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Abstract

Despite the extensive ongoing research, there still exist plenty of diseases whose
mechanisms have not yet been fully understood, one such example being proteasome-related
disorders. Over the last few years, an increasing number of studies have been initiated
to elucidate their driving pathophysiological mechanisms. Determining the systematic effects
of genomic alterations occurring in genes encoding 19S proteasome subunits is a key to
comprehend the molecular basis of syndromic intellectual disability (ID) pathogenesis and
the subsequent design of new targeted therapies. Therefore, the main objective of my research
was to contribute to the identification of potential drivers of syndromic ID, and thereby pave
the way for the development of new targeted therapy approaches. In this regard, my aim was to
characterize tissue, proteomic and metabolomic changes in cells from patients with PSMC5
mutations and uncover a potential dysregulation of various biochemical and/or inflammatory

pathways.

To this end, | undertook a comparative examination of control and patient T cells expanded
from peripheral blood mononuclear cells (PBMCs). First, | assessed the proteasome
composition in these samples (both in its denaturized and native form), by means of
SDS-PAGE, native PAGE and western-blotting. Moreover, | determined proteasome
chymotrypsin-like activity by measure of Suc-LLVY-AMC peptidase activity assay. In
addition, I analysed the activation status of the ER stress and mTOR pathway by RT-PCR and

SDS-PAGE /western-blotting prior to a subsequent analysis of T-cell markers.

The data show that the investigated p.(Pro320Arg) and p.(Arg201Trp) de novo heterozygous
missense mutations in the PSMC5 gene do not cause haploinsufficiency as the steady-state
expression level of the PSMC5/Rpt6 full-length protein does not vary between control and
patient cells. Further analysis of control and patient T cells under non-reducing conditions
revealed that PSMC5/Rpt6 mutants were less efficiently incorporated into 26S proteasome
complexes than their wild-type counterparts. The failure to assemble PSMC5/Rpt6 into fully
mature proteasomes was associated with a reduced proteasome chymotrypsin-like activity in
patient T cells, as determined by in-plate assays. These data unambiguously demonstrate that
both of the p.(Pro320Arg) and p.(Arg201Trp) PSMC5 mutations identified in patients suffering
from syndromic ID are loss-of-function mutations. Interestingly, my data further show that

proteasome dysfunction in these patients was accompanied by abnormalities in mTOR
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signalling and T-cell differentiation, as determined by western-blotting and flow cytometry,

respectively.
Altogether, our data identified for the first time PSMC5 as a disease-causing gene for

a syndromic form of ID. How proteasome dysfunction caused by PSMC5 variants contributes

to disease pathogenesis, remains to be fully determined.
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1. Introduction

1.1. The ubiquitin proteasome system (UPS)

1.1.1. The structure of ubiquitin and its molecular functions

Ubiquitin is a small highly conserved ubiquitously expressed protein present in all
tissues and eukaryotic cells, hence its name [1; 2; 3]. It is synthesized as a precursor protein
comprising multiple ubiquitin moieties in tandem or a single ubiquitin fused to an unrelated
protein and needs to undergo proteolytic processing to produce a mature 76-amino acid-long
molecule that folds properly to form a compact globular structure [4], symbolically depicted in

Figure 1.

Ubiquitin chains may have a variety of different functions depending on how the ubiquitin
monomers forming the chains are linked with each other. Specifically, the topology and length
of polyubiquitin chains determine the fate of the modified protein. The ubiquitin molecule
contains seven internal lysine residues (symbolised by Lys or K): Lys6, Lys11, Lys27, Lys29,
Lys33, Lys48 or Lys63 (Figure 1), which forms an isopeptide bond with the carboxy-terminal
glycine, thereby generating ubiquitin chains [5]. However, only polyubiquitination on particular
lysine residues, mostly K48 and K29, signifies degradation by the UPS, and is even referred to
as the molecular kiss of death. Moreover, it is known that a minimum of four ubiquitin moieties
(forming the tetraubiquitin chain) are required to provide efficient proteasomal degradation [6].
Ubiquitination on other lysine residues (e.g. on K63, K11, K6) or on the N-terminal methionine
of the previous ubiquitin molecule (M1) may have non-proteolytic functions and is involved in
the regulation of cellular processes such as endocytic trafficking, inflammation, translation and
DNA repair [7; 8; 9]. The role of ubiquitin linkages through K6, K11, K27, K29 and K33 is
less understood, but recent evidence suggests that these may be associated with DNA repair
[10; 11; 12; 13], human cell cycle control [14], DNA damage response and innate immunity
[15; 16], and regulation of both T-cell antigen receptor (TCR) and AMP-activated protein
kinase (AMPK)-related protein kinases [17; 18; 19], embryogenesis as well as tumorigenesis
and manifold other diseases [20]. Linear M1-linked ubiquitin chains constitute a key regulator
in cytokine signalling and play pivotal roles in inflammatory and immune responses by
regulating the activation of the transcription factor NF-xB [21; 22; 23]. Altogether, the vast
number and variety of functions makes it increasingly clear that different ubiquitin linkages

convey different information to the cell and are involved in numerous processes.
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N-terminus

Lysine 63

= Lysine 48

Figure 1. Molecular structure of ubiquitin with the highlight on its secondary structure.
a-helices are coloured in blue and B-strands in green. Orange sticks depict the sidechains of the
7 lysine residues. The two best-characterised attachment points for further ubiquitin molecules
in polyubiquitin chain formation (Lys 48 & Lys 63) are labelled.

Credits to: Rogerdodd, https://commons.wikimedia.org/w/index.php?curid=4771400.

1.1.2. The ubiquitination pathway

The functional versatility of ubiquitin resides in its ability to covalently mark target
proteins or itself to generate polyubiquitin chains. Both processes are multistep reactions that
require the sequential action of three ubiquitin enzymes known as ubiquitin-activating enzyme
(E1), ubiquitin-conjugating enzyme (E2), and ubiquitin-protein ligase (E3). The enzymatic
cascade of ubiquitination begins with the ATP-dependent activation of ubiquitin by the E1 and
the formation of an E1-ubiquitin thioester. After that, ubiquitin is transferred from the E1 to the
E2, where it binds to the active site cysteine of E2, forming an E2-ubiquitin thioester—linked
intermediate. Finally, transfer of ubiquitin from the E2 usually to an internal lysine (K) residue
on the target protein is mediated by E3 enzymes which attach its C-terminal carboxyl group
(Gly76) via an isopeptide bond to the substrate. The above described process is depicted in

Figure 2.

The ubiquitination of target proteins is a reversible and dynamic process. Ubiquitin molecules
can be removed from the modified proteins, a process facilitated by deubiquitinating enzymes
(DUBS), specific cysteine proteases and (more seldom) metalloproteases that hydrolyse the
isopeptide bond between the ubiquitin C-terminus and the amino group of the lysine residues
[5]. DUBs are able to protect proteins from degradation, by removing the ubiquitin chain from
the substrate, or in case of proteasome-associated DUBS, enable degradation events as they

cleave precursor proteins to produce mature ubiquitin molecules and release ubiquitin moieties
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from free or unanchored polyubiquitin chains [24; 25]. They determine neuronal cell fate,
synaptic plasticity, axonal growth, and thereby proper function of the nervous system [26].
DUBs are also part of the ubiquitin-conjugation system, and through cleavage and recycling of
ubiquitin ensure a certain level of free ubiquitin in the cell that is required for rapid adjustment

to changes within the cellular environment [27; 28].

The specificity and selectivity of the ubiquitin-conjugation system is determined by two distinct
and unrelated groups of proteins: (1) E3s and (2) ancillary proteins such as molecular

chaperones that act as recognition elements and serve as a link to the appropriate ligase [29].
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Figure 2. The ubiquitination pathway. In the first step ubiquitin is activated by the E1 enzyme
in an ATP-dependent manner and forms an E1-ubiquitin thioester. In the second step, it is
transferred from the E1 to the E2, where it binds to the active site cysteine of E2, forming
an E2-ubiquitin thioester—linked intermediate. In the final step, it is transferred from the E2
usually to an internal lysine (K) residue on the target protein, a process mediated by the E3
which attaches its C-terminal carboxyl group (Gly76) via an isopeptide bond to the substrate.
Next, ubiquitin particles can be attached forming the polyubiquitin chains. DUBs can remove
the ubiquitin particles, ensuring the reversibility of the process.
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1.1.3. The ubiquitin-proteasome system and its cellular functions

The ubiquitin-proteasome system (UPS) plays an essential role in the maintenance of
proteostasis in eukaryotes, as it secures degradation of most short-lived intracellular proteins.
Responsible also for the quality control, it ensures that misfolded or aberrant proteins which
may originate directly from defective mRNAs in the cytoplasm, as well as nascent polypeptides,
do not accumulate nor aggregate inside of the cell [30]. Proteins destined for destruction,
including regulatory, misfolded or oxidized ones, are typically labelled with K48-linked
ubiquitin chains, making them targets for degradation by the 26S proteasome [31], a function
that may be influenced by the regulatory complexes PA28 and PA200. Controlling the vast
numbers of intracellular regulators, including IkB or IRF3, both standard and
immunoproteasomes are actively involved in the regulation of numerous signalling pathways,

such as mTOR, the unfolded protein response (UPR) and innate and adaptive immune response.

Beside proteostasis, the UPS performs regulatory functions, including cell cycle regulation
through the modification of the cyclins’ levels — regulatory proteins responsible for cell cycle
progression [32]. While degradation of cell cycle mediators warrants proliferation, the UPS is
also involved in the programmed and strictly-controlled cell death known as apoptosis via
degradation of key regulatory proteins. Though various apoptotic pathways can be targeted by
the UPS, it is the p53 protein that plays the crucial role both as a cell fate regulator and a tumour
suppressor, a function revealed by the growing number of discovered E3s responsible for its
proteasomal degradation or functional regulation [33]. Other remarkable anchor point is the
NF-kB family of transcription factors, especially because of proteasome’s involvement in
activation of the inhibitory IkB kinase and processing of the NF-kB-precursor [34]. The list of
cellular proteins that are targeted by ubiquitin is still expanding [29]. Altogether, the UPS holds
a vast number of essential tasks, providing proteostasis and playing a major mechanistic role in
regulating cell proliferation as well as cell death, and therefore constituting a prerequisite for

cell viability, integrity, and proper functioning.

1.1.4.The structure of proteasome

Mammalian 26S proteasome is a barrel-shaped hollow structure that consists of one 20S
core particle (CP), inside of which proteins undergo degradation, and one or two 19S regulatory

particles (RP) which contain multiple ATPase active sites and ubiquitin binding sites,
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recognizing polyubiquitinated proteins, catalysing their deubiquitination and unfolding, before
their translocation into the catalytic core [35; 36]. Since the proteolytic active sites reside in the
inner chamber, and its cylindrical form allows only unfolded and threaded proteins to enter
through the narrow axial pores, high substrate specificity and selectivity can be guaranteed.
Dependent on configuration, it forms either a 19S-20S or 19S-20S-19S structure, creating a 26S
and 30S proteasome, respectively, both commonly referred to as 26S proteasome [37]. The

structure of the 30S proteasome is schematically illustrated in Figure 3.

19S regulatory

particle \A
20S core particle @—> @
19S regulatory —

particle

Figure 3. The structure of the 30S proteasome. A cylinder — shaped 20S core is made of four
hetero-heptameric rings creating a 28-subunit a1-7-B1-7-p1-7-a1-7 conformation. It is capped
on both sides with 19S regulatory particles, each of them comprised of 2 subcomplexes, called
the base and the cap.

The 20S CP is composed of four hetero-heptameric rings, of which the two outer ones are
formed by a-subunits (o1-07) and the inner ones by B-subunits (B1-p7), creating a 28-subunit
al-7-p1-7-B1-7-a1-7 conformation. Each of the monomers is encoded by a distinct gene [31].
The proteasome assembly starts with the synthesis of a and B subunits, followed by the
maturation of the proteasome through the assembly of the a-rings, facilitated by proteasome
assembly chaperone proteins (PAC1-PAC4) in the cytoplasm [38; 39]. After that, the a-ring is
targeted and bound to the ER-membrane via the proteasome maturation protein POMP, so that
the B-subunits can be incorporated in the following sequence: 2, B3, B4, BS, p6, 1 and B7,
forming the B- rings [40]. The B1, B2 and B5 subunits are located in the inside of the cavity and
display caspase-like, trypsin-like and chymotrypsin-like proteolytic activity, respectively,
depending on their ability to cleave peptide bonds after acidic, basic and hydrophobic remnants,
accordingly. As soon as the assembly is finished, POMP is degraded by the nascent proteasome
complex [41; 42].

17



The 20S proteasomal core is capped on both sides with 19S regulatory particles, each of them
comprised of 2 subcomplexes, called the base and the cap. They are formed by approximately
20 different subunits that can be subclassified into two main groups: regulatory particle of
triple-ATPase (Rpt) and regulatory particle of non-ATPase (Rpn). Both functions — channel
opening and unfolding of the substrate — require metabolic energy, and indeed the 19S RP
contains ATPase subunits [29]. The base subcomplex is composed of six homologous
AAA-ATPase subunits (Rpt1-Rpt6) and four non-ATPase subunits (Rpnl, Rpn2, Rpn10 and
Rpn13) and has three functional roles: (1) capturing client proteins via ubiquitin recognition,
(2) promoting substrate unfolding, and (3) opening the channel in the a-ring to allow the entry
of a substrate into the catalytic centre [36]. The lid subcomplex consists of at least nine non-
ATPase subunits: Rpn3, Rpn5, Rpn6, Rpn7, Rpn8, Rpn9, Rpnll, Rpnl2 and Rpnl5, and its
main function is the deubiquitylation of the captured substrates. While it is the
metalloisopeptidase Rpnll that is known for recycling the ubiquitin particles, since they are
not degraded along with the substrate by the proteasome [43], the role of most of the other
subunits in the lid is yet to be discovered [36].

1.1.5. The proteasome — its types and function

Being a compartmental protease of the ATPases associated with various cellular
activities (AAA+) family, the proteasome uses ATP hydrolysis to unravel spatial structures of
its substrates and translocate the unfolded polypeptides to the inside of the degradation chamber
for proteolytic cleavage. This ability to disrupt native structures enables the proteasome not
only to degrade damaged or misfolded polypeptides, but also numerous regulatory proteins,
thus playing an essential role as a modulator of the eukaryotic proteome. Therefore, it remains
crucial for the maintenance of protein homeostasis and control of myacriad essential cellular
processes, such as the cell cycle and division, differentiation and development, and involvement
in the cellular response to stress and extracellular effectors, but also morphogenesis of neuronal
networks, modulation of cell surface receptors, ion channels and the secretory pathway, DNA
repair, replication, transcriptional regulation, transcriptional silencing, signal transduction,
long-term memory, circadian rhythms, regulation of the immune and inflammatory responses,
and biogenesis of organelles [29; 44]. The structure of the proteasome as well as the main

functions of its subunits are summarized in Figure 4.

18



Rpn1, Rpn10, & Rpn13 Initial Ub binding
Usp6/Usp14 & Uch37 Ub removal & 19S Activation
Rpn1i1 Ub removal

19S ATPases
Committed Binding, Unfolding,

Rpt 1-6 & Translocation

Rpt2, Rpt3, Rpt5 20S Gate Opening
208

a-subunits N-termini 20S Gate

B1, B2, and B5 Peptide Hydrolysis

Figure 4. The structure of the proteasome and the main functions of its subunits.
Source: Collins GA, Goldberg AL. The Logic of the 26S Proteasome. Cell. 2017 [45].

Notably, at least two forms of proteasomes can be distinguished: first, the standard one, widely
present in all cells, and second, its isoform, the so-called immunoproteasome which is
constitutively expressed in immune cells such as dendritic cells (DC) or whose expression can
be induced in other cell types by interferon (IFN)-o/p or -y, or by viral infections [46; 47; 48;
49]. IFN-signalling exposes cells to additional oxidative stress with concomitant production of
nascent-oxidant damaged poly-ubiquitylated proteins, contributing to the generation of
unfolded protein response — a topic that will be described in detail further on in this work.

Immunoproteasomes differ from the standard ones through the substitution of the 1, f2, and
BS constitutive subunits by the three inducible B-type subunits: B11 (LMP2), f21 (MECL1), and
B5i (LMP7), respectively [50; 51]. It was long assumed that the main function of
immunoproteasomes was merely restricted to the regulation of MHC class | antigen
presentation. Yet, in recent studies it emerged clear that it was solely the tip of the iceberg and
that their function reaches far beyond that, encompassing practically all aspects of cell
physiology and development [52; 53; 54]. Nonetheless, the subject becomes even more
perplexing with the insight on the latest findings, where the identification of so called
intermediate-type proteasomes occurred. Bearing one or two out of three inducible or tissue-
specific subunits such as 5t in the thymus [55; 56; 57; 58] and possessing the ability of standard
and immunoproteasomes to destroy ubiquitin-modified proteins, they can additionally be vastly
influenced by their association with regulatory complexes such as PA28 and PA200 [59; 60;
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61]. Altogether, by controlling the broad spectrum of intracellular regulators (e.g. such as IxkB
or IRF3), both standard- and immunoproteasomes actively participate in the regulation of
numerous signalling pathways, including the unfolded protein response (UPR), mTOR, NF-xB,
as well as the modulation of both innate and adaptive immune responses [62; 63; 64; 65],

thereby exerting a significant impact on cell homeostasis, integrity, viability and functioning.

1.1.6. The proteasome activator PA28

The activity of the 20S proteasome is regulated by protein complexes that bind to its
one or both ends in an ATP-independent manner [66]. One of these regulatory complexes, PA28
(which is also known as REG or the 11S regulator), stimulates proteasome peptidase activity
and enhances the production of antigenic peptides for presentation by class | molecules of the
major histocompatibility complex (MHC I). There are three PA28 subunits that have been
identified: two homologue heteropolymeric complexes PA28a and PA28B [67], which are
mainly present in the cytoplasm of immune cells, and a third, slightly different, homopolymeric
complex PA28y (also called the Ki antigen) with its highest abundance in the nuclei of brain
cells [68]. The binding of PA28 regulatory particle leads to conformational changes that open
a gate in the proteasome a-subunits through which substrates and products can pass [69].
Moreover, the PA28af} regulatory protein is inducible by interferon-y [70], a cytokine excreted
by the lymphocytes, which is an important activator of macrophages and inducer of MHC 11
molecule expression [71], playing an important role both in the innate and adaptive immune
response, including the inhibition of the wviral replication, immunostimulation and
immunomodulation. Still, aberrant IFN-y secretion can be associated with numerous
autoinflammatory and autoimmune diseases. PA28y on the other hand is rather involved in cell

cycle progression and apoptosis, and its levels decrease under the influence of IFN-y [68].

1.2. Endoplasmic reticulum (ER) key quality control systems

There are two major security-ensuring pathways in the ER responsible for providing the
proteostasis; properly folded proteins are secreted from the ER, whereas the terminally unfolded
or misfolded ones are either recruited to the ERAD complex via the activity of various ER
chaperones for cytosolic proteasomal degradation, or start the UPR through the stimulation of
one of the sensors: IRE1a, PERK or ATF6 [72], as symbolically depicted below in Figure 5.
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Figure 5. Two key ER quality control systems in mammals. While folded proteins exit the
ER, terminally unfolded or misfolded proteins in the ER activate UPR via three sensors: IREa,
PERK and ATF6. In addition, misfolded proteins can be recruited to the ERAD complex via
the activity of various ER chaperones such as BiP, EDEM, OS9 and XTP3B for cytosolic
degradation. The SellL-Hrd1 protein complex represents the most conserved ERAD complex
in mammals. Following retrotranslocation into the cytosol, substrates are ubiquitinated and,
with the help of p97 (VCP/CDC48), degraded by the proteasome in the cytosol.

Credits to: Qi L, Tsai B, Arvan P. New Insights into the Physiological Role of Endoplasmic
Reticulum-Associated Degradation. Trends in Cell Biology. 2017 [73].

1.2.1.Endoplasmic reticulum - associated degradation pathway (ERAD)

It is estimated that as much as one-third of the mammalian genome encodes proteins
destined for the secretory pathway, thereby implying that the ER folding apparatus must be able
to accommodate substrates highly diverse in terms of structure, oligomeric state or folding rate
[74; 75]. This diversity necessitates rigorous quality control systems which ensure the
maintenance of the biosynthetic fidelity and prevent from the accumulation or deployment of
misfolded proteins, therefore concurrently averting proteotoxicity. ER contains a specialized
oxidative environment in which nascent polypeptides fold and assemble into native structures
with the help of a unique set of molecular chaperones, folding catalysts, and posttranslational
modifications [76]. The failure to meet these conformational standards results in degradation in
a complex, temporally and spatially coordinated process [74], called endoplasmic reticulum -

associated degradation pathway, known under the acronym ERAD.
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ERAD is a process comprised of four tightly coupled steps including (1) substrate recognition
and selection, (2) dislocation (retrotranslocation) across the ER membrane to the cytosol,

(3) ubiquitination, and (4) proteasomal degradation, depicted in Figure 6.
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Figure 6. Key steps in ERAD. (1) Substrate recognition: Molecular chaperones and lectins
within the ER lumen interact with incompletely folded or unassembled proteins and enable
binding to membrane-embedded adaptors. (2) Dislocation: Substrates are retrotranslocated
across the membrane through proteinaceous pores called dislocons (translocons) in the process
requiring ATP energy gained through its hydrolysis by VCP/p97 — transitional endoplasmic
reticulum ATPase (TER ATPase). (3) Ubiquitination: After reaching the cytosol, substrates are
polyubiquitinated by E3 ligases. (4) Degradation: Ubiquitinated proteins can enter the cytosolic
26S proteasomes, where they encounter the degradation process.

Credits to: Olzmann JA, Kopito RR, Christianson JC. The mammalian endoplasmic reticulum-
associated degradation system. Cold Spring Harbor Laboratory Press, 2013 [74].

ERAD substrates include proteins that have failed to achieve a native structure due to mutations,
translational misincorporation or stochastic inefficiency in gaining native structure or assembly
into protein complexes, as well as ER proteins controlled by regulatory pathways in response
to metabolic signals [77; 78; 79]. Recognition of misfolded or misassembled proteins triggers
the formation of dislocons, assembled among others by Herp and BiP proteins [80]. Herp is
believed to facilitate oligomerization of the membrane-integrated Hrdl ligase — one of the
E3 - enzymes responsible for polyubiquitination, and hence for marking as a target for the
proteasome [81]. BiP — binding immunoglobulin protein (also known as GRP-78 or HSPAS5) —

binds to a number of glycosylated and non-glycosylated ERAD substrates and provides a barrier
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on the ER luminal side of the translocon, opening or closing the Sec61 channel for substrate
passage into the cytosol [80]. After retrotranslocation, BiP protein seals the luminal side of the
translocon which may then be disassembled prior to engagement of a new substrate, whereas
the ERAD substrates undergo the process of deglycosylation executed by the peptide
N-glycosidase (PNGase) and become exposed to cytosolic E1, E2 and E3 enzymes, resulting
in the attachment of the polyubiquitin chain, and then via interaction of p97 (a hexameric
ATPase of the AAA family, also known as VCP — valosin-containing protein) with the 19S

proteasome cap [82] being targeted for the subsequent proteasomal degradation.

1.2.2.Unfolded Protein Response (UPR)

Despite the vigour of the ER, cells often work close to the limits of their secretory
capacity. The effectiveness of protein folding in the ER can be disrupted by a wide range of
cellular disturbances, leading to the accumulation of unfolded or misfolded proteins within this
organelle — a state known as ER stress [83]. Furthermore, many proteins containing disease-
associated mutations are structurally incapable of reaching native conformations and become
‘permanently’ entrapped in the ER, accumulating inside of it and disrupting its proper function
[73]. Various conditions may provoke the ER stress, among others hypoxia, nutrient
deprivation, point mutations in secreted proteins that stabilize intermediate folding forms or
cause aggregation, loss of calcium homeostasis with its detrimental effects on ER-inhabiting
calcium-dependent chaperones, etc. [84]. Moreover, the secretory capacity of a cell is
continuously confronted with varying physiological demands and pathological perturbations,
making it essential to adjust and match the protein-folding capacity of the ER to fluctuating
secretory needs [85]. In order to maintain this balance, cells constantly monitor the amount of
misfolded proteins in the ER lumen and, if they accumulate above a critical level, employ
a dynamic intracellular signalling pathway known as the unfolded protein response, aimed to
restore the homeostasis [86].

The unfolded protein response, referred to as UPR, consists of three principal branches which
operate parallelly and use unique mechanisms of signal transduction. Each of these branches is
defined by a class of signalling components residing in the ER membrane, called as follows:
(1) IRE1 — inositol requiring enzyme 1, (2) PERK — protein endoplasmic reticulum kinase or,

more precisely, double-stranded RNA-activated protein kinase (PKR-like ER kinase), and
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(3) ATF6 — activating transcription factor 6. They are depicted in Figure 7. Activation of the
UPR triggers two distinct cellular mechanisms to mitigate protein misfolding: an initial reaction
to reduce protein synthesis and enhance degradation of misfolded proteins, and a second wave
of transcriptional upregulation of numerous target genes involved in global proteostasis control,
all in all leading to the induction of ER chaperones and ERAD, expansion of ER membranes

and translation inhibition [87; 88; 89].
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Figure 7. Branches of the UPR. All three ER stress sensors — PERK, IRE1 and ATF6 —
initially activate signalling mechanisms aimed to increase protein-folding capacity and reduce
protein load on the ER. These transcriptional and translational outputs are likely to re-establish
protein-folding homeostasis in the ER and promote cell survival.

Credits to: Hetz C, Papa FR. The Unfolded Protein Response and Cell Fate Control. Mol Cell,
69(2):169-181, 2018 [86].

IRE1 defines the most conserved and, because of its presence in yeast, best-explored branch of
the UPR. It is a bifunctional transmembrane serine/threonine kinase / endoribonuclease which
uses a unique mechanism of nonconventional mRNA splicing to transmit the UPR signal.
In response to unfolded protein accumulation in the ER, the protein kinase domain located on

its cytoplasmic part self-associates, undergoing oligomerization and subsequent trans-
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autophosphorylation, leading to its activation [90; 91]. Conformational changes following
lateral IRE1 oligomerization in the ER membrane activate its ribonuclease (RNase) function
leading to the cleavage of the mRNA [92] encoding a UPR-specific transcription factor, called
X-box binding protein 1 (XBP1), responsible for excising an intron in two specific positions.
The severed exons are then ligated, giving rise to a spliced mRNA that is translated to the active
forms of the transcription factor XBP1s, where ‘s’ indicates that it is the product of the spliced
MRNA. XBP1s appears to have a special role in a number of processes, including regulating
lipid biosynthetic enzymes and ER-associated degradation components, as well as activating
gene expression of chaperones and promoting the development of an intricate ER characteristic
for active secretory cells [83; 93]. Moreover, IRE1 also promotes the degradation of mMRNAs
encoding mostly ER-targeted proteins leading to their decay, and thereby reducing the load of
incoming ER client proteins during the ER stress, an activity termed regulated IRE1-dependent
decay (RIDD) [94; 95]. This additional output of IRE1 has been associated with the degradation
of a multitude of ER-localized and cytosolic mRNAs, ribosomal RNA, and microRNAs, and
plays a crucial biological function in the control of glucose metabolism, inflammation, and

apoptosis [96].

Another sensor of ER stress — PERK — is a type | transmembrane kinase that after
oligomerization and autophosphorylation in response to ER stress phosphorylates eukaryotic
translation initiation factor-2 (elF2a) at serine 51 position, inhibiting the recycling of elF2a to
its active GTP-bound form, which is required for the initiation of the 5’cap-dependent protein
translation, in other words of the general polypeptide chain synthesis [83; 97; 98]. This event
not only reduces the overload of proteins entering the ER during cellular stresses, but also elicits
gene expression designed to ameliorate the underlying cellular disturbance. In non-stressed
cells, where elF2-GTP is abundant, ribosomes scanning downstream the upstream Open
Reading Frame 1 (UORF1) reinitiate at the next coding region, upstream Open Reading Frame
2 (UORF2), an inhibitory element that blocks activating transcription factor 4 (ATF4)
expression. However, under stress conditions, phosphorylation of elF2 and the complementary
reduction in the levels of elF2-GTP prolong the time required for the scanning ribosomes to
become capable of reinitiating translation. This delay allows ribosomes to scan through the
inhibitory uORF2 and reinitiate at the ATF4-coding region instead, promoting the selective
translation of the mRNA encoding ATF4. Increased expression of ATF4 is contributing to the
expression of genes involved in remediation of cellular stress damage, reinforcement of the

antioxidant response, enhancement of the folding capacity of the ER, and upregulation of
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macroautophagy [86; 99; 100; 101]. ATF4 belongs to the ATF/CREB (activating transcription
factor / cyclic AMP response element binding protein) family of basic region-leucine zipper (b-
ZIP) transcription factors which possess the consensus binding site CAMP responsive element
(CRE) [102]. Critical targets driven by ATF4 comprise CHOP (transcriptional factor C/EBP
homologous protein) [103], GADD34 (growth arrest and DNA damage-inducible protein 34)
[104], and ATF3 [105]. While CHOP and ATF3 are induced upstream by the ATF4, GADD34
expression is, in contrast, induced downstream by phosphorylated elF2a and ATF4 during the
later stages of the ISR, thus, leading to the significant increase in elF2a dephosphorylation and
acting as an important negative feedback loop to restore protein synthesis once the ER stress
has been resolved, contributing to the cell survival [106; 107; 108]. Moreover, recent studies
have shown that GADD34 may also play an independent role in apoptosis induction [109].
Sustained ATF4 expression which occurs under chronic stress conditions, in turn, contributes
to the induction of apoptosis. Notably, e[F2a phosphorylation represents a convergence point
of different stress pathways known as the integrated stress response (ISR) which is governed
by specific kinases that are activated by inflammation, viral infections, nutrient deprivation,
and haem deficiency. Being primarily a pro-survival, homeostatic mechanism, under the severe
stress it can also drive the signalling towards the cell death [110]. Apart from elF2a, PERK can
also phosphorylate nuclear erythroid p45-related factor 2 (NRF2), contributing to the
dissociation of the NRF2-Keapl complex and promoting the expression of genes (e.g. such as
haem oxygenase 1 (HO-1)) that contain antioxidant response elements (ARE), and thereby

diminishing oxidative stress [98; 111].

The third branch of UPR is formed by the activating transcription factor-6 (ATF6) which is
initially synthesized as an ER-resident transmembrane precursor glycoprotein with a large
ER-luminal b-ZIP domain reaching into the cytoplasm (p90ATF6) and containing intra- and
intermolecular disulphide bonds that may monitor the ER environment as redox sensors [83].
In a normal state, ATF®6 is retained in the ER by association with the chaperone BiP (binding
immunoglobulin protein, also known as GRP78) [112]. Upon accumulation of unfolded
proteins, the BiP chaperone cannot be bound to ATF6. As a result, ATF6 is packed into
transport vesicles that detach from the ER, and thus delivered to the Golgi apparatus, where it
encounters two proteases, S1P and S2P (site-1 and site-2 protease), that consecutively remove
the luminal domain and the transmembrane anchor, respectively [112; 113; 114].
Proteolytically cleaved into a smaller protein (p5S0ATF6) with the liberated N-terminal
cytosolic fragment (ATF6(N)), it is further translocated to the nucleus, where it activates UPR
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target genes, such as BiP (a chaperone of the HSP70 family), protein disulphide isomerase, and
GRP94 (glucose-regulated protein 94 —a chaperone of the HSP90 family) —all in all, prominent
ER-resident proteins involved in protein folding. What is more, it also contributes to the
stimulation of the transcription factor NF-xB [115; 116]. Notably, ATF6 processing resembles
the mechanism by which sterol response element binding protein (SREBP) — the transcription
factor that controls sterol biosynthesis — is regulated, and uses even the same proteases on top
of that [83; 114; 117].

To sum up, activation of each of the branches leads in the end to the production of b-ZIP
transcription factors, which work alone or together to activate UPR target genes. All in all, the
UPR’s transcriptional programs work collectively as a complex signalling network that
enforces various outputs to impose adaptive events and under surveillance re-establish ER

proteostasis, thereby preserving proper cellular function.

1.3. TCF 11/Nrfl and its role in the autoregulatory feedback mechanism of proteostasis

As previously mentioned, a coordinated regulation of the UPS is crucial for the cell to
adjust its protein degradation capacity to changing proteolytic requirements. One of the
important transcription factors regulating the formation of 26S proteasome in order to
compensate for cell’s diminished proteolytic activity is the basic-leucine zipper (bZIP)
transcription factor 11 — TCF11 (long isoform of Nrfl). Under normal conditions, TCF11/Nrfl
resides in the ER membrane, where it is targeted to ER-associated protein degradation with the
help of the E3 ubiquitin ligase HRD1 and the AAA ATPase p97 [118]. Proteasome inhibitors
prompt the accumulation of oxidant-damaged proteins and promote the nuclear translocation of
TCF11/Nrfl from the ER. With the help of DNA Damage Inducible 1 Homolog 2 (DDI2)
— a ubiquitin-directed endoprotease that binds to the highly poly-ubiquitylated TCF11/Nrf1-
protein, it comes to the cleavage of TCF11/Nrfl factor which subsequently enters the nucleus
and binds to the antioxidant response elements (ARE) in their promoter regions. As a result,
proteasome gene expression is activated [119]. This transcriptional control loop regulates
human proteasome-dependent protein degradation to counteract proteotoxic stress caused by
proteasome inhibition. To sum up, human proteasome homeostasis is controlled by an
autoregulatory feedback mechanism that allows the compensation of reduced proteasome
activity, symbolically depicted in the following figure (Figure 8) [118; 120].
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Figure 8. TCF11/Nrfl and its role in the autoregulatory feedback loop of proteostasis.
Glycosylated TCF11/Nrfl factor enters the ERAD pathway. When bound with NGLY1
(de-N-glycosylating enzyme) it undergoes deglycosylation and can either be directed to the
cytoplasmic proteasomal degradation, or, if bound with DDI2, undergo the cleavage and enter
the cell nucleus. Inside, it binds to the antioxidant response elements (ARE) in their promoter
regions, resulting in the activation of proteasome gene expression. In this way, it forms
a transcriptional control loop which regulates proteasome-dependent protein degradation.
Source: Frédéric Ebstein’s own materials.

1.4. The mTOR protein and its signalling pathway

The mammalian target of rapamycin, known as mTOR protein, is a highly conserved
serine/threonine kinase ubiquitously expressed in eukaryotic cells. It belongs to the phospho-
inositide 3-kinase (PI3K)-related family, consists of a couple of structural domains, and
nucleates at least two different multi-protein complexes: the first, mMTOR complex 1 (mMTORC1)
located in the lysosomal membrane and serving as a regulator of cell growth and metabolism,
and the second, cytosolic, mMTOR complex 2 (mMTORC?2) [121; 122; 123]. Their structure and

main functions are symbolically depicted in Figure 9.

Integrating both intracellular and extracellular signals, the mTOR signalling pathway plays

a pivotal role as a central regulator of cell metabolism, growth, proliferation, and survival. The
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enormous spectrum of cellular processes in which it is actively involved, varying from tumour
formation and angiogenesis, through insulin resistance, adipogenesis, to T-lymphocyte
activation, attract broad scientific and clinical interest due to its huge potential in understanding
the mechanisms of various diseases as well as in serving as prospective targets of therapy, some

of which being already in use in pathological settings [124; 125; 126].

During embryonic development, mTOR regulates neuronal progenitor proliferation and
differentiation, as well as neurite outgrowth and elongation, crucial processes that appear to be
coordinated via mRNA translation and regulation of cell cycle progression and exit [127].
In the mature brain, mTOR participates in further key processes, such as adult neurogenesis,
learning, memory, circuit refinement, and synaptic plasticity [128]. mTOR combines inputs
from three signalling sources: 1) the growth factor pathway, which comprises the PI3K-AKT-
TSC complex, 2) the energy-sensing arm, which responds to low concentrations of ATP
through the AMPK-TSC complex, and 3) the amino acid-sensing arm, which controls the
activation of mTORC1 directly through Rag GTPases [127].

In this context also the process of autophagy (autophagocytosis) is worth mentioning. Deriving
from Ancient Greek avto@ayog (autophagos) which means self-devouring [129] — it constitutes,
in short, a process in which eukaryotic cells destroy their own components through the
lysosomal apparatus. Autophagy is a tightly-regulated cellular mechanism describing the
chaperone- or vesicle-mediated reprocessing of excessive or damaged proteins, protein
complexes and organelles, conducted by enzymes stemming from the same cell [130; 131; 132].
This recycling system has several crucial functions, such as nutrient acquisition [133],
maintenance of cellular homeostasis [130; 134], adaptivity [131], immunity and differentiation
[135], playing also a pivotal role in its growth, ageing and development [136]. Responsible for
maintaining the balance between synthesis and degradation, it recycles the cellular products,
ensuring the protein turnover and compensating the energy influx oscillation. When nutrient
accessibility is restricted, the degradation of organelles and protein complexes through
autophagy provides biological material to maintain anabolic processes such as protein synthesis
and energy production [137]. It is known that stimulation of mMTORCL1 reduces autophagy,
whereas inhibition of mMTORCL1 increases this process, assigning mTOR the role of an amino-
acid sensor [121; 137]. Thereby it is not surprising that multiple variants affecting negative
regulators of the growth factor and amino acid-sensing arms are known to cause hyperactivation
of mMTORC1 and have been reported in individuals with NDDs.
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Figure 9. mTOR signalling pathway. The insight to the structure and main functions of the
mMTOR protein with regard to its both complexes - mTORC1 and mTORC2.
Source: Frédéric Ebstein’s own materials edited for the need of this work.

1.5. Dysregulation of proteostasis and its clinical significance

Throughout innate immune responses, proteostasis is significantly influenced by the
synthesis of pathogen proteins and by the tissue damage resulting from the omni-present
inflammation, with released free radicals and phagocytic destructive molecules. The resulting
protein overload requires an adequate adaptation of cellular clearance pathways and plays a
pivotal role in preventing protein aggregation, inclusion-body formation, and — in the end — also
cell death. Dysregulation of this fine-tuning is therefore likely to induce cell death and — at the
same time — to boost inflammation. The relationship between proteostasis impairment and
inflammation may be an essential factor in the process of autoinflammation as well as in many

age-related or neurodegenerative diseases (such as Alzheimer’s disease, Parkinson’s disease,
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Huntington’s disease), all in all, ‘gain-of-toxic-function’ diseases [138], as well as other
pathologies (like cystic fibrosis — which would be a ‘loss-of-function disease’), and malignant
transformations [139] or other yet uncharacterized illnesses [140; 141].

Within the broad spectrum of autoinflammatory diseases, type | interferonopathies are
a phenotypically heterogeneous group of rare genetic diseases including the newly described
proteasome-associated autoinflammatory syndromes (PRAAS). By definition, PRAAS are
caused by inherited and/or de novo loss-of-function (LOF) mutations in genes encoding
proteasome subunits, such as PSMB8, PSMB9, PSMB7, PSMA3, PSMB10 or proteasome
assembly factors including POMP and PSMG2, respectively [31]. Disruption of any of these
subunits leads to perturbance of intracellular protein homeostasis, in particular regarding the
accumulation of ubiquitinated proteins associated with the generation of a type | interferon
(IFN) signature. Interestingly, proteasome dysfunctions, similarly to pathogens, are potent
type | IFN inducers — a process of which underlying molecular mechanisms remain up to now
largely unknown. Hypothetically, it is the UPR initiated in response to the ER stress that may
be a key factor in its induction and the crosstalk between the proteasome impairment and

interferonopathy onset, elucidating the potential pathogenesis of PRAAS [31].

Analysis of de novo mutations (DNMs) from sequencing data of nuclear families has pinpointed
risk genes for numerous complex diseases, including multiple neurodevelopmental and
psychiatric disorders. Genome-wide association studies (GWASSs) have proven that mutations
important to human diseases can lie both in protein-coding sequences as well as in the non-
coding regions. Sequencing studies of parent-proband trios with intellectual disability (ID),
autism spectrum disorder (ASD), schizophrenia (SCZ), and epilepsy have all advocated that de
novo point mutations play a significant role in paediatric and adult disorders affecting brain
development. Biologically, 75-80% of de novo point mutations arise paternally, most probably
due to increasing numbers of cell divisions in the male germline lineage when compared to the

female one [142].

Recently, an increasing number of loss-of-function (LOF) mutations have been identified in
genes encoding proteasome subunits. Fascinatingly, depending on the subunit affected, such
genomic alterations result in the development of two apparently distinct phenotypes, namely:
(2) systemic autoinflammation (PRAAS) and (2) cognitive impairment [31]. Mutations in the
PSMB8, PSMB9, PSMB10, PSMB4, PSMA3, POMP or PSMG2 subunits are typically
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associated with a group of autoinflammatory syndromes sharing the same clinical signs and
symptoms, commonly referred to as chronic atypical neutrophilic dermatosis with
lipodystrophy and elevated temperature (CANDLE). On the contrary, genetic disruption of the
PSMD12, PSMC3 or PSMB1 subunits mostly leads to neurodevelopmental syndromes.
However, the most recent studies have shown that this division is non-binary, as PSMC3
variants were detected to cause neurosensory syndrome combining deafness and cataract [143],
while biallelic variants in PSMB1 — an impairment of proteasome function, microcephaly,
intellectual disability, developmental delay and short stature [144]. In short, no clear cut line
between 19S RP and 20S CP mutants can be drawn, as mutations may result in symptoms that
combine diverse pathological aspects. The way the pathogenic LOF mutations affect the
proteasome subunits is depicted in Figure 10.

Neurodegenerative
and neurodevelopmental
mutations

19S Regulatory Particle

Proteasome PSMBY . s ' PSMBS
Assembly o | 20S Core Particle
Factor PSMBS Rd ¥ Psme9
Prot o
oot 7
Protein (POMP) ' '
CANDLE/PRAAS mutations

Figure 10. Schematic depiction of the proteasome subunits affected by pathogenic loss-of-
function mutations. The various proteasome loss-of-function mutations described so far (red)
are localized in genes encoding subunits of the 20S core particle (PSMB8, PSMB9, PSMAS,
PSMB4), 19S regulatory particle (PSMC3 and PSMD12) and the proteasome assembly factors
POMP and PSMG2. Diverse mutations result in different clinical manifestation of the disorder.
Credits to: Ebstein, Poli Harlowe, Studencka-Turski and Kriiger. Contribution of the Unfolded
Protein Response (UPR) to the Pathogenesis of Proteasome-Associated Autoinflammatory
Syndromes (PRAAS). Front Immunol, 2019 [31], updated and edited for the need of this work.

32



1.5.1. Proteasome-Associated Autoinflammatory Syndromes (PRAAS)

Proteasome-Associated Autoinflammatory Syndromes (PRAAS) are rare (exact
frequency unknown) autosomal-recessively inherited diseases present within different ethnical
groups, including the Caucasian, Hispanic, Japanese and South African ones [145]. Their onset
is dated at birth or in infancy, with progressive damage resulting from chronic inflammation
noted parallel to the child’s growth [145; 146]. The main disease manifestations consist of
chronic-frequent fevers with inflammatory flares, often present before the age of 6 months, and
a plethora of symptoms affecting different organs, such as cutaneous, neurologic, auditory,
ophthalmic, cardiopulmonary, abdominal, and lymphatic ones, or another concerning joints,

bones, muscles or cartilage, as well as additional abnormal laboratory findings [145; 146].

To the skin symptoms belong annular cutaneous plaques with residual purpura, lipodystrophy
(first noted on the face and around joints and limbs), swollen lips with flares and persistently
swollen, violaceous (purple-red) eyelids. From the neurological side aseptic meningitis and
systemic inflammation can be observed, with common growth delays, low height and weight,
and developmental delays noted. The sensory nervous system can also be affected, manifested
in auditory changes such as frequent otitis and/or recurrent sinusitis, as well as ophthalmic ones,
such as nodular episcleritis, conjunctivitis, keratitis, periorbital oedema and chronically
swollen, violaceous (purple-red) eyelids. Cardiopulmonary symptoms may be comprised of
clubbing of the fingers and/or toes induced by chronically low blood oxygen levels. Higher risk
of cardiac arrythmias and dilated cardiomyopathy is also present. Abdominal symptoms include
diarrhoea and inflammatory intestinal diseases. Hepatosplenomegaly with elevated liver
enzymes can also be observed. Moreover, the patients suffer from growth retardation and are
at risk for being underweight and fail to thrive, in the worst scenario leading to the multi-organ
failure and death. Lymphatic system may be affected through splenomegaly and
lymphadenopathy. Also, musculoskeletal system may be perturbated, resulting in joint
contractures, muscle atrophy, panniculitis-induced lipodystrophy, myositis, fatigue, and
malaise. Inflamed nose and ear cartilage (chondritis) can be present. As mentioned, short stature
and delayed growth are common as well. Symptoms such as vasculitis or amyloidosis have not
been noted. Within the laboratory results following abnormalities can be found: hypochromic,
microcytic or normocytic anaemia, elevated C-reactive protein (CRP) levels, higher erythrocyte
sedimentation rate (ESR) and excessive levels of triglycerides (TG). Sometimes elevated
platelets, TSH, and/or LDL can also be observed [145; 146].
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1.5.2. Neurodevelopmental syndromes

Neurodevelopmental disorders (NDDs) are a class of disorders that affect brain
development and function, characterized by wide genetic and clinical variability [147; 148].
These disabilities are associated primarily with the functioning of the neurological system and
include disorders like attention-deficit/hyperactivity disorder (ADHD), autism, learning
disabilities, intellectual disability (ID), conduct disorders, epilepsy, or impairments in vision
and hearing. Epitomized by an inability to reach cognitive, emotional, and motor developmental
milestones, they are typically associated with the disruption of the tightly coordinated events
that lead to brain development [149]. The most frequently used definitions of ID accentuate
subaverage intellectual functioning before the age of 18, usually defined as an 1Q less than 70,
and deficiencies in life skills such as communication, self-care, home living, social or
interpersonal skills. Various severity categories, ranging from mild to severe retardation, are
defined on the basis of 1Q scores, as stated by the American Association on Intellectual and
Developmental Disabilities and various published works [150; 151]. Children with NDDs may
encounter difficulties with language and speech, motor skills, behaviour, memory, learning, or
other neurological functions. While some symptoms and behaviours of neurodevelopmental
disabilities often change or evolve as a child grows older, other disabilities are permanent.
Diagnosis and treatment of these disorders can be challenging and often involves a combination
of professional therapy, pharmaceuticals, as well as home- and school-based programs [147].
Notably, NDDs constitute a serious health problem in our society, affecting around 3% of
children worldwide [149].

Diverse causes of ID have been identified, such as genetic disorders, traumatic injuries, and
prenatal events like maternal infection or exposure to alcohol; however, in 30-50% of all cases
they remain unknown [152]. The triggers are more commonly recognized for cases of severe
retardation (1Q less than 50), whereas the origin of mild retardation (IQ between 50 and 70)
remains unknown in over 75% of cases [153; 154]. Exposures to environmental contaminants
such as lead, mercury, PCBs, organophosphate pesticides, PBDEs, phthalates, and PAHs could
contribute to mild retardation or be the reason for its deterioration to more severe stadiums.
Nonetheless, recent studies stress more and more the importance of genetical imprint and shared
molecular pathways that could account for the multiple clinical signs characterizing NDDs
[155; 156]. Despite their heterogeneous aetiology that includes chromosomal rearrangements,

copy number variations, small indels, and point mutations, the awareness of their shared
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pathogenic mechanisms could contribute to the establishment of an effective treatment. Factors
such as varying gene sensitivity, with highly vulnerable genes categorized as rare variants
associated with significant disease risk and high penetrance, and physical or functional
interactions between affected genes (i.e. epistasis), contribute to the higher mutational load and
may be associated with more severe phenotypes. Most NDDs’ cases most likely have
a multifactorial and/or polygenic nature, hence confirming the broad heterogeneity of these
disorders at both clinical and molecular level. Importantly, the clinical outcome might also be

influenced at various levels by nongenetic factors.
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2. Aim of the Study

Beginning with the Nobel Prize in Chemistry awarded in 2004 for the discovery of
ubiquitin-mediated protein breakdown, through the following Nobel Prizes in Physiology or
Medicine: 2011 for discoveries concerning the activation of innate immunity, 2016 for
discoveries of mechanisms for autophagy, 2018 for discovery of cancer therapy by inhibition
of negative immune regulation, finishing with 2019 for discoveries of how cells sense and adapt
to oxygen availability, we can observe that unveiling the mechanisms regulating the cellular
homeostasis is of a great importance for science and, as Alfred Nobel stated himself, with the
greatest benefit of humankind. The only way to understand the disease pathology and apply the
most successful treatment, which will not only be addressed at the visible symptoms, but at the
real initial cause, is the knowledge of its driving mechanisms. Since, as already Aristotle

claimed, vere scire est per causas scire (lat. to know truly is to know the causes).

Despite the extensive ongoing research, there are still plenty diseases whose cellular and
molecular mechanisms have not yet been fully understood, one such example being the above-
mentioned  proteasome-associated  autoinflammatory  syndromes  (PRAAS) and
neurodevelopmental syndromes (NDDs). Over the last few years, an increasing number of
studies has been initiated to elucidate their driving pathophysiological mechanisms. Defining
the systematic effects of genomic alterations occurring in genes encoding 19S proteasome
subunits will be a key to comprehend the molecular basis of syndromic intellectual disability
(ID) pathogenesis and the subsequent design of new targeted therapies. Therefore, the main
objective of my research was to contribute to these studies by identifying syndromic ID drivers,
and thereby pave the way for the development of new targeted therapy approaches.

Our geneticist collaborators from the Dept. of Genetics of the University of Nantes undertook
a comparative examination of the entire exome in various patients diagnosed with syndromic
ID using next-generation sequencing (NGS). Trio-exome sequencing allowed them to identify
heterozygous missense de novo mutations in the PSMC5 gene encoding the Rpt6 subunit of the
19S regulatory particle in these subjects. Herein, my objective was to characterize cells isolated
from these patients at the biochemical level. Specifically, | aimed to analyse their proteasome
compositions under denaturing and non-denaturing conditions using SDS- and native-PAGE /
western-blotting techniques. In addition, | wanted to check the impact of the mutations on the

ER-stress and mTOR pathway, examine the mitochondrial integrity and mitophagy, as well as
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its stimulation through TCF11/Nrfl factor [118]. Moreover, | intended to determine the
proteasomes’ activity using the proteasome in-plate peptidase activity assay (Suc-LLVY-AMC
Assay) [157]. | also inspected the presence of XBP1 splicing, an indicator of the ER stress,
using the semi-quantitative PCR [158; 159]. Subsequently, | assessed the gene expression of
markers suggesting the presence of ER-stress, using the RT-gPCR. Last, but not least, |
conducted the flow cytometry in order to take a closer look on the lymphocyte subpopulations
and their characteristics. On the whole, all collected data were objected to deepen the
understanding of the pathogenesis of the syndromic ID, identify the disease drivers, and
contribute to the ongoing studies, thereby paving the way for the development of new targeted

therapy approaches.
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3.1. Materials

3.1.1.Chemicals

3. Materials and Methods

Chemical Supplier Reference number
BSA Roth 2834.3
Clarity™  Western  ECL | Bio-Rad Cat. # 170-5060,
Substrate Control 102031040,

Exp.: 2019-08-30

Developer for CP 1000/ Curix | AGFA REF HT536
60 for medical X-ray
processing
DMSO Applichem A3672.0250
Page Ruler™  Prestained | Thermo Scientific LOT#00627819,
Protein Ladder 8159680747
Rapid fixer for medical X-ray | AGFA G354
film processing, G354
Roti®-Block Roth A151.1
Suc-LLVY-AMC Bachem 4011369 0100
TagMan® Gene Expression | Applied Biosystems RR390W
Assays
10xreaction  buffer  with | Thermo Fisher cat# EN0521
MgCI2 and 50mM EDTA
M-MLYV reverse transcriptase | Promega cat#M1701
M-MLV RT 5x buffer Promega cat#M531A
RNasin® Plus RNase | Promega cat#N261A
Inhibitor
FCcR  Blocking  Reagent, | Miltenyi Biotec 130-059-901

human (diluted 1:50 in FACS
buffer)
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3.1.2.Enzymes

Enzyme Company
innuTag DNA polymerase Analytik Jena AG
M-MLYV Reverse transcriptase Promega
MyTaq™ HS Mix Bioline
Premix Ex Tag™ (Probe gPCR) TaKaRa
RNase A Roth
RNasin® Plus Promega
T4-ligase Fermentas
TB Green® Premix Ex Tag™ Il TaKaRa
3.1.3.Kits
Kit Company Reference number
Pierce™ BCA Protein Assay | Thermo Scientific REF 23225
Kit, LOT T1270915
Centrifuge 5415 R Eppendorf n/a
Electrophoresis System Bio Rad 1658005
Immobilon® — P Transfer | Milipore CAT. NO. IPVH00005

Membrane

LOT. NO. R7BAT7795E,

pore size: 4,5 um)

Micro tube 1,5ml

Sarstedt AG & Co.KG

REF 72.690.001

RP new / UV, medical X-ray

screen film blue sensitive

CEA

XC63P

Whatman® Cellulose Filter
Papers (Blotting Paper, 703)

VWR

REF: VWR European Cat.
No. 732-0591, LOT: Batch
No. 16898654),
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3.1.4.Primers

Name Sequence (5’ to 3°)
hPSMC5_for AAG ATG GCG CTT GAC GGA
hPSMC5_rev GGC AAT TGG GTG TCA CAT CAT
hXBP1_for GGG AAT GAA GTG AGG CCAGTG
hXBP1_rev GAC TGG GTC CAAGTT GTC CA

3.1.5. Buffers

Lysis buffer for protein extraction for SDS PAGE

Lysis buffer ingredients Volume
RIPA buffer (including 1x complete EDTA) | 5 ml
NaF (1M) 50 pl
NasP.07 (preheated in 60°C water) 20 ul
NazVO4 50 ul
MG-132 (melted in the room temperature) 5ul
NEM (melted in the room temperature) 50 ul
10 x PBS buffer
Salt Amount
NaCl 80¢
KClI 24
NazHPO4 + 2 H20 18 ¢
KH2PO4 2449
Dissolved in dH20 ad 1000 ml and autoclaved. pH 7.4
PBST buffer
1x PBST-buffer ingredients Volume
10x PBS buffer 200 ml
Milli-Q® dH.0 1800 ml
Tween 20 8 ml
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10x SDS-PAGE running buffer

10 x SDS-PAGE running buffer Amount
ingredients
SDS (powder or pellets) 10g
Tris 30,39
Glycine 1441 g
Milli-Q® dH,0 815,6 g

1x transfer buffer

1 x blot buffer ingredients

Amounts for the volume of 2 litres

Glycine 580

Tris 116¢
SDS 0,749
Methanol 400 ml

Adjusted with dH20 to the end volume of 2 litres and stored in 4°C.

TDSG buffer for Native PAGE

TDSG buffer ingredients Volume
TDSG 5mil
DTT 0,2M 50 pl
ATP 200uM 50 pl
FACS buffer

FACS-buffer components

2% FCS

0,02% NaN3

2mM EDTA

BD FACS Flow™ sheath fluid
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3.1.6. Antibodies

Western Blot primary antibodies

Primary Dilution Diluting agent Secondary Volume | Resolving

antibody antibody Iwell gel

Rpn 5 1:2000 TBST/BSA 5% | Anti- mouse IgG | 10 ul 12,5%
+0,03% NaNs | HRP - linked

Rpt 6 1:6000 1x Roti Block | Anti- mouse IgG | 10 pul 12,5%
HRP - linked

LMP2 1:20000 1x Roti Block | Anti- rabbit 19G | 10 ul 12,5%
HRP - linked

LMP7 1:100000 TBST/BSA 5% | Anti- mouse IgG | 10 ul 12,5%
+0,03% NaNs | HRP - linked

Rpt5 1:2000 TBST/BSA 5% | Anti- rabbit 19gG | 10 pl 12,5%
+0,03% NaNs | HRP - linked

Rptl 1:1000 1x Roti Block | Anti- rabbit 19G | 10 ul 12,5%
HRP - linked

MECL1 1:3000 1x Roti Block | Anti- goat 1gG | 10 ul 12,5%

(H+L)

p1 1:4000 TBST/BSA 5% | Anti- mouse IgG | 10 ul 12,5%
+0,03% NaNs | HRP - linked

a-tubulin 1:50000 TBST/BSA 5% | Anti- mouse 1gG | 10 pl 12,5%
+0,03% NaNz | HRP - linked

B5 1:2000 TBST/BSA 5% | Anti- rabbit 1gG | 10 pl 12,5%
+0,03% NaNz | HRP - linked

USP14 1:1000 TBST/BSA 5% | Anti- mouse I1gG | 10 pl 12,5%
+0,03% NaNz | HRP - linked

B2 1:5000 1x Roti Block | Anti- mouse IgG | 10 ul 12,5%
HRP - linked

Rpn10 1:1000 1x Roti Block | Anti- mouse 1gG | 10 ul 12,5%
HRP - linked

02 1:1000 1x Roti Block | Anti- mouse IgG | 10 ul 12,5%
HRP - linked

GADD34 1:2000 TBST/BSA 5% | Anti- rabbit 19gG | 10 ul 12,5%
+0,03% NaNz | HRP - linked

PA28a 1:100000 TBST/BSA 5% | Anti- rabbit 1gG | 10 pl 12,5%
+0,03% NaNs | HRP - linked

Rpt3 1:1000 1x Roti Block | Anti- mouse 1gG | 10 ul 12,5%
HRP - linked
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LC3b 1:1000 1x Roti Block | Anti- rabbit 1gG | 10 ul 12,5%
HRP - linked
Rpt4 1:1000 1x Roti Block | Anti- mouse 1gG | 10 ul 12,5%
HRP - linked
Casp3 1:1000 1x Roti Block | Anti- rabbit 1gG | 10 ul 12,5%
HRP - linked
STAT1 1:1000 1x Roti Block | Anti- mouse 1gG | 20 ul 12,5%
HRP - linked
p-STAT1 1:1000 TBST/BSA 5% | Anti- rabbit 1gG | 20 ul 12,5%
+0,03% NaNs | HRP - linked
eif2a 1:2000 1x Roti Block | Anti- rabbit 19G | 20 ul 12,5%
HRP - linked
p-eif2a 1:1000 TBST/BSA 5% | Anti- rabbit 1gG | 20 ul 12,5%
+0,03% NaNs | HRP - linked
IRF3 1:1000 TBST/BSA 5% | Anti- rabbit 1gG | 20 ul 12,5%
+0,03% NaN3z | HRP - linked
p-IRF3 1:1000 TBST/BSA 5% | Anti- rabbit 1gG | 20 pl 12,5%
+0,03% NaN3z | HRP - linked
4-EBP1 1:1000 TBST/BSA 5% | Anti- rabbit 1gG | 20 ul 12,5%
+0,03% NaN3z | HRP - linked
p-4-EBP1 1:1000 1x Roti Block | Anti- rabbit IgG | 20 ul 12,5%
HRP - linked
p62 1:2000 1x Roti Block | Anti- rabbit IgG | 30 ul 12,5%
HRP - linked
GBL 1:1000 TBST/BSA 5% | Anti- rabbit 1gG | 30 ul 12,5%
(mLSTS8) +0,03% NaNsz | HRP - linked
NDP-52 1:1000 1x Roti Block | Anti- rabbit IgG | 30 ul 12,5%
HRP - linked
LMP2 1:20000 1x Roti Block | Anti- rabbit 19G | 30 ul 12,5%
HRP - linked
mTOR 1:1000 1x Roti Block | Anti- rabbit 19gG | 20 ul 10%
HRP - linked
ATF4 1:1000 TBST/BSA 5% | Anti- rabbit 1gG | 20 ul 10%
+0,03% NaNs | HRP - linked
mTOR 1:1000 1x Roti Block | Anti- rabbit 19gG | 20 ul 10%
pSer2448 HRP - linked
BIP 1:1000 TBST/BSA 5% | Anti- rabbit 1gG | 20 ul 10%
(GRP78) +0,03% NaNs | HRP - linked
Raptor 1:1000 1x Roti Block | Anti- rabbit IgG | 20 ul 10%
HRP - linked
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Bnip3 1:1000 1x Roti Block | Anti- rabbit 19gG | 20 ul 10%
HRP - linked
Bnip3L 1:1000 1x Roti Block | Anti- rabbit 1gG | 20 ul 10%
HRP - linked
TCF11 1:1000 1x Roti Block | Anti- rabbit 1gG | 20 ul 10%
HRP - linked
mTOR 1:1000 1x Roti Block | Anti- rabbit 1gG | 20 ul 10%
p2481 HRP - linked
Parkin 1:1000 TBST/BSA 5% | Anti- mouse 19G | 20 pl 10%
+0,03% NaNs | HRP - linked
Rictor 1:1000 1x Roti Block | Anti- rabbit 19G | 20 ul 10%
HRP - linked
PINK1 1:1000 1x Roti Block | Anti- rabbit 19G | 20 ul 10%
HRP - linked
Rictor 1:1000 1x Roti Block | Anti- rabbit IgG | 20 ul 10%
HRP - linked
Optineurin | 1:1000 1x Roti Block | Anti- rabbit IgG | 20 ul 10%
HRP - linked
mTOR 1:1000 1x Roti Block | Anti- rabbit IgG | 20 ul 10%
pSer2481 HRP - linked
ATF6 1:1000 TBST/BSA 5% | Anti- mouse 1gG | 20 ul 10%
+0,03% NaNz | HRP - linked
Raptor 1:1000 1x Roti Block | Anti- rabbit IgG | 20 ul 10%
HRP - linked
p62 1:500 1x Roti Block | Anti- rabbit IgG | 20 ul 10%
HRP - linked
TCF11 1:500 1x Roti Block | Anti- rabbit IgG | 20 ul 10%
HRP - linked
Bnip3 1:500 1x Roti Block | Anti- rabbit 19G | 20 ul 10%
HRP - linked
SREBP2 1:1000 1x Roti Block | Anti- mouse 1gG | 20 ul 10%
HRP - linked
GRP94 1:5000 TBST/BSA 5% | Anti- rabbit 1gG | 20 ul 10%
+0,03% NaNs | HRP - linked
NGLY1 1:2000 1x Roti Block | Anti- rabbit 19gG | 20 ul 10%
HRP - linked
PKR 1:1000 TBST/BSA 5% | Anti- rabbit 1gG | 20 ul 12,5%
+0,03% NaNs | HRP - linked
11-24 1:10000 TBST/BSA 5% | Anti- goat 1gG | 20 ul 12,5%
+0,03% NaN3z | (H+L)
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LC3b 1:1000 1x Roti Block | Anti- rabbit 19gG | 20 ul 12,5%
HRP - linked
TCF11 1:500 1x Roti Block | Anti- rabbit 1gG | 30 ul 10%
(Nrf1) HRP - linked
Rpt6 1:6000 TBST/BSA 5% | Anti- mouse IgG | 30 ul 10%
+0,03% NaNs | HRP - linked
S6K 1:1000 1x Roti Block | Anti- rabbit 1gG | 15 ul 12,5%
HRP - linked
4E-BP1 1:1000 TBST/BSA 5% | Anti- rabbit 1gG | 15 ul 12,5%
+0,03% NaNs | HRP - linked
pSEK 1:1000 TBST/BSA 5% | Anti- rabbit 19gG | 15 pl 12,5%
+0,03% NaNs | HRP - linked
p4E-BP1 1:1000 1x Roti Block | Anti- rabbit 19G | 15 ul 12,5%
HRP - linked
Western Blot secondary antibodies
Name REF LOT Company
Anti- mouse 1gG 7076S 35 Cell-Signalling
HRP — linked Technology 7076S
antibody
Anti- rabbit IgG 7074S 29 Cell-Signalling
HRP — linked Technology 7074S
antibody
Anti- goat antibody, | Sc-2020 G0208 Santa Cruz
diluted 1:1 in glycine Biotechnology
Cy3-AffiniPure A11034 1812166 Life Technologies
F(ab")2 Fragment
Rabbit Anti-Goat
IgG (H+L), diluted
1:1 in glycerol
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Native PAGE antibodies

Primary Supplier Dilution Diluting Secondary Volume/
antibody buffer antibody well
Rpt 6 Enzo Life 1:6000 TBST/BSA Anti- mouse 1gG | 20 ul
Sciences 5% + 0,03% HRP - linked
NaNs3
a6 Enzo Life 1:10000 1x Roti Block | Anti- mouse IgG | 20 ul
Sciences HRP - linked
Rpn 5 Santa Cruz 1:2000 TBST/BSA Anti- mouse 1gG | 20 ul
Biotechnology 5% + 0,03% HRP - linked
Inc NaNs
PA28a Laboratory 1:50000 TBST/BSA Anti- rabbit IgG | 20 ul
stock 5% + 0,03% HRP - linked
NaN3
Flow cytometry fluorophore-conjugates
Fluorophore | Excitation | Excitation | Emission | Laser | Power | Chan- | Bandpass
conjugate | wavelength max max [mW] nel filter
[nm] [nm] [nm]
APC 640 652 660 Trigon | 40 R670 | 670/14
FITC 488 495 520 Trigon | 100 B525 | 525/50
PerCP- 488 482 704 Trigon | 100 B710 | 710/50
Vio700
VioBlue 405 400 452 Octagon | 100 V450 | 525/50
PE 561 565 578 Octagon | 50 YG582 | 582/12
PE-Vio770 | 561 565 775 Octagon | 50 B4 750 LP
A700 640 702 723 Trigon | 40 R710 | 710/50
BV650 405 405 645 Octagon | 100 V670 | 660/20
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Flow cytometry fluorophore-conjugated primary antibodies

Marker | Conju- | Chan- | Host Iso- | Clone | Conc. | Dil. | Producer | Cat. | LOT

gate nel type [mg/ No.

ml]
CD3 APC R670 | human | IgG1 | REA6 | NI 1:25 | Miltenyi | 130- | 5190
13 113- | 5166
697 | 38
CD4 FITC B525 | mouse |1gGl | SK3 |0,1 1:10 | Biolegend | 3446 | B183
k 04 664
CD8 PerCP- | B710 | human | IgG1 | REA7 | NI 1:25 | Miltenyi | 130- | 5190
Vio700 34 110- | 6035
820 |42
CD45 Vio V450 | human | IgGl | REA1 | NI 1:25 | Miltenyi | 130- | 5190
RA Blue 047 117- | 5311
854 |53
CD62L | PE YG58 | human | IgG1 | REA6 | NI 1:25 | Miltenyi | 130- | 5190
2 15 114- | 5095
151 | 65
CD19 PE- YG78 | human | IgG1 | REA6 | NI 1:25 | Miltenyi | 130- | 5190
Vio770 | O 75 114- | 6034
173 | 98
CD197 | A700 | R710 | mouse | lgG2 | G043 | 0,4 1:10 | Biolegend | 3532 | B238
a, k H7 44 923
CD45 BV650 | V660 | mouse | IgG2 | UCH | 0,1 1:10 | Biolegend | 3042 | B239
RO ak |L1 32 720
3.2. Methods

3.2.1. Ethics statement

The approval from ethics committee for all experimental procedures on human samples
conducted at the University Medicine of Greifswald within the project entitled ‘Unravelling the
molecular pathogenesis of proteasome-related disorders’ was obtained under the Human
Ethics registration number BB 209/18. Informed consent forms from the parents of the patients
were acquired before the onset of the research. The present study includes 2 patients with
clinical disease manifestations who were diagnosed with mutations in the PSMC5 gene and
their respective mothers serving as controls. Research was conducted using multiple cell
biological, protein biochemical and molecular biological methods which are described in detail

below.
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3.2.2.Sample preparation

Cryopreserved peripheral blood mononuclear cells (PBMC) formerly isolated by our
partners from Boston Children's Hospital, Harvard, USA and the UPMC Children’s Hospital of
Pittsburgh, USA from blood drawn from patients and related healthy controls (mothers of the
probands) were used for the study. They were then expanded using phytohemagglutinin (PHA)
and interleukin 2 (IL2) cocktail to stimulate the T cell culture by my supervisor PD Frédéric
Ebstein, PhD.

3.2.3.Protein extraction and quantification for SDS-PAGE

To extract the proteins out of the cell pellets, both chemical and physical lysis methods
were used. First, the cell pellets were resuspended in 200-500 ul of RIPA lysis buffer prior to
four freeze-and-thaw cycles in liquid nitrogen and lukewarm water, to guarantee rupture of the
cell membranes. The lysates were then centrifuged for 15 min at the speed of 13.000 rpm, and
the supernatant re-pipetted to the new Eppendorf tubes, and used for bicinchoninic acid assay
(BCA- assay) or stored at -80°C.

Total protein concentrations in cell lysates were determined using the bicinchoninic acid protein
assay (BCA Protein Assay) conducted according to the protocol. In a 96-well microplate,
bovine serum albumin (BSA) in the amount of 10 pl/well in decreasing concentrations was
pipetted as a control and the protein lysates were diluted with dH-O in a 1:5 ratio. To each well
200 pl of the resolution was added and incubated for 30 min at 37°C, prior to the photometrical

determination of the protein concentrations. Absorbance was measured at 562 nm.

3.2.4.Sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE)

The samples were vortexed with the loading buffer (625 ml Tris—HCI (pH 6.8), 20%
sodium dodecyl sulphate (SDS), 0.5% bromophenol blue, 10% glycerol, 0.5%
B-mercaptoethanol and dH20O, centrifuged, and heated to 95°C for the min. time of 5 min,
to ensure denaturation of the proteins and inactivation of the present proteases. The resolving

and stacking gels for electrophoresis were prepared as follows:
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Resolving gel ingredients Gel concentration

12,5% 10%
Acrylamide 30% 8,33 ml 6,7 mi
Milli-Q® dH.0 6,27 mi 7,9 ml
Tris 1,5M pH 8,8 5mi 5mi
10% SDS 0,2 mi 0,2 ml
10% APS 0,2ml 0,2ml
TEMED 0,02 ml 0,02 ml

Volumes for 2 gels 4 80x75x1,5mm.
End substance volume of 20 ml.

Stacking gel ingredients Volume
Acrylamide 30% 2 mi
Milli-Q® dH.0 9 mil
Tris 1M pH 6,8 1ml
10% SDS 0,12 ml
10% APS 0,12 ml

Volumes for 2 gels 4 80x75x1,5mm.
End substance volume of 12 ml.

Protein lysates in the volume ranging from 5 to 50 pl (adjusted to the protein concentration and
antibody used) were loaded along with the 5 pl of Page Ruler ™ Prestained Protein Ladder.
SDS-PAGE was run in the 1 x SDS-PAGE running buffer diluted from the concentrate, for 2h,
under 120-150 V and 0.4 A. The polyvinylidene difluoride (PVVDF) membrane was activated

with methanol for approximately 10 seconds, as recommended in the manufacturer’s protocol.

The wet blot procedure was applied to transfer proteins onto a PVDF membrane. Blotting was
performed in a Bio-Rad Mini-Protean® tetra system filled with the transfer buffer solution
cooled to 4°C. The ice blot was put inside, to assure stable low temperature. Wet blot was run
under 200 V and 0.4 A for 1 h.

Transfer efficiency was assessed by the visualization of the total protein with Amido Black
staining. The membrane was incubated with Amido Black for approx. 5 min under constant

shaking, washed 3 times with dH20, and scanned.
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Amido Black ingredients diluted in dH20 Amount for the end volume of 50 ml
9% MeOH (v/v) 4,5 ml
2% Acetic acid (100%) (v/v) 1mil
0,02% Amido Black 10 B (m/v) 0,01g

Subsequently, the membrane was blocked with 1x Roti®-Block for 30 min at RT under constant
shaking to reduce unspecific binding sites and eliminate false positive results, and then
incubated with the primary antibodies (see materials, antibodies) diluted in antibody-solution
(10 ml/membrane) overnight at 4°C with constant shaking. After the incubation, the membranes
were washed 3 times for 5 min with 1x PBST-buffer (10ml for a membrane) under constant

shaking.

Next, the membranes were incubated with the horse-radish-peroxidase-coupled (HRP-linked)
anti-mouse or -rabbit or -goat secondary antibodies diluted in 1x Roti Block 1:5000 for approx.
1 h at room temperature under constant shaking. After that, the membranes were washed again
3 times for approx. 5 min with 10ml of PBST solution a time. Proteins were then visualized
using an enhanced chemiluminescence detection kit (ECL, Biorad), with Clarity™ Western
ECL Substrate used for detection. Both digital and film-based imaging was tried out, but since
the film-based imaging provided far better-quality results, it was the method chosen for the
experiments performed. The film incubation time was adjusted to the antibodies used and the
proteins investigated, and ranged from 3 sec. to 24 h. The imaging included the usage of the

developer, dH20, and fixator (see materials — chemicals).

3.2.5. Protein extraction and quantification for Native PAGE

Cell pellets from resting T cells isolated from patients and related controls were lysed
in 50 to 400 ul ice-cold homogenization TSDG buffer and subsequently treated with the liquid
nitrogen for 4 freeze-and-thaw cycles, ensuring the breakage of the membranes, and centrifuged
at 13.000 rpm for 15 min in 4°C. The supernatant with extracted proteins was re-pipetted into
a fresh Eppendorf tube. Protein quantification of the soluble lysates was determined using the
Bradford Assay (Coomassie dye-based assay) according to the manufacturer’s protocol.
0,2 x Bovine Serum Albumin (BSA) Standard mixed with 1 pl lysis buffer and dH>O was used
for calibration and obtaining the standard curve. 1 pul of each of the protein extracts was diluted
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with 19 ul of the dH2O and added to the 280 ul of the Bradford reagent pre-pipetted to the wells
on the 96-well microplate and incubated under constant shaking and light-protection for 5 min
prior to the photometrical determination of their concentrations. Absorbance was measured at

595 nm and data exported and analysed to determine the protein concentration.

3.2.6. Native polyacrylamide gel electrophoresis (Native PAGE) and proteasome in-plate

peptidase activity assay

5x NPP was used as a dye and next diluted with dH20 to the total volume of 50 ul based

on the protein concentration determined via Bradford assay.

Ingredients Amount
Bis-Tris pH 6.8 250 mM
NaCl 250 mM
Bromophenol blue 0.5 mg/10 ml
50% glycerol viv

Twenty micrograms of whole-cell lysates were run on precast 3-12% gradient Bis-Tris gel
(Thermo Fisher Scientific) at 45 V overnight at 4°C using an electrophoresis buffer consisting
of 1 M Bis-Tris, 1 M tricine (pH 6,8). Subsequently, the blotting with the transfer at the PVDF
membrane was performed, with further steps like Amido Black staining, Roti Block blocking,
incubation with primary and secondary antibodies (see materials, antibodies), detection and
visualization same as described in detail in Western Blot technique. Proteasome bands were
subsequently visualized by exposing the gel to UV light at 360 nm and detected at 460 nm using

an Imager.

Following separation, peptidase activity of the proteasome was measured via a Proteasome
Activity Assay Kit with 0.1 mM of the Suc-LLVY-AMC fluorogenic peptide (Bachem) at 37°C
for 20 min in an overlay buffer (20 mM Tris, 5 mM MgCI2, pH 7,0) in a light-protective
microplate. The excitation was set up for 470 nm, whereas the emission measurement was done
at 570 nm. Within the first hour, the activity was measured every 15 min, while within the
second hour — every 30 min. The mean of 4 measurements for each probe was taken and placed

on the curve, thereby representing the changes in proteasome’s activity in time.
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3.2.7.RNA isolation

Total RNA was isolated from expanded T cells using the kit from Analytic Jena AG
following the manufacturer’s instructions. The cell pellets were incubated for 2 min with
400 pl of Lysis Solution RL at room temperature, resuspended and incubated for another 3 min
at room temperature. All Eppendorf tubes and pipette tips used for this experiment were RNase
free. The lysed samples were transferred onto the Spin Filter D placed into descripted Receiver
Tubes and centrifuged at 11.000 rpm for 2 min, and Spin Filter D was discarded. Spin Filters R
were placed into new descripted Receiver Tubes. 400 pl of 70% ethanol was added to each of
the filtrates and the samples were mixed through re-pipetting. The samples were transferred to
the Spin Filters R and centrifuged at 11.000 rpm for 2 min. The Receiver Tube with filtrate was
discarded and the Spin Filter R placed into a new Receiver Tube. 500 ul of Washing Solution
HS was added to the Spin Filter R and centrifuged at 11.000 rpm for 1 min. The Receiver Tube
with filtrate was again discarded and the Spin Filter R placed into a new Receiver Tube. 700 pl
of Washing Solution LS was added to the Spin Filter R and centrifuged at 11.000 rpm for 1
min. The Receiver Tube with filtrate was once more discarded and the Spin Filter R placed into
a new Receiver Tube, which was subsequently centrifuged at 11.000 rpm for 3 min to remove
the traces of ethanol. The Spin Filter R was placed into an Elution Tube and 30-80 pl of RNase-
free water (volume depending on the size of the cell pellet) were added. The solution was
incubated for 1 min at room temperature, centrifuged at 11.000 rpm for 1 min, taken out and
placed directly on ice. Thermo Scientific™ NanoDrop 2000 spectrophotometer was used to
quantify and assess purity of extracted RNA, using 1 pl of RNase-free water as a blank

measurement.

3.2.8. cDNA synthesis through reverse transcription (RT) from RNA extracted from
expanded T-cells

100-500 ng of the isolated total RNA was reverse transcribed using the M-MLYV reverse
transcriptase (Promega). Following components were mixed and spinned briefly in the PCR

tubes:
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Component Amount
total RNA 1pg
DNase | (RNase-free, 1U/ul) 1ul
10x reaction buffer with MgCl> 1pl
Milli-Q® dH20 up to 10 pl of the total volume

and incubated for 30 min at 37°C in the cycler. Next, 1 ul of 50mM EDTA was added to each
tube and incubated for 10 min at 65°C. After DNase | treatment, mix primer consisting of 1 ul
of oligo-dT primers and 1.5 ul of Milli-Q® dH-O was added to each sample, spinned briefly

and incubated in the cycler for 5 min in 65°C. The M-MLV RT mix was prepared as follows:

Component Volume [pl] per tube
M-MLV RT 5x buffer 4
10 mM dNTP 1
M-MLV RT enzyme 1
RNasin 0.5

whereas for NRT control, M-MLV RT was substituted by Milli-Q® dH-O.

The PCR program was run in the Bio-Rad C1000 Touch Thermal Cycler with the following

parameters:
Duration time Temperature
1:00:00 42°C
0:10:00 70°C
HOLD 10°C

The samples were diluted 10 times with Milli-Q® dH,0 and transferred to 1.5 ml Eppendorf
tubes. Obtained cDNA template was stored at -20°C.

3.2.9.Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

Quantitative PCR was performed using one of two methods: SYBR Green and the
Premix Ex Tag™ (probe qPCR purchased from TaKaRa). Following mix for qPCR was
prepared:
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For SYBR Green:

Component Volume per well [ul]
2x TB Green Premix Ex Taq Il 7.5
5 uM primer pairs 15
Milli-Q® dH.0 2.5
For TagMan:
Component Volume per well [pl]
ExTaq Probe gPCR 7.5
Gene 20x 0.75
Milli-Q® dH.0 3.25

11.5 pl of mix was pipetted to each well of the 96-well microplate and 3.5 pl of cDNA was
added. The gPCR was run in the Bio-Rad C1000 Touch Thermal Cycler using following

program:
Duration time [min] Temperature
00:30 95°C
00:05 95°C
00:30 60°C + acquire
GOTO?2 39-44 repeats
Melting curve 65-95°C, 0.5°C/step

The procedures were conducted according to the manufacturer’s instructions (TagMan™ Gene
Expression Assays obtained from Thermo Fisher Scientific). TagMan™ probes were used in
this study for quantification of DDIT3 (CHOP), GRP94 and HSPA5 (BIP). Logarithmic
changes in the fluorescence of the product enabled us to estimate the initial amount of the
product and visualize the differences in the gene expression levels. The data were analysed
either automatically using BioRad CFX Manager computer program or independently via the
quantitation cycle (Cq) values for target genes converted to values of relative expression using
the relative quantification (RQ) method (2-AACq). Target gene expression was calculated

relative to Cq values for the HPRT control housekeeping gene.
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3.2.10. Polymerase Chain Reaction (PCR) for XBP1 splicing and agarose gel

electrophoresis

Following components were mixed in the Eppendorf tube:

Component VVolume [ul] per tube (3,10 ul)

Milli-Q® dH.0 5.3
10x buffer 1

Mg (25mM) 0.6
dNTP 0.2
XBP1-span26 for (10uM) 0.4
XBP1-span26 rev (10uM) 0.4

vortex before adding the Tag-Polymerase

Tag-Pol. (5U/pl) 0.1
cDNA template 2

and 8 ul of the mixture added to each of the Eppendorf tubes. Following cDNA templates were
added: patient, parent, NRT, SH-SY5Y + Tun, NTC. The PCR programme was run as follows:

No. Step Temp. | Time
[°C]
1. | Initial denaturation | 95 2 min
2. | Denaturation 95 15s ]
3. | Annealing 56 20s — | Repeated 40 times
4. | Elongation 72 30s
5. | Final elongation 72 5 min -
6. | Final holding 8 0

PCR products were analysed on 0.8 % - 2.0 % agarose gels to verify the correct product size
and product abundance. The gel was supplemented with 12 ul/100 ml RedSafeTM to label the
nucleic acid (diluted 1:10 with 1 x TAE-buffer). DNA were taken up in 1x DNA loading buffer
(6 x Loading dye: 50 % (v/v) glycerol, 50 mM EDTA (pH 8.0), 0.25 % (w/v) bromophenol
blue). Gel electrophoresis was run at 100 V for 60 min in 1 x TAE-buffer (40 mM Tris, 20 mM
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acetic acid, 1 mM EDTA). DNA ladders with fragment lengths of 100 bp and 500 bp
(Invitrogen, Darmstadt, Germany) were used as control. The evaluation was done with a
transilluminator (Nippon Genetics Europe, Diiren) at 400 nm wavelength. For documentation,

the gels were photographed in the UV transilluminator at 312 nm (Herolab Laborgerite,
Wiesloch).

3.2.11. Data representation and statistical analysis

Data are typically mean + SEM and are analysed by pair ratio t-test between two groups.
Charts and statistical analyses were generated using Microsoft Excel or GraphPad version

Prism 8. A p value <0.05 was considered significant.

3.2.12. Flow cytometry (FCM) procedure

The activation status of human T cells was measured by flow cytometry as outlined
below. Frozen cells (see section methods — sample preparation) were thawed, washed twice in
Phosphate-Buffered Saline (PBS) (300 g, 8 min, 4 °C) and counted using BD Trucount™ tubes
according to the manufacturer’s protocol. The differentiation between living and dead cells was
based on the cell phenotype in an FSC-A/SSC-A plot, as shown in Figure 11. 1 x 10° live cells
were transferred into 5 ml round-bottom polypropylene tubes (FACS tubes) and used for further

staining.
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Figure 11. Example of a TruCount image where the dead cells can be ignored in the cell
number determination. The proportion of living cells here equals: 0.322/(0.322+0.363) =
0.47 (47 %).

Cells were washed once again with 2 ml PBS (300 g, 8 min, 4 °C) and the supernatant was
decanted afterwards. 50 p of NIR™ dye (diluted 1:150 in PBS) were pipetted onto the cells and
after vortexing incubated for 30 min at room temperature (RT) in the dark. Cells were washed
with FACS buffer (see section: materials, flow cytometry) (300 g, 8 min, 4 °C), then 50 pl of
‘FcR Blocking Reagent, human’ diluted 1:50 in FACS buffer were added, and incubated for
5 min at 4 °C in the dark. Afterwards, 50 ul of staining solution containing antibodies against
lineage and activation markers (see Materials, Flow cytometry fluorophore-conjugated primary
antibodies) were added without washing and incubated for 20 min at 4 °C in the dark. Finally,
the cells were washed twice using 1 ml FACS-buffer (300 g, 8 min, 4 °C), resuspended in
180 ul FACS-buffer and measured on an LSRII.
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3.2.13. Flow cytometric analysis

The flow cytometric data were acquired at a BD™ LSR Il (BD Biosciences) using the
software FACSDiva (BD Biosciences). Data were analysed with FlowJo version 10.7.1
(Treestar, Ashland, USA). The results were presented as a histogram or dot plot, where the
numbers within the gates correspond to the percentage of cells included. Following gating
scheme was applied (Figure 12):

1. Doublet exclusion
Live dead discrimination
Lymphocyte gate
T cell gate
CD4 vs. CD8 positive T cells
Other specific cell markers such as CD45R0, CD45RA, CD62L, CD197 followed.

© o~ w D

Fluorescence minus one (FMO) controls were used to set positive gates for CD45RA, CD62L,
CD197, CD45R0.
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Figure 12. The standardized procedure conducted at the beginning of each data analysis
consisted of following steps: 1) Doublet exclusion (pictures 1-3), 2) Live dead discrimination
(picture 4), 3) Lymphocyte gate (picture 5), 4) T cell gate (picture 6), 5) CD4 vs. CD8 positive
T cells (picture 7). Other specific cell markers such as CD45R0, CD45RA, CD62L, CD197
followed.
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4. Results

4.1.  Clinical features of two subjects carrying de novo missense variants in the PSMC5
gene and suffering from a syndromic form of ID

In this work, the clinical data relating to two subjects suffering from a syndromic form
of ID were meticulously examined. Both subjects have healthy parents and carry heterozygous
missense mutations in the PSMCS5 gene at different loci, as depicted in Fig. 13A. As illustrated
in Fig. 13B, the PSMC5 gene encodes the AAA (ATPase Associated with diverse cellular
Activities) Rpt6, a subunit of the 19S regulatory particle of the 26S proteasome complex which
participates in substrate unfolding before translocation into the 20S core particle [44]. The
clinical anamnesis and examination was collected by our partners: Siddharth Srivastava from
Boston Children's Hospital, Harvard, USA, for Subject 1, and by Damara Ortiz from the UPMC
Children’s Hospital of Pittsburgh, USA, for Subject 2.

A Subject 1 Subject 2
++ ++ +/+ +/+

O

o

p.(Pro320Arg)/+ p.(Arg201Trp)/+

p.(Arg201Trp) p.(Pro320Arg)

| l

\ A

1 \ ) 406
2HN AAA+ ATPase COOH

Figure 13. Identification of two PSMC5 variants in two unrelated subjects with
a syndromic form of ID. (A) Syndromic ID pedigrees of two families carrying genomic
alterations in the PSMC5 gene. (B) The localization of the two missense variants in the PSMC5
(i.e. Rpt6) protein are indicated in red. The AAA-ATPase domain of the Rpt6 proteasome
subunit of the 19S regulatory particle is depicted in blue in the schematic representation.
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As indicated in Table 1, Subject 1, carrying the p. (Pro320Arg) de novo heterozygous PSMC5

mutation is a 3.5-year-old boy (data for the time of assessment) with the following observed

clinical abnormalities:

malformations: bilateral ear pits and craniofacial abnormalities such as broad nasal root,
bulbous nose,

cardiovascular: mildly elongated distal transverse aortic arch and hypotonia,
developmental regression: motor developmental delay (retarded walking — first with 18-
20 months), speech delay (with only 5-10 words by 18-24 months which were gradually
lost; currently mute, operating with only a few signs),

intellectual disability: cognitive Digital Intelligence Quotient (DQ)~40%,

abnormal behaviour and psychosomatic disorders: autism,

feeding difficulties: dysphagia,

ophthalmological findings: optic nerve hypoplasia, left ptosis,

and following findings in medical examinations:

in magnetic resonance imaging of the brain: visible thinning of the corpus callosum,
particularly in the region of the splenium, decreased posterior periventricular white

matter volume, minimally smaller optic nerves and chiasm.

Subject 2, carrying the p. (Arg201Trp) de novo heterozygous PSMC5 mutation is a 10-year-old

girl (data for the time of assessment) with the following clinical abnormalities observed:

malformations: decreased muscle bulk, pes cavus, skin anomalies,

cardiovascular: hypotonia,

renal: increased echogenicity of the medullary pyramids bilaterally,

neurological: epilepsy (both generalized and partial seizures), sensory hypersensitivity,
sleep apnoea,

developmental regression: motor developmental delay (retarded sitting — at 14 months,
slightly retarded walking — alone at 15 months), speech delay (spoke at 4 years old),
intellectual disability: learning difficulties, failure to thrive,

abnormal behaviour and psychosomatic disorders: ADHD, disruptive behaviour, tics,
feeding difficulties: dysphagia,

ophthalmological findings: mild convergence insufficiency in 2013, blue sclera,
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with no mentioned additional findings in medical examinations such as magnetic resonance

imaging of the brain.

Interestingly, while it was clear that the mutation in PSMC5 gene emerged de novo
(heterozygous) in Subject 1, the inheritance in the case of Subject 2 was a little more
questionable, as both parents are diagnosed with intellectual disability and the mother
additionally with attention deficit hyperactivity disorder (ADHD). However, despite these
clinical symptoms observed in parents, it was proven to be as well a heterozygous de novo
mutation. Importantly, while Subject 2 exhibits a normal 46XX female karyotype, Subject 1
carries a likely benign deletion of 7q11.23 from 55 to 234 kB, as detected in chromosomal
microarray [160].

Subject 1 Subject 2

Chromosomal localization
Chr17:9.61908775C>G Chrl7:9.61908217C>T
(GRCh37)
Variant in PSMC5 €.959C>G c.601C>T
Reference sequence
NM_002805.5 according to p.(Pro320Arg) p.(Arg201Trp)
NCBI
) de novo de novo
Inheritance
(heterozygous) (heterozygous)

Family history negative negative
Gender male female
Age at last assessment 3 years 7 months 10 years
Birth weight (grams/SD) 3520/-0.07 2860/-1.19
Birth length (cm/SD) 53.34/+1.21 ND
OFC at birth (cm/SD) ND ND
Weight at assessment

16/+0.30 22.3/-2.21
(kg/SD)
Length at assessment

96/-0.80 129.5/-1.31
(cm/SD)
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OFC at assessment (cm/SD) 51/+0.62 51/-0.94 SD

Karyotype ND normal 46 XX

likely benign deletion of
7911.23 from 55 to 234 KB in
range; the genes within the
copy number variant are
Chromosomal microarray pseudogenes and are not listed [ normal female (no SNPs)
in OMIM as being associated
with any known syndrome;
there are overlapping
deletions listed in DGV

Table 1. Summary of the genetic and clinical features of two PSMC5 variants.
Nomenclature HGVS V2.0 according to mRNA reference sequence NM_002805.5. Nucleotide
numbering uses +1 as the A of the ATG translation initiation codon in the reference sequence,
with the initiation codon as codon 1. ND: not determined; SD: standard deviation; OFC:
occipital frontal circumference.

4.2. Impact of the identified PSMC5 genomic alterations on proteasome function in
patient T cells

Given that recent studies have shown that genomic alterations in genes encoding
proteasome subunits may result in proteasome loss-of-function, as initially described for
PSMBS8 (encoding the B5i1/LMP7 subunit of the 20S core particle) or lately for PSMA3 (encodes
a7), PSMB4 (encodes $7), PSMB9 (encodes f1i/LMP2), and PSMB10 (encodes p2i/MECL1)
[161; 162], we first sought to determine the impact of our two PSMC5 variants on proteasome
subunit composition. To this end, T cells isolated from both subjects were assessed for their
contents in various proteasome subunits by means of SDS-PAGE and western-blotting.
As shown in Fig. 14, the steady-state expression levels of PSMC5/Rpt6 were lower in
Subject 1 than in its respective control, and similar in control and patient T cells in the case of
Subject 2, indicating that the p.(Pro320Arg) missense mutation had an impact on PSMC5/Rpt6
protein half-life, but p.(Arg201Trp) not. Likewise, apart from the B5 standard subunit which
was downregulated in Subject 2 (Fig. 14), the expression profile of most of the 20S and 19S
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proteasome subunits did not substantially vary between patient and control T cells. These
suggest that proteasome expression and composition was not severely compromised in subjects
with PSMC5 variants.

Control
Subject 1
Control
Subject 2
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Figure 14. Subjects carrying PSMC5 variants exhibit no major changes in proteasome
subunit expression and/or composition. Five to twenty micrograms of RIPA lysates from
T cells isolated from Subjects 1 and 2 as well as their related controls were separated by
SDS-PAGE followed by western-blotting using antibodies directed against Betal, Beta2,
Beta5, LMP7, LMP2, MECL1, Alpha2, PA28-a, Rptl, Rpt5, Rpt6, Rpn5, Rpn10 and USP14,
as indicated. Equal protein loading was ensured by probing the membrane with an
anti-o-tubulin antibody.

To ascertain whether proteasome assembly was affected by either one of the two identified
PSMC5 missense mutations, whole-cell lysates from control and patient T cells were separated
by native-PAGE prior to western-blotting analysis. As expected, staining with an antibody
directed against the a6 subunit revealed two major bands corresponding to the 20S and 26S
proteasome complexes (Fig. 15). Interestingly, our data revealed a decreased signal for both of
the PSMC5/Rpt6 and PSMD12/Rpn5 subunits in the 26S region (Fig. 15), suggesting that the

incorporation of these subunits into 26S proteasomes was defective in patient T cells. Likewise,
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as illustrated in Fig. 15, the signals for PA28-a were slightly weaker in the 26S area in both
patient T cells, pointing for a decreased assembly of PA28-20S-19S hybrid proteasomes.

- o~ - (o] - o~ - o~
R B T T T = I R = B R & R N ¥
Proteasome Complexes 2 2 2 2 2 2 g o 2 o 2 o 2 o 2 o
l l 565 5565 5555 55535
O wvwoOwn O n Oun VLn Vn OVn On
30S
MHWM)GEEED 1 Rl g
205 (4 o o - - 2
-+
265 e
T
(19s-208) PA28 2
c
=
(]

e 268 gzdse|  “(zre-
N - .
20S -,‘,:i. 20s oeoow

PA28 - s w
PA28 @

.

oo

‘e
ainsodxa Suoq

Lc b

WB: Alphaé WB:Rpté  WB:PA28-a  WB: Rpn5

Figure 15. PSMC5 variants cause proteasome assembly defects in patients with a
syndromic form of ID. Twenty micrograms of native whole-cell lysates derived from T cells
isolated from Subjects 1 and 2 as well as related controls were separated by 3-12%
native-PAGE prior to transfer to PVDF membranes and probed with antibodies specific for
Alpha6, Rpt6, PA28-0 and Rpn5, as indicated. Two exposure times are shown.

Taken together, these data indicate that patient T cells with PSMC5 variants exhibit an assembly
defect primary affecting 26S proteasomes. To address the question whether this dysfunction
resulted in a proteasome loss-of-function, we next monitored the proteasome chymotrypsin-like
activity of control and patient T cells by exposing them to the Suc-LLVY-AMC fluorescent
peptide. As shown in Fig. 16, the peptide turnover in both patients was significantly decreased
overtime when compared to control cells, indicating that the chymotrypsin-like activity of
proteasomes was substantially reduced following incorporation of either one of the two PSMC5

variants.
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Figure 16. Subjects with a syndromic form of ID carrying PSMC5 variants exhibit
reduced proteasome chymotrypsin-like activity. Ten micrograms of TSDG-cell lysates from
T cells isolated from Subjects 1 and 2 as well as their related controls were assessed for their
ability to cleave the Suc-LLVY-AMC proteasome substrate on 96-well plates, as indicated.
Peptide turnover was detected by measuring fluorescence AMC at 360/460 nm over a 2-h period
of time. Statistical significance was assessed by ratio paired t test, ***p<0.0001.

Altogether, these data unambiguously identify the PSMC5 p.(Pro320Arg) and p.(Arg201Trp)

alterations as proteasome loss-of-function mutations.

4.3. Impact of the identified PSMC5 variants on ER stress

Because proteasome loss-of-function mutations have been shown to result in the
propagation of ER stress [31], we next compared control and patient T cells carrying PSMC5
variants for their contents in ER stress-related markers by western-blotting. With the exception
of ATF6 whose cleavage was upregulated in Subject 2 (Fig. 17A), our data reveal no signs of
ER stress, as evidenced by the steady-state expression of GRP94, which remained unaffected
in both subjects. The notion that both of the PSMCS5 variants failed to engage a strong UPR is
further supported by the observation that patient T cells do not upregulate CHOP, a downstream
target of the ER stress sensor PERK [100], as determined by RT-qPCR (Fig. 17B). Likewise,
T cells from both subjects did not splice XBP1 (Fig. 17C), an mRNA substrate of the ER stress
sensor IRE1 [163]. Altogether, these data suggest that the identified PSMC5 variants are not

strong inducers of ER stress /UPR in patient T cells.
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Figure 17. Subjects carrying PSMC5 variants exhibit no obvious signs of ER stress.
(A) Five to twenty micrograms of RIPA lysates from T cells isolated from Subjects 1 and 2
as well as their related controls were separated by SDS-PAGE followed by western-blotting
using antibodies directed against GRP94 and ATF6, as indicated. Equal protein loading was
ensured by probing the membrane with an anti-a-tubulin antibody. (B) Gene expression of
DDIT3 (i.e. CHOP), GRP94 and HSPAJS (i.e. BIP) was assayed by RT-gPCR on T cells derived
from Subject 1 as well as his respective control (parent). Expression levels were normalized to
GAPDH and relative quantifications (RQ) are presented as fold change over controls.
(C) XBP1 splicing in T cells from Subject 2 and her related control (mother) was assessed by
semi- quantitative PCR. Depiction shows as follows: patient, mother, NRT — no reverse
transcriptase control, tunicamycin- stimulated SHSYS5Y cell line serving as a positive control,
NTC — no template control. Upper band depicts XBP1, lower band — sXBP1.

4.4. Impact of the PSMC5 variants on the TCF11/Nrfl compensatory pathway

ER-associated protein degradation (ERAD) designates a cellular pathway which targets
misfolded proteins of the ER for ubiquitination and subsequent degradation by proteasomes and
is transcriptionally controlled by TCF11/Nrfl [118]. In response to proteasome inhibition,
TCF11/Nrfl translocates into the nucleus following its de-glycosylation and cleavage by
NGLY1 and DDI2, respectively [164; 165]. Interestingly, it was recently observed that
mutations in the NGLY1 gene cause neuromotor impairment, intellectual disability, neuropathy,
etc., forming a multisystemic neurodevelopmental disorder [166; 167], thereby supporting the
notion that a dysregulation of the TCF11/Nrf1-NGLY1-DDI2 pathway might contribute to
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disease pathogenesis in subjects carrying PSMC5 variants. To answer this question, whole cell
lysates from control and patient T cells were monitored for their expression of TCF11/Nrfl and
NGLY1 by western-blotting. As illustrated in Fig. 18, even though an upregulation of NGLY1
could be detected in both subjects, the expression and/or processing of TCF11/Nrfl did not

substantially vary between control and patient T cells.
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Figure 18. Subjects carrying PSMC5 variants express higher levels of NGLY1 which do
not result in increased TCF11/Nrfl processing. Five to twenty micrograms of RIPA lysates
from T cells isolated from Subjects 1 and 2 as well as their related controls were separated by
SDS-PAGE followed by western-blotting using antibodies directed against NGLY1,
TCF11/Nrfl and a-tubulin (loading control), as indicated.

4.5. Impact of the PSMC5 variants on the mTOR pathway

Because proteasomes generate intracellular peptides which are further degraded into
free amino acids which are normally sensed by the mTORC1 complex [168], we hypothesized
that the proteasome dysfunction detected in subjects with PSMC5 variants might result in
decreased mTOR signalling. To address this point, we examined the activation status of
MTORCL1 by monitoring its phosphorylation at Ser2448 as well as the phosphorylation of its
downstream target 4E-BP1, both of which being associated with active mTOR signalling [169].
Interestingly, our data show that phosphorylation of mMTORC1 and 4E-BP1 was increased in
Subject 1 but decreased in Subject 2 (Fig. 19), suggesting that the PSMC5 variants exert
opposing effects on mTORCL. Since mTORCL1 represses autophagy under normal conditions
[170], we further reasoned that this process might be differentially affected by the PSMC5
variants. To verify this assumption, T cells from Subjects 1 and 2 as well as related controls
were assessed for their contents in autophagy-related proteins by western-blotting. In line with

its ability to upregulate mTORCL1 activity, the p.(Pro320Arg) PSMCS5 variant had a negative
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impact on autophagy, as evidenced by decreased levels of LC3b-II in Subject 1 (Fig. 19). By
contrast, autophagy was increased in Subject 2 carrying the p.(Arg201Trp) variant, whereby
the LC3Db-1l steady-state expression levels were heightened, when compared to her mother
(Fig. 19). Importantly, autophagy is also involved in the elimination of intracellular organelles
including damaged mitochondria, a process commonly referred to as mitophagy [171; 172].
To gain insight into the impact of the PSMC5 variants on mitophagy, both Subjects 1 and 2 as
well as their related controls were assessed for their contents in the Bnip3L/NIX and NDP-52
proteins, involved in receptor- and ubiquitin-mediated mitophagy, respectively [173]. As shown
in Fig. 19, while NDP-52 was equally expressed in control and patient T cells, Bnip3L/NIX
was consistently upregulated in both Subjects 1 and 2, indicating that receptor-mediated
mitophagy was increased in these cells.
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Figure 19. PSMC5 variants exhibit distinct effects on mTORC1 signalling and
autophagy /mitophagy. Five to twenty micrograms of RIPA lysates from T cells isolated from
Subjects 1 and 2 as well as their related controls were separated by SDS-PAGE followed by
western-blotting using antibodies directed against mTOR, phosphor(p)-mTOR (Ser2448),
4E-BP1, phosphor(p)-4E-BP1, Bnip3L/NIX, NDP52, as indicated.

4.6. Impact of the PSMC5 gene mutations on T cell subpopulations

We next asked the question how proteasome dysfunction caused by PSMC5 variants
affects T cell differentiation. To address this issue, T cells isolated from Subjects 1 and 2 as
well as related controls were subjected to phenotypic analysis by flow cytometry. Interestingly,
as depicted in Fig. 20, our data show a decreased amount of CD3+ CD8+ cells in Subject 1
(6.66% CD3+ CD8hi and 5.7% CD3+ CD8int vs. 40.9% CD3+ CD8hi and 14.4% CD3+
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CD8int) and a concomitant increased amount of CD3+ CD4+ cells (62.6% CD3+ CD4hi and
20.0% CD3+ CD4int vs. 33.8% CD3+ CD4hi and 8.42% CD3+ CD4int) when compared to its
relative control. Hence, the p.(Pro320Arg) PSMC5 variant was characterized by a substantial
difference in the relative amount of CD8+ T cells (55.3% control vs. 12.36% p.(Pro320Arg))
and CD4+ T cells (42.22% control vs. 82.6% p.(Pro320Arg)), inducing a shift in CD4/CD8
ratio from 0.76 (control) to 6.68 (Subject 1), the latter being far from the expected standard
CD4/CD8 ratio of 1.5-2.5 [174].
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Figure 20. The p.(Pro320Arg) PSMCS5 variant alters T cell subpopulations in Subject 1.
Dot plots based on flow cytometric results depicting the T cell subpopulations of the examined
subjects. The figure in the right panel represents Subject 1 with the p.(Pro320Arg) PSMC5
variant, while the related control is depicted in the left panel. The numbers within the gates
correspond to the percentage of included cells. The gating strategy is described in the Materials
& Methods section.

By contrast, in Subject 2 carrying the p.(Arg201Trp) substitution, opposing effects were
observed. Indeed, as shown in Fig. 21, the relative amount of CD8+ T cells increased from
43.1% in control to 52.7% in Subject 2 (16.8% CD3+ CD8hi and 26.3% CD3+ CDS8int vs.
35.3% CD3+ CD8hi and 17.4% CD3+ CD8int, respectively). Accordingly, the relative amount
of CD4+ T cells decreased from 53.64% in control to 40.22% in Subject 2 (49.3% CD3+ CD4hi
and 4.34% CD3+ CD4int vs. 35.6% CD3+ CD4hi and 4.62% CD3+ CD4in, respectively).
Altogether, our data indicate that the CD4/CD8 ratio of Subject 2 was 0.76, namely lower than
that of 1.24 detected in control T cells, and lower than the expected standard CD4/CD8 ratio of
1.5-2.5[174].
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Figure 21. The p.(Arg201Trp) PSMCS5 variant alters T cell subpopulations in Subject 2.
Dot plots based on flow cytometric results depicting the T cell subpopulations of the examined
subjects. The figure in the right panel represents Subject 2 with the p.(Arg201Trp) PSMC5
variant, while the related control is depicted in the left panel. The numbers within the gates
correspond to the percentage of included cells. The gating strategy is described in the Materials
& Methods section.

Most importantly, besides the CD4/CD8 ratio which differed between patients, a detailed
analysis of the acquired data revealed common T cell features in both Subject 1 and 2. Indeed,
the frequency of double-negative (DN, i.e. CD4- CD8-) T cells was increased in both patients
(Fig. 22), as these constituted 4.37 % and 4.83% of the overall CD3 + T cell populations, when
compared to 1.07% and 1.74% in their respective related controls.
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Figure 22. The PSMCS5 variants augment the frequency of CD4/CD8-double negative (DN)
T cells. The graph depicts the proportion of DN CD3+ CD4— CD8- cells among CD3+ cells in
Subject 1 (p.(Pro320Arg) PSMCS variant), Subject 2 (p.(Arg201Trp) PSMCS5 variant) and their
respective controls, as indicated, based on flow cytometric results and data analysis.
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5. Discussion

5.1. Patient T cells with PSMCS5 variants exhibit severe signs of proteasome dysfunction

Recent studies have shown that mutations in proteasome subunit encoding genes might
have an impact on proteasome composition, as first described for PSMB8 (encoding 8 subunit
of the 20S core particle) or lately for PSMA3 (encodes a7), PSMB4 (encodes $7), PSMB9
(encodes B11) [161; 162]. Our SDS-PAGE /western-blotting analysis of patient T cells carrying
the p.(Pro320Arg) or p.(Arg201Trp) PSMC5 variants show that the expression steady-state
level of most of the 19S and 20S proteasome subunits was not affected by either one of the
PSMC5 missense mutations (Fig. 14). These data imply that both PSMC5 variants escape
nonsense-mediated MRNA decay and do not cause haploinsufficiency. In spite of the fact that
the p.(Pro320Arg) and p.(Arg201Trp) PSMCS5 variants are translated at the protein level, these
fail to assemble into proteasomes, as evidenced by the reduced amounts of 26S complexes
detected in patient T cells (Fig. 15). Consequently, T cells with PSMC5 variants were less able
to degrade the Suc-LLVY substrate than their control counterparts (Fig. 16). Altogether, these
data unambiguously demonstrate that both of the p.(Pro320Arg) and p.(Arg201Trp) PSMC5
substitutions are loss-of-function mutations. Considering the critical role of proteasomes in
many essential cellular processes, such as cell cycle and division, differentiation and
development, morphogenesis of neuronal networks, modulation of cell surface receptors, ion
channels and the secretory pathway, DNA repair, replication, transcriptional regulation,
transcriptional silencing, signal transduction, long-term memory, circadian rhythms, regulation
of the immune and inflammatory responses, and biogenesis of organelles, it is highly likely that
such PSMC5 variants actively contribute to disease pathogenesis and severity of clinical
manifestation of the syndrome in the investigated subjects [29; 44; 157].

5.2. PSMCS5 variants dysregulate mTORCL1 signalling in patient T cells

Surprisingly, proteasome dysfunction in T cells with PSMC5 variants was not
accompanied by increased ER stress, as determined by the expression levels of HSPAS8 and
GRP94 which did not substantially vary between control and patient cells (Fig. 17). This
observation is intriguing but might be partially explained by the potential engagement of

compensatory mechanisms. One major pathway rescuing proteasome dysfunction is the
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TCF11/Nrfl-NGLY1-DDI2 axis, whereby TCF11/Nrfl acts as transcription factor and induces
proteasome genes following de-glycosylation and cleavage by the NGLY1 and DDI2 proteins,
respectively [118]. In this regard, the activation of TCF11/Nrf1 is particularly well exemplified
by other proteasomes loss-of-function mutations including PSMC3 in patients suffering from
neurodevelopmental syndromes [143]. Nonetheless, our data show that, in spite of an
upregulation of NGLY1 in both subjects, no substantial differences in the expression and/or
processing of TCF11/Nrfl could be observed between control and patient cells (Fig. 18). This,
however, does not preclude that TCF11/Nrfl does not undergo activation in other cells types.
The observation that NGLY1 is increased in T cells carrying PSMCS5 variants is interesting and
suggests that its steady-state expression level is actively regulated by proteasomes. This finding
is even more relevant considering the fact that NGLY1 deficiency has been reported to cause
developmental delay and intellectual disability [166; 175], namely clinical features which are
highly similar to those of Subjects 1 and 2 carrying PSMC5 variants (Table 1). Herein, our data
suggest that both deficiency and excess of NGLY1 might result in the acquisition of neuronal
phenotypes. The potential contribution of elevated NGLY1 to the pathogenesis of the
neurodevelopmental syndrome detected in subjects with PSMC5 loss-of-function mutations

remains, however, to be fully determined.

Interestingly, our data show that proteasome dysfunction in T cells carrying PSMC5 variants is
perceived by mTORC1 whose activity is dramatically changed in both subjects. Indeed,
phosphorylation of mMTOR at Ser2448 and 4E-BP1 indicative of increased mTORCL signalling
was detected in Subject 1 by western-blotting (Fig. 19). This observation is in line with the
assumption that defective proteasomes deprive cells of intracellular peptides and a fortiori free
amino acids which normally activate mTORCL1 [169]. This notion is however challenged by
the fact that both phospho-mTOR and -4E-BP1 are decreased in Subject 2, indicating that
mTORCL1 activity is reduced under these conditions. These contrasting results are difficult to
explain but may reflect distinct abilities of the PSMC5 variants to unfold protein substrates
before degradation. It is conceivable that, in contrast to the p.(Pro320Arg) variant, the
p.(Arg201Trp) variant is more efficient at denaturing arginine- and/or leucine-rich proteins,
thereby facilitating their degradation and supplying free arginine and/or leucine, two potent
activators of mTORC1 [169]. On the other hand, mMTORC1 may be activated by additional
stimuli including signalling cascades initiated by growth factors [168] and one cannot exclude
that the PSMC5 variants might differentially affect any of these pathways. In any case, the

mechanisms by which PSMC5 loss-of-function mutations impact mTORC1 warrants further
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investigations, notably through the investigations of further patients carrying variants in this

gene.

5.3. Both PSMC5 variants promote receptor-mediated mitophagy in patient T cells

As a central regulator of important physiological cellular functions such as growth and
proliferation, metabolism, death, and survival, mTORCL1 represses autophagy [170; 176; 177].
In agreement with their respective mTORC1 activation patterns, autophagy was decreased in
Subject 1 and increased in Subject 2, as determined by monitoring the steady-state expression
levels of LC3b-1l (Fig. 19). Noteworthy, autophagy is also implicated in the removal of
damaged intracellular organelles, including mitochondria, in a process referred to as mitophagy.
It is widely known that the process of mitophagy is critical for maintaining proper cellular
functions [172]. Moreover, there is increasing evidence that mitophagy is significantly impaired
in several human pathologies, including ageing and age-related diseases such as
neurodegenerative disorders, cardiovascular pathologies, and cancer [178].

Importantly, the transmembrane LIR-motif containing protein Bnip3L/NIX was consistently
up-regulated in Subjects 1 and 2 with PSMC5 variants, as determined by western-blotting
(Fig. 19). These data suggest that receptor-mediated mitophagy is increased in these cells. This
observation is fully in line with the fact that the BNIP3L gene is transcriptionally induced by
the hypoxia-inducible transcription factor HIF-1a, a well-known substrate of the 26S
proteasome [179]. As such, these data also imply that any proteasome dysfunction would lead
to HIF-10 accumulation and subsequent transcription of BNIP3L. The observation that BNIP3L
is increased in response to proteasome impairment is interesting and likely to contribute to the
pathogenesis of the neurodevelopmental delay in patients with PSMC5 variants, especially
considered the fact that more and more studies support the central role of mitochondrial
dysfunction in the (still widely unclear) pathogenesis of a myriad neurodegenerative disorders
[180; 181] and interferonopathies [182]. For instance, mitochondrial impairment in the form of
distorted mitochondrial morphology, impaired respiratory chain function, and altered
mitochondrial DNA, was found to be one of the main disease drivers of Alzheimer disease (AD)
[180]. As mitochondrial calcium signalling is a key regulator of both metabolic dysfunction and
progressive neuronal loss, it is also linked to AD progression [183]. Furthermore, amyloid

pathology and mitochondrial dysfunction appear to be bi-directionally correlated, with growing
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body of evidence presenting mitochondrial dysfunction as a common pathomechanism
involved in many of the hallmark features of the AD brain, such as amyloid-beta (ApB)
aggregates (amyloid plaques), neurofibrillary tangles, cholinergic system dysfunction, impaired
synaptic transmission and plasticity, oxidative stress, and neuroinflammation, all of which

leading to neurodegeneration and cognitive dysfunction [184; 185].

Interestingly, mitochondria play an even more substantial role in the pathology of the
Parkinson’s disease (PD), as close connection between alpha-synuclein accumulation and
mitochondrial dysfunction has been observed [180]. Additionally, several studies demonstrate
the impairment of the respiratory chain activity. However, in contrast to AD, where misfolded
amyloid beta peptide 1-42 (Abeta) accumulates in the neuronal ER and extracellularly as
plaques, in PD there is abnormal accumulation of alpha-synuclein in neuronal cell bodies,
axons, and synapses [186]. This is also the case in dementia with Lewy bodies (DLB), where
Abeta 1-42 may additionally promote alpha-synuclein accumulation and neurodegeneration
[187]. Synaptic damage and mitochondrial dysfunction have also been associated with early
events in the pathogenesis of atypical parkinsonisms, in particular multiple system atrophy, and

other neurodegenerative disorders, such as Huntington disease [188].

To sum up, available knowledge is still not sufficient to clearly state whether mitochondrial
dysfunction plays a primary role in the initial stages of these diseases or is secondary to other
phenomena [180]. Nevertheless, translocation of misfolded proteins to the mitochondrial
membrane might play a key role in both triggering and perpetuating neurodegeneration, and
mitochondrial impairment remains critical for maintaining and fostering the neurodegenerative
processes. In this light, increased receptor-mediated mitophagy in response to proteasome
impairment with high probability contributes to the pathogenesis of the neurodevelopmental
delay in patients with PSMCS5 variants. However, this awareness brings also prospect of new
targeted therapy approaches, as research has shown that by activating autophagy, symptoms of

neurodegenerative disorders may be significantly relieved [189].

5.4. PSMC5 gene mutations in the context of interferonopathies

Interferonopathies are a group of hereditary autoinflammatory diseases, characterized
by a dysregulation of the interferon pathway. Clinically heterogeneous, they share some

peculiar clinical features, such as neutrophilic dermatosis, panniculitis with progressive

74



lipodystrophy and muscle atrophy, joint contractures with extremity deformity, sometimes
hepatosplenomegaly and hypochromic or haemolytic anaemia, and in many cases also an early-
onset metabolic syndrome, with systemic hypertension and dyslipidaemia [31; 190; 191, 192].
As demonstrated in Table 1 and in the detailed description before it, both investigated subjects
were found to manifest some of these specific clinical features, and especially to share some of
the neurological findings common for interferonopathies, among which leukodystrophy,
spasticity, demyelination, seizures, microcephaly associated to skin manifestations or
glaucoma, subacute encephalopathy with basal ganglia calcifications in the first years of life,

and microcephaly, were described [193].

Neurological involvement is a prominent feature of nearly all interferonopathies, which may
result from the fact that IFN type I is involved in regulating microglial function, both during
development and in response to ischaemia, neurodegeneration, and neuroinflammation
[193; 194]. The microglia is the local component of the CNS innate immune system and plays
a pivotal role in the modulation of CNS inflammatory homeostasis. It is essential for the
phagocytosis of myelin debris and provides support to oligodendrocytes and axons, also during
synaptogenesis, overall protecting the white matter [195]. Hence, a disruption in the fine
balance between necessary clearance and excessive phagocytosis is the basis of
neurodegenerative pathologies, while type | IFN plays a substantial role in regulating this
balance. It cannot be excluded that it constitutes one of the mechanisms contributing to the

intellectual disability also in the investigated subjects.

Definition of type | interferonopathies indicates that autoinflammation can be both interferon
and non-interferon related, and that a primary disturbance of the innate immune system in some
cases can turn into autoimmunity [196]. The type | interferonopathy should be suspected
especially if an autoimmune disease presents a very early onset or is resistant to standard

treatment, or when it appears in several members of the same family [197].

The IFN family includes two main classes of related cytokines: type | IFNs and type Il IFN
[198]. Type I IFNs are potent inflammatory polypeptides, ubiquitously expressed by immune
and non-immune cells, including macrophages, lymphocytes, dendritic cells, fibroblasts, and
hematopoietic plasmacytoid dendritic cells. On the other hand, type Il IFN, represented solely
by IFN-y, is an important component of the innate antiviral response and is predominantly
produced by NK [199]. Being aware of the impact of IFNs on both antiviral and

immunomodulatory functions, as well as of the fact that Mendelian mutations may cause a
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disturbance of the homeostatic control of this system [182], the hypothesis that the PSMC5 gene
mutations may affect the IFN levels is worth shedding light on, but requires further
investigation. Concurrently, characterization of these molecular pathogenetic mechanisms is

a critical step forward to discovering more effective target therapies [193].

5.5. Conclusion and outlook

In conclusion, in our study we have characterised the p.(Pro320Arg) and p.(Arg201Trp)
de novo heterozygous missense mutations in the PSMC5 gene carried by the patients with the
syndromic form of intellectual disability and given new potential insights into the
pathophysiological mechanisms and molecular basis of these syndromes. We have shown that
both investigated mutations exhibit an impact on proteasome composition. Although the
steady-state expression level of PSMC5/Rpt6 was not affected, analysis of the control and
patient T cells under non-reducing conditions revealed that PSMC5/Rpt6 mutants were less
efficiently incorporated than their wild-type counterparts. This failure to assemble
PSMC5/Rpt6 into fully mature proteasomes is the most probable reason for the significantly
reduced proteasome chymotrypsin-like activity in patient T cells that we determined by in-plate
assays. These data unambiguously show that both of the investigated PSMC5 mutations are

loss-of-function mutations.

Interestingly, our results have revealed that the investigated PSMC5 gene mutations induce
UPR only in a limited manner but may disturb the functioning of the ER quality control systems
and T cell differentiation. Sustained expression of ATF6 was observed solely in the
p.(Pro320Arg) mutant and, considering its role in proteostasis and neuroembryogenesis, could
hypothetically be one of the mechanisms leading to the intellectual disability. Besides, activated
mMTOR pathway in this subject suggests a perturbation of free amino acid homeostasis. Lower
levels of BiP chaperone that we observed in both mutants may be one of the UPR driving
mechanisms. The failure to phosphorylate and thereby activate elF2a as a key translation
regulator in both p.(Pro320Arg) and p.(Arg201Trp) subjects may result in the inability to
regulate protein translation and worsen the already present protein overload. Furthermore,
in view of the lower expression of GRP94 chaperone, our studies suggest that the functioning

of the ER control systems is disturbed in the PSMC5 gene mutants.
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In addition, our studies show that the PSMC5 gene mutations do not affect ERAD directly
through TCF11/Nrfl expression but via NGLY1 downregulation which prohibits TCF11/Nrfl
from maintaining its proper cellular function. The resulting inability to enter cell nucleus
prevents activation of proteasome gene expression, downregulates mitophagy and anti-
inflammatory response. Moreover, due to the NGLY1 downregulation and resulting limited
deglycosylation of misfolded proteins, they are not sufficiently directed to the cytoplasmic
proteasomal degradation. Given the significant role of NGLY1, its decreased levels may be one

of the leading pathomechanisms of global developmental delay in the PSMC5 gene mutants.

Additionally, our data have proven that in the PSMC5 gene mutant structural proteins of both
mitochondrial and autophagosomal membranes differ from their related controls. The
impairment of mitophagy and subsequent accumulation of dysfunctional mitochondria in the
mutants not only contributes to oxidative damage, but also because of its vital role in
maintaining the normal function of neurons may represent one of the possible mechanisms of

neuronal dysfunction and a driver of the intellectual disability in the investigated subjects.

Moreover, the specific clinical features of the examined subjects, such as developmental
regression, abnormal behaviour and psychosomatic disorders, as well as neurological
deviations, together with the awareness of the early disease onset, led us to suspect that the
PSMC5 mutants may belong to the broad family of interferonopathies. Though confirming this
hypothesis requires more profound molecular investigation, type | IFN response could be one
of the pathways contributing to the etiopathology of the syndromic intellectual disability. If that
would be the case, targeting microglia by modulating brain levels of IFNs could constitute

a novel therapeutic strategy for the disorder.

In addition, we have demonstrated that both mutations unambiguously impact T-cell
differentiation. Significantly increased CD4/CD8 ratio observed in p.(Pro320Arg) mutant
seems to be a clear sign of the ongoing autoimmune process. Contrary tendency observed in
p.(Arg201Trp) subject, with inverted CD4/CD8 ratio, suggests chronic inflammation. Observed
increased frequency of undifferentiated double-negative T cells in both PSMC5 gene mutants
may be one of the crucial factors in autoimmunity and inflammation. Accordingly, we noted
decreased percentage of CD62L+ CD3+ CD4+ lymphocytes which serves as a clinical marker

in inflammatory diseases and is typically decreased in autoinflammatory syndromes.
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Altogether, our data identified for the first time PSMC5 as a disease-causing gene for
a syndromic form of intellectual disability. How proteasome dysfunction caused by PSMC5
variants contributes to disease pathogenesis, remains to be fully determined.
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