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EPIGRAPH

We carve out groups of stars in the heavens, and call them constellations, and the stars patiently
suffer us to do so—tho if they knew what we were doing, some of them might feel much
surprised at the partners we had given them...

we humanly make an addition to some sensible reality, and that reality tolerates the addition.

William James
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ABSTRACT OF THE DISSERTATION

PSME3 Regulates Migration and Differentiation of Myoblasts

by

Kenneth David Kuhn

Doctor of Philosophy in Neurosciences
University of California San Diego, 2025

Professor Brenda Bloodgood, Chair
Professor Martin Hetzer, Co-Chair

The acquisition of cellular identity requires large-scale alterations in cellular state. A cell
must not only reorganize its nuclear contents to facilitate the expression of necessary genes while
silencing those required for stem-like character, but differentiation also often entails dramatic
reorganization of the cytoplasmic contents. The number of proteins required for this process is

prodigious and may well count among its number the non-canonical proteasome activator
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PSME3. PSME3 is known to regulate diverse cellular processes in both the nucleus and
cytoplasm, but its importance for differentiation remains unclear. To this end, we have
undertaken a series of studies using the C2C12 mouse myoblast cell line.

In Chapter 1, | provide a detailed introduction of proteasome biology with a particular
focus on PSME3. I discuss major findings pertaining to PSME3’s function, enumerate its many
degradation targets, discuss its known biochemical properties, and note the existing evidence for
its role in differentiation.

In Chapter 2, | investigate the association of PSME3 with the chromatin and find its
widespread association with highly active promoter regions. | further identify the transcriptional
protein RPRD1A as an interaction partner that may facilitate this association. Finally, |
demonstrate that, though it associates with highly active genes, loss of PSME3 has no effect on
gene expression across differentiation.

In Chapter 3, | show that PSME3 is important in differentiating myoblasts for its ability
to regulate cell migration and the formation of myotubes. | demonstrate that loss of PSME3 is
accompanied by an altered abundance of cell-adhesion-related proteins, which may be affected
by an interaction of PSME3 with the chaperone NUDC. | attempt to elucidate a potential
mechanism for these functions and show PSME3 mediates differentiation in a cell-intrinsic,
proteasome-independent mechanism.

In Chapter 4, | analyze the sum of my work, place it into the broader context of PSME3
function, and speculate on what future efforts would prove fruitful to better understand this

elusive protein.
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Chapter 1 Introduction



1.1 Proteasome Biology
The proteasome is the principal protease in both the nucleus and cytoplasm of eukaryotic

cells. It is responsible for both the timely degradation of proteins involved in several central
cellular processes, including transcription, signal transduction, and cell division, as well as the
disposal of old or damaged protein molecules (Bard et al., 2018). As such, the proteasome serves
a critical role in cellular physiology.

The proteasome is composed of two major functional units. The first is its barrel-like
core, termed the 20s proteasome, while the second is a regulatory cap which can bind to either
end, of which there are many types. The 20s component is composed of four stacked rings each
of seven components. The two inner rings are composed of beta subunits form a cavity
containing catalytic threonine proteases, and the outer rings of alpha subunits form a 13 A pore
through which proteasomal substrates must pass before being degraded (Stadtmueller and Hill,
2011). Three distinct types of proteolytic activities are performed within the proteasome:
chymotryptic, tryptic, and caspase-like (Geng et al., 2012). Though in certain cases the 20s
proteasome is capable of unassisted degrading proteins, most proteasomal activity has been
described in the context of its association with regulatory caps, which alter the set of recognized
substrates, open the pore of the 20s core, and, in some cases, alter its catalytic activity
(Deshmukh et al., 2023). It should be noted that, as the 20s subunit is symmetrical, two distinct
caps may associate with a single proteasome at either end. The function of these “hybrid”
proteasomes remains elusive and is an active area of study (Thomas et al., 2023).

The most well-studied of these regulatory caps is the 19s subunit, which, together with
the 20s core, forms what is known as the 26s proteasome. The 19s subunit is a large heteromeric
structure which recognizes its cargo through the presence of ubiquitin, which canonically is
conjugated in a chain by lysine residue 48 of the ubiquitin molecule (though monoubiquitination,
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Figure 1.1: The Structure of the Proteasome. The proteasome is composed of both the catalytic
20s core responsible for protein degradation, as well as an adaptor subunit. The canonical cap,
termed the 19s, is a large protein complex that recognizes cargo through the presence of a
polyubiquitin chain and unfolds these target proteins using ATP prior to insertion into the 20s
core. PSME3 is an alternative regulatory subunit and is distinct from the 19s cap in that it neither
recognizes ubiquitin nor requires ATP to translocate its substrates into the 20s core.



SUMOylation, or the presence of intrinsically disordered domains may also serve as degradation
cues) (Ben-Nissan and Sharon, 2014; Manohar et al., 2019; Son et al., 2023). This signal is
recognized by one of several ubiquitin-binding protein components contained within the ring of
the 19s subunit (Rousseau and Bertolotti, 2018). Through ATP hydrolysis, the target protein is
unfolded and translocated into the 20s core, while several deubiquitinating components of the
19s simultaneously remove the conjugated ubiquitin chains (Majumder and Baumeister, 2019).
This process is further aided by the capacity of the 19s subunit to allosterically stimulate the
opening of the entry pore into the 20s core through a “key in a lock” mechanism through
association of the C-termini of several 19s subunits with the alpha ring of the 20s core (Smith et
al., 2007). The 19s-capped form of the proteasome represents, in most cell types studied, 30% of
all cellular proteasome complexes by number, second only to the uncapped 20s, which represents
50% (Ben-Nissan and Sharon, 2014; Brooks et al., 2000; Fabre et al., 2013; Savulescu and
Glickman, 2011; Tanahashi et al., 2000).

However, alternative regulatory caps of the proteasome have been found that do not rely
on ATP for the unfolding and translocation of the target protein, or on ubiquitin for substrate
recognition. The two major groups represented in this family are the PA28 proteins and PA200.
PA200 is a large, monomeric protein found exclusively in the nucleus and has been found to be
important for degradation of histones to facilitate repair after DNA damage, enable
spermatogenesis, and maintain the stability of histone marks (Jiang et al., 2021; Qian et al., 2013;
Z.-H. Zhang et al., 2020). Though the 19s subunit is the most observed cap in most cell types,
PA200 has been shown to associate with 90% of proteasome complexes in testicular tissues,
indicating a particularly specialized role (Qian et al., 2013; Ustrell et al., 2002). While the

general mechanism for substrate recognition by PA200 is unclear, it is known to recognize



acetylated histones through its bromodomain (BRD)-like domain (Mandemaker et al., 2018;
Qian et al., 2013). Further, PA200 possesses the ability to open the pore of the 20s core, as well
as allosterically influence the character of its proteolytic activity from chymotrypsin-like to
trypsin-like (Thomas et al., 2023).

Like the 20s, 19s, and PA200 subunits, the PA28 family of regulatory subunits was
present in the ancestor common to all eukaryotes (Fort et al., 2015). However, this early
organism possessed only a single ancient PA28 protein which was to undergo several
duplications in jawed vertebrates. As such, mammals express three members of the PA28 family:
PA28a (PSME1), PA28B (PSME2), and PA28y (PSME3, though also known as 11s REGy or Ki
nuclear autoantigen). One likely hypothesis is that PA28y (hereafter referred to as PSME3)
represents the slow-evolving ancestral variant, and so retains the functions that that protein
possessed, while PA28a and PA28[ were freed to develop new roles (Fort et al., 2015).

PA28a and PA28p form a heteroheptamer commonly known as PA28af, which generally
possesses a cytoplasmic localization (Thomas et al., 2023). Like the 19s subunit, PA28af can
effect structural changes in the 20s core to elicit pore opening and substrate entry (Knowlton et
al., 1997; Stadtmueller and Hill, 2011; Sugiyama et al., 2013; Whitby et al., 2000). While
PA28af} appears to have no intrinsic capacity to regulate the proteolytic properties of the 20s
subunit (Sijts and Kloetzel, 2011), it possesses the ability to act as a “smart sieve” which only
allows exit from the 20s core by peptides that are of the proper length for antigen presentation
(Cascio, 2021; Raule et al., 2014). Further, its ability to stimulate the opening of the 20s pore can
result in a 200-fold increase in peptide degradation rates (Realini et al., 1997; Thomas and Smith,
2022) and may be related to its ability to form a partially closed pore, bound by a highly flexible

cap (Chenetal., 2021; S. C. Xie et al., 2019). Expression of PA28ap is induced by exposure to



interferon-y, which simultaneously elicits the expression of alternative catalytic beta subunits of
the core 20s particle that display altered cleavage preferences and catalytic rates (Sijts and
Kloetzel, 2011). As a result, the altered 20s/PA28af3 complex is also referred to as the
immunoproteasome, as it appears especially well suited to the production of small antigenic
peptides for presentation on major histocompatibility complex (MHC) Class-1 molecules
(Cascio, 2014; Li and Rechsteiner, 2001). Indeed, mice lacking PA28af} show a 50% divergence
from the repertoire of peptides presented by wild-type animals by MHC Class-I (Kincaid et al.,
2011).

Compared to PA28a, the structure and function of PSME3 remains less well understood.
PSME3 forms a homoheptamer that is found predominantly in the nucleus, but how it interacts
with the proteasome and the effects thereof are unclear, and the plausible hypotheses are limited
only by what has been discovered to be true for the other proteasome activators. Some studies
suggest that PSME3 can alter the relative activities of the various proteolytic functions of the
core proteasome similar to PA200, while other studies suggest that no such role exists, and that
PSME3 instead stimulates the 20s core only by opening its pore to allow substrate entry (Thomas
and Smith, 2022; Thomas et al., 2023). Others propose that, like PA28af3, PSME3 may form a
“smart sieve” to regulate the types of products that are able to leave the 20s core (Toste Régo and
da Fonseca, 2019). The most recent results indicate that PSME3 stimulates the trypsin-like
activity of the proteasome and, while it may open the pore, it likely does not act as a selective
sieve. The lack of clear structural information on PSME3 association with the 20s subunit makes
such research difficult, and only recent work has indicated that PSME3 may dock into the 20s
subunit through association with its C-terminal domain in a manner similar to the PA28af3

complex (Chen et al., 2022; Jonik-Nowak et al., 2018). The means by which PSME3 recognizes



its substrates are similarly mysterious, as PSME3 has been documented to degrade such diverse
proteins as p53, p21, SRC-3/AIB1, Smurfl, Oct-1, Hepatitis C virus core protein, and SARS-
CoV-2 nucleocapsid protein (Thomas et al., 2023). Several of these known targets possess
extensive intrinsically disordered domains, which may, however, suggest a potential mechanism
for substrate recognition. Indeed, PSME3 was found to be capable of enhancing the degradation
rates of unfolded proteins in vitro, and not their native counterparts (Frayssinhes et al., 2021).

1.2 PSME3 Biology
PSME3 Expression, Modification, and Localization
PSMES3 is expressed ubiquitously throughout the body, though it is found in especially

high levels in the brain, testes, and spleen (Noda et al., 2000; Yu et al., 2010). Curiously, only a
small fraction of total cellular PSME3 was found to associate with the 20s proteasome in a
survey of nine human cell lines (though has been documented to increase under conditions such
as DNA damage and cancer progression), which is consistent with several potential proteasome-
independent functions, as discussed below (Cascio, 2021; Fabre et al., 2014; Welk et al., 2016).

PSMES3 is largely observed to possess a nuclear localization, which is due to its two
nuclear localization signals (NLSs) (Cascio, 2021). The first, composed of amino acids KKRR at
positions 85-88, likely represents a classical monopartite NLS recognized by the importin o/
pathway (Kosugi et al., 2009). The second NLS, found near the C-terminal at amino acids 243-
246 and reading KRPR, is likely recognized by the same machinery, but appears to be
dispensable for nuclear localization when the 85-88 NLS is present (Zannini et al., 2008).

Under certain circumstances, PSME3 may relocalize from the nucleus into various parts
of the cytoplasm. In SH-SY5Y cells, hypertonic stress results in the formation of cytoplasmic
PSMES3-containing punctae, which also are associated with Bcl2-associated athanogene 2

(BAG2), Hsp70, and the 20s proteasome (Carrettiero et al., 2022). Whether this represents a



dynamic relocalization of PSME3 from the physiological state is unclear, as the localization of
PSMES3 under normal conditions was not shown in these cells.

A mechanism for the regulation of PSME3 localization has been discovered, though how
generalizable it is and whether other mechanisms exist remain unknown. PSME3 can be
SUMOylated by SUMO-1, -2, -3, or p14*RF (ARF) at residues including K6, K14, and K12,
which results in its export from the nucleus into the perinuclear cytoplasm (Kobayashi et al.,
2013; Wu et al., 2011). This alters its access to client proteins and allows it to degrade
cytoplasmic cell cycle regulator p16 in mouse embryonic fibroblasts (MEFs). This relocalization
also appears to regulate the stability of PSME3, as SUMOylated PSME3 was found to be rapidly
degraded once in the cytoplasm.

Other post-translational modifications (PTMs) of PSME3 have been documented.
Phosphorylation of PSME3 by mitogen activated protein kinase (MAPK)/extracellular-signal-
regulated kinase (ERK) kinase kinase 3 (MEKKS3) results in stabilization of PSMES3 levels in
Cos-7 cells through an unknown mechanism (Hagemann et al., 2003). Further, O-linked -N-
acetylglucosamine (O-GIcNAC) at serine 111 of PSME3 was found to promote its degradation of
DEAD box polypeptide 6 (Ddx6), an RNA helicase required for the development of cytoplasmic
processing bodies (P-bodies), which contain mRNA prior to their decay or release for translation
(Pecori et al., 2021). Loss of this glycosylation mark was sufficient to stabilize Ddx6 and result
in the exit of embryonic stem cells from their pluripotent state. Finally, acetylation of lysine 195
on PSME3 promotes its heptamerization, and mutation of this site impairs complex formation
(Liu et al., 2013). The structural consequences for PSME3 of such modifications have not been

uncovered, and how exactly they affect its function largely remains a mystery.



Five splicing variants have been discovered for PSME3 (Bethesda (MD): National
Library of Medicine (US), National Center for Biotechnology Information, 1988). The best-
studied isoform contains eleven exons and produces a protein of 254 amino acids long. It is the
only variant to possess the long C-terminal domain known to be required for 20s proteasome
interactions (Thomas et al., 2023). All other documented transcripts contain only a subset of
these exons, with allowance for some truncations, except for exon 2, which is only present in
three of the less-studied variants and notably absent in the main splicing isoform. The function of
this additional exon is unclear, as are the functions of these lesser-known splicing variants.

PSME3 Functions
The first definitive demonstration that PSME3 is capable of mediating protein

degradation in combination with the 20s subunit was performed with the steroid receptor
coactivator-3 (SRC-3AIB1) in 2006 (Li et al., 2006). In the years since, several other degradation
targets have been proposed. Several of these targets and their associated functions may be found
in Table 1.1 (note that the criterion for inclusion in this table is a demonstrated stabilization of

the substrate upon PSME3 loss rather than in vitro evidence of degradation).



Table 1.1: A non-exhaustive list of PSME3 degradation targets and their functions.

PSME3 Functions

Substrate Name

Substrate Function

p53 (Zhang and Zhang, 2008)

Induction of apoptosis, cell cycle arrest, or
senescence

Smurfl (Nie et al., 2010)

Degradation of BMP-Smad, Wnt and RhoA

Oct-1 (Fan et al., 2019)

Induction of transcription of scavenger receptor
LOX-1 in macrophages

CKle (Chenetal., 2018)

Regulation of cell division, differentiation, and
apoptosis

pl6, p19, p21 (Chen et al., 2007)

Cell cycle regulation

MAFA (Kanai et al., 2011)

Regulation of lens development

SRC-3/AIB1 (Li et al., 2006)

Tumorigenesis-related gene transcription

GSK3 (L. Li et al., 2015)

Regulation of Wnt/B-catenin signaling

PTTGL (Ying et al., 2006)

Coupling of sister chromatids before anaphase

HCV core protein (Moriishi et al., 2007)

Encapsulation of HCV genomic RNA

SARS-CoV2 nucleocapsid protein (H.
Zhang et al., 2020)

Encapsulation of SARS-CoV2 genomic RNA

KIf2 (Sun et al., 2016)

Negative regulation of NF-xB

RBM3 (Xie et al., 2023)

RNA homeostasis

LHX2 (Gao et al., 2021)

Potentiation of Wnt signaling in stem cells

IxBe (Xu et al., 2016)

Sequestration of NF-kB away from chromatin

SirT1 (Dong et al., 2013)

Cellular deacetylation

PKAca (Liu et al., 2014)

Cell signaling

IFR8 (Zhou et al., 2020)

Myeloid cell maturation transcription

SMAD? (Jiao et al., 2020)

TGF-p signaling antagonism

c-Myc (Chen et al., 2018)

Transcriptional activation

LATS1 (Wang et al., 2018)

Regulation of mitosis
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The functions of PSME3 are just as diverse as its many degradation targets. Though,
perhaps somewhat surprisingly, PSME3 is not an essential protein, and mice that lack PSME3
survive through development (Murata et al., 1999). However, several phenotypes become
apparent. In line with PSME3’s role in the degradation of several cell cycle regulators, mice
lacking PSME3 have a stunted growth rate and reduced adult body mass compared to wildtype
counterparts. A study of fibroblasts isolated from these animals revealed a reduced fraction of
cells in S or G2/M phase of mitosis (Barton et al., 2004). This may be the result of a reduction in
the length of S phase duration (Fesquet et al., 2021), though other studies in both human cancer
cells and in Drosophila demonstrate an arrest at the G1/S transition upon PSME3 loss (Lei et al.,
2020; Masson et al., 2001), which is plausibly the result of the stabilization of p21 (Chen et al.,
2007; Li et al., 2007).

In addition to reduced growth rates, mice lacking PSME3 also experience a more rapid
age-related decline in health. These mice show an earlier, more rapid loss of body mass, and
increased mortality starting at 60 weeks of age, which is accompanied by an increase in signs of
DNA damage (Li et al., 2013). These effects are generally understudied, but the authors of this
work suggest that a global increase in p53 levels across bodily tissues may be responsible for the
accelerated aging observed in these animals.

Despite early characterization of PSME3 KO mice as fully fertile (Barton et al., 2004,
Murata et al., 1999), subsequent studies discovered that loss of PSME3 results in reduced sperm
number and motility, potentially through and elevation of p53-mediated repression of Plzf
expression, a protein necessary for the early stages of spermatogenesis (Gao et al., 2019). This
finding recalls the observation that loss of another proteasomal cap PA200 results in similar

failures in spermatogenesis. Indeed, concurrent loss of both PA200 and PSMES3 result in
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complete male infertility, a stronger phenotype than loss of either alone (Huang et al., 2016).
While sperm are still produced in these double knock-out animals and retain the formal capacity
to fertilize an egg, they exhibit remarkable motility defects. This is accompanied by high levels
of oxidative damage markers and an increase in ubiquitin staining in sperm cells, indicating
deficit in proteasomal function.

In line with its role as a negative regulator of both p53 and p21, PSMES is upregulated in
several forms of cancer. Indeed, upregulation of PSME3 has been associated with an increase in
cell proliferation rates, migration rates, and invasive capacity in endometrial, thyroid, breast, and
lung cancers, as well as renal carcinomas and multiple myelomas (Bhatti et al., 2019; Chen et al.,
2018; Liu et al., 2018; Tong et al., 2020; Wang et al., 2015; Yi et al., 2017). In addition, PSME3
is a known negative regulator of the oncogenic proteins SRC-3/AIB1, a transcriptional
coactivator capable of regulating cell proliferation and migration in myriad cancers (Li et al.,
2006; Mao et al., 2008), and PTTG1, a mitotic checkpoint protein often overexpressed in thyroid
cancer (Ying et al., 2006).

PSMES3 levels have also been negatively correlated with rates of apoptosis. Fibroblasts
derived from mice lacking PSME3 show an increase in rates of apoptosis (Murata et al., 1999)
and a correlation has been established between PSME3 levels and susceptibility to apoptosis in
several cancer lines (Cascio, 2021). This is potentially the result of an increase in caspase
activity through increased levels of p53 in the absence of PSME3 (Moncsek et al., 2015).

Additionally, PSME3 appears to have a role in regulating immune function. Mice lacking
PSMES3 display a slightly reduced number of CD8+ T cells and a reduced ability to clear a
pulmonary fungal infection but were found to have no alterations in antigen presentation by the

MHC Class-1 complex in a physiologically normal state (Barton et al., 2004; Murata et al.,
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1999). Indeed, PSME3, unlike PA28af, reduces rather than increases the variability of peptides
that are suitable for MHC Class-I presentation (Frayssinhes et al., 2021). Overexpression of
PSME3 was found to reduce the presentation of tumor-associated antigens (TAAS) through
destruction of pioneer translation products (PTPs) generated in the nucleus from nascent mMRNAs
(Boulpicante et al., 2020). Additionally, a positive feedback loop has been discovered between
PSME3 and NF-«xB in mouse macrophages in response to bacterial infection, such that PSME3
degrades KLF2, an inhibitor of NF-kB activity, which then in turn increases PSME3 expression.
When PSME3 is lost, so is the positive interaction between PSME3 and NF-«xB activity, thus
weakening the host’s immune response (Sun et al., 2016). Curiously, a separate study
demonstrates a negative regulation of NF-xB by PSME3 in mouse macrophages of similar
preparation; the cause for this discrepancy remains unclear (Yan et al., 2014). Nevertheless, the
bulk of evidence appears to indicate a positive regulation of NF-xB by PSME3 (Liu et al., 2018;
Yan et al., 2014).

However, degradation of KLF2 is not the only means PME3 possesses to regulate NF-xB
signaling. PSME3 may also degrade NF-«xB regulator IxBe, which sequesters NF-kB from the
chromatin so it may not regulate transcription (Xu et al., 2016). This study was also performed in
mice, but in intestinal crypt cells in mice treated with dextran sodium sulfate in an experimental
model of colitis. This mechanism of regulation was later found to also occur in Leydig cells (T.
Xie et al., 2019). Whether this additional regulatory mechanism occurs in mouse macrophages
(where degradation rates of the closely related protein IkBa were unchanged by PSME3 loss)
remains unclear (Sun et al., 2016).

Further functions continue to be attributed to protein degradation by PSME3, and

enumeration of each of these functions will likely not shed light on any additional principles of
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its function. Suffice it to say, PSME3 has been implicated in protecting against a high fat diet by
elevating levels of SirT1 (Dong et al., 2013), regulate vascularization through degradation of
PKAca and subsequent alteration of FoxO1 activity (Liu et al., 2014), promote aortic dissection
by inhibiting RBM3 (Xie et al., 2023), and regulate the hair cycle by stabilizing Lgr5 in hair
follicle stem cells (Gao et al., 2021). It is clear that PSME3 performs wide-ranging functions
within the cell, many of which likely remain to be uncovered.

That said, the various functions ascribed to PSME3 seem to outnumber the sum of its
degradation targets, and some functions have been attributed to PSME3 without the
identification of a corresponding proteolytic event. For example, PSME3 localizes to sites of
DNA damage and recruits both 20s and 19s proteasome components to facilitate DNA repair. As
a result, loss of PSMES3 sensitizes several cell types to radiation treatment (Levy-Barda et al.,
2011; Zhu et al., 2024). Further, though no functional consequences for gene transcription or
MRNA splicing were observed, loss of PSME3 has also been found to regulate promyelocytic
leukemia protein (PML) body number (Zannini et al., 2009), alter nuclear speckle structure, and
impair recruitment of splicing factors to sites of active transcription (Baldin et al., 2008), while
an overexpression of PSME3 was shown to disrupt Cajal body structure (Cioce et al., 2006).

Indeed, some functions of PSME3 have been explicitly demonstrated to occur entirely
independently of the 20s proteasome. For example, PSME3 has been shown to localize to the
chromosomes in telophase and to be necessary for mitotic arrest following spindle damage
(Zannini et al., 2008). As such, loss of PSME3 function was associated with aneuploidy,
supernumerary centrosomes, and multipolar spindles in U20S cells as well as primary
fibroblasts from transgenic mice. Strikingly, the mitotic arrest phenotype can be rescued by

expression of a PSMES3 variant that can no longer associate with the 20s proteasome, thus
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rendering it incapable of effecting protein degradation. A similar mutation was found to have no
effect on PSME3’s ability to regulate global heterochromatin compaction in conjunction with
HP1pB (Fesquet et al., 2021). We discuss the possibility of these proteasome-independent
functions in the following section.

Mechanisms of PSME3 Action
As discussed earlier, information about the interactions between PSME3 and the 20s

proteasome are sparse, and only in the last two years have high resolution protein structures been
produced (Chen et al., 2021; Thomas et al., 2023). However, these studies have revealed a
remarkable structural similarity between PSME3 and PA28af when bound to the core
proteasome. Most functional knowledge about PSME3 interactions come indirectly from studies
of these closely related proteins, and so a brief discussion of the structural similarities between
the PA28 members becomes necessary (Zhang et al., 1998).

The structure of the PA28 monomers (including PSME3) consists of four alpha-helices of
33-45 residues in length (Knowlton et al., 1997). The C-terminal tails (considered to be
somewhere between 10 and 14 residues in length) of each monomer tucks into the outer surface
of the 20s proteasome to mediate binding (Cascio, 2021; Fesquet et al., 2021; Ma et al., 1993;
Smith et al., 2007; Stadtmueller and Hill, 2011). The linker region between helices one and two
contains a highly disordered linker region not resolved by crystallography (Rechsteiner et al.,
2000), while the highly conserved region between helices two and three, termed the “activation
loop,” is necessary for proteasome activation (namely, gate opening) (Cascio, 2021; Zhang et al.,
1998).

The discovery of this activation loop was the result of a mutagenesis study performed on
PA28a (Zhang et al., 1998). While many point substitutions are sufficient to abrogate 20s-

binding capacity of PA28a, a specific mutation in the activation loop, N146Y, had no effect on
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20s-binding but destroyed all proteasome-activation properties of PA28a in a dominant-negative
fashion. A similar mutation in PSME3, N151Y, was found to produce a similar disruption of
proteasome activation without impairing PSME3’s physical association with the 20s core. Also
of note was the observation that mutations in the homolog-specific insert region were found to be
dispensable both for oligomerization of PA28a and its activation of the proteasome. A further
mutation near the end of helix three, K188E/D, was found to generate a hyperactive PSME3
variant which could stimulate not only the trypsin- but also the chymotrypsin-like activity of the
20s core (Li et al., 2001). Whether this helix is the region that mediates the long-range allosteric
interactions necessary for the physiological stimulation of the core particle’s trypsin-like activity
is unclear, and requires additional biophysical evidence (Thomas and Smith, 2022).

These mutations have been used as a toolkit to investigate the various functions of
PSMES3. For example, in the investigation of degradation of SRC-3/AIB1, it was found that
overexpression of the N151Y mutant was unable to induce degradation of this target protein (Li
et al., 2006). While it is firmly established that asparagine 151 is critical for activation of the
proteasome, and therefore necessary for PSME3-mediated protein degradation, it has recently
been discovered that PSME3 may perform several proteasome-independent functions. For
example, it was found that PSME3 mutations in the activation loop G150S and N151Y (both of
which render the protein unable to activate, but still able to bind the proteasome) or mutation at
the C-terminal residue P245Y (which abrogates proteasome binding entirely) had no effect on
PSMES3’s ability to degrade p53 (Zhang and Zhang, 2008). Instead, PSME3 was found to
facilitate the interaction of MDM2 and p53 through its homolog specific insert region. MDM2 is
thereby able to ubiquitinate p53 and induce its degradation by the canonical 26s proteasome. In a

similar, though less thoroughly investigated example, mutations either at N151Y or K188D (the

16



hyperactive mutant) were sufficient to alter the degradation rates of known PSME3 target p21
but have no effect on degradation of MAFA (Kanai et al., 2011). In a separate study, it was
found that deletion of the final fourteen amino acids at the C-terminal, a manipulation akin to
mutation at P245, has no effect on PSME3’s ability to regulate the compaction of H2B histones
in heterochromatic regions (Fesquet et al., 2021). It is therefore likely that PSME3 may serve
many additional functions independent of its ability to directly activate the proteasome.

A function for proteasomal activators independent of protein degradation is not without
precedent. The 19s cap has been shown to remodel the multifunctional co-activator complex
SAGA through a 20s-independent mechanism, and instead likely employs only its chaperone-
like activity to achieve this goal (Lim et al., 2013). Further, mutations of the 19s are sufficient to
induce transcriptional defects in basic in vitro systems derived from yeast cell extracts (Ferdous
et al., 2001). Other examples of proteolysis-independent functions of the 19s cap have been
described, including processing of the Gal4 transcription factor in yeast, though the absence of
the 20s complex has not been definitively established (McCann and Tansey, 2014).

Altogether, while these results firmly indicate that PSME3 may associate with the 20s
proteasome to mediate protein degradation, this is not its sole mechanism of action. What the
mechanism of these functions may be is uninvestigated, though may conceivably be through
chaperone or scaffold-like activities.

1.3 The Proteasome and Transcription
The 26s Proteasome in Transcription
Despite being possessed of several nuclear-specific regulatory subunits, the canonical 26s

proteasome, often restricted to the cytoplasm in conception, may be found in the nucleus as well,
and the varied challenges that face the transcriptional system provide ample opportunity for

contribution by this versatile complex (Geng et al., 2012).
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Indeed, discovery of proteasomal subunits at active transcriptional complexes predated
the characterization of the subunits themselves (McCann and Tansey, 2014). A mutation in a
component of the 19s cap, termed Sugl (also known as PSMC5), was found to act as a
suppressor for a C-terminal deletion of the Gal4 gene in yeast (Swaffield et al., 1992). Sugl was
soon found in a preparation of RNA pol Il (RNAPII) holoenzyme and was therefore considered
to be a component thereof (Kim et al., 1994). It was only after this fraction was further found to
copurify with a protein fraction containing proteolytic activity that it was identified as a
component of the 26s proteasome (Rubin et al., 1996). Despite not serving as a core component
of the RNAPII holoenzyme, following studies showed a clear relationship between levels of
transcription and presence of the proteasome. Induction of the Gal1-10 promoter in yeast rapidly
recruits PSMCS5 not only to the promoter where Gal4 binds, but also the entire length of the gene
body (Geng and Tansey, 2012). Furthermore, cessation of transcription results in rapid
dissociation of the proteasome from the gene. This phenomenon appears to be generalizable, as
transcriptional activity in yeast appears to be positively correlated with proteasome binding at a
genomic level (Auld et al., 2006).

Proximity alone does not imply function, though important roles for the 26s proteasome
in the regulation of transcription have since been uncovered, and certainly protein degradation by
the proteasomal is a central component. Proteasomal inhibition results in global increases in
ubiquitination of chromatin-bound proteins by 80% (Catic et al., 2013). These changes are
especially enriched near transcriptional start sites and appear to be critical for proper regulation
of transcription. Inhibition of the proteasome for six hours results in an 8.1-fold increase in log 2

gene expression variance, revealing the importance of protein turnover at the chromatin.

18



Several degradation targets of the 26s proteasome at the chromatin have been identified
and studied in detail. In line with its association with active promoters, the 26s proteasome is
involved in regulation of transcriptional activation. Glucocorticoid receptors are rapidly cycled at
the chromatin through the combined action of chaperones and the proteasome, which serve to
finely tune their transcriptional activity (Stavreva et al., 2004). Further, the valence of
transcription factor activity, determined by their association with different co-activators, is
subject to proteasomal regulation. Association of the LIM homeodomain (LIM-HD) transcription
factors with cofactor of LIM-HD proteins (CLIM) cofactors repress their transcriptional
activation function. CLIM factors may be degraded by the 26s proteasome, altering LIM-HD-
activated gene expression (Ostendorff et al., 2002). Finally, transcriptional activators, such as
Gal4, may require proteolytic processing by the 26s proteasome before they are capable of
activating transcription (Lipford et al., 2005; McCann and Tansey, 2014).

While proteasomal inhibition does not universally impede transcription, there may still
exist a role for it in the regulation of transcriptional initiation, elongation, and termination. The
26 proteasome may be recruited to the transcriptional elongation complex, and mutations in the
19s subunit result in impaired displacement of histones ahead of the advancing RNA polymerase
complex (Chaves et al., 2010; Pan et al., 2013). Further, inhibition of the proteasome may cause
the polymerase complex to ignore transcriptional termination sites (Gillette et al., 2004). Finally,
though evidence for a common mechanism is lacking, inhibition of the proteasome or mutation
of the 19s subunit may result in changes in deposition of repressive histone marks, having an
additional effect on transcription patterns (Ezhkova and Tansey, 2004).

PSME3 and Transcription
Just as the importance of the 26s proteasome in the regulation of transcription is well-

established, examples of PSME3 performing similar function are abundant. PSME3 is

19



documented to degrade many transcription factors and their regulators (see table 1.1).
Particularly well-studied are the gene expression changes that occur downstream of PSME3’s
regulation of NF-kB, which regulates expression of CRAMP and iNOS in macrophages in
response to an immune challenge, and cytokines in colon epithelial cells in response to dextran
sulfate treatment (Sun et al., 2016; Wang et al., 2018; Xu et al., 2016). Other changes in gene
expression resulted from the study of PSME3’s regulation of SMAD signaling molecules, LGR5,
FOXO01, RBM3, NF-«kB, LHX?2, IRFS, c-Myc, PKA, SRC-3/AIB1, and p53 (Gao et al., 2021;
Jiao et al., 2020; Liu et al., 2014; S. Li et al., 2015; Li et al., 2006; T. Xie et al., 2019; Xie et al.,
2023; Yan et al., 2014; Zhang and Zhang, 2008; Zhou et al., 2020). Additionally, loss of PSME3
in several cancer types resulted in the altered expression of several markers of aggressiveness,
including E-cadherin, N-cadherin, vimentin, and other EMT transcription factors, wherein a
degradation target was not specifically identified (Bhatti et al., 2019; Tong et al., 2020; Yi et al.,
2017).

However, beyond the regulation of the levels of specific transcription factors, evidence
for a more generalized regulation of gene expression by PSME3 is lacking. Indeed, PSME3 was
shown to be critical for global compaction of heterochromatin and the nuclear speckle (Baldin et
al., 2008; Fesquet et al., 2021), but depletion of PSMES3 in stable cell lines had no effect on the
splicing of several endogenous or exogenously expressed genes (Baldin et al., 2008). Further,
global levels of 5-fluorouracil (5-FU) incorporation, a measure of bulk transcription, were
unaffected by either an increase or decrease in PSME3 abundance (Baldin et al., 2008; Cioce et
al., 2006), suggesting that a loss of PSME3-mediated chromatin compaction does not translate to
changes in gene expression. Of course, several published examples of instances where PSME3

does not influence the mRNA level of several select genes exist, though this evidence is naturally

20



quite fragmentary (Dong et al., 2013; Liu et al., 2018). As no global study of the expression of
individual genes had been performed, generalized conclusions could not yet be made.

1.4 The Proteasome and Differentiation
The specification of cell identity, by which a stem cell acquires the characteristics to

carry out the specialized functions of any tissue in the body, requires a major restructuring of
many cellular systems, including gene expression patterns (Strober et al., 2019). Unsurprisingly,
the proteasome, with its generalized function in proteostasis and specialized role in regulating
gene expression, is widely implicated as an important factor for cellular differentiation (Ashok et
al., 2024; Bax et al., 2019; Dasuri et al., 2011; Konstantinova et al., 2008; Leng et al., 2019;
Pinto et al., 2016; Podenkova et al., 2023; Schroter and Adjaye, 2014; Uyama et al., 2012).

The study of PSME3, specifically, in differentiation remains in its incipient stages. In one
study, PSME3 was found to degrade transcription factor IRF8 in dendritic cells, such that loss of
PSMES3 resulted in an increase in surface expression integrin avf38, a consequent increase in
active TGF-B1, and a polarization of Th17 cells towards a non-inflammatory identity in an
experimental autoimmune encephalomyelitis (EAE) model (Zhou et al., 2020). In another study,
PSME3 promoted osteogenic differentiation and inhibited adipogenic differentiation of bone
marrow stromal cells (BMSCs) through interaction with Wnt5a and activation of the Wnt/j3-
catenin signaling pathway (Chen et al., 2024). Beyond these studies, the role of PSME3 in
differentiation remains uninvestigated. Additionally, due to its diverse functions in cellular
physiology, it remains a ripe target for research.

To better understand the role of PSMES3 in differentiation, we sought to investigate its
function in the development of muscle tissue. The functional, contractile unit of skeletal muscle
is the muscle fiber, which is embedded in a network of connective tissue (Sousa-Victor et al.,

2022). The muscle fiber is syncytial, and contains many post-mitotic nuclei contained in a
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common cytoplasm filled with myofibrils, which are in turn composed of many contractile
sarcomeric subunits in series. As with any post-mitotic tissue, maintenance over time is a major
challenge, and the daily stressors placed upon the mechanically active cells make them no
exception. To combat regular damage, embedded in the surrounding basal lamina is a population
of reserve stem cells, known in their quiescent state as satellite cells.

In response to damage to the muscle fiber, satellite cells exit their niche and reenter the
cell cycle (and now are termed myoblasts), coincident with expression of the E-box binding
protein Myogenic Differentiation (MyoD) (Zammit, 2017). MyoD drives expression of many
proteins including the transcription factor myogenin, which coordinates with MyoD to drive cell
cycle exit and subsequent terminal differentiation, while a portion of the population retains its
stem cell potential and enters once more a quiescent state, such that the stem cell population is
maintained.

We chose to study the muscle, in part, because an amenable cell model is readily
available: the C2C12 myoblast cell line. C2C12 cells are a subclone of the parental strain C2,
which was originally isolated from the thigh muscle of a 2-month-old female C3H mouse donor
70 h after a crush injury (Blau et al., 1983; Yaffe and Saxel, 1977). C2C12 cells express MyoD
and divide rapidly in culture until they reach confluency. In conjunction with a withdrawal of
serum, the cells will then begin to express myogenin, exit the cell cycle, and spontaneously form
myotubes, which resemble those found within the muscle tissue in a living animal. In our study,
we find an important role for PSMES3 in the development of myotubes by C2C12 cells. In the
search for a mechanism, we uncover an interesting interaction of PSME3 with two proteins
during differentiation: the RNAPII interactor Regulation of Nuclear Pre-MRNA Domain

Containing 1A (RPRD1A) and nuclear distribution C (NudC), a co-chaperone of the Hsp70/90
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system. We discuss the existing body of knowledge concerning these two proteins in the
following sections.

1.5 RPRD1A
RPRD1A (also known as p15-related sequence, or p15RS) and the closely related protein

RPRD1B (also known as cell cycle-related and expression elevated protein in tumor, or CREPT)
are regulators of the RNAPII complex that are likely mammalian orthologues of the ancestral
protein Rtt103 in budding yeast (Li et al., 2021). These proteins share approximately 80% of
their sequence with one another, and both possess a C-terminal coiled-coil terminus (CCT)
important for dimerization. Both RPRD1A and RPRD1B are expected to form dimers, a process
which enhances their affinity for the RNAPII CTD (Ni et al., 2014). RPRD1A and RPRD1B may
also heterodimerize with one another, though the biological function of the heterodimer remains
unclear. Additionally, both RPRD1A and RPRD1B possess a C-terminal domain (CTD)-
interacting domain (CID) at their N-terminal region, which allows for association of the proteins
with the long C-terminal tail of Rpb1, the largest subunit of RNAPII (Li et al., 2021).

Rpbl is a member of and possesses the major catalytic activity of RNAPII, and is
endowed with a long CTD, composed in mammals of 52 repeats, 21 of which adhere to an
approximate consensus sequence of Y1S2P3T4SsPeS7, and 31 of which diverge therefrom
(Chapman et al., 2008). These residues undergo extensive modification during transcription, and
serve to recruit various effector proteins, such as histone modifiers and chromatin remodelers
throughout initiation, elongation, and termination, as well as processing enzymes required for 5’
capping, splicing, and polyadenylation (Spain and Govind, 2011).

While a full review of the tremendous body of research on elucidating these
modifications is beyond the scope of this work, I will construct here a simple model that will

suffice for our purposes. In general, as RNAPII progresses from the promoter through the gene
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body, phosphorylation of Ser5 is gradually exchanged for that of Ser2 (Hsin and Manley, 2012).
Additionally, Lys7, which may be found in eight of the non-consensus repeats, is mono- and
dimethylated near promoters. These marks are gradually exchanged for Lys7-Ac in the gene
body (Dias et al., 2015). Lys7-Ac is found in 80% of actively transcribed genes where it peaks
+500 bp downstream of the transcriptional start site (TSS) (Schroder et al., 2013), and mutation
of all eight lysine residues in the Rpb1 CTD results in broad defects in gene expression (Simonti
etal., 2015).

In the most recently proposed model, acetylation of Lys7 recruits RPRD1A and RPRD1B
via their CIDs to the CTD of Rpb1 shortly after the initiation of transcription (Ali et al., 2019).
RPRD1A/B function as scaffolds for the recruitment of RPAP2 (Ni et al., 2014), a phosphatase
that targets Ser5P for dephosphorylation, as well as HDACL, which targets Lys7-Ac for
deacetylation. The concomitant emergence of Ser2P as levels of Lys7-Ac are reduced likely
serves to maintain RPRD1A/B recruitment throughout transcriptional elongation (Ali et al.,
2019; Ni et al., 2014). Thus, while enriched in the promoter, RPRD1A/B can be found
throughout the entire gene body of actively transcribed genes (Lu et al., 2012; Ni et al., 2011).
While depletion of RPRD1B in NIH3T3 cells results in a very modest change in gene expression
(Ali et al., 2019), its loss in regenerating intestinal crypt cells of mice results in marked changes
in gene expression (Yang et al., 2021).

A separate suite of functions in regulating Wnt signaling have been attributed to
RPRD1A and RPRD1B, but which has yet to be married to a biochemical description of RNAPII
CTD binding (Li et al., 2021). Wnt signaling results in the nuclear accumulation of beta catenin
where it frees T cell-specific factor (TCF) from its inhibitors which can then recruit histone

acetylase p300 to activate the expression of target genes (Clevers, 2006; Daniels and Weis,
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2005). In the absence of Wnt signaling, RPRD1A associates with TCF at the promoter to prevent
its formation of a complex with beta catenin and additionally recruits HDAC2 to deacetylate the
target gene (Liu et al., 2015). Once stabilized by Wnt signaling, beta catenin can sequester
RPRD1A away from the promoter region, allowing TCF to activate gene expression (Wu et al.,
2010). Of note, homodimerization is required for the inhibitory effect of RPRD1A on Wnt
signaling, suggesting that this function may involve less cooperation between the two proteins
than regulation of RNAPII’s CTD (Fan et al., 2018). Indeed, RPRD1B appears to have a role
opposed to RPRD1A in the context of beta catenin signaling, Wnt stimulation induces the
recruitment of RPRD1B to the promoters of Wnt target genes where it stabilizes the TCF and
beta catenin complex and enhances its association with the promoter, facilitating the recruitment
of chromatin modifiers such as p300 (Zhang et al., 2014).

1.6 NUDC
NUDC was originally identified through a screen in the filamentous fungus A. nidulans,

where it was found to be responsible for the migration of nuclei into the mycelium after mitosis
(Osmani et al., 1990). Subsequent functional studies revealed that point mutation L279P of
NudC resulted in the decrease of a putative client protein lissencephaly protein 1 (LIS1), a
protein known to regulate the activity of the dynein motor. It became clear from this study that
NudC acts to stabilize LIS1 through interacting with HSP90 and serving as a co-chaperone (Zhu
et al., 2010).

Protein folding is a complex, active process mediated by many proteins, of which Hsp90
is only one part. Indeed, while Hsp90 is central to the processing of many protein clients, it
normally mediates only the final stages of folding (Moran Luengo et al., 2018; Rosenzweig et
al., 2019). Earlier steps are mediated by the more promiscuous Hsp70, which in turn both

receives its cargo from and has its folding activity stimulated by the class of co-chaperones
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known as Hsp40s (Rosenzweig et al., 2019, 2017). As might be expected, a major issue in
protein folding is the proper transfer of cargo from one chaperone complex to the next. The
Hsp70-Hsp90 organizing protein (Hop) is a well-studied co-chaperone known to facilitate the
transfer of proteins between Hsp70 and Hsp90 under certain contexts (Wegele et al., 2006).
However, it appears to only be necessary for the folding of a small subset of proteins, suggesting
the presence of other transfer proteins (Sahasrabudhe et al., 2017). Indeed, NudC fulfills the
same function, and does so through interaction sites independent of that used by Hop (Biebl et
al., 2022).

While an interaction with the Hsp90 complex would position NudC to regulate a wide
range of cellular functions, the number of roles attributed to NudC are still limited. Indeed,
because of its original association with LIS1 and the dynein system, many studies of NudC
concern themselves with this function. NudC has since been shown to interact with both dynein
and dynactin and be important for both anterograde transport on microtubules and cell migration
(Aumais et al., 2001; Islam et al., 2020; Yamada et al., 2010). It additionally appears to be
important at other microtubule structures, including the microtubule organizing center (MTOC)
where it plays an important role in chromosome segregation (Aumais et al., 2001; Zhou et al.,
2003), and at the primary cilium where NudC regulates ciliary length and number (Zhang et al.,
2016). Other studies have examined its function outside of the context of microtubules, where it
has been found to play an organizing role in the actin cytoskeleton as well. NudC localizes to the
leading edge of migrating RPE-1 cells where it stabilizes cofilin 1 and filamin A, and its loss
results in reduced rates of cell migration (Liu et al., 2021; Zhang et al., 2016).

The proteasome and chaperone system share similarities not only for their central role in

maintaining proteostasis but also face similar challenges in altering the secondary structures of
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their client proteins. As such, one might easily imagine interactions between these systems. For
example, proteins that are improperly folded by the chaperone system would require prompt
degradation by the proteasome (Esser et al., 2004). Unsurprisingly, the involvement of the
chaperone system in protein degradation is widespread, and the Hsp70/90 system has been
shown to be necessary for the degradation of misfolded proteins in many contexts (Abildgaard et
al., 2020; Jawed et al., 2022).

Many proteins are known to mediate the release of unfolded cargo from chaperones such
as Hsp70, though direct mediators between the chaperone and proteasome system remain less
well-studied (Abildgaard et al., 2020). Of interest, however, is the Bcl2-associated athanogene
(BAG) family of proteins, as well as the protein carboxyl terminus of HSC70-interacting protein
(CHIP). CHIP may interact directly with Hsp70 and ubiquitinate its cargo (McDonough and
Patterson, 2003). BAG-1 then binds the Hsp70/cargo/CHIP complex through its C-terminal BAG
domain and, through its N-terminal UBL domain, associate with the 19s particle of the 26s
proteasome (Abildgaard et al., 2020). This binding event leads to release of the cargo by
stimulating nucleotide exchange of Hsp70 and the cargo’s degradation by the proteasome. The
closely related protein BAG-6 likely does not interact with Hsp70 but rather acts as a chaperone
in a separate complex for proteins destined for membrane insertion (Ganji et al., 2018). If the
cargo is unfit for such a purpose, it is ubiquitinated, and the BAG-6 complex directly associates
with the 19s particle of the proteasome to release its cargo for degradation (Minami et al., 2010).

Interestingly, BAG-2 has been found alongside PSME3 in cytoplasmic condensates under
conditions of cellular stress (Carrettiero et al., 2022). BAG-2 mediates nucleotide exchange of
Hsp70, similarly to BAG-1 (Qin et al., 2016). However, unlike BAG-1, BAG-2 inhibits the

ubiquitination activity of CHIP, which has unknown consequences for protein degradation. The

27



discovery of these proteins in association with both PSME3 and the 20s proteasome indicate that
the interactions between the proteasome and chaperone system may not be mediated by the 19s
particle alone. How NudC situates itself among these interactions remains uninvestigated.

Rationale and Hypotheses
PSMES3 is a non-canonical regulatory cap of the proteasome with well-established

importance in aging, tumorigenesis, and cell signaling. Several facets of its activities remain
investigated, however, and remain ripe areas of research. Despite PSME3’s capacity to organize
diverse nuclear structures such as heterochromatin, nuclear speckles, and Cajal bodies, little
evidence has been collected on whether these have a functional consequence for the cell. Indeed,
studies of gene expression are inconclusive due to a lack of untargeted assays, and whether
PSME3 serves a similar function in transcription as the canonical proteasome remains unknown.
Furthermore, despite being regarded as a regulatory cap of the 20s proteasome, only a small
fraction of the total cellular PSME3 population forms such an association. Indeed, recent studies
have demonstrated that PSME3 performs several proteasome-independent functions through
unknown mechanisms. Given the rate at which new functions are ascribed to PSME3, and the
apparent diversity of means by which it achieves them, it is important to both enrich our image
of PSME3 activity and to reconcile existing differences within the field.

Our work seeks to achieve just that. To investigate new areas of PSME3 function, we
utilize the C2C12 myoblast cell line, which can be differentiated in vitro into post-mitotic,
syncytial myotubes. This allows us to investigate PSME3 activity not only in cells under
physiological conditions, but also those of dynamic reorganization. In this study, we examined
the localization, function, and interaction partners of PSME3 in C2C12 myoblasts prior to

differentiation, as well as at days 0, 1, 2, and 3 of differentiation. We hypothesized that PSME3
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would occupy several euchromatic regions in the chromatin and might thereby possess
generalized gene-regulatory functions.

In Chapter 2, we test the association of PSME3 with the chromatin in undifferentiated
C2C12 myoblasts, as well as those after 2 days of differentiation that have formed nascent
myotubes. We further identify novel PSME3 binding partners through immunoprecipitation and
test the impact of PSME3 depletion on gene expression over differentiation.

In Chapter 3, we investigate the impact of PSME3 loss on both cell migration rates and
myogenesis and seek to understand the mechanism by which these functions are performed.

In Chapter 4, we synthesize our findings and discuss potential mechanisms for
regulation of myogenesis by PSME3, as well as identify several experiments that will help

resolve the remaining puzzles.
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Chapter 2 PSME3 Dynamically Associates with Active Genes During Myogenesis
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2.1 Abstract
Cellular differentiation requires large-scale changes in nuclear organization to

accommodate an accompanying change in gene expression (Bitman-Lotan and Orian 2021;
Dixon et al. 2015). PSME3 has been shown to both associate with and mediate the compaction of
constitutively heterochromatic regions. Despite this global role in genome organization, scant
evidence exists of a similarly global role for PSME3 in gene regulation. Here, we perform the
first global, unbiased examination of chromatin binding by PSME3, which we show to bind
extensively to highly active promoters in undifferentiated cells. Further, we identify the RNAPII-
modifier RPRD1A as an PSME3 interacting partner, through which its association with
chromatin may be mediated. Finally, we show that loss of PSME3 has no global effect on gene
expression and is dispensable for this component of the differentiation process.

2.2 Introduction

The acquisition of cellular identity through differentiation requires the coordinated restructuring
of diverse cellular systems. Even the differentiation of myoblasts, a relatively limited type of stem cell,
into myofibers involves the altered expression of thousands of genes (Zheng et al., 2023). How such
changes are brought about and sustained remains an active area of study.

The role of the proteasome in regulating gene expression has long been recognized. Indeed, a
component of the proteasome, Sugl (also known as PSMCS5), was originally believed to be a component
of the RNAPII holoenzyme due to its association with highly active gene regions (Geng and Tansey,
2012). Subsequent studies revealed a generalized role for the proteasome in transcription factor
processing, transcriptional initiation, and histone displacement ahead of RNAPII (Geng et al., 2012;
Rubin et al., 1996). Many of these functions have been attributed to the ability of the proteasome to
recognize and degrade ubiquitinated proteins, as mediated by the proteasomal regulatory cap complex,

termed the 19s subunit. This complex both recognizes ubiquitin and unfolds target proteins for
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translocation into the proteolytic 20s core for degradation. However, alternative regulatory caps, such as
PSME3, have been shown to possess similarly important roles in nuclear dynamics (Cascio, 2021).

PSMES3 has been shown to degrade several important regulators of the cell cycle including p16,
pl9, and p21, transcriptional regulators such as c-Myc, KIf2, SMURF2, and LATS1/2, and to indirectly
mediate degradation of p53 regulator MDM2 (Chen et al., 2018; S. Li et al., 2015; Li et al., 2007; Nie et
al., 2010; Sun et al., 2016; Wang et al., 2018; Zhang and Zhang, 2008). Because of these functions, loss
of PSMES3 is associated with G1 arrest in cultured cells (Chen et al., 2017; Masson et al., 2001) as well as
impaired growth rates of mice lacking PSME3 (Barton et al., 2004; Murata et al., 1999). Conversely,
PSMES3 is often overexpressed in various cancer cell lines, which results in increased replication rates,
metastatic potential, and reduced rates of apoptosis (Lei et al., 2020; Mao et al., 2008). In addition,
organization of diverse nuclear structures such as the nuclear speckle (Baldin et al., 2008), Cajal body
(Cioce et al., 2006; Jonik-Nowak et al., 2018), promyelocytic leukemia body (Zannini et al., 2009), as
well as densely packed heterochromatin (Fesquet et al., 2021) have been linked to PSME3 function.
Though PSME3 is often understood to work through the degradation of target proteins in conjunction
with the core 20s proteasome, several of its functions occur in the absence of such an association, as only
a small fraction of cellular PSME3 is associated with the proteasome (Cascio, 2021; Fabre et al., 2014;
Welk et al., 2016). Though the mechanism for these interactions remains unclear, PSME3 can induce
mitotic arrest, regulate p53 levels, and maintain global heterochromatin compaction in conjunction with
HP1B even when prevented from interacting with the proteasome (Fesquet et al., 2021).

Despite the extensive functions that PSME3 performs in the regulation of nuclear dynamics, a
comprehensive study of both its DNA binding capacity and its role in global gene expression have yet to
be performed. There exist, however, some limited pieces of evidence that suggest the extent of PSME3’s
activity. First, PSME3 was found to associate with all four constitutively heterochromatic regions, and
only one of four actively transcribed genes as tested by ChIP-gPCR (Fesquet et al., 2021). Second, loss of
PSME3 was found to have no effect on bulk incorporation of 5-FU, indicating it has no effect on global
rates of transcription (Baldin et al., 2008), though PSME3 has been shown to affect expression of
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individual genes when overexpressed in cancer cells as measured by gPCR (Bhatti et al., 2019; Tong et
al., 2020; Wang et al., 2015; Yi et al., 2017). An unbiased and comprehensive examination of these two
behaviors would be of great interest for better understanding PSME3 function.

In C2C12 myoblasts, withdrawal of serum induces the fusion of mononucleated myoblasts into
syncytial myotubes that can support spontaneous contraction, which we use to interrogate multiple stages
of differentiation. In this study, we find that PSMES3 binds to highly active promoter regions at the
chromatin in undifferentiated C2C12 cells. PSME3-bound regions are almost exclusively co-positive with
active promoter marker H3K4me3, and PSME3 is found at roughly 20% of all H3K4me3 sites.
Strikingly, PSME3 becomes undetectable at the chromatin by the second day of differentiation,
suggesting a dynamic regulation of its binding. Co-precipitation experiments revealed an association with
the RNAPII regulator RPRD1A, which may facilitate the interaction with RNAPII. However, this
interaction lacks an apparent function in differentiating cells, as loss of PSME3 has no global effect on
gene expression as measured at several points across differentiation.

2.3 Results
PSME3 Binds to Highly Active Promoters Prior to Differentiation

Previous studies have established a role for PSME3 in maintaining the integrity of a variety of
nuclear structures (Baldin et al., 2008; Cioce et al., 2006; Fesquet et al., 2021). In particular, PSME3 was
found to associate with heterochromatic regions to maintain their compacted state. However, an unbiased
study of PSME3’s chromatin binding activity has yet to be performed. We therefore sought to extend this
work by investigating binding of PSME3 to genomic regions across differentiation.

To test whether PSME3 associates with chromatin in C2C12 myoblasts, we performed Cleavage
Under Targets & Release Using Nuclease (CUT&RUN) against the endogenous population of PSME3.
Surprisingly, we found that PSME3 associates extensively with the chromatin at over 5,000 distinct
regions in cycling myoblasts (Figure 2.1 A and B). A large majority of these peaks were found to be co-
positive for the active promoter mark H3K4me3. Furthermore, an analysis of PSME3 binding sites

revealed an even stronger preference of PSME3 for promoter-proximal regions (<= 1kb) than H3K4me3,
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largely at the expense of binding to gene bodies or intergenic regions (Figure 2.1 C). Genomic regions
positive for PSME3 were subjected to motif analysis to identify putative PSME3 binding sites (Figure 2.1
D). Among these binding sites, three highly enriched sequences were discovered, the first of which is
identical to a fraction of the GC box sequence (Kedar et al., 1991). Additionally, RNA sequencing was
performed on dividing C2C12 myoblasts, and the results were correlated with the peaks discovered by
CUT&RUN. We found that, of all transcriptionally active promoters, those bound by PSME3 are on
average roughly 50% more active than those that lack PSME3 (Figure 2.1 E). Taken together, PSME3
possesses broad DNA binding abilities with a particular preference for highly active gene promoter

regions.
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Figure 2.1: PSME3 Binds to Highly Active Promoters Prior to Differentiation. A) CUT&RUN
was performed in cycling C2C12 cells using antibodies targeting PSME3 or H3K4me3 to
measure their position on the chromatin. Three biological replicates were performed and
represented here together. B) Peaks were called using MACS2 for both PSME3 and H3K4me3,
and their coincidence was measured. C) Both PSME3 and H3K4me3 CUT&RUN peaks were
annotated with ChlPseeker for the type of region in which they reside. D) PSME3-bound
sequences were subjected to motif analysis by MEME-ChIP. The top three enriched binding
motifs are shown here. E) RNA sequencing was performed on cycling C2C12 cells. Genes that
possess a PSME3 peak were separated from those that did not, and expression levels were
analyzed. Three biological replicates per condition; analyzed with Welch two sample t-test;
displayed here as a median and quartile plot with the mean indicated by a red point.
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PSMES3 is Undetectable at the DNA Following the Onset of Differentiation
Differentiation involves rapid changes in the gene expression program, which is mediated

by a similar reorganization of genome organization. To determine whether PSME3 exchanges its
binding sites as differentiation progresses, we performed CUT&RUN in myoblasts that had
differentiated for two days. In contrast with cycling cells, these differentiating cells show an
almost complete absence of PSME3 peaks, as measured by CUT&RUN (Figure 2.2 A). Even
when subjected to mild formaldehyde fixation, a treatment known to reduce the lability of
transient chromatin interactions, scarcely any increase in the number of PSME3 peaks was
observed in cells assayed, analyzed either fresh or after freezing (Figure 2.2 B). In summary,
PSMES3 binds selectively to highly active promoters in myoblasts, but becomes undetectable by

the second day of myotube formation.
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Figure 2.2: PSME3 is Undetectable at the DNA Following the Onset of Differentiation. A)
CUT&RUN was performed in Day 2 differentiated C2C12 cells using an antibody targeting
PSMES3. Each track is the result of a single replicate, and the cycling replicate is drawn from

those represented in panel (A) of Figure 2.1. B) CUT&RUN was performed using antibodies
targeting PSME3 and H3K4me3 in Day 2 C2C12 cells under various cellular preparation

conditions. Cells were either assayed fresh after being collected or were first cryopreserved at -
80C. Further, cells were either assayed in their native state or after mild cross-linking with
formaldehyde. A single replicate was performed for each condition, all from a single biological

sample.
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PSMES3 Interacts in Situ with HP1
Studies of the DNA-binding activity of PSMES3 are relatively sparse. One such paper

demonstrated that PSME3 interacts with HP1p to mediate compaction of heterochromatin
(Fesquet et al., 2021). They further showed through ChIP-qPCR that PSME3 associates
predominantly with heavily compacted microsatellite regions, however the single euchromatic
region investigated showed some mild enrichment for PSME3. The approach I have used,
CUT&RUN, because of its reliance on sequencing technology, is unable to assess the binding of
PSMES3 to repetitive regions of the genome, by which microsatellite regions are characterized.
Given the lack of overlap between the results of my work and this study, | sought to measure the

degree of interaction of PSME3 with HP1f in our system.

To do so, | took advantage of an experimental system called the Proximity Ligation
Assay (PLA), in which antibodies bound to two proteins of interest seed fluorescent RNA
polymerization, provided that the target proteins are separated by less than 40 nanometers. These
points of polymerization, and therefore proximity, can be visualized through confocal
microscopy. A PLA study using an antibody targeting PSME3 and all variants of HP1 revealed a
specific interaction specifically in the nucleus of dividing C2C12 cells (Figure 2.3 A), an
observation which was reinforced by quantification of the number of punctae in the cell nucleus
where both proteins reside (Figure 2.3 B). Though no firm conclusions can be drawn, our
observations of PSME3’s association with heavily transcribed, euchromatic regions in dividing
myoblasts do not exclude the possibility that PSME3 also associates with and participates in the

compaction of heterochromatic regions.
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Figure 2.3: PSME3 Interacts in Situ with HP1. A) Cycling C2C12 cells were subject to
proximity ligation assay (PLA) using primary antibodies targeting either PSME3 or HP1. The
scale bar is 20 microns in length. B) The number of punctae contained within nuclei were
quantified and analyzed with Welch two sample t-test. One replicate was performed with n > 15
nuclei per condition.



PSMES3 Interacts with RNAPII Regulator RPRD1A
To understand what function PSME3 might be serving at the chromatin, we performed

co-immunoprecipitation on endogenous PSMES3 to identify potential interaction partners (Figure
2.4 A). Among the enriched binding partners was PSME3-interacting protein PSME3IP1, a
known PSME3 interactor (Jonik-Nowak et al., 2018), and RPRD1A (Figure 2.4 A and B).
RPRDI1A regulates the dephosphorylation of S5 of RNAPII’s CTD to facilitate progression of
the polymerase from the promoter into the gene body (Ali et al., 2019; Ni et al., 2014). Given
that S5P is found on polymerases poised to begin transcription and can recruit methyltransferases
to deposit H3K4me3 marks on active promoters (Bae et al., 2020), we hypothesized RPRD1A
was a potential mediator for PSME3’s chromatin binding activity.

To verify this interaction in situ, we performed a proximity ligation assay (PLA) targeting
PSME3 and RPRD1A. Cycling C2C12 cultures were transfected with a plasmid expressing
FLAG-PSMES3, and the colocalization of FLAG-PSME3 with endogenous RPRD1A was
assessed (Figure 2.4 C). Cells expressing FLAG-PSME3 showed a high level of PLA signal,
while those that were not transfected showed little to no signal. Omission of either antibody
similarly abolished the signal (Figure 2.4 C), indicating signal specificity. These results suggest
that PSME3 stably interacts with RPRD1A, which, by virtue of its ability to interact with RNA
polymerase early in the transcription process, may be responsible for the localization of PSME3

to promoter regions.
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Figure 2.4: PSMES3 Interacts with RNAPII Regulator RPRD1A. A) PSME3 was precipitated
from C2C12 cells while cycling and at days 0 and 1 of differentiation using a PSME3- or
RPRD1A-specific antibody (one replicate per time point, combined for the purposes of analysis).
Label-free quantitative mass spectrometry was performed on the PSME3 co-precipitate across all
three days. B) Efficiency of PSME3 and RPRD1A capture compared to the supernatant (SN)
versus that performed with an IgG control was assessed by Western blot. C) Cycling C2C12
cells were subject to proximity ligation assay (PLA) using primary antibodies targeting either
FLAG-PSMES3 or RPRD1A. Scale bar is 20 microns in length.
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PSME3 Does Not Affect RPRD1A Levels or Localization
Due to PSME3’s close association with RPRD1A, it is reasonable to suspect that it may

be a regulator of RPRD1A activity. As PSME3 is known to be a component of the proteasome,
we thought perhaps PSME3 may be responsible for degrading and thus regulating the levels of
RPRD1A. To test this hypothesis, we depleted cells of PSME3 using siRNA and measured the
levels of RPRD1A by Western blot over the course of differentiation (Figure 2.5 A). However,
we observed no effect on RPRD1A levels at all timepoints measured.

The possibility remained that PSME3 regulates RPRD1A function instead of merely its
level. RPRD1A has been shown to regulate the deposition of transcription-activating H3K27Ac
marks through interaction with HDAC2 (Liu et al., 2015). To measure whether loss of PSME3
affected global H3K27Ac levels, we performed a Western blot across differentiation but saw a
similar lack of change (Figure 2.5 A). While this does not rule out more localized, site-specific
regulation of histone acetylation, it also provides no evidence thereof.

Finally, we considered that PSME3 may be a regulator not of the levels of RPRD1A, but
its localization within the cell. To this end, we performed immunofluorescence staining on
RPRD1A in day 3 differentiating cells that were depleted of PSME3 (Figure 2.5 B). We

observed no change in RPRD1A localization at this time point.
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Figure 2.5: PSME3 Does Not Affect RPRD1A Levels or Localization. A) Dividing C2C12 cells
were depleted of PSME3 through siRNA treatment and allowed to differentiate. Changed in the
levels of RPRD1A and H3K27Ac were assessed. B) C2C12 cells that were differentiated for

three days were stained with an antibody against RPRD1A to assess its localization. Scale bars
are 20 microns in length.
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PSME3 Does Not Regulate Global Expression in Differentiating C2C12 Cells
Though we observed no alterations in the levels or localization of PSME3 binding partner

RPRD1A, it remains possible that PSMES3 regulates other members of the RNAPII enzyme
complex to regulate differentiation. Indeed, the dynamic binding pattern of PSMES3 to the DNA
over the course of differentiation, combined with its affinity for highly active gene regions,
suggests that it may be involved in gene regulation. To assess this possibility, we subjected cells
at various points of the differentiation process (cycling, day 0, and day 2) to RNA sequencing
(Fig 2.6). Surprisingly, loss of PSME3 had no global effect on gene expression. The implications
of this finding are discussed in the following section.

Taken together, we have characterized the DNA-binding patterns of PSME3. We
observed an enrichment of PSME3 at highly active promoters in cycling cells, followed by a
conspicuous absence in cells that have begun differentiation. This association with the DNA is
likely mediated by an association with RPRD1A, which associates with RNAPII at sites of
transcription. However, we observed no regulation of RPRD1A levels, function, or localization
in the absence of PSME3, nor did we find evidence for a role for PSME3 in the global regulation

of gene expression.
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Figure 2.6: PSME3 Does Not Regulate Global Expression in Differentiating C2C12 Cells.
C2C12 cells differentiating for the indicated duration were collected and subjected to RNA
sequencing. Three biological replicates were collected for each time point.
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2.4 Discussion
Our study provides the first unbiased study of PSME3 association with the DNA,

discovers a new domain of PSMES3 activity in its ability to bind highly active promoters, and
identifies RPRD1A as a putative interaction partner. Though this study lacked the ability to
replicate the results of earlier studies of PSME3 binding activity, while it does not contradict
them, it suggests that PSME3 may have a more diverse set of functions than previously thought.

The finding that the proteasome associates with the chromatin is not entirely without
precedent. The canonical 19s-containing proteasome has long been known to associate with the
chromatin, where it is involved in diverse functions including transcription factor cycling and
regulating the progression of RNA polymerase (McCann and Tansey, 2014). However, the
finding that the non-canonical proteasome cap PSME3 interacts specifically with active
promoters is a novel discovery. We believe that this interaction is mediated by an association
with RPRD1A, a protein which binds to acetylated K7 of Pol Il to facilitate dephosphorylation of
S5P during the transition from transcriptional initiation to elongation (Ali et al., 2019; Ni et al.,
2014) and has been shown to localize to the promoters of active genes (Liu et al., 2015). This
aligns well with our finding that PSME3 mirrors H3K4me3 peaks in topology and localization
and is enriched at the most transcriptionally active promoters. Our findings, combined with a
recent study by Fesquet and colleagues (Fesquet et al., 2021) showing that PSME3 binds to and
is crucial for maintaining heterochromatic regions, suggest that PSME3 may bind to a set of
regions as diverse as the canonical proteasome, and perform additional still undocumented
functions.

The observed interaction of PSME3 with RPRD1A would seem to provide an interesting
mechanism by which PSME3 could regulate myoblast differentiation. PSME3 is known to

attenuate the transcriptional response of macrophages to LPS (Sun et al., 2016), reduce the
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activity of YAP in colon cancer tissue (Wang et al., 2018), and alter mRNA levels of E- and N-
cadherins as well as vimentin in thyroid cancer cells, endometrial cancer cells, breast cancer
cells, and lung cancer cells (Bhatti et al., 2019; Tong et al., 2020; Wang et al., 2015; Yi et al.,
2017). Similar alterations in these genes would be expected to produce some effect during the
differentiation process, which is heavily dependent on proper regulation of cell adhesion-related
proteins. Similarly, RPRD1A is a known negative regulator of beta catenin signaling (Wu et al.,
2010), proper activation of which is necessary for myotube development (Cui et al., 2019;
Suzuki et al., 2018). We suspected that PSME3 may play a functional role in the regulation of
RPRD1A binding or function, thus producing a change in gene expression and explaining the
observed defect in differentiation.

We were surprised, therefore, to see such a weak effect on gene expression upon the
depletion of PSME3. Although PSME3 has been shown in other systems to regulate gene
expression, this is not a steadfast principle. For example, loss of PSME3 in HaCaT cells resulted
in no changes in global transcriptional rates measured by 5-fluorouracil incorporation (Cioce et
al., 2006), RNA levels of select genes were unaltered by PSME3 loss in U-20S cells (Baldin et
al., 2008) and splicing of several genes was unaffected by the disruption of the nuclear speckle
caused by PSME3 loss (Baldin et al., 2008).

Such a lack of gene expression changes calls into question the physiological importance
of the interaction between PSME3 and RPRD1A in cycling cells. One would hypothesize that if
this interaction were important, loss of PSME3 would affect gene expression through altering
RPRD1A activity. This hypothesis rests on two assumptions: first, that RPRD1A function is
altered in the absence of PSMES3; second, that changes in RPRD1A function are sufficient to

alter gene expression in our system. We performed no experiments to test whether the post-

49



translational modification state of RNAPII is altered in cells lacking PSME3, so no conclusions
may be made about the first point. As for the second, there is a paucity of evidence as to whether
a loss of RPRD1A function would result in a change in gene expression. We may only make
inferences based on evidence collected for its sister protein RPRD1B. As discussed in the first
chapter of this dissertation, depletion of RPRD1B in NIH3T3 cells results in a very modest
change in gene expression (Ali et al., 2019), a finding that closely resembles the results obtained
in the present study. On the other hand, loss of RPRD1B in regenerating intestinal crypt cells of
mice results in widespread, drastic changes in gene expression (Yang et al., 2021). If we were to
assume these findings may be extended to RPRD1A, then one could suggest that PSME3 is
dispensable for gene expression in an in vitro monoculture system but perhaps becomes more
crucial in the complex developmental milieu of a regenerating organ. EXxisting evidence supports
little more speculation on this point.

Why PSME3 should then occupy highly active promoter regions despite having no role
in their regulation is unclear. The most parsimonious explanation posits that it plays no role
whatsoever, and its presence may be an evolutionary artifact. However, it also bears considering
that PSME3 may be primed to perform some function that is not engaged during differentiation,
but in a separate set of circumstances entirely. For example, it is well-established that double
strand DNA breaks (DSBs) cause a global degradation of RNA polymerase Il complexes in a
proteasome-dependent manner (Steurer et al., 2022). Loss of PSME3 has been found to sensitize
cells to radiomimetic treatment and prevent timely repair at DSB sites (Levy-Barda et al., 2011).
Thus, it remains possible that PSME3 might play a role in degrading Pol Il in the case of DNA

damage.
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It should be noted that the presence of poly-ubiquitin chains found on Pol |1 prior to
degradation argue for degradation by 26s proteasome rather than by the ubiquitin binding-
incapable PSME3. However, the formation of this poly-ubiquitin chain is necessary for the
function of the VCP complex, which was recently shown to extract Pol Il at the promoter for
proteasomal degradation (Bodnar and Rapoport, 2017) and may therefore be unimportant for
recognition by the proteasome itself. A similar mechanism is employed for the degradation of
p53, which is mediated by the recruitment of ubiquitin ligase MDM2 by PSMES3 prior to p53
degradation by the 26s proteasome (Zhang and Zhang, 2008). In such a case, PSME3 activity is
critical even though it does not cap the proteasome that effects target degradation. Alternatively,
PSMES3 has been shown to respond to other cellular insults, such as hyperosmotic stress
(Carrettiero et al., 2022), and so such changes may be sufficient to elicit possible transcriptional
regulation activity.

One might be inclined to argue, after observing the data presented in Figure 2.6 of the
second day of differentiation, that there is indeed a change in gene expression upon loss of
PSMES3, however minor it might be. While indeed this may be the case, as we shall see in the
next chapter, PSME3 depletion has no small effect on cellular physiology, which occurs as early
as day 0 of differentiation. While this does not preclude the possibility of gene dysregulation by
PSMES3 only after an extended period of differentiation, we find it more likely that these minor
alterations in gene expression represent compensatory responses to the other changes that the

cells display at an earlier point in time. These changes will be discussed presently.
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Chapters 2 and 3, in part, have been submitted to and are under review for publication at
Life Science Alliance. The dissertation author was the primary researcher and author of this

paper and is accompanied by Ukrae H. Cho and Martin W. Hetzer.
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Chapter 3 PSME3 Associates with NUDC and Regulates Migration and Differentiation
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3.1 Abstract
Reorganization of the cytoplasm, particularly the cytoskeleton in many cell types, is

critical for the differentiation process. PSME3 has been demonstrated to regulate cell motility in
diverse types of cancer cells, though its ability to do so in non-diseased tissue, and in developing
tissue, remains uninvestigated. Here, we identify the HSP90 co-chaperone NUDC as a novel
interacting partner of PSME3. Loss of PSME3 results in the increase of cell-adhesion-related
protein targets of NUDC and an increase in cell migration rates. Further, we show that loss of
PSME3 impairs myogenesis in a cell-intrinsic and proteasome-independent mechanism. These
findings establish a new function for PSME3 and provide a new link between the chaperone and
proteasome-adjacent system.

3.2 Introduction
The acquisition of cellular identity through differentiation requires the coordinated

restructuring of diverse cellular systems. Particular demands are placed on differentiating
myoblast cells, which must complete a gauntlet of biophysical feats. To form a functional
myotube, mononucleated myoblasts must migrate to and recognize competent fusion partners,
form proper cell adhesion contacts, extensively align their membranes, form fusion pores, and
combine their cellular contents in a way that does not compromise the integrity of either cell
(Bodnar and Rapoport, 2017; Simionescu and Pavlath, 2011).

Critical to this process is the proper regulation of the relevant effector proteins, which
occurs both at the transcriptional and post-translational levels. PSME3 is a non-canonical
regulatory cap of the proteasome, and its increased expression has been associated in many
cancer cell lines with an increase in cell migration proteins and an invasive phenotype (Bhatti et

al., 2019; Tong et al., 2020; Wang et al., 2015; Yi et al., 2017). A unifying mechanism has yet to
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be identified, though in at least some cases, the change in migration-related protein abundance is
the result of changes in gene expression profiles.

Because of PSME3’s role in the regulation of cell migration, one would expect PSME3 to
influence the rate of myoblast differentiation. Indeed, an alteration in the abundance of various
migration-related proteins is sufficient to impair myogenesis (Lehka and Rgdowicz, 2020).
Further, PSME3 has been demonstrated to play important roles in the regulation of cell cycle
regulators p16, p19, and p21, as well as transcriptional regulators such as c-Myc, KIf2,
SMURF2, and LATS1/2 (Chen et al., 2018; S. Li et al., 2015; Li et al., 2007; Nie et al., 2010;
Sun et al., 2016; Wang et al., 2018).

Despite the diverse functions that PSME3 performs in systems critical for differentiation,
few studies examined its role in the acquisition of cellular identity. Indeed, it has recently been
discovered that mice lacking PSME3 show deficits in the function of multiple systems because
of impaired cellular differentiation. Loss of PSME3 impairs T cell maturation and triggers the
differentiation of Th17 cells by altering the cell-surface protein profile of dendritic cells (Zhou et
al., 2020). Additionally, suppressed PSME3 expression biases bone marrow stromal cells
towards an adipogenic rather than osteogenic fate, and mice lacking PSME3 display
corresponding bone-healing defects (Chen et al., 2024). Because of these findings, we
hypothesized that PSME3 may be important for the differentiation of other cell types, such as
those found in the muscular system.

To investigate this possibility, we used C2C12 myoblasts to interrogate the capacity of
PSMES to regulate differentiation. We find that, unexpectedly, the normally cytoplasmic NUDC
displays a striking level of nuclear localization in myoblast cells, overlapping with that of

PSMES. Indeed, the two proteins display a physical interaction as verified by PLA, though loss
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of PSME3 has no effect on NUDC levels or localization. Further, loss of PSME3 results in an
increase in cell adhesion- and migration-related proteins. As a result, myoblasts lacking PSME3
display an increase in cell migration capacity and impaired myogenesis, a process which PSME3
regulates in a cell-intrinsic, proteasome-independent manner.

3.3 Results
PSME3 and NUDC Overlap in Localization
As seen in section 2.3.4, an immunoprecipitate prepared with an antibody raised against

PSMES3 contained not only RPRDZ1A as a novel interaction partner, but also the protein NUDC
(Figure 2.4). This protein drew our attention, as, while depleting cells of PSME3, we noticed
they displayed a greater tendency to adhere to the cell culture plate, suggesting a change in cell-
adhesion. NUDC was recently identified as a co-chaperone of HSP90 and has been documented
to regulate cell migration through the stabilization of several cytoskeletal proteins, including
cofilin and filamin A (Liu et al., 2021; Zhang et al., 2016). Because of the importance of cell-
adhesion and its related properties for myoblast differentiation, we sought to investigate this
interaction.

We were, however, surprised to observe an interaction as measured by
immunoprecipitation, as NUDC has previously been documented to possess a primarily
cytoplasmic localization (Islam et al., 2020; Zhang et al., 2016; Zhou et al., 2003; Zhu et al.,
2010). That said, PSME3 has been known to relocalize from the nucleus to the cytoplasm under
certain contexts (Carrettiero et al., 2022; Kobayashi et al., 2013; Pecori et al., 2021). To
determine whether the two proteins possess spatial overlap in our system, we first performed live
imaging on cycling C2C12 cells that were transfected with constructs expressing PSME3 with
either an N- or C-terminal GFP tag (Figure 3.1 A), revealing PSME3’s presence in the nucleus.

Further, we found that NUDC displayed a strong signal across both cytoplasm and nucleus,
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where it coincided with PSME3 staining (Figure 3.1 B), indicating that the two proteins are
indeed well-positioned to interact.

To verify that the addition of a tag did not affect the localization of PSME3, cycling
C2C12 cells treated with siRNA were stained with an antibody targeting the endogenous
population of PSME3 (the same antibody used for the CUT&RUN experiments in Chapter 2).
While a low level of cytoplasmic staining was visible, this signal was not affected by siRNA
depletion of PSME3, suggesting that this is non-specific staining (Figure 3.1 C). Instead, the
strong nuclear signal was predominantly depleted, indicating that PSME3 is largely nuclear in

our system.
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Untransfected GFP-PSME3 (N-term) GFP-PSME3 (C-term)

B FLAG-PSME3

C siScr siPSME3

Figure 3.1: PSME3 and NUDC Overlap in Localization. A) Cycling C2C12 cells were
transfected with constructs expressing PSME3 tagged with GFP either at its N- or C-terminal, or
with a construct expressing free GFP. Cells were imaged live and unstained; the scale bar is 20
microns in length. B) C2C12 cells expressing FLAG-tagged PSME3 were stained with
antibodies against FLAG or endogenous NUDC,; scale bar is 20 microns in length. C) Cycling
C2C12 cells treated with siRNA were stained with an antibody against endogenous PSMES3;
scale bar is 20 microns in length.
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PSME3 and NUDC Physically Interact
To verify the interaction between PSME3 and NUDC we observed by mass spectrometry,

we performed PLA. Cycling C2C12 cultures were transfected with a plasmid expressing FLAG-
PSMES, and the colocalization of FLAG-PSME3 with endogenous NUDC was assessed (Figure
3.2). Cells expressing FLAG-PSMES3 showed a high level of PLA signal, while those that were
not transfected showed little to no signal. Omission of either antibody similarly abolished the

signal (Figure 3.2), indicating signal specificity.
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Figure 3.2: PSME3 and NUDC Physically Interact. Cycling C2C12 cells were subject to
proximity ligation assay (PLA) using primary antibodies targeting either FLAG-PSME3 or
RPRD1A. Scale bar is 20 microns in length.
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PSME3 Regulates Cell Migration
Because NUDC is known to regulate the rate of migration of diverse cell types, and

because we established a physical interaction between PSME3 and NUDC, we asked whether
PSMES3 itself influences cell migration. To this end, we grew cells lacking PSME3 to full
confluency (Day 0 cells) and scratched the monolayer with a pipette tip. The cells were
immediately switched to differentiation medium (sub-confluent, non-differentiating cells were
found to be non-motile; data not shown) and allowed to migrate to fill the gap over a 20-hour
period (Figure 3.3 A). Cells lacking PSME3 showed an elevated rate of migration of roughly
40%, indicating that PSME3 plays a striking role in regulating the cell motility (Figure 3.3 B).
To measure any accompanying changes in cytoskeletal organization, we stained
migrating cells with the filamentous actin marker phalloidin (Figure 3.3 C). A cursory
examination revealed no obvious differences at a population level, though a more in-depth

quantification may reveal changes in actin organization resulting from PSME3 depletion.

61



A | ' Sicr ‘ siPSME3 B

P<2.2e-16
(’) ~~
= 2
g :
gl
Q@
(0]
>
©
= 100+
)
2 g
5 8
S k%)
(m)
o .
& 0

siScr  siPSME3

C siScr siPSME3

Figure 3.3: PSME3 and NUDC Overlap in Localization. A) Day 0 confluent C2C12 cells were
scratched and allowed to migrate for 20 hours while continuously undergoing brightfield
imaging. B) Quantification of the distance traveled over 20 hours by individual migrating cells
treated with either scrambled siRNA or that targeting PSME3. Data was collected with three
biological replicates each with two technical replicates of n = 15 each and analyzed Welch two
sample t-test; error bars show the standard error of the mean. C) Day 0 confluent C2C12 cells
were allowed to migrate for six hours after a scratch before being fixed and stained with
fluorescent phalloidin.
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Loss of PSME3 Does Not Affect NUDC Levels or Localization
Given the demonstrated possibility of a functional interaction between PSME3 and

NUDC, we sought to understand what sort of effects loss of PSME3 would have on NUDC. We
first performed a simple measurement of NUDC levels in Day 0 cells lacking PSME3 (Figure 3.4
A). We observed neither a change in NUDC abundance nor molecular weight (as might occur
during a post-translational modification) when PSME3 was depleted.

NUDC has previously been shown to localize to the leading edge of migrating cells
where it stabilizes actin cytoskeleton remodeling proteins (Zhang et al., 2016). To determine
whether loss of PSME3 produces any changes in NUDC localization in migrating cells, we
scratched confluent Day 0 myoblasts and allowed them to migrate for six hours before fixation
and immunofluorescent staining for NUDC (Figure 3.3 B). We observed neither a localization of
NUDOC at the leading edge in control conditions, and a lack of change in its cellular distribution
when PSMES3 is depleted. Finally, we tested whether other known functions of NUDC were
altered upon loss of PSME3. NUDC depletion of RPE-1 cells or in the developing zebrafish
embryo results in increased primary cilium length and number (Zhang et al., 2016).

To determine whether the primary cilium is disrupted in C2C12 cells following PSME3
depletion, we stained fully confluent myoblasts which had been cultured in differentiation
medium for six hours for primary cilium markers acetylated tubulin (the constituent tubulin of
the primary cilium) and y-tubulin (a marker of tubulin nucleation) (Figure 3.4 C) (Ishikawa and
Marshall, 2011; Shankar et al., 2022). We find that loss of PSME3 has no apparent effect on the
length or number of primary cilia in fully confluent cells (migrating cells were similarly tested as

well and no difference was observed, data not shown).
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Figure 3.4: Loss of PSME3 Does Not Affect NUDC Levels or Localization. A) Day 0 confluent
C2C12 cells were collected, lysed, and subjected to immunoblot. B) Day 0 confluent C2C12
cells were allowed to migrate for six hours after a scratch before being fixed and stained with an
antibody raised against NUDC. C) Day 0 confluent C2C12 cells were allowed to differentiate for
six hours before being fixed and stained with acetylated tubulin (ac-Tub) and y-tubulin (y-Tub).
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Loss of PSMES3 Increases the Abundance of Cell-Adhesion Proteins
To determine the molecular basis for the increased rates of cell migration, we performed

proteomics on migrating cells depleted of PSMES3. In line with the known targets that NUDC
stabilizes, we observed an increase in the abundance of proteins involved in migration and cell-
adhesion, including the E-cadherin regulator Adenomatous Polyposis Coli (APC) and Integrin
Beta-3 (ITGB3) (Figure 3.5 A and C). Interestingly, loss of PSME3 appears to have a strong
effect on the abundance of mitochondrial proteins as well, as it reduced the abundance of several

components of the electron transport chain when depleted (Figure 3.5 B).
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Figure 3.5: Loss of PSME3 Increases the Abundance of Cell-Adhesion Proteins. A) Day 0
confluent C2C12 cells treated with either scrambled or PSME3-targeting siRNA were subjected
to label-free proteomics. The changes in protein abundance are plotted here with decreased-
abundance proteins in blue and increased-abundance proteins in red, with several select species
involved in cell migration receiving a label. Three biological replicates were used. Gene
ontology analysis of decreased- (B) and increased-abundance proteins (C); the top ten categories

are shown.
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Loss of PSME3 Impairs Myotube Formation
We reasoned that if loss of PSMES3 altered levels of cell migration, it may also be critical

for the differentiation of C2C12 myoblasts, which are particularly sensitive to changes in
cytoskeleton function due to the heavy demands imposed by membrane apposition and cell
fusion. To this end, we depleted C2C12 myaoblast cells of PSME3 through siRNA treatment prior
to serum withdrawal and subsequent differentiation (Figure 3.6 A and B). siRNA-treated
myoblasts were allowed to differentiate for two days before fixation and staining with antibodies
against myogenin, a myogenic transcription factor, and myosin heavy chain (MHC), a major
contractile protein found in differentiated myotubes. Widefield imaging revealed a clear deficit
in differentiation (Figure 3.6 C). Cultures lacking PSME3 produced myotubes with fewer nuclei
(Figure 3.6 D) and possessed a lower fusion index (Figure 3.6 E), defined as the percentage of

nuclei contained within MHC-positive myotubes.
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Figure 3.6: Depletion of PSME3 Impairs Myotube Formation. A) Cycling C2C12 cells were
treated with SIRNA prior to growth to confluency and serum deprivation, which together induce
differentiation and myotube formation. B) C2C12 cells were treated with scrambled or PSME3-
targeting sSiRNA and collected at Day 0, 1, or 2 of differentiation; target protein levels were
assessed by Western blot. C) C2C12 cells depleted of PSME3 were induced to differentiate for
two days and were subjected to immunofluorescence using antibodies targeting MHC and
myogenin; scale bar is 200 microns in length. D) Immunostained cultures were analyzed for the
number of nuclei contained in each MHC-positive cell. Data includes three biological replicates
each with two technical replicates of n = 250 cells and was analyzed by Welch two sample t-test,
displayed here with a graph showing median and quartiles. E) Immunostained cultures were
analyzed for the percentage of all DAPI-positive nuclei that are contained within MHC-positive
cells. Data includes three biological replicates each with two technical replicates of roughly n =
20,000 cells; two sample t-test of proportions.
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PSME3 Regulate Myogenesis Through a Proteasome-Independent Mechanism
To determine if the effect of PSME3 on myogenesis is dependent on an interaction with

the proteasome, we stably expressed FLAG-tagged PSMES3 either in its full length or with a
deletion of the terminal fourteen amino acids, which renders it unable to associate with the 20s
proteasome (Figure 3.7 B) (Fesquet et al., 2021; Forster et al., 2005; Ma et al., 1993; Zannini et
al., 2008; Zhang and Zhang, 2008). We found that expression of either the full-length or C-
terminal deletion mutant was sufficient to rescue the myogenesis phenotype caused by depletion
of endogenous PSME3, indicating that PSME3 regulates myoblast differentiation through a

proteasome-independent mechanism (Figure 3.7 A-C).
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Figure 3.7: Depletion of PSME3 Results in a Proteasome-Independent Differentiation Deficit.
A) Cells were stably transduced with a retroviral construct expressing mCherry, FLAG-tagged
PSMES3 (Full), or a truncated FLAG-tagged C-terminal deletion PSME3 mutant (Cdel). Cells
were then depleted of endogenous PSME3 by treatment with sSiRNA and allowed to differentiate
for three days before staining. The scale bars are 100 microns in length. B) Expression of FLAG
constructs in undifferentiated myoblasts. C) The number of nuclei contained within each MHC-
positive myotube was quantified across conditions and analyzed by the Welch two sample t-test;
two biological replicates with each condition with n > 200 myotubes; error bars display the
standard error of the mean.

71



PSME3 Regulate Myogenesis Through a Cell-Intrinsic Mechanism
Though there were no global alterations in gene expression when PSME3 was depleted,

we observed a modest increase in several collagen transcripts on the second day of
differentiation (Figure 2.6). To confirm that the observed differentiation phenotype is the result
of a cell-intrinsic effect and not an alteration in the extracellular matrix, we created a mixed
culture system of cells treated with scrambled siRNA or that targeting PSME3 and labeled them
with a red or blue dye, respectively. If the differentiation phenotype is due to a cell-extrinsic
effect, the presence of control cells should improve the differentiation efficiency of those lacking
PSMES3. However, when the mixed population was induced to differentiate for three days, we
instead observed a selective exclusion of cells lacking PSME3 from mature myotubes (Figure 3.8
A and B). Taken together, these results indicate that PSME3 is necessary for myoblast

differentiation in a cell-intrinsic manner.
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Figure 3.8: Depletion of PSME3 Results in a Cell-Intrinsic Differentiation Deficit. A) Cells
transfected with scrambled siRNA or that targeting PSME3 were labeled red or blue,
respectively. These cells were induced to differentiate for three days before fixation and staining
with an antibody against MHC before imaging. The scale bar is 50 microns. B) Quantification of
number of siPSME3 (blue) nuclei contained within MHC-positive cells when in the absence or
presence of siScr-treated cells; one biological replicate with n = 1,155 and n = 2,145 Violet-

stained nuclei in the mixed and siPSME3-only conditions, respectively; analyzed by two sample
t-test of proportions.
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3.4 Discussion
Our study identifies NUDC, the HSP90 co-chaperone, as a new nuclear binding partner

of PSME3. We further demonstrate that PSME3 regulates the abundance of cell-adhesion and
migration related proteins, such that loss of PSME3 results in an increase in cell motility. While
we could not dissect the nature of the interaction between PSME3 and NUDC, nor could we
identify any changes in NUDC function in the absence of PSME3, we showed that a depletion of
PSME3 was sufficient to result in a cell-intrinsic deficit in myogenesis, a function PSME3
performs without interaction with the core proteasome.

The observation that PSMES3 regulates the rates of cell migration is not a novel one.
Indeed, overexpression of PSME3 in cancer cells appears to uniformly increase cell migration
and invasiveness, in many cases through altered expression of E-cadherins, N-cadherins,
vimentin and other markers of EMT (Bhatti et al., 2019; Chen et al., 2018; Guo et al., 2017; Liu
etal., 2018, 2014; Tong et al., 2020; Wang et al., 2015; Yi et al., 2017). Curiously, however,
PSMES3 has the opposite effect in C2C12 myoblasts. Loss of PSMES3, rather than reducing the
rate of migration as observed in cancer cells, instead markedly increases it. The layers of
regulation that differ between myoblasts and previously studied cancer cells are completely
unknown, and whether the molecular targets of PSME3 are similar between the two cell types is
also unclear.

Similarly puzzling results are to be found in the list of proteins downregulated by the
depletion of PSME3 (Figure 3.5 B). Most highly enriched in this group are members of the
mitochondrial respiratory chain, responsible for oxidative production of ATP. This finding
recalls the similarly remarkable enrichment of mitochondrial structural proteins, including
several members of the MICOS complex, observed in the PSME3 immunoprecipitate described

in Chapter 2 (Figure 2.4 A). Loss of the MICOS complex can result in disorganization of the
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inner folds of the mitochondrial membrane and improper distribution of respiratory chain
components across the membrane (Friedman et al., 2015). The significance of this finding is
unclear. While it is well-established that myogenesis requires great changes in mitochondrial
function and number and this phenotype is simply a prodrome of impaired myogenesis
(Wagatsuma and Sakuma, 2013), it is also possible that an altered mitochondrial network may be
contributing to the changes in cell migration alongside the changes observed in cytoskeleton-
regulatory proteins (Chen et al., 2023). These changes hardly occur in isolation, and the
influences between cell metabolism and cell migration with respect to the extracellular
environment flow in both directions (Zanotelli et al., 2021).

We note in our experiments, however, that alterations in the extracellular matrix do not
appear to be responsible for the changes, at least, in myogenesis. While cell migration was not
measured, it appears that changes intrinsic to the cell itself are primarily responsible for the
impaired formation of myotubes rather than alterations in the extracellular environment. Indeed,
not only did we fail to observe an improved ability of PSME3-depleted myoblasts to form
myotubes in the presence of healthy cells, but we also observed their selective exclusion, such
that PSME3-depleted cells were even less capable of forming myotubes in the presence of those
that were healthy. One explanation is that the PSME3-depleted population is heterogeneous (a
near certainty, given the stochastic nature of transfections), such that, because of inefficient
PSMES3 knockdown or some other effect, some cells are intrinsically more capable of forming
myotubes than others. These exceptionally fusion-competent cells may, in the absence of more
facile fusion partners, remain available for long periods of time, allowing less-capable cells
sufficient time to fuse and form myotubes. However, when healthy cells are available, these

competent cells are more quickly able to find a fusion partner, and thus the normal PSME3-
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depleted cell is left without other cells to associate with. This is merely a hypothesis vulnerable
to empirical challenges; the mechanisms of myoblast fusion in vertebrates remain obscure, and it
remains possible that other mechanisms are at play (Petrany and Millay, 2019).

While an interaction with NUDC is functionally consistent with an alteration in the rates
of cell migration, how exactly PSME3 would interact with NUDC to achieve this function, and
particularly how the spatial organization of such a system would be arranged, is a standing
question that requires the synthesis of several findings and will therefore be addressed in the

following section.
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Chapters 2 and 3, in part, have been submitted to and are under review for publication at
Life Science Alliance. The dissertation author was the primary researcher and author of this

paper and is accompanied by Ukrae H. Cho and Martin W. Hetzer.
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Chapter 4 Discussion and Future Directions
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In this study, we provide several new insights into PSME3 function, particularly as it
relates to its role in differentiation. In the second chapter, we provide the first unbiased, global
study of PSME3 binding to the chromatin, and find it to associate with roughly 20% of all active
promoters, and that these select promoters are on average about 50% more active than their
PSME3-poor counterparts. We show that this association is dynamic and dissipates by the
second day of differentiation. We identify the RNAPII modifying protein RPRD1A as an
interaction partner likely mediator of the chromatin-binding activity of PSME3. However,
contrary to our expectations, loss of PSME3 has no effect on gene expression at any measured
time point during differentiation.

In the third chapter, we focus on a second newly identified PSME3 interacting partner,
the HSP90 co-chaperone NUDC. We show that, consistent with a functional interaction with
NUDC, that PSME3 negatively regulates cell migration rates, as well as the abundance of a suite
of cell-adhesion and -migration proteins. Loss of PSME3 therefore impaired myogenesis, as
myoblasts lacking PSME3 formed fewer and smaller myotubes relative to healthy cells. Finally,
we demonstrated that PSME3 acts independently of the proteasome to mediate myogenesis, and
such an effect is intrinsic to each cell rather than the result of an alteration in the extracellular
environment.

Let us first focus on this final finding: that loss of PSME3 results in the increased
abundance of cell-adhesion proteins and an impairment of myogenesis. The most parsimonious
explanation based on these two pieces of data would be that PSMES3 regulates protein stability
through an interaction with the proteasome. This PSME3-containing proteasome would directly

degrade target proteins, namely those cell adhesion proteins seen to be upregulated upon loss of
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PSMES3 and thereby regulate cell migration and differentiation. However, two major pieces of
data argue against this possibility, which we will discuss in turn and in depth.

First, we provide abundant evidence in Chapter 3 that PSMES3 is solely nuclear. As such,
it would be expected to possess no overlap in localization through which it might degrade its
target proteins, which are largely cytoplasmic and located to the cell periphery. We show that
PSME3 is found largely in the nucleus through imaging in live cells with GFP tagging, further
through FLAG-tagging, and finally with staining by an endogenous antibody. It should be
granted, however, that several pieces of evidence suggest PSME3 may not be solely nuclear.
First, we observed enrichment of several cytoplasmic proteins in the PSME3 immunoprecipitate,
including several structural components of mitochondrial membranes (Figure 2.4 A). This might
be written off as contamination and non-specific signal were it not also for the serendipitous loss
of respiratory chain proteins upon PSME3 depletion (Figure 3.5). Without further evidence of
mitochondrial dysfunction, however, no further conclusions can be made. Second, we observed
in a minority of cells examined through the live imaging experiments that PSME3 may display a
low-abundance association with the centrosome. To what sort of regulation this localization may
be subject is unclear and may depend on the state of the cell cycle, as often PSME3 was present
at the centrosome when two were present (that is, after the centrosome’s replication and prior to
mitosis).

One should note that NUDC possesses a general cytoplasmic localization, so it is
therefore conceivable that the two proteins may overlap at the centrosome and interact there. It is
further possible, yet does not appear immediately plausible, that this small amount of PSME3
conditionally localized to the cytoplasm might regulate the abundance of myriad cytoplasmic

proteins on a large scale. One would expect a larger population of protein to be required for such
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a function. It is, admittedly, conceivable that such a population of PSMES3, invisible to our
antibodies and tagging methods, may be found in the cytoplasm without our knowledge. Such
would be the case if an alternative splicing variant of PSME3 were found to be highly expressed
in our system. However, RNA seq analysis revealed that the major isoform, that which was
utilized for GFP- and FLAG-tagging experiments and was targeted by the antibodies used in our
experiments, was that which was most highly expressed (Table 4.1). However, a second splicing
variant which lacks the exons necessary for detection by the antibodies used in this study is
expressed at low levels. It is also depleted by siRNA treatment, and so it cannot be ruled out that

this may be the variant of PSME3 relevant for myogenesis.
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Table 4.1: A list of detected PSME3 splicing isoforms in C2C12 cells.cycling C2C12 cells. Data
is derived from the same three replicates presented in Figure 2.6. The splicing variant detected
by all antibodies used in this study, as well as that which was used for all tagging and
overexpression experiments, is highlighted in green. In yellow is a lesser splicing isoform that
may evade detection by the antibodies used.

Transcript name Number | Length | siScr SiPSME3 | Fraction
of Exons | (bp) FPKM | FPKM Remaining

After
Knockdown

ENSMUST00000142640.7 |7 714 0.1 0.04 0.40

ENSMUST00000019470.13 | 11 2664 32.28 8.02 0.25

ENSMUST00000151385.1 |9 674 0.22 0.02 0.10

ENSMUST00000127998.1 |6 524 0.19 0.21 1.12

ENSMUST00000131170.1 |6 2216 3.58 0.23 0.07
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We will discuss explanations for the regulation of myogenesis alternative to protein
degradation shortly, but we should first consider the second piece of evidence against such a
hypothesis. In Chapter 3, we depleted cells of endogenous PSME3 and induced re-expression of
either the full-length copy of PSME3 or that lacking the C-terminal domain necessary for 20s
association. We found that the expression of either form of PSME3 was sufficient to restore
myotube fusion to its normal levels, suggesting that 20s association (and therefore protein
degradation) is dispensable for PSME3-mediated myogenesis. However, several points are worth
considering to this end.

First, depletion of endogenous PSME3 was performed with siRNA and was therefore not
as complete as a knockout experiment may have been. Unfortunately, performing transgenics in
C2C12 cells is technically challenging, as the cells are highly sensitive to passage number. As
such, the number of cycles required for selection and expansion would result in cells being so old
that myogenesis would be impaired simply by virtue of their replicative age.

Second, as is visible in Figure 3.7, the re-expression of the truncated form of PSME3 was
marred by low expression rates. Further, because PSME3 does not co-precipitate with the
proteasome in our system (Figure 2.4 A) we had little means to determine whether an interaction
between PSME3 and the core proteasome was truly impaired. As discussed earlier, the body of
biochemical knowledge pertaining to PSME3 is small. While it is known that a homoheptamer
composed of only subunits lacking the C-terminal domain are unable to associate with the 20s
core (Zhang and Zhang, 2008), whether complexes containing only one or two mutant copies are
similarly affected is unclear. Additionally, what level of PSME3 activity may be required for
myogenesis is unknown. As such, a system where lowly-expressed endogenous copies may

combine with lowly-expressed mutant copies in any combination is less than ideal. It remains
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possible that expression of the C-terminal deletion mutant was able to rescue the phenotype not
because PSME3 acts independently of the proteasome, but because it produced mixed PSME3
homoheptamers that could still associate with the proteasome at the level necessary for
myogenesis.

An improved experimental scheme to assess PSME3’s independence of the proteasome
for myogenesis will be discussed in the next section. Let us for the moment, however, accept the
data at face value. If PSMES is not mediating myogenesis through protein degradation, then it
need not be situated immediately near its target proteins. Instead, for the purpose of further
discussion, we can grant that the functionally relevant population of PSME3 resides in the
nucleus, as the bulk of our data suggests. As a result, we need a functional intermediary to bridge
PSMES3 function in the nucleus with alterations in the abundance of its target proteins in the
cytoplasm.

In Chapter 2, we demonstrate that PSME3 binds extensively to highly active promoters in
association with RNAPII-regulator RPRD1A. This provided a seductive explanation: perhaps
PSMES3 regulates the expression of these cell-adhesion genes, such that depletion of PSME3
increases their expression, increases cell migration rates, and thereby impairs differentiation.
However, an extensive analysis of gene expression across differentiation lent no evidence to this
hypothesis. Indeed, at Day 0 when PSME3-depleted cells already display elevated levels of cell-
adhesion-related proteins and an increased migration rate, no mRNA transcript other than
PSMES itself is altered. While a modest change in gene splicing was observed (data not shown),
no global defects were observed, and none of the identified isoforms were consistently altered

across differentiation, nor would they seem to have any ability to influence these processes.
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Bereft of satisfying evidence for gene expression driving the deficits in myogenesis, we
turn instead to another highly enriched binding partner of PSME3: NUDC. NUDC is known to
be a major player in the chaperone network, a family of proteins with which PSMES3 already has
demonstrated associations (see the discussions in Chapter 1 on BAG-family proteins). Further,
NUDC is known to regulate the post-translational stability of target proteins, specifically those
found at the leading edge of migrating cells. Though NUDC is normally considered to be a
cytoplasmic protein, we find that it is uniquely situated in both the nucleus and cytoplasm in
C2C12 cells, positioning it well to interact with PSME3.

NUDC may thus bridge the gap that the transcription hypothesis failed to span. PSME3
may interact with NUDC within the nucleus to alter its activity in some manner, such that were
this altered protein to exit the nucleus (as one would expect there to be some flow between the
nuclear and cytoplasmic populations), its ability to aid in the folding of client proteins might be
changed. In this way, one could imagine that PSME3 could influence the abundance of cell-
adhesion proteins without ever having to leave the nucleus. Though the nature of this
“modification” of NUDC is unclear, PSME3’s only documented intrinsic function is to act as a
chaperone and mediator of protein-protein associations (Cascio, 2021; Zhang and Zhang, 2008).
It’s possible that this interaction either changes the folding state of NUDC or leads it to associate
with binding partners or modifiers that might alter NUDC’s activity. This process might be
similar to the ubiquitination event that PSMES3 elicits by recruiting MDM?2 to p53 to promote its
degradation (Zhang and Zhang, 2008).

The substantiation of this hypothesis relies on evidence of a functional interaction
between PSME3 and NUDC. Unfortunately, none availed themselves over the course of this

study. We sought to demonstrate such an interaction by measuring the functional output of
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NUDC in the absence of PSME3. However, in PSME3-depleted cells, the number and length of
primary cilia, phenotypes known to be regulated by NUDC in retinal epithelial cells, were
unaffected. Further, depletion of PSME3 had no effect on NUDC localization or abundance. The
only links between PSME3 and NUDC were the physical associations demonstrated by co-1P
and PLA, and the documented importance in other cell types for NUDC in cell migration.

As such, the nature of the interaction between PSME3 and NUDC regarding myogenesis
remains unknown. In the absence of clear evidence of changes in NUDC function in the absence
of PSMES3, and for the other reasons listed above, the possibility of protein degradation as a
mechanism must be seriously considered, as well as other uninvestigated mechanisms, including
MRNA export from the nucleus or activities associated with the ribosome.

Nevertheless, we leave the importance of PSME3 for C2C12 myoblast differentiation
well established. We believe that these findings represent a major step forward to understanding
PSMES3 function and, while they do not resolve many of the standing mysteries surrounding the
protein, they will be of interest not only to those who are interested in PSME3 but will be of
broad use for their application to the study of chromatin organization and cellular differentiation.

Before we discuss ways in which this study might be improved and other experiments
that may resolve some of the difficulties, we will pause briefly to consider the discovery that
PSMES associates extensively with the chromatin in dividing C2C12 cells. Though it appears to
bear no physiological importance for myogenesis, the finding is possibly the most striking of
those made by the present study, not least for the unexpectedly widespread nature of this
interaction. Even more surprising, and equally disappointing from this writer’s perspective, was
the lack of gene expression changes upon depletion of PSME3. As the results discussed in

Chapter 3 fail to shed any further light on this puzzle, a thorough discussion of the nature and
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purpose of this interaction is relegated to Chapter 2 Section 4; any further attempts to this end
threaten to turn from speculation to fantasy.

Only one additional point bears mentioning in this regard: the apparent heterogeneity of
PSMES3 activities across experimental contexts. Table 1.1 lists degradation targets of PSME3 and
includes, among several other proteins, a slew of transcription factors. These proteins are well-
established targets of PSMES3 in their respective systems and yet appear unaffected by PSME3
depletion in our experiments. This is not for lack of resolution within our work, as we possess
several means by which to measure any disruptions in their function. A stabilization of major
transcription factors such as c-Myc, NF-«B, and p53 in the absence of PSME3 should result in
measurable changes in gene expression, which we failed to observe. This result alone should not
be considered decisive, but similar findings were obtained through proteomics performed on
cells lacking PSME3. Indeed, among the proteins upregulated upon PSME3 depletion, not one
was a documented degradation target of PSME3. Whether PSME3 possesses any proteolytic
functions at all in our system, or instead is simply degrading heretofore uncharacterized targets,
is unclear and requires further investigation.

What one may concede without too great a risk is that PSME3 possesses divergent
functions dependent on the cellular context. What is true of PSME3 in macrophages or intestinal
crypt cells may not be true of PSME3 in C2C12 cells. Indeed, in all published instances, PSME3
was positively correlated with cell migration rates in diverse forms of cancer (Bhatti et al., 2019;
Tong et al., 2020; Wang et al., 2015; Yi et al., 2017). In our system, the opposite effect was
observed; loss of PSMES3 resulted in a marked increase in cell migration rates. Even among cells
of the same type, PSME3 may display divergent behaviors. In one lineage of C2C12 cells, we

observed a dynamic relocalization of PSME3 from the nucleus to the cytoplasm exclusively in
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mature myotubes while it remained cytoplasmic in quiescent satellite cells. However, when a
fresh vial was obtained from the cell bank, its descendent cells displayed a uniformly nuclear
localization of PSME3 across differentiation.

While no mechanistic insights can be obtained from these observations alone, it suggests
that there is much more to learn about the diversity of modification states and interaction
partners that PSME3 may possess that allow it to perform so inconstantly. Further, it highlights
the need for consistent experimental practices when studying this particularly elusive protein. In
the following section, we will discuss precisely what these future studies might be, and through
what means PSME3’s function might be better understood.

Future Directions
While we demonstrate that a proteasome-binding deficient form of PSMES3 is sufficient

to restore myogenesis to a normal level in the absence of endogenous PSME3, this experiment
involved several less-than-ideal alterations to the cells that may have resulted in results
unrepresentative of true cellular physiology. Included among these flaws was the use of a null
rather than a dominant negative mutant in an overexpression system. A more ideal experiment
would have used the dominant negative N151Y mutation (discussed in Chapter 1),
overexpression of which should be sufficient to poison even complexes formed with the
endogenous PSMES3 copies, no knockdown required. Provided the expression level of this
mutant protein was high enough, then one would be more confident that the proteasome-binding
activity of PSME3 were truly being impaired. This would have provided a clearer picture of the
necessity of PSME3’s interaction with the core proteasome in the context of myogenesis.
Additionally, an extensive examination of the function of the chaperone system in the
absence of PSME3, with particular attention paid to HSP90/70 efficiency, would be fruitful in

revealing the interaction of PSME3 with the protein folding network. Further, positive evidence
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that PSME3 functionally interacts with NUDC would strengthen the hypothesis that PSME3 acts
independently of the proteasome. Such data may be collected through various means with
varyingly satisfying results. One could repeat the same assay that was originally used to identify
NUDC as an HSP90 co-chaperone, where HSP90-dependent signaling through the
glucocorticoid receptor in transgenic cells results in mCherry expression (Biebl et al., 2022).
Loss of PSME3 in such a context may be expected to produce a change in mCherry expression
upon glucocorticoid stimulation if PSME3 interacts productively with NUDC. Alternatively,
several cell-free in vitro protein folding assays with purified HSP90, NUDC, and PSME3 might
shed some light on the direct biochemical necessity of PSME3 on NUDC function (Banerjee et
al., 2021).

A simpler approach, though, may be to first verify that loss of NUDC in C2C12 cells
results in a change in cell migration rates. As this study has leaned heavily on previous findings
that NUDC regulates cytoskeletal dynamics, it would be useful to demonstrate that it holds a
similar role in our system as well. Further, understanding the effects of a concurrent depletion of
PSME3 and NUDC would be particularly important. If NUDC is a positive regulator of cell
migration rates as previously demonstrated, then it would suggest that PSME3 and NUDC have
an antagonistic relationship in this context. Whether depletion of both NUDC and PSME3
restores cells to a normal rate of migration would be interesting to determine.

Finally regarding NUDC, an investigation of the regions of each protein necessary for an
interaction would be enlightening and could be achieved through expression of various deletion
mutants of each protein. We would suggest that the homolog-specific insert region of PSME3
(discussed in Chapter 1) is the most likely candidate for this interaction, as it has previously been

shown to mediate non-proteolytic protein interactions, as in the case of p53 and MDM2 (Zhang
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and Zhang, 2008). What regions of NUDC might be necessary for the interaction are unclear.
Additionally, a similar study performed with PSME3 and its interactor RPRD1A would be
similarly productive.

As for PSME3’s DNA binding activity, it would naturally be useful to investigate other
cell types. Given the seemingly labile interaction PSME3 appears to display with the chromatin
over the course of differentiation, understanding the contexts under which PSME3 associates
with the DNA would seem important, and might be revealed using cells of different lineages.
Performing CUT&RUN in cycling myoblasts treated with other conditions known to affect
PSMES3 function, such as DNA damage or cell cycle inhibitors, may alter its DNA-binding
profile as well in an interesting manner.

Lastly, it is important to understand the contribution of PSME3 to myogenesis in a more
relevant cell type. C2C12 cells are immortalized and significantly more difficult to differentiate
than primary myoblasts obtained directly from a living animal, hinting at important physiological
differences between the two cell types. Further, C2C12 cells will only migrate after forming a
monolayer, and are hardly mobile when plated in isolation (data not shown). In contrast, primary
myoblasts are motile regardless of confluency and will quickly fuse with any available binding
partner. This indicates that primary myoblasts, the cells that are responsible for forming muscle
in the organism, subject their cytoskeleton to a different system of regulation that may either
preclude or potentiate contributions of PSME3. Whether PSMES is equally important for
migration and myogenesis in primary myoblasts and in the developing animal as in cultured

C2C12 cells remains unclear, and merits further investigation.
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Chapter 5 Materials and Methods
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Plasmids
Constructs were created by insertion of PSME3 into pcDNA3.1(+)-C-eGFP or

pcDNA3.1(+)-N-eGFP for live imaging, and pcDNA3.1(+)-N-DYK or pcDNA3.1(+)-C-DYK
for FLAG-tagged experiments. PSME3 sequence (accession NM_011192.4) was obtained from
GenScript.

Antibodies
The following antibodies were used: PSME3 (rabbit polyclonal, BML-PW8190, Enzo

Life Sciences, 1:6,000 IF, 1:200 CUT&RUN) (rabbit polyclonal, 38-3800, Thermo Fisher
Scientific, 1:125 WB, 1:25 IP); B-Tubulin (rabbit monoclonal 9F3, #2128, Cell Signaling
Technology; 1:1,000 Western blot); Myosin 4 (mouse monoclonal MF20, 14-6503-82, Thermo
Fisher Scientific; 1:100 IF); Myogenin (mouse monoclonal F5D, 14-5643-82, Thermo Fisher
Scientific, 1:250 IF); FLAG (mouse monoclonal M2, F1804, Sigma-Aldrich, 1:500 IF and PLA,
1:1,000 Western Blot); RPRD1A (rabbit polyclonal, HPA040602, Sigma-Aldrich, 1:50 PLA,
1:250 Western Blot); NUDC (rabbit polyclonal, 10681-1-AP, Proteintech, 1:25 IF and PLA);
H3K4me3 (rabbit monoclonal C42D8, #9751, Cell Signaling Technology, 1:50 CUT&RUN).

Cell culture and transfection
C2C12 cells obtained from the American Type Culture Collection (ATCC) were cultured

in DMEM with 20% FBS. Cells were allowed two passages (four days) after thawing before
being subjected to any experiments. No cells over passage nine were used for any experiment.

For transfection with siRNA, cycling C2C12 cells were reverse transfected on two
consecutive days with Lipofectamine RNAIMAX transfection reagent (Thermo Fisher Scientific)
and either SMARTpool siRNA from Horizon Discovery targeting PSME3 (L-062727-01-0005)
or a non-targeting control pool (DH-D-001810-10-20) in OptiMEM. Cells were allowed to

recover for two days before being collected or induced to differentiate. For differentiation into
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myotubes, cells were grown to full confluency, washed once with PBS, and switched to DMEM
with 2% horse serum, designated as Day 0. Differentiation media was refreshed every 48 hours.

For transfection with plasmids, cells were grown to 80% confluency and were treated
with a mixture of Lipofectamine 2000 (Thermo Fisher Scientific, 11668019) and the plasmid of
interest. Cells were passaged on the following day and examined on the day thereafter for
expression.

Immunofluorescence and proximity ligation assay
Two methods were used for immunofluorescence. In the first method, cells were fixed

with 4% formaldehyde in PBS for five minutes at room temperature. They were then incubated
with a blocking/permeabilization buffer containing 0.1% Triton X-100, 0.02% SDS, and 10
mg/mL BSA in PBS. The cells were incubated in primary antibody in the blocking solution for
ninety minutes, followed by three washes in PBS, an incubation with fluorescent secondary
antibodies in the blocking solution, then an additional three washes in PBS before mounting in
Everbrite Mounting Medium with DAPI (Biotium, 23002). This method was used for all imaging
experiments that did not involve staining for NUDC.

In the second method, fixation was performed by incubation with 4% formaldehyde in
PBS for five minutes at room temperature, followed by eight minutes in cold 100% methanol at -
20°C. The blocking/permeabilization buffer was composed of 0.1% saponin with 10 mg/mL
BSA, which was also used as a diluent for the primary and secondary antibody. This method is
otherwise identical to the first method and was used exclusively for experiments requiring
staining of NUDC.

The proximity ligation assay was performed with the DuoLink In Situ Orange Starter Kit
(Sigma-Aldrich, DU092102-KT) according to the manufacturer’s instructions with the following

exceptions: permeabilization/blocking and primary antibody dilution/incubation was performed
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with the buffers and according to the principles described in the immediately preceding
paragraphs. Negative controls included several wells in which one or both primary antibodies
were omitted, while all other components remained.

Imaging of mature myotubes as well as cell migration was performed with a Nikon Ti2-E
Widefield Fluorescence Microscope using a 20x objective, while all other imaging experiments
utilized a Leica SP8 Laser Confocal Microscope using a 63x oil immersion objective. All
imaging experiments were performed in p-Slide 8 Well ibiTreat IBIDI chambers.

Retrovirus production
The coding sequence of PSME3 was FLAG-tagged and cloned into the pQCXIB vector,

with which 80% confluent HEK293T cells were transfected along with the pCL-Ampho
retrovirus packaging vector in equal proportions. The media was changed at 24 hours after
transfection and virus-containing conditioned media was collected an additional 24 hours
thereafter. After being passed through a 0.45 micron filter, the conditioned media was combined
1:1 with fresh growth media and incubated with C2C12 cells for 24 hours before exchange with
fresh growth media. At 48 hours after infection, cells were selected with 1-2 ug/mL of
puromycin until cell death ceased and control cells had uniformly perished. For knockdown
experiments, siRNA targeting the 3’-UTR was used to deplete the endogenous copy of PSME3
while sparing the tagged variants.

Cell mixing
Cells were treated with siRNA as described above, and on the day prior to differentiation

were stained with either CellTracker Deep Red Dye (1mM solution at 1:250; Thermo Fisher
Scientific, C34565) or CellTrace Violet Dye (5mM at 1:500; Thermo Fisher Scientific, C34571)
according to the manufacturer’s instructions and as previously described (Zhang et al., 2017).

After staining, cells were counted and either plated in isolation, or in a 1:1 mixture.
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Differentiation was induced on the following day, and incorporation into myotubes was assessed
on day 3 after fixing and staining for MHC. Due to the level of cell death normally observed
during differentiation, blue nuclei indicating cells lacking PSME3 were counted by hand. The
fraction contained in MHC-positive structures was quantified and compared between the
separate conditions.

Image analysis
The number of myogenin-positive nuclei within each MHC-positive structure was

performed manually in ImageJ (Schindelin et al., 2012). The total fraction of nuclei contained
within MHC-positive structures was performed by thresholding the MHC channel to create a
binary image, followed by watershedding to fill in the gaps within the cell. DAPI-positive nuclei
were similarly converted to a binary image, and the MHC image was used as a mask to subtract
nuclei not contained within. The total number of nuclei remaining were quantified using the
Analyze Particles function of ImageJ.

Cell migration was measured manually by displacement of the center of the nucleus over
two-hour intervals. The sum of these displacements over ten such intervals (20 hours total) was
summed for each individual cell. Cells were selected at hour zero only if they were clearly
visible, and were discarded if, during the course of the measurement, they divided or died.

Immunoblotting
Cells were collected by trypsinization and counted. 200 uL of RIPA buffer (50mM Tris-

HCI pH 7.5, 150mM NacCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, and 1x
Pierce Protease Inhibitor Tablet (Thermo Fisher Scientific, A32963)) was added per 1e6 cells,
which were incubated for 30 minutes at 4°C with rotation. Lysates were then briefly sonicated
(three five second pulses at approximately 1 Watt) before being clarified by centrifugation for 8

minutes at 10,000 RPM at 4°C on a tabletop centrifuge. 4x Sample Loading Buffer (Biorad,
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1610747) with beta mercaptoethanol was added to the lysates, which were then incubated at
95°C for five minutes.

Samples were loaded into 4-12% gradient gels (Bolt™ Bis-Tris Plus Mini Protein Gels,
Thermo Fisher Scientific, NW04122BOX) and run in Bolt MOPS SDS (Thermo Fisher
Scientific, B000102). Proteins were transferred using the Biorad Trans-Blot Turbo Transfer
System and were blocked in TBS-T plus 5% milk for one hour before being incubated overnight
with primary antibodies in the same solution. Membranes were washed three times in TBS-T
before probing with secondary antibodies conjugated with HRP targeting either mouse (Thermo
Fisher Scientific, 31430) or rabbit (Thermo Fisher, G-21234). Membranes were incubated with
SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific, 34580)
before imaging.

Immunoprecipitation
Cells were collected by trypsinization, washed once with PBS, and lysed for 30 minutes

at 4°C with rotation in an immunoprecipitation (IP) buffer containing 20 mM Tris-HCI pH 7.5,
100mM NacCl, 1% NP40, ImM EDTA, and 1x Pierce Protease Inhibitor Tablet (Thermo Fisher
Scientific, A32963). 200 uL of IP buffer was used per 1e6 cells, and 2.5e6 cells were used for
each immunoprecipitation. Cells were clarified by centrifugation for 8 minutes at 10,000 RPM at
4°C on a tabletop centrifuge. Primary antibodies were added directly into the clarified
supernatant at 2.8 ug per 1e6 cells, with an isotype 1gG (Biotechne, AB-105-C) used as a control.
This solution was incubated overnight at 4°C with rotation. The following morning, 50 uL of
Protein A Dynabeads (Thermo Fisher Scientific, 10008D) was added directly to the solution,
which was then incubated for two hours at 4°C with rotation. Beads were removed from solution
with a magnet and washed three times by resuspension with 200 uL of IP buffer. Beads were

then collected in 100 uL of IP buffer and transferred to a clean tube before being resuspended in
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3x Sample Loading Buffer (Biorad, 1610747) with beta mercaptoethanol and incubated for five
minutes at 95°C. The supernatant was collected and frozen on dry ice before being stored at -
80°C. Efficacy of the precipitation was assessed via immunoblot as described above, but using a
protein A-HRP conjugate (Millipore, 18-160) instead of the usual secondary antibodies to avoid
detection of eluted IgG.

CUT&RUN
CUT&RUN was performed using the kit provided by Cell Signaling Technology

(#86652) according to the manufacturer’s instructions, but with the following modifications.
Three hundred thousand cells were used per condition. Further, incubation was performed not
overnight at 4°C as the manufacturer recommends, but rather for 30 minutes at room temperature
to limit the level of cell death. Cells, unfixed, were frozen prior to assaying in 10% DMSO in
FBS unless otherwise indicated.

Libraries were prepared using the NEBNext Ultra™ |l DNA Library Prep Kit for
[llumina (E7645L) with primers from the NEBNext Multiplex Oligos for Illumina (Dual Index
Primers Set 1, E7600S) according to the manufacturer’s instructions. Prepared libraries were sent
to Novogene for sequencing. Raw reads were cleaned with Trim Galore and aligned with
Bowtie2, whereafter peaks were called with MACS2 (Babraham, 2016; Langmead and Salzberg,
2012; Zhang et al., 2008).

RNA Sequencing
Cells were collected directly from the plate by washing once with PBS followed by

addition of Trizol reagent (Thermo Fisher Scientific, 15596026). The samples were incubated in
the plate for three minutes at room temperature prior to freezing in dry ice and long-term storage
at -80°C. RNA was isolated from the sample using a chloroform extraction followed by

purification with the RNeasy kit from Qiagen. Samples were submitted to Novogene for library
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preparation and sequencing. RNA reads were aligned with RNA STAR and comparative gene
expression analysis was performed with DESeg2 (Dobin et al., 2013; Love et al., 2014).

Mass Spectrometry Sample preparation
Samples in 3x Laemmli buffer were first cleaned up by SP3 using a commercial kit

(PreOmics GmbH, 50 mg of beads per sample), then processed using the iST kit (PreOmics
GmbH) according to the manufacturer's instructions. Tryptic digestion was stopped after 1 h and
cleaned-up samples were vacuum dried. Finally, samples were re-dissolved by 10 min sonication
in the iST kit's LC LOAD buffer.

LC-MS/MS analysis
Samples were analyzed by LC-MS/MS on a nanoElute 2 nano-HPLC (Bruker Daltonics)

coupled with a timsTOF HT (Bruker Daltonics), concentrated over a "Thermo Trap Cartridge
5mm™", then bound to a PepSep XTREME column (1.5 um C18-coated particles, 25 cm * 150
pum ID, Bruker P/N 1893476) heated at 50°C and eluted over the following 90 min gradient:
solvent A, MS-grade H-0 + 0.1% formic acid; solvent B, 100% acetonitrile + 0.1% formic acid;
constant 0.60 nL/min flow; B percentage: 0 min, 2%; 90 min, 30%, followed immediately by a 8
min plateau at 95%. MS method: M/Z range = 99.993933-1700 Th, ion mobility range = 0.6-1.6
1/KO0; transfer time = 60 ps, pre-pulse storage time = 12 us, enable high sensitivity modus = off,
ion polarity = Positive, scan mode = MS/MS (Pasef); TIMS parameters: ramp time = 100 ms,
accumulation time = 100 ms; PASEF parameters: ms/ms scans = 10, total cycle time = 1.167166
s, charge range = 0-5, intensity threshold for scheduling = 2000, scheduling target intensity =
15000, exclusion release time = 0.4 min, reconsider precursor switch = on, current/previous
intensity ratio = 4, exclusion window mass width = 0.015 m/z, exclusion window v-s/cm? width

=0.015 V*s/cm2.
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LC-MS/MS Data analysis
Raw files were searched in FragPipe version 20.0 against a Mus musculus proteome

sourced from UniprotKB. Fixed cysteine modification was set to +57.02146 (Cysteine). Variable
modifications were set to +15.9949 (Methionine), +42.0106 (protein N-term), +79.96633 (STY)
and -17.0265 (GlIn -> pyroGlu). Peptide identifications were validated using Percolator. Results
were filtered in Philosopher at protein level at FDR 1%. MS1-level peptide quantitation was
performed using lonQuant with match-between-runs turned on.

FragPipe's output was re-processed using in-house R scripts, starting from the psm.tsv
tables. MS1 intensities were re-normalized to the median. The long format psm.tsv table was
consolidated into a wide format peptidoforms table, summing up quantitative values where
necessary. Missing values were imputed using two different strategies: i) the KNN (K-Nearest
Neighbours) method for Missing-At-Random values within sample groups, and ii) the QRICL
(Quantile Regression Imputation of Left-Censored data) method for Missing-Not-At-Random
values. Peptidoform intensity values were re-normalized as follows: 1 and 2. Peptidoform-level
ratios were then calculated. Protein groups were inferred from observed peptides, and quantified
using an in-house algorithm which: i) computes a mean protein-level profile across samples
using individual, normalized peptidoform profiles ("relative quantitation” step), ii) following the
best-flyer hypothesis, normalizes this profile to the mean intensity level of the most intense
peptidoform ("unscaled absolute quantitation™ step); for protein groups with at least 3 unique
peptidoforms, only unique ones were used, otherwise razor peptidoforms were also included,
Phosphopeptidoforms and their unmodified counterparts were excluded from the calculations.
Estimated expression values were log10-converted and re-normalized using the Levenberg-
Marquardt procedure. Average log10 expression values were tested for significance using a one-

sided moderated t-test per samples group (limma). Significance thresholds were calculated using
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the Benjamini-Hochberg procedure for False Discovery Rate values of 10%, 20% and 30%.
FRegulated protein groups were defined as those with a significant P-value and a log2 ratio
greater than 1 for immunoprecipitation experiments, and a log2 ratio greater than 0.3 for
proteomics experiments. GO terms enrichment analysis was performed using Metascape Gene

Annotation & Analysis Resource (Zhou et al., 2019).
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