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Abstract

Ubiquitination is a post-translation modification process crucial to control protein degradation,
localization, and activity. Tripartite Motif (TRIM) proteins participate in the ubiquitination
process behaving as E3 ubiquitin ligases, responsible for the specific recognition of the
substrate to be ubiquitinated. In the opposite process, Deubiquitinating enzymes (DUBs) can
deconjugate the ubiquitin from the protein target. The antagonism of DUBs and E3s is essential

to maintain protein homeostasis and signaling in cells.

In this project, we focused on TRIM18 (also named MID1) which when mutated causes the X-
linked form of Opitz G/BBB Syndrome (XLOS). MID1 controls the ubiquitin-mediated
proteasomal degradation of the catalytic subunit of PP2A (PP2AC), one of the major
phosphatases in the cell. Although MID1 mutations lead to an increase in PP2AC levels, the
exact mechanism remains unclear. The main objective of this project was to find DUBs that
work in conjunction with MID1 rescuing the increase of PP2AC level observed upon its

mutations.

We specifically silenced 24 DUBs and analyzed the protein abundance of PP2AC. A decrease
in the protein target levels will be indicative of a suitable DUB candidate to further study. We
also made the opposite assay, overexpressing the same 24 DUBEs, in this case, the DUBs
overexpression should increase the PP2AC protein. From both screenings, we found USP8 as
a good candidate, which we confirmed in further assays, to modulate the PP2AC levels.
Consistently with the regulation of PP2AC, USP8 overexpression alters 4E-BP1
phosphorylation levels, affecting the mTOR pathway. To conclude USP8/MIDL1 is a functional
pair controlling the degradative fate of PP2AC.

Furthermore, we noticed that in Mouse Embryo Fibroblasts from Mid1 KO, the Usp8 protein
levels were up regulated. We found that USP8 levels are decreased in both the cytoplasmic and
nuclear fractions when MID1 was overexpressed, recovering the USP8 levels when using the
ARING form of MIDI1 (the non-catalytic form). Moreover, the nuclear fraction of PP2AC

decreased when MID1 was overexpressed and increased when USP8 was overexpressed.

To conclude we discovered a new DUB/TRIM pair that works in a highly coordinated manner.
MID1 controls the levels of USP8 in the cytoplasm and nucleus, and both MID1/USP8 control
the levels of PP2AC, a mutual substrate, in the nucleus fraction. These findings will be relevant
in basic knowledge and for the future investigation of potential therapeutic.



1. Introduction

1.1 Ubiquitination

Ubiquitination is a post-translation modification process that changes protein fate. On one
hand, it can lead to a degradative outcome, controlling protein level and quality. On the other
hand, it can regulate cellular signaling, for instance, the protein’s activity or localization (Kliza
and Husnjak 2020). The ubiquitin-proteasome pathway was first documented in 1980 by
Ciechanover et al, describing a mechanism of intercellular protein degradation (Ciechanover
et al., 1980).

The main player of ubiquitination is ubiquitin (Ub), a protein that is covalently attached to the
target protein. Substrates can be modified with a single Ub or with a polyubiquitin chain in
which one Ub is conjugated to the next. Ub is a stable and conserved protein, it has a flexible
C-terminal tail, seven internal Lysin (Lys)-residues covering all Ub surfaces, and the N-
terminal Methionine (Met). (Komander & Rape, 2012; Ozkaynak et al., 1984).

1.1.1 Ubiquitination code

The extent and type of response of a targeted protein are achieved through a ubiquitination
code (Figure 1). There are two types of ubiquitination: mono- or poly- ubiquitination. The
monoubiquitin (mono-Ub) modification is formed by one Ub when it occurs on multiple
residues of the substrate yield a modification referred to as multi-monoubiquitination. The
polyubiquitin (poly-Ub) chain can be represented by several Ub links, which are characterized
based on two variables: Ub chain topology and the type of Lys-residue of Ub used for linkage.
Regarding the poly-Ub chain topology, there are two categories: homotypic chains (linked
through one type of Lys-residues), and heterotypic/ branched chains (multiple types of Lys-
residues and chains topologies (Figure 1A). Considering the Ub residue used for the binding
of the following Ub in a chain, there are 8 different possible linkages: through Met* to form a
linear Ub chain, and via each of the seven internal Lys-residues (Lys®-, Lyst!-, Lys?’-, Lys®-,
Lys®-, Lys*-, and Lys%-linked Ub chains) (Gomez-Diaz & lkeda, 2019; Kliza & Husnjak,
2020; Yau & Rape, 2016) (Figure 1B). The Lys*-linked Ub chain was the first one to be
identified, and it marks proteins for degradation through the 26S proteasome (Finley et al.,
1994). The remaining homotypic chains are collectively called atypical, and their biological

8



significance is still under study. The Lys!-linked Ub chain is a quality control signal for the
endoplasmic reticulum-associated degradation (ER-AD) pathway, in which misfolded or
improperly assembled proteins on the ER are targeted for proteasomal degradation (Bosanac
et al., 2011; Christianson & Ye, 2014). The Met!-, Lys®-, Lys?’-, Lys®-, and Lys®-linked Ub
chains are involved in non-degradative pathways, like autophagy, DNA damage repair, and
innate immunity (Figure 1B) (Kulathu & Komander, 2012; Walczak et al., 2012).

The ubiquitination code is translated by proteins containing ubiquitin-binding domains (UBDs)
that recognize chain topology and the linker regions connecting two Ub molecules. The
majority of the UBDs fold into a-helical based structures, the ubiquitin-associated domain
(UBA), ubiquitin-interacting motif (UIM), and coupling of ubiquitin conjugation to ER
degradation (CUE). Non-helical UBDs are the ubiquitin-binding zinc fingers (ZnFn), the
ubiquitin-conjugating (UBC) domain present in E2 enzymes, or the pleckstrin homology (PH)
folds (Dikic et al., 2009; Grabbe & Dikic, 2009). The ubiquitination code is the result of the

interaction between UBDs and different Ub chains present on the substrate.

Ubiquitination code

A Ubiquitin chain topology B Type of Lys-residue ubiquitinated
Poly Ub chains Linkage sites Functions
monoubiquitination substrate — Ub Linear /Met1 * Signaling
* Anti-bacterial autophagy
substrate
6 6
Ub £ ) 6 Y’ O Lys6 * DNA damage
multiple monoubiquitination substrate S * Mitophagy
@ 0.0
o Lys11 * Cell cycle control
substrate * Degradation
homotypic polyubiquitination substrate  —/Ub - Ub - Ub - Ub Lys27 * DNA damage
(Met1, Lys6, Lys11, Lys27, substrate  Anti-viral immunity
Lys29, Lys33, Lys48, Lys63 Ub Ub
¥s29, Lys33, Lysd8, Lys63) | substrate () NGB _
Lys28 * Anti-bacterial autophagy
substrat: *Wnt signaling
 Interferon signaling
Jub . JUb substrate W Lys33 « Autophagy
heterotypic polyubiquitination substrate - Ub - Ub - Ub Ub
4!
- "‘O Lys48 * Degradation
,Ub\ Ub ’ ub ’a-”.o Lys63 * Anti-bacterial autophagy
branched polyubiquitination substrate — Ub - Ub - Ub - Ub ibshate * DNA damage
Nub - Ub

Figure 1. Ubiquitination code. A. Ubiquitin chain topology. Single Ub can modify proteins at one
(monoubiquitination) or several (multiple monoubiquitinations) Lys-residues. Ub can form eight
distinctive homotypic linkages, through either Metl (linear Ub chain) or seven internal Lys-residues.
Additional complexity is achieved through the formation of heterotypic Ub chains, which contain
multiple Ub linkages and adopt mixed or branched topology. B. Type of Lys-residue ubiquitination.
Substrate ubiquitination with eight possible linkage types (MetY/linear, Lys6, Lys', Lys?’, Lys®, Lys®,
Lys*, and Lys®®) of Ub chains. Their major functions are indicated on the right. Abbreviations: Lys: Lysin,
Met: Methionine, Ub: Ubiquitin. Adapted from Gomez-Diaz & Ikeda, 2019; Kliza & Husnjak, 2020.
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1.1.2 Ubiquitination cascade

Ubiquitination is a highly coordinated process divided into three stages mediated by the
following classes of enzymes (Figure 2): Ubiquitin-activating enzyme (E1), Ubiquitin-
conjugating enzyme (E2), and Ubiquitin-ligase (E3). The Ub is activated by the enzyme E1
(E1~Ub), which employs ATP to form a high-energy thioester bond between the Ub C-
terminal and an E1 cysteine residue (active site). The activated Ub is transferred to an E2
enzyme cysteine residue through a thioester linkage (E2~Ub). Finally, the E3 ligase places
together the E2~Ub with the target substrate. The E3 ligase specifically transfers the Ub to the
target substrate, producing a covalent bond between the Ub terminal glycine (Gly) residue with
the substrate Lys-residue (Pickart & Eddins, 2004; Teyra et al., 2019; Zheng & Shabek, 2017).
The activity of the ubiquitination machinery can be reversed by the deubiquitinating enzymes
(DUBs), which can hydrolyze a peptide bond resulting in Ub deconjugation from the
ubiquitinated protein (Komander et al., 2009; Pruneda & Komander, 2019).

The E1 family is composed of two members in mammals: the ubiquitin-activating enzyme
(UBAZ1), the most abundant, and the ubiquitin-like modifier-activating enzyme-6 (UBAG),
which is required during embryonic development. The conformational flexibility of the E1
ubiquitin fold domain (UFD) is decisive in binding and transferring the activated Ub to the E2s
(Clague et al., 2015; Tokgoz et al., 2012).

The E2 family is composed of members containing a conserved ubiquitin-conjugating (UBC)
catalytic fold responsible for the interactions with the other ubiquitination cascade components.
The E2 family can be divided into four classes: Class | (UBC fold), Class Il (UBC fold with
N-terminal extension), Class 11l (UBC fold with C-terminal extension), and Class IV (UBC
fold with N- and C-terminal extension). The E2 enzymes are in charge of the transfer of the Ub
to the substrates and, in conjunction with some E3 classes, they determine the Ub chain
topology. The different chain topologies can be achieved through two types of E2 catalytic
activities: one type produces mono-ubiquitination or short Ub chain, and the second type is
responsible for the extension of the Ub chain (Burroughs et al., 2008; Wijk & Timmers, 2010;
Ye & Rape, 2009).

The E3 ligases are the critical components of the ubiquitination cascade due to their strict
control of both reaction efficiency and substrate specificity. They are the most diverse
components of the ubiquitination system, having hundreds of genes encoding them (Berndsen

& Wolberger, 2014). The E3 family is divided into three classes, depending on their structural
10



and functional features (Figure 2): Homologous to the E6-AP C-terminus (HECTS), Really
Interesting New Genes (RINGs), and RING-Between RING-RING (RBR or TRIAD). The

HECT E3s (28 members) form a thioester-intermediate bond with the Ub on the active site

before transferring it to the target protein (Huibregtse et al., 1995). The RING ligases (600

members) bind simultaneously with the E2~Ub and the target substrate. In this way, they

facilitate the direct transfer of Ub from the E2 to the substrate, but without forming a direct
bond with the Ub (Deshaies & Joazeiro, 2009). The RBR (14 members) employs both RING
and HECT-like mechanisms. The Ub transfer is initiated by the interaction of an E2~Ub with
the RBR (RING-like), followed by a thioester intermediate bond between Ub and RBR to

further transfer the Ub to the substrate (HECT-like) (Wenzel et al., 2011).

Ubiquitination cascade

substrate =P substrate — Ub

2 >30 >600 Ub

Ub
3 HECTE3— Ub HECT E3

Ub
o @ ®

ub activation

deubiquitination

—_—
ub ub RING E3 Ub .
@& P
thioester bond substrate — substrate
isopeptide/ peptide bond RBRE3
RBR E3 Ub RBRE3 — up

substrate — Ub

ligation - ub Ub
Ub
>100
substrate —%  substrate — Ub

Figure 2. Ubiquitination cascade. Coordinated activity of Ub-activating (E1), Ub-conjugating (E2),
and Ub-ligating enzyme (E3) are required for Ub attachment to a substrate protein. The action modes
of the three main groups of E3 ligases (RING, HECT, and RBR) are also depicted. Abbreviations: HECT:
Homologous to the E6-AP C-terminus, Ub: Ubiquitin, RBR: RING-BetweenRING-RING, RING: Really

Interesting New Genes. Adapted from Kliza and Husnjak 2020
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1.1.3 Proteasomal degradation

Three ubiquitin-dependent degradation pathways complement each other: ubiquitin-
proteasome system (UPS), lysosomal degradation, and autophagy. Although the UPS was
considered mainly the major route for Ub-driven degradation, it has been discovered that it is
also connected to lysosomal degradation and autophagy. In this thesis, we will focus on

proteasomal degradation (Weissman et al., 2011).

The Lys*-linked polyubiquitination and the branched Lys*é-Lys!! chains are the most potent
signals for degradation by the proteasome. The 26S proteasome is responsible for the
proteolysis of ubiquitin-tagged substrates. It is an ATP-dependent protease containing two
major assemblies: the 20S subunit core particle (CP) and a 19S regulatory particle (RP) subunit
(Figure 3). The RP is composed of RPT (ATPase) and RPN (non-ATPase) subunits, which
form a base and a lid, which will control the access of the ubiquitinated substrates to the
proteasome core. The substrate is first bound, via its polyubiquitin chain(s), to the RPN (such
as UIM, an a-helical UBD); secondly, it is unfolded by ATPases on the RPT ring, and then
inserted via an open gate into the proteolytic chamber. The RP also contains DUBs (RPN11,
UCHLY5, and USP14) that recycle Ub and/or edit the polyubiquitin chain to enhance substrate
binding to the RP. Proteolysis of the substrate is mediated in the CP which is composed of two
B-rings flanked by two a-rings, each ring with seven subunits. Inside the proteolytic chamber,
there are three B-subunits with catalytic activity responsible for the final proteasomal
degradation (Clague & Urbé, 2010; Weissman et al., 2011).
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26S Proteasome

Lid 4
19S RP -
Base -
20S CP
19S RP -

Figure 3. Structure of the 26S proteasome. The 26S proteasome is composed of a core 20S catalytic
particle (CP) and the 19S regulatory particle (RP). The substrate is bound to specific subunits in the
19S RP, then unfolded by the ATPases in the RPT ring and inserted via an open gate in the a-ring of
the 20S CP into the proteolytic chamber. The RP contains deubiquitinating enzymes that recycle
ubiquitin. Abbreviation: CP: 20S Catalytic Particle; RP: Regulatory Particle; RPN: RP non-ATPase subunits;
RPT: RP ATPase subunits. Adapted from Weissman et al, 2010.

Because of its complex structure, numerous targets, and the need for rapid adaptation to various
physiological conditions, this multi-catalytic enzyme complex is stable and not regulated by
degradation. Rather, it is primarily regulated by compositional variation. Some of the integral
20S proteolytic subunits can be switched in an inducible and tissue-specific way that alters
proteolytic specificities and adapts them to changing needs. In addition to the 19S RP, other
proteins and complexes bind to the end of the 20S cylinder and activate it by opening the gate:
an example is proteasome-associated DUBs and E3s, which can remodel substrate-anchored
polyubiquitin chains, modulating their susceptibility for degradation; and chaperones, which
stabilize the association between different subcomplexes of the 26S proteasome (Clague &
Urbé, 2010; Finley, 2009; Weissman et al., 2011). Consistent with its longevity, the proteasome
appears to be degraded by the lysosome, probably through micro-autophagy (Cuervo et al.,
1995).
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1.2. RING E3 ligases

In the last decades, the ubiquitination process has received considerable attention in basic and
applied research, allowing to successful develop pharmacological drugs that target some
ubiquitination steps. Particularly, the RING ligases are the largest group of E3 ligases: they are
involved in several cellular processes and their deregulation has been associated with multiple
human diseases (C. Cai et al., 2022).

The RING domain is a type of zinc-finger domain that comprises 40-60 residues, and it is
characterized by the presence of a Cys-X2-Cys-X (9-39)-Cys-X (1-3)-His-X (2-3)-Cys-X2-
Cys-X (4-48)-Cys-X2-Cys motif (where X can be any amino acid; histidine (His) and cysteine
(Cys) are sometimes interchangeable). The conserved Cys and His residues coordinate the two

atoms of zinc to form a cross-brace 3D structure (Budhidarmo et al., 2012).

This E3s architecture is formed by RING homo- or hetero-dimers. In the case of heterodimers,
one of the two RING proteins binds to the E2, possessing an E3 ligase activity, while the other
has a structural role (Deshaies & Joazeiro, 2009). The binding of an E1 or an E3 to an E2 is
mutually exclusive because the E3-binding site on E2s partially overlaps with the E1-binding
site, thus the E2-RING E3 interaction is transient (Eletr et al., 2005). In many RING E3 ligases,
the substrate-binding site is in the same polypeptide as the RING domain, while in others it is

mediated by a separate subunit (for example the SCF complexes) (Zheng et al., 2002).

Considering the enzymatic activity mechanism, through crystal structures it was possible to
observe that an arginine side chain on the RING subunit bridges the E2 and the Ub C-terminal
tail (Dou et al., 2012). On one hand, the zinc-bound His interacts with Ub through a hydrogen
bond, immobilizing its C-terminal tail; on the other hand, the RING domain interferes with E2
rearrangement, resulting in a thioester bond suitably positioned for attack by the substrate Lys-
residue (Lima & Schulman, 2012). The first linkage of one Ub to the substrate is a slow and
unspecific reaction. The chain elongation (polyubiquitin chains), that corresponds to the
formation of the Ub-Ub isopeptide bond, is a faster and E2-specific reaction. The polyubiquitin
chains can be built directly on the substrate or firstly on the E2 and then transferred to the
substrate “en bloc” (W. Li et al., 2007).
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1.2.1 Tripartite motif (TRIM) Family

Tripartite motif (TRIM) proteins constitute one of the largest subfamilies of RING E3 ligases,
counting in humans more than 70 members. TRIM proteins have in common their N-terminal
arrangement (named RBCC), which is composed of a RING finger, one or two B-box
domain(s), and a Coiled-coil (CC) region. The RING domain is present in hundreds of other
proteins, while the B-box domain is a signature of the TRIM family. The RBCC motif is present
at the N-terminal of these proteins, while their C-terminal presents different combinations
(Reymond et al., 2001).

The RING domain is defined by a (see above) arrangement of Cys and His residues that
coordinate two atoms of zinc (Freemont, 1993). Some members do not have a RING domain,
but they are still considered TRIMs because the rest of the motif (B-boxes and CC) is conserved
in order and spacing. The RING domain is typically found within 10-20 amino acids of the first
Met. The principal function of the RING finger domain is to recruit the E2~Ub for the
subsequent transfer of the Ub to the substrate. Several TRIM E3 ligases require a RING
dimerization as a prerequisite for their activity. This suggests a precise regulation level of
TRIMs activity, where some are constitutively active, while others are selectively activated in

time and space (Fiorentini et al., 2020).

The B-boxes, similarly to the RING domain, are zinc-binding domains. Many TRIMs only
contain a B-box type 2, while those with two B-boxes always contain a tandem B-box1-B-
box2 arrangement (Meroni & Diez-Roux, 2005). The role of the B-boxes is still unclear. It has
been suggested that, due to similarities with the RING domain, they could enhance the E3
ligase activity and even confer E3 ligase activity to TRIMs without RING. It was also proposed
that B-boxes may act as target recognition modules because they bind to proteins regulators,
transcriptional regulators, protein localization modules, and protein-protein interaction
domains (Tao et al., 2008). It is still to be elucidated if B-boxes have a unified function.
Nevertheless, some mutations on the B-boxes domain have been found in severe genetic
diseases, proving their importance in the overall function of the TRIM E3 ligase correct
function (Fontanella et al., 2008).

The CC domain is responsible for TRIM homo- and hetero-interaction, a process required for
the E3 ligase activity. The TRIM CC region adopts an antiparallel dimeric arrangement, placing
the RING and B-box domains on opposite sides of the elongated central helical stem, limiting
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the global protein architecture (Y. Li et al., 2014; Napolitano & Meroni, 2012; Sanchez et al.,
2014).

Despite being united by their tripartite organization, TRIM members have different C-terminal
domains that categorize them into 11 subtypes (Figure 4). The C-terminus mainly determines
target specificity, allowing the involvement in different biological processes, and particular
cellular localization. The most prevalent C-terminal is the PRY-SPRY domain (named from
SPla and RYanodine Receptor), found in subfamilies C-1 and C-1V. Other common C-terminal
domains are the C-terminal subgroup one signature (COS) domain found in subfamilies C-I,
C-I11, and C-l11I, and the fibronectin type 111 (FN3) domain found in subfamilies C-I and C-1lI
(Crawford et al., 2018).

TRIM proteins have been associated with diverse cellular processes, such as chromosomal
translocations generating oncogenic fusions; developmental processes causing hereditary
disorders; regulation of selective autophagy to name some (Watanabe & Hatakeyama, 2017).
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Figure 4. Classification of TRIM proteins. The TRIM proteins are classified into subgroups based on
the C-terminal domain(s) associated with the tripartite motif. The name of the class is reported in the
first column, followed by the domain composition, and in the right-most column the TRIM proteins that
belong to each class. The domains shown as dashed may be absent in some members of the subgroup.
Abbreviation: ACID: Acid Rich Region; ARF: ADP-Ribosylation Factor Family; B1/B2: B-box1-B-box2;
BROMO: Bromodomain; CC: Coiled-coil; COS: C-terminal Subgroup one signature; FIL: Filamin-type | G;
FN3: Fibronectin Type I1I; MATH: Meprin and TRAF homology; NHL: NCL1, HT2A, and LIN41 domain; PHD:
Plant homeodomain; PRY-SPRY: SPla and RYanodine Receptor; RING: Really Interesting New Genes; TM:
Transmembrane; TRIM: Tripartite motif. Adapted from Crawford, Johnston, and Irvine, 2017.
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1.3 Midlinel (MID1)

This thesis will focus on a particular member of the TRIM family, TRIM18, also called
Midlinel (MID1). MID1 is an E3 ligase that belongs to the subclass C-I, where the C-terminal
is composed of COS, FN3, and PRY-SPRY domains (Reymond et al., 2001) (Figure 4).

1.3.1 MID1 mutations in X-linked Opitz syndrome

The MID1 gene is located on the short arm of the X chromosome (Xp22.2), and it consists of
nine coding exons with several alternatively spliced exons, spanning approximately 400 kb of
genomic sequence. The MID1 gene encodes the 667 amino acid protein MID1 (Cainarca et al.,
1999; Quaderi et al., 1997; Reymond et al., 2001).

Mutations in the MID1 gene have been associated with the human X-linked Opitz G/BBB
(XLOS) syndrome (Figure 5) (Quaderi et al., 1997). Analysis of isolated and familial cases of
XLOS revealed the presence of more than 80 different mutations in the MID1 gene.
Pathogenetic mutations include nonsense, missense, indels, duplications, and splice-site
changes, as well as partial or complete gene deletions. It has been reported that the predominant
mutations are in the 3’ region, and affect all protein domains, except for the RING domain
(Fontanella et al., 2008). The presence of several types and the distribution of mutations along
the entire length of the gene indicate the loss of function as the mechanism underlying the
pathogenesis of XLOS (Cox et al., 2000). Importantly, the knowledge of both the type of
mutation and the domain of the protein involved is not sufficient to predict the presence and/or

the severity of specific clinical features (Migliore et al., 2013).

Opitz G/BBB Syndrome (OS) is a congenital disorder characterized by developmental defects
of midline structures. OS is genetically heterogeneous, presenting an autosomal dominant form
(ADOS) and an XLOS form that cannot be distinguished based on the clinical phenotype
(Robin et al., 1995); in both cases, male patients exhibit a more complex and more severe
phenotype than female patients (Robin et al., 1996). The autosomal dominant form is linked to
a large region in chromosome 22 (22q11.2), and the SPECCL1L gene on 22g11.2 has been
reported as a candidate for ADOS, although this is still controversial (Kruszka et al., 2015;
Migliore et al., 2022).
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MID1 and OS-associated mutations
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Figure 5. MID1 protein domain structure and OS-associated mutations. The domain composition
of the MID1 protein: RING (10-59); B-Box (B1, 114-164; B2, 170-212); CC (219-319); COS (320—
380); FN3 (382-472); PRY (483-528); SPRY (538-657). Below the scheme, color dots represent the
different mutations reported on OS patients: blue dots, missense mutations; red dots, nonsense, and
truncating mutations; green dots, splice site mutations; orange dots, in-frame indels. The dashed lines
represent deletions and rearrangements; the continuous line represents duplications. Abbreviation: B1/B2:
B-box1-B-box2; CC: Coiled-coil; COS: C-terminal Subgroup one signature; FN3: Fibronectin Type Ill; MID1.:
Midlinel; PRY-SPRY: SPla and RYanodine Receptor; RING: Really Interesting New Genes. Adapted from
Baldini, Mascaro, and Meroni 2020.

OS patients carrying mutations in the MID1 gene present a typical facial appearance, possibly
as the result of incorrect morphogenetic processes during the formation, definition, and closure
of the embryonic ventral midline. These patients are characterized by ocular hypertelorism,
prominent forehead, broad nasal bridge, frontal bossing, anteverted nares, defects in the oral
cavity (cleft lip/palate, bifid uvula, tooth abnormalities), and hypospadias. In severe cases, they
can also present cardiac malformations, anal abnormalities (imperforate or anteriorly
positioned anus), and other urogenital defects (Fontanella et al., 2008). Moreover, a high
percentage of XLOS patients present cognitive disabilities and developmental delays
associated with anatomical brain abnormalities. In XLOS, male hemizygous patients manifest
variability of the clinical signs, while female carriers only show hypertelorism (Robin et al.,
1995).

1.3.2. Mid1 knock-out (KO) mouse line

The Mid1”Y knock-out (Mid1”Y KO) mouse line has been generated in our Lab (Lancioni et
al., 2010). Mid1”Y mouse line carries a nonfunctional ortholog of the human MID1 gene,
obtained by disruption of the first ATG-containing exon. Mid1”Y mice are viable and fertile

and do not show evident midline defects, but present anatomical brain abnormalities in the
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dorsal midbrain and cerebellar regions. Whole mount and histological analyses of the Mid1”Y
brains show the presence of a malformed anterior cerebellum and, sagittal sections through the
vermis, hypoplasia, and abnormalities of the most anterior lobes (I, Il, and Il1): lobe I is
missing, lobe Il is not completely formed, and lobe 11l is in many cases abnormal in shape.
These defects are occurring during embryonic development as abnormalities in the anterior
development of the cerebellum are detectable since mid-gestation. Anterior cerebellar
hypoplasia is also a brain anatomical abnormality observed in approximately 35% of OS
patients. The Mid1”" mice also present impairments in motor coordination and non-associative
and procedural learning. These behavioral defects can be correlated with intellectual

disabilities and developmental delays observed in patients (Lancioni et al., 2010).

To conclude, the animal model recapitulates the neurological signs of the disease in humans.
However, craniofacial, tracheoesophageal, cardiac, and urogenital abnormalities, that are
shown by OS patients, are not present in Mid1”Y mice (Lancioni et al., 2010). It may be that
the human phenotype differs from the murine phenotype because of different genetic
backgrounds or differences in evolutionary development between the two species. This may

translate into different expressions of clinical symptoms.

1.3.3 MID1 protein

MID1 is a microtubule-associated protein due to the presence of the COS domain (Figure 6).
The COS domain, constituted by two a-helices, together with the CC domain is essential for
microtubular localization (J. Liu et al., 2001; Short & Cox, 2006; Wright et al., 2016). MID1
can also homodimerize and hetero-interacts with other members of the TRIM C-1 subfamily,
such as TRIM1/MIDZ2, through its CC region (Cainarca et al., 1999; Sardiello et al., 2008; Short
et al., 2002). Indeed, also MID2 has been localized to the microtubules, sharing some
interactors with MID1 (Short et al., 2002). This chapter will focus on the role of MID1 as a

microtubular protein.
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MID1 is a microtubular protein

Hela cells with Myc/GFP-MID1 plasmid

Figure 6. Microtubular localization of MID1 in HeLa cells. Immunofluorescence shows the
distribution of MID1 (in green) in HeLa cells transfected for 48 hours with a Myc/GFP-MID1 plasmid.
DAPI reagent was used as nuclear staining (in blue). MID1 is associated with microtubules dynamically
either in a filamentous (A) or dots (B) form. Imagens were collected with an epifluorescent microscope
(Leica DM2500) and analyzed with the Image J 1.53s program

The association of MID1 with microtubules occurs in different phases of the cell cycle: on the
interphase microtubules, on the mitotic spindle, and on the midbodies during cytokinesis
(Cainarca et al., 1999; Gholkar et al., 2016; Zanchetta et al., 2017). However, the mechanism
through which MID1 is associated with microtubules is not clear. It was speculated that MID1
might act as a phosphoprotein: indeed, OS patients’ fibroblasts presented a hypo-
phosphorylated status of several microtubule-associated proteins (MAPs) (Trockenbacher et
al., 2001). The hypothesis was that MID1 phosphorylation status could modulate microtubule
binding. Liu et al in 2001 showed that MID1 phosphorylation promotes its association with
microtubules (J. Liu et al., 2001). With contrasting results, Aranda-Orgillés et al in 2008, using
the MID1 mutants in the serine residue (Ser®) putative undergoing phosphorylation, showed a
decrease in its association with microtubules (Aranda-Orgillés, Aigner, et al., 2008). This
divergence is possibly explained by assuming that different microtubular proteins that bind to
the MID1 (see discussion in the next chapter), together with the phosphorylation status, could
produce different outcomes in terms of MID1 microtubular association. Moreover, in the same

paper, Aranda-Orgillés et al showed that either phosphatase inhibition and simulation of
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permanent phosphorylation of MID1 could block the transport of MID1 on microtubules in a
kinesin- and dynein-dependent process (Aranda-Orgillés, Aigner, et al., 2008). In summary,
MID1 phosphorylation status can regulate its bi-directional transport on microtubules, but the

detailed mechanism requires more clarification.

Another debated topic is if and how MID1 affects microtubular dynamics and stability. In
XLOS patients, MID1 association with microtubules is compromised and MID1 forms
cytoplasmic foci or larger clumps; still, the microtubular distribution and dynamics are not
affected in these patients (Cainarca et al., 1999). On the contrary, in in vitro assays, MID1
results in the protection of microtubules from depolymerizing drugs (Schweiger et al., 1999).
Gholkar et al showed that cells in absence of MID1 display division defects, such as cytokinetic
arrest and delayed or aborted abscission, which induce cell binucleation or death and may
underlie microtubular dynamic changes (Gholkar et al., 2016). Zanchetta in her Ph.D. thesis
showed that MID1 interacts with BRCA2-Associated Factor 35 (BRAF35) involved in
cytokinesis and that both are localized at the midbody where stable microtubules are displayed
(Zanchetta, 2015). Microtubule stabilization might occur transiently in specific phases of the
cell cycle and under strict control. Another possibility is that the lack of MID1 in XLOS
patients is only relevant for microtubular dynamics in the embryonic phase, where the cells are
high proliferating and dividing with specific pathways activated, with this microtubular
stabilization, becoming less in the adult phase.

1.3.4 MID1: E3 ligase activity

In MID1, like in the other TRIM family members, the RING domain is essential for E3 ligase
activity. Instead, the role of B-boxes in the MID1 E3 Ub ligase activity is still debated.
Moreover, MID1 has auto-E3 Ub ligase activity and can interact with several E2 conjugating
enzymes, thus possibly promoting several types of Ub chains (Han et al., 2011; Napolitano et
al., 2011). MID1 can control the stability and/or the activity of different substrates, such as Fu
kinase, Pax6, and PP2AC. In the following chapters, the role of different substrates in
embryogenesis (1.3.5 Involvement of MID1 in embryogenesis) and adulthood (1.3.6 MID1 in
adulthood) will be described in more detail. The chapters below will focus on PP2AC, the main

substrate studied in this thesis.
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1.3.4.1 PP2AC

The E3 UDb ligase activity of MID1 was first described for the catalytic subunit of the protein
phosphatase 2A (PP2AC). Trockenbacher and colleagues showed in XLOS patients’ samples
with loss of MID1 activity that PP2AC levels were increased due to reduced ubiquitin-mediated
proteasomal degradation. Consistently, the PP2AC level decreases when MID1 is

overexpressed in cells (Trockenbacher et al., 2001).

PP2Ac is part of the phospho-protein phosphatases (PPPs) family that belongs to the
serine/threonine phosphatases (PSPs) superfamily (Haesen et al., 2014; Lechward et al., 2001).
It is expressed in all mammalian cells, contributing to 0.3—1% of the total amount of protein in
the cell (Ruediger et al., 1991). PP2AC regulates diverse physiological and cellular processes,
such as neuronal stabilization, cardiac muscle function, transcription, translation, and cell cycle
(Wlodarchak & Xing, 2016). It is implicated in many human diseases such as Alzheimer’s
disease (Martin et al., 2013), cardiac disease (Heijman et al., 2013; Kotlo et al., 2012), and
cancer (Eichhorn et al., 2009); as such, it has been actively investigated as a therapeutic target.
PP2A affects a variety of processes due to the formation of around 100 heterotrimeric

holoenzymes (Lechward et al., 2001).

Structurally, PP2A is a multiform complex, and it exists in two distinct forms, namely
heterodimeric and heterotrimeric forms (Figure 7). The dimeric form, also known as core
enzyme, is composed of a scaffold subunit (PP2A-A, A subunit) and a catalytic subunit (PP2A-
C, C subunit). The trimeric form in addition has the regulatory subunit (PP2A-B, B subunit),
and this trimeric assembly is also called the holoenzyme complex. There are two isoforms, a,
and B, for both A and C subunits, and they share high sequence homology. The two isoforms,
of the C subunit each containing 309 amino acids with 97% sequence similarity, are encoded
by two different genes (Haesen et al., 2014; Nematullah et al., 2018; Wlodarchak & Xing,
2016). The Ca isoform is abundantly localized in the plasma membrane, whereas the Cf
isoform is expressed in the cytoplasm and nucleus. Because of its stronger promoter activity
and higher mRNA turnover, the Ca isoform is more abundantly expressed in cells, including
the brain, than the Cp isoform (Zhou et al., 2003). It is reported that PP2ACa is necessary for
embryonic development, and PP2ACa knockout mice are not viable and die at 6.5 embryonic
days (Gotz et al., 1998).

23



Structure of PP2A holoenzymes
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Figure 7. Structure of PP2A holoenzymes. The majority of PP2A enzymes have a heterotrimeric
structure and consist of one catalytic C subunit, one scaffolding A subunit, and one regulatory B-type
subunit. This is due to the existence of various isoforms of each of these subunits in human tissues, two
C (encoded by PPP2CA and PPP2CB), two A (encoded by PPP2R1A and PPP2R1B), and 23 B-type
isoforms (encoded by 15 different genes). The 92 different PP2A trimeric complexes can be assembled,
and each one is characterized by its catalytic properties, substrate specificities, tissue or cell-specific
expression, and subcellular localization. In addition, about one-third of PP2A occurs as a dimer of one
A and one C subunit (four holoenzymes). Abbreviations: PP2Ac: catalytic subunit of the protein phosphatase
2A; PPP2CA: Protein Phosphatase 2 Catalytic Subunit Alpha; PPP2CB: Protein Phosphatase 2 Catalytic Subunit
Beta; PPP2R1A: Protein Phosphatase 2 Scaffold Subunit A alpha; PP2R1B: Protein Phosphatase 2 Scaffold
Subunit A beta. Adapted from Haesen et al., 2014.

The core of PP2AC contains two central B-sheets flanked by a-helices, with the loops
connecting to the B-sheets forming the active site (J. Chen et al., 1992; Janssens & Goris, 2001).
The active site of PP2AC has two catalytic metal ions coordinated by six conserved residues
(two aspartate, one asparagine, and three His residues), and a catalytic water molecule.
Phosphate binding is coordinated by one conserved His and two arginine residues (Shi, 2009;
Wilodarchak & Xing, 2016). Several substrates have been attributed to PP2ACa: AK2 (Fuhrer
& Yang, 1996), PKCé (Boudreau et al., 2002), RAF-1 (Abraham et al., 2000), cdc6 (Yan et
al., 2000), src (Yokoyama & Miller, 2001), STAT5 (Yokoyama et al., 2001), CIP2A (Junttila
et al., 2007) and eRF1 (Andjelkovi¢ et al., 1996) to name some. Regarding PP2ACp, the
NMDA receptor was reported as a substrate (Chan & Sucher, 2001)).

In addition to A and B subunits, PP2AC is also found associated with the o4 protein
(Nakashima et al., 2013). The precise function of a4 on PP2AC is still not completely
unraveled. The o4 stabilizes PP2AC protecting it from ubiquitination by MID1 and preventing
its subsequent degradation (J. Liu et al., 2001; Short et al., 2002). In the next chapter, the
MID1/PP2AC/a4 dynamics will be discussed in detail.
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1.3.4.2 MID1/PP2Ac/a4 complex

The o4 is a highly conserved protein, first discovered as a phosphoprotein in B-cells, that
interacts with and regulates the Type 2A family of serine/threonine phosphatases (J. Chen et
al., 1998; Kloeker et al., 2003; Murata et al., 1997; Nanahoshi et al., 1999). Both a4 and PP2A
are diffusely distributed in the nucleus and cytoplasm, and they can also assume a microtubular
localization when MIDL1 is overexpressed. Numerous papers have studied the association
between MID1, a4, and PP2AC on the microtubules, forming a MID1/PP2AC/a4 microtubular
complex. A question has been raised as to whether the integrity of the complex is required for
the various elements to be attached to microtubules. The a4 is a multidomain protein in which
the N-terminus contains the residues responsible for binding to PP2AC, and the C-terminus has
been shown to bind the B-box1 domain of MID1 (McConnell et al., 2010; Trockenbacher et
al., 2001; Yang et al., 2007). Liu et al showed that high levels of a4 displace MID1 from
microtubules, probably facilitating the dephosphorylation of MID1 and the consequent
dissociation from the microtubules (Liu et al., 2001).

The o4 protein has been reported to protect the phosphatase catalytic subunit from degradation
(Kong et al., 2009; LeNoue-Newton et al., 2011; McConnell et al., 2010). Structural studies
suggest that it preferentially binds to the partially folded PP2AC and stabilizes it. In particular,
the binding of a4 with PP2AC blocks access to the lysine residue in PP2AC, which is the target
of polyubiquitination, thus leading to degradation (Jiang et al., 2013). No studies have shown
that MID1 can change the protein levels of a4, or that it is directly ubiquitinating PP2AC;
however, it is clear that the lack of MID1 increases the protein levels of PP2AC. This apparent
contradiction can be explained by the following mechanism (Figure 8): MID1 mono-
ubiquitinates a4, thus promoting its cleavage and the degradation of its C-terminal domain,
which contains the MID1 binding region. Two papers from Han et al and Watkins et al proved
that the RING domain of MID1 mono-ubiquitinates a 45-amino acid polypeptide of the C-
terminus of a4 (Han et al., 2011; Watkins et al., 2012). The a4 cleavage is followed by a
disruption of MID1/a4/PP2Ac complex in microtubules, with the result of releasing PP2AC to
be redirected to other localizations, and this in turn permits PP2AC poly-ubiquitination by
another E3 ubiquitin ligase (not discovered yet). In this way, only the microtubule pool of
PP2AC is subjected to proteasomal degradation (Han et al., 2011; LeNoue-Newton et al., 2011,
McConnell et al., 2010; Watkins et al., 2012). Overall, MID1 loss-of-function leads to a

reduction of calpain-mediated cleavage of 04, resulting in the protection of PP2AC from
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degradation (Watkins et al., 2012). The upregulation of PP2AC upon MID1 mutation could
explain the hypo-phosphorylation of several MAPs as seen in OS fibroblasts (Trockenbacher
etal., 2001).

MID1/04/PP2AC complex

Proteasomal
degradation

Figure 8. MID1, PP2AC, and a4 form a complex associated with microtubules. MID1 can interfere
with the poly-ubiquitination and proteasomal degradation of PP2AC through the binding with a4, a
regulatory subunit of PP2A. MID1 catalyzes a mono-ubiquitination on a4 which promotes calpain-
mediated cleavage and degradation of its C-terminal domain that contains the MID1 binding region.
The 04 cleavage is followed by a disruption of MID1/a4/PP2Ac complex in microtubules, with the
result of releasing PP2AC to be redirected to other localizations, this in turn permits PP2AC poly-
ubiquitination from another E3 ubiquitin ligase (not discovered yet). Abbreviations: MID1: Midlinel; Ub:
Ubiquitin; PP2AC: catalytic subunit of the protein phosphatase 2A.

1.3.4.3 MID1/PP2Ac and mTORC1 signaling

PP2A is involved in the regulation of several biological processes (discussed above), therefore
the MID1/0a4/PP2Ac complex participates in the modulation of these activities. Among others,
PP2A regulates the mechanistic targets of rapamycin Complex 1 (mTORC1) signaling (Figure
9). The mTORC1 complex is composed of MTOR kinase, the target of rapamycin complex
subunit LST8 (mLST8), and the regulatory-associated protein of mTOR (Raptor), with a role
of recruiting substrates for phosphorylation. The mTOR is responsible for controlling
translation initiation, through the phosphorylation of two substrates: eukaryotic translation
initiation factor 4E-binding protein 1 (4E-BP1) and 40S ribosomal S6 kinase (S6K) (Ford et
al., 1999; Nilsson et al., 2004; Sengupta et al., 2010; Winter et al., 2016). On one hand, PP2A
dephosphorylates 4E-BP1 and S6K, and thereby downregulates the translation of several
mRNAs (E. Liu et al., 2011). On the other hand, the MID1/a4 complex interacts, through the
PRY-SPRY domain of MID1, with S6K and with the elongation factor-1a (EF-1a), forming a

ribonucleoprotein (RNP) complex. The RNP is a large microtubule-bound multiprotein
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complex, able to bind to RNA, and together with PP2A controls the activity of mTOR kinase
(Aranda-Orgillés, Trockenbacher, et al., 2008).

mTOR/PP2A-dependent translation
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Figure 9. MID1 regulates mTOR/PP2A-dependent translation. MID1 is a positive regulator of
MTOR and a negative regulator of PP2A, both controlling the phosphorylation status and the activity
of their downstream targets S6K and 4E-BP1. By regulating the composition of the elF complex (elF4A,
elF4E, and elF4G) and through the phosphorylation-dependent activation of elF4B and ribosomal
protein S6, 4E-BP1 and S6K mediate the unwinding and the linearizing of the 5’UTR of those mRNA
that is associated with RNP complex, finally promoting the translation initiation. Abbreviations: 4E-BP1:
4E-binding protein 1; elF complex: eukaryotic translation initiation factor complex; MID1: Midlinel; PP2AC:
catalytic subunit of the protein phosphatase 2A; S6K: 40S ribosomal S6 kinase. Adapted from Heinz et al., 2021.

The increased level of PP2AC, resulting from the depletion of MID1, also abolishes the
interaction between mTOR and Raptor, thus downregulating mTORCL1 signaling at another
level. Indeed, cells derived from OS patients show decreased mTORC1 formation, S6K1
phosphorylation, and cap-dependent translation, all of which are rescued by the re-expression
of wild-type MID1 (E. Liu et al., 2011). The role of MID1 could also be extended to other
pathways subjected to the mTORC1 feedback inhibition, such as PI3K/AKT and Ras/ ERK
(Carracedo et al., 2008). Consequently, MID1 depletion affects a vast number of cellular
processes such as cytoskeletal dynamics, intracellular transport, cell migration, autophagy,
protein synthesis, cell metabolism, cell growth, and proliferation (Huang & Fingar, 2014;
Jhanwar-Uniyal et al., 2019; E. Liu et al., 2011).
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1.3.5 Involvement of MID1 in embryogenesis

MID1 is implicated in a congenital malformation disorder (XLOS), and it is highly expressed
during embryonic development when its main function is carried out. The study of MID1's role
during embryonic development has been conducted in mice (Dal Zotto et al., 1998), chicken
(Richman et al., 2002), and humans (Pinson et al., 2004). Generally, the organogenesis stages
are conserved among species. In human embryos, MID1 is strongly expressed in the following
progenitor cells: central nervous system, optic vesicle, pharyngeal arches, gastrointestinal tract,
mesonephros, and heart interventricular septum (Pinson et al., 2004). In mouse and chicken
embryos, Mid1 expressions are partially comparable with the human one: is largely present in
all embryonic tissues, in which the highest levels are observed in the undifferentiated
progenitor cells of the central nervous system, developing branchial arches, gastrointestinal
and urogenital systems (Dal Zotto et al., 1998). It is noticeable that the expression of MID1
transcript during embryogenesis correlates with structures and organs whose development is
affected in OS.

Mid1 exerts a pivotal role during the formation of the visual system, by regulating the temporal
and spatial expression of Pax6 (Figure 10. A). During the development of the eye and the
brain, Pax6 plays an important role; however, its role is time- and quantitative-dependent.
(Shaham et al., 2012). In Xenopus, the expression of Midl overlaps with Pax6 in the optic
vesicle during early embryogenesis. It was described that Mid1 mediates Pax6 proteasomal
degradation: when Midl levels were reduced, Pax6 expression was expanded, and eyes
enlarged (Pfirrmann et al., 2016). Through the modulation of Pax6, Mid1 regulates the optic
stalk region, setting the border between the optic stalk and the retina.
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Figure 10. MID1 role in embryogenesis. A. In Xenopus, an overlapping expression of Mid1 (in pink)
and Pax6 (in yellow) is observed in the optic stalk, in the early stages of the visual system development.
Mid1 regulates the ubiquitination and proteasomal degradation of Pax6 protein that is cleared from the
optic stalk region, setting the border between the optic stalk and the retina. B. In chicken development,
both Shh (dark red) and Midl (pink) are initially expressed bilaterally in the Hensen’s node. Shh can
suppress Mid1 expression and Mid1 can act upstream of Shh. Simultaneously, MID1 can also regulate
the GLI3 activity by affecting its transport to the nucleus. In turn, GLI3 is a mediator of Wnt/f-catenin
signaling, an important pathway to form the axis during hippocampal development. C. Mid1 is highly
expressed in the brain during development and enriched in the axon segment of developing neurons.
By suppressing the Pp2ac levels, Mid1 act as a regulator of axon development and branch formation.
Abbreviations: Mid1: Midlinel; PP2AC: a catalytic subunit of the protein phosphatase 2A; Shh: 5; Wnt: wingless-
related integration site. Adapted from: Baldini et al., 2020.

Another important pathway that MID1 has been associated with is the Sonic hedgehog (Shh)
(Figure 10. B). The Shh pathway has strong implications for ventral midline definition during
development, which is the main process compromised in OS patients (Ingham & McMahon,
2001). In detail, Shh binds to the membrane protein Patched (Ptch), releasing the repression
effect of Ptch on Smoothened (Smo), another membrane protein. The activation of Smo
culminates in the release of Gli, a family of transcription factors, into the nucleus (Sasai et al.,
2019). MID1 is associated with the Shh pathway in two moments. The first one is that MID1
can regulate the activity of GLI3, by affecting its transport to the nucleus. In turn, GLI3 is a
mediator of wingless-related integration site (\Wnt)/p-catenin signaling, an important pathway
to form the axis during brain development (Hasenpusch-Theil et al., 2012). The second

association is a possible feedback loop between Midl and Shh. During development in
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Xenopus, ectopic Shh induces Midl expression in the developing optic vesicle, and the
prospective forebrain (Pfirrmann et al., 2016). Moreover, in the chicken Hensen’s node, Shh

can suppress Mid1 expression and Mid1 can act upstream of Shh (Granata & Quaderi, 2003).

Some studies have reported a Mid1 role in neural development (Alexander et al., 2010; Suzuki
et al., 2010), contributing to the development of the cerebellum, a structure commonly found
altered in OS patients (Dierssen et al., 2012; Lancioni et al., 2010; T. Nakamura et al., 2017).
Downregulation of Mid1 has been reported in the cerebellum and hippocampus of transgenic
mice expressing a dominant active downstream regulatory element antagonist modulator
(DREAM) mutant. At the same time, those mice exhibit a significant shortening of the rostro
caudal axis of the cerebellum, and a severe delay in neuromotor development early after birth
(Dierssen et al., 2012). The migration of immature neurons from germinal zones toward their
final destination is an essential process during cerebellar development and might be dependent
on MID1. Tangential and radial migrations are mediated by Rac proteins, which belong to the
Rho family of small GTPases (Govek et al., 2005). Indeed axonogenesis, dendritogenesis,
tangential, and radial migrations are impaired in transgenic mice depleted for Racl and Rac3.
Interestingly, Rac-KO mice exhibited higher levels of Mid1 transcripts, suggesting that the
upregulation of Mid1 might be responsible for the defective processes observed in these mice
(T. Nakamura et al., 2017). Another study reported that Mid1 is highly expressed in the brain
during development and enriched in the axon segment of developing neurons (Figure 10. C).
Lu and colleagues showed that depletion of Midl in cultured neurons results in Pp2ac
accumulation in the axons, which originates abnormal axonal growth and branch formation.
Moreover, the Pp2ac upregulation results in accelerated axonal growth and altered projection
pattern in the corpus callosum of the mouse embryos (Lu et al., 2013). Therefore, Mid1 is
required for proper axon development acting as an inhibitory factor to regulate axon growth.
This ensures precise structural and functional patterning, which is crucial for proper circuit

formation.

1.3.6 MID1 in adulthood

MID1 is implicated in a wide variety of cellular mechanisms, via the selective regulation of
proteins involved in several pathways. As a consequence, alterations in MID1 are associated

with pathological conditions like cancer (Demir et al., 2014), Huntington’s disease (Krauf3 et
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al., 2013), and Alzheimer's disease (Hettich et al., 2014; Matthes et al., 2018). The next chapters

will deal with the involvement of MID1 in immunity, neurology, and cancer (Figure 11).
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Figure 11. MID1 functions in different pathological conditions. A. The MID1, by limiting PP2A
activity, can be a regulator of inflammatory genes via NF-xB signaling. This pathway is involved in
asthma, eosinophilic esophagitis, and rhinovirus-induced exacerbations. B. MID1 regulates the
pathological hallmarks of Alzheimer’s disease by influencing the translation and the activity of the -
Secretase 1 (BACEL) secretase and by mediating the hyperphosphorylation of Tau protein. C. MID1 is
involved in Huntington’s disease, through the binding and the further stimulation of mutant HTT
MRNA translation. D. MID1 has a role in cancer. On one hand, MID1 regulates the activity of an
effector of the mammalian Sonic Hedgehog (SHH) pathway, the GLI3 transcription factor, by
ubiquitinating Fu. On the other hand, MID1 binds to and induces the translation of the Androgen
Receptor (AR) mRNA, which is involved in prostate tumor progression. Abbreviations: APP: Amyloid
Precursor Protein; AR: Androgen Receptor; BACEL: Beta-Secretase 1; HTT: Huntingtin; MID1: Midlinel; NF-
kB: Nuclear factor kappa-light-chain-enhancer of activated B cells; PP2AC: a catalytic subunit of the protein
phosphatase 2A; S6K: 40S ribosomal S6 kinase; Shh: Sonic Hedgehog. Adapted from Unterbruner et al. 2018.

1.3.6.1 MIDL1 in immunity

The Ub system, particularly the TRIM family, has been vastly associated with immunity. MID1
was identified as a regulator of allergic airway inflammation in the bronchial epithelium with
asthma and rhinovirus (Figure 11. A) (Collison et al., 2013). Mice sensitized with rhinovirus

infection and displaying pathological signs of allergic asthma, showed upregulated Mid1l in
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bronchial cells at both mRNA and protein levels (Collison et al., 2013). This upregulation is
associated with decreased PP2A activity and PP2AC protein level while, conversely, silencing
of Midl attenuates asthma signs. Hence, Midl can promote allergic airway disease by
controlling the PP2A-mediated deactivation of NF-kB among other pathways (Collison et al.,
2013; Foster et al., 2017). These results were confirmed by the observation that MID1 activates
proinflammatory signaling in bronchial epithelial cells from human patients (Collison et al.,
2015, 2019).

1.3.6.2 MID1 in neurodegenerative disease

Several studies have reported the implication of MID1 in different neurological diseases, one
of them being Alzheimer’s disease (AD) (Figure 11. B). The two pathological hallmarks of
this type of dementia are extracellular amyloid plaques, which contain A-B, and intracellular
neurofibrillary tangles, which are composed of hyperphosphorylated Tau (Stelzmann et al.,
1995). The A-B peptides are generated by two sequential cleavages of the amyloid precursor
protein (APP), the first of them being performed by the B-site APP-cleaving enzyme f-
Secretase 1 (BACE1L) (Zhang et al., 2011). Three different levels of regulation connect MID1
to AD. First, the phosphorylation status of both Tau and BACEL1 is crucially important for
determining the physiological and pathological role of these proteins. MID1, by reducing the
activity of PP2A, can indirectly increase BACEL1 translation and Tau phosphorylation. It was
shown that the disassembly of the MID1-PP2A complex by specific drugs may target both
pathological hallmarks of AD (Hettich et al., 2014; Schweiger et al., 2017). Second, the protein
synthesis of APP is controlled by MID1 through the modulation of mTOR-elF signaling
(Matthes et al., 2018). Lastly, APP mRNA was identified as a binding partner of MID1,
indicating that the MID1 complex can also induce its translation (Matthes et al., 2018).

MID1 has also a role in Huntington’s disease, by stimulating the translation of the mutant
Huntingtin (HTT) protein (Figure 11. C). Some genes, such as HTT, present nucleotide
expansions in their sequence, leading to the formation of stable double-stranded RNA
structures that are predisposed to bound proteins in the RNP complex. Expanded CAG repeats
in HTT are described to trigger translation in a MID1/PP2A/mTOR-dependent manner, thus
enhancing the translation of mutant HTT mRNA (Kraul? et al., 2013).
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1.3.6.3 MID1 and neoplasia

The MID1 complex interacts with and regulates diverse signaling pathways that are associated
with carcinogenesis. In this section we will discuss how the MID1 protein complex promotes
tumor growth by interacting with two different tumorigenic pathways: SHH, and AR, signaling.

SHH pathway not only plays an active role during embryogenesis but is also implicated in
oncogenesis. Together with mTOR, the MID1/04/PP2Ac complex controls the subcellular
localization and the activity of the zinc finger protein GLI3 transcription factor. An increase in
PP2A activity mediated by a downregulation of MID1 results in cytosolic retention of GLI3
and its reduced transcriptional activity. Conversely, inhibition of PP2A mediates its nuclear
localization (KrauB et al., 2008). MID1/a4/PP2Ac complex does not affect GLI3 directly, but
rather through the protein Fu. MID1 promotes Lys®, Lys*, and Lys®-linked ubiquitination of
Fu, leading to its proteasome-dependent cleavage. As a result, the kinase domain of Fu is
cleaved-off, permitting nuclear translocation of GLI3 and transcriptional activation (Schweiger
etal., 2014).

The involvement of MID1 in prostate cancer has been reported. It was demonstrated that the
androgen receptor (AR) mRNA bounds MID1 (Figure 11. D). AR is a ligand-activated
transcription factor able to trigger several intracellular processes upon androgen binding. The
binding of MID1 to AR mRNA induces its translation; in turn, AR also regulates MID1
transcription in response to androgen stimulation, suppressing it. AR transcription factor
physiologically regulates androgen-dependent gene expression, but it is aberrantly activated in
prostate cancer. Additionally, the most aggressive cases of prostate cancer show a high level
of MID1 protein, delineating a possible role of MID1 as a factor for tumor progress and

metastasis-promoting (Demir et al., 2014).
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1.4 Deubiquitinating enzymes (DUBS)

In the cell, the activity of degraded proteins is carefully controlled. This tight control is essential
since an unsettled activation can be tragic for the cell. The regulation of protein levels and
activity are achieved thanks to the balance between ubiquitination and deubiquitination. DUBs
can reverse the ubiquitination process by hydrolyzing the peptide bond from the ubiquitinated
protein, resulting in free Ub (Figure 2). DUBs maintain cellular Ub levels by processing newly
synthesized Ub precursors and by reclaiming Ub from proteins destined for degradation
(Clague et al., 2019; Sahtoe & Sixma, 2015).

In humans there exist 99 DUB members, 11 of which are considered to be pseudo enzymes due
to the loss of critical residues for their activity, although they can perform vital functions
(Walden et al., 2018). DUBs can be subdivided into seven families (Figure 12): ubiquitin C-
terminal hydrolases (UCHSs); ubiquitin-specific proteases (USPs), ovarian tumor proteases
(OTUs); Josephins (MJDs); JAB1/MPN/MOV34 metalloenzymes (JAMMs; also known as
MPN+ or JAMM/MPN+), and the most recently discovered, i.e., the motif interacting with
ubiquitin (MIU)-containing novel DUB family (MINDY); and zinc finger with UFM1-specific
peptidase domain protein (ZUFSP/ZUP1). All of these families are cysteine isopeptidases
except for the JAMM family members, which are zinc-dependent metalloproteinases (Clague
et al., 2019; Sahtoe & Sixma, 2015). Cysteine proteases DUBs generally contain catalytic
dyads or triads (either two or three amino acids) to catalyze the hydrolysis of the amide bonds
between Ub and the substrate. In contrast, metalloproteases coordinate zinc ions with histidine,
aspartate, and serine residues, which activate water molecules and enable them to attack the
isopeptide bond (Zong et al., 2021).

DUBs are frequently inactive or autoinhibited, remaining in this state until they are recruited
to their place of activity and/or bind to the correct substrates. To achieve proper localization
and specificity, DUBs are modular, thus requiring domains outside the catalytic core to
associate with scaffolds, substrate adapters, or the substrates themselves (Eletr & Wilkinson,
2013). These additional domains include the zinc finger (ZnF) domain, ubiquitin-like domain
(UBL), coiled-coil (CC) domain, and MIU domain (Figure 12).
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Figure 12. Classification and domain architecture of the DUB family. The host DUB family can be
divided into six families of cysteine proteases, namely ubiquitin-specific proteases (USPs), ovarian
tumor proteases (OTUs), ubiquitin C-terminal hydrolases (UCHs), the Josephin family, the motif
interacting with ubiquitin (MIU)-containing novel DUB family (MINDYSs), zinc finger with UFM1-
specific peptidase domain protein (ZUFSP), and one family of metalloprotease group, namely the
JAB1/MPN/MOV34 metalloenzyme family (JAMMSs). The conserved and specific domains are
indicated by different shapes and colors. Abbreviations: CC: coiled-coil domain; DUB: Deubiquitinating
enzymes; JAMMSs: JAB1/MPN/MOV34 metalloenzymes; MINDY's: MIU-containing novel DUB family; MIU:
Motif interacting with ubiquitin; OTUs: ovarian tumor proteases; Ub: Ubiquitin; UBL: Ubiquitin-like domain;
UCHSs: ubiquitin C-terminal hydrolases; USPs: ubiquitin-specific proteases; ZnF: Zinc Finger Domain; ZUFSP:
zinc finger with UFM1-specific peptidase domain protein. Adapted from: Zong et al., 2021.
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1.4.1 Cleavage and binding of DUBs

DUBs are proteases that cleave peptide or isopeptide bonds between conjoined Ub molecules
or between Ub and a modified protein. Most DUBs catalyze a proteolytic reaction between a
Lys e-amino group and a carboxyl group corresponding to the C-terminus of Ub (Komander &
Barford, 2008).

The complexity of Ub chain architectures dictates the wide variety of distinct DUB activities
and preferences (Figure 13) (Clague et al., 2019; Mevissen & Komander, 2017). The OTU
family shows remarkable specificity for different Ub chain linkages and may recognize
substrates based on those linkages (Eletr & Wilkinson, 2013; Mevissen et al., 2013). Aside
from discriminating chain linkage type (Figure 13. A), DUBs may choose between processing
from the distal end, gradually chewing down the chain (exo-DUB activity), or cleaving within
chains (endo- DUB activity) (Figure 13. B). Endo-DUBs must accommodate Ub molecules on
either side of the cleavage site, whereas exo-DUBs only need to bind to a single Ub (Mevissen
et al., 2013; Walden et al., 2018; Winborn et al., 2008). JAMM family cleavages are based on
the chain, between proximal Ub and substrate, and/or they are highly specific for Lys®® poly-
Ub linkages. Ub chain length provides another variable, with the Josephin family specializing
in distinguishing between poly-Ub chains of different lengths (Cooper et al., 2009; Eletr &
Wilkinson, 2013; McCullough et al., 2006).

Many DUBs are directed towards specific substrates via protein interaction domains distinct
from the catalytic domain (Figure 13. C). The USP class recognizes substrates by the
interaction of variable regions of sequence with the substrate protein directly. This interaction
can also occur with scaffolds or substrate adapters in multiprotein complexes. The USP family
thanks to its substrate recognition can, selectively, regulate cellular processes. Notably, most
USPs remove Ub regardless of linkage type (Eletr & Wilkinson, 2013; Faesen et al., 2011;
Ritorto et al., 2014). These substrate-specific DUBs can lead to a single-step chain amputation,
whereas the promiscuous DUBs might remove Ub completely from substrates (Figure 13. C-
left). Alternatively, they may leave the substrate monoubiquitylated, especially if the DUB is
linkage-specific (Figure 13. C-right). Monoubiquitin could then be extended again with a
different linkage (Ub chain editing). Some DUBs specialized in mono-deubiquitinating,
sometimes combined with substrate recognition (particularly associated with histones) (Figure
13. D).
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An important group is the recycling DUBs, such as the UCH family that removes small
disordered sequences from the C-terminus of Ub, such as peptide remnants after proteasomal
degradation, and can disassemble poly-Ub chains (Figure 13. E-left) (Eletr & Wilkinson,
2013). Other DUBs are responsible for the recycling of free Ub from unattached Ub chains,
like USP5 which especially recognizes the free C-terminus of Ub (Figure 13. E-right)
(Komander et al., 2009).

Regarding the new family MINDY, little is known about the cellular function of this family,
but each member tested to date shows specificity for Lys*-linked Ub chains, strongly
indicating roles in protein homeostasis (Kristariyanto et al., 2017; Rehman et al., 2016).
Another recently discovered DUB family is the ZUP1, with just one representative: it has
specificity for Lys®3-linked chains with multiple Ub- binding domains and has been linked to

genome maintenance pathways (Kwasna et al., 2018).

DUBs Specificity

¢ Substrate-specific DUBs
a Linkage specificity Distal Distal

b Exo- versus endo-deubiquitylation
Exo Endo

Distal e Recycling DUBs — UCH and ISOT

3 Crossover loop @ Ubiquitin

74
@ Substrate

\Lys
A

Figure 13. Layers of DUB specificity. Different ways to hydrolyze Ub have been reported. A. DUBs
chain type specific. The existence of eight topologically different Ub chains allows for differential
recognition by the DUBs. B. Exo- and Endo- DUBs. In Ub chains, cleavage (shown by the arrows)
can occur from the ends (Exo) or within a chain (endo). C. DUB directly substrate specific. DUBs are
directed towards specific substrates, removing Ub completely from the substrate (C — left), or might
leave the substrate monoubiquitylated, especially if the DUB is also linkage-specific (C - right). D.
DUBs specialized in de-monoubiquitinating. DUBs specifically recognize their cognate protein
substrate to remove monoubiquitin. E. Recycling DUBs. UCH family members are designed to
effectively remove small disordered sequences from the C terminus of Ub, such as peptide remnants
after proteasomal degradation and C-terminal extensions of polyubiquitin precursors. (E - left). DUBs
are also responsible for the recycling of free Ub from unattached Ub chains (E - right). Abbreviations:
DUB: Deubiquitinating enzymes; Lys: Lysine; Ub: Ubiquitin; UCHs: ubiquitin C-terminal hydrolases. Adapted
from Komander et al., 2009.
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1.4.2 Roles of DUBs

DUB activities fall into three major functional categories (Figure 14). First, Ub can be
transcribed from several genes as a linear fusion of multiple Ub molecules or with ribosomal
proteins, such that the generation of free Ub requires DUB activity (Figure 14. A). Second,
DUBs can remove Ub chains from post-translationally modified proteins, leading to the
reversal of Ub signaling or to protein stabilization by rescue from either proteasomal (for
example, cytosolic proteins) (Figure 14. B) or lysosomal (for example, internalized receptors)
(Figure 14. C) degradation. However, once a protein is committed to these degradative
machines, DUBs maintain the free Ub levels by directly removing the Ub from the target’s
proteins (Figure 14. D) and by processing en bloc Ub chain removal (Figure 14. E). Third,
DUBs can be used to edit the form of Ub modification by trimming Ub chains (Figure 14. F)
(Amerik & Hochstrasser, 2004; Clague et al., 2019; Komander et al., 2009).

All Ub genes encode C-terminally extended forms of Ub. The Ub precursors are either fusions
with certain ribosomal proteins or head-to-tail-linked Ub multimers that also have an additional
amino acid following the last Ub monomer (Amerik & Hochstrasser, 2004). Proper processing
of these precursors is essential for the generation of competent Ub. Many of the DUBs can
cleave the peptide bond by linking Ub to various C-terminal peptide extensions (Amerik et al.,
2000). This processing is extremely rapid in vivo and can occur co-translationally (Turner &
Varshavsky, 2000). The reason why all Ub proteins are synthesized in precursor form might
be to provide a quality control step. If a DUB cannot bind and cleave an aberrantly synthesized
or folded version of the Ub precursor, then the Ub will not be able to enter the active cellular
pool (Amerik & Hochstrasser, 2004).
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Figure 14. Major roles of DUBs. DUBs are involved in the generation of newly synthesized Ub by
releasing monomeric Ub from multimeric precursor proteins encoded by four genes (A). UBB and UBC
encode multiple copies of Ub that are transcribed and translated as linear fusion proteins with a carboxy-
terminal extension of one or two amino acids (shown in yellow). UBA52 and UBA8O yield Ub fused to
the amino terminus of two ribosomal subunits, 40S ribosomal protein L40 (L) and 60S ribosomal
protein S27a (S) (shown in green). DUBs have key roles in maintaining protein homeostasis and
signaling in cells. By removing Ub signals DUBs can regulate protein function directly or through
multiprotein signaling complexes and rescue proteins from either proteasomal (B) or lysosomal
degradation (C). DUBs also maintain Ub levels by recycling Ub from proteins that are committed to
degradation (D) and by chain processing following en bloc Ub chain removal (E) to maintain free Ub
levels. Finally, DUBs might function to edit Ub chains and thereby help to exchange one type of Ub
signal for another (F). Abbreviations: DUB: Deubiquitinating enzymes; Ub: Ubiquitin; UBA52: Ubiquitin A-
fused to ribosomal protein L40; UBAS8O0: Ubiquitin A-fused to ribosomal protein S27; UBB: Ubiquitin B; UBC:
Ubiquitin C. Adapted from Clague et al., 2019.
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DUBs contribute in two known ways to rescue proteins from ubiquitination. First, some
ubiquitinated proteins can be selectively deubiquitinated by certain DUBS, especially the USP
family, as previously discussed. The second mechanism is a more general editing role reversing
the modification of a wide range of proteins. This situation occurs particularly on the
proteasome. The efficient binding of polyubiquitinated proteins to the proteasome generally
requires polymers of at least four Ub. If a DUB preferred to remove single Ub moieties from
the end of the chain most distal to the substrate, it could act as an editing or proofreading
enzyme for proteasome targeting. Specifically, substrates with longer Ub chains could maintain
proteasome-binding competence longer than those with only short chains (near the limit of four
Ub). Hence Ub substrates, which may generally have shorter chains, could erroneously be
rescued from proteolysis (Amerik & Hochstrasser, 2004; Clague et al., 2019). A DUB
identified by Lam et al. doing editing work on proteasome is UCHLS5, with distal-to-proximal

Ub chain disassembly activity (Lam et al., 1997).

Another important function of deubiquitination is to release Ub chains from Ub—protein
conjugates once they have been targeted to the proteasome and are committed to degradation.
Failure to detach polyubiquitin could lead to inappropriate degradation of the Ub tag along
with the substrate. Additionally, it could interfere with the entry of the substrate into the narrow
opening leading to the central proteolytic chamber of the proteasome. Together with UCHLYS5,
also USP14 and PSMD14 (JAMM family) are regulatory members of the 19S lid, coordinating
critical proteasomal substrate pre-processing (Amerik & Hochstrasser, 2004; Clague et al.,
2019; de Poot et al., 2017).

DUBs provide many important cellular functions, and several are essential for cell viability.
DUB functions are often associated with the specificity for chain architectures and the
generation of cleavage products that have defined cellular roles, such as DNA repair, cell cycle,
and innate immune signaling pathways. Recently Clague, Urbé, and Komander reviewed the
most recent advances in understanding the physiological functions of DUBs (Clague et al.,
2019).

40



1.4.3 DUB subcellular localization

The impact of DUBs on cellular processes needs to take into consideration both the individual
protein levels and their intracellular locations. For DUBS, the estimated range of copy numbers
is large, from the low hundreds (limit of detection) to hundreds of thousands per cell (Clague
et al., 2015, 2019). It is suggested that high-level DUB perform broad maintenance functions
(for example, proteasomal DUBS), while the DUBs with lower amounts have more specialistic
roles (Damgaard et al., 2016).

The localization is a key factor in explaining how a relatively limited number of DUBs can
exert a large range of specific functions (Wing & Coyne, 2016). The specific effect of DUBs
can be achieved thanks to their precise expression in tissue(s)/cell type (Clague et al., 2013)
and/or upon activation with stimuli (Y. Zhu et al., 1997). DUB localization is a regulatory
mechanism that allows the DUB action on substrates, which otherwise might not occur at
significant rates if both enzyme and substrate are diluted in the cytoplasm (Wing & Coyne,
2016). The DUBs localization is predominantly cytosolic, however, approximately 25% of the
enzymes are found in specific subcellular structures (Urbé et al., 2012). Table 1 is a resume of
the cellular localization of DUBs. Several DUBs have multiple splice variants, each one can
localize in different compartments and have a different half-life depending on the splice variant
(Clague et al., 2019). Not surprisingly USP family, that is the family with substrate specificity,

is also the family with more members confined to a particular cellular compartment.
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Table 1. DUBs localization. A summary of the DUBs-specific subcellular localization. Table based on
Wing & Coyne, 2016 with the required updates considering the recent literature. Abbreviations: DUB:
Deubiquitinating enzymes; JAMMSs: JAB1/MPN/MOV34 metalloenzymes; UCHSs: ubiquitin C-terminal
hydrolases; USPs: ubiquitin-specific proteases.

Localization Family DUB Reference
USP1 (Nijman et al., 2005)
USP3 (Nicassio et al., 2007)
USP4 (Song et al., 2010)
USP7 (vanLoosdregt et al., 2013)
USP16 (Joo et al., 2007)
USP USP21 (Garcia-Santisteban et al., 2012)
USP22 (Xiong et al., 2014)
USP26 (Dirac & Bernards, 2010)v
Nucleus USP28 (Popov et al., 2007)
USP36 (X. X. Sun et al., 2015)
USP39 (Makarova et al., 2001)
USP44 (Suresh et al., 2010)
UCH UCHL5 (Yao et al., 2008)
BAP1 (Mashtalir et al., 2014)
MJD ATXN3 (Tait et al., 1998)
BRCC3 (Feng et al., 2010)
IAMM v smit (P. Zhu et al., 2007)
USP8 (Durcan et al., 2014)
. . USP15 (Cornelissen et al., 2014)
Mitochondria USP USP30 (N. Nakamura & Hirose, 2008)
USP35 (Bingol et al., 2014)
USP19 (Hassink et al., 2009)
USP20 (Curcio-Morelli et al., 2003)
Endoplasmic USP USP25 (Blount et al., 2012)
reticulum USP33 (Curcio-Morelli et al., 2003)
USP35 (Leznicki et al., 2018)
UCH UCHL1 (Z. Liu et al., 2009)
. USP32 (Akhavantabasi et al., 2010)
Golgi usP USP33 (Thorne et al., 2011)
Endosome USP USP8 (Kato et al., 2000)
JAMM AMSH (Tanaka et al., 1999)
. USP8 (Berruti et al., 2010)
Microtubules USP USP21 (Urbé et al., 2012)
USP9X (X. Lietal., 2017)
Centrosome USP USP21 (Heride et al., 2016)
USP33 (J. Lietal., 2013)
Peroxisomes USP USP30 (Marcassa et al., 2018)
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1.5 DUBs and E3 ligases pairs

The biochemistry of the ubiquitination reactions has been studied for decades and their roles
in regulating diverse cellular processes are well appreciated. As our understanding of the
complexity of the Ub code continues to grow, more emphasis must be placed on investigating
how cells manage the complexity of the Ub code and how conjugation and deconjugation

activities manage cellular Ub dynamics (Nielsen & MacGurn, 2020).

The number of E3 ligases encoded in the human genome (~700) is considerably larger than the
number of DUBs (~100), even though new DUBs are still being discovered. The balance of Ub
activities often involves the coupling of DUB-E3 ligase pairs. Evidence is being reported of
DUB-E3 ligase machinery that contributes to the regulation of shared substrates and mutual
circuits, providing many layers of regulation within the Ub network. A full characterization,
functional and biochemical, of these pairs is still an open challenge. However, the research on
DUB-E3 ligase pairs is rapidly increasing (Nielsen & MacGurn, 2020). In the next chapter, we
will focus on the documented pairs of DUBs with the TRIM family members of E3 ligases.

1.5.1 DUBs and TRIMs pairs

The interaction of DUB members with the TRIM family is a recent research topic that started
in the last decade. Table 2 summarizes the papers that describe a DUB-TRIM pair relationship.

The regulatory logic of the TRIM-DUB pairs can be divided into four types, schematically
shown in Figure 15. The first is the switch-like antagonism (Figure 15. A), where DUB-TRIM
complexes can operate on a shared substrate, resulting in the regulation of the substrate fate.
The activity of the DUB-TRIM pair with the substrate can either be a direct (de)ubiquitination
on the target (Figure 15. A-left), or an indirect one, resulting in a functional interface (Figure
15. A-right). There are many examples of switch-like antagonist pairs (Table 2). A
representative one was shown by Luo et al in which TRIM32 and USP11 play roles in
controlling ARID1A stability. They proved by coimmunoprecipitation (co-1P) assay that
TRIM32 and USP11 could interact with each other and that the presence of TRIM32
significantly reduced the association between USP11 and ARID1A, and vice versa (Luo et al.,
2020).
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The second type is mutual regulation (Figure 15. B). In particular, the DUB can protect the
TRIM from degradation resulting from auto-ubiquitination, while the TRIM can ubiquitinate
the DUB and thereby alter its activity or promote its degradation. In Table 2, four pairs with a
mutual regulation are described: TRIM11/USP14, TRIM25/USP15, TRIM27/USP7, and
TRIM47/CYLD. An example is presented by Ji and colleagues, where CYLD is progressively
degraded upon interaction with TRIM47. Moreover, they also identified by co-IP assay the
domains responsible for this interaction: the SPRY/B30.2 (C-terminal SplA/ryanodine
receptor) domain from TRIM47 with the CAP (cysteine-rich secretory proteins, antigen 5, and
pathogenesis-related 1 proteins) domain of CYLD (Ji et al., 2018).

The third type is the rheostat-like antagonism (Figure 15. C). The regulatory logic of DUB—
TRIM becomes even more complex when one considers that the scenarios outlined earlier
include an operation on a shared substrate. Indeed, Hao and colleagues showed that the
Wiskott—Aldrich syndrome protein and SCAR homolog (WASH) are controlled through Lys®3-
linked ubiquitination by the melanoma antigen gene (MAGE)-L2-TRIM27 ligase (Table 2).
Simultaneously, USP7 is an integral component of the MAGE-L2-TRIM27 ligase by
controlling the auto-ubiquitination of TRIM27. Mechanistically, USP7 acts as a precise fine-
tuning of WASH by counteracting TRIM27 auto-ubiquitination/degradation and through
directly deubiquitinating WASH (Hao et al., 2015).

The last type is polyubiquitin chain editing (Figure 15. D). This occurs when the DUB-E3
complex conducts a sequential modification on the polyubiquitin chain of the substrate. In
detail, the DUB activity removes the extant polyubiquitin chain, and the TRIM activity adds a
polyubiquitin chain of a different linkage type. This type of chain remodeling can result in
changing the substrate fate. No examples have yet been found of DUB-TRIM pairs with the

ubiquitination chain editing role.
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Regulatory logic of the coupling Ubiquitin (Ub) Conjugation and Deconjugation Activities
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Figure 15. The hypothetical regulatory logic of coupling Ubiquitin (Ub) conjugation and
deconjugation activities. A. Switch-like antagonism. DUB- TRIM complexes can operate on a shared
substrate, resulting in the regulation of substrate protein fate. The activity of the DUB-TRIM pair with
the substrate can either be a direct (de)ubiquitination on the target (A - left) or an indirect one, resulting
in functional interface (A - right) B. Mutual regulation. DUB-E3 complexes can also lead to mutual
regulation of DUB and TRIM stability. Specifically, DUBs can protect an interacting TRIM from the
potential degradation resulting from auto-ubiquitination, while the TRIM can ubiquitinate an interacting
DUB and thereby alter its activity or promote its degradation. C. Rheostat-like antagonism. Rheostat-
like behavior can also result from a mutual regulation on a DUB-TRIM pair associated with a common
substrate. D. Polyubiquitin chain editing. This occurs when the DUB-TRIM complex operates
sequentially on a polyubiquitylated substrate, with the DUB activity removing the extant polyubiquitin
chain and the TRIM activity adding a polyubiquitin chain of a different linkage type. Abbreviations:
DUB: Deubiquitinating enzymes; TRIM: Tripartite motif; Ub: Ubiquitin.

These TRIM-DUB interactions suggest an important role in tuning the dynamics of cellular
ubiquitination, but the regulatory logic underlying these complexes has not been fully
elucidated. Considering that many different DUBs and TRIMs are currently being investigated
as potential therapeutic targets for various diseases, further investigation of DUB-TRIMs
complexes and their regulatory function in cells is expected to have important implications for

drug development (Nielsen & MacGurn, 2020).
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Table 2. DUB-E3 pair reported in the TRIM family. A summary of the literature showing a DUB-TRIM pair interaction. The table specifies the substrate
involved; the type of interaction, if functional (switch-like antagonism) and/or physical, proved by coimmunoprecipitation (when known has also reported the
domains involved); the cellular compartment where the interaction occurs; and the cell types used in the study. Abbreviations: A549: Adenocarcinoma human
alveolar basal epithelial; DUB: Deubiquitinating enzymes; HCT116: Human colon cancer; Hek293T: Human embryonic kidney; HeLa: Human cervical cancer; hTERT:
immortalized retinal pigment epithelial; L02: Hepatic cell line; NSCs: stem cells of the nervous system; NHLF: Normal human lung fibroblasts; TRIM: Tripartite motif; U20S:

Human bone osteosarcoma; VCaP: Human prostate cancer.

Cellular

TRIM DUB Substrate Type of interaction Cell Type Reference
compartment
11 USP14 Itself TRIM RING + DUB UBL Proteasome HCT116 (L. Chen et al., 2018)
USP9X ERG Functional Cytoplasm HelLa; VCaP (Wang et al., 2016)
USP10 PCNA Functional Nucleoplasm Hela (Park et al., 2014)
. TRIM B-boxes + DUB C- Hela; HEK293T;  (Pauli etal., 2011; Teyra et
USP15 TRIM itself terminal (His-box) Cytoplasm NHFL al., 2019; Torre et al., 2017)
25
A20
USP3 . (Fan et al., 2014; Oshiumi et
USP21 RIG-I Functional - Hek293T al., 2012)
CYLD
WASH TRIM C-terminal + DUB Cytoplasm HCT116: HeLa;  (Heoetal., 2015; Tacer &
27 USP7 . . Potts, 2017)
MAGE-L2 Catalytic domain puncta u20S
TBK1; TRIM itself (J. Cai et al., 2018)
. HEK293T,;
USP9X NPHP5 Functional Centrosome hTERT-RPE-1 (Das et al., 2017)
i NSCs E12.5- .
32 USP7 C-Myc Functional Nucleus E14.5: HEK293T (Nicklas et al., 2019)
USP11 ARID1A Physical Nucleus HEK293T (Luo et al., 2020)
OTULIN NF-kB C-terminal (NHL repeats) Nucleus HEK293T; A549 (Zhao et al., 2019)
. Separated Xenopus embryos
33 USP9X SMAD4 Functional compartments and HEK293T (Dupont et al., 2009)
47 CYLD DUB itself TRIM C-terminal L02 (Ji et al., 2018)

(SYPRY/B30.2) + DUB CAP
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2. Aim of the work

MID1 is an E3 ligase that ubiquitinates specific substrates leading to their degradation or
change in the signaling pathway. When MIDL1 is mutated causes the X-linked form of Opitz
G/BBB Syndrome (XLOS). MID1 loss leads to developmental problems but causes no
detrimental effects on adult-life. Because XLOS is a genetic disease caused by a loss-of-
function mechanism, it is not easy to target or to design therapies, a new strategy could be to
interfere with specific ubiquitination activity by targeting the relative deubiquitinating enzymes

(DUBS) responsible for the reverse process on the same substrates.

The principal goal of this project was to discover DUBs that work in a highly coordinated

manner with the E3 ubiquitin ligase MID1, addressing three specific aims:

1. Screening for MID1-relevant DUB candidates. The first aim was to discover suitable
DUBs candidates that functionally interact with MID1. For that, 24 selected DUBs were
silenced and the main MID1 target was investigated. Additionally, the opposite assay

overexpressing the 24 DUBs was performed.

2. Characterization of the MID1/DUB pair. Once the relevant DUB has been selected, a
characterization of the MID1/DUB interaction and subcellular localization was performed.

3. Study the complex MID1/DUB/Substrate. Once identified, the effect of the selected DUB
was investigated in the pathways regulated by the MID1 substrates, and an analysis of cellular

distribution was performed.
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3. Materials and Methods

3.1 Cell lines and cell culture

HEK293T (CRL-3216) and HeLa (CCL-2) are adherent epithelial cells derived, obtained from
the American Type Culture Collection (ATCC, MD, USA). HEK293T is from embryonic kid-
ney tissue and Hela is from a cervix adenocarcinoma. Particularly the HEK293T is a competent
cell line able to replicate vectors carrying the SV40 region of replication.

All the cell lines were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, High
Glucose with Pyruvate, Euroclone, ECB7501L) supplemented with 10% of Fetal Bovine Se-
rum (FBS, GIBCO, Invitrogen), 2% L-Glutamine 200nM (GIBCO, Invitrogen), and 1% of
Penicillin/Streptomycin (P/S, GIBCO, Invitrogen). Cells were grown in a humidified atmos-
phere at 37°C and 5% of CO> and the entire procedures involving cell lines’ manipulation were

performed under sterile conditions, operating in a cell culture hood.

3.2 Mid1 Knock-out Mouse line (Mid1 KO)

Mid1 Knock-out (KO, Mid1”Y) mouse line was previously generated in the laboratory by tar-
geted recombination. The wild-type Mid1 locus was replaced with a non-functional Mid1 allele
by disruption of the first ATG-containing exon (Lancioni et al., 2010). The Mid1”Y and Mid1
wild type (WT, Mid1*") embryos used in this thesis were males from the same litter obtained
by mating heterozygous females (Mid1*") with WT males (Mid1”Y). All mice were housed and
handled according to the institutional guidelines in compliance with the European Council Di-
rective 86/609 and Italian law (DI. 26/2014).

3.2.1 Mouse embryonic fibroblasts (MEFs)

Mouse Embryonic Fibroblasts (MEFs) were prepared from Mid1*Y and Mid1”Y embryos ob-
tained from a heterozygous pregnant female (Mid1*"). Embryos from E13.5 pregnant mice
were harvested, and the head of the embryos was removed. The embryos were placed in a 10
cm cell culture dish and minced with a sterile razor blade. After 10 minutes of trypsin digestion
at 37°C, a complete growth medium (DMEM with 10% FBS, 2% L-Glutamine, and 1% P/S)
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was added, and the suspension was pipetted 10-20 times to further break up tissues. The cellular

suspension was then transferred to a 10-cm plate and regularly cultured.

3.2.2 Genotyping

The animals’ genotypes were assessed by extracting genomic DNA from the tail. The kit
KAPA Mouse Genotyping Kit (KAPA Biosystems) was used for DNA extraction and ampli-
fication.

For the DNA extraction (60l volume) each piece of tissue was mixed with 6 uL of KAPA
Express Extract Buffer with 1.2 pL U/ul KAPA Express Extract Enzyme and completed with
PCR water to reach the final volume. To lyse the cells and release the DNA, the reactions were
incubated at 75°C for 10 min. Followed by incubation for 5 minutes at 95°C to ensure the heat-

inactivation of the thermostable KAPA Express Extract protease.

For the PCR we performed three reactions for each sample: one with the primers for Mid1, the
other with the primers for Sry (Y chromosome for sex identification), and a negative control
without DNA. The master mix (15 pL) is constituted of: 1uL of cDNA, 7.5uL of KAPA2G
Fast Genotyping Mix with dye, 200ng/ul of each primer (Table 3), and complete with PCR
water to reach the final volume. PCR tubes were placed in a thermocycler with a program
established as denaturation of DNA at 95°C for 3 minutes, followed by 30 cycles of 15 seconds
at 95°C (denaturation), 15 seconds at 58°C for Mid1 or 54°C for Sry (annealing of primers) and
15 seconds at 72°C (extension of DNA), after the cycles the sample was maintained 3 minutes

at 72°C and then analyzed.

Table 3 Primers used in genotyping. Midl Null F (Forward) and Mid1 Null R (Reverse) to identify
the wild-type (WT) allele (400bp). Mid1 Null F and Neol R to identify the knock-out (KO) allele (320
bp). Sry F and R to identify male embryos.

Primer Sequence Size Identification
Mid1 Null R 5" -GAGCCCGTCTAGACCTCGC-3 40000 Vil WT
Mid1 Null F 5"-GCTCCCAGTAAAGACAGAG-3’

Neol R 5-CCAGAGGCCACTTGTGTAG-3’ 320bp Mid1 KO

Sry F 5" -GAGAGCATGGAGGGCCAT-3’ o500 Male
Sry R 5" .CCACTCCTCTGTGACACT-3’ P
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The PCR products (Figure 16) were analyzed in a 1.2% agarose gel in Tris-Acetate-EDTA
(TAE, 40 mM Tris base, 20 mM acetic acid, 1 mM EDTA, pH 8.0) with 3ul of GelRed Nucleic
Acid Gel Stain (Biotium). Electrophoresis was performed at 100 volts and examined at the
ChemiDoc MP Imaging System (Bio-Rad, 12003154).

Family 7245

M A B C D E F G H | J o midt
W - B — V2
—— o~ N w““’ “ | — Mid1KO
PN S YT e e — mSry

Figure 16. Mouse Embryonic Fibroblasts (MEFs) Genotype. Top gel, Mid1 WT, and KO amplified
fragments; bottom gel, Sry amplification for sex determination. Letters indicate different embryos of
the family 7245. M: 100 bp molecular weight marker (Gene Ruler 100bp DNA ladder SM0322 (Thermo
Scientific); Lane A: homozygous female (Mid1**); Lane B and J: heterozygote females (Mid1”*); Lane
F and G: WT males (Mid1*"Y); Lane C, D, E, H, and I: KO males (Mid1 7Y).

3.3 In vitro silencing with siRNA

Gene silencing was carried out in HeLa cells with a specific small interfering RNA (siRNA)
library targeting 24 DUB genes. From Horizon Discovery, we purchased the Human ON-TAR-
GETplus SMARTDpool siRNA library, which consists of four siRNAs targeting one DUB gene
(Table 4). The pooled siRNAs were designed to guarantee a silence target gene expression at
the MRNA level by at least 75%.
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Table 4. Sequence information of each DUB siRNA pool. Description of the Human ON-
TARGETplus SMARTpool siRNA of 24 DUB genes (Horizon Discovery) used on the silencing screen.
Information about each gene (ID, accession, and Gl numbers) and the four specific SIRNA sequences.
Abbreviation: DUB: Deubiquitinating enzymes; siRNA: specific small interfering RNA.

Gene Symbol

Gene ID

Gene Accession

GI Number

Sequence

USP2

9099

NM_171997

28565284

ACACCAACCAUGCUGUUUA

GCGCUUUGUUGGCUAUAAU

GUGUACAGAUUGUGGUUAC

GACCUAAGUCCAACCCUGA

USP4

7375

NM_199443

40795666

CCAAAUGGAUGAAGGUUUA

AAACUCAACUCUCGAUCUA

GGGAUAAGCUCGACACAGU

AAUCACAGGUUGAGGAAUG

USP6

9098

NM_004505

4758563

GAGAAUGGGAGACAUAUAA

GCGGAGAGGUUCACAACAA

CGGAACCAAUUCUUCGAUA

CAGCUAAGAUCUCAAGUCA

USP7

7874

NM_003470

4507856

AAGCGUCCCUUUAGCAUUA

GCAUAGUGAUAAACCUGUA

UAAGGACCCUGCAAAUUAU

GUAAAGAAGUAGACUAUCG

USP8

9101

NM_005154

41281375

GGCAAGCCAUUUAAGAUUA

CCACUAGCAUCCACAAGUA

CUUCGUAACUUAGGAAAUA

CAGAUUAGAUCGUGAUGAG

USP9X

8239

NM_021906

74315357

AGAAAUCGCUGGUAUAAAU

ACACGAUGCUUUAGAAUUU

GUACGACGAUGUAUUCUCA

GAAAUAACUUCCUACCGAA

USP11

8237

NM_004651

75992939

GCGCACAGCUGCAUGUCAU

GAGAAGCACUGGUAUAAGC

GGACCGUGAUGAUAUCUUC

GAAGAAGCGUUACUAUGAC

USP15

9958

NM_006313

14149626

GAUGAUACCAGGCAUAUAA

GGUAUUGUCCGAAUUGUAA

CCAAACCUAUGCAGUACAA

GAGUAUUUCCUCAAUGAUA

USP20

10868

NM_001008563

56682956

GGACAAUGAUGCUCACCUA

GCGAGUGGCUCAACAAGUU

GAACGCCGAGGGCUACGUA

GCCAGAACGUGAUCAAUGG

USP25

29761

NM_013396

50312665

ACAAGUUCCUUAUCGAUUA

UGAAAGGUGUCACAACAUA

UAAGGAUGCUUUCAAAUCA

GAAGACAACCAACGAUUUG

USP28

57646

NM_020886

40217782

GAAGGUGGCUCAAGCGAAA

GAGGAUAACUGGCGGUUUG

ACUAAACGCUCAAAGAGAA

UCCCGGACAUGCUGAAAUA

USP32

84669

NM_032582

44889413

GGAGAUAUCCUGUGGGUUA
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GAGAAACGCUAUUGGUUAU

GGACACAGCAGUCUAACAU

GGAACUAUGUUAUACGGGA

USP33

23032

NM_201626

42516560

GUAGUAACCUUGCAAGAUU

GGGCAUGUCUGGAGAAUAG

CAGCUCAAAUUGUGACAUA

CGAAAUCAUUGUCCACAUU

USP34

9736

NM_014709

41056186

GCAGGGAAGUUCUGACGAA

CAACAGAUCAGUAGUAAUU

GCAGCUAUCCAGUAUAUUA

CCAUGUGACUGGAGAUUUA

CYLD

1540

NM_015247

14165257

GGACAUGGAUAACCCUAUU

AGAGAUAUCUACAGACUUU

GGAGAGUACUUGAAGAUGU

GAAGGUUGGAGAAACAAUA

UCHL1

7345

NM_004181

34147658

GCCAAUGUCGGGUAGAUGA

CCGAGAUGCUGAACAAAGU

GCUGAAGGGACAAGAAGUU

CAAGGUGAAUUUCCAUUUU

UCHL3

7347

NM_006002

37059734

CAGCAUAGCUUGUCAAUAA

GCAAUUCGUUGAUGUAUAU

GAACAAUUGGACUGAUUCA

GGGCAUCUCUAUGAAUUAG

OTuUD3

23252

XM_375697

51459100

UCGCAAAGGUCACAAACAA

GAAAUCAGGGCUUAAAUGA

GGCCAGCCCUAGUGAAGAA

GCGCUGAACUGUACUAGUA

OTUD5

55593

NM_017602

40353201

CAACAGUGAGGACGAGUAU

CAACACAUUCCAUGGGAUA

GAAAGCAUUGCAUGGACUA

GGAUGGCGCCUGUCUCUUC

OTUDGA

139562

NM_207320

46409281

CAUUGAAUCUGUCGUCGAA

GCACUACAACUCCGUGACA

ACGACGACUUCAUGAUCUA

GAGAAAGAAUGGAGUCCGA

OTUDG6B

51633

NM_016023

40254878

GGAGCGAGAAGAACGGAUA

GCUAGACAGUUAGAAAUUA

CAUUAUAGUUGGUGAAGAA

UGACUACUAAGGAGAAUAA

TNFAIP3

7128

NM_006290

26051241

CUGCAGUACUUGCUUCAAA

CAACUCAUCUCAUCAAUGC

UCUGGUAGAUGAUUACUUU

CAACGAAUGCUUUCAGUUC

OTuD7B

56957

NM_020205

9910155

CCGAUUGGCCAGUGUAAUU

CCGAGUGGCUGAUUCCUAU

GCAUCUAGGUACCAAUGGA

UAACGGAGGGAGCAAGUAU

VCPIP1

80124

NM_025054

38569451

GAGAAGCUCUGGUGAUUAU

GGGACAGACUUUAGUAAUA

GGAGAUGGGUCUAUUGUGU

CGACAGAAUUACAAUAGAA
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Hela cells were seeded into 96-well-plates or 24-well-plates at 80% of confluency in complete
medium and allowed overnight to attach. On the next day, transfection was performed accord-
ing to the manufacturer’s protocols (Table 5): DharmaFECT reagent (Dharmacon- Horizon
Discovery) and the siRNA were diluted in Serum-Free Media (DMEM) and incubated at Room
Temperature (RT) for 5 minutes. Then the siRNA was mixed with the reagent and incubated
at RT for 20 minutes, later added to the growth medium without antibiotics. The control was
transfected with non-Targeted sSiRNA. After 24 hours, the medium was changed, and cells were

collected by scraping at 72 hours after transfection.

Table 5. Volumes to silencing with DharmaFECT reagent.

Growth me- Dilution DharmaFECT Dilution siR!\IA
Plate dium (mL) Serum-Free DharmaFECT | Serum-Free Me- SIRNA 5 uM
Media (uL) (uL) dia (UL) (uL)
24-well 0.5 49.75 0.25 47.5 2.5
96-well 0.1 9.95 0.5 9.5 0.5

To optimize the concentration of siRNA, one DUB for which an antibody was available was
tested. HeLa cells were transfected in duplicate with two different concentrations of USP33
SIRNA (25nM and 35nM) for 72 hours, while the control was transfected with non-Targeted
SiIRNA (25nM and 35nM). According to Figure 17, USP33 silencing results in a protein
reduction of 70-80% for siRNA concentrations of 25nM and 85% for siRNA concentrations of
35nM. SiRNA concentrations of 25nM were determined to be sufficient for the effective

silencing of DUB proteins.

Non-Target USP33 siRNA

250M 350M 250M 35nM

kDa

@B W T

USP33
100 ==

1.00 1.00 0.29 0.21 0.15 0.13

Figure 17. Optimization of the siRNA concentration. HelLa cells were transfected in duplicate with
25nM or 35nM of USP33 siRNA for 72 hours. The control was treated with non-Target (NT) SiRNA
(25nM and 35nM). Quantification of the assay was made with densitometry analysis with the Image
Lab software. Expression is shown as the ratio between USP33 and GAPDH referenced to the respective
NT concentration. Antibodies: GAPDH (53 kDa) from Sigma (1:2500); USP33 (107 kDa) from Abcam
(1:2000).
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3.4 Plasmid Transient Transfections
3.4.1 Lipofectamine 3000 reagent

Hela cells were seeded into 6-well-plates or 12-well-plates at 80% confluency per well in com-
plete medium and allowed overnight to attach. On the next day, transfection was performed
according to the manufacturer’s protocols (Table 6): Lipofectamine 3000 reagent (Invitrogen)
was mixed with the plasmid and P3000 (Invitrogen) and diluted in Reduced Serum Media
(Opti-MEM, GIBCO, Invitrogen, Thermo-Fisher). The complex was incubated at RT for 10
minutes and later added to the growth medium in the well. After 24 hours, the medium was
changed, and cells were collected by scraping at different time points of 24 hours, 48 hours,

and 72 hours after transfection.

Table 6. Volumes to transfect with Lipofectamine 3000 reagent.

Growth me- | Reduced Serum | Lipofectamine 3000
Plate dium (mL) Media (L) (L) DNA (ug) | P3000 (uL)
6-well 2 125 3.75 2.5 5
12-well 1 50 15 1 2

3.4.2 X-tremeGENE HP DNA reagent

The HEK293T cells were seeded into 10 cm plates or 12-well-plates at a density of 80% in
complete medium and allowed overnight to attach. On the next day, transfection was performed
according to the manufacturer’s protocols (Table 7): X-tremeGENE HP DNA reagent (Roche)
was mixed with the plasmid and diluted in Reduced Serum Media. The complex was incubated
at RT for 15 minutes and later added to the growth medium in the well. After 24 hours, the
medium was changed, and cells were collected by scraping at different time points of 24 hours

and 48 hours of transfection.

Table 7. Volumes to transfect with X-tremeGENE HP DNA reagent.

Plate Growth medium | Reduced Serum Media | X-tremeGENE HP DNA DNA (g)
(mL) (uL) (uL)
10 cm 10 950 20 10
12-well 1 100 25 1
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3.4.3 Calcium phosphate method

HEK293T cells were seeded in 10 cm plates at a density of 80% in complete medium and
allowed overnight to attach. On the next day, transfection was performed according to the

standard calcium phosphate method (Graham & van der Eb, 1973):

-Solution A was prepared with 490uL of 2X HBS (Hepes 10g/L, NaCl 16g/L, pH 7.1) and
10pL of 100X 1:1 mix of 70mM disodium phosphate (NazHPO4) with 70mM sodium mono-
basic phosphate (NaH2POa).

- Solution B was prepared with 60uL of 2M calcium chloride (CaCly, final concentration of
125mM), DNA (10ug), and distilled H20 until the final volume (500uL).

Solution B was added dropwise to solution A while aerating the mix. The complex was incu-
bated at RT for 20 minutes and later added to the growth medium on the plate. After 24 hours,
the medium was changed, and cells were collected by scraping at different time points after 24

and 48 hours.
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3.4.4 Plasmids

In this work, the plasmids, described in Table 8, were used and purified with the QIAGEN
Midi kit. Our thanks go to Michael Clague, Claudio Brancolini, Giovanna Mantovani, and Pas-
cual Sanz for kindly providing the plasmids. In Figure 18, HEK293T cells were transfected
with the corresponding plasmids at the optimal time point (24 hours, 48 hours, or 72 hours) for

each protein expression.

Table 8. Description of the plasmids. Expression System Mammalian. Abbreviation: Amp: Ampicillin;
FL: Full Length; Kan: Kanamycin.

Gene Specie Vector TAG Resistance | Lab Source
CYLD FL Human pcDNA HA Amp P. Sanz
MID1 FL Human | pcDNA 3.2-DEST | MYC/ GFP Amp G. Meroni
ARING MID1 | FL Human | pcDNA 3.2-DEST | MYC/ GFP Amp G. Meroni
OTUD3 FL Human | pEGFP-GW-JJ-JJ GFP Kan M. Clague
OTUDGA FL Human pEGFP-GW-JJ GFP Kan M. Clague
OTUDG6B FL Human pEGFP-GW-JJ GFP Kan M. Clague
OTUD7B FL Human pPEGFP-GW-JJ GFP Kan M. Clague
OTUD7B FL Human | pcDNA 5/FRT/TO HA Amp P. Sanz
TNFAIP3 FL Human pEGFP-C1 GFP Kan P. Sanz
TRIM32 FL Human | pcDNA 3.2-DEST MYC/ GFP Amp G. Meroni
UCHL1 FL Human pPEGFP-GW-JJ GFP Kan M. Clague
UCHL3 FL Human pPEGFP-GW-JJ GFP Kan M. Clague
UCHLS5 FL Human pPEGFP-GW-JJ GFP Kan M. Clague
USP2 FL Human pEGFP-GW-JJ GFP Kan M. Clague
USP6 FL Human pEGFP-GW-JJ GFP Kan M. Clague
USP7 FL Human pcDNA 3.1 MYC Amp P. Sanz
USP8 FL Human pME-FLAG FLAG Amp G. Mantovani
USP11 FL Human pEGFP-GW-JJ GFP Kan M. Clague
USP15 FL Human | p5953 pcDNA -4C HIS Amp P. Sanz
USP18 FL Human pFLAG-CMV5a FLAG Amp C. Brancolini
USP20 FL Human pEGFP-GW-JJ GFP Kan M. Clague
USP21 FL Human pEGFP-C1 GFP Kan M. Clague
USP25 FL Human pEGFP-GW-JJ GFP Kan M. Clague
USP28 FL Human pDZ FLAG Amp P. Sanz
USP32 FL Human pEGFP-GW-JJ GFP Kan M. Clague
USP33 FL Human pEGFP-C1 GFP Kan C. Brancolini
VCPIP1 FL Human pEGFP-C1 GFP Kan P. Sanz
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Figure 18. Protein expression of DUB plasmids in HEK293T cells. The HEK293T cells were trans-
fected with X-tremeGENE HP DNA reagent and 1ug of each plasmid in a 12 well-plate. The cells were
collected in RIPA buffer at 24h (HA-CYLD, GFP-OTUDS3, GFP-OTUDG6A, GFP-OTUD6B, HA-/GFP-
OTUD7B, GFP-UCHL1, GFP-UCHL3, GFP-UCHL5, GFP-USP2, GFP-USP6, GFP-USP11, GFP-
USP20, GFP-USP21, GFP-USP25, FLAG-USP28, GFP-USP32), 48h (GFP-TNFAIP3, MYC-USP7,
HIS-USP15, FLAG-USP18, GFP-USP33, GFP-VCPIP1), and 72h (FLAG-USP8). Molecular weight of
each protein: A20 (90kDa), CYLD (107kDa), OTUD3 (45kDa), OTUD6A (33kDa), OTUD6B (34kDa),
OTUD7B (93kDa), UCHL1 (25kDa), UCHL3 (26kDa), UCHLS5 (38kDa), USP2 (68kDa), USP6 (159kDa), USP7
(128kDa), USP8 (130kDa), USP11 (110kDa), USP15 (112kDa), USP18 (43kDa), USP20 (102kDa), USP21
(63kDa), USP25 (122kDa), USP28 (122kDa), USP32 (182kDa), USP33 (140kDa). Antibodies: FLAG from

Sigma F3165 (1:1000), GFP from Invitrogen (1:5000), HA from SIGMA (1:1000), HIS from Healthcare (1:1000),
MYC from SIGMA (1:1000).
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3.5 In vitro treatments with drugs

The drugs used in this project were: Cycloheximide (CHX, Sigma 1810) and MG132 (Sigma
C2211) prepared as stock solutions in Dimethyl Sulfoxide (DMSO, Invitrogen) and stored at -
20°C and Chloroquine (CQ, InvivoGen) diluted in H>O and stored at 4 °C, as recommended by
the manufacturer. For the experimental conditions, drugs were diluted in complete medium at
a final concentration of 10uM (MG132 and Chloroquine) or 50pg/mL (Cycloheximide), using
the respective vehicle (DMSO or H20) as a control.

3.6 Protein extracts
3.6.1 Total fraction

Cells, after treatment and/or transfection (previously described), were scraped at different time
points in RIPA buffer (50mM Tris-HCI pH 8, 0.1% Sodium Dodecyl Sulfate (SDS), 150mM
NaCl, 0.5% Sodium deoxycholate (NaDOC), 1% NP40, 5uL/mL protease inhibitors cocktail
(P8340 Sigma)). When protein was extracted to analyze protein phosphorylation, the following
anti-phosphatases are added: 10mM tetrasodium pyrophosphate (NasP.07), 20mM sodium flu-
oride (NaF), ImM Sodium orthovanadate (NasVP4), and 30mM B-glycerophosphate. These
procedures were performed at a low temperature, maintaining all solutions on ice. Cell lysates
were sonicated and centrifuged at 4°C, 13000 rpm for 15 minutes, and the supernatant was
kept. Proteins were quantified with Bradford reagent (Thermo-Fisher 1856208) through spec-
troscopy. Each sample was added Loading Buffer (0.25 M Tris-HCI pH 6.8, 8% Glycerol, 4%
SDS, 200nM Dithiothreitol (DTT), 0.02% w/v bromophenol blue), denatured by boiling at
95°C for 5 minutes before electrophoresis.

3.6.2 Subcellular fractionation

For the subcellular fraction, the NE-PER™ Nuclear and Cytoplasmic Extraction kit (Thermo-
Fisher) was used to allow the separation of cytoplasmic and nuclear extracts. Hela cells were
collected in PBS, 10% of the pellet was lysed in RIPA buffer (Whole Cell Lysate - WCL), and
the remaining 90% in cold Cytoplasmic Extraction Reagent | (CER 1). The tube was vortexed

for 15 seconds to fully suspend the cell pellet and incubated on ice for 10 minutes. After,
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Cytoplasmic Extraction Reagent Il (CER I1) was added, vortexed for 5 seconds, and incubated
on ice for 1 minute. The extract was vortexed for 5 seconds and centrifuged at 160009 for 5
minutes at 4°C. The supernatant was transferred (Cytoplasmic extract - CYT) to a clean tube.
The pellet was resuspended in a cold Nuclear Extraction Reagent (NER), then vortexed for 15
seconds, placed on ice, and vortex for 15 seconds each 10 minutes, for a total of 40 minutes.
The extract was centrifuged at 160009 for 10 minutes at 4°C. The supernatant (Nuclear extract
- NUC) fraction was transferred to a new tube. The final volume ratio of CER I: CER II: NER
reagents was 200:11:100uL, respectively. The WCL and the fractions were added Loading

Buffer, denatured at 95°C for 5 minutes, and subjected to electrophoresis.

3.7 Western Blot (WB)

The analytical technique used to separate and detect proteins was western blot (WB). Protein
extracts were analyzed on SDS—Polyacrylamide Gel Electrophoresis (SDS-PAGE) composed
of a 5% acrylamide stacking gel (Acrylamide/bis 40% 29:1, 0.5M Tris—HCI pH 6.8, 10% SDS,
N, N, N’, N’ tetramethyl ethylene diamine (TEMED), 10% Ammonium persulfate (APS)) and
a 10% or 7.5% acrylamide running gel (Acrylamide/bis 40% 29:1, 1.5M Tris—HCI pH 8.8, 10%
SDS, TEMED, 10% APS). Proteins were separated electrophoretically at 100V and afterward
transferred on to a polyvinylidene difluoride membrane (PVDF - Millipore) previously acti-
vated in methanol. The transfer was performed in Transfer buffer (25mM Tris, 192mM Gly-
cine, 20% v/v methanol) at 30 V, 90 mA for 16 hours at 4 °C (for high molecular weight pro-
teins) or 100 V, 350 mA for 90 minutes at room temperature (RT).

Membranes were blocked with 5% non-fat milk (Cell Signaling) in Tris-Buffered Saline-
Tween (TBS-T, pH 8, 20mM Tris, 150mM NacCl, 0.1% Tween Twenty) for 1 hour at RT and
incubated overnight at 4°C or 1-3 hours at RT with primary antibody. The primary antibodies,
described in Table 9, were prepared in 5% milk in TBS-T. Membranes were then washed with
TBS-T and incubated for 1 hour at RT with the secondary antibody coupled to horseradish
peroxidase (anti-rabbit (Bethyl A120-208P) and anti-mouse (Millipore AP308P)), previously
diluted at 1:2500 with 5% skimmed milk in TBS-T. Detection was performed with Enhanced
Chemiluminescent Substrate (ECL-Western Blotting Detection Reagents, Bio-Rad) in the
ChemiDoc MP Imaging System. Protein expression was analyzed by Image Lab 6.1 (Bio-Rad)

and B-Tubulin was used as a control.
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3.8 Immunoprecipitation assay (I1P)

Immunoprecipitation (IP) is the small-scale affinity purification of antigens using a specific
antibody that is immobilized on a support resin, resulting in the isolation of proteins. HEK293T
cells were seeded into 10 cm plates at 80% confluency in complete medium. Depending on the
assay, cells were transfected with the calcium phosphate method or X-tremeGENE HP DNA
reagent, as previously described. Cells were collected with a non-denaturing lysis buffer
(50mM Tris-HCI pH 7.4, 300mM NaCl, 5mM EDTA pH 8.0, 1% Triton X-100, 5uL/mL pro-
tease inhibitors cocktail (P8340 Sigma)). Cell lysates were incubated with 1ug of the desired
antibody, overnight or for 3 hours at 4°C. Subsequently, the lysate was incubated with protein
G beads (Millipore) for 2 hours at 4°C or protein A agarose beads (Sigma) for 3 hours at 4°C.
The correct selection of the beads type depends on the antibody used for the precipitation. The
immunocomplexes were collected by centrifugation at 500g for 90 seconds at 4°C and the
beads were washed three times with the wash buffer (50mM Tris-HCI pH 7.4, 300mM NaCl,
5mM EDTA pH 8.0, 0,1% Triton X-100). Immunoprecipitated proteins were resuspended in
Loading Buffer and denatured at 95°C for 5 minutes for further analysis by WB.

3.9 Immunofluorescence (IF)

Immunofluorescence (IF) is an immunochemical technique that allows the detection and local-
ization of proteins in cell preparations. Hela cells were seeded on a glass coverslip to 80%
confluence. After treatment and/or transfection, cells were washed in Phosphate-buffered sa-
line (PBS) and fixed with 4% Paraformaldehyde (PFA) in PBS for 10 minutes at RT. Cells
were washed three times in PBS and permeabilized with 0.25% Triton X-100 in PBS for 5
minutes at RT. Afterward, cells were washed three times in PBS and blocked in 10% Bovine
Serum Albumin (BSA, VWR 0332) in PBS for 30 minutes at 37 °C. The coverslips were then
incubated with primary antibodies in 3% BSA/PBS for 2 hours at 37 °C. Finally, the coverslips
were washed three times in PBS and incubated with anti-mouse conjugated with tetramethyl
rhodamine (TRITC, 1:1000, Jackson Immunoresearch) for 45 minutes at 37 °C. The coverslips
were washed two times in PBS followed by a wash in distilled water and then mounted with
an anti-fading mounting medium with DAPI (Vectashield H-1200 for epifluorescent micro-

scope and H-1800 for confocal microscope) for nuclei staining. Cells were observed at the
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epifluorescent (Leica DM2500) and confocal (Nikon Eclipse TE2000-U, D-Eclipse C1) micro-
scopes, and images were analyzed with Image J 1.53s and Fiji 2.5.0 (GitHub).

3.10 Statistical analysis

Statistical analysis was performed using the GraphPad Prism 8 software. Graph representations

were presented as mean (M) + standard deviation (SD).

Data were tested for normality/homogeneity through the Shapiro-Wilk test; when normality
was not verified an equivalent non-parametric test was applied. Subsequently, a T-test two-
tailed was applied for comparisons of two independent groups (MEFs experiments). For data
normalized, and the groups were only compared to a control, a One sample T-test was per-
formed setting O or 1 as the reference value. For experiments with more than two groups com-
pared among them (Subcellular fraction experiments), a One-way Analysis of Variance
(ANOVA) and Tukey's tests were applied for multiple comparisons. For experiments with two
variables (MG132 treatment with MID1 overexpression), a Two-way ANOVA and Bonfer-
roni’s tests were applied for multiple comparisons. Differences were considered statistically

significant for p-values below 0.05.

The half-life (t12) value on the cycloheximide assay was calculated as a Nonlinear regression
(Exponential Decay) considering the formula N(t)=No™, where No is the initial quantity of

protein (100%), Ntis the remaining quantity after the time (t), and A is the decay constant.
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3.11 Antibodies

Table 9. Description of the antibodies used in this work. Abbreviation: H: Human; IF: Immunofluorescence; IP: Immunoprecipitation. WB: Western Blot. M: Mouse.

Antibodies Reference Description Dilution WB Dilution IF Amount IP

4E-BP1 GeneTex GTX32323 Rabbit Polyclonal (H) 1:500
4E-BP1 (Phospho Thr*) GeneTex GTX109162 Rabbit Polyclonal (H, M) 1:500
ACTIN Cytoskeleton AANO1 Rabbit Polyclonal (H, M) 1:2000
a-TUBULIN Sigma T16199 Mouse Monoclonal (H, M) 1:2000
B-TUBULIN Sigma T4026 Mouse Monoclonal (H, M) 1:2500
EXOSC8 Proteintech 11979 Rabbit Polyclonal (H, M) 1:2000
EXOSC10 Bethyl A303-987A Rabbit Polyclonal (H, M) 1:2500

FLAG Sigma F1804 Mouse Monoclonal (H, M) 1:2000 1:500 lug
Sigma F3165 Mouse Monoclonal (H, M) 1:1000
GAPDH Sigma G8795 Mouse Monoclonal (H, M) 1:2500

GFP Invitrogen GF28R Mouse Monoclonal (H, M) 1:2500 lug
HA Sigma HA-7 Mouse Monoclonal (H, M) 1:1000
HIS Healthcare 27-4710-01 Mouse Monoclonal (H, M) 1:1000
MIDLINE-1 (MID1) GeneTex GTX34076 Rabbit Polyclonal (H) 1:2000
MYC Sigma M5546 Mouse Monoclonal (H) 1:1000

USP8 Proteintech 27791 Rabbit (H, M) 1:2000 1:200 1ug
USP33 Abcam 71716 Rabbit Polyclonal (H) 1:2000
P84 Abcam 5E10 ab487 Mouse Monoclonal (H, M) 1:5000
PP2AC Cell Signaling 2038 Rabbit Polyclonal (H, M) 1:1000
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4. Results and Discussion

4.1. MID1 substrates

The main objective of this thesis is to select DUB candidates that work in a highly coordinated
manner with MIDL1 to regulate its substrates. To begin, we selected and characterized the MID1

substrates to be used in the following experiments.

The main target of MID1 is PP2AC, the catalytic subunit of protein phosphatase 2A, which has
been shown to increase in the absence of MID1 or in presence of non-functional MID1 (see
section 1.3.4.1 PP2AC). Furthermore, our lab group previously discovered new putative targets
of MID1: Exosome Component 10 (EXOSC10) and Exosome Component 8 (EXOSC8), both
subunits of the RNA exosome complex (Kalluri & LeBleu, 2020). Rossella Baldini in her Ph.D.
thesis describes that in Mid1”Y embryonic brains differential proteomic analysis, Exosc8 and
Exosc10 proteins levels were increased. Furthermore, this result was confirmed in HEK293T
cells with MID1 overexpression. The exosome components modulation is presumably driven
through an indirect or transient interaction, as neither EXOSC10 nor EXOSCS directly binds
MID1. Moreover, the nuclear distribution of EXOSC8 was found affected in nTERT-RPE cells
upon MID1 overexpression and in MEFs Mid1”Y (Baldini, et al, unpublished data; Baldini,
2018).

To confirm Pp2ac, Exosc8, and Exosc10 as substrates of Mid1, we used MEFs obtained from
littermate embryos: three Mid1*'Y (WT) and three Mid1”Y (KO) (see section 3.2.1 Mouse em-
bryonic fibroblasts (MEFs)). MEFs were collected at passage 2 in RIPA buffer and a WB was
performed to analyze the protein amount of Pp2ac, Exosc10, and Exosc8 (Figure 19). The data
passed the Shapiro-Wilk test for normality, and Student’s t-test two-tailed was performed to
compare Mid1 WT and KO samples in WB for the amount of each protein normalized against
a loading control. Pp2ac levels (Figure 19. A - WT: M=0.49, SD=0.46; Midl KO: M=1.44,
SD=0.34) are significantly increased in the absence of Mid1 KO compared with the WT (t (4)
=2.90, p=0.044, d=2.90). This result is expected considering the consolidate results of Pp2ac
reduction when Midl is overexpressed. For Exoscl0 levels (Figure 19. B — WT: M=0.31,
SD=0.030; Mid1 KO: M=0.40, SD=0.34) there was no statistically significant difference but a
trend (0.50<d<0.80) of increase in the Mid1 KO (Welch corrected t (2) =0.45, p=0.70, d=0.45).
Regarding Exosc8 protein levels (Figure 19. C - WT: M=0.084, SD=0.065; Mid1 KO: M=0.10,
SD=0.12), there was no statistical difference but a small tendency effect (0.20<d<0.50) of
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increase in the Mid1 KO (t (4) =0.24, p=0.82, d=0.24). For both RNA exosome components, it
was not possible to observe a statistically significant increase of these proteins in the Mid1 KO.
This is possible since Baldini studied the cerebella of embryonic brains, whereas here we used
MEFs, thus reducing an effect that could be specific to defined structures.
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Figure 19. Protein targets of Mid1. The protein levels of Pp2ac (A), Exosc8 (B), and Exosc10 (C) are
increased in Mouse Embryonic Fibroblasts (MEFs) from Midl knockout (KO) compared with the
wildtype (WT). Quantification of the three Midl KO and WT (n=3) using densitometry analysis with
the Image Lab software was performed. Relative abundance results are presented as the ratio between
Pp2ac and B-tubulin and Exosc8 or Exosc10 and Actin. A. (Pp2ac) - WT: M=0.49, SD=0.46; Mid1 KO:
M=1.44, SD=0.34. B. (Exo0sc10) - WT: M=0.31, SD=0.030; Mid1 KO: M=0.40, SD=0.34. C. (Exsoc8)
- WT: M=0.084, SD=0.065; Mid1 KO: M=0.10, SD=0.12. Statistical analysis was performed by a stu-
dent’s t-test two-tailed *p<0.05. Antibodies: Exosc8 (35kDa) from Proteintech (1:2000); Exosc10 (100kDa)
from Bethyl (1:5000); B-tubulin (55kDa) from Sigma (1:5000); Actin (45kDa) from Cytoskeleton (1:5000) and
Pp2ac (35kDa) from Cell Signaling (1:1000).

To validate the effects observed on Pp2ac protein in the Mid1l KO, we performed the opposite
assay overexpressing MID1 which should decrease the PP2AC total protein. HeLa cells were
transfected with a GFP-MID1 plasmid and proteins were collected at two-time points: 24 and
48 hours. According to Figure 20, MID1 overexpression decreases PP2AC protein levels along

the time (24h=0.54; 48h=0.49), as expected. The exogenous MID1 protein tends to decrease
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over time likely by the effect of degradation summed to the loss of the plasmid; however, the
effects on PP2AC levels are maintained. To conclude, the best time point to overexpress MID1

is 24 hours, which will be used in future experiments.
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Figure 20. MID1 overexpression downregulates PP2AC levels over time. In HelLa cells, we re-con-
firmed the effect of MID1 on the PP2AC total protein amount. HeLa cells were transfected with 1ug
GFP-MID1 plasmid in a 12-well-plate and protein was collected in RIPA buffer at two-time points: 24
and 48 hours. The control was transfected with Empty Vector - GFP (EV-GFP). Quantification of the
assay was made with densitometry analysis with the Image Lab software. Expression is shown as the
ratio between PP2AC, and B-TUBULIN normalized at each time point with the corresponding EV-GFP.
Antibodies: B-TUBULIN (55 kDa) from Sigma (1:2500); GFP (100 kDa) from Sigma (1:2500), PP2AC (35 kDa)
from Cell Signaling (1:1000).

Among the three substrates analyzed, Pp2ac and Exosc10 were the ones showing a more con-
sistent increase in the Mid1 KO. For this reason, we selected these two proteins as the principal
substrates to be studied in this thesis. To better optimize the following experiments, we ana-
lyzed the half-life (t12) of PP2AC and EXOSC10 proteins. To this end, we treated HelLa cells
with 50ug/mL of cycloheximide (protein synthesis inhibitor) for 24 hours (time points: 4, 8,
16, and 24 hours). Figure 21 shows that both proteins are stable, with a ti2= 14.2 hours for
PP2AC (1 (mean lifetime) =20.5; A (decay constant) =0.049) and t1»=34.8 hours for EXOSC10
(t=50.2; A =0.020).

WB of Figure 21 shows two PP2AC bands that are very similar in molecular weight and are
both disappearing over time. The two PP2AC bands can also be seen in the assay of Figure 19
where mouse protein was used. When the double band of PP2AC is present it displays the same
pattern. Thus, to obtain the total level of PP2AC, the two bands were quantified together and
summed. The presence of a double band of PP2AC appeared to be dependent on the total pro-

tein amount loaded, on the run of the gel, and the percentage of acrylamide used. Moreover,
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the antibody datasheet (Cell Signaling 2038) shows two bands of PP2AC protein for several
cell lines. It would be interesting to study in the future if these bands represent cand B isoforms
or are instead related to PP2AC methylation (Leucine®®®) and/or phosphorylation (There-
onine3%) status.
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Figure 21. The half-life of PP2AC and EXOSC10. HeLa cells were treated with 50ug/mL of cyclo-
heximide for as long as 24 hours (h) and the control was treated with the vehicle DMSO. The protein
levels of PP2AC and EXOSC10 were collected in RIPA buffer and analyzed at different time points:
4h, 8h, 16h, and 24h. Quantification of three independent assays (n=3) using densitometry analysis with
the Image Lab software. For relative expression results are presented as the ratio between PP2AC or
EXOSC10 and B-TUBULIN and referred to the DMSO-treated sample as 1. PP2AC: 4h (M= 83.0%;
SD=20.0%), 8h (M=58.0%; SD=7.20%), 16h (M=45.7%; SD=7.30%), 24h (M=31.0%; SD=13.5%).
EXOSC10: 4h (M=95.7%; SD=8.60%), 8h (M=77.3% SD=14.2%), 16h (M=69.0%; SD=18.3%), 24h
(M=62.0%; SD=31.8%). The half-life (ti») value was calculated as a Nonlinear regression Exponential
Decay (N(t)=N0™). PP2AC: 1 (mean lifetime) =20.5; A (decay constant) =0.049; t1,=14.2h. EXOSC10:
1=50.2; A=0.020; t1=34.8h. Antibodies: EXOSC10 (100kDa) from Bethyl (1:5000); B-TUBULIN (55kDa)
from Sigma (1:5000); and PP2AC (35kDa) from Cell Signaling (1:1000).
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4.2 Screening for DUBs modulating MID1 substrates

Considering that around 100 DUBs exist in humans, we decided to select 24 DUBs for the first
screen set. In selecting the 24 DUBsS, a review of the literature was conducted concerning the
reported interactions between members of the TRIM family and DUBs (Table 2). This was
done with the rationale that common mechanisms of TRIM/DUB functional interaction can be
conserved. Additionally, this selection integrated other DUB candidates based on the type of
regulation (preference for the degradative ones), substrates, and subcellular localization (Table
1). The DUBs selected for the first screening belong to different DUB subfamilies and are listed

in the next figures.

4.2.1 Screening upon DUBs silencing

The first aim of this work was to discover suitable DUB candidates with an effect on PP2AC
and/or EXOSC10 levels, and we decided to silence the selected DUBs via SiRNAs and check
for the substrates by WB. A decrease in the protein target level would be indicative of a suitable
DUB candidate to further study.

As a first step, we selected the cell line in which to perform the screening, among four different
human cell lines tested (HEK293T, ARPE, hTERT-RPE, and HeLa), HeLa cells show the best
detection conditions. We opted for a sSiRNA concentration of 25nM since it is the minimal
siRNA concentration for effective DUB protein silencing (Figure 17). Moreover, considering
the results of the cycloheximide assay, where PP2AC and EXOSC10 showed high stability, we
opted for a long time of silencing (72 hours) for the screen.

Hence, HelLa cells were transfected with 25nM siRNA (pool of four siRNASs targeting one gene
- Table 4) for each of the 24 DUBs in a 96-well-plate for 72 hours. Afterward, a WB was
performed to analyze the abundance of PP2AC and EXOSC10. For each DUB silencing, a
minimum of three (n=3) and a maximum of eight (n=8) assays were quantified. PP2AC and
EXOSC10 levels were normalized with the loading control (3-TUBULIN) and a control con-
dition (transfected with non-targeting siRNA). In the quantification, the control is set to zero
as the reference value: positive values indicate an increase in protein level and negative values

indicate a decrease in protein level.
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For PP2AC all conditions passed the Shapiro-Wilk test for normality, so One sample t-test was
performed setting zero as the reference value. Figure 22 shows the results of the DUBSs silenc-
ing screening for PP2AC levels. Two DUBs emerged as candidates for future validation: USP8
(M=-0.19; SD=0.18; t (7) =2.90; p=0.023; d=1.02) and USP25 (M=-0.30; SD=0.31; t (7)=2.73,;
p=0.029; d=0.96). Both DUBs significantly decrease the levels of PP2AC when silenced.
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Figure 22. DUBs silencing screening for PP2AC. HelLa cells were transfected with 25nM of the in-
dicated DUBs siRNA and collected in RIPA buffer after 72 hours. The control (CTR) was treated with
non-Target siRNA. Representative Western Blot assay of the PP2AC levels upon each DUB silencing.
Quantification of at least three assays for each condition (n=3) using densitometry analysis with the
Image Lab software. Abundance is shown in the fold change of the ratio between PP2AC and B-TU-
BULIN with reference to the CTR. The graph is presented as mean + standard deviation and the PP2AC
level of the WB shown is highlighted in red. USP2 (M=0.062; SD=0.11); USP4 (M=0.049; SD=0.25);
USP6 (M=-0.12; SD=0.25); USP7 (M=-0.014; SD=0.10); USP8 (M=-0.18; SD=0.18); USP9X (M=-
0.11; SD=0.31); USP11 (M=-0.095; SD=0.58); USP15 (M=0.18; SD=0.41); USP20 (M=-0.033;
SD=0.18); USP25 (M=-0.30; SD=0.31); USP28 (M -0.038; SD=0.41); USP32 (M=0.24; SD=0.51);
USP33 (M=0.055; SD=0.31); USP34 (M=-0.14; SD=0.058); CYLD (M=-0.16; SD=0.23); UCHL1(M=-
0.078; SD=0.22); UCHL3 (M=0.12; SD=0.35); OTUD3 (M=0.037; SD=0.28); OTUD5 (M=-0.13;
SD=0.21); OTUD6A (M=0.17; SD=0.47); OTUD6B (M=0.26; SD=0.29); TNFAIP3 (M=-0.081;
SD=0.25); OTUD7B (M=-0.16; SD=0.35); VCPIP1 (M=0.20; SD=0.72). For statistical analysis a One
sample t-test was performed setting zero as the reference value, *p<0.05. Antibodies: B-TUBULIN (55
kDa) from Sigma (1:2500); PP2Ac (35 kDa) from Cell Signaling (1:1000).

For EXOSC10 data, not all conditions passed the Shapiro-Wilk test for normality (OTUDS5:

W=0.75; p=0.027), and consequently, One sample Wilcoxon (non-parametric) test was
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performed setting zero as the reference value. Figure 23 shows the results of the DUBSs silenc-
ing screening for EXOSC10 protein levels. In this case, the variability is significantly higher
when compared with the PP2AC results. This irreproducibility may be caused by the long half-
life of EXOSC10 or by the fact that EXOSC10 is a large protein, and this may lead to increased
technical variability, especially during the transfer step in the WB experiment. Although we
expected to see a decrease in EXOSC10 levels, OTUDG6B silencing (Median (Mdn)=0.11;
Z=21.0; p=0.031; r=2.45) displays the exact opposite effect. This can be interesting to explore
in the future since OTUDG6B also plays a role in the mTORCL1 pathway as MID1 (Sobol et al.,
2017).
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Figure 23. DUBs silencing screening for EXOSC10. HelLa cells were transfected with 25nM of the
indicated DUBs siRNA and collected in RIPA buffer after 72 hours. The control (CTR) was treated
with non-Target siRNA. Representative Western Blot assay of the EXOSC10 levels upon each DUB
silencing. Quantification of at least four assays for each condition (n=4) using densitometry analysis
with the Image Lab software. Abundance is shown in the fold change of the ratio between EXOSC10
and B-TUBULIN with reference to the CTR. The graph is presented as mean * standard deviation and
the EXOSC10 level of the WB shown is highlighted in red. USP2 (Mdn=-0.015); USP4 (Mdn=-0.10);
USP6 (Mdn=-0.080); USP7 (Mdn=-0.22); USP8 (Mdn=0.0); USP9X (Mdn=-0.070); USP11 (Mdn=-
0.32), USP15 (Mdn=-0.065); USP20 (Mdn=0.12); USP25 (Mdn=0.28); USP28 (Mdn=0.095); USP32
(Mdn=-0.060); USP33 (Mdn=-0.12); USP34 (Mdn=0.11); CYLD (Mdn=-0.15); UCHL1 (Mdn=-0.25);
UCHL3 (Mdn=-0.22); OTUD3 (Mdn=0.0); OTUD5 (Mdn=-0.060); OTUD6A (Mdn=-0.070);
OTUD6B (Mdn=0.11); TNFAIP3 (Mdn=0.040); OTUD7B (Mdn=-0.25), VCPIP1 (Mdn=0.10). For sta-
tistical analysis a One sample Wilcoxon test was performed setting zero as the reference value, *p=<0.05.
Antibodies: B-TUBULIN (55 kDa) from Sigma (1:2500); EXOSC10 (100 kDa) from Bethyl (1:2500).
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From the screening with DUBs siRNA, we selected the most promising candidates, and we
repeated the silencing on a larger scale to check for both PP2AC and EXOSC10. HelLa cells
were transfected with 25nM of each DUBSs siRNA in a 24-well-plate for 72 hours. From this
experiment (data not shown) we could confirm that the best candidate to decrease the PP2AC
levels was USP8, excluding the potential candidate USP25. Nevertheless, there were no con-
clusive DUB candidates that significantly decrease EXOSC10 protein levels. For this reason,

we decided to focus on PP2AC as the main protein target of MID1 under study.

4.2.2 Screening of PP2AC level upon DUBs overexpression

For validation of the results of the screening with DUBs SiRNA, an opposite assay overex-
pressing the 24 DUB was performed in Pascual Sanz's lab at the CSIC, Institute of Biomedicine
(Valencia, Spain). Herein, the purpose was to confirm the results obtained by doing the com-

plementary experiment, i.e., DUBs overexpression should increase PP2AC total protein.

Through a collaboration between both Labs (Meroni and Sanz), we collected 24 DUB plasmids
and confirmed the correct expression in HEK293 cells (Figure 18). Afterward, transient trans-
fection of each DUB plasmid was performed in a 12-well-plate and by WB we quantified
PP2AC protein levels. To better evaluate the PP2AC and DUB behavior along the time, this
assay was performed at three-time points 24, 48, and 72 hours. Figure 24 represents a WB at
the best time point of expression for each DUB. Analyzing the PP2AC quantification, we have
four DUB candidates that at least double the protein amount: USP2 (2.05), USP6 (2.01), USP11
(1.90), and USP8 (2.49).
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Figure 24. DUBs overexpression screening for PP2AC. HEK293 cells were transfected with 1ug of
each DUB plasmid in a 12-well -plate and the control were transfected with the respective Empty Vector
(EV). The cells were collected in RIPA buffer at 24h (HA-CYLD, GFP-OTUD3, GFP-OTUDG6A, GFP-
OTUD6B, HA-/GFP-OTUD7B, GFP-UCHL1, GFP-UCHL3, GFP-UCHL5, GFP-USP2, GFP-USP6,
GFP-USP11, GFP-USP20, GFP-USP21, GFP-USP25, FLAG-USP28, GFP-USP32), 48h (GFP-
TNFAIP3, MYC-USP7, HIS-USP15, FLAG-USP18, GFP-USP33, GFP-VCPIP1), and 72h (FLAG-
USP8). Quantification of the assay was made with densitometry analysis with the Image Lab software.
Expression is shown as the ratio between PP2AC, and TUBULIN normalized with the respective EV
control. Antibodies: a-/B-TUBULIN (55 kDa) from Sigma (1:2500); PP2AC (35 kDa) from Cell Signaling
(1:1000).

Thus, from both screenings (overexpression and silencing), we could confirm that the best can-
didate is USP8, which when silenced decreases PP2AC levels and shows the opposite effect
when overexpressed, increasing PP2AC levels. The next chapters will be focused on charac-
terizing the USP8 relationship with the PP2AC protein.

4.2.3 Validation of the DUBs screenings result: USP8 regulates PP2AC levels

From the screening with the DUBs siRNA (Figure 22), we could observe that the USP8 si-
lencing significantly decreases the PP2AC levels. However, the silencing efficiency of the
USP8 protein was not verified. Hence, HeL a cells were transfected with 25nM of USP8 siRNA
in a 24-well-plate for 72 hours. According to Figure 25, USP8 siRNA, as previously described
and confirmed once again, decreases PP2AC protein levels (0.43). Moreover, silencing of

USP8 results in a reduction of 70% of the protein.
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Figure 25. Silencing of USP8 decreases PP2AC levels. HelLa cells were transfected with 25nM of
USP8 siRNA for 72 hours. The control was treated with non-Target (NT) siRNA. Quantification of the
assay was made with densitometry analysis with the Image Lab software. Expression is shown as the
ratio between PP2AC and GAPDH referenced to the NT. Antibodies: GAPDH (53 kDa) from Sigma
(1:2500); PP2AC (35 kDa) from Cell Signaling (1:1000); USP8 (200kDa) from Proteintech (1:2000).

Secondly, we aim to confirm the result obtained in the DUBSs overexpression screening sug-
gesting that USP8 can increase PP2AC total protein (Figure 24). Moreover, we also studied the
EXOSC10 and EXOSCS protein levels as additional information. Hence, HeLa cells were
transfected with 2.5ug FLAG-USP8 plasmid in a 6-well-plate for 72 hours (the optimal time
point for FLAG-USP8 plasmid expression). Afterward, a WB was performed to analyze the
protein abundance of PP2AC, EXOSC10, and EXOSCS8. For each protein analyzed, we per-
formed and quantified at least three (n=3) assays. Protein levels were normalized with the load-
ing control (B-TUBULIN) and a control condition (transfected with Empty-Vector (EV)) as
follows: zero is the reference value, positive values indicate an increase in protein levels, and
negative values indicate a decrease in protein levels. All conditions passed the Shapiro-Wilk

test for normality, so a One sample t-test was performed setting zero as the reference value.

Figure 26 shows the results for PP2AC (M=1.67; SD=0.34), EXOSC10 (M=0.72; SD=0.74)
and EXOSC8 (M=0.16; SD=0.33) levels upon USP8 overexpression. The PP2AC increment is
statistically significant when USP8 is overexpressed (t (3) =9.92; p=0.002; d=4.96), as ex-
pected from the DUB overexpression screening (Figure 24). For EXOSC10 protein levels,

there is no statistical difference but a strong tendency (d<0.80) to be increased when USP8 is
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overexpressed (t (3) =1.96; p=0.15; d=0.98). Regarding EXOSCS8 protein levels, there is no
significant statistical difference and a medium tendency (0.50<d<0.80) to be increased when
USP8 is overexpressed (t (2) =0.82; p=0.50; d=0.47). To conclude USP8 overexpression leads
to the accumulation of PP2AC protein levels in a significant manner (Figure 26).
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Figure 26. USP8 overexpression increases PP2AC levels. HelLa cells were transfected with 2.5ug
FLAG-USP8 for 72 hours or with the Empty Vector (EV) as a control. Representative Western Blot
(WB) of PP2AC upon USP8 overexpression is shown. Quantification of at least three assays for each
condition (n=3) using densitometry analysis with the Image Lab software. Expression is shown as the
ratio between PP2AC, and B-TUBULIN referenced to the EV. The graph is presented as mean *
standard deviation and the PP2AC level of the representative WB is highlighted in red. PP2AC
(M=1.67; SD=0.34), EXOSC10 (M=0.72; SD=0.74), and EXOSC8 (M=0.16; SD=0.33). For statistical
analysis a One sample T-test was performed setting 1 as the reference value, **p<0.01. Antibodies: B-
TUBULIN (55 kDa) from Sigma (1:2500); EXOSC8 (35 kDa) from Proteintech (1:2000); EXOSC10 (100kDa)
from Bethyl (1:5000); FLAG (200 kDa) from Sigma (1:2000); PP2AC (35 kDa) from Cell Signaling (1:1000);
USP8 (130kDa) from Proteintech (1:2000).

Overall, we can say that USP8 can modulate the PP2AC protein amount. We conclude that
USP8/MID1 complex can operate on a shared substrate (PP2AC), resulting in the regulation
of the substrate degradation likely through a switch-like antagonism (see section 1.5.1 DUBs
and TRIMs pairs).
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4.4 USP8 as candidate deubiquitinase of PP2AC and partner of MID1

USP8 represents a structurally unique (Komander et al., 2009), functionally promiscuous
(Iphofer et al., 2012; McGouran et al., 2013), and essential DUB (Clague et al., 2019). The
crystal structure of the USP8 catalytic domain shows unique features. It is composed of two
loops, namely, blocking loops 1 and 2 (BL1 and BL2), which are used for Ub recognition and
are positioned in a closed conformation. There is also a finger subdomain that is tightened
inwardly, making the Ub-binding pocket too narrow to capture Ub (Avvakumov et al., 2006;
Kakihara et al., 2021). Despite these unfavorable features, the USP domain effectively
catalyzes the deubiquitinating reaction, implying the occurrence of substrate-induced
conformational changes (Avvakumov et al., 2006; Kakihara et al., 2021). The enzyme activity
of USP8 is inhibited by binding to the 14-3-3-binding motif (14-3-3-BM) (Figure 27).
Mutations in USP8 have been associated with Cushing’s disease, which is a tumor in the
pituitary gland due to an excess of the hormone cortisol. Not surprisingly, ~50% of the
mutations on USP8 related to Cushing’s disease are present on the 14-3-3-BM (Z. Y. Maet al.,
2015; Reincke et al., 2015).
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Figure 27. USP8 protein domain structure. Microtubule-interacting and trafficking domain (MIT)
(aa 34 to aa 109) that is required for efficient abscission at the end of cytokinesis, together with
components of the ESCRT-I11 complex. Rhodanese-like domain (Rhod) (aa 185 to aa 310).SH3-binding
motif (SBM) (1: aa 405 to aa 413; 2: aa 440 to aa 448; 3: aa 738 to aa 746). 14-3-3-binding motif (14-
3-3-BM) (aa 708 to aa 733). Vertebrate USP8 protein sequences have a well-conserved 14-3-3 BM.
Ubiquitin-specific protease (USP) (aa 778 to aa 1088) is the catalytic domain that removes the
conjugated ubiquitin molecules from the target proteins. Abbreviation: 14-3-3-BM: 14-3-3-hinding motif;
ESCRT: endosomal sorting complexes required for transport; MIT: Microtubule-interacting and trafficking
domain; Rhod: Rhodanese-like domain; SH3BM: SH3-binding motif; USP: Ubiquitin specific protease. Adapted
from Dufner & Knobeloch, 2019.

USP8 contains an N-terminal microtubule interacting and transport (MIT) domain (Figure 27)
which has been associated with charged multivesicular body protein (CHMP) family (Dufner
& Knobeloch, 2019). USP8 interacts with components of the endosomal sorting complexes
required for transport (ESCRT) Ill (Row et al., 2007), and consequently, it has been highly
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associated with the regulation of endosomal lysosomal trafficking, and/or stability of many
other transmembrane proteins (Durcan et al., 2014; Durcan & Fon, 2015). The localization of
USP8 is not cytosolic exclusive: it is also present in the nucleus, it interacts with the E2/E3
BIR (baculovirus inhibitor of apoptosis repeat) containing ubiquitin-conjugating enzyme
(BRUCE), and regulates the double-strand break (DSB) repair (Ge et al., 2015). Interestingly,
NRDP1, a RING E3 ligase is involved in the BRUCE degradation. is stabilized by USP8 (Wu
et al., 2004).

Moreover, USP8 can directly link spermatid microtubules, being associated with acrosome
biogenesis (Berruti et al., 2010). Recently, two papers have reported that USP8 participates in
the control of ciliogenesis (Kasahara et al., 2018; Troilo et al., 2014). Primary cilia are
microtubule-based organelles that act as sensors involved in developmental signaling pathways
(Malicki & Johnson, 2017). Our group (Mascaro, et al, unpublished data; Mascaro, 2020)
showed the influence of MID1 in ciliogenesis, possibly a shared pathway between MID1 and
USP8. Not surprisingly, another common pathway for MID1 and USP8 is hedgehog (HH)
signaling, which is dependent on the presence of primary cilia. It has been indeed reported that
USP8 can antagonize the degradation of Smoothened (Smo/SMO), a member of the HH family
(S. Lietal., 2012; G. Maet al., 2016; Xia et al., 2012).

Thus, the cellular localization and pathways in which it is involved make USP8 a very

promising candidate to functionally interact with MID1 protein and its substrates.

4.4.1 Effect of USP8 on mTOR pathway

Since USP8 is modulating PP2AC levels, we can conjecture that it can also affect the pathways
regulated by PP2A. Section 1.3.4.3 MID1/PP2Ac and mTORC1 signaling, describes the role
of PP2A in the mTOR pathway. PP2A dephosphorylates 4E-BP1 and thereby downregulates
the translation of several mMRNAs. Robust evidence point out that PP2A can reverse the phos-
phorylation state of 4E-BP1, although direct interaction between 4E-BP1 and PP2A has yet to
be demonstrated (Kolupaeva, 2019). Moreover, PP2AC directly affects mTORC1 complex for-
mation with an effect on its targets, among which is 4E-BP1 (E. Liu et al., 2011). Since USP8
can regulate the PP2AC level, herein we investigated if USP8 can also interfere with the phos-
phorylation levels of 4E-BP1.
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Hence, HelLa cells were transfected with 2.5ug of FLAG-USP8 plasmid in a 6-well-plate for
48 hours. WB was performed to analyze the abundance of Phospho Threonine*® (Thr*6) 4E-
BP1 form, normalized with the total 4E-BP1 (antibody re-incubated on the same membrane).
All conditions passed the Shapiro-Wilk test for normality, so Student’s t-test two-tailed was
performed comparing the EV control group levels (EV: M=0.37; SD=0.035) with USP8 over-
expression levels (USP8: M=0.25; SD=0.038). Figure 28 shows the results for PhosphoThr*®
4E-BP1, we observed a statistically significant decrease of PhosphoThr*¢ 4E-BP1 when USP8
is overexpressed (t (4) =4.01; p=0.016; d=3.27). As a result of USP8 upregulation, 4E-BP1
total protein levels decrease as well, though this effect is not statistically significant and is less
pronounced than the decrease in PhosphoThr*® 4E-BP1, which can be evaluated in future stud-

ies.
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Figure 28. USP8 overexpression decreases Phospho Threonine* 4E-BP1. HeLa cells were trans-
fected with FLAG-USP8 or with the Empty Vector (EV) -FLAG for 48 hours. Western Blot (WB) of
three assays (n=3) of Total and Phospho Threonine*® (Thr*6) 4E-BP1 upon USP8 overexpression is
shown. The three assays for each condition (n=3) were running in parallel in the same SDS-PAGE gen
and quantified using densitometry analysis with the Image Lab software. Expression is shown as the
ratio between PhosphoThr#- and Total-4E-BP1. The graph is presented as mean + standard deviation.
EV: M=0.37; SD=0.035; USP8: M=0.25; SD=0.038. Statistical analysis was performed by a student’s
t-test two-tailed, *p<0.05. Antibodies: GAPDH (35 kDa) from Sigma (1:2500); PhosphoThr*6 4E-BP1 (15 kDa)
from GeneTex (1:500); 4E-BP1 (15 kDa) from GeneTex (1:500); USP8 (130kDa) from Proteintech (1:2000).

It has been well reported that an increase in PP2A levels causes a decrease in the 4E-BP1
phosphorylation status (Peterson et al., 1999). The 4E-BP1 can also be phosphorylated by
mMTOR in its mMTORC1 complex. Liu et al, showed that MID1 loss increases the levels of
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PP2AC, which, as part of a Ba-containing PP2A holoenzyme, disrupts mTOR/Raptor associa-
tion and consequently inhibits mTORC1 signaling (E. Liu et al., 2011). The fact that, in this
thesis, we found that USP8 overexpression increases PP2AC levels is consistent with a de-
creased 4E-BP1 phosphorylation. Therefore, the effect of USP8, likely through PP2AC regu-

lation, has repercussions on the mTOR pathway, specifically the 4E-BP1 member.

It had already been reported that USP8 can regulate elements of the mTOR pathway. Indeed,
in the papers of Jing et al and Sun et al, it was shown that USP8 can interfere with the phos-
phorylation of AKT, which can also be regulated by PP2A (Jing et al., 2020; J. Sun et al.,
2020). Note that these studies were conducted in a tumorigenic cellular setting, where the phos-
phorylation levels of different pathways, especially mTOR, are deregulated. There are strong
suggestions that the regulation of 4E-BP1 may be multifactorial and tissue specific. USP8 may

serve as an important element for assessing the mTOR pathway in different cellular contexts.

4.4.2 Mutual regulation of MID1 and USP8

Here, we investigated the possibility that USP8/MID1 pair may have a mutual regulation. In-
deed, being MID1 an E3 ubiquitin ligase and USP a DUB, USP8 can protect MID1 from deg-
radation, while MID1 can ubiquitinate USP8 and thereby alter its activity or promote its deg-
radation. To test this hypothesis, HeLa cells were transfected with GFP-MID1 and FLAG-
USP8, alone or in combination (2.5ug of total DNA per condition), in a 6-well-plate for 48
hours. To determine how MID1 modulates USP8 levels, we treated cells for two hours with
10puM of MG132, an inhibitor of the 26S proteasome complex, and 10uM of Chloroquine
(CQ), which inhibits autophagy by altering the acidic environment of the lysosomes. We chose
the concentration and time for these drugs based on a previous report that also used HeLa cells
(Zanchetta et al., 2017). As a control, the vehicle of MG132, DMSO, was used. The vehicle of
CQ is H20, which is already present on the complete cellular medium. For each group (DMSO,
MG132, and CQ) results were normalized to 1 using as a reference the single transfection con-
dition of each protein.

Regarding the USP8 single transfection shown in Figure 29, on the DMSO condition, we ob-
served a decrease of 25% in USP8 protein levels when co-transfection with GFP-MID1 com-
pared with the single transfection (DMSO/FLAG-USP8). Comparing each treatment condition,
the co-transfection with the respective single transfection (MG132/FLAG-USP8 and
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CQ/FLAG-USP8): USP8 is increased with MG132 (1.58) and especially with CQ (8.65). These
results strongly suggest that, when MID1 is overexpressed, it decreases the USP8 levels that
are recovered by both the degradative pathways, with emphasis on the autophagic pathway.
Interestingly, Jacomin et al showed that downregulating USP8 in HeLa cells deregulates au-
tophagy, increasing the number of autophagosomes and increasing autophagy flux (Jacomin et
al., 2015). Indeed, the ESCRT-11I complex, regulated by USP8, was identified to be crucial for
the closure of the autophagosome (Takahashi et al., 2018). Probably USP8 plays a direct reg-
ulatory role in autophagy through the regulation of ESCRT-111 components activity (Jacomin
et al., 2015). For this reason, USP8 can be more susceptible to autophagy than to the pro-

teasomal pathway.
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Figure 29. Mutual regulation of MID1 and USP8. HelLa cells were transfected with GFP-MID1
and/or FLAG-USP8 plasmids (2.5ug of DNA for each condition) and treated with 10uM of MG132 or
Chloroquine for 2 hours. The control condition was treated with the vehicle DMSO. Quantification was
performed by densitometry analysis with the Image Lab software. Expression is shown as the ratio
between USP8 or MID1 and a-TUBULIN. At each group (DMSO, MG132, and CQ) results were nor-
malized to one using as a reference the single transfection condition of each protein. Antibodies: o-TU-
BULIN (55 kDa) from Sigma (1:2000); MID1 (100 kDa) from GeneTex (1:2000); USP8 (200kDa) from Pro-
teintech (1:2000).

Analyzing the MID1 protein in Figure 29, in the DMSO condition, it is evident that, when co-
transfected with FLAG-USP8, the MID1 protein amount is significantly increased (4.07) com-
pared with the single transfection (DMSO/GFP-MID1). The increment of MID1 in the co-
transfection condition is significantly higher under treatments (MG132: 6.25 and CQ: 7.06)
compared with the single transfection with the same drug (MG132/GFP-MID1, CQ/GFP-
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MID1). This result strongly suggests that USP8 overexpression can increase the levels of
MID1, opening the possibility that USP8 can modulate the levels of MID1.

From this assay, the MID1/USP8 pair appear to act as a rheostat-like antagonism. This means
that USP8 protects MID1 from degradation probably by removing the Ub from auto-ubiquiti-
nation or other(s) E3 ligases, while MID1 can promote USP8 degradation, likely through direct
or indirect ubiquitination. Considering that we cannot detect the endogenous MID1 protein due
to a lack of suitable antibodies (Figure 29 — lanes with the single FLAG-USP8 transfection),
while it is possible to see the USP8 endogenous protein (Figure 29 — lanes with the single
GFP-MIDL1 transfection), we decided to focus the next experiments on characterizing the ac-

tivity of MID1 on endogenous USP8.

4.5 USP8 as a possible substrate of MID1
4.5.1 Usp8 protein is upregulated in the Midl knockout

To further confirm that the Usp8 level is controlled by Mid1, we used MEFs from family 7245
with two Mid1*"Y (WT) and four Mid1”Y (KO) (see section 3.2.1 Mouse embryonic fibroblasts
(MEFs)). The MEFs were collected at passage 2 in RIPA buffer, and WB (Figure 30) was
performed to analyze the amount of Usp8 and Pp2ac, used as a positive control (in Figure 19

the upregulation of Pp2ac on the Mid1 KO was already confirmed).

For Mid1 KO, all conditions (Pp2ac and Usp8 quantifications) passed the Shapiro-Wilk test for
normality, but the WT only has two individuals (n=2), so it was not possible to verify the
normality for these populations. For this reason, we performed a One sample t-test setting as
the reference value of the respective WT mean (M) of each protein (M(Usp8-WT) =0.022;
M(Pp2ac-WT) =0.014). In this way, we could measure how different the Mid1l KO condition
is with respect to the WT mean value. Usp8 protein levels (Figure 30. A - WT: M=0.022,
SD=0.012; Mid1 KO: M=0.12, SD=0.031) are significantly increased in the absence of Midl
KO compared with the WT (t (3) =6.27, p=0.008, d=3.12). Pp2ac protein levels (Figure 30. B
—WT: M=0.014, SD=0.005; Mid1 KO: M=0.034, SD=0.004) are significantly increased in the
absence of Midl KO compared with the WT (t (3) =8.85, p=0.003, d=4.42), as previously
observed in Figure 19 with MEFs from a different litter. From Figure 30 it is possible to
conclude that the Usp8 protein is increased in the Mid1 KO.
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Figure 30. Usp8 is increased in Mid1l KO. The protein levels of Usp8 (A) and Pp2ac (B) are increased
in Mouse Embryonic Fibroblasts (MEFs) Midl knockout (KO) compared with the wild type (WT).
MEFs were from family 7245 collected at passage two in RIPA buffer. Quantification was performed
by densitometry analysis with the Image Lab software. The graph is presented as mean + standard and
relative protein expression results are shown in the ratio between Usp8 or Pp2ac and Gapdh. Usp8-WT:
M=0.022, SD=0.012; Usp8-Midl KO: M=0.12, SD=0.031; Pp2ac-WT: M=0.014, SD=0.005; Pp2ac-
Midl KO: M=0.034, SD=0.004. For statistical analysis a One sample T-test was performed setting the
respective WT mean as the reference value (M(Usp8-WT) =0.022; M(Pp2ac-WT) =0.014), *p<0.05.
Antibodies: Gapdh (53 kDa) from Sigma (1:2500); Pp2ac (35 kDa) from Cell Signaling (1:1000); Usp8 (200kDa)
from Proteintech (1:2000).

4.5.2 MID1 promotes USP8 degradation partially through proteasome

To verify that the E3 ligase activity of MID1 is responsible for the changes in USP8 protein
amount, we used ARING MIDI, a catalytically dead form of the E3 ligase. Subsequently, to
test that the effect on USP8 was due to MID1-mediated proteasomal degradation, we used the
MG132 drug. HeLa cells were transfected with 2.5ug of GFP-MID1 or GFP-ARING-MID1
plasmid in a 6-well-plate for 24 hours. The EV-GFP plasmid was used as a transfection control.
Before collecting the proteins in RIPA buffer, cells were treated for two hours with 10uM of
MG132, and the vehicle, DMSO was used as a control condition. Afterward, a WB was
performed to analyze the abundance of USP8, quantifying four (n=4) experiments. Protein
levels were normalized with the loading control (B-TUBULIN) and the control condition

(transfected with EV and treated with DMSO) set as 1. All conditions passed the Shapiro-Wilk
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test for normality, so a Two-way ANOVA was performed considering two variables

(transfection and treatment).

Figure 31 presents the results of the WB, upon overexpression of MID1 or ARING-MIDL1, the
latter showing a reduced molecular weight since the RING domain is missing. Both MID1
forms are increased upon MG132 treatment, partially in contrast with Figure 29. The graph of
Figure 31 shows the quantification of USP8 levels when MID1 is overexpressed in the control
condition (MID1: M=0.61; SD=0.041; ARING-MID1: M=1.29; SD=0.28) and upon treatment
(EV: M=1.03; SD=0.48; MID1: M=0.94; SD=0.13, ARING-MID1: M=1.17; SD=0.19). The
Two-way ANOVA test for transfections (EV, MID1, and ARING-MID1) and treatment
(DMSO and MG132) as between-subjects factors revealed a main effect of transfection, F
(1.782, 5.347) = 5.65, p=0.05, np>=5.60, but not of treatment, F (1, 3) =0.32, p=0.061, 1,>=0.26
(large effect when 12>0.14). Regarding the interaction between transfections and treatment,
there is a high effect size without significant differences, F (1.166, 3.498) = 4.692, p=0.11, np?
=1.46. Post-hoc analyses using Bonferroni's test for multiple comparisons indicated that
DMSOI/EV is significantly different from DMSO/MID1 (t (3) =19.2; p=0.005).

These results (Figure 31) show that exogenous MID1 downregulates USP8 levels, an effect
that cannot be observed to the same extent with the non-catalytic form of the protein, proving
that the E3 ligase activity of MID1 is involved in USP8 degradation. Further, USP8 levels are
recovered when treated with MG132, likely reflecting the involvement of the proteasomal path-
way in the degradation of USP8 through MID1 activity. However, it is important to remember
that the USP8 protein is not exclusively degraded by the proteasomal pathway. Instead, it is

highly sensitive to the autophagic pathway as well, as previously observed in Figure 29.
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Figure 31. MID1 modulates USP8 protein levels through the proteasome. HelLa cells were trans-
fected with GFP-MID1 or GFP-ARING MIDI and treated with 10uM of MG132 for 2 hours. The
transfection control was with Empty Vector - GFP (EV) and the control condition to MG132 was treat-
ment with the vehicle DMSO. Quantification of four assays for each condition (n=4) using densitometry
analysis with the Image Lab software was performed. Expression is shown as the ratio between USP8,
and B-TUBULIN normalized to the EV/DMSO. The graph is presented as mean + standard deviation
and the USP8 level of the representative WB is highlighted in red. DMSO/MID1: M=0.61; SD=0.041.
DMSO/ARING-MID1: M=1.29; SD=0.28. MG132/EV: M=1.03; SD=0.48. MG132/MID1: M=0.94;
SD=0.13. MG132/ARING-MID1: M=1.17; SD=0.19. For statistical analysis, a Two-way ANOVA test
and Bonferroni’s test were applied for multiple comparisons **p<0.01. Antibodies: B-TUBULIN (55 kDa)
from Sigma (1:2500); GFP (100 kDa) from LifeTech (1:2500); USP8 (200kDa) from Proteintech (1:2000).

4.6 Co-Localization of MID1 and USP8 in the cell

At this point, we can suggest that USP8 is a putative substrate of MID1 E3 ligase activity,
however, this effect of MID1 on USP8 protein can be through direct or indirect ubiquitination.

To start investigating if MID1 and USP8 are interacting, we performed immunofluorescence
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(IF) to see if these proteins are co-localizing in the cell. On one hand, MID1 is dynamically
associated with microtubules; when MIDL1 is dephosphorylated, it detaches from them and is
observed in cytoplasmic bodies (J. Liu et al., 2001). Figure 6 from the introduction is an ex-
ample of the MID1 dynamic distribution in HelLa cells. On the other hand, USP8 has been
reported in different cellular localizations: Golgi apparatus, microtubules, and nucleus. USP8
protein possibly also has a tissue-specific cellular localization. In this work, we decided to first

analyze the cellular localization of USP8 in HelLa cells.

4.6.1 Partial co-localization of MID1 and USP8

HelLa cells were transfected with 1ug FLAG-USP8 plasmid in a 12-well-plate for 48 hours.
Afterward, an IF was performed using an anti-FLAG antibody for the detection of the USP8
exogenous protein. Figure 32 shows an epifluorescent microscope image for USP8 localization
in HeLa cells. USP8 exogenous protein is widely distributed in the cell, both in the cytoplasm
and nucleus, with a stronger signal in the cytoplasm. These results agree with the literature
previously described. Moreover, USP8 can also form dots in the cytoplasm, which we can

speculate to be endosomes, lysosomes, or other vesicles.
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Figure 32. Localization of USP8 in HeL a cells. HelLa cells were transfected with Flag-USP8 plasmid
for 48 hours. Immunofluorescence shows the distribution of USP8 (in red) mainly in the cytoplasm but
also the nucleus. DAPI was used as nuclear staining. Images are taken at a 63X magnification with a
scale bar of 20um. Magnified image of the white square section (scale bar of 10um) with USP8 dots in
the cytoplasm. Antibodies: FLAG from Sigma (1:500).

Successively, we wanted to study if MID1 and USP8 are co-localizing in HeLa cells. Thus,
HelLa cells were transfected with 1ug FLAG-USP8 and GFP-MID1 plasmids on a coverslip
for 48 hours. Afterward, an IF was performed using an anti-FLAG antibody for the detection
of the USP8 exogenous protein, whereas MID1 could be detected as a GFP signal. Figure 33
shows the IF images from an epifluorescent microscope. GFP-MID1 and FLAG-USP8 both
display a predominantly cytoplasmic distribution, with MID1 adopting its classical microtubu-
lar localization. When merged (FLAG-USP8 with GFP-MID1 and DAPI), the two proteins do
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not show a strong co-localization. To evaluate if co-localization does exist, these samples were

also analyzed under a confocal microscope.

FLAG - USP8 FLAG-TUSP8 DAPI

Figure 33. Subcellular localization of USP8 and MID1 in HeLa cells. HeLa cells were transfected
with Flag-USP8 and GFP-MID1 plasmids (1ug of DNA in total) for 48 hours. Immunofluorescence
shows the distribution of USP8 (in red) and MID1 (in green) in the cell. DAPI was used as nuclear
staining. Images were captured in an epifluorescent microscope with 63X magnification (scale bar of
20m). Antibodies: FLAG from Sigma (1:500).

Figure 34 shows a confocal image of USP8 and MID1 localization in HeLa cells. The dotted
USP8 distribution and microtubular MID1 are more evident. In the magnified image from the
merge of GFP-MID1, FLAG-USP8, and DAPI, some yellow spots identifying partial co-local-
ization are observed. Therefore, we can conclude that USP8 and MID1 co-localize just par-
tially. We can hypothesize that USP8 interacts with MID1 only when the latter is detached
from microtubules and forms cytoplasmic bodies, or that interaction can occur along the mi-
crotubules but not throughout them. To complete the study of MID1 and USP8 co-localization,
the I1Fs experiments would need to include more conditions and the use of specific markers for
sub-cellular compartments. Besides, both proteins are observed upon overexpression, and it
would be interesting to observe the localization of the endogenous proteins once specific anti-

bodies working in immunofluorescence are available.
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Figure 34. Subcellular co-localization of USP8 and MID1 in HelLa cells. HeLa cells were transfected
with Flag-USP8 and GFP-MID1 plasmids (1ug of DNA in total) for 48 hours. Immunofluorescence
shows the distribution of USP8 (in red) and MID1 (in green) in the cell. DAPI was used as nuclear
staining. Images were captured in a confocal microscope with 60X magnification (1024x1024 Pixels;
scale bar of 20um). Magnified image of the white square section (scale bar of 5um). Antibodies: FLAG
from Sigma (1:500).

4.7 Sub-cellular localization of the MID1/USP8/PP2AC proteins upon cellular
fractionation

The cellular localization of the possible MID1/USP8/PP2AC complex is a paradox that
deserves further investigation. Both USP8 and PP2AC proteins are widely distributed in the
nucleus and cytoplasm, but MIDL1 is restricted to microtubules. This raises the question of
where MID1 modulates USP8 levels. We investigated this issue by performing protein
fractionation (cytoplasm and nucleus), to determine where the reciprocal effects on protein
levels of the MID1/USP8/PP2AC complex can be observed.
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4.7.1 Cellular Localization of MID1-mediated USP8 regulation

Firstly, we studied which cellular compartment MID1 is modulating USP8 protein levels. HeLa
cells were transfected with 2.5ug of GFP-MID1 or GFP-ARING MID1 in a 6-well-plate for 24
hours, and the control condition was transfection with Empty Vector - GFP (EV). Cell extracts
were fractionated in the following compartments: whole cell lysates (WCL), cytoplasm (CYT),
and nuclei (NUC). Afterward, WB was performed to analyze the protein abundance of USP8,
quantifying at least three (n=3) assays per condition. Proteins levels were normalized with the
respective loading: B-TUBULIN for the WLC and CYT fractions, and P84 for the WLC and
NUC fractions. Each transfection condition was normalized to the relative EV, in which 1 is

the reference value.

Figure 35 presents the results of the WB and the graph for the quantification of the USP8 level.
Each group, WLC, CYT, and NUC, had different loading controls so we considered four inde-
pendent data sets: WLC-USP8/B-TUBULIN (MID1: M=0.55; SD=0.33; ARING-MID1:
M=1.22; SD=0.69), CYT-USP8/B-TUBULIN (MID1: M=0.61; SD=0.17; ARING-MID1:
M=0.77; SD=0.16), WLC-USP8/P84 (MID1: M=0.79; SD=0.49; ARING-MID1: M=0.97;
SD=0.54), and NUC-USP8/P84 (MID1: M=0.64; SD=0.085; ARING-MID1: M=1.06;
SD=.25). In each set one variable was evaluated: the transfection effect (EV-GFP, MID1, and
ARING MID1) on the USP8 levels. All conditions passed the Shapiro-Wilk test for normality,
so a One-way ANOVA test was applied to each of the data sets evaluating the transfection
effect. For WLC-B-TUBULIN a strong tendency (large effect size when 1,>0.14) to reduce
USPS8 levels upon MID1 overexpression was observed, F (2, 6) = 1.80, p=0.24, n,?>=0.37. This
result is in line with the data previously presented (Figure 31). For CYT-B-TUBULIN we ob-
served a significant effect of transfection, F (2, 8) = 9.09, p=0.009, np>=0.69. Post-hoc analyses
using Tukey's test for multiple comparisons indicated that USP8 levels are significantly lower
when MID1 is overexpressed compared to the EV (t (8) =4.25; p=0.009). For WLC-P84 a
significant effect of the transfection was not observed, F (2, 6) =0.21, p=0.81, 1,>=0.076. How-
ever, NUC-P84 revealed a significant effect of transfection, F (2, 8) = 9.71, p=0.007, n,?=0.71.
Post-hoc analyses with Tukey's test indicated that USP8 levels are downregulated upon MID1
overexpression in comparison with EV (t (8) =3.62; p=0.020). Also, Tukey's test showed that
USP8 levels are decreased upon MID1 transfection compared to ARING MID1 transfection (t
(8) =3.90; p=0.014). Accordingly, with this posthoc analysis, MID1 E3 activity is highly criti-

cal for the downregulation of USP8 resulting from MID1 overexpression mainly in the nucleus.
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Figure 35. USP8 distribution in subcellular compartments upon MID1 overexpression. HelLa cells
were transfected with 2.5ug of GFP-MID1 or GFP-ARING MID1 for 24 hours, the control condition
was transfected with Empty Vector - GFP (EV). Cells were fractionated in subcellular compartments:
whole cell lysates (WCL), cytoplasm (CYT), and nuclei (NUC). For loading control, B-TUBULIN was
used for the CYT fraction and P84 for the NUC fraction. Quantification of at least three assays to each
condition (n=3) using densitometry analysis with the Image Lab software. Expression is shown as the
ratio between USP8 and B-TUBULIN for the WLC and CYT fractions and P84 for the WLC and NUC
fractions, each one normalized to the respective EV. The graph is presented as mean + standard devia-
tion and the USP8 level of the representative WB is highlighted in red. For statistical analysis, a One-
way ANOVA and Tukey's tests were applied for multiple comparisons among EV-GFP, MID1, and
ARING MIDI at each condition (WLC-USP8/B-TUBULIN; CYT-USP8/B-TUBULIN; WLC-
USP8/P84; NUC-USP8/P84). WLC-USP8/B-TUBULIN (MID1: M=0.55; SD=0.33; ARING-MID1:
M=1.22; SD=0.69), CYT-USP&/B-TUBULIN (MID1: M=0.61; SD=0.17, ARING-MID1: M=0.77;
SD=0.16), WLC-USP8/P84 (MID1: M=0.79; SD=0.49; ARING-MID1: M=0.97; SD=0.54), and NUC-
USP8/P84 (MID1: M=0.64; SD=0.085; ARING-MID1: M=1.06; SD=0.25). *p<0.05. Antibodies: p-TU-

BULIN (55 kDa) from Sigma (1:2500); GFP (100 kDa) from LifeTech (1:2500); USP8 (200kDa) from Proteintech
(1:2000); P84 (80kDa) from Abcam (1:5000).

Thus, we observed that overexpression of MID1 leads to a reduction in cytoplasmic and nuclear
USP8 levels. In addition, the downregulation of USP8 in both compartments depends on the
E3 ligase activity of MID1 because the USP8 decrease is not observed when the ARING form
of MID1 is used.
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4.7.2 Cellular Localization of USP8 effect on PP2AC

Given the results above, the study of the cellular compartment where the PP2AC levels are
changed by the MID1/USP8 pair is described in this chapter. Hence, HeLa cells were trans-
fected with 2.5ug of GFP-MID1 or FLAG-USP8 in a 6-well-plate for 48 hours, where the
control condition was transfected with Empty Vector (EV). Cells were fractionated as above
in the following subcellular compartments: WCL, CYT, and NUC. Afterward, WB was per-
formed to analyze the abundance of PP2AC, quantifying at least three (n=3) experiments. Pro-
teins levels were normalized with the respective loading control: B-TUBULIN for the WLC
and CYT fractions, and P84 for the WLC and NUC fractions. Each transfection condition was

normalized to the EV, in which 1 is the reference value.

Figure 36 presents the results of the WB and the graph for the quantification of the PP2AC
level. We considered four independent data sets: WLC-PP2AC/B-TUBULIN (MID1: M=0.79;
SD=0.44; USP8: M=2.58; SD=2.15), CYT- PP2AC/B-TUBULIN (MID1: M=1.24; SD=0.53;
USP8: M=2.20; SD=2.58), WLC- PP2AC/P84 (MID1: M=0.63; SD=0.59; USP8: M=3.54;
SD=1.49), and NUC- PP2AC/P84 (MID1: M=0.53; SD=0.27; USP8: M=1.99; SD=1.36). In
each set, one variable was evaluated: the transfection effect (EV, MID1, and USP8) on the
PP2AC levels. All conditions passed the Shapiro-Wilk test for normality, so a One-way
ANOVA test was applied. For WLC-B-TUBULIN, F (2, 12) = 2.97, p=0.33, n,>=0.37, the main
effect of transfection on PP2AC levels was not statistically robust, but a strong tendency was
observed (large effect size when np>>.14). For CYT-B-TUBULIN, F (2, 12) =.87, p=.44,
np?=.13, a significant effect of transfection on PP2AC levels was not shown, but only a medium
tendency (medium effect size when 0.06<np?<0.14). For WLC-P84 a significant effect of the
transfection was observed, F (2, 6) =8.75, p=.017, np?>=0.74. Post-hoc analyses with Tukey's
test indicated that PP2AC levels are significantly increased by USP8 expression compared to
EV (t (6) =3.36; p=0.046) and MIDL (t (6) =3.84; p=0.026). However, for NUC-P84, F (2, 6)
= 2.61, p=0.15, np?=0.47, a significant effect of transfection on PP2AC levels was not shown,

but a strong tendency was observed (large effect size when np?>0.14).
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Figure 36. PP2AC distribution in subcellular compartments. HeLa cells were transfected with GFP-
MID1 or FLAG-USP8 for 48 hours, the control condition was transfected with an Empty Vector (EV).
Cells were fractionated in subcellular compartments: whole cell lysates (WCL), cytoplasm (CYT), and
nuclei (NUC). For loading control, B-TUBULIN was used for the CYT fraction and P84 for the NUC
fraction. Quantification of at least three assays to each condition (n=3) using densitometry analysis with
the Image Lab software. Expression is shown as the ratio between PP2AC and f-TUBULIN for the
WLC and CYT fractions and P84 for the WLC and NUC fractions, each one normalized to the respec-
tive EV. The graph is presented as mean * standard deviation and the PP2AC level of the representative
WB is highlighted in red. For statistical analysis, a One-way ANOVA and Tukey's tests were applied
for multiple comparisons among EV, MID1, and USP8 at each condition (WLC-PP2AC/B-TUBULIN;
CYT-PP2AC/B-TUBULIN; WLC-PP2AC/P84; NUC-PP2AC/P84). WLC-PP2AC/B-TUBULIN
(MID1: M=0.79; SD=0.44; USP8: M=2.58; SD=2.15), CYT- PP2AC/B-TUBULIN (MID1: M=1.24;
SD=0.53; USP8: M=2.20; SD=2.58), WLC- PP2AC/P84 (MID1: M=0.63; SD=0.59; USP8: M=3.54;
SD=1.49), and NUC- PP2AC/P84 (MID1: M=0.53; SD=0.27; USP8: M=1.99; SD=1.36). *p<0.05. An-
tibodies: p-TUBULIN (55 kDa) from Sigma (1:2500); FLAG (200kDa) from Sigma (1:2000); GFP (100 kDa)
from LifeTech (1:2500); P84 (80kDa) from Abcam (1:5000); PP2AC (35 kDa) from Cell Signaling (1:1000).

In this experiment (Figure 36) the downregulation of PP2AC levels when MIDL1 is overex-
pressed is not clear. It has been reported in the literature that MID1 modulates the PP2AC
microtubular pool (Trockenbacher et al., 2001). Interestingly, we observed that MID1 overex-
pression tends to decrease PP2AC levels in the nuclear fraction, the same compartment that
previously was shown where MID1 overexpression can significantly decrease USP8 protein
(Figure 35). It is also possible that MID1 causes a decrease in the nuclear PP2AC protein by
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downregulating USP8, which in turn downregulates PP2AC. This hypothesis is corroborated
by the fact that USP8 overexpression causes a general tendency to increase PP2AC levels in
all compartments, but it is in the nucleus (WLC-P84 in specific) that this effect is more evident
(Figure 36).

In the literature, it was not proven that MID1 can directly ubiquitinate PP2AC, and indeed
some reports demonstrated that MID1 controls PP2AC levels by ubiquitinating a4 (Han et al.,
2011; J. Liu et al., 2001; Watkins et al., 2012). This thesis opens a new perspective namely that
MID1 has a second pathway to control PP2AC levels through the modulation of the USP8
protein amount. Nonetheless, it seems that the effect of MID1 on USP8 is not through direct
ubiquitination, since MID1 is not present in the nuclear compartment. To understand if MID1,

USP8, and PP2AC form a complex, we next investigated their putative interaction.

4.8 Investigating the interaction of MID1, USP8, and PP2AC

Our results demonstrated that PP2AC is a mutual substrate of MID1 and USP8, and in parallel
that USP8 and MID1 regulate each other. To understand if MID1, USP8, and PP2AC form a

complex we investigated their interaction through co-Immunoprecipitation (co-IP) assays.

4.8.1 MID1 is not interacting with USP8 or PP2AC

Firstly, we started to evaluate if PP2AC or USP8 is immunoprecipitated together with MID1.
Regarding PP2AC, there is consistent evidence that MID1 is regulating its protein levels, while
less consistent is the direct interaction of these two proteins (Han et al., 2011; Trockenbacher
etal., 2001; Watkins et al., 2012). To clarify this aspect, HEK293T cells were transfected with
GFP-MIDL1 using the calcium phosphate method for 24 hours. As a control, we used the EV-
GFP and GFP-TRIM32 plasmids. TRIM32 was used as a further negative control because it
belongs to the same family as MID1. Afterward, cells were lysed in non-denaturing conditions
to preserve protein interactions, and the anti-GFP antibody was incubated for three hours at
4°C, followed by incubation with protein G beads for two hours at 4°C. The endogenous
PP2AC protein was analyzed through immunoblot.

Figure 37 represents the IP assay results. Both MID1 and TRIM32 were immunoprecipitated,
despite TRIM32 not being detected in the input lane. All GFP proteins were efficiently
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precipitated (see Unbound lanes). PP2AC, however, was not precipitated together with MID1
(and neither with TRIM32). Previous studies were able to show an interaction of PP2AC with
MID1 using the microtubular protein pool (Trockenbacher et al., 2001). This indicates that
MID1-PP2AC interaction could be cellularly localized and probably not detectable when using
the total extracts. It would be of interest to isolate the microtubular protein fraction to further

perform an IP.
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Figure 37. PP2AC is not immunoprecipitated with MID1. HEK293T cells were transfected with
GFP-MID1 and GFP-TRIM32 for 24 hours, the control condition was transfected with Empty Vector -
GFP (EV-GFP). MID1 and TRIM32 were immunoprecipitated using 1pg of GFP antibody. Total cell
lysate (INPUT), immunoprecipitated proteins (IP), unbound proteins (Unbound). In the IP lanes,
PP2AC was not co-immunoprecipitated either with MID1 or TRIM32 and consistently the proteins are
completely found in the unbound fraction. EV-GFP and GFP-TRIM32 were used as a negative control.
Antibodies: GFP from Sigma (1:2500); PP2AC (35 kDa) from Cell Signaling (1:1000).

A similar experiment was performed to test if USP8 and MID1 are interacting. HEK293T cells
were transfected with X-tremeGENE HP DNA reagent and GFP-MID1 plasmid for 24 hours.
As a control, we used the EV-GFP and GFP-TRIM32 plasmids. Cells were lysed in non-dena-
turing conditions and the anti-GFP antibody was incubated overnight at 4°C with extracts, fol-
lowed by incubation with protein G beads for two hours at 4°C. The endogenous USP8 protein

was analyzed through immunoblot analysis.
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Figure 38 represents the IP assay. In the IP lanes, we can observe that both MID1 and TRIM32
proteins were immunoprecipitated. Next, the USP8 protein was not precipitated together with
MID1 (nor TRIM32). The reason for the lack of co-precipitation of USP8 together with MID1
could be due to the same issue as for PP2AC protein, being confined to the microtubular protein
fraction, not visible when using the total protein amount. This hypothesis is supported by the

IF results, which showed a limited co-localization of USP8 with MID1.
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Figure 38. USP8 is not immunoprecipitated with MID1. HEK293T cells were transfected with GFP-
MID1 and GFP-TRIM32 for 24 hours, the control condition was transfected with Empty Vector - GFP
(EV-GFP). MID1 and TRIM32 were immunoprecipitated using 1ug of GFP antibody. Total cell lysate
(INPUT), immunoprecipitated proteins (IP), unbound proteins (Unbound). In the IP lanes, USP8 was
not co-immunoprecipitated either with MID1 or TRIM32 and consistently the proteins are completely
found in the unbound fraction. EV-GFP and GFP-TRIM32 were used as a negative control. Antibodies:
GFP from Sigma (1:2500); USP8 (200kDa) from Proteintech (1:2000).

4.8.2 The nuclear protein fraction of PP2AC and USP8 co-precipitate

We also wanted to test the possible interaction between PP2AC and USP8. Since PP2AC and
USP8 proteins are widely distributed in the cell, the IP was performed in the extracts of the
different cellular compartments. Hence HEK293T cells were fractionated in the following
compartments: whole cell lysates (WCL), cytoplasm (CYT), and nuclei (NUC). We used the
anti-USP8 antibody or the rabbit IgG antibody as a control in the co-immunoprecipitation as-

say. The antibody was incubated overnight at 4°C, followed by incubation with protein A
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agarose beads for three hours at 4°C. Both endogenous USP8 and PP2AC proteins were ana-

lyzed through immunoblot.

Figure 39 represents the IP assay. In the Input lanes, we can appreciate the endogenous levels
of USP8 and PP2AC on WLC, CYT, and NUC extracts. USP8 protein was efficiently precipi-
tated on CYT and NUC extracts, specifically when the relative antibody was used and not with
the control 1gG. The PP2AC protein was precipitated together with USP8 on the nuclear ex-
tract. It was not possible to check for MID1 presence since there are no specific antibodies for
this protein. Berruti et al showed in spermatogenic cell lines that Usp8 precipitates with Tubu-
lin (Berruti et al., 2010). In our experiments we tried to use TUBULIN as a positive control;
however, TUBULIN is not precipitating with USP8 in HEK293T cells (data not shown).
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Figure 39. PP2AC is immunoprecipitated with the nuclear protein of USP8. HEK293T cells were
fractionated in subcellular compartments: whole cell lysates (WCL), cytoplasm (CYT), and nuclei
(NUC). Total cell lysate (INPUT), immunoprecipitated proteins (IP). In the INPUT, as a control, we
used B-TUBULIN for the CYT fraction and P84 for the NUC fraction. The control condition (CTR)
was performed with normal rabbit IgG antibody and USP8 protein was immunoprecipitated using 1ug
of USP8 antibody. In the IP lanes, the PP2AC band is co-immunoprecipitated with USP8 on the nuclear
fraction. Antibodies: B-TUBULIN (55 kDa) from Sigma (1:2500); P84 (80kDa) from Abcam (1:5000); USP8
(200kDa) from Proteintech (1:2000); PP2AC (35 kDa) from Cell Signaling (1:1000).

The IP shows a co-precipitation of USP8 with PP2AC on the nuclear protein extraction, which
is in concordance with the previous results that showed a prevalence of the USP8 effect on the
nuclear PP2AC protein (Figure 36).

94



5. Conclusions

In this project, we focused on MID1, which when mutated causes the X-linked form of Opitz
G/BBB Syndrome (XLOS). MID1 controls the ubiquitin-mediated proteasomal degradation of
the catalytic subunit of PP2A (PP2AC), one of the major phosphatases in the cell. Although
MID1 mutations lead to an increase in PP2AC levels, the exact mechanism remains unclear.
The main objective of this project is to find DUBs that work in conjunction with MID1 rescuing
the increase of PP2AC level observed upon its mutations.

We found for the very first time that the deubiquitinating enzyme USP8 can regulate PP2AC
levels. When USP8 is overexpressed, it increases PP2AC and consistently decreases it when
USP8 is silenced. Moreover, the effect of USP8, likely through PP2AC regulation, has reper-
cussions on the mTOR pathway, specifically on the phosphorylation of 4E-BP1. The first con-
clusion is that USP8/MID1 is a functional pair that controls the degradative fate of PP2AC,
and consequently the phosphorylation levels of 4E-BP1. USP8 might be an important element
to understand the complex pathway of mTOR in different cellular contexts.

The second achievement was the discovery of the USP8/MID1 as mutual regulatory pair. In
MEFs from Midl KO, the Usp8 protein levels were upregulated. We also found that USP8
levels were decreased in both the cytoplasmic and nuclear fractions when MID1 was
overexpressed. We discovered for the very first time that MID1 regulates a DUB protein level,

which in turn regulates a common substrate.

Focusing on the proposed MID1/USP8/PP2AC complex, we discovered that PP2AC in the
nuclear fraction was decreased when MID1 was overexpressed and increased when USP8 was
overexpressed. Overall, MID1 controls the levels of USP8 in the cytoplasm and nucleus, and
both MID1/USP8 control the levels of PP2AC, a mutual substrate, in the nuclear fraction. We
hypothesize that MID1 is causing the decrease of nuclear PP2AC by downregulating USP8
protein in the nucleus and thus USP8 downregulates PP2AC. This thesis presents an alternative
perspective, namely that MID1 controls PP2AC levels through the modulation of USP8 pro-

tein.

Although MID1, USP8, and PP2AC establish a functional relationship, they do not necessarily
physically interact, since MID1 is on the microtubules and the main effects on USP8 and
PP2AC are observed in the nucleus. The modulation of the different protein levels may occur
through a direct (de)ubiquitination of the USP8/MID1 pair. Indeed, we did not find a
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significant physical interaction of MID1 with USP8. Likely the regulation of MID1 on USP8
levels does not involve direct ubiquitination of USP8, but rather an intermediary enzyme be-
tween USP8 and MID1, which for example can affect the transport and/or degradation of
USP8. Even the interaction of USP8 with PP2AC was restricted to the nuclear fraction, which

is the compartment with the main effects of USP8 activity on PP2AC levels.

To conclude, we discovered a new DUB/TRIM pair that works in a coordinated manner. MID1
controls the levels of USP8 in the cytoplasm and nuclear, and both MID1/USP8 control the
levels of PP2AC, a mutual substrate, in the nucleus fraction. Considering that MID1/USP8 pair
is controlling PP2AC mainly in the nucleus, this pair is also probably affecting prevalently the
phosphorylation of the nuclear 4E-BP1 (Figure 40). Indeed, 30% of the 4E-BP1 expressed in
cells is located in the nucleus, where it regulates the availability of EIF4E for the cytoplasmic

translational machinery, by retaining EIF4AE in the nucleus (Qin et al., 2016).

Microtubules Microtubules

[ - )
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Figure 40. Model of MID1, USP8, and PP2AC as a complex. MID1 can interfere with the
proteasomal degradation of USP8 through an indirect pathway (the intermediary is still unknown), in
the cytoplasm and nucleus. For instance, USP8 can regulate PP2AC in the nucleus, which has
repercussions on the mTOR pathway. The hypothesis is that the lack of MID1 would lead to the increase
of USP8 in the nucleus, which in turn upregulates PP2AC and consequently represses the
phosphorylation of 4E-BP1, which leads to the downregulation of several MRNAs. Abbreviations: MID1:
Midlinel; Ub: Ubiquitin; PP2AC: catalytic subunit of the protein phosphatase 2A.
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Figure 40 shows a proposed model of the MID1/USP8/PP2AC complex dynamics. Overall,
the lack of MID1 would lead to an increase of USP8 in the nucleus, which in turn increases
PP2AC and consequently represses the phosphorylation of 4E-BP1, leading to the downregu-
lation of several MRNAs. In this hypothesis, the well-studied effects of MID1 on the PP2AC

and mTOR pathway are achieved thanks to a new intermediary, the USP8.

It is important to bear in mind that this pathway was mainly observed in HeLa cells, an adult
and tumorigenic cell type. However, the main role of MIDL1 is in embryonic development
where specific pathways are activated. So, it would be interesting to explore this
MID1/USP8/PP2AC complex in embryonic cells and disease models (MEFs with Mid1 KO),
especially as USP8 is a potential druggable target.
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