 159). Cells were lysed in sodium deoxycholate (SDC) buffer (1 % w/v SDC in 

100 mM Tris-HCl, pH 8.5) followed by boiling at 95°C for 5 minutes while shaking at 

1000 rpm. Samples were centrifuged at 10000 g for 15 minutes and supernatant was 

isolated for analysis. Protein concentrations of lysates were determined after 15 minutes 

of sonication via a Bioruptor (Diagenode, cycles of 30 s) using the Pierce BCA Protein 

Assay. CAA and TCEP (final concentrations: 40 mM and 10 mM, respectively) were 

added to 5 mg protein. Samples were incubated for 10 min at 45°C in the dark while 

shaking at 1000 rpm. Trypsin (1:50 w/w) and LysC (1:50 w/w, Wako) were added to 

samples for overnight digestion at 37°C while shaking at 1000 rpm. For total proteome 

analysis, 15 µg of sample aliquots were desalted in self-made 3 layered SDB-RPS 

StageTips (Empore). Briefly, samples were diluted with 2 % TFA in isopropanol (1:1) to 

a final volume of 200 µl. Next, samples were loaded onto StageTips and consecutively 

washed with 200 µl of 2 % TFA in isopropanol (1:1) and 200 µl 0.2 % TFA/2 % ACN. 

Peptides were eluted with freshly prepared 60 µl of 1.25 % v/v ammonium hydroxide 

(NH4OH) in 80 % v/v CAN, and dried using a SpeedVac centrifuge (Eppendorf) for 45 

minutes. Dried peptides were thoroughly suspended in 6 µL buffer A (2 % v/v ACN/0.1 % 

v/v TFA) and protein concentration determined via a NanoDrop spectrophotometer (Im-

plen). For Di-Gly enrichment, samples were diluted with 1 % v/v TFA in isopropanol (1:5) 

and subsequent peptide cleanup was performed using SDB-RPS cartridges (Strata™-

X-C, 200 mg/6 ml, Phenomenex Inc.). Cartridges were equilibrated with 8 bed volumes 

(BV) of 30 % v/v MeOH/1 % v/v TFA and washed with 8 BV of 0.2 % v/v TFA. Samples 

were loaded by gravity flow and sequential washing steps with 8 BV 1 % TFA in isopro-

panol and once with 8 BV 0.2 % TFA/2 % ACN. Peptides were eluted twice with 4 BV of 

1.25 % NH4OH in 80 % CAN and diluted with ddH2O to a final of 35 % v/v ACN. Samples 

were dried at 45°C via a SpeedVac Centrifuge (Eppendorf) overnight. 
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2.12 DiGly peptide enrichment  

We used the PTMScan® Ubiquitin Remnant Motif (Cell Signaling) for DiGly peptide en-

richment. In short, peptides were resuspended in 500 µL immunoaffinity purification 

(IAP) buffer and sonicated (Bioruptor) for 15 min. Concentration of proteins was deter-

mined by BCA Protein Assay. The antibody-coupled beads were cross-linked as previ-

ously described (159). One vial of antibody coupled beads was washed for one minute 

with cold cross-linking buffer at 2000 g. Subsequently the beads were incubated in 1 mL 

cross-linking buffer for 30 minutes at room temperature under mild agitation. The reac-

tion was stopped by washing with 1 mL cold quenching buffer (200 mM ethanolamine, 

pH 8.0) twice followed by 2 h incubation in quenching buffer whilst gentle agitation at 

room temperature. Cross-linked beads were washed three times with 1 mL of cold IAP 

buffer and then directly used for peptide enrichment. 3 mg of peptide is used with 1/8 of 

a vial of cross-linked antibody beads for DiGly enrichment. Peptides were added to the 

cross-linked beads and the volume was adjusted to 1 mL with IAP buffer with 2 h incu-

bation at 4°C under gentle agitation. The beads are washed twice with cold IAP buffer 

and twice ddH2O. The enriched peptides were eluted by adding 200 µL 0.2 % TFA onto 

the beads whilst shaking for 5 min at 1400 rpm followed by centrifugation for 1 min at 

100 g. The supernatant was transferred to SDB-RPS StageTips and the peptides 

washed, eluted, and dried as previously described for total proteome samples. 

2.13 LC-MS/MS proteome and ubiquitome measurements. 

Liquid chromatography of total proteome and ubiquitome samples was performed on an 

EASYnLCTM 1200 (Thermo). Constant flow rate was maintained at 10 µL/min at 60°C 

using a dual buffer system consisting of buffer A (0.1 % v/v formic acid) and buffer B 

(80 % v/v acetonitrile, 0.1 % v/v formic acid). The column was in-house made with 50 cm 

long and had 75 µm inner diameter and was packed with C18 ReproSil (Dr. Maisch 

GmbH, 1.9 µm). For ubiquitome, the elution gradient started with 5 % buffer B, increasing 

to 25 % over 73 min, 50 % after 105 min and remaining steady at 95 % after 110 min. 

The gradient for total proteome started at 5 % buffer B and increased to 20 % after 

30 min, further increased at a rate of 1 % per minute to 29 %, following up to 45 % after 

45 min and to 95 % after 50 min. The MS/MS measurement was completed on a Exploris 

480 with injection of 500 ng peptide (Thermo). For the ubiquitome, fragmented ions were 

analyzed in Data Independent Acquisition (DIA) mode with 66 isolation windows of vari-

able sizes. The scan range was 300 – 1650 m/z with a scan time of 120 min, an Orbitrap 

resolution of 120,000 by maximum injection time of 54 ms. MS2 scans were performed 

with a higher-energy collisional dissociation (HCD) of 30 % at a resolution of 15,000 and 
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a maximum injection time of 22 ms. The MS measurement of the proteome was per-

formed equivalently, but including High-Field Asymmetric Waveform Ion Mobility 

(FAIMS) with a correction voltage of  -50 V and a total scan time of 60 min. The injection 

time for the full scan was 45 s and the MS2 injection time of 22 s. 

2.14 Proteome and Ubiquitome data acquisition and analysis 

DIA raw files were processed using Spectronaut (13.12.200217.43655) in directDIA 

mode. The FASTA files used for the search were: Uniprot Homo sapiens (29.03.2022) 

with 20609 entries, Uniprot Homo sapiens isoforms (29.03.2022) with 77157 entries and 

MaxQuant Contaminants for filtering: 245 entries. Analysis was performed by Perseus 

(version 1.6.2.3). For the ubiquitome samples the output was converted with the plugin 

“Peptide Collapse” (version 1.4.2). Values were log2-transformed, and the missing val-

ues were replaced by imputation from normal distribution with a width of 0.3 and down-

shift 1.8 separately for each sample. Ubiquitome was normalized to total proteome. Com-

parison between conditions of proteome and ubiquitome was performed via Student’s T-

test in R 4.2.2 (P value cutoff 0.5). 

2.15 Extracellular flux analysis (Seahorse)  

Analysis of mitochondrial respiration with Seahorse Cell Mito Stress Test (Agilent) was 

performed with manufacturer’s protocol with some adjustments. 50,000 cells were 

counted and equally seeded in 24-well Seahorse plates and left on room temperature 

under cell culture hood for 2 hours with or without transfection (if required). Cell plates 

were at 37°C incubator for 48 hours. Culture medium was then replaced with Seahorse 

medium (XF DMEM pH 7.4, 10 mM glucose, 1 mM Pyruvate, 2 mM L-glutamine) and 

incubated for 60 min at 37°C incubator without CO2. 10x compounds were distributed 

into the ports of the sensor cartridge with a multichannel pipette (as listed in the table 4) 

followed by 3 minutes of mixing, incubation and measurement with Seahorse XF24-an-

alyzer (Agilent).  

Table 4: Mitochondrial Stress Test 

port Compounds Stock 

con. [μM] 

10x in 

Port [μM] 

μL for 

10x 

μL assay 

medium 

Final 

conc. 

[μM] 

μL 

injected 

A NE 10000 10 3 2997 1 56 
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B Oligomycin A 6320 10 4.7 2995 1 62 

C FCCP 25000 40 4.8 2995.2 4 69 

D Antimycin A 
+ 

Rotenon 

5000 5 3.0 2997 0.5 75 

2.16 Oil Red O staining 

Oil Red O (ORO) staining was used to measure lipid content in brown WT-1 adipocytes. 

Cells were seeded in 24-well plates followed by washing twice with cold DPBS (Gibco). 

Cells were fixed in 1 mL zinc formalin solution at room temperature (Merck) for 60 min, 

and then again washed with DPBS. Meanwhile, Oil Red O solution was pre-filtered 

through a 70 μm, 30 μm, and 0.2 μm filter). Samples were washed with 60% isopropanol, 

completely dried and stained with ORO mix (60% v/v Oil-Red-O solution (Sigma), 40% 

v/v H2O) for 60 min. Cells were washed several times with distilled water, dried over-

night, and they were ready for taking pictures for visualizing lipid content. To quantify 

lipid content, the remaining bound ORO staining was eluted with 100% isopropanol, fol-

lowed by measuring absorption at 500 nm in a Tecan plate reader. 

2.17 Statistics 

All data were analyzed with Microsoft Excel, GraphPad Prism, and R (4.2.2). Data were 

visualized in GraphPad Prism and shown as mean ± standard deviation (SD) with plotting 

individual data distribution of technical replicates. Except for the proteomics, every ex-

periment was replicated twice. 1-way ANOVA with Dunnett's Post-hoc Test was used 

when comparing three or more groups and one variable, and 2-way ANOVA followed by 

Dunnett's, Sidak’s, or Tukey’s Test was used for comparing two groups with two varia-

bles. P-values lower than 0.05 were considered significant and are as such indicated in 

the graphs with an asterisk between groups. 
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3. Results 

3.1 The role of Ddi2 in Nfe2l1 turnover and brown fat proteostasis 

3.1.1  Cold-induced Ddi2 is highly expressed in brown adipose tissue 

(BAT) 

Activation of BAT naturally occurs in response to cold exposure, which results in 

production of heat to maintain the normal body temperature through NST. As Nfe2l1 is 

highly expressed in BAT and is induced by cold (160), I first checked the existance of 

Ddi2 in various AT depots. Ddi2 was enriched in BAT compared to two other type of 

white adipose tissues (WAT): inguinal (ingWAT) and epididymal (EpiWAT) samples from 

C57BL/6J mice (Fig. 13a). To determine the role of cold regulation, I measured Ddi2 

mRNA levels in BAT from wild-type (WT) mice housed in thermoneutrality (30°C), cold 

(4°C) for 24 hours, or cold (4°C) for 7 days. Cold adaptation either for 24 hours or 7 days 

was associated with higher mRNA expression of Ddi2 gene (Fig. 13b).  

 

Figure 13: Ddi2 expression is abundant in brown adipocytes and induced by cold expo-

sure. a) Western blot of Ddi2 in brown adipose tissue (BAT), inguinal white adipose tissue 

(IngWAT), and epididymal white adipose tissue (EpiWAT) from C57BL/6J mice (n=3). b) Gene 

expression levels of Ddi2 in BAT from wild-type mice housed in thermoneutrality (30°C), cold 

(4°C) for 24 hours, or cold (4°C) for 7 days (n = 8 biological replicates) normalized to Tbp levels. 

Data is presented as mean ± SD, *p < 0.05, **p<0.01. 

To assess if Ddi2 level is changed during differentiation of preadipocytes to mature 

adipocytes, I used immortalized mouse brown preadipocytes (WT-1). Cells after 1, 3, 

and 5 days of differentiation displayed higher protein of Ddi2 and Ucp1 compared to 

undifferentiated (undif/day0) cells (Fig. 14). In summary, these data shows that cold 

adaptation in in vivo tissue samples and differentiation of brown adipocytes in vitro led 

to markedly higher Ddi2 level.  
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Figure 14: Ddi2 protein and gene level increases during differentiation of brown adipocytes 

in vitro. Western blot analysis of Ddi2 and Ucp1 in WT-1 undifferentiated (day0) and differenti-

ated (day1, day3, and day5) cells.  

3.1.2 Loss of Ddi2 is affected by inhibiting proteasome but does not 

exacerbate proteasome inhibitor toxicity   

To establish a functional link between proteasome activity and Ddi2, I aimed to investi-

gate whether impairments in proteasome function and the absence of Ddi2 influence 

each other. Already previous studies have shown in cultured cells (in vitro) and mice (in 

vivo) (64, 118, 160, 161) that proteasome inhibition leads to higher levels of Nfe2l1 pro-

tein but not mRNA levels. Therefore, I isolated and cultured stromal-vascular fraction 

(SVF) from interscapular BAT (iBAT) of C57BL/6J wild-type mice. Using Ddi2 siRNA as 

an indicator for lower protein level in immunoblot, I treated these primary brown adipo-

cytes (priBATs) with proteasome inhibitor epoxomicin in which Ddi2 protein band showed 

a decrease upon epoxomicin treatment (Fig. 15a). However, this effect was not aligned 

with gene expression of Ddi2 in WT-1 cells (Fig. 15b). Loss of Ddi2 exacerbated the 

susceptibility of cells to epoxomicin-induced cell death (Fig. 15c). These data suggests 

that proteasome inhibition does not induce gene expression of Ddi2. Moreover, Ddi2 

presence does not seems to be required to combat cell death mechanism.  
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Figure 15: Ddi2 protein is less upon treatments with proteasome inhibitor but does not 

increase its toxicity. a) Western blot analysis of Ddi2 in primary brown adipocytes (priBATs) 

transfected with Ddi2 siRNA followed by 100nM epoxomicin treatment for 6h. b) Gene expression 

levels of Ddi2 in Undifferentiated WT-1 cells treated with 100nM epoxomicin for 6h (n = 3 technical 

replicates) normalized to Tbp. c) Cell viability assessed by Aqua Bluer in undifferentiated WT-1 

treated with indicated concentration of epoxomicin for 20h. Data is presented as mean ± SD. Two-

way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test was performed. 

*p < 0.05. 

3.1.3 Ddi2 mediates PI-induced proteolytic processing and nuclear 

translocation of Nfe2l1 

As previously described (97, 98), post-translational modifications of Nfe2l1 involves de-

glycosylation of N-glycan residues by Ngly1 and cleavage of full length Nfe2l1 (120 kDa) 

by Ddi2 to release the cleaved form (95kDa) of the protein. Cleaved form of Nfe2l1 then 

translocate to nucleus to increase expression of proteasome subunit genes, which is 

required for compensation of proteasome dysfunction. To initiate this cascade of Nfe2l1 

activation, I used either Epoxomicin (Epox) or Bortezomib (BTZ) proteasome inhibitors 

in my cell experiments. Firstly, I showed the buildup of cleaved form of Nfe2l1 upon 

treatment with epoxomicin in a time dependent manner in WT-1 cells (Fig. 16a). To prove 

the importance of Ddi2 in cleavage of Nfe2l1, I transfected Synthetic Single Guide RNA 

(sygRNA) which transiently silences Ddi2 and leads to lower protein level in immunoblot. 

This genetic manipulation of Ddi2 led to less accumulated active form of Nfe2l1 in cells 

in protein level but no changes in mRNA expression (Fig. 16a, b). Following Nfe2l1 cleav-

age, the next step involves the translocation of Nfe2l1 to the nucleus. To achieve this 

aim, I employed a nuclear fractionation protocol to partition cellular components into cy-

toplasmic and nuclear fractions followed by immunoblots of each fraction. Upon PI treat-

ment, cleaved form of Nfe2l1 accumulated on nuclear fraction (Fig. 16c).  
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Figure 16: Ddi2 proteolytic activity is required for accumulation and nuclear translocation 

of Nfe2l1. a) Western blot of Nfel21 and Ddi2 with Ddi2 sygRNA transfected WT-1 cells followed 

by 100nM epoxomicin treatment. (FL: full-length form ca. 120 kDa; CL: cleaved ca. 95 kDa). b) 

Gene expression in Ddi2-silenced WT-1 cells after 6h treatment with 100nM epoxomicin. c) 

immunoblot of cytoplasmic and nuclear fractions of Ddi2 siRNA transfected WT-1 cells followed 

by 100nM epoxomicin treatment for 3h.  

To provide more evidence for the crucial role of Ddi2 in Nfe2l1 cleavage, I used EA.hy926 

human cell line, in which DDI2 was deleted by CRISPR/Cas9 Knockout (KO) technology 

(64). Three different plasmid constructs: Empty plasmid vector, wild type DDI2 (DDI2 

WT), and protease dead form of DDI2 (DDI2 D252) were separately transfected to 

EA.hy926 DDI2 KO cells. Re-expression of wild-type DDI2 could restore BTZ-induced 

cleaved NFE2L1 (95kDa). However, similar effect was not observed when the construct 

carrying proteolytically inactive DDI2 (DDI2-D252) was transfected to KO cells (Fig. 17).  
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Figure 17: Proteolytic-inactive Ddi2 cannot rescue Nfe2l1 activation. Western blot of NFE2L1 

in DDI2 KO cells transfected with empty vector, wild type and D252 protease-dead DDI2 carrying 

plasmids followed by  h treatment with 100 nM bortezomib (BTZ). Figure adapted from (162). 

In addition to genetic manipulation of Ddi2, I employed Nelfinavir (NFV) as a well-estab-

lished chemical inhibitor of Ddi2 (Schematic Fig. 18a). Due to the structural similarity 

between the RVP domain of Ddi2 and HIV, NFV as an FDA-approved anti-HIV drug, 

directly inhibits Ddi2 protease activity (163). Immunoblot analysis data showed that epox-

omicin treatment led to higher protein levels of Nfe2l1 but NFV treatment repressed 

DDI2-mediated Nfe2l1 cleavage (Fig. 18b).  

 

Figure 18: Chemical inhibition of Ddi2 by NFV leads inhibits Nfe2l1 cleavage. a) NFV-medi-

ated inhibition of Ddi2. Created with Biorender.com. b) Western blot of EA.hy926 cells treated 

with 5µM NFV for 12h and 100nM epoxomicin. 

Taken together, these experiments demonstrates that proteolytic activity of Ddi2 plays a 

crucial role in posttranslational modifications of transcription factor Nfe2l1. Genetic or 

chemical inhibition of Ddi2 activity markedly inhibits accumulation and nuclear translo-

cation of cleaved form of Nfe2l1 in cells. 

3.1.4 Ddi2 is required for proteolytic cleavage of Nfe2l1  

Transcription factor Nfe2l1 is the key regulator to restore proteasomal activity by stimu-

lating expression of proteasome subunits (64). Here I investigated the potential outcome 
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of Ddi2 loss of function on ubiquitin proteasome system dysfunction, proteasome bio-

genesis, and activity. As also described before in cell and animal models (160) treatment 

of cells with epoxomicin led to higher expression of proteasome subunit gene (Psm) and 

stress markers such as Activating Transcription Factor 3 (Atf3) and DNA-damage induc-

ible transcript 3 (Ddit3, also known as Chop) (Fig. 19a). Surprisingly, unlike Nfe2l1 KD, 

Ddi2 KD did not blunt the ability of cells to compensate proteasome inhibition through 

increasing expression of Psm genes ((Supplementary Fig. 1a & Fig. 19a). However, 

chemical inhibition of Ddi2 via NFV treatment displayed opposite effect in which mRNA 

expression of Psmb2, Psmb4, and Psmd1 did not increase upon PI treatment (Fig. 19b).  

 

Figure 19: Silencing, but not chemical inhibition of Ddi2, does not affect biosynthesis of 

proteasome subunit genes via Nfe2l1 activation immortalized adipocytes. a) Expression of 

Stress marker and proteasome subunit genes after transient silencing of Ddi2 with sygRNA, fol-

lowed by 100nM epoxomicin for 6h in differentiated WT-1 cells. b) Expression of proteasome 

subunit genes after NFV (10µM) treatment for 18h and 100nM epoxomicin for 3h in differentiated 

WT-1 cells. Data is presented as mean ± SD. Two-way analysis of variance (ANOVA) followed 

by Dunnett’s multiple comparisons test was performed. *p < 0.05. 

Due to the unexpected result in Psm gene expression in immortalized brown adipocytes, 

I used differentiated 3T3L1 cell line to investigate if the same applies in immortalized 

white preadipocytes. Firstly, Immunoblots showed that Ddi2 KD decreases cleaved form 

of Nfe2l1 protein with no changes in mRNA expression (Fig. 20a). Also similar to WT-1 

cells as immortalized brown adipocytes, KD of Ddi2 in 3T3L1 cells successfully compen-

sated expression of multiple proteasome subunits after PI treatment (Fig. 20b, c). 
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Figure 20: DDI2 is required for proteolytic cleavage but not transcriptional activity of Nfe2l1 

in immortalized white adipocytes. a) western blot of Nfe2l1 and Ddi2 in 3T3L1 cells transfected 

with Ddi2 siRNA and 100nM epoxomicin treatment for 6h. b-c) Gene expression of 3T3L1 cells 

transfected with Ddi2 siRNA and 100nM epoxomicin treatment for 6h. Data is presented as mean 

± SD. Two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test was 

performed. *p < 0.05. 

In order to evaluate the significance of Ddi2 in a physiological setting, we generated a 

mouse model in which Ddi2 was disrupted in Ucp1-expressing adipocytes (Ddi2ΔBAT) 

(Schematic Fig. 21a). In this model, Ddi2 mRNA expression level of isolated brown adi-

pose tissue of Ddi2 KO mice was markedly lower compared to wild type controls (Fig. 

21b). Similar to in vitro experiments, mRNA expression level of proteasome subunits 

exhibited no significant changes between Ddi2 KO and wild type animals (Fig.21c). 

Taken together, no changes in proteasome biogenesis through bounce back response 

mediated by activity of transcription factor Nfe2l1 in, both transient loss of Ddi2 in immor-

talized cell lines and in vivo tissue from KO mice. These observations raise a question 

of whether there is a functional relationship between Ddi2-mediated cleavage of Nfe2l1 

and proper transcriptional activation of cleaved form (versus uncleaved Nfe2l1), which 

requires further investigations. 
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Figure 21: Loss of Ddi2 in vivo does not disrupt UPS bounce back response. a) Schematic 

model of BAT-specific Ddi2 KO mice. Created with Biorender.com. b) Gene expression Ddi2 in 

brown adipose tissue comparing wild type and Ddi2 KO male mice (n=8). Data normalized to 

Ywhaz housekeeping gene. c) mRNA expression of proteasome subunit genes in brown adipose 

tissue of wild type and Ddi2 KO male mice (n=8). Data normalized to Tbp housekeeping gene. 

Data is presented as mean ± SD. b) t-test. ****p < 0.0001. c) Two-way analysis of variance 

(ANOVA) followed by Sidak’s multiple comparisons test was performed. *p < 0.05. Thanks to Dr. 

Gökhan S. Hotamışlıgil, Karen Inouye, and Jilian Riveros from Sabri Ülker Center Harvard T.H. 

Chan School of Public Health for performing mouse experiments and providing tissue samples. 
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3.1.5 Loss of Ddi2 disrupts UPS function 

Moving forward with the project I wanted to investigate the activity of proteasome upon 

loss of Ddi2. I used commercial kits measuring degradation of fluorometric peptides by 

different subunits of proteasome complex. The simplest outcome of insufficient activity 

of proteasome is accumulation of ubiquitination proteins in cells. Immunoblots of cells 

undergoing loss of Ddi2 function showed a higher amount of accumulated proteins fol-

lowing PI treatment compare to scrambled controls (Fig. 22a). Similar to genetic manip-

ulation, chemical inhibition of Ddi2 exacerbated effect of epoxomicin treatment in time 

dependent manner (Fig. 21b). To measure the activity of different subunits of proteins, I 

used an in-gel measurement analysis, native PAGE, which NFV-mediated inhibition of 

DDI2 led to lower activity of 30S proteasome subunit (Chymotrypsin-like subunit), fol-

lowed by less expression of 26S subunit using ɑ1-7 subunits antibody in immunoblot 

analysis (Fig. 21c).  

 

 

Figure 22: Insufficient protease activity of Ddi2 leads to accumulation of highly ubiqui-

tinated proteins with high molecular weight and proteasome dysfunction. a) Immunoblot of 

Ddi2 and ubiquitin in differentiated WT-1 cells after transfection with Ddi2 siRNA and 100nM epox 

treatment for 6h. b) Immunoblot of ubiquitin in EA.hy926 cells treated with 5 µM NFV for 12h and 

100nM epoxomicin for indicated timepoints. c) Native PAGE of EA.hy926 cells treated with 10µM 

NFV for 20h and immunoblot of the ɑ1-7 (20S) subunits. Figure adapted from (162). 
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To better understand the calibration of UPS and untangle Nfe2l1-dependant or -inde-

pendent role of Ddi2 in these processes I performed a mass spectrometry-based analy-

sis of the proteome and ubiquitinated proteins using the so-called Di-Gly method of im-

munoprecipitating ubiquitin remnant motifs that are produced by trypsin digestion (Sche-

matic Fig 23. a). Here I used wild type and Ddi2 KO EA.hy926 cells to make sure DDI2-

dependentent activation of Nfe2l1 in completely blunted by knockout technology. GO 

analysis shows that the most impacted pathway is proteasome-mediated ubiquitin-de-

pendent protein catabolic process (Fig. 23b). Volcano blot visualization showed an in-

crease in ubiquitin levels upon ablation of DDI2 (Fig. 23c) which further proves the ob-

served accumulation of ubiquitinated proteins in immunoblots of Ddi2 inhibited cells (Fig. 

22a, b). Also, principal component analysis (PCA) displayed two markedly distant clus-

ters comparing DDI2 KO and parental wild type cells (Fig. 23d). In summary, these data 

demonstrate that loss of DDI2 can cause dysregulated proteostasis status, which leads 

to a global increase in ubiquitinated proteins within the cells in an opposite trend as of 

proteasome inhibitors. 
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Figure 23: Remodeling of the ubiquitome in DDI2 knockout cell models. a) Schematic Work-

flow for ubiquitomics analysis. Created with Biorender.com. b) Top 10 enriched gene ontology 

(GO) terms in the ubiquitome of EaHy926 DDI2 KO compared to parental wild type cells. c) Vol-

cano Plot of the ubiquitome in EaHy926 DDI2 KO cells compared to parental wild type cells. Padj 

< 0.05 indicated in red. d) Principal component analysis (PCA) of the ubiquitome of EaHy926 

parental wild type cells vs. DDI2 KO cells (n = 4 replicates). Figure adapted from (162). 
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3.1.6 Disruption in PTM of Nfe2l1 affects mitochondria function 

Brown adipose tissue, as an active metabolic tissue, contains high content of mitochon-

dria and brown adipocyte-specific deletion of Nfe2l1 in mice displays diminished mito-

chondrial function under thermogenic conditions (160). Therefore, it is crucial to test the 

effect of Ddi2-mediated activation of Nfe2l1 in mitochondrial function in context of non-

shivering thermogenesis. To this end, I used the Seahorse Analyzer to measure NE-

stimulated oxygen consumption followed by mitostress test. While knocking down Ddi2 

in WT-1 cells showed no significant changes compared to control cells (Fig. 24a, b), 

NFV-mediated inhibition of Ddi2 abolished NE-stimulated activation of brown adipocytes 

and led to lowe ATP production, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone 

(FCCP)-induced (maximal capacity), and spare respiratory capacity compared to DMSO-

treated cells (Fig. 24c, d). Due to discrepancy of this results, I checked whether different 

player of Nfe2l1 activation, which is deglycosylation by Ngly1, shows any effect on 

mitochodrial resiparation (Fig. 24e, f). These results indicates that post-translational 

modifications of Nfe2l1 by Ngly1 KD and chemical inhibiton of Ddi2, but not Ddi2 

knockdown, plays a role in mitochondrial respiration and non shivering thermogenesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 63 

 

 

Figure 24: Disruption in Nfe2l1 activation pathways reduces OCR and mitochondrial res-

piration of brown adipocytes. a, b) OCR and calculated metabolic parameters in differentiated 

WT-1 cells upon transfection with Scrambled  (n=4 replicates) and Ddi2 siRNA (n=6 replicates). 

c,d) OCR and calculated parameters of OCR in differentiated WT-1 cells NFV (10µM) treatment  

for 3h (n=6 replicates). e-f) Oxygen consumption rate (OCR) and calculated parameters of OCR 

in differentiated WT-1 cells upon transfection Ngly1 siRNA (n=4 replicates).  
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3.1.7 Loss of Ddi2 does not affect differentiation of brown adipocytes 

Considering an increase in existing adipocyte function is required for highly metabolic 

demanding conditions, I checked if loss of Ddi2 interferes with adipocytes adipogenesis 

or differentiation. Here I used both Ddi2-silenced differentiated immortalized WT-1 cells 

and BAT tissue from Ddi2 KO animal models. Silencing Ddi2 in mature brown adipocytes 

did not cause any significant alteration in mRNA expression level of classical differenti-

ation markers, Fatty acid binding protein 4 (Fabp4), Peroxisome Proliferator Activated 

Receptor Gamma (Pparγ), and Adiponectin (Adipoq), peroxisome proliferator receptor-

γ, co-activator 1-α (Pgc1α, encoded by Ppargc1a) Glucose transporter type 4 (Glut4), 

and uncoupling protein-1 (Ucp1) (Fig. 25a). Similarly, except an increase in Pparγ in KO 

animals, no significant changes in Ddi2 KO compared to wild type control mice was de-

tected (Fig. 25b). To check the lipogenesis status of cells, Oil-red-O staining of mature 

brown adipocytes showed no changes in lipid content after Ddi2 KD compared to control 

cells (Fig. 25c, d).  
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Figure 25: Loss of Ddi2 did not affect differentiation of brown adipocytes in vitro and in 

vivo. a) Gene expression of adipogenesis markers in differentiated WT-1 cells. b) mRNA expres-

sion level of adipogenesis markers in Ddi2 KO and wild type mice (n=8 replicates). c) Oil-Red-O 

staining of differentiated WT-1 cells after transfection of Scrambled and Ddi2 sygRNA (n=3 per 

group). d) Quantification of Oil-Red-O staining of differentiated WT-1 cells silenced with Ddi2 

siRNA (n=9 per group). Data is presented as mean ± SD. Two-way analysis of variance (ANOVA) 

followed by Tukey’s multiple comparisons test was performed. *p < 0.05. Thanks to Dr. Gökhan 

S. Hotamışlıgil, Karen Inouye, and Jilian Riveros from Sabri Ülker Center Harvard T.H. Chan 

School of Public Health for performing mouse experiments and providing tissue samples. 

3.1.8 Loss of Ddi2 do not cause any changes in BAT and energy 

metabolism function in vivo 

It is vital to evaluate if Ddi2ΔBAT disrupts metabolic activity of brown adipose. Therefore, 

I measured metabolic parameters of Ddi2 KO and wild type control mice via indirect 

calorimetry. As first observation, these animals did not display any difference in food or 

water intake and body weight (Fig. 26a-c). Stimulation of whole-body oxygen consump-

tion in vivo was performed by injection of a major physiologic activator of BAT, 

CL316,243. No difference was observed between Ddi2 KO and control mice (Fig. 26d). 
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In line with this observation, respiratory exchange ratio (RER), as an indicator of fuel 

usage, of these two groups showed similar trend over the course of measurement (Fig. 

26e). These data support the conclusion that Ddi2 dysfunction in brown adipose tissue 

does not alter energy metabolism of mice and has no significant BAT-specific phenotype. 

  

Figure 26: BAT-specific Ddi2 knockout did not impact energy metabolism. Indirect calorim-

etry of WT controls and Ddi2 KO mice (n=8 mice per group). a) Food intake. b) Water consump-

tion. c) Weight gain. d) Time course of CL316,243 (CL)-stimulated oxygen consumption e) Time 

course of CL316,243 (CL)-stimulated respiratory exchange ratio (RER). Thanks to Dr. Gökhan S. 

Hotamışlıgil, Karen Inouye, and Jilian Riveros from Sabri Ülker Center Harvard T.H. Chan School 

of Public Health for performing mouse experiments and providing tissue samples. 
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3.2 Activating the NFE2L1-ubiquitin-proteasome system by DDI2 

protects from ferroptosis 

3.2.1 Proteasomal activity is diminished upon induction of ferroptosis 

cell death 

It is largely unknown how induction of ferroptosis affects the ubiquitin proteasome sys-

tem. It is crucial to differentiate between two different mechanisms: First, if proteasome 

dysfunction is a consequence of ferroptosis induction. Or second, UPS-dependent reg-

ulation of ferroptosis inducers such as GPX4 is playing the main role in this model (164). 

In order to study regulation of proteasome system I needed stable loss of Ddi2 via knock-

out technology in cells, but not partial silencing of DDI2 by siRNA. Therefore, I performed 

experiments in EA.hy926 human cells in which DDI2 was deleted by CRISPR/Cas9 tech-

nology. In the first observation, treatment of parental wild type cell lines with ferroptosis 

inducer RSL3 and proteasome inhibitor bortezomib (BTZ) led to accumulation of ubiqui-

tinated proteins with high molecular weight. To prove that these observations are not 

simply off-target effect of RSL3, I used Ferrostatin-1 (Fer-1) as a well-known inhibitor of 

ferroptosis in cell models which displayed less ubiquitination (Fig. 27a). Based on this 

result, I further asked if this increase in ubiquitination level is the result of diminished 

proteasomal function. Indeed, induction of ferroptosis led to less activity in multiple pro-

teasome subunits measured by commercial kit for degradation of fluorometric peptides 

and in gel activity of proteasome subunits by native PAGE analysis (Fig. 27b, c). The 

question arise was the possibility of off-target effect of RSL3 on proteasomal activity. 

Therefore, I measured fluorometric peptides degradation directly in cell lysates of paren-

tal WT cells at concentrations used in our cell assays. Unlike BTZ, RSL3 showed no 

direct inhibitory effect (Fig. 27d). These results exclude the possibility that the RSL3-

induced decrease in proteasome activity and increase in ubiquitin levels in blots are 

cconsequences of off-target pharmacological inhibition of the proteasome by direct 

chemical binding of RSL3. 
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Figure 27: Remodeling of the ubiquitome in ferroptosis is distinct from proteasome inhibi-

tion. a) Immunoblot of ubiquitin from EA.hy926 cells treated with 5 µM RSL3 and 100 nM borte-

zomib (BTZ) for 9 h and 3 h, respectively. b) Proteasomal activity in EA.hy926 cells treated with 

5 µM RSL3 for 3 h. c) Proteasomal activity assay in EA.hy926 cells with the extracts being incu-

bated with indicated concentrations and time points of RSL3 and proteasome inhibitor MG132. d) 

Native page of EA.hy926 cells treated with 5 µM RSL3 and 100 nM BTZ for 6 h with in-gel activity 

and immunoblot of the ɑ1-7 (20S) subunits. b-d) Figure adapted from (162). Data is presented as 

mean ± SD. b) One-way analysis of variance (ANOVA) followed by Dunnette’s multiple 

comparisons test was performed. *p < 0.05. c) Two-way analysis of variance (ANOVA) followed 

by Sidak’s multiple comparisons test was performed. *p < 0.05. 
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To better understand the calibration of UPS during ferroptosis, and study the nature of 

accumulated ubiquitinated proteins, I performed proteomics and ubiquitomics on RSL3-

treated cells (23). Volcano blots showed an increase in ubiquitin levels upon RSL3 treat-

ment (Fig. 28a). To determine how chemical inhibition of proteasome by BTZ and RSL3 

affects the ubiquitome, I performed principal component analysis (PCA) which displayed 

three significantly apart clusters (Fig. 28b). This is an indication that ubiquitome remod-

eling induced by RSL3 is distinct from proteasome inhibition, e.g. by BTZ. Next, to better 

understand which pathways are hampered in the execution of ferroptosis, I analyzed the 

cellular pathways implicated in the remodeling of the ubiquitome. I found that gene on-

tology (GO) terms linked to UPS, cell death, cell cycle were among the differentially reg-

ulated pathways (Fig. 28c). KEGG pathway analysis of ferroptosis supported that RSL3 

treatment leads to higher target-specific ubiquitination of ferroptosis markers (Fig. 28d). 

In conclusion, this set of data highlights the remodeling of the ubiquitome and elucidates 

an alteration in cell death signaling pathways by the UPS upon RSL3-induced ferropto-

sis. 
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Figure 28: RSL3-induced calibration the UPS in ferroptosis. a-d) Analysis of the ubiquitome 

of parental wild type EA.hy926 cells treated with 5 µM ferroptosis inducer RSL3, 100nM pro-

teasome inhibitor bortezomib (BTZ) and DMSO for 9h time course. (n = 4 replicates per group) 

a) volcano plot of the ubiquitome of EA.hy926 cells treated with RSL3 Padj < 0.05 indicated in red. 

b) Principal component analysis (PCA) of the ubiquitome of cells treated with BTZ and RSL3. c) 

Top 10 enriched gene ontology (GO) terms in the ubiquitome cells treeated with RSL3. d) KEGG 

pathway analysis of ferroptosis from total proteome. Figure adapted from (162). 

3.2.2 Activation of the NFE2L1-proteasome system by DDI2 upon 

ferroptosis induction 

Transcription factor NFE2L1, as crucial regulator of proteasome function, protects cells 

in response to ferroptosis (154). I asked if the impact on UPS in my result is through 

activation of NFE2L1 and NFE2L1-dependant signaling in the cell. Indeed, RSL3 treat-

ment led to higher protein levels of the cleaved fragment of NFE2L1 (ca. 95 kDa) and 

less full-length form of protein in a time- and dose-dependent manner (Fig. 29a). Nuclear 

fractionation of parental WT cells treated with increasing concentration of RSL3 showed 

higher levels of NFE2L1 in nuclear fraction of cells (Fig. 29b). Co-treatment with Fer-1 
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successfully restored RSL3-induced induction of NFE2L1 (Fig. 29c). Taken together, in-

duction of ferroptosis with RSL3 induces activation and nuclear translocation of tran-

scription factor NFE2L1 in a ferroptosis-specific manner as this effect can be reversed 

by ferroptosis inhibitor Fer-1.  

 

 

Figure 29: RSL3-induction of ferroptosis increased cleaved form of NFE2L1 and its 

translocation to the nucleus. a) Western blot of 120kDa (uncleaved full length) and 95 kDa 

(cleaved) NFE2L1 in parental WT EA.hy926 cells treated with RSL3 in time and concentrations 

indicated. b) Immunoblot of NFE2L1 in nuclear and cytoplasmic fractions isolated from EA.hy926 

cells treated with 100nM BTZ and indicated concentrations of RSL3 for 3h. c) Western blot of 

NFE2L1 in EA.hy926 cells treated with 100nM BTZ for 3h, 10µM ferroptosis inhibitor Fer-1 and 

indicated concentrations of RSL3 for 9h. Figure adapted from (162). 
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3.2.3 Ddi2 is required for proteolytic processing of NFE2L1 during 

ferroptosis 

Pervious experiments successfully showed the critical role of DDI2 in proteolytic activa-

tion of NFE2L1 in adipocytes (Fig. 16a & Fig. 17). However, I questioned if modulation 

of UPS in context of ferroptosis is also dependent on activity of DDI2 or not. Both BTZ 

and RSL3 led to activation of NFE2L1 in the parental WT cells. However, In the DDI2 

KO cells, no changes in NFE2L1 protein levels were observed (Fig. 30a). NFE2L1 acti-

vation also was diminished upon silencing DDI2 with siRNA in Parental WT cells (Fig. 

30b). Next, in order to prove that the activation of NFE2L1 is solely related to induction 

of ferroptosis, and not some off-target effect of RSL3 as a chemical, we reproduced the 

same results using FIN56 (Fig. 30c). 

 

 

Figure 30: Ddi2 is required for proteolytic processing of NFE2L1 during ferroptosis. a) 

Immunoblot of NFE2L1 in Parental WT and DDI2 KO cells treated with 5µM RSL3 and 100nM 

BTZ for 9 and 3h, respectively. b) Immunoblot of NFE2L1 EA.hy926 Parental wild type with 

siScrambled and siDdi2 followed by 9h treatment with 5µM RSL3 or 3h treatment with 100nM 

BTZ. c) Immunoblot of NFE2L1 EA.hy926 wild type and DDI2 KO cells treatment with FIN56 10µM 

for 9h or 100nM BTZ for 3h. Figure adapted from (162). 

Chemical inhibition of DDI2 using Nelfinavir (NFV) upon BTZ and RSL3 treatment led to 

lower active NFE2L1 protein levels (Fig. 31a). In addition, no changes in gene expression 

of NFE2L1 was detected in response to chemical inhibition of DDI2 by NFV, indicating 

the role of DDI2 in specifically posttranslational modifications of NFE2L1 (Fig. 31b). Next, 

I measured nuclear translocation of NFE2L1 and its transactivation by binding of 

NFE2L1-UAS to a luciferase promoter in engineered HEK cells (165). When cells are 
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treated by NFV, nuclear translocation of NFE2L1 is enabled by DDI2 (Fig. 31d, e). Alto-

gether, these results show that DDI2 facilitates the proteolytic activation and nuclear 

translocation of NFE2L1 upon induction of ferroptosis. 

 

Figure 31: Protease activity of DDI2 during ferroptosis in inhibited by Nelfinavir (NFV). a) 

Immunoblot of NFE2L1 in parental WT cells after treatment with 50µM of NFV for 4h, 5µM RSL3 

for 9h, and 100nM BTZ for 3h. b) NFE2L1 mRNA levels of parental WT cells treated with 10µM 

of NFV and 5µM RSL3 for 9h. c) schematic illustration of NFE2L1-UAS luciferase reporter system. 

Created with Biorender.com. d) NFE2L1 luciferase nuclear translocation reporter assay in 

HEK293a cells after 24h treatment with 5µM of NFV and 20h treatment with 5µM RSL3. Figure 

adapted from (162). Data is presented as mean ± SD. Two-way analysis of variance (ANOVA) 

followed by Sidak’s multiple comparisons test was performed. *p < 0.05. 
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3.2.4 Protease DDI2 is required for securing proteasome activity during 

ferroptosis 

To study the impact of DDI2-NFE2L1 pathway for maintaining proper proteostasis in re-

sponse to ferroptosis inducers I analyzed ubiquitination levels of parental WT and DDI2 

KO cells after BTZ and RSL3 treatment. In both cases, DDI2 KO cells showed an accu-

mulation of slow migrating ubiquitinated proteins in immunoblots, highlighting the neces-

sity of DDI2 in adaptation of proteostasis during ferroptosis (Fig. 32a).  Next, I checked 

if activity of proteasome is affected by DDI2 inhibition in context of ferroptosis. Measuring 

degradation of fluorometric peptides showed lowered activity in the trypsin-like subunit 

of proteasome in cells treated with NFV (Fig. 32b). These results show that DDI2 is 

needed for sustaining proteasomal function during ferroptosis. 

 

 

Figure 32: Loss of DDI2 leads to lower proteasomal activity during ferroptosis. a) Immunob-

lot of ubiquitin in EA.hy926 parental WT and Ddi2 KO cells treated with 5µM RSL3 and 100nM 

BTZ for 9 and 3h, respectively. b) Proteasomal activity of EA.hy926 cells treated with 5µM NFV 

for 9h and of 5µM RSL3 for 3h. Figure adapted from (162). Data is presented as mean ± SD. 

One-way analysis of variance (ANOVA) followed by Dunnette’s multiple comparisons test was 

performed. ***p < 0.001, ****p < 0.0001. 

3.2.5 DDI2-mediated PTM of NFE2L1 protects from ferroptotic cell death 

Cell death is the main outcome of ferroptosis induction. Therefore, it is crucial to check 

the viability of DDI2 deficiency in cells that are either chemically or genetically susceptible 

to ferroptosis. DDI2 KO cells displayed less survival to RSL3-induced ferroptosis com-

pared to the parental WT cells (Fig. 33a). Moreover, to check if targeting proteolytic ac-

tivity of DDI2 sensitizes cells to ferroptosis, I treated cells with NFV, which increased the 

cytotoxicity of RSL3, followed by Fer-1 treatment to reverse this effect (Fig. 33b). More-
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over, silencing both NFE2L1 and DDI2 using siRNA decreased viability of primary fibro-

blasts from a patient with Sedaghatian-type Spondylometaphyseal Dysplasia (SSMD), 

carrying mutant GPX4 compared to parental healthy controls (Fig. 33c). 

 

Figure 33: Loss of DDI2 sensitizes cells to chemical and genetic ferroptosis. a) Cell viability 

of DDI2 KO versus parental WT EA.hy926 cells after 20h of treatment with 5µM RSL3. b) Cell 

viability in EA.hy926 cells treated with 5µM NFV and 10µM Fer-1 for 20h. c) Cell viability of SSMD 

cells (GPX4 mut) and healthy controls (GPX4 WT) after siRNA-mediated silencing of NFE2L1 

and DDI2. Figure adapted from (162). Data is presented as mean ± SD. Two-way analysis of 

variance (ANOVA) followed by Tukey’s multiple comparisons test was performed. *p < 0.05. 

Proteolytic processing of NFE2L1 is not the only posttranslational modification required 

for its activation. NGLY1 plays a critical role in the deglycosylation of NFE2L1 and mod-

ulates susceptibility of cells to ferroptosis. In line with this background, WRR139, as the 

chemical inhibitor of NGLY1 activity, diminished NFE2L1 activation in immunoblot (Fig. 

34a). To investigate the effect of DDI2 absence under ferroptotic conditions I used two 

constructs to cells: wild type NFE2L1 (NFE2L1 WT) and NFE2L1-8ND mutant, which 

contains mutations in the glycosylation sites and is considered constitutively active (153). 

Viability assay of cells transfected by NFE2L1-8ND construct, followed by RSL3 treat-

ment, showed no difference compare to wild type of NFE2L1 (Fig. 34b), which further 

validates that uncleaved deglycosylated NFE2L1 is not protector against ferroptosis. Un-

like DDI2 KO cells, BTZ- and RSL3-induction showed higher level of cleaved form of 

NFE2L1 in parental cells. This effect was not overcome by transfection of the 8ND mu-

tant form of NFE2L1 to DDI2 KO cells (Fig. 34c). In summary, these experiments high-

light the crucial role of DDI2 in NFE2L1 posttranslational modification processes and 

subsequent protection from ferroptosis.  
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Figure 34: Proteolytic cleavage by DDI2 is required prior to deglycosylation of NFE2L1 by 

NGLY1. a) Immunoblot of NFE2L1 and NGLY1 in parental WT EA.hy926 cells treated with 10 µM 

NGLY1 inhibitor WRR139 and 100nM proteasome inhibitor epoxomicin for 12 and 3h, respec-

tively. b) Cell viability of DDI2 KO cells transfected with wild type NFE2L1 and NFE2L1-8ND mu-

tant plasmids followed by 9h treatment with 5µM RSL3. d) Immunoblot of 95 kDa cleaved form of 

NFE2L1 in parental WT and DDI2 KO EA.hy926 cells transfected with WT NFE2L1 and NFE2L1-

8ND mutant plasmids followed by 9h treatment with 5µM RSL3 and 100nM BTZ. b, c) Figure 

adapted from (162). Data is presented as mean ± SD. Two-way analysis of variance (ANOVA) 

followed by Tukey’s multiple comparisons test was performed. *p < 0.05. 

3.2.6 Higher sensitivity to ferroptosis in immortalized brown adipocytes 

EA.hy926 cells showed very resistance to ferroptosis induction in all my experiments. 

Therefore, in the next step I induced ferroptosis by RSL3 in immortalized brown preadi-

pocytes WT-1 (undifferentiated). Unlike EA.hy926 cells, which requires micro molar con-

centrations of RSL3 for death induction, 68.13nM of RSL3 induced 50% cell death in 

WT-1 undifferentiated adipocytes (Fig. 35a). This effect successfully was reversed by 

ferroptosis inhibitor Fer-1 treatment (Fig. 35b). As shown before, induction of NFE2L1 

happens in course of ferroptosis. Hence, I repeated the same experiments in a more 

sensitive WT-1 preadipocyte cell line which 50nM and 100nM concentrations of RSL3 

significantly induced cleaved form of NFE2L1 in immunoblot analysis (Fig. 35c). Further-

more, increasing concentrations of RSL3 did lead to accumulation of ubiquitinated pro-

teins in the immunoblots (Fig. 35c). To further prove the induction of NFE2L11 is the 

result of ferroptosis, and not an off-target effect of RSL3, I treated the cells with Fer-1, 

which diminished NFE2L1 cleaved band (Fig. 35d).  
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Figure 35: Preadipocytes are highly sensitive to RSL3-induced ferroptosis. a) LC50 of RSL3 

in WT-1 and EA.hy926 cells treated with increasing concentrations of RSL3 for 20h. b) RSL3 

dose-response curve in the presence or absence of 10 µM Ferrostatin-1 (Fer-1) for 20h in undif-

ferentiated WT-1 preadipocytes. c) Impact of RSL3 treatment for 6 h on NFE2L1 and ubiquitin 

levels in undifferentiated WT-1 preadipocytes. d) Effects of co-incubation with 10 µM Fer-1 in 

undifferentiated WT-1 preadipocytes. 
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Similar to previous results in EA.hy926 cells, inhibition of DDI2 either genetically by 

siRNA or chemically by NFV led to lower NFE2L1 protein level in immunoblots of RSL3-

treated WT-1 preadipocytes (Fig. 36a, b). Cell viability assay also showed more suscep-

tibility to cell death in DDI2-inhibited cells (Fig. 36c). In summary these data proves that 

different cell lines display higher or lower sensitivity to ferroptosis and DDI2/NFE2L1 

pathway is a protector against this form of cell death.  

 

Figure 36: NFV-mediated inhibition of DDI2 in ferroptosis leads to less NFE2L1 cleavage 

at nanomolar concentrations. a, b) Treatment with 50 nM Bortezomib for 3 h. a) effects of co-

treatment of scrambled and DDI2-siRNA transfected cells with 10 µM Fer-1 and RSL3. b) Effect 

of NFV on RSL3-dependent NFE2L1 protein for 6h. c) RSL3-dependent cell viability with co-

treatments of either 10 µM NFV or 10 µM Fer-1 for 20 h. Data is presented as mean ± SD. Two-

way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test was performed. 

**p < 0.01. 
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4. Discussion  

4.1 Ddi2-mediated cleavage of Nfe2l1 

BAT is considered a high metabolically active tissue which by using intracellular and 

circulating nutrients can positively improve overall metabolic health. Endoplasmic retic-

ulum is the key organelle for maintaining homeostasis balance by enhancing protein 

folding via unfolded protein response (UPR) or clearing damaged proteins via ubiquitin 

proteasome system (UPS) (55). In the first step of my thesis, I investigated the role of 

the Ddi2/Nfe2l1 pathway in UPS from two perspectives: 1) Nfe2l1-dependant pro-

teasome biosynthesis, or 2) alterations in proteasome activity.  

To begin with, I examined whether the loss of Ddi2 hinders the increase in proteasome 

biosynthesis through Nfe2l1 activation and bounce-back response. In order to produce 

the cleaved active form, full-length form of Nfe2l1 tethered in the ER-membrane under-

goes multiple PTM steps in the cytosol. Ddi2 and Ngly1 are among many players in 

Nfe2l1 PTM processes, which in the end lead to the translocation of the deglycosylated 

cleaved form of Nfe2l1 to the nucleus to increase Psm genes expression and pro-

teasome synthesis (97, 98).  Supported by literature, Ddi2 deficiency shifts the balance 

in favor of the uncleaved form of Nfe2l1 compared to the cleaved form with no alterations 

in Nfe2l1 mRNA level. This observation suggests that Ddi2 acts solely through post-

translational modification of pre-existing Nfe2l1, rather than through changes at the pre-

translation or gene expression levels. Having established that Nfe2l1 undergoes cleav-

age by Ddi2, the subsequent step involves the translocation of Nfe2l1 to the nucleus. In 

addition, I aimed to investigate whether Ddi2 itself translocates to the nucleus and po-

tentially acts as a shuttle for Nfe2l1 translocation or not. Despite conducting nuclear frac-

tionation experiments that confirmed increased translocation of Nfe2l1 into the nucleus, 

the hypothesis regarding Ddi2 could not be validated, as it appears that Ddi2 is primarily 

present in the cytosol. Ddi2 contains a C-terminus retroviral aspartyl protease (RVP) 

domain, similar to what can be found in human immunodeficiency virus (HIV-1) protease. 

Based on several previous studies, the inhibition of Ddi2 proteolytic activity by nelfinavir 

(NFV), as the FDA approved drug against HIV, can potentiate cytotoxicity of proteasome 

inhibitors (166). NFV-mediated inhibition of Ddi2 displayed lower level of cleaved Nfe2l1 

protein with no effect on mRNA expression level.  

Using siRNA-mediated gene knockdown technology and chemical inhibition of Ddi2 by 

NFV were primarily suitable approaches for the aims of my project. However, due to 

challenges in generating stable knockout adipocyte-specific cell models, I utilized human 

EA.hy926 cells in certain experiments to examine the complete loss of DDI2. In these 
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cells DDI2 was completely knocked out via using CRISPR/Cas9 technology (64). Taking 

advantage of structural characteristics in Ddi2, containing RVP and UBL domains, Koi-

zumi et al. re-expressed two different mutant form of DDI22 in HEK293A cells followed 

by proteasome inhibitor bortezomib treatment (98). Replacing aspartic acid 252 in the 

active site of DDI2 by asparagine to produce protease-dead DDI2 (D252N) did not res-

cue Nfe2l1 cleavage process in DDI2 KD cells. They also showed that DDI2 mutant, 

which lacks UBL domain, could partially restore the DDI2 KD effect, which suggests a 

potential role of UBL domain the cleavage activity. Similarly, Re-expression of the wild 

type Ddi2, but not the protease-dead (D252N) construct, successfully restored the cleav-

age of Nfe2l1 in blots in my study. Up to this point, these results have not been particu-

larly surprising yet crucial to prove the proper cleavage activity of Ddi2. However, what 

is of greater importance is investigating if Nfe2l1 bounce back response and proteasome 

biosynthesis is dependent on Ddi2 presence and activity.  

4.2 Genetic deficiency of Ddi2 does not affect transcriptional activity of 

Nfe2l1  

Mimicking proteotoxic stress by treating cells with PI increases the gene expression of 

proteasome subunits in the context of BAT function (160). Previous studies reported 

similar results regarding necessity of Ddi2 for activation of Nfe2l1 to compensate for pro-

teasome dysfunction (98, 119). Multiple myeloma cells require effective DDI2/NFE2L1 

pathway mechanisms for their survival against PI-induced proteotoxic stressor (119). In-

terestingly, the link between Ddi2 and proteasome homeostasis is not limited to only PI, 

but also heavy metal mediated toxicity such as Cadmium (167). Therefore, it was ex-

pected that cells in which Ddi2 is silenced would struggle to match the increase in Psm 

gene expression. However, I detected no significant difference in the of  Psm gene ex-

pression comparing Ddi2-silenced and control cells in my experiments. While the mRNA 

expression of various Psm genes were initially increased in response to proteasome 

inhibitors, KD of Ddi2 did not reverse this increase. I considered two potential explana-

tions contributed to this observation: the efficiency of siRNA transfection protocol or PI 

treatment. To check siRNA effectiveness, when transfecting Nfe2l1 siRNA, cells are not 

able to increase expression of PSM genes after PI treatment. Indeed, co-treatment with 

epoxomicin led to lower expression of multiple proteasome subunits such as Psma2, 

Psmb4, Psmc3, Psmd1 in Nfe2l1-silenced cells (Supplementary Fig. 1a). The other pos-

sible explanation could be insufficient inhibition of proteasome by commercially available 

PIs. The significant increase in ER and oxidative stress markers Atf3 and Ddit3 (also 

known as CHOP) in epoxomicin treated cells confirmed effectiveness of PI treatment. To 

ensure these results are not cell specific, the same experiments were repeated in 3T3L1 
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cell line as immortalized white adipocytes. In absence of Ddi2, 3T3L1 cells also ade-

quately compensate for proteasome inhibition at the level of Psm gene expression.  

In vivo mouse model, wherein Ddi2 is genetically ablated in all Ucp1-expressing cells, 

represented a more robust tool to evaluate the significance of my in vitro findings. Both 

wild-type and BAT-specific Ddi2 KO animals exhibited successful biosynthesis of new 

proteasomes in BAT tissues. Due to limited access to animals and the apparent lack of 

phenotype in Ddi2 KO mice, I did not pursue further experiments such as cold exposure 

or feeding animals with special diets.  

So far, both in vitro and in vivo experiments displayed no difference in Nfe2l1-mediated 

proteasome biosynthesis in genetically manipulation of Ddi2. However, next result re-

garding chemical inhibition of Ddi2 by NFV was intriguing. Unlike genetic manipulation, 

when treating cells with NFV and PI, cells were unable to increase Psm gene expression. 

Therefore, this unanswered question remains that why there is discrepancy between 

genetic and chemical inhibition of Ddi2 concerning Psm gene expression and pro-

teasome biosynthesis. 

4.3 Ddi2/Nfe2l1 pathway regulates UPS  

In the previous chapter, I focused on the Nfe2l1-dependant effect of Ddi2 manipulation 

on Psm gene expression and biosynthesis of the proteasome. Considering that pro-

teasome synthesis was able to keep pace with the high demand imposed by the accu-

mulation of ubiquitinated proteins in the absence of DDI2, here I used multiple techniques 

to investigate any alteration in function or assembly of proteasome. Insufficient activity 

of Ddi2 leads to accumulation of highly ubiquitinated proteins in my immunoblots and 

other reported studies (168). Accumulation of ubiquitinated proteins is one of main out-

comes of proteasome malfunction. This issue can arise from the inhibition of various 

subunits within the complex structure of the proteasome. Ddi2 inhibition led to lower ac-

tivity of 30S proteasome subunit (Chymotrypsin-like subunit). As previously shown, DDI2 

KO and protease-dead D252 knock-in cells have significantly lower proteasomal activity 

compared to control WT and WT DDI2 knock-in cells (98). The initial observation regard-

ing ubiquitin blots and given that ubiquitination is a fundamental regulatory PTM in cell 

biology, highlighted the necessity of exploring ubiquitination pattern in cell lacking Ddi2. 

Ddi2, an understudied yet highly promising protein, must play various roles in processing 

of cellular proteins. The proteolytic activity of Ddi2 is not limited to Nfe2l1 PTM, as Nfe2l3 

is a known target of Ddi2 (99). The scaffolding protein angiomotin (AMOT) is another 

reported protein that undergoes cleavage by Ddi2 (115). Moreover, in vitro data has been 
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shown that purified DDI2 can directly cleaves highly ubiquitylated proteins (168). In ad-

dition, due to special structure of the protein, Ddi2 possess the ability to bind to Ub con-

jugates and proteasome through its Ub-like domain. Therefore, Ddi2 can play a role as 

a shuttling factor in ERAD machinery and delivers proteins to the proteasome for degra-

dation (169). Ablation of Ddi2 significantly induced remodeling of ubiquitination. This re-

sulted in a global increase in ubiquitination of proteins within the cells supported by gene 

ontology (GO) analysis, where the proteasome-mediated ubiquitin-dependent protein 

catalytic process emerged as the top significantly impacted pathway. However, since the 

end goal of ubiquitination extends beyond just protein degradation via UPS, further ex-

ploration in data remains. It is interesting to delve deeper into the ubiquitome data to 

recognize various ubiquitin linkages and identifying altered pathways and proteins. 

4.4 Ddi2 deficiency does not affect β-Adrenergic signaling or 

thermogenesis of adipose tissue  

After establishing foundational significance of Ddi2 in processing and cleavage of Nfe2l1, 

the pivotal next step involved the exploration of DDI2/NFE2L1 pathway in diverse func-

tions of BAT (160). Ddi2 protein levels were by far higher when comparing BAT versus 

WAT samples. Differentiated mature preadipocytes displayed higher Ddi2 protein band 

in immunoblot analysis compared to undifferentiated cells. Although the experimental 

flow primarily focused on Nfe2l1-related role of Ddi2 through proteasome inhibition, ex-

ploring the direct impact of proteasome inhibitor (PI) on Ddi2 was also intriguing. While 

some blots displayed less protein level, PI treatment did not seem to be a potential direct 

activator or suppressor of Ddi2 at least on transcriptional level. While it has been reported 

that DDI2 KO significantly sensitizes MM cells to carfilzomib (119), deficiency in Ddi2 

alone does not exacerbate proteasome inhibitor toxicity in brown adipocytes, as evi-

denced by cell survival analysis. Advancing to the next step, not only UPS, but also mi-

tochondrial activity plays a central role in BAT function and thermogenesis. Lower mito-

chondrial respiration witnessed in isolated mitochondria from BAT of mice treated with 

PI highlights the importance of proteasome inhibition on bioenergetics and oxidative ca-

pacity of mitochondria (160). Real-time measurement of mitochondrial respiration is the 

key indicator of various aspects of mitochondrial activity in cell and isolated tissue mod-

els. In this stage of project, cells silenced with Ddi2 siRNA were subjected to injection of 

series of compounds that modulates the mitochondrial function. Changes in oxygen con-

sumption rate (OCR) then were measured through mitochondrial stress test. In order to 

activate BAT thermogenesis and stimulate mitochondrial activation, I added one more 

injection prior to the conventional mitostress test protocol. Nor-epinephrine (NE) stimu-

lates β3-adneregic receptors and triggers the signaling pathway that activates Ucp1, 
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which then increase mitochondrial respiration and heat production. Lack of Ddi2 did not 

affect activation of brown adipocytes via NE. It is known that the deletion of Nfe2l1 mark-

edly diminish mitochondrial function in vivo (160). To make sure that this lack of response 

in Ddi2 KD cells is dependent of Nfe2l1 or not, I tested whether Ngly1, as the other 

protein involved in ERAD and ER stress, can lead to the similar result. In fact, Nfe2l1-

independent Ngly1 deficiency impairs mitochondrial function including reduced mito-

chondrial content, reduced mitochondrial membrane potential and increased mitochon-

drial matrix oxidant burden in C. elegance and human fibroblasts (170). Here, Ngly1 KD 

in cells disrupted NE-stimulated activation of BAT and mitochondrial function as well. 

Once again, to make sure whether lack of Ddi2 is generally compensable for cells, I 

treated cell with NFV. Aligned with previous results, chemical inhibition of Ddi2 showed 

opposite results compared to Ddi2 siRNA. NFV-treated displayed lower NE-stimulated 

activation of BAT, lower oxygen consumption rate and disrupted mitochondrial function 

compared to DMSO-treated controls. 

Following this, it is pivotal to check adipocyte function from NE-stimulated adipogenesis 

or differentiation state of existing adipocytes perspective. Nfe2l1 KO mice have reduced 

subcutaneous WAT mass, adipocytes hypertrophy, and exhibit decrease in expression 

of lipolytic genes (171-173). However, Ddi2 KD cells or KO animals did not exhibit any 

difference in classical differentiation marker genes at basal level. Previous study showed 

Nfe2l1 KD does not affect lipid contents in ORO staining plates of immortalized brown 

adipocytes (174). Oil-red-O staining and quantification of cells lacking Ddi2 also dis-

played no significant changes in lipid content of these two groups. In conclusion, these 

sets of data containing both in vitro and in vivo examinations of adipocytes function nicely 

proved that although Ddi2 is required for cleavage and nuclear translocation of Nfe2l1, it 

is complicated to prove the relevance to BAT function. It is unlikely that a direct connec-

tion exists between a protease aspect of Ddi2 activity and the thermogenic activity of 

BAT. Therefore, I propose that the proteolytic activity of Ddi2 is one of many potential 

functions of this understudied protein in cells. 

In obesity and related metabolic complications, the energy intake consistently exceeds 

energy expenditure. Therefore, increasing energy expenditure in vivo through activation 

of BAT is a potential approach to treat metabolic diseases such as obesity and diabetes. 

Indirect calorimetry provides an estimation of whole-body energy expenditure by meas-

uring various metabolic parameters and probing the relationship between fuel consump-

tion and energy production. Ddi2ΔBAT disruption in mice had no effect in food or water 

consumption of KO animals compared to the wild type littermates. These two groups 

also showed no significant changes in body weight. To unequivocally determine that 
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browning and NST of BAT, multiple metabolic factors such as O2 consumption and res-

piratory exchange rate after injection of β3-adrenoceptor agonist, CL316,243, were 

measured. However, contrary to my presumptions, Ddi2 KO showed no difference com-

pared to wild type mice.  

The absence of BAT specific phenotype similar to that of Nfe2l1 KO, led me to conclude 

that while Ddi2 cleaves Nfe2l1, this proteolytic function does not appear to be essential 

for activating Nfe2l1. Therefore, I propose that either the unprocessed form of Nfe2l1 

retains sufficient activity on its own, or the lack of Ddi2/Nfe2l1 pathway have developed 

compensatory mechanisms for absence of active Nfe2l1. The first hypothesize seems 

less likely, given the effect of NFV-mediated inhibition of Ddi2 in proteasome biogenesis 

and function and mitochondrial activity. This suggests that silencing Ddi2 with siRNA 

might not be precise enough. Interestingly I found that due to overlap in genetic codes, 

Ddi2 siRNA targets a sodium/glucose cotransporter called Rsc1a1 (Regulator of solute 

carrier 1). While brown adipocytes transfected with Ddi2 siRNA showed significant de-

crease in mRNA expression of Rsc1a1, the gene expression of Rsc1a1 remains un-

changed in Ddi2 KO mice (Supplementary Fig. 1b, c). Considering the potential effects 

of this transporter in glucose homeostasis and inducing obesity (175), siRNA-silencing 

technique is not a reliable for studying disrupted Ddi2/Nfe2l1 pathway. Moreover, since 

Ngly1 KD also negatively affects brown adipocyte function, I am skeptical that unpro-

cessed Nfe2l1 alone is sufficient to maintain normal cellular function.  

To elaborate the second hypothesis regarding identifying compensatory factors, I spe-

cifically examined the gene expression of other members of Nfe family. No changes were 

observed in well-reported Nfe2l2 along with its downstream targets Hmox1 or Nqo1 as 

well as the understudied Nfe2l3 (Supplementary Fig. 1d). Therefore, mice lacking 

Ddi2/Nfe2l1 pathway might have developed other compensatory mechanisms to fulfill 

the roles that typically are performed by Nfe2l1. Further studies is required to elucidate 

these mechanisms fully. 
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4.5 Ddi2/Nfe2l1 pathway and ubiquitin remodeling in Ferroptosis  

We established the role of Ddi2 in Nfe2l1 cleavage and subsequent activation in regula-

tion of ubiquitin proteasome system in the context of adipose tissue physiology. Im-

portant to mention that the role of this transcription factor was vastly studied in various 

forms of cell death (17). As reported recently (154), Nfe2l1 is a novel protector of cells 

against a non-oxidative iron dependent form of cell death, ferroptosis. The execution of 

ferroptosis and molecular approaches to manipulate its outcomes is an emerging field of 

research with important implications for metabolism, cancer, and neurodegenerative dis-

eases. Post-translational modification of Nfe2l1 by Ngly1 in context of ferroptosis is also 

established (153). Therefore, it is crucial to investigate if Ddi2 can also play a role in 

these defense mechanisms or not. Hence, I investigated if loss of Ddi2 functionality 

shows similar phenotype through Nfe2l1-proteasome pathway, and if not, what are the 

compensatory mechanisms to cover this gap. RSL3 and Fin56 were two chemical induc-

ers of ferroptosis cell death in my experiments. Alongside, I used proteasome inhibitor 

bortezomib as an established positive control for detecting Nfe2l1 95kDa cleaved form 

and accumulation of ubiquitinated proteins in the blots.  

Reduced proteasome function is a hallmark of ferroptosis, and there is overlap between 

BTZ and RSL3-induced hyperubiquitylation (154). Here, I unequivocally demonstrated 

the RSL3-induced recalibration of UPS leads to accumulation of hyperubiquitylated pro-

teins, reflecting a maladaptive regulation of the UPS. Upon induction of ferroptosis, cells 

are required to increase proteostatic defense mechanisms, possibly caused by lipid 

ROS-induced perturbations before the eventual death of the cell. Usually, proteasome 

defuses and recycles damaged or obsolete proteins by ubiquitin-dependent and inde-

pendent degradation. Perhaps, one key finding of our study is that RSL3-induced ferrop-

tosis compromises proteasome activity. However, the nature of this insult was distinct 

from chemical proteasome inhibition by itself, arguing for more than impact on the ubiq-

uitome. In other words, the recalibration of UPS and ubiquitome during ferroptosis is not 

only caused by proteasome inhibition. Interestingly, among the ubiquitylated proteins 

that increased upon RSL3 treatment we found many UPS components, including those 

constituting proteasomes itself. Future work will have to investigate the relevance of 

these modifications and delineate the posttranslational regulation of proteasome activity 

during ferroptosis. 

In the global ubiquitome analysis, I found several known players that either suppress or 

promote ferroptosis. Previous studies investigating deubiquitylating enzymes have found 

a role for ubiquitylation and degradation of GPX4, Nedd4 or VDAC2/3 (176, 177) but the 

relevance for these mechanisms is still unclear. I also found GPX4 and enzymes of glu-

tathione production to be hyperubiquitylated upon RSL3 treatment, suggesting that there 
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is a specific impact on reduced proteasome function on key pathways of ferroptosis. As 

Nfe2l1 is the regulator of proteasome function in ferroptosis (154), in next step Ddi2-

mediated cleavage of Nfe2l1 was established upon the use of ferroptosis inducers in my 

experiments. Viability of cells in both genetic and chemical inhibition of DDI2 was lower 

compared to control cells. Therefore, DDI2 is required to proteolytically activate NFE2L1 

and protect from RSL3-induced and genetically driven ferroptotic cell death. On a more 

general note, my results show that lack or dysfunction of DDI2 lead to a global increase 

in ubiquitylation. While hyperubiquitylation increases proteotoxic stress levels, it is pos-

sible that the turnover of certain key regulators is disturbed and contributes to the ob-

served ferroptosis sensitivity of DDI2 KO cells. However, as my means of inducing fer-

roptosis are largely GPX4-dependent, GPX4 is likely not required for the execution of 

this response. We have previously shown that also other distinct means of inducing fer-

roptosis such as erastin or FIN56 exhibit changes in proteasomal activity (154).  

Back to Nfe2l1-UPS system, I then tried to check if the increase in susceptibility of cells 

to ferroptosis is due to disrupted bounce back activity of Nfe2l1. The role of DDI2 in the 

complex series of events leading to NFE2L1 activation should be viewed as required and 

permissive for the bounce-back response. However, proteolytic processing is not the 

only posttranslational modification required for the activation of NFE2L1, as NGLY1 plays 

a critical role deglycosylation of NFE2L1 and modulates susceptibility of cells to ferrop-

tosis (153). In my hands, overexpression of deglycosylated NFE2L1 did not rescue the 

sensitivity of DDI2 KO cells, which underlines the importance of the DDI2-mediated pro-

teolytic cleavage step for the activation of NFE2L1 during ferroptosis. My data using NFV 

for inhibiting DDI2 indicates that this could be a potential add-on treatment for targeting 

ferroptosis in cancer therapy, similar to what has been rationalized for proteasome inhib-

itors. Interfering with proteasome function and preventing NFE2L1 activation at the same 

time might further sensitize cancer cells to ferroptosis. Finally, NFE2L1 is also ubiq-

uitylated by the E3 ubiquitin ligase Hrd1 at the ER for ER-associated protein degradation 

(64), by β-TrCP in the nucleus for removal of NFE2L1 (95), or by UBE4A for cleavage 

by DDI2 (178), but the details of these regulatory steps for ferroptosis remain unexplored. 

It will be important to further dissect the posttranslational regulation of NFE2L1 during 

ferroptosis, as this might reveal more angles to therapeutically exploit the calibration of 

the UPS for manipulating ferroptosis outcomes. 

In conclusion, I have shown that Ddi2 plays a vital role in proteolytic cleavage of tran-

scription factor Nfe2l1 in vitro. Loss of Ddi2 genetically leads to lower activity of pro-

teasome and calibration of UPS but did not affect the function of adipocytes. Moreover, 

in vivo data from Ddi2ΔBAT did not display any disruption in BAT activation or thermogen-

esis function. However, chemical induction of Ddi2 showed negative impact in various 
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aspects of immortalized brown adipocytes function such as proteasome inhibition and 

mitochondrial dysfunction, necessitating further investigation to identify compensatory 

mechanisms in Ddi2 deficient mice. This research also introduces Ddi2 as a major player 

in UPS adaptation in context of ferroptosis and can increase cell survival of cells sensitive 

to this form of cell death.  
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Supplementary Figures 

 

Supplementary Figure 1: Lack of Ddi2 does not activates Nfe2l1-dependent compensatory 

mechanisms. a) Expression of Stress marker and proteasome subunit genes after silencing of 

Nfe2l1 with siRNA, followed by 100nM epoxomicin for 6h in differentiated WT-1 cells. b) Gene 

expression of Rsc1a1 in differentiated WT-1 cells silenced with Ddi2 siRNA. c) Gene expression 

of Rsc1a1 in Ddi2 KO and wild type mice. d) Gene expression in Ddi2 KO and wild type mice. 

Data is presented as mean ± SD. Two-way analysis of variance (ANOVA) followed by Dunnett’s 

multiple comparisons test was performed. *p < 0.05, **p < 0.01, ***p < 0.001 ****p < 0.0001. 

Thanks to Dr. Gökhan S. Hotamışlıgil, Karen Inouye, and Jilian Riveros from Sabri Ülker Center 

Harvard T.H. Chan School of Public Health for performing mouse experiments and providing tis-

sue samples. 
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