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2. List of abbreviations

Abbreviation

Definition

8FDG 18-fluorodeoxyglucose

198 Proteasome regulatory particle, also known as RP

20S Proteasome core particle, also known as CP

26S Constitutive proteasome

30S Constitutive proteasome built out of one 20S and two 19S components

Atf3 Activating transcription factor 3

ATP Adenosine triphosphate

BAT Brown adipose tissue

BMI Body mass index

cAMP Cyclic adenosine monophosphate

CANDLE chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature

CL-316,243 Disodium 5-[(2R)-2-[[(2R)-2-(3-Chlorophenyl)-2-hydroxyethyllamino]propyl]-1,3-ben-
zodioxole-2,2-dicarboxylate hydrate

CNS Central nervous system

Ddi2 DNA damage-inducible 1 homolog 2

DuUB Deubiquitinating enzyme

ER Endoplasmic reticulum

FA Fatty acid

FATP Fatty acid transporter

Glut4 Glucose transporter type 4

Gpr3 G-coupled protein receptor 3

HSL Hormone sensitive lipase

iBAT Interscapular brown adipose tissue

MAPK Mitogen activated protein kinases

MHC Major histocompatibility complex

Myf5 Myogenic factor 5

NE Norepinephrine

NEFA Non-esterified fatty acid

Nfe2l1 Nuclear factor erythroid-2-like 1, also known as Nrf1 or TCF11




Ngly1 N-glycosylated by N-glycanase 1, also known as PNGase
NST Non-shivering thermogenesis

PA Proteasome activator

PKA Protein kinase A

PRAAS Proteasome-associated auto-inflammatory syndrome

Proteostasis

Protein homeostasis

Psm(x) Proteasome subunit (x)
SCAT Subcutaneous adipose tissue
Ub Ubiquitin

Ucp1 Uncoupling protein 1

UPS Ubiquitin proteasome system
WAT White adipose tissue

B-AR Beta-adrenergic receptor
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5. Introduction

In our modern society, obesity and related cardio-metabolic diseases are affecting a large portion of the popu-
lation, and prevalence is rising (3,4). Obesity, defined as having a body mass index (BMI) over 30 (kg/m?), has
given adipose tissue a bad reputation. However, adipose tissue plays a key role in our energy metabolism and
is paramount for our metabolic health. The development of adipose tissue, the differentiation of pre-adipocytes
into mature adipocytes is therefore vital for systemic metabolism. The research papers featured in this thesis
have each investigated genes related to protein degradation, namely proteasome subunits, and their role in
adipocyte differentiation and brown adipocyte function (1,2). The introductory chapters leading up to these pa-
pers will discuss the function and mechanism of brown adipose tissue (BAT) (Chapter 4.1), and the function and
mechanism of the proteasome and its building blocks (Chapter 4.2). Finally, | will briefly outline the primary
research objectives of this thesis.

5.1 Introduction of brown adipose tissue (BAT)

Adipocytes, or fat cells, are specialized cells that store nutrient energy in the form of lipid droplets, and they are
dispersed in specific adipose depots as well as in other organs (4,5). The white adipocyte is the most abundant
and most studied adipocyte subtype, characteristically with one large lipid droplet, with important functions in
energy storage, nutrient homeostasis, and endocrine signalling, as well as in immunity, reproduction, and body
temperature regulation (5). In addition to white adipocytes, many mammals, including humans, possess thermo-
genic adipocytes: brown adipocytes that are mainly found in BAT depots and beige, or brite, adipocytes that are
scattered in white adipose tissues (WAT). These thermogenic adipocytes have properties that do not only dis-
tinguish them from white adipocytes but gives them a unique role in energy and nutrient metabolism. This chapter
will first outline the function and origin of BAT, before describing the cellular mechanisms that underlie non-
shivering thermogenesis (NST). Finally, the implications of BAT in human health and disease are discussed.

5.1.1 The function and origin of BAT

Thermogenic adipocytes are remarkably dynamic cells that play a central role in the thermoregulation of many
mammals. Thermogenic adipocytes have the capacity to produce heat independently of muscle tone or muscle
activity, i.e. NST. This is particularly important for newborns and small mammals like rodents in order to maintain
their core body temperature (6,7). Thermogenic adipocytes are distinguishable from white adipocytes by their
unique expression of Uncoupling protein 1 (Ucp1), their multilocular lipid droplets intracellular structure, and high
amounts of mitochondria. In mice, most beige adipocytes are located in subcutaneous adipose tissue (SCAT).
This thesis focusses on BAT and brown adipocytes, but most information on cellular processes is applicable for
all thermogenic adipocytes. BAT consists of a variety of cells, most notably pre-adipocytes, brown adipocytes,
endothelial cells, immune cells, and fibroblasts (8). Pre-adipocytes originate from several distinct lineages, but
classical brown pre-adipocytes stem from Myogenic factor 5 (Myf5)-positive progenitors, the same lineage that
gives rise to skeletal myocytes (9). Differentiation from Myf5 progenitors is driven by the transcription factor
Prdm16 (10,11). In mice, the largest BAT depot is interscapular BAT (iBAT). This and other BAT depots are
highly innervated, which allows for the sympathetic activation by nervous system, as well as highly vascularized,
which allows both for the fast supply of nutrients as well as the effective transfer of heat to the body. BAT already



develops in the fetus and is most active in newborns (6,7). During aging, the number of thermogenic adipocytes
decline, a process that is accelerated by high ambient temperatures and high-fat diets. However, thermogenic
adipocytes are recruited upon cold exposure, which causes both the activation of brown and beige adipocytes,
the increased browning of thermogenic adipocytes, and de novo differentiation of thermogenic adipocytes from
pre-adipocytes (6,12). There is evidence that white adipocytes are able to trans-differentiate into beige adipo-
cytes under specific conditions (11). In addition to cold exposure, other thermogenic factors have been identified
over the years, like certain high-fat diets (13,14), exercise (15), and pharmaceutical drugs (16). Regardless of
the trigger, subsequent activation of thermogenic adipocytes leads to NST through Ucp1-dependent and inde-
pendent futile cycling. Notably, this is a high energy- and nutrient-consuming process (17,18). The capacity of
massive nutrient clearance from circulation, gave BAT the name ‘metabolic sink’. The energy consumption and
the clearance of glucose and lipids by BAT strongly affect systemic energy metabolism. Although difficult to
prove, researchers have argued that BAT has an evolutionary protective role against over-eating (19). Increasing
BAT activity protects mice against diet-induced obesity (19-21). BAT may also impact systemic metabolism by
secreting hormones or signaling peptides, collectively called batokines (22). For example, the batokine Neureg-
ulin 4 reduces fat storage in the liver, affecting lipid metabolism and insulin sensitivity in mice (23). Finally,
activation of thermogenic adipocytes leads to remodeling of the adipose depots and affects adipose-tissue re-
siding immune cells (5). In conclusion, BAT plays a prominent role in thermoregulation and modulates systemic
energy metabolism.

5.1.2 The cellular mechanism of thermogenic adipocytes

As mentioned above, thermogenic adipocytes are activated upon cold exposure to produce heat. In the classical
pathway, thermogenic cues like cold prompt the sympathetic nervous system to send norepinephrine (NE) to
thermogenic adipocytes. NE binds to the beta-adrenergic receptors on the membrane of thermogenic adipocytes
(Figure 1). This results in increase of intracellular cyclic adenosine monophosphate (cAMP), which activates
protein kinase A (PKA), which activates a cascade of lipases promoting lipolysis and increasing free fatty acids
within the cells (6). To supplement the intracellular fatty acid reserve, thermogenic adipocytes will produce non-
esterified fatty acids (NEFAs) from triglycerides from the circulation (17). NEFAs interact with Ucp1 in the mito-
chondrial membrane. Under thermoneutral conditions, Ucp1 is present in the mitochondrial membrane but con-
stantly inhibited by purine nucleotides. Fatty acid binding undoes this inhibition, effectively activating Ucp1 (24).
Ucp1 is a carrier protein that shuttles protons back from the intermembrane space to the mitochondrial matrix.
Consequently, oxidation is uncoupled from ATP synthesis, which results in “wasting” of chemical energy into
heat. In parallel to lipolysis and Ucp1 activation, the cAMP-PKA pathway activates mitogen-activated protein
kinases (MAPKSs) which drive the increased transcription of thermogenic genes, including Ucp1 and Ppargcia
(25). Additionally, cAMP-PKA activates the mTOR pathway that leads to increased levels of glucose transport
type 4 (Glut4) on the cell membrane (26). These processes all take place acutely after cold exposure (17,26). In
order to meet the increased energetic demand of BAT, other tissues like WAT will also increase lipolysis (27).
After pro-longed cold exposure, i.e. over 24h in mice, BAT undergoes remodeling during which pre-adipocytes
are differentiated into brown adipocytes, and brown adipocytes undergo increased browning (6,12). Although
Ucp1 was classically seen as the essential node for both acute and sustained NST, Ucp1 ablation does not
completely disable cold adaption in mice, suggesting Ucp1-independent mechanisms of NST (28). Futile cycles
are cycles of two opposing metabolic reactions that dissipate chemical energy and, as a consequence, produce
heat in adipocytes. Over the years, the creatine futile cycle (29), the lipid futile cycle (30), and calcium-ion (Ca?*)



futile cycle (31) were all described to contribute to NST. On top of that, NST could also be induced through non-
sympathetic pathways, either amplifying or replacing adrenergic signaling. A recently emerged example of these
‘alternative’ agents is myoglobin (32,33). Intriguingly, intracellular lipolysis can also activate thermogenesis, for
example through G-coupled protein receptor 3 (Gpr3) expression (21). In summary, the pathways leading to
NST are intricate and likely interact with and amplify each other.
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Figure 1: Simplified model of the thermogenic pathway. Cold exposure initiates NE-release by the CNS, which
binds to B-ARs. This increases intracellular cAMP levels which induces several pathways leading to increased
glucose and fatty acid uptake, increased transcription of thermogenic genes, and increased lipolysis. The re-
leased fatty acids activate Ucp1 on the membrane which uncouples proton transport from ATP production, re-
sulting in thermogenesis. (CNS = central nervous system, NE = norepinephrine, 3-AR = Beta-adrenergic recep-
tor, cAMP = cyclic AMP, PKA = protein kinase A, Ucp1 = uncoupling protein 1, FATP = fatty acid transporter,
Glut4 = glucose transporter type 4). The figure was created with Biorender.com

5.1.3 The role of human BAT in metabolic health

For a long time, it was thought that humans ‘lose’ all their BAT after newborn stage, but in 2009, PET-CT scan-
ning revealed that BAT depots remain in adults (34,35). Even though BAT is presumably not required to maintain
body temperature, it remains functionally active in many adults (34,36). Baseline BAT activity most likely only
insignificantly contributes to energy expenditure (37). However, calculations of human BAT activity could be
underestimating the true activity, as the common measurement technique by 18-fluorodeoxyglucose (®FDG)
PET/CT scan might not adequately reflect BAT activity (38). BAT can be activated in adults upon cold exposure,
through “thermogenic” diet, or drugs, and this increases energy expenditure and nutrient consumption
(14,34,35,39,40). Furthermore, human BAT activity is positively associated with cardio-metabolic health (36). An
intervention study in mice shows that BAT transplantation is sufficient to reverse obesity (41). Altogether, this
makes BAT an attractive pharmaceutical target to treat (cardio)metabolic disorders. An important caveat here,



however, is that BAT is classically activated sympathetically. Activating agents that mimic norepinephrine will
also act on adrenergic receptors on other tissues, like cardiac muscle, which brings cardiovascular risks (42).
As a consequence, there is interest in other therapeutic avenues, like activating thermogenic adipocytes in an
alternative, non-sympathetic pathway (21), by increasing diet-induced thermogenesis (19), or by preventing age-
and obesity- associated decline in BAT activity (35,43). Unlocking the potential of NST, could substantially con-
tribute to metabolic health.

5.2 Introduction of the proteasome

To maintain protein homeostasis (proteostasis), all cells including adipocytes undergo continuous surveillance
and adaptive remodeling of their protein content through regulating protein synthesis and protein degradation.
Appropriate protein degradation is vital to maintain cellular health (44). In essence, protein degradation has four
main roles: the removal of misfolded and erroneous proteins, the temporal regulation of proteins, the freeing of
peptides and cofactors to be recycled for protein synthesis, and regulation of the immune response. To coordi-
nate these processes, protein degradation is tightly regulated over two major axes: the ubiquitin-proteasome
system (UPS) and lysosomal autophagy (44,45). Any genetic malfunction in these processes lead to severe
disease in humans. In this chapter, | will focus on the proteasome and its role in protein degradation. | will first
discuss the broad mechanism of the UPS (Chapter 4.2.1), and secondly non-constitutive proteasomes and their
place in proteostasis (Chapter 4.2.2), and finally proteasome associated auto-inflammatory syndromes
(PRAAS) (Chapter 4.2.3).

5.2.1 UPS and the constitutive proteasome

The proteasome is multi-subunit complex with a cylinder-shaped core particle with proteolytic activities, and can
be found both in the cytosol as well as in the nucleus. This core particle (20S, or CP) is built of 28 proteasome
subunits (46). The constitutive 26S proteasome has one or two regulatory particles (19S, also known as RP, or
PA700) attached to the core particle. These 19S particles are composed of 20 subunits and they regulate access
to the catalytic core (47,48). To select proteins for degradation by the proteasome, cells have an intrinsic tagging-
system by Ubiquitin (Ub) in place (Figure 2A). Ub conjugation to proteins is controlled by a cascade of enzymes.
Briefly, there are three enzymatic steps leading to Ub binding. First, E1 ligases activate Ub in an adenosine
triphosphate (ATP)-dependent manner. Secondly, Ub is transferred to an E2 ligase, and lastly, E3 ligases bind
the ubiquitin to the targeted substrate (45). Substrates are selected through the substrate specificity of the E3
ligases (49). Classically, Ub was thought to only bind to lysine residues of substrates, but it was also found to
bind to other residues (49). If only one Ub binds to the substrate, the substrate is mono-ubiquitinated. However,
frequently, more Ub attaches to one of seven lysine side chains of the initial Ub — Lys®, Lys', Lys?’, Lys?®, Lys®3,
Lys*®, or Lys®® — which leads to multi-ubiquitination. These polymeric Ub chains can occur in both single or
branched chains, leading to a high variety of possible Ub chains (49). The Ub tags will recruit proteins with
ubiquitin-binding domains, some of which will initiate translocation of the Ub-substrate complex to the pro-
teasome for degradation. However, it should be noted that Ub-tagging can also prime substrates for lysosomal-
autophagy, influence protein location or protein-protein interaction, or initiate other signalling pathways
(45,49,50). When the Ub-substrate complex arrives at the proteasome, the proteasome initially binds to the
ubiquitin chain. This process is reversible, and can be undone when deubiquitinating enzymes (DUBSs) interfere



(51). The longer the Ub-chain, the higher the chance that the substrate will eventually be degraded by the pro-
teasome (52), but even mono-ubiquitin attachment to substrates increases its likelihood for degradation (53).
The window of reversible binding closes once the 19S particle of the constitutive proteasome binds to the sub-
strate through binding by a ring-shaped complex of six ATPases (54,55). The 19S particle will guide the substrate
in the 20S cylinder. Once inside the cylinder, the substrate is exposed to three subunits with proteolytic active
sites, namely Psmb6 (also known as 31, encoded by Psmb6), Psmb7 (also known as 32, encoded by Psmb7),
and Psmb5 (also known as 5, encoded by Psmbb5). These subunits are associated with caspase-like, trypsin-
like, and chymotrypsin-like activity, respectively (48). The catalytic activities break down the substrates to pep-
tides that are let out again into the cytosol. UPS is required to adequately and timely terminate misfolded, erro-
neous or obsolete proteins. Under proteostatic conditions, the transcription factor Nuclear factor erythroid-2-like
1 (Nfe2l1, also known as Nrf1 or TCF11) is constantly degraded by the proteasome. However, when the UPS
cannot meet the proteolytic demand of cell, ubiquitination levels rise and Nfe2l1 escapes degradation (56,57).
Nfe2l1 is an endoplasmic reticulum (ER) resident protein that gets de-N-glycosylated by N-glycanase 1 (Ngly1,
also known as PNGase), ubiquitinated, and cleaved into its active form by protease DNA damage-inducible 1
homolog 2 (Ddi2) (568—60). Consequently, Nfe2l1 transfers to the nucleus to amplify transcription of all constitu-
tive proteasome subunits (61). This feedback loop allows for an adaptive proteasome response in the cell. Ulti-
mately, the UPS is a complex, tightly regulated system and its proper function is vital for cell and organism
survival and function.

B
. 20S- 20S-
30S 26S 20S i20S PA28a8  PA200
Constitutive proteasomes Non-constitutive proteasomes

Figure 2. (A) A simplified model of UPS. E3 ligase bind the targeted substrate to ubiquitin. (Multi-)ubiquitinated
proteins are translocated to the proteasome where they are degraded to peptides. (B) Different constitutive and
non-constitutive proteasome subtypes. Made by Biorender.com

5.2.2 Non-constitutive proteasomes

As discussed above, the constitutive proteasome consists of a 20S core and one or two 19S lids, commonly
called 26S or 30S, respectively. Access to the 26S or 30S proteasome is ubiquitin- and ATP-dependent. Aside



from these constitutive proteasomes, other subtypes of proteasomes have been identified, and their heteroge-
neity speaks to the variety of proteostatic needs within the cell (Figure 2B). First, the 20S core particle can
undergo structural changes. In response to interferon signalling, constitutive proteasome subunits can be ex-
changed for alternative immunoproteasome subunits (81 to B1i, 2 to B2i, and B5 to B5i) (62). The newly formed
immunoproteasome performs a key step in the immune response by producing peptides for antigen presentation
by the major histocompatibility complex (MHC) class | molecules (63). Additionally, they are implicated to mod-
ulate cell differentiation (64). Both the 20S as well as the immune-20S (i20S) can be found without attachments
in the cell. Whereas previously thought as merely the building block for 26S or 30S, the 20S variant also functions
independently (65,66). Alternatively, 20S can bind to regulators different than 19S, namely proteasome activa-
tors (PAs) that function independently of ubiquitin and ATP (67,68). ATP- and ubiquitin-independent proteolysis
mainly seems to target unfolded proteins, for example proteins that denature due to oxidative stress (69). There
are three types of PAs classified: cytosolic PA28a (multi-subunit complex, also known as 11s or REG), nuclear
PA28y (also known as 11S or Psme3, encoded by Psme3), and PA200 (also known as Psme4 or BIm10, en-
coded by Psme4). The PA28af3 complex is built out of four PA28a (or Psme1, encoded by Psme1) and three
PA28( (or Psme2, encoded by Psme2) subunits (70). Functionally, PA28af is mostly associated with the im-
munoproteasome and oxidative stress (71,72). PA28y mediates nucleus proteostasis (48). The function of
PA200 is more elusive, but it may play roles in DNA repair and regulation of proteasome activity (67,73,74).
There are other proteasome subtypes and hybrid shapes that are not discussed here, but altogether they un-
derscore the complexity of regulating protein degradation and peptide signalling.

5.2.3 Proteasome Associated Auto-inflammatory Syndromes (PRAAS)

Human diseases caused by mutations in genes coding for proteasome subunits or their transcription factors are
rare, likely because loss-of-function of the constitutive proteasome is lethal for any cell or organism (75,76).
However, some patients with severe auto-inflammatory syndromes were found to have rare pathogenic muta-
tions in proteasome subunit or proteasome assembly genes. These patients often present with developmental
delay, joint contractures, muscle atrophy, lipodystrophy, bouts of fevers, and systemic inflammation (77,78).
Over the years, these diseases were described by different groups under different names, most notably as
chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature (CANDLE) (77), Nakajo-
Nishimura syndrome (79), panniculitis-induced lipodystrophy (JMP), POMP-related auto-inflammation and im-
mune dysregulation disease, and proteasome-associated auto-inflammatory syndrome (PRAAS) (78,80). In this
thesis, | will primarily use PRAAS as an overarching name for proteasome-subunit related disorders. There are
several mutations identified in patients that lead to PRAAS, one of the more prevalent and most well-studied
group of mutations are missense mutations in PSMB8 (encoding for PSMB8, also known as B5i or LMP7)
(81,82). Other patients have mutations in PSMB4 (encoding for PSMB4, also known as (7) (82). As Psmb8 is
exclusively part of the immunoproteasome, whereas Psmb4 is found in all proteasome variants, it is unclear
whether mutations in their genes lead to the same disease mechanism. However, these mutations do all seem
to lead to decreased proteasome activity, increased ubiquitination, and increased type | interferon (IFN) re-
sponse (78,82,83). This increased IFN type | response might be a response to intracellular proteasome impair-
ment, and the dysregulated innate immune response is thought to result in most of the symptoms present in
patients (78). However, the precise disentanglement of affected pathways is still unclear. For example, it is
unknown if lipodystrophy in patients is solely caused by dysregulated immune activity of immune cells, by pro-
teasome impairment in adipocytes, or by a combination of both. There is currently no cure for PRAAS, but



patients often receive anti-inflammatory drugs like JAK inhibitors to alleviate their symptoms (84). Determining
the effects of (mutations in) proteasome subunits on different cell types would clarify the disease mechanisms
in patients and could therefore contribute to disease management.

5.3 Research objectives

The observation that cold exposure increases proteasome activity in BAT led to the hypothesis that an adaptive
proteasome response is required for NST (85). Following on this, the transcription factor Nfe2l1 was shown to
be required for NST, which linked fundamental UPS biology to BAT physiology (85). In this thesis, | further
explored the function of proteasome in both brown adipocyte differentiation and activation by zooming in on
specific proteasome subunits. Firstly, | studied the role of proteasome subunits Psmb4 and Psmb8, as mutations
in genes coding for these proteins cause PRAAS. Investigating the role of Psmb4 and Psmb8 in brown adipo-
cytes can not only extend our knowledge on UPS biology in a physiological context, it could also improve our
understanding of the observed lipodystrophy in PRAAS patients (1). In the second research paper, | focused on
PA28 and PA200 as their roles in UPS and cell biology are partially elusive and mainly studied in the context of
yeast. Studying these PAs in the context of brown adipocyte differentiation and activation, will further enhance
our understanding of their roles in proteostasis (2). These research projects advance our basic comprehension
of proteasome biology and the mechanisms underlying brown adipocyte differentiation and activation.



6. Summary (in English)

Brown adipocytes are a specialized type of fat cells that can produce heat through uncoupling energy consump-
tion from ATP production, which is referred to as non-shivering thermogenesis (NST). The development of ma-
ture brown adipocytes from pre-adipocytes already takes place in the placenta, but can be amplified later in life
under the influence of environmental cues, like cold and diet. During differentiation into mature brown adipocytes,
cells undergo extensive remodeling. Arguably, this remodeling requires appropriate protein degradation to re-
move faulty proteins and to free up amino acids for re-building new proteins. The bulk of intracellular protein
degradation is done by the proteasome, a multi-subunit complex with a catalytic core. The two publications
featured in this thesis explore the role of different proteasome subunits in the differentiation and activation of
brown adipocytes.

In Willemsen et al. 2022 (1), we studied the effects of loss of proteasome subunit beta 4 (Psmb4) and beta 8
(Psmb8, or Lmp7) on brown adipocyte development and activity in vitro. Loss-of-function mutations can cause
rare proteasome associated auto-inflammatory syndromes (PRAAS), also known as Chronic Atypical Neutro-
philic Dermatosis with Lipodystrophy and Elevated Temperature (CANDLE). As the name suggests,
PRAAS/CANDLE patients suffer from lipodystrophy and fevers, which led to the hypothesis that loss of
Psmb4/Psmb8 leads to impaired (brown) adipocyte development. We downregulated these genes through re-
verse transfection in immortalized mouse (brown) adipocyte cell-lines. The cells were then differentiated and
analyzed with assays to measure ubiquitin proteasome system, adipogenesis, lipogenesis, lipolysis, inflamma-
tion and respiration. Surprisingly, loss of Psmb4 but not Psmb8 impaired proteostasis and adipogenesis. Psmb4
knockdown (KD) disrupted proteasome assembly, and cells displayed high levels of stress and inflammation.
We identified stress marker Activating transcription factor 3 (Atf3) as the link between disrupted proteasome
activity and inhibited adipocyte development. Atf3 KD prevented loss of adipogenesis and thermogenesis, with-
out affecting the upstream Psmb4 KD effects on protein degradation.

In Kogberber, Willemsen et al. 2023 (2), we studied the effects of loss of proteasome activators (PAs) Pa28a
(encoded by Psme1) and Pa200 (encoded by Psme4) on brown adipocyte development and activity, applying
the same approach as in the previous study. PAs bind to the barrel-shaped 20S core structure of the proteasome
and most likely act as selective gate-keepers to the proteolytic core. However, the physiological roles of PAs,
especially in brown adipocytes, was unknown. In our experimental set-up, brown adipocytes did not require Pa28
and/or Pa200 for proteasome assembly or activity, nor for brown adipogenesis or NST.

In summary, the development of brown adipocytes requires a functional proteasome, but not all proteasome
subunits are necessary to support in vitro adipogenesis. These works are linking fundamental proteasome biol-
ogy and physiologic brown adipose tissue, contributing to our basic understanding of protein balance in cell and
tissue development.



7. Zusammenfassung (deutsch)’

Braune Adipozyten sind eine spezialisierte Art von Fettzellen, die durch Entkopplung des Energieverbrauchs
von der ATP-Produktion Warme erzeugen konnen, was als Nicht-zitternde Warmebildung (Englisch: Non-
Shivering-Thermogenesis (NST)) bezeichnet wird. Die Entwicklung differenzierter brauner Adipozyten aus
Praadipozyten findet bereits in der Plazenta statt, kann aber spater im Leben durch den Einfluss von Umwelt-
faktoren wie Kalte und Ernahrung verstarkt werden. Wahrend der Differenzierung zu braunen Adipozyten wer-
den die Zellen umfassend umgebaut. Dieser Umbau erfordert einen angemessenen Proteinabbau, um fehler-
hafte Proteine zu entfernen und Aminosauren fur den Wiederaufbau neuer Proteine freizusetzen. Der GroRteil
des intrazellularen Proteinabbaus erfolgt durch das Proteasom, einem Komplex bestehend aus mehreren Un-
tereinheiten mit einem katalytischen Kern. Die beiden in dieser Thesis vorgestellten Arbeiten untersuchen die
Rolle verschiedener Proteasom-Untereinheiten bei der Differenzierung und Aktivierung von braunen Adipozyten.

In Willemsen et al. 2022 (1) untersuchten wir die Auswirkungen des Verlusts der Proteasom-Untereinheiten beta
4 (Psmb4) und beta 8 (Psmb8, oder Lmp7) auf die Entwicklung und Aktivitdt brauner Adipozyten in vitro. Funk-
tionsverlust-Mutationen kdnnen seltene Proteasom-assoziierte autoinflammatorische Syndrome (PRAAS) ver-
ursachen, die auch als chronische atypische neutrophile Dermatose mit Lipodystrophie und erhéhter Temperatur
(CANDLE) bekannt sind. Wie der Name schon sagt, leiden PRAAS/CANDLE-Patienten an Lipodystrophie und
Fieber, was zu der Hypothese flihrte, dass der Verlust von Psmb4/Psmb8 zu einer gestorten (braunen) Adipozy-
tenentwicklung fuhrt. Wir haben diese Gene durch reverse Transfektion in immortalisierten (braunen) Adipozy-
ten-Zelllinien der Maus herunterreguliert. Die Zellen wurden dann differenziert und mit Assays zur Messung des
Ubiquitin-Proteasom-Systems, der Adipogenese, der Lipogenese, der Lipolyse, der Entziindung und der Atmung
analysiert. Interessanterweise beeintrachtigte der Verlust von Psmb4, nicht aber von Psmb8, die Proteostase
und Adipogenese. Der Knockdown (KD) von Psmb4 flhrte zu einer Unterbrechung der Proteasom-Assemblie-
rung, und die Zellen zeigten ein hohes Maf3 an Stress und Entziindungen. Wir identifizierten den Stressmarker
Aktivierender Transkriptionsfaktor 3 (Atf3) als Bindeglied zwischen der gestorten Proteasomaktivitédt und der
gehemmten Adipozytenentwicklung. Atf3 KD verhinderte den Verlust der Adipogenese und Thermogenese,
ohne die vorgelagerten Psmb4 KD-Effekte auf den Proteinabbau zu beeintrachtigen.

In Kogberber, Willemsen et al. 2023 (2) untersuchten wir die Auswirkungen des Verlusts der Proteasom-Aktiva-
toren (PA) PA28a (kodiert durch Psme1) und PA200 (kodiert durch Psme4) auf die Entwicklung und Aktivitat
brauner Adipozyten, wobei wir den gleichen Ansatz wie in der vorherigen Studie verwendeten. PA binden an die
zylinderformige 20S-Kernstruktur des Proteasoms und fungieren hochstwahrscheinlich als selektive Einlasskon-
trolleure fir den proteolytischen Kern. Die physiologische Rolle der PA, insbesondere in braunen Adipozyten,
war jedoch unbekannt. In unserem Versuchsaufbau bendtigten braune Adipozyten weder Pa28 und/oder Pa200
fur den Aufbau oder die Aktivitdt des Proteasoms noch fiir die braune Adipogenese oder NST.

Zusammenfassend lasst sich sagen, dass die Entwicklung von braunen Adipozyten ein funktionierendes Pro-
teasom erfordert, dass aber nicht alle Proteasom-Untereinheiten notwendig sind, um die Adipogenese in vitro
zu unterstitzen. Diese Arbeiten stellen eine Verbindung zwischen der grundlegenden Proteasombiologie und
der Physiologie des braunen Fettgewebes her und tragen zu unserem grundlegenden Verstandnis des Protein-
gleichgewichts bei der Zell- und Gewebeentwicklung bei.

'First draft was made with DeepL (https://www.deepl.com/en/translator)
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Abstract

Objective

Regulation of proteasomal activity is an essential component of cellular proteostasis and function. This is
evident in patients with mutations in proteasome subunits and associated regulators, who suffer from pro-
teasome-associated autoinflammatory syndromes (PRAAS). These patients display lipodystrophy and fe-
vers, which may be partly related to adipocyte malfunction and abnormal thermogenesis in adipose tissue.
However, the cell-intrinsic pathways that could underlie these symptoms are unclear. Here, we investigate
the impact of two proteasome subunits implicated in PRAAS, Psmb4 and Psmb8, on differentiation, function
and proteostasis of brown adipocytes.

Methods

In immortalized mouse brown pre-adipocytes, levels of Psmb4, Psmb8, and downstream effectors genes
were downregulated through reverse transfection with siRNA. Adipocytes were differentiated and analyzed
with various assays of adipogenesis, lipogenesis, lipolysis, inflammation, and respiration.

Results

Loss of Psmb4, but not Psmb8, disrupted proteostasis and adipogenesis. Proteasome function was re-
duced upon Psmb4 loss, but partly recovered by the activation of Nuclear factor, erythroid-2, like-1 (Nfe2I1).
In addition, cells displayed higher levels of surrogate inflammation and stress markers, including Activating
transcription factor-3 (Atf3). Simultaneous silencing of Psmb4 and Atf3 lowered inflammation and restored
adipogenesis.

Conclusions

Our study shows that Psmb4 is required for adipocyte development and function in cultured adipocytes.
These results imply that in humans with PSMB4 mutations, PRAAS-associated lipodystrophy is partly
caused by disturbed adipogenesis. While we uncover a role for Nfe2l1 in the maintenance of proteostasis
under these conditions, Atf3 is a key effector of inflammation and blocking adipogenesis. In conclusion, our
work highlights how proteasome dysfunction is sensed and mitigated by the integrated stress response in
adipocytes with potential relevance for PRAAS patients and beyond.



1. Introduction

Maintenance and regulation of the proteome by the ubiquitin-proteasome system (UPS) is essential for
cellular function and health. Degradation of unwanted, obsolete, or damaged proteins by UPS is critical for
cells to respond to environmental cues such as nutrients, temperature, or other forms of stress. Failure of
the UPS is associated with severe consequences for cellular and systemic health. Case in point, humans
with mutations in genes coding for proteasomal subunits or their associated regulators, suffer from immuno-
metabolic disorders. These diseases are characterized by a spectrum of rare auto-inflammatory syndromes
known as proteasome associated auto-inflammatory syndromes (PRAAS), Chronic Atypical Neutrophilic
Dermatosis with Lipodystrophy and Elevated Temperature (CANDLE) (1), Nakajo-Nishimura syndrome, or
Joint Contractures-Muscular atrophy-microcytic anemia-Panniculitis-associated lipodystrophy (JMP) syn-
drome (2—4). The first discovered cause of PRAAS was a missense mutation in the gene coding for pro-
teasome subunit beta 8 (PSMBS, also known as LMP7) (1), and since then, other loss-of-function mutations
have been revealed as underlying causes, including proteasome subunit beta 4 (PSMB4) (5). The disease
symptoms in patients, which include sterile inflammation by increased production of type | interferons (IFNs)
and lipodystrophy, are likely a complex result of disturbed UPS and maladaptive activation of the unfolded
protein response (UPR) (6).

The PRAAS-related genes PSMB4 and PSMB8 are coding for subunits of the proteasome, a complex that
degrades obsolete or damaged proteins to peptides. PSMB4 and PSMB8 are subunits in the 20S core
particle of the proteasome, which is a barrel-shaped structure of four heptameric rings of in total 28 subunits
with a conserved modular architecture of a.1-7B1-7B1-7a11-7. The active catalytic sites 1, B2, and 5 are located
within this structure, which conceals them from the cytosol. The 20S core proteasome is associated with
198 regulator complexes to recognize, bind, and unfold ubiquitin-modified substrates for degradation. This
allows for selective degradation of substrates that are translocated into the barrel (7). The modular structure
of the proteasome is also evident in the diversity of isoforms with either alternative active sites or regulator
complexes. The constitutive 26S proteasome is ubiquitously found in most cell types and is responsible for
the bulk of protein degradation, as well as controls many cellular pathways including signaling, metabolism,
and proliferation (8). Immunoproteasomes bear alternative active sites, and are permanently expressed in
cells of hematopoietic origin, but can be induced in response to interferons in other cell types (9). Immuno-
proteasomes are implicated in MHC-class | antigen processing, but also in many processes beyond the
immune response, such as cell differentiation (9). Whereas PSMB4/37, is a subunit of all proteasome
isoforms, PSMB8/5i, is an inducible subunit that replaces B5 in the constitutive proteasome when the
proteasome is being remodeled to an immunoproteasome (10).

PRAAS patients display several pathologies with varying degrees of severity, and aberrant inflammation
and metabolic dysfunction are major hallmarks of the disease. Among these, the lipodystrophy phenotype
is currently not well understood. Classically, lipodystrophy is caused by dysfunction of adipocytes, espe-
cially the ability to form healthy fat cells (11), but if PRAAS mutations cause cell-intrinsic differentiation
defects or dysfunction of adipocytes has not been explored, yet. In addition, PRAAS patients suffer from
recurrent fever flares, which are thought to be caused by inflammation in the central nervous system. How-
ever, body temperature is a result of several mechanisms, including adaptive thermogenesis, and it is pos-
sible that aberrant thermogenesis is involved in the pathology of PRAAS.



Brown adipose tissue (BAT) is a highly adaptive mammalian organ that is responsible for non-shivering
thermogenesis (NST) (12). Stimulated by cold-induced norepinephrine (NE) and other stimuli, brown adi-
pocytes generate heat through activity of uncoupling protein-1 (Ucp1) and other thermogenic mechanisms.
The herewith associated oxidative respiration is highly energy demanding, and is fueled by intracellular and
circulating nutrients (13). Prolonged cold exposure leads to remodeling of BAT (12), which induces proteo-
toxic pressure on brown adipocytes (14). We have previously shown that an adaptive increase in pro-
teasomal activity was essential for the maintenance of NST (15). Adapting proteasomal activity to meet
proteolytic demands is mediated by the transcription factor Nuclear factor erythroid-2, like-1 (Nfe2l1, also
known as Nrf1 or TCF11). In most cell types, Nfe2l1 is continuously degraded by the proteasome, but it
escapes its degradation when proteotoxic stress is increased in the cell, e.g., in the presence of chemical
proteasome inhibitors. In that case, Nfe2l1 is cleaved from the ER membrane by the aspartyl protease DNA
Damage Inducible 1 Homolog 2 (DDI2), translocates to the nucleus, and initiates the transcription of pro-
teasome subunits, which results in restoration or heightening of proteasomal capacity (16,17). Lack of
Nfe2l1 is associated with diminished NST, marked adipose tissue inflammation, and insulin resistance (15).
Nfe2l1 was previously suggested to play a role in the disease mechanisms of PRAAS (6), but to the best
of our knowledge no experimental evidence exists that Nfe2l1 is involved. Based on these findings, we
hypothesized that compromised proteasome function, initiated by loss of PRAAS-related Psmb4 or Psmb8,
impacts brown adipocyte proteostasis, development, function, and inflammation.

2. Materials and methods
21 Mice husbandry and tissue collection

All animal experiments were performed with approval of the local authorities (License: ROB-55.2-
2532.Vet_02-30-32). Psmb8 whole-body knock-out mice were described previously (18,19). Animals were
housed in individually ventilated cages at room temperature (22 °C), with a 12-h light—dark cycle, and fed
chow-diet (Sniff) and water ad libitum. For cold exposure, wild-type C57BL/6J mice (Janvier) were housed
at 30 °C or 4 °C for seven days. Mice were killed with cervical dislocation. Tissues were snap-frozen in
liquid nitrogen and stored at —80 °C.

2.2 Cell culture, treatments, and reverse transfection

For cellular experiments, we used immortalized WT-1 mouse brown preadipocytes and 3T3-L1 mouse white
preadipocytes. The cells were grown in DMEM Glutamax (Thermo Fisher, supplemented with 10 % v/v FBS
(Sigma) and 1 % v/v PenStrep (Thermo), and incubated 37 °C, 5 % CO2. They were continuously kept
between 20-80 % confluency and split two or three times per week. Cells were used until their passage
number exceeded 18. For differentiation, cells were grown to 90-100 % confluency. Then, WT-1 cells were
differentiated in WT-1 induction medium (850 nM insulin (Sigma), 1 uM dexamethasone (Sigma), 1 uM T3
(Sigma), 1 uM rosiglitazone (Cayman), 500 nM IBMX (Sigma) and 125 nM indomethacin (Sigma)) from
day 0 to day 2, and in WT-1 differentiation medium (1 uM T3 and 1 uM rosiglitazone) from day 2 up until
day 5, with the medium being replaced every other day. 3T3-L1 cells were differentiated in 3T3-L1 differ-
entiation medium (850 nM insulin (Sigma), 1 uM dexamethasone (Sigma), 1 uM rosiglitazone, and 500 nM
IBMX) from day O up until day 5, with the medium replaced every other day. For in vitro treatments, differ-
entiated cells were treated with DMSO, 100 nM Epoxomicin (Millipore) or 100 nM Bortezomib (Selleck) for



6 h, 100 nM ONX0914 (Adooq) for 6 h, 1 uM NE (Sigma) for 1 h, or 1 yM CL316,143 (Tocris) for 16 h. For
in vitro gene silencing, MRNA levels of target genes were knocked down through reverse transfection with
SMARTpool silencing RNA (siRNA, Dharmacon) in Lipofectamine RNAIMAX transfection reagent (Thermo
Fisher), used according to manufacturer’s instructions. siRNAs were added to the cells in 30 nM for single
knock-down or two times 30 nM for double knockdown. Reverse transfection took place 1 day before in-
duction. The transfection mix was replaced for standard induction medium 24 h after transfection. Cells
were harvested as pre-adipocytes, early adipocytes, or mature adipocytes; on day 0, day 3 or day 5 of
differentiation, respectively. If not further specified, assays were performed on mature adipocytes, i.e.,
day 5.

2.3 Gene expression analysis

We used NucleoSpin RNA kit (Macherey Nagel), according to the manufacturer's instructions, for RNA
extraction. RNA concentrations were then measured with a NanoDrop spectrophotometer (Thermo Fisher).
Complementary DNA (cDNA) was prepared by adding 2 pl Maxima H Master Mix (Thermo Fisher) to 500 ng
RNA, adjusted with H20 to 10 pl total. This cDNA mixture was diluted 1:40 in H20. Relative gene expression
was measured with gPCR. Per reaction, 4 uyL cDNA, 5 uL PowerUp™ SYBR Green Master Mix (Applied
Biosystems) and 1 pL of 5 uM primer stock (Sigma, see Supplementary table 1 for sequences) were mixed.
Expression was measured in a Quant-Studio 5 RealTime PCR system (Thermo Fisher, 2 min 50 °C, 10 min
95 °C, 40 cycles of 15s 95 °C, 1 min 60 °C). Cycle thresholds (Cts) of genes of interest were normalized
to TATA-box binding protein (Tbp) levels by the AACt-method. Relative gene expression is displayed as
relative copies per Thp or as fold change to the appropriate experimental control groups.

24 Protein isolation and analysis

The samples were lysed in RIPA buffer (50 mM Tris (Merck, pH = 8), 150 mM NaCl (Merck), 5 mM EDTA
(Merck), 0.1 % w/v SDS (Carl Roth), 1 % w/v IGEPAL® CA-630 (Sigma-Aldrich), 0.5 % w/v sodium deox-
ycholate (Sigma-Aldrich)) freshly supplemented with protease inhibitors (Sigma-Aldrich) in a 1:100 ratio.
Cell lysates were centrifuged for 30 min (4 °C, 21,000 g) and tissue lysates were centrifuged 3 times 30 min,
before supernatant was collected. Protein concentrations were determined using the Pierce BCA assay
(Thermo Fisher) according to the manufacturer’s instructions. 15-30 ug protein per sample were denatured
with 5 % vol/vol 2-mercaptoethanol (Sigma) for 5 min at 95 °C before they were loaded in Bolt™ 4-12 %
Bis-Tris gels (Thermo Fisher). After separation, proteins were transferred onto a 0.2 ym PVDF membrane
(Bio-Rad) using the Trans-Blot® Turbo™ system (Bio-Rad) at 12 V, 1.4 A for 16 min. The membrane was
briefly stained with Ponceau S (Sigma) to verify protein transfer and consequently blocked in Roti-Block
(Roth) for 1 h at room temperature. The membranes were incubated overnight in primary antibody dilutions
(1:1000 in Roti-block) at 4 °C. The following primary antibodies were used: B-tubulin (Cell Signaling, 2146),
Psmb4 (Santa Cruz, sc-390878), Psmb8 (Cell Signaling, 13635), Nfe2l1 (Cell Signaling, 8052), Ubiqui-
tin/P4D1 (Cell Signaling, 3936), Ucp1 (Abcam, ab10983), and Proteasome 20S alpha 1+2+3+5+6+7
(Abcam, ab22674). After washing with TBS-T (200 mM Tris (Merck), 1.36 mM NaCl (Merck), 0.1 % v/v
Tween 20 (Sigma)), the membranes were incubated in secondary antibody (Santa Cruz) solutions
(1:10,000 in Roti-block) for 90 min at room temperature. The membranes were washed in TBS-T and de-
veloped using SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Fisher) in a Chemidoc
imager (Bio-Rad). The uncropped blot images can be found in the supplementary figure S1.



25 Oil Red O staining

We used Oil Red O (ORO) staining to measure lipid content in adipocytes. Cells were washed with cold
DPBS (Gibco), fixed in zinc formalin solution (Merck) for 60 min at room temperature, and then again
washed the cells with DPBS. After the samples had completely dried, they were stained with ORO mix
(60 % v/v Oil-Red-O solution (Sigma), 40 % v/v H20) for 60 min. After the incubation time, the cells were
washed several times with water. We took pictures to visualize lipid content. To quantify lipid content, the
ORO staining was eluted with 100 % isopropanol, and the absorption was measured at 500 nm in a Tecan
plate reader.

2.6 Free glycerol assay

To assess lipolysis, we used Free Glycerol Reagent (Sigma F6428) and Glycerol standard solution (Sigma
G7793) to measure free glycerol concentrations in the cell culture supernatant. After treatment and just
before harvesting the samples, we collected cell culture medium to measure free glycerol content. The kit
was used according to manufacturer’s instructions. For normalization, we measured protein content with
Pierce BCA assay.

2.7 Proteasome activity

To prepare lysates for the proteasomal activity assay, cells were lysed in lysis buffer (40 mM TRIS pH 7.2
(Merck), 50 nM NaCl (Merck), 5 mM MgClz(6 H20) (Merck), 10 % v/v glycerol (Sigma), 2 mM ATP (Sigma),
2 mM 2-mercaptoethanol (Sigma). Activity was measured using the Proteasome Activity Fluorometric As-
say Il kit (UBPBio, J41110), according to manufacturer’s instructions in a Tecan Plate reader. This assay
allowed for measurements of chymotrypsin-like, trypsin-like, and caspase-like activity. The results were
then normalized to either protein, using Bio-Rad Protein Assay Kit 1l (Bio-Rad), or DNA, using the Quant-iT
PicoGreen dsDNA assay kit (Invitrogen, P7589), both according to manufacturer’s instructions.

2.8 Native PAGE

The protocol for in-gel proteasome activity assay and subsequent immunoblotting was previously described
in detail (20). In short, cells were lysed in Lysis buffer (50 mM Tris/HCI pH 7.5, 2 mM DTT, 5 mM MgClz,
10% glycerol (vol/vol), 2 mM ATP, 0.05% Digitonin (v/v)), with a phosphate inhibitor (PhosphoStop, Roche
Diagnostics). The suspensions were kept on ice for 20 min and then centrifuged twice. Protein concentra-
tion was determined with Bio-Rad Protein Assay Kit Il and 15 ug sample protein was loaded in a NuPAGE
3-8% Tris-Acetate gel (Thermo Fisher). The gel was run at a constant voltage of 150 V for 4 h. Afterwards,
the gel was incubated in an activity buffer (50 mM Tris, 1 mM MgClz, 1 mM DTT) with 0.05 mM chymotryp-
sin-like substrate Suc-Leu-Leu-Val-Tyr-AMC (Bachem) for 30 min at 37 °C. The fluorescent signal was
measured using ChemiDoc MP (Bio-Rad). The gel was then incubated in a solubilization buffer (2% SDS
(w/v), 66 mM Na2COs, 1.5% 2-Mercaptoethanol (v/v)) for 15 min to prepare the samples for blotting.
Through tank transfer, the samples were transferred to a PVDF membrane by 40 mA, overnight and devel-
oped as described above. The uncropped images are in supplementary figure S1.

29 Extracellular flux analysis (Seahorse)

Mitochondrial respiration was measured with Seahorse Cell Mito Stress Test (Agilent) with some adjust-
ments to the manufacturer’'s protocol. Briefly, WT-1 cells were cultured in a 24-well Seahorse plate until



day 3 of differentiation. Culture medium was then replaced for Seahorse medium (XF DMEM pH 7.4, 10 mM
glucose, 1 mM Pyruvate, 2 mM L-glutamine) and the cells were incubated for 60 min at 37 °C without CO2
before being placed in the Seahorse Analyzer XFe24. In the assay, the cells were treated with NE (final
concentration in the well was 1 yM), oligomycin (1 uM), FCCP (4 uM) and uM rotenone—antimycin A
(0.5 uM). The reagents were mixed for 3 min, followed by 3 min of incubation, and 3 min of measurements.
Afterwards, total DNA was measured for normalization, with CyQUANT Cell Proliferation Assay Kit (Thermo
Fisher), according to manufacturer’s instructions.

2.10 Statistics

Data were analyzed with ImagelLab, Microsoft Excel and Graphpad Prism. Unless otherwise specified, data
are shown as mean = standard error of the mean (SEM), including individual measurements. Multiple stu-
dent’s t-test was used for experiments when comparing two groups and one variable, one-way ANOVA with
Tukey post-hoc test was used when comparing three or more groups, and two-ANOVA with Tukey post-
hoc test was used for comparing two groups with two variables. P-values lower than 0.05 were considered
significant. If groups are significantly different from each other, this is indicated in graphs either with an
asterisk (*) or with different letters (a,b). If the same letter is used or nothing is indicated, the groups are
statistically indifferent from each other.

3. Results
31 Psmb4 is induced during adipocyte differentiation and regulated by cold

Proteasome function is an evolutionary conserved feature of every mammalian cell, but little is known about
the relative presence of proteasome subtypes and subunits throughout the body. The PRAAS-linked sub-
units Psmb4 and Psmb8 are widely and robustly expressed in mouse tissues (Fig. S2A). To better under-
stand expression dynamics in BAT physiology, we compared mice housed at 30 °C (thermoneutrality) and
at 4 °C (cold). We found that both genes are robustly expressed in BAT of mice housed at 30 °C ther-
moneutrality (Fig. S2B). In response to cold, Psmb4 was unchanged and Psmb8 expression was lower at
4 °C compared to 30 °C (Fig. S2B). Next, we analyzed cultured brown adipocytes differentiated from im-
mortalized preadipocytes. Psmb4 mRNA levels were markedly higher in differentiated adipocytes com-
pared to pre-adipocytes (Fig. S2C). In contrast, Psmb8 expression was lower in differentiated adipocytes
compared to pre-adipocytes (Fig. S2C). We also tested the response of these genes to pharmacological
activation. In line with the in vivo data, Psmb4 remained unchanged and Psmb8 was lower in cells activated
with NE or the f3-adrenergic agonist CL316,243 (Fig. S2D). In summary, these data show that both Psmb4
and Psmb8 are robustly expressed in adipocytes, but while Psmb4 seems to be implicated in mature brown
adipocyte function, Psmb8 expression was diminished under these conditions. However, to rule out that
Psmb8 might nevertheless have an important function we performed loss-of-function experiments. First,
we collected adipose tissues from mice with whole-body deletion of Psmb8 (19) and analyzed gene ex-
pression and histology. Mice deficient in Psmb8 had no apparent BAT abnormalities, which also was re-
flected in unchanged gene expression (Fig. S3A). The notion that Psmb8 is dispensable was supported by
in vitro experiments, as silencing of Psmb8 neither in immortalized pre-adipocytes nor in mature adipocytes
produced an impact on adipogenesis or stress markers (Fig. S3B-S3D). In addition, there was no difference
in lipid content in mature adipocytes (Fig. S3E). In conclusion, loss of Psmb8 did not affect adipogenesis



or BAT phenotype in vitro or in vivo. The concomitant down-regulation of Psmb8 in response to f3-adrener-
gic stimulation may indicate that immunoproteasome function is dispensable in brown adipocytes.

3.2 Loss of Psmb4 disrupts adipogenesis and proteostasis

As Psmb4 was induced during adipocyte differentiation and highly expressed in activated brown adipocytes
and BAT, we next studied the role of Psmb4 in brown adipocyte adipogenesis and thermogenic function in
more detail. We also investigated if loss of Psmb4 was associated with cellular stress, assessed by meas-
uring surrogate markers of ER stress and inflammation. Loss of Psmb4 was achieved by silencing Psmb4
expression through siRNA (“siPsmb4 cells”). Transfection one day before the start of differentiation suc-
cessfully reduced mRNA levels and this effect remained stable during different stages of adipogenesis
(Fig. 1A), resulting in lower protein levels (Fig. 1B, 1C). Silencing of Psmb4 led to lower levels of adipogen-
esis (Adipoq, Fabp4, Pparg) and thermogenesis markers (Ucp1) during the early phase of adipocyte differ-
entiation (Fig. 1D). In mature adipocytes, these changes were less pronounced albeit detectable for Pparg
and Ucp1 (Fig. 1E). Instead, Ccl2, a surrogate marker for the adipocyte stress response (21), was markedly
higher in siPsmb4 compared to control cells (Fig. 1E). However, ER stress markers Ddit3 and Hspa5 did
not change upon Psmb4 knockdown (Fig. 1D, 1E). These alterations on transcription level translated to
lower lipid content (Fig 1E) and lower lipolysis after treatment with CL316,243 (Fig. 1F). PRAAS patients
suffer from lipodystrophy in white adipose tissue. Therefore, to complement our findings in WT-1 cells, we
also studied the effects of loss of Psmb4 in white adipocytes. For this we used 3T3-L1 cells, immortalized
murine white adipocytes, and knocked down Psmb4. Knock-down successfully lowered gene expression
(Fig. S4A). siPsmb4 cells had lower expression of adipogenesis marker Adipoq but not Fabp4, higher ex-
pression of stress markers Ccl2 and Cxcl1, and lower expression of ER stress marker Ddit3 (Fig. S4B).
Silencing Psmb4 lowered Psmb4 protein levels (Fig. S4C, S4D). Complementing the results in WT-1 cells,
3T3-L1 siPsmb4 cells had higher Nfe2l1 and global ubiquitin levels (Fig. S4C, S4D). In addition, siPsmb4
cells had lower lipid droplet content and lower baseline lipolysis (Fig. S4E, S4F). Overall, 3T3-L1 cells
replicate the effects of loss of Psmb4 on adipogenesis. Altogether, loss of Psmb4 limited adipogenesis and
adipocyte function in both brown and white adipocytes.

As Psmb4 is part of the constitutive proteasome, we hypothesized that loss of Psmb4 would disturb UPS
and proteostasis. To determine proteasome function in these cells we performed native PAGE analysis,
which allows examining activity and protein levels of macromolecular proteasome configurations, i.e., 30S,
26S, and 20S. Chymotrypsin-like peptide hydrolysis activity was lower in siPsmb4 compared to control
cells (Fig. 2A). On protein level, there were less 20S and 26S complexes present in siPsmb4 cells, as well
as an increase in various subcomplexes, including precursors of the 20S proteasome (Fig. 2A, 2B). How-
ever, the overall levels of proteasome subunits were unchanged (Fig. 2C, 2D), indicating an assembly def-
icit of the proteasome in the absence of Psmb4. This is further underscored by the increase in ubiquitin
levels in siPsmb4 cells (Fig. 2E, 2F).. Notably, these changes in UPS were accompanied by higher levels
of active Nfe2l1 in the siPsmb4 compared to control cells (Fig. 2G, 2H), indicating that the brown adipocyte
mounts an adaptive response to overcome UPS dysfunction. Interestingly, in cell lysates of siPsmb4 com-
pared to control cells, proteasomal activity was lower in immature adipocytes but higher in mature adipo-
cytes (Fig 2I). In summary, loss of Psmb4 led to proteotoxic stress through proteasome dysfunction as well
as limited adipogenesis and adipocyte function.



3.3 Activation of Nfe2l1 partially compensates for the loss of Psmb4

While loss of Psmb4 had a marked effect on proteasome function, it did not completely disable UPS. We
hypothesized that the activation of Nfe2l1 mitigated some of the effects of Psmb4 silencing. Therefore, we
tested whether the adipocyte phenotype was more severe in a double Psmb4 and Nfe2/1 knockdown
model. Double knockdown successfully led to lower mRNA as well as protein levels of both Psmb4 and
Nfe2l1 (Fig. 3A, 3B, 3CE). Double knockdown also inhibited the Nfe2I1-mediated increase in proteasome
subunits on protein and gene expression level (Fig 3B, 3C, 3D). Indeed, double knockdown of both Nfe2/1
and Psmb4 led to lower proteasomal activity compared to control cells or single gene silencing (Fig. 3E).
The effects of the double knockdown of Psmb4 and Nfe2/1 on adipogenesis markers compared to control
or the single knockdown cells were minimal (Fig. 3F). However, Psmb4 knockdown was associated with
higher adipocyte inflammation surrogate markers compared to control cells, but this effect was not further
amplified by additional Nfe2/1 knockdown (Fig. 3G). In addition, loss of Psmb4 led to markedly higher
mRNA levels of Activating Transcription Factor-3 (Atf3), an important transcription factor linked to the inte-
grated stress response, but not of other stress markers (Fig. 3H), an effect also seen in PRAAS patients
(5). These changes were independent of Nfe2/1 knockdown (Fig. 3H). In summary, activation of Nfe2l1
helps to sustain proteasome function upon loss of Psmb4, but this effect did neither restore adipogenesis
nor reduce the adipocyte stress response under these conditions.

3.4 Atf3 links loss of Psmb4 to inflammation and adipogenesis

The fact that Atf3 expression was selectively induced in siPsmb4 cells caught our attention, as Atf3 is a
stress-induced transcription factor that reportedly has been associated with adipogenesis and lipogenesis
(22). To investigate the role of Atf3 in our model system, we silenced Psmb4, Nfe2l1 or Atf3 individually
and in a paired fashion (Fig. 4A). This approach did not affect the viability of the adipocytes (Fig. 4B). Unlike
targeting Nfe2l1, Atf3 knockdown in addition to Psmb4 knockdown did not affect proteasomal activity
(Fig. 4C). However, Atf3 knockdown in addition to Psmb4 knockdown normalized the expression of the
inflammation markers Cc/2 and Cxcl1 compared to siPsmb4 and control cells (Fig. 4D). In line with this
normalized gene expression pattern, double knockdown of both Psmb4 and Atf3 largely rescued lipogene-
sis and restored lipolysis as follows. Particularly, cells with double knockdown of Psmb4 and Atf3 displayed
markedly higher lipid content compared to siPsmb4 cells, and similar lipid content compared to control cells
(Fig. 4E). Knockdown of only Atf3 or Nfe2/1 had no effect. Brown adipocytes with double knockdown of
Psmb4 and Atf3 displayed higher NE-induced glycerol release compared to siPsmb4 cells, cancelling out
the effect of siPsmb4 (Fig. 4F). Again, knockdown of only Atf3 or Nfe2/1 had no effect. (Fig. 4F). To verify
whether the effects on lipolysis were caused by changes in lipogenesis or lipolysis, we measured expres-
sion of essential lipases involved in degradation of triglycerides. Expression levels of Adipose triglyceride
lipase (Atgl, encoded by Pnpla2), Hormone sensitive lipase (Hsl, endoced by Lipe), and Monoglyceride
lipase (Mgll, encoded by Mgll) were not affected by siPsmb4 (Fig. 4G). Therefore, the effect of Psmb4
knockdown on glycerol release was due to a lower triglyceride content, and not altered lipolysis activity.
Finally, to assess NST, we measured NE-stimulated oxygen consumption followed by a mitochondrial
stress test using a Seahorse Analyzer. In line with the finding that loss of Psmb4 diminishes brown adipo-
cyte function, siPsmb4 cells displayed abolished NE-stimulated and uncoupled respiration as well as lower
maximal capacity compared to control cells. Double knockdown of both Psmb4 and Atf3 largely rescued
these alterations in mitochondrial function (Fig. 4H, 4l). Knockdown of only Atf3 or Nfe2/1 had no effect



(Fig. 4H, 41). In conclusion, loss of Psmb4 disrupts adipogenesis and thermogenesis through the activation
of Atf3.

4. Discussion

The proteasome is considered a prerequisite for cellular proteostasis, but its remodeling in response to
processes of physiologic adaptation remains largely unexplored. PRAAS syndrome has shed light on the
relevance of the proteasome in human pathology, but the underlying molecular mechanisms linking dis-
turbed proteasome function to e.g., inflammation and lipodystrophy remains unclear. Here, we show that in
mouse brown adipocytes loss of Psmb4 disturbs proteostasis and protein quality control and, thus, impacts
adipogenesis and thermogenesis. In contrast, Psmb8 silencing had no effect. In these cells, Psmb4 is a
constitutively expressed gene that is upregulated during adipogenesis and states of thermogenic activation.
Psmb4 is a target gene of Nfe2l1 and this regulation is in line with the general requirement of increased
proteasome function during cold adaptation (15). Contrasting this, Psmb8 encodes for a subunit of the
immunoproteasome subunit, which is induced by interferons. Psmb8 ablation was previously shown to dis-
rupt proteostasis in immune response (5,19). As the role of the immunoproteasome is especially important
in hematopoietic cells (23,24), it is perhaps logical that Psmb8 expression diminishes during differentiation,
as there is little requirement for a mature adipocyte. Considering this, it is not surprising that Psmb8 is
dispensable for brown adipocyte development and function.

PRAAS patients with mutations in PSMB4 or PSMB8 have a similar disease presentation (5) and suffer
from lipodystrophy and fevers. Our data suggest that the intrinsic cellular pathways may vary in these pa-
tients. It is possible that lipodystrophy in patients with PSMB8 mutations is a result of autoinflammation and
its systemic effects on adipose tissue whereas lipodystrophy in patients with PSMB4 mutations is caused
by a combination of the autoinflammatory syndrome and intrinsically impaired adipogenesis. Our results do
not suggest that hyperactivation of BAT is involved in the fever symptoms in patients, as loss of Psmb4
function in mouse brown adipocytes diminishes NST. Nevertheless, altered thermoregulation in the ab-
sence of NST might contribute to the symptoms. In addition, we are aware that silencing of genes by RNAI
does not completely reflect the natural effects of missense, truncation, or deletion mutations in patients.
However, our study warrants further investigation of PSMB4 mutations on proteasome and adipocyte func-
tion. A more complete understanding of systemic as well as cell-specific effects, could improve treatment
options for patients.

An interesting and potentially therapeutically relevant aspect of our work is the adaptive activation of Nfe2I1
in response to loss of Psmb4 in adipocytes. This recruitment of Nfe2l1 is most likely a response to insuffi-
cient turnover of ubiquitinated proteins caused by proteasome dysfunction, as seen in PRAAS patients (25)
or by inhibiting proteasome activity with chemical inhibitors (12). While the activation of Nfe2l1 partly re-
stored total proteasomal activity, we found that this activation of Nfe2l1 was insufficient to overcome the
defects in adipogenesis and adipocyte function. Perhaps, while both the loss of Psmb4 and Nfe2l1 cause
abnormal proteasomal function, a major difference between the two conditions is the presence of incom-
plete proteasome intermediates. Reduced total proteasomal activity in the absence of Nfe2l1 was not as-
sociated with incomplete proteasome intermediates, and, consequently, also not with a block in adipogen-
esis. More work is needed to characterize the complex remodeling of cellular proteasome function under



proteotoxic stress conditions. Nfe2l1 activation might serve as a therapeutic approach to overcome some
of the pathologies associated with PRAAS.

A major finding of our study is that silencing of Aff3 largely rescued the adipocyte defects caused by loss
of Psmb4. Atf3 is a member of the mammalian activation transcription factor/cAMP responsive element-
binding (CREB) protein family of transcription factors that responds to various stressors (22) and is a down-
stream target of Atf4 (26). Interestingly, Atf3 was previously shown to downregulate adipogenesis markers
and to protect against diet-induced obesity in mice (27). In the context of our research, Atf3 could be viewed
as a brake that responds to proteotoxic stress caused by loss of Psmb4. Atf3 does not seem to signal back
to the UPS or predispose the cell death, yet its activation induces inflammatory pathways, potentially send-
ing out “danger” and “help” signals. Removing Atf3 clears the path for adipogenesis, lipid metabolism and
thermogenesis and might be of therapeutic interest to tackling symptoms associated with PRAAS.

More generally, in the broader context of metabolism, our data underscore the relevance of UPS-mediated
protein quality control in maintaining cellular health and function, exemplified here in the context of adipo-
cytes. We show that proteostasis and lipid metabolism are intricately linked in adipocytes and failure to
secure proteostasis results in diminished adipogenesis. An important hallmark of obesity-induced adipocyte
dysfunction is cellular stress and inflammation, which are tightly linked to aberrant lipid metabolism and
insulin resistance. Our finding that maladaptation of UPS and the activation of stress sensors, including
Atf3, impede adipogenesis should also be interpreted in the context of potentially hampering obesity-in-
duced adipose tissue expansion or, as in the case of PRAAS, resulting in lipodystrophy. Identifying the key
nodes linking proteostasis to cellular stress pathways will represent an important step towards understand-
ing pathological alterations that result in aberrant metabolism, inflammation, premature ageing, and cancer.
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Fig. 1: Psmb4 controls adipogenesis and adipocyte health. (A) Relative gene expression of Psmb4 at
different time points after knockdown with scrambled or Psmb4 siRNA. (B, C) Representative immunoblot
of Psmb4 in siScrambled and siPsmb4 adipocytes with(C) protein quantification normalized to B-tubulin.
(D) Relative gene expression of adipogenesis and stress markers adipocytes after Psmb4 knockdown
measured on day 3 of differentiation. (E) Relative gene expression of adipogenesis and stress markers
adipocytes after Psmb4 knockdown measured on day 5 of differentiation. (F) Representative Oil-Red-O
staining and quantification (day 5). (G) Relative free glycerol levels in adipocyte supernatant (day 5) after
DMSO or 1 uM CL316,243 treatment for 3 h. Data are mean + SEM. Unless otherwise specified: n =6
independent measurements from 2 separate experiments. Significant if P < 0.05, indicated by (*) or different

letters.
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Fig. 2: Psmb4 controls UPS and proteostasis. (A) Representative Native PAGE with in-gel chymotryp-
sin-like proteasome activity and immunoblot of a1-a7 (20S) proteasome subunits. (PA: proteasome activa-
tors) (B) Relative protein levels a1-a7 (20S) proteasome subunits measured in Native PAGE immunoblots.
(C, D)Representative immunoblot of a1-a7 (20S) proteasome subunits from adipocytes (day 5) with (D)
protein quantification relative to B-tubulin. (E, F) Representative immunoblot of ubiquitin from adipocytes
(day 5) with (F) protein quantification relative to B-tubulin. (G, H) Representative immunoblot of Nfe2l1 from
adipocytes (day 5) with (D) protein quantification relative to B-tubulin. (I) Trypsin-like and chymotrypsin-like
proteasome activity in adipocytes at different time points, normalized to DNA content. Data are
mean = SEM. Unless otherwise specified: n = 6 independent measurements from 2 separate experiments.
Significant if P < 0.05, indicated by (*) or different letters.



Fig. 3. Loss of Psmb4 initiates a proteostatic stress-response via Nfe2l1. (A) Relative gene expression
of Psmb4 and Nfe2l1 at different time points after knockdown with scrambled, Psmb4 and/or Nfe2/1 siRNA.
(B, C) Representative immunoblots of Nfe2l1, Psmb4, Psmd2 and B-tubulin in siScrambled, siPsmb4,

siNfe2l1 or siPsmb4 + siNfe2l1 adipocytes (day 5) with (C) protein quantification levels normalized to 3-

tubulin.(D) Relative gene expression of various proteasome subunits. (E) Trypsin-like, chymotrypsin-like,
and caspase-like proteasome activity in adipocytes (day 5), normalized to DNA content.
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(Fig. 3 - continued from previous page). (F) Relative gene expression of adipogenesis and stress mark-
ers in adipocytes (day 5). (G) Relative gene expression of inflammation markers in adipocytes (day 5). (H)
Relative gene expression of ER stress and unfolded protein response markers in adipocytes (day 5). Data
are mean + SEM. Unless otherwise specified: n = 6 independent measurements from 2 separate experi-
ments. Significant if P < 0.05, indicated by (*) or different letters.
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Fig. 4 (previous page). Loss of Psmb4 induces inflammation and blocks adipogenesis via Atf3. (A)
Relative gene expression of Psmb4, Nfe2l1, and Aff3. (B) Viability in adipocytes. (C) Trypsin-like, chymo-
trypsin-like, and caspase-like proteasome activity in adipocytes (day 5), normalized to DNA content (D)
Relative gene expression of adipogenesis and stress markers in adipocytes (day 5) after knockdown. (E)
Oil-Red-O staining in adipocytes after knockdown. (F) Supernatant free glycerol levels after treatment with
DMSO or 1 yM Norepinephrine (NE) for 1 h normalized to protein. (G) Relative gene expression of lipases
in adipocytes (day 5). (H, I) Oxygen consumption rate (OCR) in adipocytes after knockdown, normalized to
DNA levels (n = 8, from 2 experiments). Unless otherwise specified: n = 6 independent measurements from
2 separate experiments. Data are mean + SEM. Significant if P < 0.05, indicated by (*) or different letters.
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after knockdown at day -1 or day 3 at different timepoints (n=3). Data are mean + SEM. Significant if
P < 0.05, indicated by (*) or different letters
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Supplemental table. 1. List of primers used for quantitative real-time PCR.

Gene Forward primer (5) Reverse primer (5’)

Adipog | GGAGAGAAAGGAGATGCAGGT CTTTCCTGCCAGGGGTTC

Atf3 GAGGATTTTGCTAACCTGACACC TTGACGGTAACTGACTCCAGC
Atf4 CCTTCGACCAGTCGGGTTTG CTGTCCCGGAAAAGGCATCC
Atf6 GGACGAGGTGGTGTCAGAG GACAGCTCTTCGCTTTGGAC
Ccl2 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT
Cxcl1 GACTCCAGCCACACTCCAAC TGACAGCGCAGCTCATTG

Ddit3 CTGGAAGCCTGGTATGAGGAT CAGGGTCAAGAGTAGTGAAGGT
Fabp4 GGATGGAAAGTCGACCACAA TGGAAGTCACGCCTTTCATA
Hspa5 TCATCGGACGCACTTGGAA CAACCACCTTGAATGGCAAGA
6 GCTACCAAACTGGATATAATCAGGA CCAGGTAGCTATGGTACTCCAGAA
Lipe GATTTACGCACGATGACACAGT ACCTGCAAAGACATTAGACAGC
Mpll TCGGAACAAGTCGGAGGT TCAGCAGCTGTATGCCAAAG
Nfe2l1 GACAAGATCATCAACCTGCCTGTAG GCTCACTTCCTCCGGTCCTTTG
Pnpla2 | GAGCTTCGCGTCACCAAC CACATCTCTCGGAGGACCA
Pparg TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT
Psma1 | TGCGTGCGTTTTTGATTTTAGAC CCCTCAGGGCAGGATTCATC
Psma2 | TGGCTGTGTTCCGACTTTC AAGCTTACCAGATGGGCTGA
Psmb1 | TTCCACTGCTGCTTACCGAG CGTTGAAGGCATAAGGCGAAAA
Psmb2 | CCCAGACTATGTCCTCGTCG CCGTGTGAAGTTAGCTGCTG
Psmb4 | ACTGGCCACTGGTTATGGTG CAGCACTGGCTGCTTCTCTA
Psmb8 | GTACTGGGAGAGGCTGTTGG CAGCATCATGTTGGAAAGCA
Psmd1 | GTGATAAAACACTTTCGAGGCCA TGAATGCAGTCGTGAATGACTT
Psmd2 | AATGGGAGATTCCAAGTCCA AATGGGAGATTCCAAGTCCA
Tbp AGAACAATCCAGACTAGCAGCA GGGAACTTCACATCACAGCTC
Tnf TCTTCTCATTCCTGCTTGTGG GGTCTGGGCCATAGAACTGA
Ucp1 AGGCTTCCAGTACCATTAGGT CTGAGTGAGGCAAAGCTGATTT
Xbp1s GGTCTGCTGAGTCCGCAGCAGG AGGCTTGGTGTATACATGG
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Abstract

Brown adipocytes produce heat through non-shivering thermogenesis (NST). To adapt to temperature cues,
they possess a remarkably dynamic metabolism and undergo substantial cellular remodeling. The pro-
teasome plays a central role in proteostasis and adaptive proteasome activity is required for sustained NST.
Proteasome activators (PAs) are a class of proteasome regulators but the role of PAs in brown adipocytes
is unknown. Here, we studied the roles of PA28a (encoded by Psme1) and PA200 (encoded by Psme4) in
brown adipocyte differentiation and function. We found that Psme 1 and Psme4 are expressed in brown adi-
pocytes in vivo and in vitro. Through silencing of Psme1 and/or Psme4 expression in cultured brown adipo-
cytes, we found that loss of PAs did not impair proteasome assembly or activity, and that PAs were not
required for proteostasis in this model. Loss of Psme1 and/or Psme4 did not impair brown adipocyte devel-
opment or activation, suggesting that PAs are neither required for brown adipogenesis nor NST. In summary,
we found no role for Psme1 and Psme4 in brown adipocyte proteostasis, differentiation, or function. These
findings contribute to our basic understanding of proteasome biology and the roles of proteasome activators
in brown adipocytes.

1 Introduction

Thermogenic adipocytes produce heat through non-shivering thermogenesis (NST). Mammals - especially
infants, small rodents, and hibernating animals - rely on NST for appropriate thermoregulation as it comple-
ments or substitutes shivering- or muscle-generated thermogenesis (1). The main class of thermogenic adi-
pocytes are brown adipocytes, collectively forming brown adipose tissue (BAT) depots. Additionally, beige
adipocytes with similar thermogenic capacity to brown adipocytes reside in white adipose tissue (WAT) (2,3).

42


mailto:alexander.bartelt@med.unimuenchen.de

The common denominator of these thermogenic adipocytes is their (potential) expression of Uncoupling-pro-
tein 1 (Ucp1), a fatty acid-activated proton carrier that uncouples the electron transport chain from ATP pro-
duction, which is an exothermic reaction resulting in heat generation (1,3). Alternatively to Ucp1-mediated
uncoupling, futile cycling of creatine, calcium, and fatty acids also lead to heat production in thermogenic
adipocytes (4). In response to cold, the central nervous system initiates the release of norepinephrine (NE),
which, through B-adrenergic receptors, acutely leads to lipolysis and Ucp1 activation. Over the years, several
other thermogenic mediators have been identified to promote adipose tissue browning and NST (5-7). To
fuel NST, BAT consumes large amounts of triglycerides and glucose (8,9), which is associated with a bene-
ficial metabolic profile in mice and humans (8—-11). In addition to acute activation, prolonged stimulation of
NST results in BAT hyperplasia, mitochondrial biogenesis, as well as the emergence of beige adipocytes
within certain white adipose depots (1,9). This cellular remodeling of oxidative capacity and lipid metabolism
is regulated by a complex network of proteostasis mechanisms, including autophagy and the ubiquitin-pro-
teasome system (UPS) (12-17). BAT activation and tissue remodeling are energy and resource costly pro-
cesses (1,8), which is probably why thermogenic adipocytes have developed a remarkably dynamic metab-
olism, allowing them to shift between dormant and active metabolic state depending on the environmental
temperature, diet, and hormonal status.

Protein degradation is a major pillar in maintaining proteostasis and metabolism, and appropriate protein
turnover is essential in order to maintain healthy thermogenic adipocytes (12—-14,17). The proteasome is
important both for quality control of misshapen or damaged proteins as well as for determining the lifespan
of proteins, and is, therefore, a key player in shaping the cellular proteome in response to nutritional and
other environmental changes (18). The proteasome is a multi-meric complex composed of a 28-unit particle
(208, also called CP), which has a ‘barrel-shaped’ structure with a catalytic core, to which one or two regu-
latory particles can dock (19). The most common regulatory particle is the 19S particle (also called RP or
PA700), which regulates substrate delivery to the 20S in an ubiquitin- and ATP-dependent manner (19,20).
20S associated with one or two 19S make up the constitutive 26S and 30S proteasome structures, respec-
tively. The abundance of these complexes is partially under the transcriptional control of Nuclear factor
erythroid 2-related factor-1 (Nfe2l1, also known as Nrf1 or TCF11) (21). 26S proteasome activity upheld and
adapted by the transcriptional activity of Nfe2l1 is required for the matching proteasomal activity to the levels
of ubiquitinated proteins generated by thermogenic adipocytes during cold and sustained NST (13). In addi-
tion to this transcriptional regulation, there also posttranslational mechanisms regulating proteasome activity.
A class of regulatory proteins called proteasome activators (PAs) bind to 20S particles, giving rise to a variety
of alternative proteasome complexes, whose functions are less well understood (22,23). The two cytosolic
PAs are PA28ap (also known as PA28, REG or 11S), and PA200 (also known as BIm10 in yeast). PA28af
is a heptameric PA composed of four PA28a (encoded by Psme1) and three PA283 (encoded by Psme?2)
units (24), and are associated with the immune response and oxidative stress (23,25,26). PA200 (encoded
by Psme4) is a large monomer (circa 200 kDa) that is implicated in the regulation of proteasome activity in
the context of DNA repair (23,27-29). In previous work, we showed that Psme1 expression induces pro-
teasome activity in mice (13).However, the function and importance of PAs for proteasome function and
proteostasis in brown adipocyte is currently unknown. As the adaptive regulation of 26S proteasome activity
is an essential part of NST and BAT function, we hypothesized that 20S-PAs structures play a role in this
process. Here, we systematically investigate the roles of PA28a3 and PA200 in brown adipocytes by manip-
ulating Psme1 and Psme4 expression in vitro.
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2 Material & Methods
21 Mice husbandry and tissue collection

All  animal experiments were performed with approval of the local authorities (License:
ROB-55.2-22532.Vet_02-30-32). Mice were housed in individually ventilated cages at room temperature,
with a 12-hour light/dark cycle, and fed chow diet (Sniff) and water ad libitum. For cold exposure, 12-week-old
male C57BL/6J mice (purchased from Janvier) were exposed to 4 °C for seven days in a Memmert Climate
Chamber HPP750 Life. For tissue collection, the afore-mentioned cold exposed mice and 16-week-old male
mice with a C57BL/6J background were injected with a lethal dose of xylazine/ketamine (8/120 mg/kg mouse
body weight). For primary cell collection, 6-week-old male C57BL/6J (Janvier) were killed by cervical dislo-
cation. Interscapular and supraclavicular BAT was collected from the animals and freshly used for primary
cell isolation.

2.2 Primary cell collection and culture

For primary cell culture, the collected BAT was first minced and then digested in DMEM/F-12 (Sigma-Aldrich,
supplemented with 1.2 U/mL Dispase (Roche), 1 mg/mL collagenase type 2 (Worthington), 15 mg/mL fatty
acid free BSA (Sigma-Aldrich), and 0.1 mg/mL DNase 1 (Roche)) at 37 °C, on a shaker, for 30 minutes. The
digestion was stopped by supplementing fetal bovine serum (FBS, Sigma-Aldrich). The suspension was fil-
tered first through a 100 pM filter and then through a 30 pM filter. The stromal vascular fraction (SVF) was
plated and cultured in DMEM/F-12 (supplemented with 10% v/v FBS and 1% v/v penicillin/streptomycin
(Thermo Fisher Scientific)). The cells were incubated at 37 °C, 5% CO.. After reaching confluency, the
pre-adipocytes were differentiated into mature brown adipocytes. From day 0 (confluence) to day 2, the cells
received DMEM/F-12 supplemented with 1 uM dexamethasone (Sigma-Aldrich), 340 nM insulin (Sigma-Al-
drich), 500 uM isobutylmethylxanthine (Sigma-Aldrich), 2 nM triiodothyronine (Sigma-Aldrich), and 1 uM
rosiglitazone (Cayman). From day 2 until day 6, the cell received DMEM/F-12 supplemented with 10 nM
insulin, 2 nM trilodothyronine, and 1 uM rosiglitazone. The medium was refreshed every other day.

2.3 Immortalised cell culture and treatment

The immortalised WT-1 mouse brown preadipocyte cell-line (kindly provided by Brice Emmanueli, University
of Copenhagen) was grown in DMEM Glutamax (Thermo Fisher, supplemented with 10% v/v FBS and
1% vlv penicillin/streptomycin). After the pre-adipocytes reached confluency (day 0), their differentiation was
induced with induction medium (DMEM Glutamax, supplemented with 860 nM insulin, 1 yM dexamethasone,
1 uM triiodothyronine, 1 uM rosiglitazone, 500 uM 3-isobutyl-1-methylxanthine, and 125 yM indomethacin
(Sigma-Aldrich). After 48 hours, the induction medium was changed to differentiation medium (DMEM Glu-
tamax, 1 uM triiodothyronine, 1 uM rosiglitazone). The differentiation medium was refreshed every other day.
Cells were fully differentiated after 5-6 days. For target gene RNA inhibition (RNAi), cells received 30 nM
SMARTpool silencing RNA (siRNA, Dharmacon) through reverse transfection with Lipofectamine RNAIMAX
transfection reagent (Thermo Fisher) according to manufacturer's protocol. Transfection took place one day
before induction (day -1). Cell treatments took place on day 5 of differentiation. Cells were treated with
100 nM Bortezomib (Sellect) for 6 or 24 hours, or 1 yM CL-316,143 (Tocris) for 3 hours, or dimethyl sulfoxide
(DMSO) as control. Cells were harvested as pre-adipocytes (day 0), early brown adipocytes (day 3) or ma-
ture brown adipocytes (day 5-6). Unless mentioned otherwise, assays were performed on mature (day 5)
adipocytes.
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24 Gene expression analysis

RNA was extracted from tissues or cells with NucleoSpin RNA kit (Machery Nagel) according to the manu-
facturer’s instructions, and RNA concentration was determined with NanoDrop (Thermo Fisher). RNA was
synthesized into complementary DNA (cDNA) with Maxima H Master Mix (Thermo Fisher) according to the
manufacturer’s instructions. To measure gene expression, we combined 10 ug cDNA and 0.5 yM DNA pri-
mers with 5 yL PowerUp SYBR Green Master Mix (Applied Biosystems). To establish gene expression, the
cycles thresholds (Ct) were calculated in Quant-Studio 5 RealTime PCR system (Thermo Fisher, standard
conditions: 2 min on 50 °C, 10 min on 95 °C, 40 cycles of 15 s on 95 °C, and 1 min on 60 °C). Normalized
virtual copy numbers were was calculated by normalizing the Cts of experimental genes to the Cts of the
housekeeper gene TATA-box binding protein (Tbp) (A Ct). Relative gene expression was calculated by nor-
malizing delta Ct of the experimental groups to the control groups (AA Ct). The primer sequences are listed
in Supplementary table 1.

25 Protein isolation and analysis

The samples were collected in RIPA buffer (50 mM Tris (Merck, pH=38), 150 mM NaCl (Merck),
0.1% w/v SDS (Carl Roth), 5mM EDTA (Merck), and 0.5% w/v sodium-deoxycholate (Sigma—Aldrich))
freshly supplemented with a protease inhibitor (Sigma-Aldrich). Samples were lysed in a tissue lyser and
then cells were centrifuged twice and tissue lysates were centrifuged three times for 30 min (4 °C, 21,000 g),
to remove lipids and debris. Protein concentrations were determined with Pierce BCA assay (Thermo Fisher).
Per sample, 15-30 ug proteins were denatured with 5 % v/v 2-mercaptoethanol (Sigma-Aldrich) for 5 min at
95 °C. The denatured samples were loaded in a Bolt 4-12% Bis-Tris gel (Thermo Fisher). After separation,
proteins were transferred onto a 0.2 ym PVDF membrane (Bio-Rad) using the Trans-Blot Turbo™ system
(Bio-Rad, 25V, 1.3 A for 7 min). The membrane was blocked in Roti-Block (Roth) for one hour at room
temperature. The membranes were incubated overnight in primary antibody dilutions (1:1000 in Roti-block)
at 4 °C. The following primary antibodies were used: B-tubulin (Cell Signaling, 2146), Psmb4 (Santa Cruz,
sc-390878), Psmd2 (Santa-Cruz, A-11), Psme1 (Abcam, ab3333), Psme4 (Thermo Fisher, PA1-1961),
Nfe2l1 (Cell Signaling, 8052), Ubiquitin/P4D1 (Cell Signaling, 3936), Ucp1 (Abcam, ab10983), Hsp90 (Cell
Signaling, 4877), and Proteasome 20S alpha 1+2+3+5+6+7 (Abcam, ab22674). The next day, the membrane
was washed with TBS-T (200 mM Tris (Merck), 1.36 mM NaCl (Merck), 0.1% v/v Tween 20 (Sigma)), and
incubated in secondary antibody (Santa Cruz) (1:10,000 in Roti-block) for 1h at room-temperature. The mem-
branes were developed with SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Fisher) in
a Chemidoc MP imager (Bio-Rad). Full-size blot images are displayed in Supplementary figure 2.

2.6 Native PAGE: in-gel activity assay and immunoblot

The protocol for Native PAGE in-gel proteasome activity assay and subsequent immunoblotting was previ-
ously described in detail (15). Briefly, samples were lysed in OK-lysis buffer (50 mM Tris/HCI, pH = 7.5, 2 mM
dithiothreitol, 5 mM MgCl2 10% v/v glycerol, 2 mM ATP, 0.05% v/v Digitonin (Thermo Fisher)), kept on ice
for 20 minutes, and centrifuged thrice. 15 ug protein, determined with Bio-RAD Protein Assay Kit I, was
loaded in a NuPAGE 3-8% Tris-Acetate gel (Thermo Fisher). The gel was run at a constant voltage of 150 V
for four hours. The gel was then incubated in a reaction buffer (50 mM Tris, 1 mM MgClz, 1 mM dithiothreitol)
for 30 minutes at 37 °C. The fluorescence signal was measured in ChemiDoc MP. Next, the gel was prepared
for protein transfer by 15 minutes incubation in a solubilization buffer (2% w/v SDS, 66 mM Na2COs, 1.5% v/v
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2-mercaptoethanol. The proteins were transferred to a PVDF membrane by ‘wet’ tank transfer (40 mA, over-
night). The immunoblot was further treated as described above (see 2.5). Full size blot images can be found
in Supplementary figure 2.

2.7 Viability assay

AquaBlueR (MultiTarget Pharmaceuticals) was used to assess cell viability. Cells were incubated in 1:100
AquaBlueR for four hours at 37 °C. Fluorescence was measured at 540/590 nm (excitation/emission) in a
Spark 20M Plate reader (Tecan).

2.8 Lysate proteasome activity

Cells were lysed in lysis buffer (40 mM Tris (Merck, pH = 7.2), 50 nM NaCl (Merck), 5 mM MgCl2(6H20)
(Merck), 10% v/v glycerol (Sigma), 2 mM ATP (Sigma), 2 mM 2-mercaptoethanol (Sigma)). Proteasome Ac-
tivity Fluorometric Assay Il Kit (UBPBio, J41110) was used according to the manufacturer’s instructions to
measure trypsin-like (T-L), chymotrypsin-like (CT-L), and caspase-like (C-L) proteasome activity. The fluo-
rescent signaling was measured in the plate reader and the results were normalized to DNA with the Quant-iT
PicoGreen dsDNA assay kit (Invitrogen, p7589), according to manufacturer’s instructions.

29 Oil-Red-O (ORO) Staining

ORO staining was used to measure lipid content. Cells were washed with cold DPBS (Gibco), fixed in zinc
formalin solution (Merck) for 15 minutes at room-temperature and again washed with 2-propanol (Merck).
The cells were dried, incubated in 60% v/v ORO (Sigma) for 10 minutes at room-temperature followed by
washing with water for 3-4 times. A picture of the plate was taken to visualize the lipid content. To measure
absorption, ORO was eluted in 100% 2-propanol, and measured in the plate reader.

210 Free fatty acid release assay

To measure lipolysis in cell culture supernatants, Free Glycerol Reagent (Sigma F6428) and Glycerol stand-
ard solution (Sigma G7793) were used. Cell culture medium was collected to measure free glycerol content
and the experiment was performed according to the manufacturer’s instructions.

211  Extracellular Flux Analysis (Seahorse)

Oxygen consumption rate (OCR) was measured in a Seahorse XFe24 Analyzer (Agilent) and the assays
performed as previously described (30). Briefly, we performed a Seahorse Cell Mito Stress Test (Agilent)
largely according to manufacturer’s instructions, but with the addition of a NE (1 uM) injection. There was no
addition of BSA to the medium at any point. Two days before the assay, 20,000 adipocytes were seeded per
well. During the assay, cells were consecutively treated with NE, oligomycin (1 uM), FCCP (4 uM), and Ro-
tenone/Antimycin A (both 0.5 uM). Oxygen consumption was measured in intervals of 3 minutes. The results
were normalized to total DNA levels which were measured with CyQuant Cell Proliferation Assay (C7026,
Invitrogen) according to manufacturer’s instructions. NE-induced respiration was calculated by subtracting
maximum baseline OCR from maximum NE-induced OCR. Coupled respiration is baseline OCR minus OCR
after oligomycin. Uncoupled respiration is OCR after oligomycin minus OCR after Rot/AA injection. Maximum
respiration was calculated by subtracting minimum OCR, measured after Rot/AA injection, from maximum
OCR, measured after FCCP injection.
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212 Data analysis and visualization

All data was analyzed with Excel and GraphPad Prism. The raw data from the Seahorse was analyzed with
Wave software (Agilent). Immunoblots were quantified with ImagelLab (Bio-Rad). Data was visualized in
GraphPad Prism. If not otherwise specified, data is represented as mean + standard error of the mean (SEM).
(Multiple) Student’s t-test (with Bonferroni post-hoc test) was used to compare two groups with one variable.
One-way ANOVA with Tukey post-hoc test was used to compare three groups with one variable.
Two-ANOVA with Tukey post-hoc test was used to compare four groups with two different variables, i.e. for
the double siRNA transfection experiments. Three-way ANOVA with Dunett’s post-hoc test was used to com-
pare more than four groups with more than two different variables, i.e. for the double siRNA transfection plus
treatment experiments. P-values lower than 0.05 were considered significant. If groups are significantly dif-
ferent from each other, this is indicated in graphs either with an asterisk (*) or with different letters (a, b). If
the same letter is used or if nothing is indicated, the groups are statistically indifferent from each other. The
graphics were made in Biorender.com.

3. Results
31 Proteasome activators are expressed in brown adipocytes

The remodeling of the constitutive proteasome is an essential component of brown adipocyte adaptation to
sustained activation (13), but PAs are not part of the 26S/30S constitutive proteasome. Instead, they form
hybrid shapes with the 20S core particle (22). It is unknown if PS are expressed in brown adipocytes, if
proteasome hybrids are present in and if so, what their roles are in brown adipocyte biology. Therefore, we
first assessed the levels of PAs in BAT, ex vivo and found that both Psme1 and Psme4 were abundantly
expressed in the tissue (Figure 1A). Next, we measured Psme1 and Psme4 gene expression before and
after brown adipocyte differentiation in primary cells obtained from the interscapular brown adipose tissue
derived stromal fraction (SVF). Both genes were expressed in pre-adipocytes and mature brown adipocytes
(Figure 1B). Following this, we determined if these genes were differentially expressed during states of BAT
inactivity and BAT induction. Mice were exposed to either thermoneutrality (30 °C) or to cold (4 °C) for one
week. Thermoneutrality initiates BAT whitening and cold activates non-shivering thermogenesis and pro-
motes tissue browning. While Psme1 and Psme4 were expressed under both conditions, Psme4 expression
was highest in cold-exposed mice (Figure 1C). For the remainder of the experiments in this manuscript, we
used an immortalized mouse brown pre-adipocyte cell line (Simplified model in Figure 1D). These pre-adi-
pocytes differentiate into mature brown adipocytes within six days. After three days of induction, there was
marked increase in expression of the adipogenesis markers Adipoq, Cebpa, Fabp4, and Pparg, as well as
brown adipocyte marker Ucp1 (Figure 1E). In these cells, we measured both gene expression and protein
levels of Psme1 and Psme4 during different stages of cell differentiation. We found increased gene expres-
sion of Psme1 and increased protein level of Psme1 during differentiation (Figure 1F-G). In contrast, Psme4
expression did not change during differentiation, but protein Psme4 was only detectable in early and mature
brown adipocytes, and not in pre-adipocytes. (Figure 1F-G). In summary, Psme1 and Psme4 are constitu-
tively expressed in both pre-adipocytes and brown adipocytes, and Psme1 expression is induced during
differentiation whilst Psme4 expression is induced with cold-induced activation in vivo.
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3.2 The effect of loss of PAs on viability, stress, and inflammation

As the PAs Psme1 and Psme4 were present and regulated in brown adipocytes, we hypothesized that they
could play a role in brown adipocyte function. In order to study their roles, we silenced Psme1 and Psme4
gene expression in brown adipocytes. We transfected cells before differentiation (day -1) with either Psme1
siRNA, Psme4 siRNA, or the combination of both. The knockdown successfully led to lower levels of gene
expression and kept gene expression low even after differentiation (Figure 2A). This translated into an al-
most complete ablation of protein levels for both PAs (Figure 2B). First, we checked if silencing of PAs
resulted in any impaired cell viability and found no effects of Psme1 and/or Psme4 gene silencing (Figure
2C). Additionally, we treated the cells with the chemical proteasome inhibitor bortezomib to measure borte-
zomib-induced cell death, as impairment of the proteasome or its regulation sensitizes cells to treatment with
proteasome inhibitors (21,31). However, loss of Psme1 or Psme4 did not amplify bortezomib-induced cell
death (Figure 2D). Finally, loss of PAs did not alter gene expression of Cc/2, a surrogate marker of adipocyte
inflammation, nor that of Atf3, Xbp1s, Herpud2, or Hspab, all surrogate markers of protein folding stress
(Figure 2E) or in the transcription levels of the apoptosis marker Ddit3 (Figure 2E). Overall, loss of Psme1
and or Psme4 did neither cause or enhance bortezomib-induced cell death nor provoke an overt stress re-
sponse in the cells.

3.3 Loss of PAs does not impair UPS in brown adipocytes

PAs bind to 20S core particles, forming hybrid proteasomes, and, thus, PAs are implicated in regulating
proteasome activity and substrate selection. To determine if manipulation of PAs impacts brown adipocyte
proteostasis, we checked if Psme1 and/or Psme4 knockdown affected gene expression of proteasome tran-
scription factor Nfe2l1 or other proteasome subunits. We measured expression of several proteasome sub-
units to cover the different parts of the proteasome: Psma3 and Psmb6 as representative units of the 20S,
Psmd2 as part of the 19S regulatory particle, Psme2 as part of the PA28a3 complex, and Psme3 for the
nuclear PA28y. We found no differences in any of these tested transcripts (Figure 3A). Correspondingly, we
found no changes in protein levels of the seven a-subunits, ranging from Psma1 to Psma7, and of Psmb4
comparing controls cells and cells with Psme1 and/or Psme4 knockdown (Figure 3B). Additionally, both
baseline and bortezomib-induced Nfe2l1 protein levels were unchanged, and both full-length and
short-length forms were present in the brown adipocytes (Figure 3C). Global ubiquitin levels, as a marker
for proteostatic stress and modulation of UPS, were similar between control and experimental groups (Figure
3B). To directly measure proteasome activity, we used two distinct methods. For the first approach, we
measured trypsin-like, chymotrypsin-like, and caspase-like activity in whole-cell lysates after gene knock-
down (Figure 3D). For the second approach, we loaded non-denatured proteins in a Native PAGE. This
allowed us to visualize the 20S, 26S and 30S proteasome with in-gel proteasome activity and then subse-
quently quantify protein levels by immunoblotting. In line with the unchanged ubiquitin levels, we also found
no impairment in proteasome activity, neither in in-gel chymotrypsin-like activity nor in a1-a7 protein levels
(Figure 3E). We also investigated if stressing proteostasis with proteasome inhibitor bortezomib under
knock-down conditions would result in altered respiration. While bortezomib treatment impaired mitochondrial
respiration, this effect was not affected by silencing of Psme1 or Psme4 (Supplementary Figure 1A-B).
Overall, this set of experiments demonstrated that Psme1 and Psme4 are dispensable for proteasome avail-
ability and function in brown adipocytes.
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3.4 Loss of PAs does not affect adipogenesis or brown adipocyte function

Finally, to determine the effect of PAs on brown adipocyte-specific biology, we studied the effects of loss of
PAs on brown adipocyte development and function. Psme1 and/or Psme4 knockdown did not affect expres-
sion of the adipocyte markers Adipoq, Cebpa, Fabp4, and Pparg (Figure 4A). However, there was a non-
significant trend for lower Ucp1 mRNA expression in cells with siPsme4 (Figure 4A). Next, lipid content was
measured as an indicator for net adipogenesis and lipogenesis. ORO staining showed that lipid content was
not lower in the knock-down groups compared to the control groups (Figure 4B-C). As brown adipocytes
induce lipolysis to fuel heat production (3), we measured cell culture supernatant glycerol levels before and
after stimulation with the B3-adrenergic agonist CL-316,243. The glycerol release assay showed no effects
upon loss of Psme1 and/or Psme4 (Figure 4D). Finally, we measured oxygen consumption rate (OCR) to
measure sympathetic response and global cellular respiration. NE-induced respiration was used to measure
cellular NST-capacity in vitro. NE-induced respiration was not different between groups, nor was maximum
respiratory capacity, suggesting that there were no significant changes in mitochondrial abundance and
health (Figure 4E-F). Even stressing the system with Bortezomib treatment did not differentially affect knock-
down groups compared to the control group (Figure 4 G). Taking these results together, we found no evi-
dence that loss of PAs impaired adipocyte function.

4 Discussion

Brown adipocytes undergo cellular remodeling during thermogenic activation (1), and in order to sustain NST,
an appropriate protein turnover is required (14). Although the role of the constitutive 26S proteasome in BAT
and NST has been studied previously (13), the role of other proteasome types remains elusive. In this study,
we investigated the roles of Psme1/PA28a and Psme4/PA200 in brown adipocyte differentiation and function.
We found that Psme 1 and Psme4 were constitutively expressed in brown pre-adipocytes and mature adipo-
cytes, which alludes to a significant role in brown adipocyte proteostasis. However, in our model of cultured
adipocytes, loss of Psme1 and/or Psme4 protein by RNAI did not affect viability or led to a marked stress
response in the cells. Moreover, even though we saw minor effects on proteasome activity, UPS and prote-
ostasis remained functional. Finally, neither differentiation nor activation of brown adipocytes was impaired
after silencing of Psme1 and/or Psme4. We conclude that in our experimental settings, Psme1 and Psme4
are dispensable for cultured brown adipocytes.

There are limitations to our model and approach that should be noted. Firstly, the experiments were per-
formed in an immortalized brown adipocyte cell line, which cannot mimic the biological complexity and natural
regulation of BAT activation or remodeling observed in vivo in mice or humans. An adipocyte-specific trans-
genic deletion mouse model could provide insight into the physiological roles of PAs, but these models have
not yet been established. This cell model allowed for basic study of the role of PAs in adipocytes, but did not
characterize PAs under different physiological conditions, e.g. nutrient deprivation, inflammation, nor did it
take into account cell-cell interactions or systemic effects. Secondly, we limited our study to Psme1 and
Psme4, leaving the other proteasome activators subunits Psme2 and Psme3 out of the scope of this study.
Admittedly, as PA28a consists of Psme1 and Psme2 subunits, it is possible that sole loss of Psme1 would
result in an alternative PA28 form with residual activity. However, this PA-variant is thought to be less stable
and active, and it is unknown if there is a physiological relevance (24). Furthermore, there could also be
compensation mechanism through Psme3 activation, but as Psme3 is a nuclear PA instead of cytosolic, we
estimated this chance as low (22). Finally, we used siRNA to knockdown gene expression and this method

49



does not completely ablate protein levels. Even though we observed marked near to complete loss of protein
for both Psme1 and Psme4, it is possible that a remaining low expression of Psme 1/Psme4 was sufficient to
sustain a residual activity. However, we have previously shown that the same experimental strategy resulted
in efficient ablation of 20S subunit Psmb4, which disrupted proteostasis, adipocyte differentiation, and ther-
mogenesis (30). In addition, a separate study showed that siRNA-mediated manipulation of Psme4 affected
myofibroblast differentiation (32). This indicates that the experimental RNAI strategy is capable of targeting
both constitute and adaptive proteasome subunits and investigate their role for brown adipocyte differentia-
tion and activity.

Regardless, the roles of Psme1 and Psme4 in regulating proteasome function and protein degradation are
not well-established. Based on their structures, both PA28af and PA200 are thought to stimulate the inser-
tion of unfolded proteins or peptides into the 20S proteasomes (22,23). Also, PA28a is associated with the
immunoproteasome, a specific type of proteasome that specifically degrades proteins for antigen-presenta-
tion (25,26). However, mice lacking Psme1/Psme2 display no growth abnormalities or obvious health prob-
lems (33). In a study with triple-knockout mice, ablation of Psme1, Psme2 and nuclear Psme3/PA28y (gene:
Psme3), the researchers found reduced proteasome activity and exacerbated high-fat diet-induced hepatic
dysfunction (34), even though the cause of this metabolic phenotype remains unclear. Also, the function of
Psme4 is still being debated, but it is associated with the process of DNA repair (27,28) and was shown to
play a role in myofibroblast differentiation (32). Whole-body Psme4 knock-out did not result in an overt phe-
notype, but showed impaired spermatogenesis and infertility (35,36). These studies with whole-body
knock-out mouse models did not investigate or report any BAT or NST phenotype (32—-36), leaving it as an
open question if they participate in adipocyte biology in vivo. Although we found that Psme1 and Psme4 were
not required in brown adipocytes in vitro under standard conditions, they may play a role in specific cellular
stress responses. Based on its implication of immunoproteasome regulation, Psme1 may play a role in the
immune response of the adipocyte, but the role of immunoproteasome formation in adipocytes is unknown,
too. Alternatively, Psme1 and or Psme4 could be recruited in response to specific stressors, for example in
the adaptive proteasome response against oxidative stress, proteasome autophagy or ferroptosis (37). In-
terestingly, it was observed that overexpression of Psme1 enhances proteasome activity in obese mouse
models when proteasome function was compromised (13). Further scrutiny of the PAs in different contexts
will contribute to our understanding of their functions and mechanisms and should determine if and how PAs
play a role in adipocytes in vivo. In conclusion, our data reveal that, even though expressed high robust
levels, Psme1 and Psme4 are dispensable for proteostasis, adipogenesis, and thermogenesis in cultured
brown adipocytes.
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9 Contribution to the field statement

Brown adipocytes in brown adipose tissue (BAT) and beige adipocytes in white adipose tissue are thermo-
genic adipocytes that generate heat by uncoupling mitochondrial activity from ATP production. In response
to sustained cold, these cells undergo remodeling to meet the thermogenic demand of the organism. In
humans, BAT activity is associated with increased energy expenditure and improved cardio-metabolic health.
Here, to elucidate the cellular remodeling that underlies BAT activity, we study protein degradation via the
proteasome. The proteasome is a barrel-like structure with catalytic activity that can bind to proteasome
regulators and activators that regulate the access of proteins to this barrel. We determined the relevance of
proteasome activators 28a (PA28a, encoded by Psme1) and 200 (Pa200, encoded by Psme4) in brown
adipocytes. Both the mechanistic and physiological functions of PAs are unclear, and their roles in (brown)
adipocytes have not been studied until now. We studied PA28a/Psme1 and PA200/Psme4 by manipulating
their expression in cultured brown adipocytes. We found that loss of Psme1 and/or Psme4 did not disrupt
protein metabolism or proteasome activity. Additionally, we found that PAs are not required for brown adipo-
cyte development or activity. Altogether, our data contributes to the basic understanding of PAs in brown
adipocyte cell biology.

10 Abbreviations

Abbreviation Definition

BAT Brown adipose tissue

DMSO Dimethyl sulfoxide

FCCP Carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone
NE Norepinephrine

Nfe2l1 Nuclear factor erythroid 2-related factor 1
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NST Non-shivering-thermogenesis

Omy Oligomycin

ORO Oil-Red O

PA Proteasome activator

Psm Proteasome subunit

Psme1-4 Proteasome activator complex subunit 1-4
Rot/AA Rotenone/Antimycin A

Ucp1 Uncoupling protein 1

UPS Ubiquitin proteasome system
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Figure 1: Psme1 and Psme4 expression in brown fat and brown adipocytes. A-B) Normalized gene
expression of Psme1 and Psme4 in (A) brown adipose tissue (BAT) (n = 9 biological replicates), and (B)
primary brown pre-adipocytes and mature adipocytes (n = 6 biological replicates). C) Relative gene expres-
sion of Psme1/Psme4 in BAT after cold exposure (1 week at 4 °C) (n = 3 biological replicates). D) Summary
of experimental model made in Biorender.com. E) Relative gene expression of Adipoq, Cebpa, Fabp4, Pparg
and Ucp1 in immortalized brown adipocytes in different stages of development: pre-adipocytes (day 0), early
adipocytes (day 3), and mature adipocytes (day 5). (n = 6 measurements pooled from two independent ex-
periments). F) Relative gene expression of Psme1 and Psme4 in immortalized brown adipocytes in different
stages of development: pre-adipocytes (day-0), early adipocytes (day 3), and mature adipocytes (day 5).
(n = 6 measurements pooled from two independent experiments). G) Representative immunoblots showing
Psme1, Psme4 and B-tubulin. Data are represented as mean + SEM. Data are significant if P < 0.05, which
is indicated with an asterisk (*) or by different letters (a, b).

55



>

2.0 siPsme1 - - + + - - + +

2 siPsme4 - - - - + + + +

:15— . ) I—Q » Wy -|IB:Psme1
- a a

2 104 ® o . A S —————— | 1B 3-tubulin
g 1.

© b b —— - p— - - - | IB: Psme4
Fostl o [ 15 ||

N al | ﬁﬁ | |5 Hspo0

Relative gene expression

Psme1 Psme4
[ scramble 1 siPsmet
1 siPsme4 3 siPsmel + siPsmed

D
2.0 1.2 -~ scramble
g 2 -& siPsmel
a 1.5 5 114
- SIPsme4
s t s 3 A
= = 1.04 ¥ siPsmel + siPsme4
© 1.0 g
g 2
8 0.5 g 09
[
['4 @ 0.5
0.0- 0.0 T T
[ scramble [ siPsmel DMsSO Bortezomib
1 siPsme4 3 siPsmel + siPsme4
c 34
.% °
Q.
'd
= ° o o
& i) 24 L L
- ¢ ° ] o ']
< g L4 ° L e o ° ° ° ° ° o
5% , | ° ° ° & * 2o
o £
St e o
= g [ ® :
nE: ®
0 1 1 ] — 1 ]
Atf3 Ccl2 Ddit3 Herpud2 Hspab Xbp1s

[ scramble 1 siPsmel 1 siPsme4 3 siPsmel + siPsme4
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Figure 3: The effects of Psme1/Psme4 knockdown on proteasome activity. A) Relative gene expression
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tion with siPsme1 and/or siPsme4. B) Representative immunoblots with protein levels of Psmd2, Psmb4,
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with an asterisk (*).

57



0

siPsme1 - + - +
2.0 .
g siPsme4 - - + +
a ] ———
o 845 . ]
gﬁ o A
o ° [ ]
2 § 1.0 - oo & &
o ° U i hd 8
[ E (J
E o 05— ® |
© C
©
90 : c
Adipoq Cebpa Fabp4 Pparg Ucp1 i
3 scramble [ siPsmel [ siPsme4 L3 siPsmel+siPsme4
2.0 D &4
= K4
2 e
c ~ 1.5+ o 34
o C S
(5] 2 ©
ZE 10{ S z
£s 1 8 27 [ scramble
23 ®
2o @ [ siPsmeft
&~ 0.5- 4
2 s ﬂ 1 siPsme4
0.0 5 o — — L 3 siPsme1 + siPsme4
3 scramble [ siPsmel X N %‘60 9,"'0 \‘?0 ;*,"b ‘{90 :‘,\6
1 siPsme4 [ siPsmel+siPsme4 v Qv O O
NE Omy FCCP Rot/AA F
15 5 : : : : -~ scramble 20
N : : : : N >
< & siPsmefl <
4 z Y ’
. - °
E 10 - -4 SiPsme4 % 15 ° :
£ - siPsme1 + siPsme4 E °
3 5 104 o b
£ £
& 5 5 ®
14 x 54 e o ®
(3} o o < ®| |o Y
° ° MRS
0 1 . 1 1 1 Al 1 - 1 T - 1 1 0 T T

0 15 30 45 60 75 90 105 120 135 150 NE-induced respiration Max. respiration

Time (minutes)

[ scramble 1 siPsmefl

1 siPsme4 3 siPsmel + siPsme4d

Figure 4: Loss of Psme1/Psme4 did not impair adipocyte function. A) Relative gene expression of adi-
pocyte markers in brown adipocytes after transfection with siPsme1 and/or siPsme4. Genes: measured:
Adipoq, Cebpa, Fabp4, Pparg and Ucp1. B) Representative Oil-Red-O staining and (C) relative lipid con-
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pooled from two independent experiments). NE: norepinephrine, Omy: oligomycin, FCCP: carbony cyanide
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Supplementary table 1: Primers used for qPCR.

Primer Forward sequence (5’ to 3’) Reverse sequence (5’ to 3’)
Adipoq GGAGAGAAAGGAGATGCAGGT CTTTCCTGCCAGGGGTTC

Atf3 GAGGATTTTGCTAACCTGACACC TTGACGGTAACTGACTCCAGC
Ccl2 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT
Cebpa AAACAACGCAACGTGGAGA GCGGTCATTGTCACTGGTC
Ddit3 CTGGAAGCCTGGTATGAGGAT CAGGGTCAAGAGTAGTGAAGGT
Fabp4 GGATGGAAAGTCGACCACAA TGGAAGTCACGCCTTTCATA
Herpud2 ATGGACCAAAGTGGGATGGAG TCAATGGTTTGCTAGGGTACAC
Hspab TCATCGGACGCACTTGGAA CAACCACCTTGAATGGCAAGA
Nfe2l1 GACAAGATCATCAACCTGCCTGTAG [ GCTCACTTCCTCCGGTCCTTTG
Pparg TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT
Psma3 GAAGCAGAGAAATATGCCAAGG GCAACTGTTACAGAAATGTAAACCA
Psmb6 GAAAACCGGGAAGTCTCCAC CTCGATTGGCGATGTAGGAC
Psmd2 AATGGGAGATTCCAAGTCCA TGACATCTCCATTGCAGGAC
Psme1 ATAATTTTGGCGTGGCTGTC TGGAGATCTGCGTGTGGA
Psme2 GGGTGGCAATTCAGGAGA CTACAGCGTCCCCTCGTTC

Psme3 CACTGTCACAGAGATTGATGAGAA GGATCATGTCATGGAGAGTGAC
Psme4 CCTCACACAATGTTCCAAAGAC GAAACAGAAAAGTTAAAGACCTTCTGA
Tbp AGAACAATCCAGACTAGCAGCA GGGAACTTCACATCACAGCTC
Ucp1 AGGCTTCCAGTACCATTAGGT CTGAGTGAGGCAAAGCTGATTT
Xbp1s GGTCTGCTGAGTCCGCAGCAGG AGGCTTGGTGTATACATGG
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