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Chapter 1

INTRODUCTION

Regulation of protein stability and function by ubiquitin modification

Throughout the life span of the cell, billions of proteins are dynamically synthesized and
degraded. Inefficient proteolysis can result in protein aggregation and subsequent toxicity as seen
in severe neurodegenerative disorders like Alzheimer’'s and Parkinson’s disease (Ciechanover
and Kwon, 2015). One important cellular defense against misfolded proteins involves degradation
by the proteasome, a complex molecular machine that can unfold proteins and process them to
short peptide fragments (Hershko and Ciechanover, 1998). Classically, proteins are modified by
ubiquitin to be targeted by the proteasome for ubiquitin-mediated degradation through the action
of 3 enzymes: E1 (activating), E2 (conjugating), and E3 (ligase). E3 ubiquitin ligases modify target
proteins with ubiquitin moieties not only for proteasomal degradation, but also changes in protein
function, subcellular localization, or protein interactions (Akutsu et al., 2016). The outcome of
ubiquitination is dictated by the type of linkages between the moieties or length of the ubiquitin
chain (French et al., 2021). We've translated part of this complex code, but we’ve only scratched

the surface of the role of ubiquitin mediated regulation in cellular processes.

Ubiquitination is mediated by an enzyme cascade

Ubiquitin is an 8.5 kDa protein that acts as a post-translational modification generally
signaling for proteasomal degradation of proteins (Ciechanover and Kwon, 2015). In fact,
ubiquitination accounts for 80% of all protein degradation in cells. Ubiquitin was first identified by
Gideon Goldstein as a polypeptide that induced differentiation of T and B cells (Goldstein et al.,
1975). He found that the protein was highly conserved, found in every organism he tested
including guinea pigs, squids, and celery. Additionally, he discovered that it was expressed in
every tissue he tested from the salivary gland to the brain. Based on his findings, he dubbed the
newly discovered protein “ubiquitous immunoprotein polypeptide,” which was eventually
shortened to ubiquitin. Two years later, Goldberg created a cell-free system to test ATP-
dependent proteolysis of abnormal hemoglobin protein from reticulocyte lysates (Etlinger and
Goldberg, 1977). Aaron Ciechanover and Avram Hershko analyzed this cell-free system by
biochemical fractionation and reconstitution (Ciechanover et al., 1980; Hershko et al., 1979, 1980,

1983). Briefly, they separated the lysate into three fractions (Fraction 1-3). Fraction 2, though it



contained all the hemoglobin protein, was unable to perform ATP dependent proteolysis. When
Fraction 1 was added, ATP dependent proteolysis was restored. They discovered that ubiquitin
was present in this fraction through protein purification, with the assistance of Irwin Rose,
ultimately uncovering its role in protein degradation. In 2004, Hershko, Ciechanover, and Irwin
Rose shared the Nobel prize “for discovery of ubiquitin-mediated protein degradation.” Two
decades after their initial groundbreaking studies, our understanding of ubiquitin protein regulation

has exponentially increased and continues to expand every day.

Ubiquitin modification of a given substrate is catalyzed by an enzymatic cascade involving
three key proteins: E1 (activating), E2 (conjugating), and E3 (ligase) (Figure 1-1). Each enzyme
provides an increasing level of ubiquitin substrate specificity — this is best represented by how
many of each enzyme humans express. Humans express 2 E1s, at least 38 E2s, and about 600
E3s, each with increasing specificity (Stewart et al., 2016; Ye and Rape, 2009). The activating
enzyme, E1, catalyzes the first reaction, adenylating ubiquitin. The E1 bound to ATP-Mg?* form a
phosphodiester bond between AMP and the hydroxyl group at the C-terminus of ubiquitin. The
catalytic cysteine within the E1’s active site attacks the high energy bond between ubiquitin and
AMP creating a thioester bond between the catalytic cysteine and the carboxyl group at the
terminal end of ubiquitin (Schulman and Wade Harper, 2009). Once an E1 is bound to ubiquitin,
it undergoes structural changes that expose its ubiquitin fold domain (Huang et al., 2007; Ye and
Rape, 2009). The E2 interacts with this domain via two conserved lysine residues and ubiquitin
is ultimately transferred to the E2’s catalytic cysteine via a thioester transfer (Pickart and Rose,
1985; Stewart et al., 2016; Ye and Rape, 2009). The association between an E2 and an E3 is
unstable, so as soon as the transfer is complete, the E2 dissociates freeing the E3 enzyme to
associate with another E2 and elongate the ubiquitin chain on the targeted substrate (Ye and
Rape, 2009).

The ligase, or the E3 enzyme, facilitates the final attachment of ubiquitin to its substrate
through the formation of an isopeptide bond between the C-terminus of ubiquitin and a specific ¢-
amino group of the targeted substrate. However, there are three families of E3 enzymes, each
with its own distinct ubiquitination mechanism (Figure 1-1). RING ubiquitin ligases act as a
scaffold. They bring the E2 and the substrate together, and facilitate ubiquitin transfer directly
from the active site of the E2 enzyme (Liu et al., 2018). HECT E3 ubiquitin ligases, however,
directly transfer ubiquitin to the substrate, first forming a thioester intermediate. HECT E3s have
a conserved catalytic cysteine at their C-terminus; ubiquitin moves from the E2 to this catalytic

cysteine via a thioester transfer (Wang et al., 2020). RBR ubiquitination mechanism is a
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combination between the two. The RBR consists of three subdomains: RING1, In Between RING
(IBR), and RING2. First, the E2 is recruited to the RING1 domain, just like in a RING ES3 ligase.
Then, the ubiquitin is transferred to an active cysteine on the RING2 via thioester transfer forming
a thioester intermediate, like a HECT E3 ligase, before finally transferring ubiquitin to its substrate
(Smit and Sixma, 2014) (Figure 1-1). Additionally, this conjugation is reversible — all ubiquitination
can be reversed by a group of enzymes known as deubiquitinases that cleave ubiquitin from its
substrate by breaking the isopeptide or peptide bond connecting them (Mevissen and Komander,
2017).

The growing complexity of the ubiquitin code

Ubiquitin can signal for more than proteasomal degradation, depending on the number of
ubiquitin moieties added to a substrate and the type of linkages within a polyubiquitin chain
(Rajalingam and Dikic, 2016; Ye and Rape, 2009). Another ubiquitin moiety can be added to any
of ubiquitin’s seven lysine residues (K6, K11, K27, K29, K33, K48, or K63) or the methionine at
its N-terminus forming a polyubiquitin chain (Swatek and Komander, 2016). The fate of a
ubiquitinated protein is determined by recognition of the unique structure of a ubiquitin chain by
the ubiquitin-binding domain (UBD) of an effector protein (Beal et al., 1996; French et al., 2021).
Substrates can be either monoubiquitinated or polyubiquitinated (French et al., 2021).
Monoubiquitinated substrates can have a single ubiquitin moiety on one residue or multiple sites
of monoubiquitination. Polyubiquitinated substrates are modified with a chain of conjugated
ubiquitin moieties. Homotypic chains are comprised of a single type of linkage. Heterotypic chains
can be mixed, meaning they contain more than one type of ubiquitin linkage. Branch heterotypic
chains contain ubiquitin moieties that are modified on multiple lysine residues forming branches
in the chain. K48 and K63 homotypic chains are considered the canonical linkages and thus the
best characterized, but our understanding of the remaining linkages, and even the more complex

branched chains has grown substantially in the past decade (French et al., 2021).

K48 is the canonical linkage signaling for proteasomal degradation of a conjugated
protein. The 750 kDa proteasome complex is composed of more than thirty subsets of proteins
and is considered the cells catalytic trash can. Proteasome subunits Rpn1, Rpn10, and Rpn13
contain UBDs that recognize and recruit K48 polyubiquitin chains subjecting the ubiquitinated
protein to proteasomal degradation (Deveraux et al., 1994; Husnjak et al., 2008; Shi et al., 2016).
K11 linkages have slowly emerged as a linkage key for signaling proteasomal degradation, and

branched chains — chains containing moieties with more than one lysine conjugated to a second
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moiety — consisting of K48/K11 linkages seem to enhance proteasomal degradation of targeted
proteins (Boughton et al., 2020; French et al., 2021; Jin et al., 2008; Meyer and Rape, 2014). In
yeast cells, a majority of ubiquitin linkages are K11 or K48, each making up about 30% of all
seven linkages (Xu et al., 2009). K11-linked ubiquitin chains seem to be a key signal for
proteasomal degradation during cell cycle progression. They have become a hallmark of
ubiquitination by the major cell cycle regulator the anaphase-promoting complex/cyclosome
(APC/C).

The anaphase-promoting complex/cyclosome (APC/C) is a 1.5mDa multi-subunit E3
ubiquitin ligase complex that regulates cell cycle progression primarily during the mitotic and G1
phases of cell cycle through the precisely timed proteasomal degradation of key cell cycle
regulatory proteins like G1 cyclins (Pines, 2011). Rather than K48-linked ubiquitin chains, APC/C
conjugates K11-linked ubiquitin chains on targeted proteins to mark them for proteasomal
degradation (Jin et al., 2008; Matsumoto et al., 2010). APC/C also forms branched chains
composed of K11/K48-linkages enhancing substrate proteasomal degradation (Meyer and Rape,
2014; Rana et al., 2017). A recent study demonstrated the proteasomal subunit Rpn1 has an
increased affinity for K11/K48-linkages, explaining the observed enhancement in proteasomal
degradation (Boughton et al., 2020).

Similarly, branched variants of the well-characterized K63-linked ubiquitin chains seem to
enhance its known effects on protein function. K63-linked ubiquitin chains were the first identified
linkage that did not promote proteasomal degradation; Cecile Pickart, who was trained in Irwin
Rose’s lab, first reported they signaled for DNA repair (Hofmann and Pickart, 1999). In the two
decades since, K63-linked ubiquitin chains have been shown to promote the formation of
signaling complexes that control processes like DNA repair, mitophagy, spliceosome assembly,
and activation of transcription factor NF-xB (French et al., 2021; Yau and Rape, 2016). NF-xB
promotes the innate immune response by inducing transcription of pro-inflammatory proteins like
cytokines (Liu et al., 2017c). NF-kB activity is inhibited by its association with the IkBo which
localizes it to the cytoplasm preventing its nuclear translocation. Proteasomal degradation of 1kBa
requires phosphorylation by IkBa kinase (IKK). The E3 ubiquitin ligase TRAF6 modifies IKK with
K63-linked ubiquitin chains promoting its activity, and subsequently NF-xB mediated transcription
(Deng et al., 2000; Wang et al., 2001). Research shows that K48/K63 branched chains protect
K63-linkages conjugated to IKK from deubiquitination stabilizing its ubiquitin modification (Ohtake
et al., 2016). In fact, K48/K63 branched chains account for 20% of all K63-linked ubiquitin chains
in U20S osteosarcoma cells (Ohtake et al., 2016). Another study even demonstrated that these
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branched chains can signal for the canonical function of ubiquitination — proteasomal degradation
(Ohtake et al., 2018). Characterization of the understudied ubiquitin linkages alone and in
combination will provide further insight into the complex regulation of cellular processes by post-

translational modifications.

The Cullin RING Ligase (CRL) family of ubiquitin ligases are defined by key structural

features

CRLs are the largest family of E3 ubiquitin ligases and account for 20% of all protein
degradation. There are only eight cullin scaffolds — the main component of a CRL — but these can
recruit countless adapter proteins required for interaction with specific substrates, each forming a
distinct CRL complex (Petroski and Deshaies, 2005). There are an estimated 500 CRL complexes
comprising an expansive repertoire of functions (Zimmerman et al., 2010). Through association
with adapters, one cullin scaffold can respond to diverse cellular signals and can adapt to any
cellular stress. Despite their unique ability to adapt to the everchanging needs of the cell, all
members of the family share common structural features, and are regulated by a common post-
translational modification (Duda et al., 2011; Zimmerman et al., 2010). However, one non-
canonical cullin, CUL9, does not fit the classical definition of a CRL (Skaar et al., 2007). Its

function and structural assembly remain poorly characterized.

Cullin scaffolds were first identified as key cell cycle regulators

The first cullin was discovered when two groups of researchers sought to determine why
a set of proteins containing an uncharacterized domain were required for cell cycle progression.
Cullin domain containing proteins were first discovered to be required for cell cycle progression
in Saccharomyces cerevisiae (Mathias et al., 1996) and Caenorhabditis elegans (Kipreos et al.,
1996). Together, these landmark studies determined that mutation of Cullin-1 (CUL1) resulted in
tissue hyperplasia and inhibited progression through the G1 phase. Both provided evidence that
CUL1 somehow negatively regulated the levels of cyclins required for mitotic exit (Cyclin B) and
S-phase entry (Cyclin E). Both papers boasted the exciting discovery of an entire new family of
proteins: the cullins. They determined cullin containing proteins were present in yeast,
nematodes, and humans — at the time they predicted there were at least six cullin proteins in
humans. Work began to characterize the function of this new family of proteins with suspected

ubiquitination activity.



One year later, Raymond J. Deshaies and J. Wade Harper published landmark findings
on the same day in Cell 1997 detailing the discovery of the first class of CUL1 complexes: the
Skp, Cullin, F-box containing complex (SCF) (Feldman et al., 1997; Skowyra et al., 1997). They
specifically discovered the SCF complex containing the F-box adapter protein Cdc4. Deshaies’
group demonstrated that SCFP® promotes progression from G1 phase to S phase in cell cycle
in S. cerevisiae by targeted degradation of cyclin dependent kinase inhibitors (CKI) Sic1 and Far1
(Feldman et al., 1997). Cell cycle is propelled forward by a tightly orchestrated oscillation of
proteins known as cyclins. Each cyclin peaks at a particular cell cycle phase, complexing with a
particular cyclin dependent kinase (CDK). The resulting complex phosphorylates substrates
generally promoting their degradation by a specific E3 ubiquitin ligase. They demonstrated that
phosphorylation at multiple sites on Sic1 and Far1 were required for targeted ubiquitination by
SCF and activation of the S-phase CDK (Feldman et al., 1997).

Harper’s group built on this discovery. They determined that this SCF complex was not
limited to incorporating one F-box protein (Skowyra et al., 1997). In addition to SCF®P®4, they
identified SCFC®™. SCFC™ targets the G1-cyclins CIn1 and CIn2 for ubiquitination — they were only
able to postulate this at the time as their data only demonstrated that Grr1 recruited these cyclins
to SCF in vitro. This key study found that SCF could form multiple complexes, each with unique
substrate specificity determined by the incorporated F-box protein (Skowyra et al., 1997). 68 F-

box proteins have been identified since, and more are predicted to exist (Jin et al., 2005).

Both Deshaies and Harper suggested that newly discovered SCF complexes SCF¢* and
SCF®™ would act as a model for other SCF complexes — they were correct. SCF complexes have
been heavily studied in the past two decades, most following a similar structural and mechanistic
model as the originals. For example, all require phosphodegrons for substrate recognition by F-
box adapter proteins (Cardozo and Pagano, 2004). However, SCF complexes act as base models
for nearly all CRL structural assemblies and act as a blueprint for the general ubiquitination

mechanisms employed by other CRLs.

Canonical CRLs share common structural features

Despite the ever-expanding diversity of CRL substrates and functions, most of these
multisubunit ligases share common structural features (Figure 1-2). The SCF complex
exemplifies these key commonalities. The first insight into CRL structure came from visualization
of the SCFS¥P2 complex (Schulman et al., 2000; Zheng et al., 2002b). Prior to this study,

researchers had a basic understanding of the composition of the complex. The RBX1 RING
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subunit associates with the CUL1 scaffold to form the catalytic core complex that recruits the E2
enzyme bound to a ubiquitin chain (Kamura et al., 1999; Ohta et al., 1999; Seol et al., 1999;
Skowyra et al., 1999). The adapter protein SKP1 recruits the F-box domain containing protein
SKP2, which ultimately acts as the substrate receptor (Bai et al., 1996; Feldman et al., 1997,
Skowyra et al., 1997). However, exactly how these proteins worked together to position the

substrate for ubiquitin transfer was not known.

The initial crystal structure of SCFSKP2 revealed that CUL1 has an elongated, crescent like
shape with a notably rigid structure — this rigidity is required for CRL ubiquitination activity
(Schulman et al., 2000; Zheng et al., 2002b; Zimmerman et al., 2010). CUL1, like other cullins,
has structurally distinctive C-terminal (CTD) and N-terminal domains (NTD). (Schulman et al.,
2000; Zheng et al., 2002b). The N-terminal domain was “stalk-like” composed of alpha helices
that were unique from other known helical domains that acted as the site of protein-protein
interactions like the tetratricopeptide repeat domain (TRP) (Zheng et al., 2002b). The SKP1-SKP2
proteins bind to the tip of the NTD domain on a solvent exposed, a structural motif composed of
helical bundles known as a cullin repeat, well-conserved across other cullin scaffolds. The NTD
forms a narrow, string like linker connecting the NTD to the CTD. This linker is more flexible than
the rest of the protein essentially allowing it to fold in on itself to connect the substrate bound to
the substrate receptor on the NTD to the RING binding protein on the CTD to facilitate
ubiquitination (Zheng et al., 2002b).

The CTD is more globular and contains the hallmark of cullin scaffolds: the cullin homology
domain common amongst canonical and non-canonical cullins alike. The most important and well
conserved motif in the CTD is a hydrophobic groove where the zinc binding RING domain portion
of the RING binding protein, RBX1 in the case of SCFSK"2, binds (Schulman et al., 2000; Zheng
et al., 2002b; Zimmerman et al., 2010). A similar hydrophobic groove in the RING protein recruits
the E2 ubiquitin ligase bound to ubiquitin — this hydrophobic groove is well-conserved across all
RING proteins. Once the SCFSKP2 complex is fully formed, the cullin essentially folds in on itself.
A leucine-rich repeat domain of SKP2 moves near the active site of the E2 leaving a small space
between them allowing the flexibility needed to promote ubiquitination. Interestingly, the well-
characterized APC/C subunit APC2 contains a cullin-homology domain as well that interacts with
the APC11 domain, the RING subunit of the APC/C - these two proteins interact in a similar
manner to CRLs, though APC/C is still considered a non-canonical CRL (Zheng et al., 2002b).



Although complexes formed by CUL1, CUL2, CUL3, CUL4A, CUL4B, CUL5, and CUL7
share strikingly similar structures, there are some notable differences (Petroski and Deshaies,
2005; Zimmerman et al., 2010). Each cullin essentially has its own set of adapter proteins with
common binding domains, like the F-BOX motif in SCF adapter proteins. For example, CUL2 and
CULS5 recruit adapter proteins called BC-box containing proteins like the supressor of cytokine
signaling proteins (SOCS) containing a Broad complex, Tramtrack, Bric-a-bric (BTB) fold — this
fold is also present in SKP1 (Bullock et al., 2006; Cardote et al., 2017; Mahrour et al., 2008;
Schulman et al., 2000). There are other, larger structural differences that suggest altered
ubiquitination mechanisms between cullin scaffolds (Petroski and Deshaies, 2005). CUL4A, for
example, has a unique cullin repeat sequence where adapter proteins bind in other cullins (Zheng
et al., 2002b).

Mutations in conserved domains amongst cullins often lead to severe disease. CUL7
mutations are thought to account for over 80% of all cases of a the rare but debilitating autosomal
recessive disorder known as 3-M syndrome (Huber et al., 2005, 2009). Those afflicted with 3-M
syndrome have delayed bone maturation ultimately causing facial deformities and short stature.
Many of the mutations resulted in truncated CUL7 protein (Huber et al., 2005, 2009). Other point
mutations commonly seen were present in the cullin domain itself, ultimately preventing ROC1, a
specific RING protein, binding (Huber et al., 2005, 2009).

Another study suggests that dysfunctional regulation of non-canonical cullin CUL9 by
CUL7 and other commonly mutated proteins obscurin-like cytoskeletal adapter 1 (OBSL1) and
coiled-coil domain containing 8 (CCDCS8) is a driving mechanism behind 3-M syndrome as well
(Glotzer, 2009; Li et al., 2014). This study concluded that CUL7, OBSL1, and CCDC8 form a
complex that modulates microtubule stability at the centrosomes ultimately protecting genome
integrity (Li et al., 2014; Yan et al., 2014). The group initially reported that CUL9 KO mice were
extremely tumor prone, with tumors in nearly every organ in the body — this led them to believe
that CUL9 was a tumor suppressor (Pei et al., 2011). In fact, a p53/CUL9 double knockout mouse
had more tumors than either single knockout (Li et al., 2014).

When the group noticed that CUL9 protein levels were increased in CUL7 KO mouse cells,
they suspected CUL7 may negatively regulate CUL9 protein (Li et al., 2014). They showed some
evidence, including decreased levels of ubiquitinated CUL9 protein, in CUL7 KO and KD mouse
cells that implies CUL9 is a substrate of CUL7. However, deletion of OBSL1 also resulted in
increased CUL9 levels, indicating the entire “3M complex” composed of CUL7, OBSL1, and

CCDCS8 is required for CUL9 regulation. Depletion of any of the three complex components
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resulted in cytokinetic failure leading to high levels of aneuploidy and polyploidy, but co-depletion
of CUL9 rescued these phenotypes. Ultimately, the authors determined that SURVIVIN, an
inhibitor of apoptosis thought to regulate the mitotic spindle checkpoint, protein levels were
regulated by CUL9 through ubiquitin mediated proteasome degradation (Altieri, 2006; Li et al.,
2014). Increased levels of SURVIVIN were present when any of the four proteins were depleted
or deleted in mouse cells and U20S cancer cells resulting in inactivation of the mitotic spindle
checkpoint resulting in missegregation of the chromosomes, resulting in genomic instability (Li et
al., 2014).

This study suggested that CUL9 and CUL7 heterodimerize to inhibit CUL9 function in a
ubiquitin independent manner (Li et al., 2014). However, others have reported that CUL9 and
CUL7 heterodimerized, but provided evidence that they do not regulate one another, nor is the
dimerization necessary for the ligase activity of either cullin (Skaar et al., 2005, 2007). Conflicting
findings on CUL9 and CUL?7 interaction and cross-regulation need to be clarified. CRL and cell
cycle regulators APC/C and an SCF complex also antagonize one another during the G1 stage
of the cell cycle (Margottin-Goguet et al., 2003; Vodermaier, 2004; Wei et al., 2004). This cross-
regulation could inform future studies about CUL9 and CUL7 cross-regulation and ultimately

provide insight into other potential cullin heterodimerizations.

CRL activity is regulated by post-translational modification by NEDD8

In addition to common structural features, CRLs are also regulated by similar mechanisms
(Figure 1-3) CRL ubiquitin ligase activity requires modification on conserved residue in the cullin
domain by ubiquitin-like protein NEDDS8 (neural precursor cell-expressed developmentally
downregulated gene 8), a protein whose sequence and structure is over 75% homologous to
ubiquitin (Whitby et al., 1998). The original crystal structure of SCFSXP? did not capture the
complex in its active form. A key piece of the picture was missing: exactly how does the E2 active
site transfer ubiquitin to the substrate or extend a ubiquitin chain when the E2 is localized on the
CTD and the substrate on the NTD?

Researchers caught their first glimpse of two neddylated CRLs in 2008. They compared
crystal structures of NEDD8 modified and unmodified versions of the CTD of Cul5-Rbx1 and Cul1-
Rbx1 using small angle X-ray scattering — the complexes had nearly identical active and inactive
confirmations (Duda et al., 2008, 2011). In the inactive, closed confirmation, the RBX1 RING
domain is tightly bound to a hydrophobic portion of the cullin domain. Neddylation of a conserved

lysine within the “WHB” subdomain in both cullins dissociated RBX1 from the cullin allowing it to
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reorient to position the RING-E2~ub adjacent to the substrate promoting ubiquitin transfer to the
substrate bound to the substrate receptor at the NTD (Duda et al., 2008; Saha and Deshaies,
2008). Others have introduced mutations that inhibit the dissociation of the RING- binding protein
RBX1 from the CTD and determined this prevents polyubiquitination of substrates (Yamoah et
al., 2008).

However, all CRL structures always had a curious 50A gap between the E2~ubiq and the
substrate(Duda et al., 2008; Saha and Deshaies, 2008; Yamoah et al., 2008). The complex had
to be “caught in action” to understand how CRLs ultimately bridge the gap and transfer ubiquitin
from the E2 to their substrates. A group of researchers recently visualized a chemically trapped
crystal structure of SKP1/B-TRCP actively transferring ubiquitin to its substrate phosphorylated
IkBa and beta-catenin bound to its F-box containing substrate receptor, finally bridging the gap
(Baek et al., 2020b, 2020a). Briefly, the new structure demonstrated that NEDD8 crosslinked the
phosphodegron of the substrate attached to the substrate receptor of the CRL and the E2 enzyme
UBE2D. NEDDS itself is bound not only to the cullin at the conserved residue, but also to the
backside of the RBX1 bound UBE2D, optimally position the substrate and E2~ubiquitin for transfer
(Baek et al., 2020b, 2020a).

NEDD8 modification can be reversed by the COP9 (Constitutive photomorphogenesis 9)
signalosome (CSN) providing another level of CRL regulation (Cope et al., 2002; Wei et al., 2008).
The CSN is a large multi-subunit protease containing eight subunits. Four subunits contain a non-
catalytic proteasome-COP9 signalosome-initiation factor 3 domain (PClI) that acts as a scaffolding
domain that stabilizes protein-protein interactions within the complex (Lydeard et al., 2013; Wei
et al., 2008). The two catalytic subunits, CSN5 and CSNG6, are metalloenzymes with isopeptidase
activity meaning they can cleave ubiquitin-like proteins from their substrates — proteasome
components have homologous domains with the same enzymatic activity allowing for cleavage
of conjugated ubiquitin. CSN5 is the main effector of NEDD8 cleavage (Lydeard et al., 2013; Wei
et al., 2008). CSN5 contains a Jab1/MPN domain metalloenzyme motif (JAMM) required for its
isopeptidase activity (Cope et al., 2002). Even in assembled COP9 signalasomes, if point
mutations are introduced in the JAMM motif rendering CSN5 catalytically inactive, CRLs are
hyperneddylated causing increased CRL component ubiquitin mediated degradation due to
unregulated autoubiquitination (Cope and Deshaies, 2006; Denti et al., 2006; Peth et al., 2007;
Wu et al., 2003). However, mutations in other CSN subunits still decrease or obliterate CSN
catalytic activity (Gusmaroli et al., 2007; Peth et al., 2007) Mutation or antibody neutralization of
the CSN2 subunit inhibit deneddylation (Yang et al., 2002).
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Beyond preventing autoubiquitination of CRLs, deneddylation of cullin scaffolds by the
CSN promotes disassembly of CRL complexes to allow for assembly of a new complex ready to
ubiquitinate a new set of substrates in response to the cell’s changing needs (Lydeard et al., 2013;
Wei et al., 2008). Although exactly how the CSN dynamically regulates assembly and
disassembly in response to cellular stress is an open are of research, some research has shed
light on mechanisms of CSN regulation. For example, a group of researchers demonstrated that
DNA damage induced by UV irradiation resulted in translocation of the CSN from the cytoplasmic
CUL4A-DDB1PPB2 to CUL4A-DDB1¢%A complex in the nucleus which is then recruited to a subunit
of RNA polymerase Il (Groisman et al., 2003). Interestingly, another group showed that CSN
subunits are phosphorylated (Flzesi-Levi et al., 2014,). Following DNA damage, CSN1, CSN3,
and CSN8 are phosphorylated promoting translocation of the CSN from the cytoplasm to the
nucleus where the CSN associates with chromatin (Flizesi-Levi et al., 2014). The authors of this
study suggest that phosphorylation of the CSN could affect its association with CRLs themselves

as phosphorylation does often affect protein structure and binding (Barford et al., 1991).

Assembly of unneddylated CRLs is further inhibited through binding of the cellular inhibitor
CAND1 (Cullin-Associated and Neddylation-Dissociated 1) (Duda et al., 2011). CAND1 binds to
unneddylated cullin-RBX complexes and inhibits binding of adapter proteins and neddylation
machinery (Duda et al., 2011; Goldenberg et al., 2004; Liu et al., 2002; Zheng et al., 2002a).
CAND1 wraps around cullin-RBX complexes like a snake, forming a solenoid structure — just like
tightly packed chromatin — with its CTD bound to the NTD of the cullin and vice versa (Goldenberg
et al., 2004). When bound to the cullin-RBX complexes NTD, the motif where the adapter protein
is recruited forming the substrate receptor is blocked. At the CTD, CAND1 binds directly to the
lysine modified by NEDD8 essentially “locking” the cullin-RBX complex in a closed, inactive
conformation. When the cullin-RBX complex is neddylated, CAND1 binding sites are inaccessible
allowing for full assembly and activation of the complex (Duda et al., 2008; Goldenberg et al.,
2004).

Non-canonical CUL9 structure and regulation remains poorly characterized

CULS9 (formerly PARC) is considered non-canonical because it has a variant structure and
evidence of its regulation and function are limited — we don’t have the information to know if CUL9
shares some of the key features of other cullins (Figure 1-4). There are 21 papers to date on

CUL9 according to a PubMed search of “CUL9”, and their findings often contradict one another.
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Although there are no current crystal structures of full length CUL9, we do understand its domains

and their predicted functions based on their homology to other proteins.

CULS9 shares 60% sequence identity to CUL7 — nearly the first 1700 amino acids of the
2517 amino acids CUL9 is composed of are almost identical to full-length CUL7 (Kaustov et al.,
2007; Nikolaev et al., 2003) (Figure 1-4). These two proteins share three key domains: CPH
(Cullin-7, PARC, and HERC2 proteins), DOC, and the cullin homology domain. The CPH domain,
as its name suggests, is also present in the E3 ubiquitin ligase HERC2 (HECT and RLD Domain
Containing E3 Ubiquitin Protein Ligase 2). In fact, the CPH domain of CUL9 and CUL7 share 40%
sequence identity with that of HERC2 (Kaustov et al., 2007). All proteins bind the p53
tetramerization domain via their CPH domain, though evidence indicates none directly
ubiquitinate p53 (Andrews et al., 2006; Cubillos-Rojas et al., 2014; Kaustov et al., 2007). One

study, however, did show that CUL7 can mono-ubiquitinate p53 in vitro (Andrews et al., 2006)

The first published study about CUL9, originally dubbed PARC (p53-associated, Parkin-
like cytoplasmic protein), showed that CUL9 bound to the tumor suppressor p53 and sequestered
it in the cytoplasm in unstressed cells (Nikolaev et al., 2003). When DNA is damaged, p53
translocates to the nucleus to promote transcription of pro-apoptotic proteins ultimately resulting
in apoptosis of damaged cells (Vousden and Lane, 2007). Mutations in p53 result in uncontrolled
proliferation and are commonly seen in cancer (Vousden and Lane, 2007). Cytoplasmic p53 is
observed in neuroblastoma cells (Nikolaev et al., 2003). This study demonstrated that depletion
of CUL9 induced nuclear localization of p53 in response to DNA damage, making it an attractive
target for cancer therapeutics (Nikolaev and Gu, 2003; Nikolaev et al., 2003). Later studies
demonstrated that mutations in conserved residues in the CPH domain of CUL7 and CUL9
prevented their association with p53 at its tetramerization domain (Andrews et al., 2006; Dias et
al., 2002; Kaustov et al., 2007).

The DOC domain is also present in HERC2, CUL7, and CUL9, but it's exact function in these
proteins remains unclear. The DOC domain was originally identified in a subunit of the key cell
cycle regulator E3 ubiquitin ligase complex APC/C, APC10 (Kominami et al., 1998; Kurasawa and
Todokoro, 1999). The APC/C is a multisubunit E3 ubiquitin ligase that promotes cell cycle
progression through the targeted ubiquitination and subsequent degradation of key cell cycle
regulatory proteins. Its substrate specificity is dependent on which adapter proteins, cell division
control protein 20 (CDC20) or Fizzy-related (FZR1, also known as CDH1), it is associated with.
APC/C-CDC20 promotes progression of the mitotic phase of cell cycle and APC/C-FZR1

promotes progression of the G1 phase. The complex is highly spatiotemporally regulated to
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ensure proper progression of cell cycle. APC10 is a core component of this complex and
functions, in part, as a substrate receptor within the complex (Carroll and Morgan, 2002; Carroll
et al., 2005; Passmore et al., 2003). Specifically, the DOC domain within APC10 directly interact
with substrate degrons. Mutations in the DOC domain prevent substrate recognition and result in
delayed mitosis (Carroll et al., 2005). Similarly, a point mutation in the DOC domain of CUL7
caused high levels of tetraploidy and aneuploidy in 293T cells (Yan et al., 2014). These studies
suggest that the DOC domain could play a role in supporting the assembly of the CRL substrate
receptor of CUL9 and/or CUL7.

Even with a basic understanding of CUL9’s NTDs based on function in homologous proteins,
there are still no identified adapter proteins or substrate receptors associated with CULO.
However, it does have two known substrates: SURVIVIN (Li et al., 2014) and cytochrome ¢ (cyt
c) (Gama et al., 2014). As referenced above, a group of researchers demonstrated that CUL9
deletion in mice results in tumor formation in nearly every organ of the body (Pei et al., 2011).
They determined that CUL9 deletion results in increased levels of aneuploidy and DNA damage,
however, there were no known substrates of CUL9 at the time (Li et al., 2014). They, and many
others investigating CUL9, sought to identify CUL9 substrates via unbiased mass spectrometry
of the CUL9 immunoprecipitates but were unsuccessful. Through screening mitotic proteins, they
determined that survivin, an inhibitor of apoptosis implicated in mitotic regulation, co-
immunoprecipitated with CUL9. Additionally, CUL9 KO mice had significantly increased levels of
survivin protein in tissues obtained from several organs. Using in vivo and in vitro ubiquitination
assays, the authors were able to show that CUL9 ubiquitinates survivin. Although they were able
to show that CUL9 ubiquitylation of survivin was dependent on its interaction with RBX1,
confirming previous reports (Skaar et al., 2007), they were not able to identify a substrate receptor
(Li et al., 2014).

CULS9 also targets cytosolic cyt ¢ in sympathetic neurons and neuroblastoma cells preventing
initiation of apoptosis ultimately promoting cell survival (Gama et al., 2014). Following DNA
damage, cells undergo mitochondrial outer membrane permeabilization (MOMP) which results in
the release of cytochrome c (Singh et al., 2019). Cytosolic cyt ¢ complexes with the apoptotic
protease activating factor 1 (APAF1) to form the apoptosome that ultimately initiates the caspase
cascade (Singh et al., 2019). Previously, release of cyt ¢ was considered the point of no return.
However, neurons and cancer cells can survive after MOMP (Vaughn and Deshmukh, 2008).
Prior to the study identifying cyt c as a CUL9 substrate, a few mechanisms of apoptotic resistance

have been described for sympathetic neurons, describing that these cells could avoid cell death
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after the release of cytochrome c. This study showed that cyt ¢ accumulated in these cells
following DNA damage when treated with a proteasome inhibitor, indicating it is ubiquitinated for
proteasomal degradation (Gama et al., 2014). The group did an unbiased siRNA screen of many
E3 ubiquitin ligases and determined that KD of CUL9 resulted in increased levels of cytosolic cyt
c after DNA damage. The group showed CUL9 ubiquitinated cyt c via in vitro ubiquitination assay
using immunoprecipitated FLAG-CUL9. Interestingly, both sympathetic neurons and
neuroblastoma cells express low levels of APAF1 and high levels of CUL9, suggesting that any
cell with this combined expression pattern could have the same apoptotic resistance (Gama et
al., 2014).

The mechanism used by CUL9 to ubiquitinate any of its substrates is not known. Insight into
CUL9 ubiquitination mechanism may even provide insight into additional substrates that may be
modified by CUL9. Although RBX1 seems to associate with its cullin domain, we cannot rule out
that its RBR domain plays a critical role in ubiquitination of CUL9 substrates or that each may
have different substrate specificities. lts RBR domain is homologous to that of Parkin, another
protein with a critical role in neuronal cell survival via mitophagy (Marin et al., 2004). CUL9 could
be a fusion between CUL7 and Parkin, but further characterization of its structural assembly and
regulation should be pursued to gain a better appreciation of CUL9 structure, regulation, and

function.

CUL9’s C-terminus has another motif found in other RBR ligases that may provide critical
insight into its mechanism of ubiquitination: an Ariadne domain (Dove and Klevit, 2017; Marin and
Ferrus, 2002). Several other RBR E3s contain this domain including Human Homolog of
Drosophila Ariadne-1 (HHARI) and TRIAD1 (Dove and Klevit, 2017; Kelsall et al., 2013). The
Ariadne domain inhibits ubiquitin conjugation of these ligases. The active cysteine on RING2 is
blocked by its interaction with the Ariadne domain and this interaction is not affected by E2~Ub
binding; a structural change must occur to activate ubiquitin ligase activity. CRLs appear to play
a major role in regulating these ligases. HHARI and TRIAD1 are activated when complexed with
specific neddylated cullins (Kelsall et al., 2013). TRIAD1 is activated by CUL5, while HHARI is
activated by CUL1, -2, -3, and -4A (Dove and Klevit, 2017). Interestingly, only neddylated CUL4B
and CUL7 do not associate with any Ariadne containing ligases (Kelsall et al., 2013). CUL7 and
CUL9 may complex at the Ariadne domain — though CUL9 heterodimerization with CUL7 does
not appear to be required for its activity (Gama et al., 2014; Skaar et al., 2005, 2007). It would

also be exciting to explore if neddylated CUL9 can activate its own RBR domain through either
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homodimerization or a structural confirmation allowing interaction between CUL9’s own cullin and

Ariadne domains.

CRLs play a critical role in early developmental processes

Most cullins are required for normal development. Deletion of six cullin scaffolds results in
embryonic lethality in mice largely due to the result of cell cycle abnormalities during embryonic
development. Research has revealed that CRLs play a particularly important role in mammalian
nervous system development. Several CRLs have been implicated in neurodevelopmental
disorders like schizophrenia and autism spectrum disorder. However, the role of the non-
canonical cullin CUL9 in early development remains elusive as Cul9 KO mice are viable and
studies exploring its role in neurodevelopment are not available. The growing foundation of
research characterizing the role of canonical cullins in early developmental processes could
inform future studies characterizing novel roles of understudied ligases like CUL9. Additionally,
using a human-derived model like human pluripotent stem cells could provide needed insight into

human specific roles of CRLs in neuronal differentiation and beyond.

CRLs are required for normal embryonic development

CRLs are critical in normal embryonic development, largely due to their pivotal roles in cell
cycle regulation. Cul1 KO mice don’t survive past E6.5 and have significantly elevated protein
levels of its substrate Cyclin E (Dealy et al., 1999; Wang et al., 1999). Dysregulation of Cyclin E
often results in arrest at the late stage of the G1 phase (Craney and Rape, 2013). Trophoblast
giant cells in Cul1 KO mice are abnormally large due to unregulated endocycling — the cells have
10 times higher DNA content than their WT counterparts (Wang et al., 1999). Deletion of Cul-3,
-4b, and -5 are also embryonic lethal and result in notable cell cycle defects during embryo
development (Liu et al., 2012; Singer et al., 1999; Zhu et al., 2016). Like Cul1, Cul3 deletion
resulted in significantly increased levels specifically in Cyclin E — levels of other cyclins like Cyclin
A and Cyclin B were not increased. Cells in the extraembryonic endoderm were stalled in S-
phase. In fact, gastrulation was so abnormal there did not appear to be formation of the mesoderm
and endoderm (Singer et al., 1999). Total KO of Cul4b results in loss of proliferating cells at E7.5
and a G2/M arrest. The primitive streak was absent and embryonic endoderm tissues were highly
disordered within the Cul4b KO embryos (Liu et al., 2012). Deletion of Cul5 in mice only produced
heterozygote pups; detailed examination of the KO embryos was not performed (Zhu et al., 2016).
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A mouse KO model of Cul2 has yet to be developed so its role in early development remains

elusive.

Loss of CRL regulation is lethal, further highlighting the importance of CRLs in early
development. NEDDS is expressed at a relatively similar level in all tissues (Hori et al., 1999). Its
expression has been demonstrated to be critical in normal embryonic development of
Caenorhabditis elegans (Jones and Candido, 2000), Drosophila melanogaster (Ou et al., 2002),
and the mice (Tateishi et al., 2001). Specifically, deletion of Ubc12, the E1 activating enzyme
specific to NEDDS, resulted in lethality at the peri-implantation stage in mice. This embryonic
lethality appeared to be due to ineffective function of its CRL substrates resulting aberrant cell
cycle progression (Tateishi et al., 2001). Deletion of the Csn2, Csn3, Csnb, and Csn8 also results
in early embryonic lethality in mice, again, majorly due to dysregulation of cell cycle progression
caused by aberrant regulation of CRL substrates like Cyclin E (Lykke-Andersen et al., 2003;
Menon et al., 2007; Tomoda et al., 2004; Wei et al., 2008; Yan et al., 2003). Notably, massive cell
death was observed in Csn5 KO mice, likely attributed to its complex independent regulation of
apoptotic proteins like the pro-apoptotic protein BCL-2-associated X protein (BAX) (Tomoda et
al., 2004). The lethal effects of CRL dysregulation further highlights not only the importance of
CRL function for development, but the unique ability of the complexes to adapt their substrate
specificity to the changing needs of the cell in various cellular environments and in response
stress through its disassembly and reassembly with a seemingly infinite number of adapter
proteins. However, not all CRLs are required for embryonic development. Cu/9 KO embryos are
viable (Arai et al., 2003; Gama et al., 2014; Hollville et al., 2020; Pei et al., 2011; Skaar et al.,
2005). Cul7 KO mice die immediately after birth due to respiratory distress or between E10.5-
E12.5. The embryo is smaller at all stages of development, the placenta is smaller, and severe

vascular issues are observed (Arai et al., 2003).

Mice that do not express the Cul4a gene are viable. An initial study reported that Cul4a
KO mice did not develop past 7.5 days postcoitum (Li et al., 2002). However, a later study
demonstrated that Cul4a KO mice were viable with no developmental abnormalities, though they
were more susceptible to UV-damage, especially in skin specific deletions (Liu et al., 2009). The
authors showed that the embryonic lethality reported in the first paper was not due to Cul4a
deletion, but rather deletion of PCI domain containing protein 2 (PCID2); the original construct
deleted a 529 bp region upstream of the first exon of the Pcid2 gene. PCID2 is critical for mRNA
transport from the nucleus, and has been shown to be localized to the centrosomes where it

contributes to regulation of cell cycle progression (Cunningham et al., 2014). The authors also
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point out that the PCI domain is present in components of the CSN and the 26S proteasome,
implicating PCI domain containing proteins in ubiquitin regulation of protein turnover (Hofmann
and Bucher, 1998; Liu et al., 2009). They demonstrated that lentiviral mediated knockdown of PCI
inhibited proliferation in mouse embryonic fibroblasts (MEFs) ultimately resulting in cell death.
However, Cul4a knockdown MEFS were viable (Liu et al., 2009). CUL4B may compensate for
loss of CUL4A, but further studies must be done to test this.

Cul9 KO mice are also viable, but different phenotypes have been reported. Most studies
have reported that deletion of the Cul9 gene causes no apparent phenotype (Gama et al., 2014;
Hollville et al., 2020; Skaar et al., 2005, 2007). One group reports that Cu/9 KO mice develop
tumors throughout the body; they provide evidence that this phenotype is a result of the loss of
Cul9 regulation of the tumor suppressor p53 (Li and Xiong, 20173a; Li et al., 2014; Pei et al., 2011).
However, they were unable to replicate the initial report that CUL9 sequesters p53 in the
cytoplasm (Nikolaev et al., 2003; Pei et al., 2011). They do show that Cu/9 KO phenotype can be
rescued via overexpression of full-length Cul9 protein, but not Cul9 protein with a point mutation
in its p53 binding domain (CPH) indicating the Cul9-p53 interaction must play some role in tumor
suppression (Pei et al., 2011). Although CUL9 did not appear to ubiquitinate or alter the
localization of p53, they suggest that the CUL9-p53 interaction promotes p53 activity (Li and
Xiong, 2017a). CUL9 deletion in U20S osteosarcoma cells caused increased levels of the CDK
inhibitor p21, which is targeted by transcription factor p53 to initiate the DNA damage response.
Additionally, a mutation in the Cul9 CPH domain in MEFs results in increased DNA damage, but
decreased apoptosis when treated with DNA damaging agents indicating that the p53 mediated
DNA damage response is non-functional (Li and Xiong, 2017a). Validation of these results in non-
carcinogenic human cell lines is key to seeing if this CUL9 function is relevant to humans.
Additionally, further investigation into the distinction between CUL9 KO mice reported phenotypes

is needed to truly understand CUL9 function in early development.

CRLs critically regulate neurodevelopment

Over the past decade, researchers have developed a greater appreciation for the role of
CRLs in nearly every part of neurodevelopment (Rape, 2018). APC/C, CUL3, and CUL4B have
been implicated in neurodevelopmental disorders like autism, schizophrenia, intellectual
disabilities, and anxiety disorders (De Rubeis et al., 2014; Dong et al., 2020; Ripke et al., 2014;
Tarpey et al., 2007). Other cullins, like CUL5, CUL3, and CUL7 play critical roles in neuronal

migration and dendrite morphogenesis. NEDD8 even plays a role in spinal development
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potentially independent of its role in regulating CRLs (Vogl et al., 2015). A key role of CRLs in

neurodevelopment is the coordinated regulation of cell cycle and differentiation.

Cell cycle length is dynamically regulated during differentiation. G1 length is critical to a cell’s
decision to self-renew or differentiate (Calder et al., 2013; Filipczyk et al., 2007; Liu et al., 2017b;
Patmanidi et al., 2017). For example, lengthening of G1 phase in neural stem cells is required for
their differentiation to neurons (Lange et al., 2009; Lukaszewicz et al., 2005, 2005; Pilaz et al.,
2009; Salomoni and Calegari, 2010). Cell cycle duration in vivo grows from 8 hours to 18 hours
within the ventricular zone of the developing mouse cortex (Ponti et al., 2013). This drastic
increase in cell cycle length is the result of rapid expansion of the G1 phase, which lengthens
from 3 to 13 hours (Ponti et al., 2013; Takahashi et al., 1995).

Neural stem cells (NSCs) exhibit a shortened G1 phase compared to their more
differentiated counterparts and G1 regulation impacts their differentiation decisions. Several in
vivo studies demonstrated that lengthening of G1 is not only a result of differentiation, but a key
factor promoting differentiation of NSCs (Delgado-Esteban et al., 2013; Lange et al., 2009; Pilaz
et al., 2009; Roccio et al., 2013). Lengthening of G1 phase in NSCs within the developing mouse
cortex by inhibition of Cdk4 using inhibitors and RNAIi was sufficient to promote neurogenesis. In
contrast, shortening of G1 phase by overexpression of Cdk4 inhibited neurogenesis, promoted
self-renewal of NSCs within the sub-ventricular zone (Roccio et al., 2013). These studies suggest
that lengthening of the G1 phase may be the primary cause of the observed differentiation. One
study focused on confirming these observations in vitro to understand the underlying molecular
mechanisms. Using FUCCI at the single cell level in mouse embryonic stem cells (MESCs) and
mNSCs, researchers discovered that G1 phase was longer in mESCs and mNSCs grown under
differentiating conditions in vitro. Inhibition of Cdk4 was sufficient to induce differentiation in both
cell types as well (Roccio et al., 2013). It will be exciting in the future to use these tools to examine

if G1 phase lengthening is sufficient to promote differentiation in human NSCs and ESCs.

G1 phase regulator APC/C-FZR1 activity increases during hESC differentiation, and its
function is required for neurogenesis in mice (Bar-On et al., 2010; Delgado-Esteban et al., 2013).
One group showed in vitro and in vivo that CUL9 deletion in the mouse cortex prevents
differentiation of post-mitotic cortical neurons, reducing the number of neurons, ultimately
resulting in microcephaly (Delgado-Esteban et al., 2013). Cortical development is a delicate
balancing act between proliferation of the neural progenitor pool and differentiation of mature
cortical neurons (Baum and Gama, 2021). The neural progenitor pool must expand in early

cortical development to produce enough precursors for differentiation. Then, progenitors undergo
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asymmetric division where they both self-renew and produce a differentiated cortical neuron.
Finally, the neural progenitor pool is depleted with cells undergoing symmetric differentiating
divisions (Baum and Gama, 2021). If the pool over proliferates or differentiates too early, this
leads to disorganization of the cortical layers and altered brain size (Hong et al., 2017). Inhibition
of APC/C-FZR1 activity or deletion of Fzr1 in the mouse cortex increased the number of neural
progenitors in S-phase preventing production of differentiated neurons (Delgado-Esteban et al.,
2013). Since DNA synthesis was stalled in the progenitors, they underwent p53-mediated
apoptosis depleting the progenitor pool. Ultimately, inhibition of neuronal differentiation resulted
in reduced brain size or microcephaly (Delgado-Esteban et al., 2013). One study demonstrated
that ID2, a protein that regulates progenitor proliferation and differentiation, is a substrate of
APC/C-FZR1 in cortical neurons and neuroblastoma cells providing further insight into the role
APC/C-FZR1 in regulation of cortical differentiation (Lasorella et al., 2006; Sullivan et al., 2016).

However, APC/C-FZR1 also appears to have cell cycle independent functions in
neurodevelopment. FZR1, but not the other APC/C co-factor CDC20, are widely expressed in the
adult mouse brain in nearly every neuron even though neurons are post-mitotic (Gieffers et al.,
1999; Li et al., 2008). APC/C-FZR1 has been implicated in axonal growth and patterning, glial
migration, and neuronal metabolism (Almeida et al., 2005; Herrero-Mendez et al., 2009; Juo and
Kaplan, 2004; Kannan et al., 2012; Konishi, 2004; van Roessel et al., 2004; Silies and Klambt,
2010; Stegmuller et al., 2006). Most striking, it seems to play a critical role in synaptic plasticity
and cognitive disorders. Synaptic plasticity is the brain’s ability to respond to experiences by
rewiring neural circuits through modification of synaptic signaling (Citri and Malenka, 2008).
Synaptic transmission between neurons can strengthen through long-term potentiation or weaken
through long-term depression. Synaptic signaling is thought to correlate with certain cognitive
functions like learning and memory. Ubiquitin mediated degradation of synaptic signaling proteins
is @ main method of controlling synaptic signaling (Citri and Malenka, 2008). APC/C-FZR1
appears to be one of the ligases regulating synaptic signaling through degradation of key synaptic

signaling proteins.

Deletion of the Fzr1 gene in mice is embryonic lethal, but heterozygotes display
deficiencies in learning and memory (Li et al., 2008). Fzr1 heterozygous KO mice had no visible
abnormalities in brain organization, but neurons in the hippocampus had abnormal long-term
potentiation. The researchers performed standard fear conditioning behavioral tests to determine
if the mice had cognitive deficits often observed from hippocampal dysfunction (Li et al., 2008;

Paylor et al., 1994). First, mice were trained in a chamber where they were shocked, then exposed
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to a specific noise for thirty seconds. One day later, the mice were placed back in the chamber
and their behavior was analyzed with and without the auditory stimulus. Fzr1 heterozygous KO
mice exhibited fear response behavior (i.e. freezing) in the chamber, but this behavior was not
exacerbated by the auditory stimuli like in the wild-type mice, a phenotype observed in known
hippocampal defective mouse models (Li et al., 2008; Paylor et al., 1994). Similarly, another group
reports that deletion of the cullin subunit Apc2 in forebrain neurons of mice worsens fear response
compared to wild-type mice, a common phenotype in models of anxiety disorders like phobias or
post-traumatic stress disorder (Kuczera et al., 2011). Moreover, these mice were resistant to
exposure therapy also known as “fear extinction.” Aberrant degradation of proteins at synapses
of neurons in the hippocampus contributes to fear extinction, so further understanding of APC/C
function at synapses could provide insight into the mechanisms of not only anxiety disorders, but
their treatments (Kuczera et al., 2011; Lee et al., 2008). One group of researchers determined
that APC/C-FZR1 targets the protein Fmrp for proteasomal degradation in the mouse
hippocampus (Huang et al., 2015). FMRP regulates synaptic transmission by modulating the
translation of synaptic signaling proteins — loss of FMRP function contributes to fragile X
syndrome which causes intellectual disabilities and autism spectrum disorder (Sidorov et al.,
2013).

Other CRLs also play cell-cycle independent roles in neuronal development, particularly
in cortical development. CUL5 and CUL3 are required for normal neuronal migration and cortical
layer formation in the cortex (Courtheoux et al., 2016; Feng et al., 2007; Simé6 and Cooper, 2013;
Simo6 et al., 2010). The cortex is composed of six layers that form in an “inside-out” fashion
meaning that the inner most layer is formed before the outer most layers (Buchsbaum and
Cappello, 2019). This mechanism requires neurons to migrate out from the ventricular zone
following differentiation from neuronal progenitors and neurons of the outermost layer must
“crawl” over formed inner layers. Improper migration can cause incomplete layer formation or
mispositioning of neurons, meaning the neurons are present in the wrong layers — this is
commonly seen in neurodevelopmental disorders like intellectual disability and epilepsy
(Buchsbaum and Cappello, 2019). Cul5 knockdown cortical neurons in mice were unable to
properly migrate causing differentiated neurons meant for the outer most layers to remain in the
superficial layers (Feng et al., 2007). Cul5 bound to its substrate receptor Socs (suppressor of
cytokine signaling) targets Dab1 (disabled-1), a pro-migratory protein, for degradation (Feng et
al., 2007; Simé and Cooper, 2013; Simé et al., 2010). DAB1 is a receptor for the secreted protein

REELIN which promotes proper neuronal migration and positioning (Honda et al., 2011).
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Disruption of the DAB1-REELIN pathway causes brains to develop in an “outside-in fashion”
resulting in the cortical neurons generally comprising the innermost layer 6 to form the outermost
layer and vice versa (Caviness and Sidman, 1973; Honda et al., 2011). Cul5 seems to prevent
excessive neuronal migration through targeted degradation of DAB1 as deletion or depletion of
Cul5 in mouse cortical neurons causes them to aggregate at the superficial cortical layer (Feng
et al., 2007). Cul3 also regulates neuronal migration in the cortex, but rather through modulation

of the microtubule and actin network that directs migrating neurons (Courtheoux et al., 2016).

Cul7 and Obsl1 of the 3M complex also regulate the formation of dendrites, filamentous
neuronal extensions that receive signals from axons by modulating Golgi morphology (Litterman
et al., 2011). Golgi secretory trafficking plays a key role in the growth and branching of dendrites
(Horton et al., 2005; Litterman et al., 2011). Cul7 in complex with its adapter protein Fbxw8 is
recruited to the Golgi in granule mouse neurons by Obsl1 (Litterman et al., 2011). Depletion of
Cul7 and Fbxw8 resulted in diffuse localization of Golgi and increased dendrite length due to
decreased secretory trafficking. The researchers discovered that Cul7-Fbxw8 targets the Golgi
protein Grasp65 for proteasomal degradation — depletion of Grasp65 results in increased
secretory vesicle trafficking from the Golgi. Cul7-Fbxw8 regulates Grasp65 to balance Golgi
morphogenesis during neuronal maturation and signaling, ultimately controlling dendrite length
(Litterman et al., 2011).

CRLs are even implicated in dynamic regulation of transcription factors during
differentiation. For example, CUL4 regulates protein levels of the transcription factor SOX2 during
in vitro differentiation of ESCs to neural progenitor cells (Cui et al., 2018; Zhang et al., 2019).
SOX2 is one of the main pluripotency factors in embryonic stem cells, promoting a transcriptional
program that supports their self-renewal capacity of pluripotent differentiation potential (Masui et
al., 2007; Sarkar and Hochedlinger, 2013; Takahashi and Yamanaka, 2006). Although its
expression decreases during differentiation, it is still expressed in neural progenitor cells at the
ventricular zone of the cortex in the early stages of development (Graham et al., 2003; Masui et
al., 2007). SOX2 deletion or depletion causes decreased production of mature neurons and
prolonged maintenance of the neural progenitor pool (Cavallaro et al., 2008; Ferri et al., 2004).
Interestingly, constitutively elevated SOX2 levels cause a 32% increase in neuronal cell density
in the cerebral cortex (Fero et al., 1996; Li et al., 2012). Fine-tuning of SOX2 protein levels is
critical for proper neurogenesis, but most studies have focused on its transcriptional regulation.
This recent study reports that CUL4A-Det1-COP1 complex ubiquitinates SOX2 for proteasomal

degradation during neuronal differentiation of neural progenitor cells, while the deubiquitinase
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OTUD7B stabilizes SOX2 protein levels in neural progenitor cells promoting their self-renewal
(Cui et al., 2018). This study provides needed insight into dynamic post-translational regulation of

transcription factor levels during differentiation.

CRL regulation by neddylation is critical to proper neurodevelopment as well. Nedd8 was
originally identified in the embryonic mouse brain and was shown to be downregulated in
expression over the course of mouse embryonic development (Kumar et al., 1992, 1993).
Although one group was unable to replicate decreased expression of Nedd8 over the course of
neuronal development, they did observe increased levels of neddylated substrates during
postnatal brain development (Vogl et al., 2015). Downregulation of the Nedd8 protein and its E1
activating enzyme Ubc12 prevented dendritic spine maturation in a CRL independent manner,
indicating this novel role was mediated through a previously unidentified substrate. Further
investigation identified PSD-95, a scaffolding protein critical for organization of the post-synaptic
density, as a target of neddylation. Neddylation of PDS-95 negatively affected its function, causing
synapse instability, decreased synaptic transmission, and spinal loss. These neurodevelopmental
defects resulted in major cognition deficits, mostly involving impairment in learning and memory
(Fu and Ip, 2015; Vogl et al., 2015). A recent study determined that actin regulator COFILIN is
modified by NEDDS8 in developing neurons and that chemical inhibition of neddylation in neurons
causes severe cytoskeletal defects providing greater insight into non-CRL dependent functions

of neddylation in neurodevelopment and synaptic signaling (Vogl et al., 2020).

Mutations in some cullins contribute to neurodevelopmental disorders

Emerging studies are slowly revealing how mutations in CUL3 and CUL4B contribute to
autism spectrum disorders (ASDs) and X-linked mental retardation syndrome (XLMR),
respectively (De Rubeis et al., 2014; Dong et al., 2020; Kong et al., 2012; Ly et al., 2019; O’'Roak
et al., 2012; Tarpey et al., 2007; Zhao and Sun, 2012). ASD is classically considered the result of
increased activity of excitatory (glutamatergic) neurons and decreased activity of inhibitory
(GABAergic) (Coghlan et al., 2012; Dong et al., 2020). Patients with ASD have symptoms like
intellectual deficiencies, increased anxiety, display repetitive behaviors, and verbal and non-
verbal communication issues (Bryson et al., 2003; Gillott et al., 2001; Lever and Geurts, 2016).
CUL3 mutations have been identified in ASD patients and as an ASD risk gene in a genome-wide
association study (De Rubeis et al., 2014; Kong et al., 2012; O’'Roak et al., 2012). A group recently

used a neuron specific Cul3 KO heterozygote mouse model to characterize its cognitive abilities
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and identify CUL3 substrates relevant to its potential role in neurodevelopment (Dong et al.,
2020).

Deletion of Cul3 in GFAP-expressing cells (neural progenitors, neurons, and astrocytes)
of mice resulted in death around postnatal day 17 — the mice had decreased brain size and the
cortex had reduced thickness and disorganized layers (Dong et al., 2020). This phenotype mirrors
previous reports of altered brain size and cortex organization in ASD patients (Carper et al., 2002;
Hazlett et al., 2017; Schumann et al., 2010; Wegiel et al., 2014). Heterozygote KO mice, however,
did not display obvious, visible abnormalities in the brain (Dong et al., 2020). The mice did have
behavioral abnormalities akin to those described in established mouse models of ASD including
increased anxiety and impaired social interactions. They also had altered dendritic spine
morphology, synaptic signaling, and overly active glutamatergic neurons. Using a quantitative
proteomics approach, they identified proteins that were differentially expressed in Cul3
heterozygote KO mice and identified Eif4g1 (Eukaryotic translation initiation factor 4 gamma 1)
as a potential Cul3 substrate. This was particularly interesting as protein translation was increased
in neurons in the Cul3 heterozygote KO mouse. In fact, inhibition of Eif4g1 rescued the observed
behavioral phenotypes implying that Cul3 regulation of Eif4g1 is key for proper neurodevelopment
and its disruption could contribute to ASD (Dong et al., 2020).

Several mutations in CUL4B that result in translation of non-functional protein have been
reported in patients with XLMR (Badura-Stronka et al., 2010; Isidor et al., 2010; Tarpey et al.,
2007). XLMR is a broad category of intellectual disabilities all resulting from a mutation in a gene
found on the X-chromosome (Ropers and Hamel, 2005). Those with CUL4B mutations have
symptoms in addition to intellectual disability like seizures, aggression, megalencephaly, cortical
malformations, and delayed puberty (Badura-Stronka et al., 2010; Isidor et al., 2010; Tarpey et
al., 2007; Vulto-van Silfhout et al., 2015). Interestingly, unlike humans, Cul4b deletion in mice
results in death at E7.5, making them an imperfect model for its role in XLMR (Liu et al., 2012).
Although characterization of CUL4B in other animal models like D. melanogaster and zebrafish
have provided some insight into CUL4B function during neurodevelopment, a better
understanding of its function in human brain development is needed (Ando et al., 2019; Ly et al.,
2019). Pluripotent stem cells may provide an advantageous model for analyzing the mechanism

of CUL4B in neurodevelopment.

Two groups of researchers developed induced pluripotent stem cell lines to analyze the
molecular mechanisms of CUL3 and CUL4B function in neuronal differentiation (Fischer et al.,
2020; Liu et al.,, 2020). One group developed a heterozygous CUL3 KO iPSC line and
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demonstrated that the neuronal differentiation was delayed and the neurons that were produced
had abnormal activity (Fischer et al., 2020). The other group reprogrammed fibroblasts obtained
from a patient with XLMR with a specific mutation in CUL4B — they demonstrated that the iPSCs
produced were capable of self-renewal and trilineage differentiation (Liu et al., 2020). These
human-cell derived models open the door to exploring the role of these ligases in neuronal
differentiation at the cellular level providing insight into the underlying molecular mechanisms of
their contribution to these neurodevelopmental disorders. These iPSCs can be used to model
human brain development as well using the advent of brain organoids which could reveal human
specific functions of these ligases. iPSC models of other CRLs can also be developed to identify

any neuronal differentiation deficits that may have been overlooked in the mouse models.

The role of the non-canonical CRL CUL9 in neurodevelopment remains virtually
unexplored. Our laboratory previously reported that CUL9 levels increase during neuronal
differentiation, but we only reported CUL9’s function in post-mitotic neurons (Gama et al., 2014).
Additionally, the cognitive effects of Cul9 deletion in mice have not been tested since there are
no obvious brain abnormalities in the mice (Gama et al., 2014; Hollville et al., 2020; Pei et al.,
2011; Skaar et al., 2007). However, mice with cognitive defects do not always present visible
phenotypes as previously reported in brain specific deletion of Fzr1 and Cul3 (Dong et al., 2020;
Kuczera et al., 2011; Li et al., 2008). These tests should be performed and complemented with
studies using CUL9 KO iPSCs. We developed the first CUL9 KO iPSC model and detail its

characterization in this dissertation.
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Summary of thesis

The body of work presented in this dissertation details the characterization of a novel
human-cell derived model of the understudied, non-canonical cullin scaffold CUL9. Unlike other
cullins, previous efforts to characterize CUL9 function during the early stages of development
using mouse KO models have been unsuccessful (Gama et al., 2014; Pei et al., 2011; Skaar et
al., 2005, 2007). In Chapter 2, the development of a CUL9 KO hiPSC cell line using CRISPR-
Cas9 is outlined. The line has normal expression of key pluripotent markers and is capable of
neuronal differentiation, though there are abnormalities. With the advent of this new model, we
sought to identify new CUL9 interacting proteins including substrates, regulators, and adapters
that could provide insight into the aberrant neuronal differentiation observed through the
experiments described in Chapter 3 and Chapter 4. The application of mass spectrometry based
proteomic approaches to characterize CUL9 have also been unsuccessful in the past by our group
and others (Gama et al., 2014; Li et al., 2014), however, we were able to successfully identify the
APC/C subunit APC7 as a possible CUL9 regulating protein through LC-MS/MS analysis of
immunoprecipitation of endogenous CUL9 protein in hiPSCs — this finding is detailed in Chapter
3. However, we were unable to fully elucidate the function or biochemical properties of this
interaction leaving the question of CUL9’s function during neuronal differentiation unanswered.
We attempted to remedy this in the study described in Chapter 4 though quantitative analysis of
the proteome in CUL9 KO hiPSCs and differentiated neural precursors to identify proteins
differentially expressed in KO cells compared to WT cells. We identified proteins involved in fatty
acid metabolism and neuronal transcription but were unable to confirm their functional interaction
with CUL9. However, we identified over 100 proteins differentially expressed in CUL9 KO cells
which can be studied in the future to analyze the dynamic function of CUL9 during neuronal
differentiation. In Chapter 5, | critically discuss the data presented and provide insight into the
potential function of CUL9 in neuronal differentiation and how future studies can finally reveal the

function of this mysterious and elusive enzyme.
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Figure 1-1. Ubiquitin is added to proteins via an enzyme cascade.

(A) Schematic depicts a general overview of the process of ubiquitination. A cartoon
representation of ubiquitin structure is shown. Ubiquitin is first activated in an ATP-dependent
manner by E1, then conjugated to the E2 which transfers ubiquitin to the E3 ligase which catalyzes
the final transfer of ubiquitin to its targeted substrate which canonically marks the target for
proteasomal degradation. Three families of E3 ligases exist, each with their own unique
mechanism of ubiquitin transfer (B) Ubiquitin is directly transferred to a conserved lysine residue
on the HECT E3 ligase, which then directly transfers the moiety to the targeted substrate. (C)
RING-E3 ligases form a transient structure e where the E2 and E3 are bound, but the ubiquitin
moiety remains bonded to the E2 prior to transfer. (D) RBR-E3 ligases use an approach that
marries the HECT and RING mechanisms. The E2 first forms a transient structure as observed
in the HECT ligase where the E2 is bound to the RING1 domain. Then, ubiquitin is transferred to
a conserved cysteine in the RING2 domain where ubiquitin is finally transferred to the substrate.

Created with BioRender.com
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Figure 1-2. Key structural elements are conserved across the eight canonical members of
the CRL family.

Visual representations of the eight canonical CRLs are depicted. Note that CRL4A and -4B are
represented together as, simply, CRL4. The notable commonalities are the binding of an adapter
and substrate receptor at the N-terminus of each cullin scaffold, the binding of a RING binding
protein (RBX1 and RBX2) and E2 carrying ubiquitin at the C-terminus, modification by NEDD8
(N8), and the elongated crescent shape of the cullin scaffold. The number of known adapter
proteins for each corresponding cullin are listed on the left. Design was based on figure from
(Lydeard et al., 2013). Created with BioRender.com.
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Figure 1-3. CRLs are primarily regulated by NEDD8 modification.

The schematic depicts the canonical regulatory cycle of CRL complex formation and activity.
Modification by NEDD8 (N8) promotes E2~ub binding and structural changes allowing the N- and
C-terminus to position the substrate and E2~ub complex in close proximity to promote ubiquitin
transfer. After ubiquitin transfer, the ubiquitinated substrate and adapter and substrate receptor
dissociate from the cullin scaffold. NEDDS8 is removed by the COP9 signalosome (CSN) and
CAND1 binds to the complex blocking the neddylation site, preventing complex formation.

Created with BioRender.com
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Figure 1-4. CUL9 shares significant homology with CUL7 and PARKIN.
CULS9 shares significant homology with CUL7 and PARKIN. Additionally, CUL9 has a

conserved lysine in its cullin homology domain that aligns with the signature of other

neddylation domains (K1886). Created with Biorender.com
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Tables

Deletion

Reported phenotype (s) in mice

References

cuL1

Embryonic lethality at E6.5; Arrest in
late G1-phase; Enlarged trophoblast

giant cells with increased DNA content

Dealy et al., 1999; Wang et al., 1999

CuL2

No mouse model available

CUL3

Embryonic lethality at BLAH;
Extraembryonic endoderm stalled in S-
phase; Mesodern and endoderm don't

form

Singer et al., 1999

CUL4A

Viable; Increased susceptibility to UV

damage

Li et al., 2002; Liu et al., 2009

CuL4B

Embryonic lethality at E7.5; G2/M
arrest; Primitive streak does not

develop; Disorganized endoderm

Liu et al., 2012

CULS

Embryonic lethal; detailed
characterization of embryos not

performed

Zhu et al., 2016

CcuLr

Die immediately after birth; major
vascular defects; decreased embryo

and placenta size

Aria et al., 2003

CcuL9

Viable; No phenotype; Widespread

tumor development

Gama et al., 2014; Hollville et al., 2020;
Skaar et al., 2005, 2007
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Table 1-1. Phenotypes of cullin scaffold deletions in mice

Deletion of cullin scaffolds generally results in embryonic lethality, but some are not

required for development and have multiple reported phenotypes.
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Chapter 2

DEVELOPMENT OF A CUL9 CRISPR KO STEM CELL LINE TO CHARACTERIZE CUL9
FUNCTION DURING NEURAL DIFFERENTIATION

Parts of Chapter 2 have been adapted with permission from Ortolano, N.A., Romero-Morales,
A.l,, Rasmussen M.L., Bodnya, C., Kline, L.A., Joshi, P., Connelly, J.P., Rose K.L., Pruett-Miller,
S., and Gama V. (2021). A proteomics approach for the identification of cullin-9 (CUL9) related

signaling pathways in induced pluripotent stem cell models. PLoS One.

Summary

CUL9 is a non-canonical and poorly characterized member of the largest family of E3
ubiquitin ligases known as the Cullin RING ligases (CRLs). Most CRLs play a critical role in
developmental processes, however, the role of CUL9 in early development remains elusive. We
developed a CUL9 KO hiPSC line to provide a new tool for ourselves and the larger research
community to identify CUL9 substrates and functions that may have been overlooked in CUL9
KO mouse models and transformed cell lines. CUL9 KO hiPSCs have a normal karyotype,
express key pluripotent factors at normal levels, and maintain a cell death response. However,
deletion of CUL9 protein causes aberrant formation of neural rosettes, an in vitro model of early
neuralization. The results of our study build on current evidence that CUL9 may have unique
functions in different cell types. Our CUL9 KO hiPSC line can be used to characterize CUL9
function in a variety of stem, progenitor, and specialized cell types to reveal cell-specific CUL9

functions.
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Introduction

Post-translational modifications are critical to the regulation of protein function, subcellular
localization, structure, and turnover. Ubiquitin is a post-translational modification that primarily
signals for protein turnover (Ciechanover and Kwon, 2015). In fact, ubiquitination accounts for
80% of all protein degradation in cells. However, ubiquitin can signal for more than proteasomal
degradation, depending on the type of linkages within a polyubiquitin chain (Rajalingam and Dikic,
2016; Ye and Rape, 2009). Ubiquitin modification of a given substrate is catalyzed by three
enzymes: E1 (activating enzyme), E2 (conjugating enzyme), and E3 (ubiquitin ligase). The E1
activates ubiquitin in an ATP dependent manner. Adenylated ubiquitin forms a thioester bond with
the catalytic cysteine in the E1 active site and is then moved to the E2 via a thioester transfer.
The E2-ubiquitin conjugate is recruited to an E3 ubiquitin ligase which aids or directly catalyzes
ubiquitin thioester transfer to a specific residue, often a lysine, on the targeted substrate. The

largest family of E3 ubiquitin ligases is the Cullin Ring Ligase (CRL) family.

CRLs function as multi-subunit complexes ubiquitinating a variety of substrates. The central
part of CRLs is the cullin protein, a hydrophobic scaffolding protein that recruits a RING binding
protein (Rbx1 or Rbx2) through their homologous cullin domain. CRL function also requires a
covalent modification by NEDD8 at a conserved lysine residue within the cullin scaffold. Each
cullin contains a unique set of domains at their N-terminal that mediate substrate adapter binding.
While there are only eight cullins, there are numerous possible CRLs based on the recruited
adapter proteins. For example, the E3 ubiquitin ligase Cullin-1 (CUL1) complexes with adapter
proteins known as FBOX proteins which determine CUL1’s protein specificity. There are 68 FBOX
proteins that have been identified, meaning that CUL1 could form up to 68 complexes, each with
its own individual set of specific substrates (Nalepa et al., 2006). Considering the ubiquitous
nature of CRLs, they contribute to the regulation of nearly every cellular process. In fact, mouse
knockout models of most members of the CRL family result in embryonic or neonatal lethality
often as a result of aberrant cell cycle progression (Arai et al., 2003; Dealy et al., 1999; Li et al.,
2002; Singer et al., 1999; Wang et al., 1999). CUL9 KO mice, however, are viable and most report
no apparent phenotype (Gama et al., 2014; Hollville et al., 2020; Li et al., 2014; Skaar et al.,

2007). Due toits elusive function and variant structure, CUL9 is considered a non-canonical CRL.

CUL9 contains an additional RING between RING (RBR) domain at its C-terminus and has
no identified adapter proteins (Gama et al., 2014; Li et al., 2014; Yan et al., 2014). CUL9 KO mice
are viable, and only a few phenotypes have been reported, providing limited insight into its

function (Nikolaev and Gu, 2003; Pei et al., 2011; Skaar et al., 2005). Studies at the cellular level,
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including our own, identified a role for CUL9 in promoting survival in post-mitotic neurons and
various cancer cell lines. CUL9 promotes ubiquitin mediated proteasomal degradation of
cytochrome c¢ in neurons and human brain tumor cell lines, and survivin in human cancer cells
(Gama et al., 2014; Li et al., 2014). With only two identified substrates, the mechanism of CUL9
ubiquitination is not known. Considering CUL9 has two potential ubiquitin catalytic domains,

further characterization of CUL9 function and regulation is needed.

Our laboratory and others report that CUL9 is highly expressed in the brain, particularly the
cortex, and that its levels increase over the course of neuronal differentiation (Gama et al., 2014;
Hollville et al., 2020). However, studies have focused on its role in post-mitotic neurons and aging
neurons in relationship to neurodegenerative diseases like Parkinson’s disease, largely due to it'’s
homology with the E3 ubiquitin ligase PARKIN (Gama et al., 2014; Hollville et al., 2020). The role
of CUL9 in neurodevelopment is virtually unexplored, despite the prevalent role of CRLs in
neurodevelopment and its related diseases like ASD and XLMS (Badura-Stronka et al., 2010;
Dong et al., 2020; Isidor et al., 2010; Tarpey et al., 2007). Recent studies using iPSC models of
CRL dysfunction in neurodevelopmental disorders from patient derived lines and CRISPR
directed mutations have provided insight into CRL regulation of early neuronal differentiation
(Fischer et al., 2020; Liu et al., 2020).

Here, we report the first CUL9 KO hiPSC line that can be leveraged to identify new CUL9
interactions leading to discovery of adapters, substrates, and regulators during differentiation. We
characterized the ability of CUL9 KO hiPSCs to differentiate to cortical neural precursor cells
considering the high expression of CUL9 in the murine cortex (Gama et al., 2014; Hollville et al.,
2020). While the CUL9 KO hiPSCs can produced neural stem and progenitor cells, the KO cells
form abnormal neural rosettes, an in vitro model of the neurulation. The data presented in this
chapter establish our CUL9 KO hiPSC as an effective model for characterizing CUL9 function and
interactions during human neuronal differentiation. Analysis of the cognitive state in CUL9 KO
mice would complement our studies and provide insight into the potential functional
consequences of these subtle differences in neuronal differentiation observed in our CUL9 KO
hiPSC model.
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Results
CRISPR/Cas9 CUL9 KO iPSC clones are pluripotent

To explore the role of CUL9, we used hPSCs as a model. We first generated a CUL9
knockout cell line in human induced pluripotent stem cells (hiPSCs) using the CRISPR/Cas9
system. We designed several guide RNAs directed to an early, conserved exon within CULJY,
exon 9 (Figure 2-1A). Previous guide RNAs designed were directed towards exon 1 and 2, but
these were ineffective. The selected guide RNA had an editing efficiency of 92% and zero
potential off-target sites including up to three base pair mismatches. Single-cell clones were
isolated from cells electroporated with guide RNA and recombinant CAS9 by flow activated cell
sorting. Individual clones were sequenced by next generation sequencing (NGS) and analyzed
for insertions/deletions (indels) resulting in frameshift mutations at the guide RNA target site using
CRIS.py (Connelly and Pruett-Miller, 2019). Two clones containing a single base pair insertion
were selected for downstream analysis. More than 99% of the genomic DNA analyzed in each of
these clones contained an indel resulting in a frameshift mutation (Figure 2-1B). Most importantly,
these clones only contained a single type of indel, with both having a single base pair insertion in
>99% of the genomic DNA analyzed. An unedited clone was also identified and used downstream
as a control (isogenic WT). Western blotting was used to validate the loss of CUL9 protein
expression in both knockout clones (Figure 2-1C). Metaphase spread analysis was used to
validate that all isogenic clones had a normal karyotype (Supplemental Figure 2-1). Previous
studies demonstrate that CUL9 heterodimerizes with another CRL known as CUL7 (Li et al., 2014;
Skaar et al., 2007). Although CUL9 function does not require heterodimerization with CUL7, the
two are highly homologous, and we wanted to ensure CUL7 protein levels would not increase to
compensate for loss of CUL9. We determined by Western blotting analysis that CUL7 levels are
not significantly changed in CUL9 KO iPSCs (Figure 2-1C).

Next, we assessed the effects of CUL9 deletion on the pluripotency of hiPSCs. We initially
tested this using a global gene expression profile assay known as the PluriTest Assay (Mdiller et
al., 2011). Briefly, the gene expression profile of each clone was compared to a reference data
set containing over 450 genome wide transcriptional profiles of validated pluripotent cells. The
pluripotency score (y-axis) quantifies the presence of metagenes within the data set that separate
pluripotent cells from non-pluripotent cells. The novelty score (x-axis) measures how well the gene
expression pattern of the cell in question matches the expected profile. Compared to a non-iPSC
control, our parental wild-type, isogenic wild-type, and CUL9 KO iPSCs have the expected

transcriptional profile of a pluripotent cell (Figure 2-2A). To complement the PluriTest assay, we
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examined the mRNA and protein level expression of key pluripotency factors OCT4 and NANOG.
In both CUL9 KO clones, there were no significant changes in expression levels of OCT4 or
NANOG as determined by RT-qPCR and Western blotting (Figure 2-2B-C). Additionally, confocal
microscopy analysis of immunostained hiPSCs showed that OCT4 and NANOG localized to the
nucleus in all cell types and are expressed at similar levels (Figure 2-2D). Based on our results,
we concluded that the CUL9 KO clones remain pluripotent and are an appropriate tool for

analyzing the downstream effects of CUL9 deletion on differentiation.

CUL9 does not target cytochrome c for degradation

We previously reported that CUL9 promotes survival in post-mitotic neurons and
neuroblastoma cells (Gama et al., 2014). During apoptosis, cytochrome c is released from
mitochondria, initiating the caspase cascade. Although this was previously considered the “point
of no return” in apoptosis, we showed that CUL9 targets cytochrome c for ubiquitin mediated
degradation following its release from the mitochondria in sympathetic neurons and
neuroblastoma cells. Post-mitotic neurons and cancer cells are resistant to apoptosis and this
mechanism is one mechanism contributing to this increased resistance (Gama et al., 2014,
Vaughn and Deshmukh, 2008). We hypothesized that cytochrome ¢ would not be a CUL9
substrate in hPSCs since our laboratory previously demonstrated that hPSCs are highly sensitive
to apoptosis (Dumitru et al., 2012). To test our hypothesis, we treated control and CUL9 KO cells
with 1uM of the DNA damaging agent etoposide for 3 hours; then, we measured cell survival by
examining caspase activity. CUL9 KO cells did not show differences in caspase 3/7 activity

compared to control cells (Supplemental Figure 2-2).

We further validated that CUL9 does not directly target cytosolic cytochrome c¢ for
degradation by examining cytochrome c release from mitochondria following a four-hour
treatment with 1uM etoposide in the presence of pan-caspase inhibitor QVD-OPh in control and
CUL9 KO cells (Figure 2-3). In both the control and KO cells, cytochrome ¢ was released from
the mitochondria into the cytosol after four hours of treatment at the same level. These data
indicate that cytochrome c is not directly degraded by CUL9 in hPSCs, and that these cells rapidly
initiate apoptosis in response to double stranded breaks as previously shown (Dumitru et al.,
2012). Additionally, we show that cytochrome c is likely targeted for proteasomal degradation in

hPSCs as reported in neuronal cells (Gama et al., 2014) as cytochrome c levels increase with

37



additional treatment of proteasome inhibitor bortezomib in both cell lines, though at lower levels
in CUL9 KO cells (Figure 2-3B).

CUL9 KO iPSC clones differentiate to hNSCs and hNPCs.

We validated previous studies showing that CUL9 protein and mRNA levels increase over
the course of human cortical differentiation particularly during the neural induction phase when
neural precursors form (Figure 2-4A-B). Based on this, we focused our study on characterizing
the effects of CUL9 deletion in the first 25 days of cortical differentiation of hiPSCs (Figure 2-4A).
During the first ten days of cortical differentiation, N2 media is gradually increased during dual
SMAD inhibition; this phase is known as neuralization. At this phase, neuroepithelial-like cells
(which we have termed human Neural Stem Cells (hNSCs)) expressing neural stem cell markers
like PAX6 and NESTIN begin to form. After day ten, N2/B27 media is used to maintain the cells,
and over time the cells differentiate further (Shi et al., 2012). Around day 25, the cells are a mixture
of intermediate progenitor cells and immature cortical neurons (which we have termed human
Neural Progenitor Cells (hNPCs)). These cells are highly migratory permitting them to form the
cortical layers in an inside outside fashion. Cells at this phase express neuron specific
microtubules and associated proteins including microtubule associated protein (MAP2) and beta-
3 tubulin (TUBB3) (Poirier et al., 2010; Teng et al., 2001). They also express transcription factors
present in radial glia cells and intermediate progenitor cells like Empty Spiracles Homeobox 2
(EMX2), and those present in early born neurons like T-box brain 1 (TBR1) (Englund, 2005;
Hamasaki et al., 2004). Beyond day 25, the cells will form neurons in the expected order starting
with deep-layer neuron populations followed by upper-layer neuron populations and astrocytes.

Both CUL9 KO iPSC clones successfully differentiated to hNSCs expressing neural stem
cell transcription factor PAX6 and microtubule associated protein NESTIN (Figure 2-4D;
Supplemental Figure 2-3). The clones further differentiated to hNPCs at day 25 and expressed
microtubule markers TUBB3 and MAP2 as well as transcription factors EMX2 and TBR1 (Figure
2-4E; Figure 2-5). Although there are little significant changes in protein or mRNA expression of
neuronal markers at day seven or day 25 of CUL9 KO differentiated cells, substantial variability
in expression is observed between replicates (Figure 2-5 and Supplemental Figure 2-3). This
clonal variability could indicate that CUL9 deficiency generates genomically unstable cell lines. A
confounding factor is the variability between cortical differentiations using this method as
previously reported (Volpato et al., 2018). To delineate if the observed variability in expression is

a phenotype or a result of the differentiation method used, we employed 3D differentiation
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methods which have been demonstrated to be highly reproducible at differentiating neural cell

populations (Chandrasekaran et al., 2017).

Deletion of CUL9 results in abnormal embryoid body and neural rosette formation

Neural rosettes serve as an in vitro model for neurulation, the early stages of neural tube
formation (Elkabetz et al., 2008; Wilson and Stice, 2006) (Figure 2-6A-B). Neural rosettes have
a distinctive apical-basal polarity and can be easily identified by marker localization. ZO-1 (tight
junction marker) and CDK5RAP2 (centrosome marker) localize apically, marking the central
lumen. Cells extend radially from the lumen, as demonstrated by TUBA (alpha tubulin) staining
(Figure 2-6A). Previous data demonstrate that the cells surrounding the lumen have a similar
expression profile to the cells within the neural epithelium layer of the neural tube (Elkabetz et al.,
2008; Haremaki et al., 2019) (Figure 2-6B).

To determine the effect of CUL9 deletion on neural rosette formation, we first grew CUL9
KO clones in suspension with dual SMAD inhibitors to form EBs (Figure 2-6A). EB diameter was
measured five days after initial seeding. EBs derived from CUL9 KO clones have a significantly
reduced diameter (Figure 2-6C). Neural rosettes formed from these EBs have the expected
morphology based on marker localization (Figure 2-6D). To quantify neural rosette morphology,
Z01 staining was used to quantify the number of rosettes formed per EB, as well as the area of
the lumen. While we saw no significant differences in the number of neural rosettes per EB, we
observed significant differences in lumen size in both clones despite clonal variability (Figure 2-
6E-F). We corroborated this result in CUL9 KD rosettes as well. Both shRNAs used resulted in
decreased lumen size indicating (Supplemental Figure 2-4). The corroboration of our results in
CUL9 depleted cells indicates that the altered lumen size observed in CUL9 KO cells, despite

differing between the two clones, is likely not the result of an off-target effect of CRISPR editing.
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Discussion

Previous studies characterizing CUL9 demonstrated that it promotes cell survival through
ubiquitin-mediated degradation of its two known substrates, cytochrome ¢ and SURVIVIN (Gama
et al., 2014; Li et al., 2014). However, our study shows that this CUL9 function seems specific to
post-mitotic neurons and cancer cell lines, highlighting the cell specific functions CUL9 may have
and emphasizing the need to characterize its role in various cell types at various stages of life.
We determined that CUL9 deletion in hiPSCs caused abnormal formation of neural rosettes and
variable expression of stage-specific neuronal markers during cortical differentiation. These
findings indicate that CUL9 may play a role in early neurodevelopment as reported in other cullins
(Badura-Stronka et al., 2010; Dong et al., 2020; Isidor et al., 2010; Tarpey et al., 2007).
Characterization of CUL9 in the newly developed human-derived cell system described here may
provide needed insight into CUL9 function is as it is a late evolutionary gene present only in
vertebrates. We and others have hypothesized that CUL9 is a duplicate of the highly homologous
CUL7, which is also present only in vertebrates (Gama et al., 2014; Skaar et al., 2005, 2007).
This indicates that CUL9 may have a highly specified role in vertebrates, which may provide a
plausible explanation for why CUL9 substrates have been so challenging to identify.

In our hiPSC CUL9 KO cell line, we first sought to determine if CUL9 deletion affects iPSC
cell survival. Using a caspase assay, we determined that CUL9 KO cells were no more susceptible
to apoptosis than WT cells, however, we did observe some interesting differences in cytochrome
c release in CUL9 KO cells. Unexpectedly, when the WT cells were treated with the DNA
damaging agent etoposide and proteasome inhibitor bortezomib, some cytochrome c¢ was
released into the cytosol, but the amount of mitochondrial localized cytochrome ¢ seemed higher
compared to treatment with only etoposide. This result suggests that ubiquitin mediated
degradation of cytochrome ¢ may occur at the mitochondria rather than in the cytosol in — the
ubiquitination of cytochrome c in hiPSCs has not been examined, so further investigation is
needed. In CUL9 KO cells treated with etoposide and bortezomib, the levels of cytosolic
cytochrome ¢ were decreased. However, there was significantly less cytochrome c still localized
to the mitochondria, indicating that CUL9 may play a role in cytochrome c release from the
mitochondria or degradation at the organelle. It will be interesting to investigate how mitochondrial
release of cytochrome c following DNA damage is regulated in hiPSCs and how CUL9 may be
involved in this process. Considering that CUL9 is highly homologous to PARKIN, it could

collaborate with PARKIN to degrade proteins at the outer and inner mitochondrial membranes to
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regulate mitochondrial release of cytochrome c. Alternatively, it could regulate PARKIN activity
itself.

Despite the prevalent role of most CRLs in development, mouse knockout models of CUL9
are viable and do not present a consistent phenotype (Pei et al., 2011). In this study, we
developed a human cell-derived model to characterize CUL9 in human neuronal development.
Our data indicate that CUL9 does not affect hPSC pluripotency or regulate apoptotic execution
as previously described in other cell types. CUL9 mouse KO models have no apparent
phenotypes in neuronal development (Pei et al.,, 2011; Skaar et al., 2005). While we did not
observe any affects in hPSCs or differentiated NSCs and NPCs, we did observe defects in neural
rosette formation. Abnormal lumen size can be the result of asymmetric division of R-NPCs or
dysregulation of apical membrane size which affects the apical-basal polarity of rosettes (Elkabetz
et al., 2008; Medelnik et al., 2018). Further investigation into the mechanism behind altered lumen
size in CUL9 KO and KD neural rosettes is needed.

Our results also suggest that further characterization of the CUL9 KO mouse model may
be beneficial. Mice with phenotypes indicative of neurodevelopmental disorders like ASD,
schizophrenia, generalized anxiety, and XLMS do not always present observable, physical
phenotypes (Badura-Stronka et al., 2010; Dong et al., 2020; Isidor et al., 2010; Kuczera et al.,
2011; Tarpey et al., 2007). Experiments directly testing cognitive attributes like anxiety levels, fear
extinction, and obsessive behaviors could provide insight into the potential roles of CUL9 in
neurodevelopment and direct future molecular cell-based studies. Additionally, brain specific
deletion of CUL9 in mice could limit confounding, unobserved phenotypes in the CUL9 total KO
mouse. Alternatively, this finding could indicate a distinction between CUL9 function in mouse
and human neurodevelopment. It would be exciting to examine the role of primate specific
neuronal cell populations such as outer radial glia cells using a single-cell approach to clarify if
this function is species specific (Pollen et al., 2015).

In summary, CUL9 has an elusive developmental function compared to other CRLs, and
it does not appear to have a common function amongst different cell types. In our own data, we
see variable expression of key PSC, NSC and NPC markers and abnormal formation of neural
rosettes. If CUL9’s primary function in early development is involved in regulating cells undergoing
countless dynamic changes during differentiation, characterization of its function will be
challenging as it will require catching a cell in a transitional state. Future studies should investigate
the role of CUL9 during the dynamic state of cell differentiation. Trilineage differentiation of the

CUL9 KO hPSCs would reveal if other tissue specific transcription factors have variable
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expression as we observed in NSCs and NPCs. CUL9 function may be just as, if not more,
relevant to other lineages. Protein levels of key transcription factors of other mature, specialized
cell types like astrocytes or cardiomyocytes should also be examined. The variable levels of
protein, but not mRNA levels of key pluripotency and neuronal markers could indicate CUL9
deletion results in dysregulation of protein translation. Mass spectrometric analysis of the
proteome of the CUL9 KO iPSCs could reveal any dysregulation present in these cells and direct

future studies using this new human cell-derived model for studying CUL9.
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Figure 2-1: Design and analysis of CUL9 KO hPSC clones.

(A) Sequence CUL9 exon 9 with antisense gRNA aligned to target sequence. Figure made using
Benchling (B) CUL9 KO clones have single nucleotide insertions resulting in a frameshift
mutation. Table summarizing the results of Next Generation Sequencing (NGS) analysis of control
and CUL9 KO lines used for downstream experiments. Segment of CUL9 exon 9 sequenced for
analysis by NGS are shown below table for each cell line. gRNA targeted sequence is highlighted
in yellow, and single nucleotide insertions are highlighted in green. (C) CUL9 KO cells do not
express CUL9 protein or increased levels of homologue CUL7. Western blot of analysis of control
and CUL9 KO clones to analyze CUL9 and CUL7 protein levels. Isogenic WT and Clone #1 n=4;

Clone #2 n=3; mean +/- SEM; Analysis done using student’s t-test, «=0.05.
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Figure 2-2: CUL9 KO hPSCs normally express key pluripotent genes.

(A) CUL9 KO clones have expected global gene expression profile of pluripotent cell lines.
Pluritest (Thermo) is a gene expression profile assay. Pluripotency score measures the presence
of metagenes within the data set that separate pluripotent samples from non-pluripotent samples.
Novelty score measures how well the gene expression pattern of samples fits expected profile.
(B) RNA isolated from WT and CUL9 KO iPSCs were analyzed by RT-qPCR. Error bars +/- SD.
iPSC. n=3. (C) CUL9 KO cells express normal protein levels of key pluripotency markers as
determined by Western Blotting. Isogenic WT and Clone #1 n=4; Clone #2 n=3; mean +/- SEM,;
Analysis done using student’s t-test, a=0.05. (D) Key pluripotency markers are appropriately
localized and expressed in CUL9 KO cells. hPSCs were fixed with 4% PFA and stained with key
transcription factors NANOG (red, Alexa 546) and OCT4 (purple, Alexa 647), and Hoechst,

marking nuclei (blue). Images acquired on Nikon Spinning Disk; 20X objective; scale bar=100 um.
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Figure 2-3: Deletion of CUL9 does not affect cytochrome c levels after its release from
mitochondria during apoptosis.

Isogenic WT (A) and CUL9 KO Clone #1 (B) were treated with the pan-caspase inhibitor Q-VD-
OPh (25uM), the DNA damaging agent etoposide (3 mM), and proteasome inhibitor bortezomib
(1TmM) or DMSO and collected for analysis at four hours after treatment. Cells were stained with
cytochrome c (cyt ¢) and Hoechst. In DMSO +QVD samples, cyt c is localized to the mitochondria
(First panel). Following treatment with etoposide, cyt c is released into the mitochondria (Second
panel). Treatment with bortezomib results in accumulation of cyt ¢ (Third panel). levels Boxed
areas are enlarged below images, demonstrating the change in cyt ¢ localization. Scale bars=100

mm.
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Figure 2-4: CUL9 KO clones differentiate to hNPCs and early born cortical neurons.

(A) Protocol for neuronal differentiation of hPSCs. Diagram above in vitro differentiation roughly
correlates in vivo corticogenesis with differentiation protocol. Exact cell population at stages of
differentiation often varies between differentiations. NPC=neuroepithelial progenitor cells;
PP=preplate; vRGC=ventricular radial glia cells; IPC=intermediate progenitor cells; SP=subplate;
CP=cortical plate; oRGC=outer radial glia cells; Ast=astrocyte (B) CUL9 protein levels increase
over the course of cortical neuron differentiation. Western blot analysis of lysates obtained from
WT neurons differentiated for ten days and 135 days show gradual increase in CUL9 protein
levels compared to WT hPSCs. APCY levels increase during initial neuronal induction but remain
relatively stable. n=3. (C) CUL9 mRNA levels increase over the course of cortical differentiation.
RNA isolated from iPSCs, D7 cortical differentiation, and D25 cortical differentiation were
analyzed by RT-qPCR. Error bars +/- SD. iPSC and D7 n=2. D25 n=3. Key hNPC (D) and
neuronal markers (E) are appropriately localized and expressed in CUL9 KO cells. hPSCs were
fixed with 4% PFA and stained with key transcription factors NANOG (red, Alexa 546) and OCT4
(purple, Alexa 647), and Hoechst, marking nuclei (blue). Images acquired on Nikon Spinning Disk;
20X objective; scale bar=50 uM. NES=Nestin; TUBB3=Beta-3-tubulin.
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Figure 2-5: NPCs derived from CUL9 KO NSCs express key markers of neuronal
differentiation.

CUL9 KO NPCs were derived by standardized neuronal differentiation methods. NPCs were
produced twenty-five days after neuronal differentiation initiated. (A) CUL9 KO NPCs do not
express CUL9 protein or increased levels of homologue CUL7. Differentiation of hPSCs for 25
days results in increased expression of MAP2 and TUBB3; TUBB3 protein levels are significantly
decreased in both clones as determined by Western blotting. Mean +/- SEM; Analysis done using
student’s t-test, 0#=0.05. n=3. (B) Despite differences in TUBB3 at the protein level, RNA
expression of B3TU (TUBB3) is unchanged. Analysis of RNA expression of markers EMX2,
TBR1, and MAP2. RNA isolated from WT and CUL9 KO NPCs were analyzed by RT-qPCR. Error
bars +/- SEM. iPSC. n=3
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Figure 2-6: EBs and neural rosettes derived from CUL9 KO clones display abnormalities.

(A) Protocol for EB and neural rosette differentiation. (B) Comparison of in vivo neural tube and
in vitro neural rosette structure. Adapted from Haremaki et al., 2019 (C) The diameter of EBs
derived from isogenic WT and CUL9 KO hPSCs derived EBs were imaged using an EVOS
Inverted Fluorescent Microscope and the diameter of EBs was quantified using ImagedJ. Mean
and SEM were quantified. n=3, number of EBs quantified in each biological replicated shown. (D)
Isogenic WT and CUL9 KO EBs derived from hPSCs were differentiated by dual SMAD inhibition.
Cells were fixed on day 8 of differentiation and stained for CDK5RAP2 (red), ZO1 (magenta),
alpha-tubulin (TUBA, green) and Hoechst (blue). Scale bar=100 um. 10X objective. (E) Graph
representing the average number of neural rosettes (NR) formed from a single EB (assumed to
be a single field of view). 5 ROI per sample. Mean +/- SEM. P-value determined by one-way
ANOVA. n=3. (F) Graph representing the average size lumens within NRs rosettes. Thresholding
Z01 staining was used to count number of objects given set parameters. Area of ZO1 was
calculated for each object, all lumenal areas per biological replicate were included individually in
graph. 5 ROI per sample. P-values determined by one-way ANOVA; outliers removed using

ROUT. Median with min to max displayed. n=3.

54



Supplemental Figures

A Parental Wild-type iPSC p43 B Isogenic Wild-type iPSC p62
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Supplemental Figure 2-1: All cell lines used in this study have normal karyotypes.
Metaphase spread of indicated cell line at indicated passage number displayed. Karyotype
analysis was performed by Genomic Associates, Nashville, TN.
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Supplemental Figure 2-2: CUL9 KO and CUL9 depleted cell lines have varied apoptotic
resistance at exposure to low levels of DNA damaging agent etoposide.

CUL9 KO cells and control cells were treated with 1 mM etoposide for 3 hours, and caspase 3/7
activity was measured using a CaspaseGlo assay. n=5; +/- SEM; data analyzed using multiple t-
tests, 0.=0.05.
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Supplemental Figure 2-3: CUL9 KO cells can differentiate to NSCs.

CUL9 KO NSCs were derived by standardized neuronal differentiation methods. NSCs produced
seven days after neuronal differentiation initiated. (A) CUL9 KO NSCs do not express CUL9
protein or increased levels of homologue CUL7Y. Differentiation of CUL9 KO hPSCs for seven
days results in loss of pluripotency markers OCT4 and NANOG expression (B) as well as
increased expression of NSC markers PAX6 and NESTIN (C). Isogenic WT and Clone #1 n=4;

Clone #2 n=3; mean +/- SEM; Analysis done using student’s t-test, «=0.05.
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Supplemental Figure 2-4: EBs and neural rosettes derived from CUL9 KD clones display
abnormalities.

(A) CUL9 KO cells express significantly decreased levels of CUL9 protein. Western blot of
analysis of control and CUL9 KD clones to analyze CUL9 and CUL7 protein levels. n=3; mean +/-
SEM; Analysis done using student’s t-test, a=0.05. (B) The diameter of EBs derived from isogenic
shCONT and shCUL9 hPSC derived EBs were imaged using an EVOS Inverted Fluorescent
Microscope and the diameter of EBs was quantified using ImageJ. Mean and SEM were
quantified. n=3, number of EBs quantified in each biological replicated shown. (C) shCONT and
shCUL9 EBs derived from hPSCs were differentiated by dual SMAD inhibition. Cells were fixed
on day 8 of differentiation and stained for CDK5RAP2 (red), ZO1 (magenta), alpha-tubulin (TUBA,
green) and Hoechst (blue). Scale bar=100 ym. 10X objective. (D) Graph representing the
average number of neural rosettes (NR) formed from a single EB (assumed to be a single field of
view). 5 ROI per sample. Mean +/- SEM. P-value determined by one-way ANOVA. n=3. (E) Graph
representing the average size lumens within NRs rosettes. Thresholding ZO1 staining was used
to count number of objects given set parameters. Area of ZO1 was calculated for each object, all
lumenal areas per biological replicate were included individually in graph. 5 ROI per sample. P-
values determined by one-way ANOVA,; outliers removed using ROUT. Median with min to max

displayed. n=3.
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Chapter 3

IDENTIFICATION OF A CUL9-APC/C INTERACTION USING LC-MS/MS ANALYSIS

Parts of Chapter 3 have been adapted with permission from Ortolano, N.A., Romero-Morales,
A.l,, Rasmussen M.L., Bodnya, C., Kline, L.A., Joshi, P., Connelly, J.P., Rose K.L., Pruett-Miller,
S., and Gama V. (2021). A proteomics approach for the identification of cullin-9 (CUL9) related

signaling pathways in induced pluripotent stem cell models. PLoS One.

Summary

The largest family of E3 ubiquitin ligases, the Cullin RING ligase (CRL) family, are well
studied cell cycle regulators. Arguably, one of the best characterized cell cycle regulatory ligases
is the non-canonical CRL the anaphase promoting complex/cyclosome (APC/C). However, the
other non-canonical CRL, CUL9 remains poorly characterized. In this study, we use hPSCs to
identify CUL9 interacting proteins to screen as potential substrates and regulators in pluripotency
and neuronal differentiation by LC-MS/MS analysis of CUL9 immunoprecipitation. We
demonstrate that CUL9 interacts with subunits of the anaphase promoting complex/cyclosome
(APC/C), but CUL9 deletion does not affect protein levels of APC/C subunits or progression of
the cell cycle. However, knockdown of APC7 or FZR1 result in a moderate increase in CUL9
protein levels. Further characterization of the biochemical nature and function of this interaction

is needed to understand its importance in hPSC pluripotency and differentiation.
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Introduction

The cell cycle consists of gap phases separating the S phase, where chromosomes are
replicated, and the M phase, where chromosomes are separated and two identical daughter cells
are produced by cytokinesis. Cell cycle regulation in somatic cells is well characterized, but
investigation of novel mechanisms of modulation in pluripotent stem cells (PSCs) remains an
active area of research. PSC cycle length is shorter than that of somatic cells, and the G1 phase
is abbreviated (Becker et al., 2006; Boward et al., 2017; Calder et al., 2013; Filipczyk et al., 2007).
As PSCs differentiate, the G1 phase gradually lengthens, increasing cell cycle duration (Ponti et
al., 2013; Salomoni and Calegari, 2010; Takahashi et al., 1995). While novel cell cycle control
mechanisms have been identified in mouse PSCs (Ballabeni et al., 2011; Faast et al., 2004; Li
and Kirschner, 2014; Liu et al., 2017b; White et al., 2005; Yang et al., 2011; Zhao et al., 2014),
the elucidation of regulatory mechanisms in the hPSC division cycle has been less successful
(Neganova et al., 2009; Zhang et al., 2009). Characterization of the novel hPSC cycle and its
regulatory mechanisms is necessary, especially due to growing evidence that self-renewal,
differentiation, and cell cycle progression are closely tied (Li and Kirschner, 2014; Liu et al., 2017b;
Vallier, 2015). However, there has been little insight into the exact signaling events underlying the

link between cell cycle progression and pluripotency in hPSCs and NSCs.

Ubiquitination of key substrates is the main driving force of cell cycle. One of the most well
characterized E3 ubiquitin ligases propelling cell cycle forward is the APC/C. The APC/C is a 1.6
Mda E3 ubiquitin ligase complex consisting of nineteen subunits composed of fourteen unique
proteins. The primary role of the APC/C is to promote progression through G1 and M phases of
the cell cycle by targeted ubiquitination and subsequent degradation of cell cycle regulatory
proteins known as cyclins (Peters, 2006). APC/C substrate specificity is mediated by its
association with two adapter proteins: CDC20 and FZR1 (also known as CDH1). The APC/C
targets mitotic cyclins when associated with CDC20, promoting mitotic progression, and G1-
cyclins when associated with FZR1, promoting G1 progression. However, the APC/C has also
been implicated in coordinating dynamic cell cycle changes, particularly regarding G1 phase,
during differentiation (Almeida et al., 2005; Delgado-Esteban et al., 2013; Konishi, 2004; Silies
and Klambt, 2010; Stegmdiller et al., 2006). Specifically, APC/C-FZR1 is required for
neurogenesis, normal cortical development, and hypothalmus function; aberrant function of
APC/C-FZR1 in the brain results in memory and learning deficits (Delgado-Esteban et al., 2013;
Li et al., 2008).
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The APC/C is composed of several sub-complexes each consisting of a set of subunits with
a common function or homology (Sivakumar and Gorbsky, 2015). The catalytic core of the APC/C
is composed of the main subunits that recruit required ubiquitination machinery and adapter
proteins for substrate recruitment. One member of this complex is APC2, a cullin-like subunit
containing a domain with high similarity to the cullin homology domain within CRLs, a family of
E3 ubiquitin ligases involved in regulating several key phases of cell cycle (Petroski and Deshaies,
2005; Yu et al.,, 1998). The “arc-lamp” of the APC/C is the only subcomplex of the APC/C
containing subunits with a common domain, the tetratricopeptide repeat (TPR) domain (Chang et
al., 2015, 2014). This is the only APC/C sub-complex whose composition is not conserved from
yeast. TPR subunit APCY7 is only found in vertebrates and thought to be a gene duplication of the
TPR subunit APC3 (known as CDC27 in yeast) as their amino acid sequences are highly similar
(Thornton et al., 2006).

Recent studies have provided insight into the function of the vertebrate specific APC7
subunit. Knocking out APC7 in human cells is not lethal, and has no affect on mitotic progression,
but slightly decreases APC/C ubiquitination efficiency (Wild et al., 2018). Structural and
biochemical studies indicate the TPR domain within APC/C subunits interacts with the “IR
(isoleucine and arginine) tail” of the FZR1 and CDC20 adapter proteins (Chang et al., 2015;
Vodermaier et al., 2003). Research indicates that APC7 preferentially interacts with the IR tail of
FZR1, emphasizing its importance in substrate specificity and APC/C ubiquitination activity (Wild
et al., 2018). Despite recent progress in characterizing TPR subunits, further characterization of

their function, and specifically that of APC7, is needed.

Our results indicate that the poorly characterized CRL family member Cullin-9 (CUL9)
interacts with APC7 in hPSCs. Like APC/C, CUL9 is considered a non-canonical CRL since its
structure and regulation differ from that of other family members. Interaction and cross regulation
between two CRLs is relatively common. In fact, CUL9 dimerizes with another CRL, CUL7.
Although the dimerization is not necessary for its function, one study demonstrates CUL7
regulates CULO9 protein levels (Pei et al., 2011; Skaar et al., 2007). Additionally, CUL1 and APC/C
regulate one another to promote G1 progression and entry into the S-phase (Vodermaier, 2004).
We show evidence that the APC/C and CUL9 may interact to regulate CUL9 protein stability in
hPSCs. However, this interaction does not seem to regulate cell cycle as deletion or
overexpression of CUL9 in hPSCs does not affect cell cycle progression. Future studies should
biochemically validate this interaction and examine how its disruption affects the role of CUL9 and
APC/C-FZR1 in neuronal differentiation.
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Results
CUL9 interacts with several subunits of the APC/C.

Previous data from our laboratory demonstrated that CUL9 deletion results in aberrant
neuronal differentiation (Chapter 2). To identify a potential CUL9 function during neuronal
differentiation, we set out to identify CUL9 interacting proteins in hPSCs and hNSCs. We
performed liquid chromatography tandem mass spectrometry (LC-MS/MS) in cells treated with a
proteasome inhibitor (bortezomib) to enrich for potential CUL9 substrates (Figure 4A;
Supplementary Figure 8). We identified 24 proteins significantly (1% FDR; Fisher’s exact p-value
of <0.05) enriched in the hPSC CUL9 immunoprecipitation with a protein probability of 95% or
higher in our initial LC-MS/MS analysis (Table 1; Figure 3-1). We analyzed the direct and indirect
interactions amongst our proteins of interest using the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) (Franceschini et al., 2012, 2016; Jensen et al., 2009; von Mering,
2004; Snel, 2000; Szklarczyk et al., 2011, 2015, 2017, 2019). STRING is a database containing
protein-protein interactions. These include direct binding as well as indirect interactions including
shared functions or common signaling pathways. Analysis of our dataset showed a group of
protein interactions involved in transcriptional regulation and cell cycle regulation (Figure 3-1B).
Considering the prevalent role of other CRLs in cell cycle regulation, we took a closer look at the
interacting proteins involved in cell cycle progression (Craney and Rape, 2013). All the interacting
proteins involved in cell cycle regulation, barring CUL7, were subunits of the APC/C. These were
the only identified proteins in the CUL9 immunoprecipitation from hNPC lysates (Table 2). A
majority of the most enriched subunits in both hPSCs and hNSCs contained the tetratricopeptide
repeat (TPR) domain, the only domain shared by multiple subunits within the APC/C (Tables 1
and 2; Figure 3-1B). Considering the enrichment of TPR lobe subcomplex proteins in our LC-
MS/MS data, we focused our efforts on determining if CUL9 regulates the TPR-containing
subunits. The most significantly and consistently enriched protein in all replicates of LC-MS/MS
analysis was a component of the APC/C known as APC7 (Figure 3-1B; Supplemental Figure
3-1A). APC7 is solvent exposed, making it available for CUL9 binding. Additionally, APC7 is only
expressed in vertebrates, just like CUL9 making it an attractive LC-MS/MS hit for downstream
analysis. We validated the CUL9-APC?7 interaction by co-immunoprecipitation in hPSCs and
hNSCs (Figure 3-1C-D).

CUL9 deletion does not alter APC/C subunit levels or cell cycle profile
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To determine if APC/C subunits were possibly targeted by CUL9 for ubiquitin mediated
degradation, we examined if APC7 protein levels were enriched in CUL9 KO cells. Protein levels
of APC7 were not significantly changed in either CUL9 KO clone as determined by Western
blotting (Figure 3-2). We suspected that if CUL9 regulates APC7 or is involved in cell cycle
progression, it may do so in a specific phase of the cycle. We synchronized WT and KO cells in
mitosis by treating the cells with the microtubule destabilizing drug nocodazole at 100ng/mL for
16 hours. Then, we washed the drug off, collecting lysates every two hours for 12 hours to analyze
protein expression as cell cycle progressed (Yiangou et al., 2019). Cyclin E and FZR1 were used
to validate synchronization and determine what phase of cell cycle the cells were in at the time of
collection. We used FZR1 peaks and Cyclin E as phase specific markers. Cyclin E levels gradually
increase towards the end of G1-phase, peaking at S phase (Bloom and Cross, 2007). FZR1 levels
peak at the end of mitosis, peak at early G1 phase, and are finally depleted as cells exit G1 and
enter S-phase (Pines, 2011). CUL9 protein levels did not fluctuate significantly during cell cycle
as previously reported (Figure 3-2)(Li et al., 2014; Yan et al., 2014). Additionally, expression of
key phase specific proteins fluctuate as expected in CUL9 KO cells indicating that cell cycle

progression is likely unaltered (Figure 3-3).

While ubiquitination canonically promotes proteasomal degradation of substrates, it can also
result in a change in protein-protein interactions or protein localization and function. Based on our
results, we postulated that CUL9 ubiquitination or interaction with the APC/C may play a role
outside of protein stability. To determine if CUL9 affected APC/C function in cell cycle, we
determined the cell cycle profile of CUL9 KO cells using flow cytometry analysis of DNA content.
However, we did not see significant differences between control cells and CUL9 KO cells (Figure

3-4A). Together, these results suggest that CUL9 does not regulate a specific phase of cell cycle.

CUL9 protein levels increase when TPR subunit APC7 and adapter protein FZR1 are
depleted

Since CUL9 does not appear to regulate the APC/C, we tested if APC/C regulates CUL9
stability. We noticed a moderate, but significant, increase in CUL9 protein levels when APC7 was
depleted in hPSCs (Figure 3-2B). Since previous research reported that TPR domain subunits of
the APC/C play an important role in recruitment of APC/C adapter proteins, we sought to
determine if CUL9 protein levels were affected by inhibition of adapter protein recruitment
(Vodermaier et al., 2003). Both APC/C-FZR1 and CDC20 recognize substrates by specific
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degrons. One such degron is the D box motif. Canonical APC/C substrates like cyclin B and cyclin
A contain D box motifs (Glotzer et al., 1991; He et al., 2013). We used the APC/C degron
repository resource created through a collaboration between the Davey laboratory at The Institute
of Cancer Research and the Morgan laboratory at the University of California, San Francisco to
analyze the CUL9 protein sequence for potential APC/C degrons. The APC/C degron prediction
tool employs ProViz to scan a protein of interest for regions like previously characterized degrons
(Jehl et al.,, 2016). This resource identified a potential D-box motif sequence with a high
consensus similarity to known motifs (RxxL) (TTRTILMMLLNR, amino acids 912-923) (Similarity
score=0.83). This motif was also highly disordered (Disorder score=0.47), a common feature of
degrons (Potenza et al., 2015; Wright and Dyson, 2015).

Since both APC/C complexes can recognize the D-box degron, we tested if inhibition of
CDC20 or FZR1 association would affect CUL9 protein levels. We first investigated if chemical
inhibition of APC/C-CDC20 affected CUL9 protein levels. To inhibit APC/C-CDC20, we treated
the cells with two chemical inhibitors: ProTAME (tosyl-L-arginine methyl ester) and apcin (APC/C
inhibitor). ProTAME blocks the APC/C-CDC20 interaction, and apcin binds to CDC20 and
competitively inhibits ubiquitination of APC/C-CDC20 specific substrates (Sackton et al., 2014).
Although we saw a consistent increase in the APC/C-CDC20 substrate Cyclin A2, CUL9 protein
levels remained the same (Figure 3-2C). However, when we depleted FZR1 protein levels using
siRNA, we saw a small, but significant increase in CUL9 protein levels that coincided with those
observed in APC7 depleted cells (Figure 3-2D).

Considering depletion of APC7 or FZR1 results in increased CUL9 protein levels, we
hypothesized that CUL9 overexpression would affect cell cycle progression. To test our
hypothesis, we stably overexpressed FLAG tagged CUL9 using a CUL9-FLAG lentiviral construct.
CUL9 was expressed 10-fold higher than in wild-type hPSCs (Figure 3-4B). We performed DNA
content analysis by flow cytometry and determined that cells stably overexpressing CUL9 had a
normal cell cycle profile as observed in the CUL9 KO cells (Figure 3-4C). This indicates that if
CUL9 protein levels are negatively regulated by APC/C, it is likely independent of cell cycle

progression.
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Discussion

Our data showed CUL9 almost exclusively co-immunoprecipitated with APC/C subunits,
specifically TPR subunits in hPSCs and differentiated NSCs. The most enriched subunit in our
analysis was APCY. Like CUL9, APC7 is also a late evolutionary gene that is only present in
vertebrates. Its function has been similarly elusive, as APC7 KO cells are viable with minimal
observed phenotypes (Wild et al., 2018). Further characterization of the function of the CUL9-
APC/C interaction could provide insight into the specific functions of both proteins. While APC7
KO cells do not show changes in cell cycle profile, they do show a slight decrease in ubiquitination
of APC/C-FZR1 substrates which correlates with the small, but significant, increase we see in
CUL9 protein levels (Vodermaier et al., 2003; Wild et al., 2018). Previous studies have
demonstrated that APC7 preferentially binds to the IR-tail at the C-terminus of the FZR1 adapter
protein explaining its relationship to APC/C-FZR1 ubiquitination activity (Vodermaier et al., 2003;
Yamaguchi et al., 2015).

Depletion of APC7 and FZR1 both resulted in a small but significant increase in CUL9 protein
levels. It is tempting to speculate that CUL9 is ubiquitinated by APC/C-FZR1 for proteasomal
degradation, especially considering that CUL9 possesses a predicted APC/C degron. However,
our methods do not directly test this hypothesis. An important first step would be validating the
predicted D-box motif in CUL9. This could be done either by site directed mutations or in vitro
experiments demonstrating direct binding and ubiquitination of CUL9 by APC/C-FZR1. CUL9 is a
large protein (282 kDa) making its isolation or synthesis challenging. Additionally, the
requirements for CUL9 activity and confirmation are not known. For example, the APC/C has
many phosphorylation sites required for its activation (Qiao et al., 2016; Zhang et al., 2016).
Without an understanding of CUL9 structure and regulation by post-translational modifications
such as NEDDS, in vitro studies and site directed mutations could be difficult to interpret. A basic
understanding of the biochemical properties of CUL9 are needed to truly characterize its

regulation or function.

If we can produce recombinant CUL9, however, we could perform in vitro ubiquitination
assays to determine if CUL9 is a substrate of APC/C-FZR1 — we could also isolate flag tagged
CULS9 from our stable CUL9 overexpressing cells. We used immunoprecipitated FLAG-CUL9 to
test its ability to ubiquitinate cytochrome c. Validated protocols to isolate APC/C-CDC20 could be
modified to isolate APC/C-FZR1 (Qiao et al., 2016). Briefly, APC/C-FZR1 would be isolated from
hPSCs synchronized in G1 phase using APC3-antibody cross-linked beads. Then, the elution
would be re-immunoprecipitated using FZR1 antibody-coupled beads. Isolated APC/C-FZR1 and
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recombinant/immunoprecipitated FLAG-CUL9 would be combined in vitro with recombinant E2,
E1, ATP, and ubiquitin. Aliquots of the in vitro reaction would be collected and analyzed by
immunoblotting for ubiquitin and CUL9. This experiment would determine if CUL9 is a substrate

of APC/C, or if the interaction exists for another purpose.

The increase in CUL9 protein levels upon APC/C inactivation, though significant, are small.
Additionally, increase or decrease in CUL9 protein levels do not affect cell cycle progression. We
hypothesize that if APC/C-FZR1 targets CUL9 for proteasomal degradation it is likely specific to
a phase of cell cycle and affects another process. This hypothesis is also supported by the CUL9-
APC7 co-immunoprecipitation. Only a small amount of total endogenous CUL9 protein co-
immunoprecipitate with APC7. If this interaction only occurs at a certain stage of cell cycle, not all
cells in an asynchronous population would have the interaction at the time of sample collection.
APC/C regulation is highly spatiotemporal, so a phase specific interaction is plausible. However,
CUL9 protein levels do not fluctuate during cell cycle as we demonstrated, so if the interaction is
phase specific it may be modulated by post-translational modification rather than by oscillations
in protein levels of either protein. The APC/C has over 100 identified substrates, and is predicted
to have nearly double as many. These substrates are involved in processes ranging from
apoptosis to metabolism. For example, APC/C-FZR1 is active during G2 phase where it regulates
DNA damage response rather than cell cycle (Bassermann et al., 2008). Future studies should
address differential CUL9 regulation both throughout cell cycle and in different cell types. These

studies could reveal novel CUL9 functions.

Analysis of this interaction and its role in neuronal differentiation deserves further exploration.
Although we validated this interaction by LC-MS/MS and Western blot analysis of endogenous
immunoprecipitation of CUL9 in neural stem cells, we did not perform further analysis. However,
we have shown evidence that CUL9 deletion affects early neuronal differentiation, specifically
neural rosette formation (Chapter 1). APC/C-FZR1 has a known role in neurodevelopment so this
interaction could be important for neuronal differentiation (Almeida et al., 2005; Delgado-Esteban
et al., 2013; Konishi, 2004; Li et al., 2008; Silies and Klambt, 2010; Stegmdller et al., 2006).
Interestingly, CUL9 and FZR1 levels increase during neuronal differentiation, but APC7 levels
decrease (van de Leemput et al., 2014). Whether CUL9 protein levels increase following FZR1
and/or APC7 depletion or vice versa should be validated. This interaction and its outcomes could
be dynamic as the protein levels change during differentiation. Additionally, deletion of FZR1 in
the brain of mice does not produce an observable phenotype, but causes cognitive defects

(Kuczera et al., 2011; Li et al., 2008). Further behavioral analysis of the phenotypically normal
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CUL9 and APC7 KO mice should be done to determine if these mice have the same cognitive

defects.

The exact role of CUL9 in stem cells remains unclear. While our results identify a novel
interaction between CUL9 and the APC/C, the purpose of this interaction and potential regulation
are impossible to interpret or explore without further characterization of CUL9. Identification of
CUL9 adapter proteins is necessary to identify substrates and determine CUL9 function.
Differences in CUL9 function between cell types may be a contributing factor to the historically
challenging nature of identifying CUL9 adapters and substrates. Other CUL9 associated proteins
identified by our mass spectrometric analysis of the endogenous CUL9 immunoprecipitation
should be investigated as well. Most of these proteins are involved in transcriptional regulation.
Some, like DDX39A, DDX3X, and DHX9, contain are DEAD box helicases which unwind RNA
duplexes and regulate RNA processing and metabolism (Linder and Jankowsky, 2011; Song and
Ji, 2019). Validation of these potential substrates could reveal a role for CUL9 in transcriptional
regulation in early development. We hope that the CUL9 KO hPSC line we have created will be
a useful tool in studying CUL9 function during differentiation to a variety of cell types. Once we
identify true CUL9 substrates in hPSCs using biochemical and proteomics techniques the purpose
of the CUL9-APC/C interaction and its potential role in CUL9 regulation could be better

characterized.
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Figure 3-1: CUL9 interacts with several subunits of the APC/C.

(A) Workflow for LC-MS/MS analysis of endogenous CUL9 immunoprecipitation from hPSC
lysates. (B) Results from query using Search Tool for the retrieval of Interacting Genes/Proteins
(STRING) (Franceschini et al., 2012, 2016; Jensen et al., 2009; Mering, 2003; von Mering, 2004;
Snel, 2000; Szklarczyk et al., 2011, 2015, 2017, 2019). Diagram depicts known and predicted
direct and indirect protein-protein interactions amongst the significant proteins identified in the
endogenous CUL9 immunoprecipitation. Significance of proteins determined by Fisher's exact
test. Colored nodes represent queried proteins and the first shell of interactors. Clear nodes
indicate second shell of interactors. Filled nodes show known, partial, or predicted structure.
Empty nodes indicate structure information is not available for the given protein. All hits were
statistically significant in one replicate (Fisher’s exact test, a=0.05) and validated in at least two
replicates. The CUL9 and APCY interaction was validated by co-immunoprecipitation in hPSCs

(C) and hNSCs (D). Input is 1.5% (30 ug) of total lysate used in immunoprecipitation (2mg); n=2.
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Figure 3-2: CUL9 protein levels are altered by depletion of APC/C subunits in hPSCs
(A) CUL9 KO clones have equivalent protein levels of APC7 and FZR1 to control cells as
determined by Western blotting. n=3; mean +/- SEM; Analysis done using student’s t-test,
0=0.05. Depletion of APC7 results in increased CUL9 levels in hPSCs (n=3) (B).
Downregulation of APC7 results in significantly increased CUL9 levels as determined by
Western blotting. mean +/- SEM; Analysis done using student’s t-test, =0.05. (C) Chemical
inhibition of APC/C-CDC20 does not affect CUL9 protein levels. Cells were treated with either
DMSO or both 9uM ProTAME (Tocris) and 37.5 uM Apcin (Tocris) for 24 hours. While APC/C-
CDC20 substrate cyclin A2 is consistently increased in treated cells, CUL9 levels are
unchanged. Analysis done using student’s t-test, =0.05 n=3. (D) siRNA mediated knockdown
of FZR1 shows significant increase in CUL9 protein levels as determined by Western blotting.

n=3; mean +/- SEM; Analysis done using student’s t-test, a=0.05.
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Figure 3-3: CUL9 levels do not significantly fluctuate during cell cycle progression.

Cell cycle synchronization was performed as described in (Yiangou et al., 2019). Briefly, hPSCs
were treated with 100 ng/mL uM of nocodazole for 16 hours. Lysates were collected every 2 hours
after release for 12 hours then analyzed by Western blot. Cyclin E and FZR1 were used to validate
synchronization. FZR1 peaks at G1 phase and Cyclin E at S phase. Ponceau S staining before
blotting was used for loading. (A) CUL9 protein levels remain constant despite changes in Cyclin
E and FZR1 protein levels. n=3 (B) Cyclin E and FZR1 protein levels still fluctuate as expected

during cell cycle progression in CUL9 KO cells. n=3.
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Figure 3-4: CUL9 does not regulate cell cycle progression in hPSCs.

(A) CUL9 KO cells have a normal cell cycle profile. DNA content analysis by flow cytometry was
done on CUL9 KO cells and control cells. Cell phases were determined by DNA content. <50
A.U. Pacific Blue, or <1N =sub-g1; 50-60 A.U Pacific blue, 1N, G1; 60-90 A.U. Pacific blue,
1<N<2, S; 90-120 A.U. Pacific blue, 2N, G2/M; >120 A.U. Pacific blue, >2N, Polyploidy. n=3;
mean +/- SD. (B) Lentiviral stable CUL9-FLAG overexpression line shows 30-fold increase in
CUL9 protein levels, but no changes in APC7 or FZR1 levels as determined by Western
blotting. n=3; mean +/- SEM; Analysis done using student’s t-test, «=0.05. (C) CUL9-FLAG
expressing cells have normal cell cycle profile. DNA content analysis by flow cytometry was
done on CUL9-FLAG expressing cell line and control cell line. Cell phases were determined by

DNA content as described in A. n=3; mean +/- SD.
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Tables

Accesion
Number

Protein
name

Total
spectral
counts
IP:CUL9

Total
spectral
counts
IgG

%
Coverage
IP:CUL9

%
Coverage
IgG

Fisher's
Exact Test
(p-value)

# of
replicates

075643

U5 small
nuclear
ribonucleopro
tein 200 kDa
helicase

38

14

25

9.3

0.009

Q08211

ATP-
dependent
RNA helicase
A

34

15

31

16

0.044

QOUJX3

Anaphase-
promoting
complex
subunit 7

40

60

<0.0001

Q8IWT3

Cullin-9

29

17

<0.0001

Q9H1A4

Anaphase-
promoting
complex
subunit 1

35

21

<0.0001

Q6P2Q9

Pre-mRNA-
processing-
splicing factor
8

24

14

0.005

P62805

Histone H4

26

44

34

0.013

Q9UJX4

Anaphase-
promoting
complex
subunit 5

28

42

<0.0001

P38919

Eukaryotic
initiation
factor 4A-lll

21

39

1.9

<0.0001

P30260

Cell division
cycle protein
27 homolog

19

40

<0.0001

P49790

Nuclear pore
complex
protein
Nup153

17

18

<0.0001

Q13042

Cell division
cycle protein
16 homolog

21

30

<0.0001

Q14204

Cytoplasmic
dynein 1
heavy chain
1

14

4.9

11

0.024
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Q15029 116 kDa U5 38 14 16 3 0.014 2
small nuclear
ribonucleopro
tein
component

Q9UJIX2 Cell division 15 0 29 0 0.00019 3
cycle protein
23 homolog

Q9UJX5 Anaphase- 17 0 26 0 <0.0001 3
promoting
complex
subunit 4

Q9UJX6 Anaphase- 8 0 14 0 0.01 3
promoting
complex
subunit 2

Q9UKV3 Apoptotic 8 0 8.1 0 0.01 2
chromatin
condensation
inducer in the
nucleus

Q01581 Hydroxymeth | 6 0 13 0 0.032 2
ylglutaryl-
CoA
synthase,
cytoplasmic

Q14999 Cullin-7 8 0 6 0 0.01 3

000148 ATP- 15 0 41 0 <0.0001 2
dependent
RNA helicase
DDX39A

Q13310 Polyadenylat | 7 0 15 0 0.018 2
e-binding
protein 4

000571 ATP- 4 0 7.4 0 0.05 2
dependent
RNA helicase
DDX3X

Table 3-1: Proteins significantly enriched in endogenous CUL9 immunoprecipitation from
hPSC lysate as determined by LC-MS/MS.

Protein significance was determined using a Fisher’'s exact test, o < 0.05. All proteins were
identified using a 95% protein probability or higher, a 1% FDR, and present in at least two hPSC
LC-MS/MS replicates, n=4. Relevant LC-MS/MS information in table is from a representative LC-
MS/MS run.
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Accesion
Number

Protein
name

Total
spectral
counts
IP:CUL9

Total
spectral
counts
IgG

%
Coverage
IP:CUL9

%
Coverage
IgG

Q8IWT3

Cullin-9

3

0

2

2

Q9UJX3

Anaphase-
promoting
complex
subunit 7

5

0

8

8

Q13042

Cell
division
cycle
protein 16
homolog

P30260

Cell
division
cycle
protein 27
homolog

QOUJIX2

Cell
division
cycle
protein 23
homolog

QOUJX6

Anaphase-
promoting
complex
subunit 2

Table 3-2: Proteins present in endogenous CUL9 immunoprecipitation from hNPC lysate
as determined by LC-MS/MS.

All proteins were absent in 1gG, but not the CUL9 immunoprecipitation. Identified proteins were
present only in CUL9 immunoprecipitation and not in IgG control, with a 95% protein probability
or higher, and a 1% FDR, n=1.
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Supplemental Figure 3- 1

(A) Coomassie stained protein gel showing loading, IgG control, and CUL9 immunoprecipitation.
All proteins from each lane were isolated from the gel. (B) Volcano plot showing significantly
enriched hits in CUL9 immunoprecipitation. Plot made using Scaffold. Analysis performed on

Scaffold using Fisher’s exact test, p<0.05.
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Chapter 4

QUANTITATIVE PROTEOMICS REVEALS CUL9 RELATED SIGNALING PATHWAYS IN
CORTICAL DIFFERENTIATION

Parts of Chapter 4 have been adapted with permission from Ortolano, N.A., Romero-Morales,
A.l., Rasmussen M.L., Bodnya, C., Kline, L.A., Joshi, P., Connelly, J.P., Rose K.L., Pruett-Miller,
S., and Gama V. (2021). A proteomics approach for the identification of cullin-9 (CUL9) related

signaling pathways in induced pluripotent stem cell models. PLoS One.

Summary

The cullin-ring ligase (CRL) family of E3 ubiquitin ligases plays a critical role in regulation
of early developmental processes, including synapse formation and axon guidance. However,
Cullin-9 (CUL9) has proven to be a unique CRL with an elusive function. CRLs generally form
large complexes that ubiquitinate a set of specific substrates. CUL9 has not been shown to form
large complexes and has only two identified substrates. We performed a quantitative proteomics
screen using Isobaric Tags for Relative and Absolute Quantification (iTRAQ) in human induced
pluripotent stem cell (hiPSCs), neural stem cell (hNSCs), and neural progenitor cell (hNPCs)
CUL9 KO cells to identify proteins enriched or depleted in the absence of CUL9. We identified
protein networks related to metabolic, ubiquitin degradation, and transcriptional regulation
pathways that are disrupted by CUL9 deletion in both hPSCs. No significant changes in oxygen
consumption rates or ATP production were detected in either cell type. We hope that this large-
scale proteomics screen of potential CUL9 substrates will provide needed insight and direction

for studying CUL9 function in neuronal differentiation.
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Introduction

Proper protein turnover is required for the normal function of all cellular processes —
ubiquitination accounts for 80% of all protein degradation. E3 ubiquitin ligases are the main
effector enzymes, performing the final transfer of ubiquitin to a substrate generally marking it for
proteasomal degradation. Aberrant E3 ubiquitin ligase or proteasome function often observed in
aging individuals can produce unwelcome proteins to aggregate resulting in neurodegenerative
disorders like Parkinson’s disease (Ciechanover and Kwon, 2015). Accumulating evidence
indicates that mutations resulting in abnormal E3 ligase function also contribute to
neurodevelopmental disorders including patient susceptibility to Autism Spectrum Disorder (ASD)
(Glessner et al., 2009; K et al., 2009; Yi et al., 2017).

Several members of the largest family of E3 ubiquitin ligases, the Cullin RING Ligase
(CRL) family play a pivotal role in development (Arai et al., 2003; Dealy et al., 1999; Li et al., 2002;
Singer et al., 1999; Wang et al., 1999), and have even been implicated in critical stages of early
neurodevelopment such as axon guidance (Wang et al., 2013b), synapse formation (Simé and
Cooper, 2013), and neuronal migration (Feng et al., 2007; Simé et al., 2010). Although mouse
knockout (KO) models of most CRLs result in embryonic or neonatal lethality (Arai et al., 2003;
Dealy et al., 1999; Li et al., 2002; Singer et al., 1999; Wang et al., 1999), CUL9 KO mice are
viable. Various phenotypes have been reported in CUL9 KO mice, providing preliminary insight
into its function in development (Li et al., 2014; Pei et al., 2011; Skaar et al., 2007). However,
there are key differences between mouse and human cortical development. For example, the
mouse brains do not have gyri and the outer subventricular zone is greatly expanded with
increased cell diversity including higher amounts of outer radial glia cells (Molnar et al., 2019).
Characterizing CUL9 function in a human derived system could reveal novel functions. In this
study, we derived human neural stem cells and neural progenitors from hiPSCs to identify any

potential phenotypes potentially overlooked or absent in the mouse KO model.

CULS9 is highly expressed in the brain, particularly in the cerebral cortex, based on RNA
expression data obtained from human tissue samples and neuronal cells differentiated from
human pluripotent stem cells (hPSCs) (Human Protein Atlas) (van de Leemput et al., 2014). CUL9
expression increases substantially during the neural induction phase when neural stem (hNSCs)
and progenitor cells (hRNPCs) form. Our previous data (Chapter 1) indicates that CUL9 is required
for formation of neural rosettes, an in vitro structure akin to the neural tube, leading us to further
investigate CUL9’s function in hiPSC-derived NSCs and NPCs.
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Maintenance of the precursor pool in the early stage of corticogenesis is crucial for
appropriate production of mature neurons (Dwyer et al., 2016; Gage and Temple, 2013; Hitoshi
et al., 2002). Overexpansion or exhaustion of the precursor pool can lead to aberrant organization
and/or size of cortical layers ultimately altering brain size (Hong et al., 2017; Manzini and Walsh,
2011). Regulation of protein levels of neuronal transcription factors like PAX6 and SOX2 in neural
precursor cells is key to maintaining self-renewal and proper differentiation. Despite this, there
are few studies focused on characterizing post-translational regulation of neuronal transcription
factors (Fang et al., 2014; Lim et al., 2017; Tuoc and Stoykova, 2008; Wang et al., 2016). In this
study, we employed quantitative proteomics to identify any potential CUL9 substrates in iPSCs,

NSCs, and NPCs to determine if CUL9 is involved in modulating neuronal differentiation.

While analysis of the proteome is easily accessible with the advent of mass spectrometry,
determining the effect of different conditions or treatments on the proteome is more challenging.
Quantitative proteomics techniques such as Stable Isotope Labeling with Amino Acids in Cell
Culture (SILAC) and isobaric tag for relative and absolute quantification (iTRAQ) have emerged
to allow comparison between the proteomes of two or more samples (Ordureau et al., 2015). For
SILAC, cells are cultured long-term in media containing heavy isotopes or normal (“light”)
isotopes, allowing quantitative comparison of protein levels between experimental conditions in
one mass spectrometry analysis (Cao et al., 2012; Ong et al., 2002, 2003). Although SILAC is a
powerful tool for proteome quantification, its applications are limited by several factors. Some cell
lines are adversely affected from metabolic incorporation of heavy isotopes, including hPSCs
(Scheerlinck et al., 2016). Additionally, production and maintenance of SILAC cell lines is time
consuming and costly. These challenges were a motivating force for the development of
strategies like iTRAQ (Rauniyar and Yates, 2014; Ting et al., 2011; Wenger et al., 2011; Wiese
et al., 2007). iTRAQ simply requires the addition of an isobaric tag to the primary amine group of
peptides after they have been isolated from cells (Rauniyar and Yates, 2014; Wiese et al., 2007).
Additionally, it is effective across cell types since labeling takes place after lysate collection. In
fact, it was used to successfully identify protein changes during iPSC astrocyte differentiation
(Cao et al., 2012). We used iTRAQ to screen for novel CUL9 substrates in hiPSCs, hNSCs, and
hNPCs due to its high sensitivity, reproducibility, and multiplexing capabilities.

We identified 124 proteins significantly increased or decreased in hiPSCs or hNPCs. Many
of the proteins identified in iPSCs were involved in pathways involved in metabolism, specifically
fatty acid metabolism. However, we saw no changes in the oxygen consumption or ATP

production of hiPSC or hNPC CUL9 KO cells. We hope that our quantitative proteomics analysis
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will guide future research aiming to characterize CUL9 and its function in the early stages of

development using our newly developed CUL9 KO hiPSC line.
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Results
iTRAQ identifies different sets of proteins altered in hiPSC and NPC CUL9 KO cells.

Quantitative proteomic approaches have emerged as an innovative way to quantify
dynamic changes in protein levels and protein interactions during differentiation (Cao et al., 2012;
Konze et al.,, 2017; Molina et al., 2009). To provide insight into CUL9 function during NSC
differentiation, we performed an in-depth analysis of proteins significantly altered in CUL9 KO
hPSCs and hNPCs compared to WT using Isobaric Tags for Relative and Absolute Quantification
(iITRAQ). Briefly, protein lysate was isolated from four cell populations and simultaneously
analyzed using tandem liquid chromatography mass spectrometry by covalent labeling of
peptides from each cell population with unique stable isotope labeled molecules (Wiese et al.,
2007). Using this method, we compared the proteomes of CUL9 KO cells and Parental WT cells
(Figure 4-1A). Two four-plex iTRAQ experiments were performed: (1) iPSC WT, iPSC CUL9 KO,
NSC WT, and NSC CUL9 KO. (2) NSC WT, NSC CUL9 KO, NPC WT, and NPC CUL9 KO. Each
four-plex was completed once in each of the two isogenic KO clones, acting as replicates. Briefly,
each of the protein samples were labeled with a unique iTRAQ reagent of equivalent mass. The
iTRAQ reagents labeled all primary amine groups of the peptides. Once each sample had been
labeled with its unique iTRAQ label (i.e. 114, 115, 116, or 117), the four samples were mixed at
a 1:1 ratio (200ug total protein of each sample). The sample mixture was analyzed by LC-MS/MS
for protein identification and quantification (Figure 4-1A; Supplemental Figure 4-1). WT iPSC
and WT NPCs were compared to WT NSC samples to validate induction of key genes for each
cell type (Tables 4-1 and 4-2). 54 total proteins were significantly altered in iPSC CUL9 KO clones
and 72 in NPC CUL9 KO clones (Figure 4-1A; Supplemental Tables 4-1 - 4-4). Notably, only
two proteins were significantly altered in both cell types: Glutaredoxin-1 (GLRX) and Protein kish-
A (TMEM167A), both of which have been implicated in neurological disease and metabolic
regulation (Akterin et al., 2006; Portela et al., 2019; Segura-Collar et al., 2020).

hiPSC CUL9 KO cells have altered protein levels of metabolic proteins.

We analyzed the direct and indirect interactions amongst the proteins significantly altered
in hiPSC CUL9 KO clones using the Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING) (Franceschini et al., 2012, 2016; Jensen et al., 2009; von Mering, 2004; Snel, 2000;
Szklarczyk et al., 2011, 2015, 2017, 2019). As described in Chapter 3, STRING is a database of

known and predicted protein-protein interactions. These include physical interactions as well as
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indirect interactions including shared functions or common signaling pathways. We identified an
interesting cluster of interacting proteins within the CUL9 KO iPSC significantly altered hits: a
group of enzymes involved in fatty acid metabolism (left-center) (Figure 4-2A). Additionally, we
used the Database for Annotation, Visualization and Integrated Discovery (DAVID) bioinformatics
resource to identify trends in our iTRAQ data using direct gene ontology (GO) classification
(Huang et al., 2009b, 2009a). Many of the proteins were associated with GO terms reflecting their
metabolic function like “oxidation reduction processes” and “cholesterol biosynthesis processes”
(Figure 4-2B). Additionally, over 40% of the proteins identified were associated with subcellular
localization at integral membranes including in the endoplasmic reticulum where lipids are
synthesized (Figure 4-2C). They were also significantly associated with molecular function terms

like “ATP binding,” a common function of metabolic enzymes (Figure 4-2D).

Based on the results of these analyses, we focused our efforts on characterizing the
effects of CUL9 deletion and depletion on metabolic function, specifically related to fatty acid
metabolism. Fatty acid synthesis has been implicated in promoting pluripotency and
reprogramming through acetylation of key proteins involved in mitochondrial fission (Wang et al.,
2017). Additionally, deficiencies in fatty acid oxidation can result in the loss of the NSC pool in the
mammalian cortex through increased differentiation to NPCs. In fact, inborn deficiencies in fatty
acid oxidation are associated with developmental neural disorders such as Autism Spectrum
Disorder (Xie et al., 2016).

Stearoyl-coA desaturase (SCD1) is enriched in CUL9 KO iPSCs compared to
parental iPSCs and catalyzes the rate limiting step in the synthesis of monounsaturated fatty acids
which are incorporated into key cellular structures like lipid membranes (Supplemental Table 4-
1) (Ariyama et al., 2010; Dobrzyn et al., 2004). Specifically, SCD1 converts palmitoyl-CoA and
stearoyl-CoA, to palmitoleoyl-CoA and oleoyl-CoA, the most prevalent monounsaturated fatty
acids present in key lipid populations such as phospholipids, triglycerides, and cholesterol esters
(Dobrzyn et al., 2004; Miyazaki et al., 2001). SCD1 expression drastically increases during the
first 30 days of cortical differentiation; after day 30 SCD1 mRNA levels decrease and stabilize
(van de Leemput et al., 2014). Based on this, SCD1 function is potentially important for NSC and
NPC production and therefore a promising potential CUL9 interacting protein. Another
significantly increased protein, TM7SF2 (delta(14)-sterol reductase), is involved in a key reaction
in cholesterol biosynthesis upstream of SCD1 (Supplementary Table 4-1) (Bennati et al., 2006).
Like SCD1, it’s levels drastically increase during the first 30 days of cortical differentiation and
continue to do so beyond day 70 (van de Leemput et al., 2014). Based on this, TM7SF2 may be
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important not only for neural precursor production but the differentiation of post-mitotic cortical
neurons. However, there were no significant differences in protein levels of either proteins in
CUL9 KO clones (Figure 4-3A and B) or CUL9 KD cells (Supplemental Figure 4-2A and B) as
determined by Western blotting.

However, we considered that since the fold changes were below 2-fold, the increased
protein levels of SCD1 and TM7SF2 may not be detectable by Western blotting. To determine if
CUL9 could still affect the function of these proteins, we analyzed CUL9 KO and KD cells
metabolic function using Seahorse analysis of oxygen consumption rate and ATP production. We
saw no changes in the oxygen consumption rate or ATP production in KO and KD hPSCs (Figure
4-3C-F; Supplemental Figure 4-2C-F) or hNPCs (Figure 4-3G-J; Supplemental Figure 4-2C-
F) although specific analysis of fatty acid metabolism is needed to confirm SCD1 and TM7SF2
function is not altered in CUL9 KO or KD cells.

iTRAQ identified altered levels of key neuronal transcription factors.

When we searched the significantly altered (increased and decreased) NPC hits against
the STRING database we did not see large cluster of interacting proteins (Figure 4-4A). However,
GO analysis revealed many of the proteins associated with biological processes terms relevant
to neuronal development like “positive regulation of synaptic transmission” (Figure 4-4B). More
significantly, we noticed that the subcellular localization of the proteins was associated with the
nucleoplasm, and many were associated with poly (A) RNA binding (Figure 4-4C and D). Based
on this, we decided to focus on validating neuronal transcription factors with altered protein levels
in the NPC CUL9 KO based on our iTRAQ analysis. We previously observed that both CUL9 KO
clones have decreased levels of TUBB3 at the hNPC stage (Chapter 2). As TUBB3 expression
is critical for neuronal maturation and synapse formation (Poirier et al., 2010), we suspected a
neuronal transcription factor upstream of TUBB3 may be involved in the observed abnormalities
during neural rosette formation. iTRAQ revealed that the transcription factors SRY-box
transcription factor 3 (SOX3) and Homeobox cut-like 1 (CUX1) were significantly increased in
CUL9 KO hNPCs (Supplemental Tables 4-3 and 4-4).

The SOX family of proteins consists of transcription factors known to coordinate the
transcriptional programs of precursors during developmental processes, most notably
neurodevelopment (Sarkar and Hochedlinger, 2013). SOX family member SOX3 was significantly
upregulated in CUL9 KO NPCs (Table 3). SOX3 is highly expressed in NSCs and NPCs. As NPCs
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differentiate to early born neurons, SOX3 levels are reduced, and SOX11 levels increase. Despite
this, SOX3 binds to both NSC and neuronal genes though the neuronal genes are not expressed
in the presence of SOX3. SOX3 binds to bivalent neuronal genes to mark them for SOX11 binding
and neuronal transcription (Bergsland et al., 2011). Bivalent gene domains contain both H3 lysine
27 methylation and H3 lysine 4 methylation, which simultaneously prevents their transcription
while poising them for activation (Bernstein et al., 2006). Bivalent domains are common in
progenitor cells, especially embryonic stem cells. In fact, SOX2 binds NSC genes containing
bivalent domains in embryonic stem cells to mark them for SOX3 binding (Bergsland et al., 2011).
While SOX3 is highly expressed at the NPC stage, CUX1, is a transcription factor generally
expressed in upper layer neurons (LII-1V) of the cortex (Nieto et al., 2004). CUX1 transcriptional
activity regulates neuronal maturation processes such as dendritic branching and synapse
formation (Cubelos et al., 2010). However, expression of CUX1 has been reported at extremely
low levels in the ventricular zone and sub-ventricular zones where NSCs and NPCs reside,
respectively (Nieto et al., 2004; Zimmer et al., 2004). The role for CUX1 at this stage remains
elusive. Although these transcription factors seemed like promising hits, we did not observe
altered levels of either protein by Western blotting, although, we did observe variable expression

of these proteins between biological replicates (Figure 4-5).
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Discussion

The function of CUL9 has always been elusive, and its characterization is seemingly resistant
to common biochemical approaches used to identify ubiquitin substrates, including mass
spectrometric analysis (Gama et al., 2014; Li et al., 2014). We applied quantitative proteomics
approaches to try and reveal CUL9 interacting proteins and gain insight into its function in early
neuronal differentiation. By analyzing the proteome of human CUL9 KO iPSCs, NSCs, and NPCs
we: identified over 100 proteins that were significantly altered in iPSC and NPC CUL9 KO cells,
but only two were significantly altered in both cell types. Overall, most of the hits were involved in
fatty acid metabolism based on STRING and DAVID GO term analysis.

We sought to validate two proteins significantly increased in iPSCs, SCD1 and TM7SF2,
involved in fatty acid desaturation and cholesterol biosynthesis. However, we did not detect a
significant increase in these proteins by immunoblotting or detect any significant changes in
oxygen consumption rate or ATP production. There were several other proteins involved in fatty
acid synthesis we identified by iTRAQ like Fatty acid desaturase 2 (FADS2) and the delta-
isomerase IDI1 that should be validated. Specific fatty acid metabolic assays using Seahorse
analysis and metabolomics may also provide greater insight into any metabolic defects in CUL9
KO or KD cells.

The small changes we observe in CUL9 KO and KD proteins by iTRAQ could be because
CUL9 regulates mRNA transcription through interaction or regulation with mRNA processing
proteins rather than directly with the proteins identified by iTRAQ. For example, neuronal
transcription factors CUX1 and SOX3 were significantly upregulated in CUL9 KO NPCs. However,
this was not validated by immunoblotting, though, we did see great variation between biological
replicates in both KO clones, indicating this is not just an effect of clonal variability. We also
observed this variability when quantifying levels of pluripotency factors and neuronal markers
(Chapter 2). Interestingly, our LC-MS/MS analysis of CUL9 immunoprecipitation revealed CUL9
interaction with several proteins involved in mMRNA processing and transcription like spliceosome
component Small nuclear ribonucleoprotein U5 subunit 200 (SNRNP200) or RNA helicases
DDX39A and DHX9 (Chapter 3). CUL9’s interactions with these proteins, direct or indirect, should
be elucidated to explore if CUL9 plays a role in RNA processing. Regulation at the mRNA
processing level could explain why CUL9 substrates remain elusive and so much variability was

observed in the expression of key cell marker proteins in the CUL9 KO cell lines.
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CULS9 interaction with other E3 ubiquitin ligases outside of CUL7 should also be investigated.
CULS9 interaction with CUL1 and its F-Box associated protein FBXW2 should be explored, as
FBXW2 was significantly increased in iPSCs — FBXW2 could even act as a substrate adapter for
CUL9 as it does for CUL1 as no F-box proteins are currently known to associate with CUL9.
Additionally, ubiquitin ligases outside of the CRL family may interact with CUL9. HERCS was
significantly increased in CUL9 KO hPSCS and HERC1 was significantly decreased in CUL9 KO
hNPCs. Compensation by these E3 ubiquitin ligases should also be considered. Depletion and
deletion of ligases often results in compensation by another. Compensation by one or both ligases
could also explain why phenotypes have been absent or subtle in mouse and cellular models. A
more sensitive proteomics approach focused on screening differences in ubiquitinated protein
populations rather than protein levels would allow identification of substrates ubiquitinated for
purposes other than proteasomal degradation. A di-gly quantitative proteomics approach would
allow for unbiased quantification of differentially ubiquitinated proteins in CUL9 KO cells
(Ordureau et al., 2015).

Alternatively, the small changes we observed in protein levels in the CUL9 KO cells compared
to WT cells could be because CUL9 is autoinhibited in the WT cells. CUL9 has an Ariadne domain
present at it's C-terminus. Ariadne domains generally inhibit the activity of RBR and their
association with CRLs activates their enzymatic activity (Duda et al., 2013; Marin and Ferrus,
2002; Smit and Sixma, 2014). It is not known if CUL9’s predicted Ariadne domain is functional
and if it interacts with either its cullin or RBR domain. The inter-molecular interactions of CUL9
structure likely complicate its characterization. Additionally, CUL9 may need to form a homodimer
or heterodimerize with another CRL, like CUL1 mentioned above, to initiate it enzymatic activity.
Cells may need to be analyzed under certain conditions or exposed to cellular stress to promote
CULS9 activity in WT cells. Truncations or point mutations of CUL9’s RBR, cullin, and Ariadne
domains should be performed to see how it affects CUL9 activity. If a structural change is required
to induce CUL9 activity, quantitative proteomics comparing a CRISPR knock-in cell line
expressing constitutively active CUL9 and WT cells may provide better insight into CUL9
substrates across various cell types. Our study identifies CUL9 related pathways, but further
analysis of CUL9 ubiquitination, function, and regulation during a variety cell transitions is required
to understand where CUL9 fits into the crosstalk between these pathways and its potential

contribution to early development.
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Figures
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Figure 4-1: Analysis of CUL9 KO iPSCs and NPCs

(A) Protocol for iTRAQ labeling of samples. Two comparisons were done: (1) iPSC WT, iPSC
CUL9 KO, NSC WT, and NSC CUL9 KO. (2) NSC WT, NSC CUL9 KO, NPC WT, and NPC CUL9
KO. Each comparison was done for CUL9 KO #1 (n=1) and #2 (n=1). (B) Venn diagram showing
number of significantly altered proteins in iPSC iTRAQ data and hNPC data. Two proteins were

significantly altered in both datasets.
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Figure 4-2: CUL9 KO iPSCs have significantly altered levels of key proteins in metabolism
as determined by iTRAQ.

(A) Results from query using Search Tool for the retrieval of Interacting Genes/Proteins
(STRING). Diagram depicts known and predicted direct and indirect protein-protein interactions
amongst the significant proteins identified in CUL9 KO hPSCs and NPCs. Proteins displayed are
significantly (B-H method) altered in one clone and have an average normalized fold change of
>1.2 or < 0.8 in the other. Colored nodes represent queried proteins and the first shell of
interactors. Clear nodes indicate second shell of interactors. Filled nodes show known, partial, or
predicted structure. Empty nodes indicate non known or predicted structure is available for the
given protein. DAVID functional annotation of significantly altered proteins was used to identify
significantly enriched gene ontology (GO) terms. Significantly altered proteins were identified in
Clone #1 or Clone #2 iPSC or hNPC datasets compared to WT iPSC. Significance was
determined by the Benjamini-Hochberg method. Proteins significantly (B-H method) altered in
one clone with an average normalized fold change of >1.2 or < 0.8 were included in GO analysis.
(B) GO biological processes direct classifications enriched in full dataset. (C) GO cellular
compartment direct (CC) classifications enriched in full dataset. (D) GO molecular function direct

(MF) classifications enriched in full dataset.
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Figure 4-3: CUL9 KO hPSCs and hNPCs display normal metabolic profile.

CUL9 KO express normal levels of key fatty acid metabolism enzymes SCD1 (A) and DHCR24
(B) n-3; mean +/- SEM; Analysis done using student’s t-test, a=0.05. CUL9 KO hPSCs have the
same oxygen consumption rate (OCR) (C), ATP production (D), spare respiratory capacity (E),
and levels of proton leak (F) as parental and isogenic WT hPSCs. CUL9 KO hNPCs also display
no abnormalities (G-J). n = 3 independent experiments done in triplicate, error bars are +/- SEM.
(OCR) was measured using the Seahorse Biosciences Mito Stress Test on an XFe96 analyzer.
ATP production was calculated from the corresponding OCR traces in panels A and C for each
condition. Spare respiratory capacity is the difference between maximal respiration or basal
respiration. Oligomycin inhibits ATP synthase interrupting the electron transport chain ultimately
disrupting mitochondrial respiration and ATP production. FCCP is an uncoupler, uncoupling ATP
production from the electron transport chain. Rotenone (complex | inhibitor) and antimycin A
(complex 1l inhibitor) completely inhibit mitochondrial respiration, only permitting

nonmitochondrial respiration to persist.
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Figure 4- 4: iTRAQ analysis of CUL9 KO NPCs show altered levels of proteins involved in
neuronal processes.

(A) Results from query using Search Tool for the retrieval of Interacting Genes/Proteins
(STRING). Diagram depicts known and predicted direct and indirect protein-protein interactions
amongst the significant proteins identified in CUL9 KO hPSCs and NPCs. Proteins displayed are
significantly (B-H method) altered in one clone and have an average normalized fold change of
>1.2 or < 0.8 in the other. Colored nodes represent queried proteins and the first shell of
interactors. Clear nodes indicate second shell of interactors. Filled nodes show known, partial, or
predicted structure. Empty nodes indicate non known or predicted structure is available for the
given protein. DAVID functional annotation of significantly altered proteins was used to identify
significantly enriched gene ontology (GO) terms. Significantly altered proteins were identified in
Clone #1 or Clone #2 iPSC or hNPC datasets compared to WT iPSC. Significance was
determined by the Benjamini-Hochberg method. Proteins significantly (B-H method) altered in
one clone with an average normalized fold change of >1.2 or < 0.8 were included in GO analysis.
(B) GO biological processes direct classifications enriched in full dataset. (C) GO cellular
compartment direct (CC) classifications enriched in full dataset. (D) GO molecular function direct

(MF) classifications enriched in full dataset.
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Figure 4-5: CUL9 KO hNPCs have expected levels of key neuronal transcription factors.
CUL9 KO cells express normal levels of transcription factors CUX1 (A) and SOX3 (B) n=3, all

independent, biological replicates shown in single blot to demonstrate variability between

IB:CUX1

replicates.
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Tables

Accesion Number Protein name Fold change

P61601 Neurocalcin-delta (NCLAD) 2.337549
P08670 Vimentin (VIM) 2.208392
P48681 Nestin (NES) 1.416172
Q7L190 Developmental pluripotency- 0.514056

associated protein 4 (DPPA4)

P16422 Epithelial cell adhesion 0.197921
molecule (ECAM)

Table 4-1: Markers of differentiation are increased in NSCs and markers of pluripotency
are decreased.

Normalized fold change of WT NSCs compared to WT iPSCs is shown. Listed proteins are
significantly (B-H method) altered in WT NSCs. More information is included in the raw data
available at Zenodo at 10.5281/zenod0.4340970.
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Accesion Number | Protein name Fold change

Q6PUV4 Complexin-2 (CPLX2) 14.86192

043602 Neuronal migration 2.861057
protein doublecortin
(DCX)

Q13509 Tubulin beta-3 chain 2.564271
(TUBB3)

Q16650 T-box brain protein 1 2.306249
(TBR1)

P11137 Microtubule-associated 2.168276
protein 2 (MAP2)

Table 4-2: Markers of differentiation are increased in NPCs as determined by iTRAQ
analysis.

Normalized fold change of WT NPCs compared to WT iPSCs is shown. Listed proteins are
significantly (B-H method) altered in WT NPCs. More information is included in the raw data
available at Zenodo at 10.5281/zenodo0.4340970.
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Supplemental Figure 4-1: Representative histograms showing normalized distribution of
(log) quantification protein ratios

Ratios are (A) WT NSC vs. WT iPSC, (B) Clone #1 vs. WT iPSC, (C) WT NPC vs. WT NSC, and
(D) Clone #1 NPC vs. WT NPC. More information is included in the raw data available at Zenodo
at 10.5281/zeno0do0.4340970.
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Supplemental Figure 4- 2: CUL9 KD hPSCs and hNPCs have expected levels of key
metabolic proteins and display normal metabolic profile.

CUL9 KD cells express normal levels of key fatty acid metabolism enzymes SCD1 (A) and
DHCR24 (B) n=3; mean +/- SEM; Analysis done using student’s t-test, =0.05. CUL9 KO hPSCs
have the same oxygen consumption rate (OCR) (C), ATP production (D), spare respiratory
capacity (E), and levels of proton leak (F) as parental and shCONT hPSCs. CUL9 KD hNPCs
also display no abnormalities (G-J). n = 3 independent experiments done in triplicate, error bars
are +/- SEM. (OCR) was measured using the Seahorse Biosciences Mito Stress Test on an
XFe96 analyzer. ATP production was calculated from the corresponding OCR traces in panels A
and C for each condition. Spare respiratory capacity is the difference between maximal respiration
or basal respiration. Oligomycin inhibits ATP synthase interrupting the electron transport chain
ultimately disrupting mitochondrial respiration and ATP production. FCCP is an uncoupler,
uncoupling ATP production from the electron transport chain. Rotenone (complex | inhibitor) and
antimycin A (complex Il inhibitor) completely inhibit mitochondrial respiration, only permitting

nonmitochondrial respiration to persist.
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Supplemental Tables

Accesion | Protein name Average
Number Fold change
Q9UKR5 Probable ergosterol biosynthetic protein 28 1.73124362
Q13907 Isopentenyl-diphosphate Delta-isomerase 1 1.43603743
Q05655 Protein kinase C delta type 1.43894964
Q9P2P6 StAR-related lipid transfer protein 9 1.36846482
Q5BKUG6 Putative uncharacterized protein LOC641298 1.65583073
000767 Acyl-CoA desaturase 1.52906982
095864 Fatty acid desaturase 2 1.45157253
Q8TBQY Protein kish-A 1.60943599
Q5VTLS8 Pre-mRNA-splicing factor 38B 1.49114395
Q9HBI1 Beta-parvin 1.58617857
Q8N4H5 Mitochondrial import receptor subunit TOM5 homolog 1.52365713
Q96S97 Myeloid-associated differentiation marker 1.35557214
Q15629 Translocating chain-associated membrane protein 1 1.54173542
ASPLL7 Transmembrane protein 189 1.51629998
Q8WWQO | PH-interacting protein 1.30767666
076062 Delta(14)-sterol reductase 1.99376933
Q3MIT2 Putative tRNA pseudouridine synthase Pus10 1.89802436
P03372 Estrogen receptor 1.70822558
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043929 Origin recognition complex subunit 4 1.49477837
Q15800 Methylsterol monooxygenase 1 1.68470794
P21397 Amine oxidase [flavin-containing] A 1.68237405
Q9Y241 HIG1 domain family member 1A 1.55562951
Q15904 V-type proton ATPase subunit S1 1.3252173
Q8NEWO | Zinc transporter 7 1.52678668
Q3B7T1 Erythroid differentiation-related factor 1 1.30583798
Q10981 Galactoside 2-alpha-L-fucosyltransferase 2 1.49225957
Q9NVV4 Poly(A) RNA polymerase, mitochondrial 1.40702841
Q13362 Serine/threonine-protein  phosphatase 2A 56 kDa | 1.45966722
regulatory subunit gamma isoform

043913 Origin recognition complex subunit 5 1.3459856
Q15392 Delta(24)-sterol reductase 1.45814413
015551 Claudin-3 1.43943087
Q13610 Periodic tryptophan protein 1 homolog 1.43047919
Q9UKTS8 F-box/WD repeat-containing protein 2 1.42849749
P51511 Matrix metalloproteinase-15 1.33742358
014792 Heparan sulfate glucosamine 3-O-sulfotransferase 1 1.39813
QouUll4 E3 ISG15--protein ligase HERC5 1.39813
Q7Z6B7 SLIT-ROBO Rho GTPase-activating protein 1 1.38847241
Q16880 2-hydroxyacylsphingosine 1-beta-galactosyltransferase | 1.38751032
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QINX62 Inositol monophosphatase 3 1.3387713

Q9BWMS | Zinc finger protein 416 1.38558816
Q9P0S9 Transmembrane protein 14C 1.36895257
Q8lYWw2 Tetratricopeptide repeat protein 40 1.37983763
Q09161 Nuclear cap-binding protein subunit 1 1.32853936

Supplemental Table 4-1: iTRAQ hits significantly upregulated in CUL9 KO hPSCs. Average
normalized fold change of Clone #1 and Clone #2 is shown for significantly altered hits in iPSC
and NPC datasets. Listed proteins are significantly (B-H method) altered in one clone and have

an average normalized fold change of >1.2 or < 0.8. More information is included in the raw data

available at Zenodo at 10.5281/zenodo.4340970.
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Accesion | Protein name Average Fold
Number change
P46013 Antigen KI-67 0.769131844
P35556 Fibrillin-2 0.750413642
Q9BRAO LSM domain-containing protein 1 0.716728439
Q8IURG6 CREBS3 regulatory factor 0.677596583
P35754 Glutaredoxin-1 0.763702051
P30414 NK-tumor recognition protein 0.610261087
Q9H3H1 tRNA dimethylallyltransferase, | 0.531631504
mitochondrial
Q9UBV2 Protein sel-1 homolog 1 0.51423457

Supplemental Table 4-2: iTRAQ hits significantly downregulated in CUL9 KO hPSCs.
Average normalized fold change of Clone #1 and Clone #2 is shown for significantly altered hits
in iPSC and NPC datasets. Listed proteins are significantly (B-H method) altered in one clone and
have an average normalized fold change of >1.2 or < 0.8. More information is included in the raw
data available at Zenodo at 10.5281/zenodo.4340970.
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Accesion

Protein name

Average fold

Number change
P06454 Prothymosin alpha 1.865343387
P22676 Calretinin 1.533276108
Q96FZ2 UPF0361 protein C30rf37 1.480866141
P04083 Annexin A1 1.213559203
Q9HBMO Vezatin 1.253546028
Qoull2 ATPase inhibitor, mitochondrial 1.276662668
Q15645 Pachytene checkpoint protein 2 homolog 1.204796874
P41225 Transcription factor SOX-3 1.33740947
Q9NVR2 Integrator complex subunit 10 1.321742589
P40692 DNA mismatch repair protein Mih1 1.318996958
Q86UY8 5'-nucleotidase domain-containing protein 3 | 1.206290249
Q9HCNS Stromal cell-derived factor 2-like protein 1 1.29454152
Q8N474 Secreted frizzled-related protein 1 1.276719184
094985 Calsyntenin-1 1.27406708
Q8TDO08 Mitogen-activated protein kinase 15 1.267021704
Q9BY49 Peroxisomal trans-2-enoyl-CoA reductase 1.253916463
Q96M93 Adenosine deaminase domain-containing | 2.624976566
protein 1
Q15345 Leucine-rich repeat-containing protein 41 2.255276848
P21980 Protein-glutamine gamma- | 2.076716876
glutamyltransferase 2
Q9BW91 ADP-ribose pyrophosphatase, mitochondrial | 1.487771001
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Q15398

Disks large-associated protein 5

1.638419219

P39880

Homeobox protein cut-like 1

1.581512045

Q9HCLO

Protocadherin-18

1.512887324

QINZM1

Myoferlin

1.306401551

Q96PQ0O

VPS10 domain-containing receptor SorCS2

1.408641551

Q6ZS30

Neurobeachin-like protein 1

1.407665493

Q14CS0

UBX domain-containing protein 2B

1.379652127

P20700

Lamin-B1

1.236894044

Q8IWV8

E3 ubiquitin-protein ligase UBR2

1.327125259

Supplemental Table 4-3: iTRAQ hits significantly upregulated in CUL9 KO NPCs. Average
normalized fold change of Clone #1 and Clone #2 is shown for significantly altered hits in iPSC
and NPC datasets. Listed proteins are significantly altered (B-H method) in one clone and have

an average normalized fold change of >1.2 or < 0.8. More information is included in the raw data

available at Zenodo at 10.5281/zenodo.4340970.
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Accesion

Protein name

Average fold

Number change
Q8N556 Actin filament-associated protein 1 0.795228428
060524 Nuclear export mediator factor NEMF 0.78373685
Q15147 1-phosphatidylinositol 4,5-bisphosphate | 0.783193794
phosphodiesterase beta-4
Q86YV5 | Tyrosine-protein kinase SgK223 0.780484149
094875 Sorbin and SH3 domain-containing protein 2 0.762834098
Q9Y3Y2 | Chromatin target of PRMT1 protein 0.771906013
Q8TBM8 | DnaJ homolog subfamily B member 14 0.758615754
P35754 Glutaredoxin-1 0.662818451
Q16352 Alpha-internexin 0.727653838
P61812 Transforming growth factor beta-2 0.534937125
Q9Y216 Myotubularin-related protein 7 0.756968171
075628 GTP-binding protein REM 1 0.741904062
Q9UBKY7 | Rab-like protein 2A 0.735248858
Q6FI13 Histone H2A type 2-A 0.734230293
P62750 60S ribosomal protein L23a 0.805924043
P82673 28S ribosomal protein S35, mitochondrial 0.722117016
Q9NTJ4 | Alpha-mannosidase 2C1 0.721616656
Q5VW38 | Protein GPR107 0.710696029
Q92804 TATA-binding protein-associated factor 2N 0.707746465
Q01844 RNA-binding protein EWS 0.791573732
P43003 Excitatory amino acid transporter 1 0.700426
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Q92743 Serine protease HTRA1 0.699455676
060942 mRNA-capping enzyme 0.698971019
Q5VU43 | Myomegalin 0.772895589
Q07283 Trichohyalin 0.766397027
P52895 Aldo-keto reductase family 1 member C2 0.684112048
Q14146 Unhealthy ribosome biogenesis protein 2 homolog 0.679857619
Q92562 Polyphosphoinositide phosphatase 0.676098121
P78362 SRSF protein kinase 2 0.754539616
Q96RD7 | Pannexin-1 0.630821853
Q81207 Ankyrin repeat domain-containing protein 13A 0.603449331
P16401 Histone H1.5 0.747703307
P62861 40S ribosomal protein S30 0.690847608
Q96M89 | Coiled-coil domain-containing protein 138 0.547262362
Q8WW?27 | Putative C->U-editing enzyme APOBEC-4 0.476419557
Q15751 Probable E3 ubiquitin-protein ligase HERC1 0.439917392
Q9BQG2 | Peroxisomal NADH pyrophosphatase NUDT12 0.365085062
Q8TBQ9 | Protein kish-A 0.285844917

Supplemental Table 4-4: iTRAQ hits significantly downregulated in CUL9 KO NPCs.
Average normalized fold change of Clone #1 and Clone #2 is shown for significantly altered hits
in iPSC and NPC datasets. Listed proteins are significantly (B-H method) altered in one clone and
have an average normalized fold change of >1.2 or < 0.8. More information is included in the raw
data available at Zenodo at 10.5281/zenodo.4340970.
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Chapter 5

FINAL DISCUSSION, CONCLUSION, AND FUTURE DIRECTIONS

Introduction

Post-translational modifications (PTMs) critically regulate protein function and turnover
and are required for normal function of all cellular processes (Conibear, 2020). Ubiquitination is a
well-studied PTM that canonically signals for proteasomal degradation (Hershko and
Ciechanover, 1998; Swatek and Komander, 2016). However, ubiquitin can signal for more than
just proteasomal degradation (Akutsu et al., 2016; French et al., 2021). One ubiquitin moiety
contains seven lysine residues and each can be used to link another moiety forming a
polyubiquitin chain. How moieties within a polyubiquitin chain are linked determine their effect on
the substrate’s outcome. For example, K63-linked ubiquitin chains signal for DNA repair (Akutsu
et al.,, 2016; French et al.,, 2021). Ubiquitin moieties are added to a substrate through the
sequential reactions of three key enzymes (Ye and Rape, 2009). An activating enzyme, known
as the E1, forms a high energy thioester bond with ubiquitin in an ATP dependent manner. The
E2 enzyme “attacks” this high energy bond promoting ubiquitin transfer to this conjugating

enzyme. Finally, an E3 ligase directly or indirectly transfers ubiquitin to the targeted substrate.

Cullin Ring Ligases (CRLs) are the largest family of E3 ubiquitin ligases and their activity
accounts for 20% of all ubiquitin-mediated proteasomal degradation (Baek et al., 2020b; Duda et
al., 2011; Petroski and Deshaies, 2005; Zimmerman et al., 2010). There are eight cullin scaffolds,
and each can form multiple complexes through recruitment of adapter proteins, substrate
receptors and E2 enzymes (Lydeard et al., 2013; Zimmerman et al., 2010). The versatility of CRLs
is what makes them so important — their activity caters to the everchanging needs of the cell. This
adaptability is put the test during cell cycle where nearly 100,000 proteins need to be degraded
at the right time in the right place for proper cell division to occur (Jang et al., 2020). Deletion of
five of the eight cullins in mice is embryonic or neonatal lethal primarily due to cell cycle defects
(Arai et al., 2003; Dealy et al., 1999; Liu et al., 2012; Singer et al., 1999; Wang et al., 1999; Zhu
et al., 2016). However, embryonic deletion of CUL9, a non-canonical and poorly characterized
cullin scaffold, produces viable pups and most studies report they have no apparent phenotype
(Gama et al., 2014; Skaar et al., 2005, 2007). However, the effect of CUL9 deletion on mice
remains inconclusive as one study reports that the mice develop widespread tumors throughout

their body (Li et al., 2014; Pei et al., 2011). Despite this, there have not been reports of any
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developmental defects related to CUL9 function. As | explored in Chapter 1, the combined
challenges of characterizing the CUL9 KO mouse model and its unique and virtually
uncharacterized biochemical structure and regulation have made its function, particularly during

development, elusive.

Our laboratory identified the first CUL9 substrate, cytosolic cytochrome ¢ (Gama et al.,
2014). Following DNA damage, cytochrome c is released from the mitochondria into the cytosol
to initiate the caspase cascade that ultimately executes apoptosis. We determined that CUL9
targets cytochrome c after its release from the mitochondria in post-mitotic neurons and
neuroblastoma cells ultimately promoting their survival. We became interested in the role of CUL9
in developing neurons due to its high expression in the mammalian brain as well as its significant
induction during hiPSC differentiation to neural progenitor cells and cortical neurons (Gama et al.,
2014; Hollville et al., 2020; van de Leemput et al., 2014). Our lab also demonstrated that hiPSCs
and hNPCs are more sensitive to apoptosis than their differentiated counterparts, so we
suspected that CUL9 would have a unique role in these more undifferentiated cell types (Crowther
et al., 2013; Dumitru et al., 2012). Additionally, we thought that a non-transformed human-cell
derived model may provide greater insight into the function of this late evolutionary gene only
present in vertebrates. Indeed, the work detailed in Chapter 2 demonstrates that CUL9 deletion
does not affect apoptotic sensitivity in hiPSCs nor the degradation of cytochrome ¢, however, it
does affect neuronal differentiation of the cells, specifically the formation of neural rosettes, an in
vitro model of neurulation. These results suggest that a human-cell derived model may be more

suited to study CUL9 function during early development.

Although proteomics approaches have been unsuccessful in the past by our laboratory
and others (Li et al.,, 2014; Skaar et al., 2005, 2007), we successfully employed proteomics
approaches to identify CUL9 direct and indirect interacting proteins and substrates to understand
the mechanism of this differentiation defect. In Chapter 3, | determined that CUL9 interacts with
several subunits of the major cell cycle regulator APC/C in hiPSCs and hNPCs through LC-
MS/MS analysis of immunoprecipitation of endogenous CULS9. | provided evidence that the CUL9-
APC/C interaction may negatively regulate CUL9 protein levels in hiPSCs. While this provides
insight into CUL9 regulation, it did not provide direct insight into CUL9 function as deletion and
overexpression of CUL9 did not affect cell cycle progression in hiPSCs. In Chapter 4, | used
quantitative proteomics to compare the proteome of CUL9 KO hiPSCs and hNPCs to that of WT
cells to identify proteins significantly increased in CUL9 KO cells in hopes of finding a substrate.

Although | did not identify a substrate, | found significantly altered levels of clusters of proteins
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involved in fatty acid metabolism. However, | saw no changes in basal oxidative phosphorylation
or ATP production. Interestingly though, clusters of proteins involved in mRNA regulation and
processing were also identified in both proteomics analyses providing a promising future direction.
In this chapter, | will discuss the open questions in the field my data has addressed, new questions
based on my results, and our plans to address these gaps in knowledge about CUL9 function and

its role in neurodevelopment and beyond.

Evolutionary insight into CUL9 function

The aim of my dissertation work was to determine if a human-cell derived model of early
cell fate decisions during development could reveal the role of CUL9 in early development, and
particularly neurodevelopment. We thought that a human model of CUL9 was critical in revealing
its function as CUL9 is a late evolutionary gene and its characterization in mouse models has
been particularly challenging. Cullins are ancient and their presence can be traced all the way
back to the emergence of the first eukaryotes nearly 3 billion years ago (Marin, 2009). An
evolutionary analysis revealed that there were three ancient cullins before the divergence of the
first eukaryotes, unikonts (ancestors of animals and fungi) and bikonts (ancestors of plants)
(Marin, 2009). These three cullins were dubbed Culea, Culf, and Culy. Cula appears to the be the
ancient ancestor of the mammalian Cul1, Cul2, Cul5, Cul7, and Cul9 while Cul3 is derived from
Culpg and Cul4a/b from Culy. The researchers note that each of these groups often share common
adapter proteins. CUL1 and CUL7 have been shown to associate with FBOX proteins, CUL3
canonically associates with BTB proteins, and CUL4 with DDB proteins (Lydeard et al., 2013).
They suggest that though CUL2 and CULS5 do not associate with FBOX proteins, evidence of the
emergence of these genes indicates they may have not have appeared until later evolutionarily
(Marin, 2009). Critically, the researchers hypothesize that Cul9 is a gene fusion between Cul7
and an Ariadne containing ligase (Marin and Ferrus, 2002). Cul7 is only about 250 base pairs

away from the Cul9 gene in both mice and humans, further supporting this hypothesis.

The evolutionary relationship between Cul9, Cul7, and Cul1 should be further explored.
Research efforts exploring the relationship between CUL9 and CUL7 have been done with varying
results. One study demonstrates that though CUL9 and CUL7 heterodimerize, it is not required
for their activity (Skaar et al., 2005, 2007). Another demonstrated that CUL9 and CUL7 regulate
one another to mediate the degradation of SURVIVIN in cancer cells, functionally connecting the

two proteins (Li et al., 2014; Pei et al., 2011). However, there is no evidence of a connection
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between CUL1 and CUL9 enzymatic function. Both CUL1 and CUL7 complex with FBOX proteins.
In our own proteomics analysis, we identified altered levels of F-box and WD-repeat domain-
containing 2 (FBXW2) in CUL9 KO hiPSCs. FBXW?2 acts as a substrate receptor for CUL1
containing SCF complexes (Miura et al., 1999; Wang et al., 2013a; Yang et al., 2005, 2019).
Determining if this is protein acts as a substrate receptor for CUL9 could prove helpful in
identifying its substrates. Additionally, CUL1 and CUL7 form a functional heterodimer through
association with FBXWS8 that is required for embryonic development in mice (Tsunematsu et al.,
2006). Heterodimerization of CUL1 and CUL9 though FBOX binding is also plausible. It is possible
that CUL9 function is difficult to identify because evolutionarily related cullins can compensate for
its function, however, this would be an uncommon phenomenon. CRLs have been shown to have
surprisingly little overlap in function, each seeming to have evolved to fulfill a specific cellular need
(Emanuele et al., 2011). CUL9 seemingly has emerged to combine the functions of Cullin, RBR,
and even HECT ligases, making its compensation challenging to reconcile. Both CUL7 and CUL9
contain a CPH domain (Table 5-1), also present in HERC2 connecting it to yet another ligase
family. Our quantitative proteomics data also revealed the altered levels of two HECT E3 ligases,
HERC2 and HERCS, in hiPSCs and hNPCs, respectively. The potential functional relationship
between these ligases should be explored. CUL9 contains structural homology to several ligases
and ligase subunits and its functional relationship to these ligases should be clarified. CUL9 has
evolved to incorporate elements of all known ligase families, so a more holistic approach to its

characterization and its relationship to other homologous ligases is needed.

We also identified that CUL9 interacts with several subunits of the E3 ubiquitin ligase
complex APC/C, most specifically its subunit APC7 by LC-MS/MS analysis of immunoprecipitation
of endogenous CUL9 protein. Like CUL9, APC7 is also a late evolutionary protein only present in
vertebrates with a similarly elusive function. It’s thought to be a duplication of another APC/C
subunit, APC3 (Thornton et al., 2006). Both subunits contain the only common domain between
some subunits in the APC/C: the tetratricopeptide repeat domain (TPR) (Chang et al., 2015, 2014;
Vodermaier et al., 2003). The TPR domain of APC7 and APC3 bind to the IR tail of FZR1, CDC20,
and APC10 (Vodermaier et al., 2003; Wendt et al., 2001). Specifically, deletion of the C-terminus
IR-tail of APC10 prevents incorporation of APC3 into the complex (Wendt et al., 2001). Recent
studies determined that APC7 is critical for interaction and recruitment of FZR1 specifically, while
APC3 recruits CDC20 (Wild et al., 2018). APC7 and FZR1 knockdown caused a small, but
significant increase in CUL9 protein levels, indicating that APC/C-FZR1 may target CUL9 through

proteasomal mediated degradation. However, controversial studies claim that some APC/C
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subunits can act independently of their association with the complex (Wang et al., 2019). It would
be interesting to explore if APC7 and/or FZR1 could act as a substrate receptor for CUL9. CUL9
contains an APC10/DOC domain which, theoretically, APC7 should be able to interact with via its
TPR domain. Additionally, Parkin, an RBR ligase highly homologous to CUL9, complexes with
CDC20 and FZR1 independently of APC/C via its RBR domain — a specific point mutation in a
serine residue whose phosphorylation is required for its activity prevents formation of the complex
(Lee et al., 2015; Meza-Gutierrez et al., 2015). Site-directed point mutations of the APC10/DOC
domain and RBR domain based on previous studies characterizing their protein-protein
interactions should be performed in the homologous CUL9 domains to determine if APC7 and
FZR1 could form a CUL9 containing CRL (Table 5-1). The simultaneous emergence of CUL9 and
APC7 evolutionarily combined with our data demonstrating their interaction via
immunoprecipitation and co-regulation via siRNA depletion suggests they may functionally
interact. Overall, we believe that our newly developed hiPSC CUL9 KO model will be a key tool

for understanding the evolutionary factors driving the emergence of the Cul9 gene in vertebrates.

CUL9 in early neurodevelopment

hiPSCs are also an attractive model for studying CUL9 function during early mammalian
development due to their pluripotency or ability to differentiate into virtually any cell type (De Los
Angeles et al., 2015). Reports of tissue specific expression of CUL9 in mouse and human samples
are conflicting. One of the very first reports on CUL9 (previously H7-AP1) performed a Northern
blot analysis measuring the RNA levels of CUL9 in various tissues in the mouse (Moynihan et al.,
1999). They determined that CUL9 RNA expression is highest in the brain and the testis. A recent
analysis of mMRNA and protein levels of CUL9 in mouse tissues demonstrates that CUL9 is
specifically enriched in the cerebral cortex and cerebellum (Figure 5-1). RNA levels of CUL9 also
increase during hiPSC cortical differentiation as determined by RNA-seq (van de Leemput et al.,
2014), and we demonstrated that CUL9 protein levels drastically increase as well. Our study
suggests that CUL9 is required for human neuronal differentiation, a phenotype that has not been
reported in CUL9 KO mice (Ortolano et al., 2021). However, no studies have thoroughly analyzed
neurodevelopment in CUL9 KO mice since they have no obvious physical neurological deformities
(Gama et al., 2014; Hollville et al., 2020; Li et al., 2014; Pei et al., 2011; Skaar et al., 2005, 2007).
Subtle neurodevelopmental defects can cause cognitive defects though (Dong et al., 2020;
Kuczera et al., 2011; Li et al., 2008; Pick et al., 2013). The altered neural rosette formation we

observed in CUL9 KO and KD cells was subtle and even differences between neuronal markers
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like TUBB3 were only slightly decreased (Ortolano et al., 2021). In-depth analysis of
neurobehavioral deficits like increased anxiety, altered social interactions, and fear-extinction

should be done to clarify the mice truly have no neurodevelopmental defects.

Conversely, APC7 levels decrease over the course of hiPSC cortical differentiation
(van de Leemput et al., 2014). It would be exciting to investigate the potential role of the CUL9-
APC7 interaction over the course of neuronal induction. Although CUL9 and APC7 co-
immunoprecipitate in NSCs as demonstrated by immunoblotting and LC-MS/MS analysis, our
preliminary data indicates that depletion of APC7 does not cause a significant increase in CUL9
protein levels (Figure 5-2). Could CUL9 regulate APC7 in NPCs? How does the change in
expression of these proteins affect the potential formation and function of a CUL9-APC7 complex?
Additionally, heterozygote FZR1 KO mice display defective fear extinction further emphasizing
the importance of characterizing CUL9 KO mouse behavior (Kuczera et al., 2011; Li et al., 2008).
APC7 KO mice have no apparent phenotypes and cell cycle is unaltered in these mice (Wild et
al., 2018). Behavioral characterization of these mice could also provide insight into the importance
of the CUL9-APCY interaction during cortical differentiation.

Examination of other specialized neuronal cell types in CUL9 KO hiPSCs should be
conducted as well. The behavioral phenotypes observed in heterozygote FZR1 KO mice are not
the result of altered cortical differentiation, but disorganization in the hypothalamus. Protocols for
differentiation of hypothalamic like neurons are available (Wang et al., 2015). Differentiation to
this specific neuronal lineage and others may provide further insight into CUL9 function during
neuronal development. An excellent start would be to determine the multipotent capacity of CUL9
KO NSCs by differentiation to astrocytes, neurons, and oligodendrocytes. Additionally, our study
analyzes a non-specific population of neural precursor cells. A recent study determined that there
are at least nine genetically distinct progenitor populations within the human cortex (Eze et al.,
2021). Sorting the hiPSC-derived precursor population by genetic signature to isolate specific
progenitor populations may identify more substantial neuronal differentiation defects in CUL9 KO
cells. This experiment could be complemented by performing single cell sequencing from the
CUL9 KO mouse at different stages of development to determine if there are significant changes
in the expression or functionality of a specific precursor or neuronal population in the mouse brain
to determine if a specific subset of neurons or neural precursors are affected. Additionally, this
could address the role of CUL9 in human-specific cortical development, which is more complex
than that of mice (Arlotta and Pasca, 2019; Molnar et al., 2019). For example, humans have an

additional radial glia population known as outer radial glia which have been characterized using
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human brain organoids (Liu et al., 2017a; Pollen et al., 2015). Developing CUL9 KO human brain
organoids would allow us to isolate these specific cell populations and examine the holistic effect
of CUL9 deletion on human brain development. It would be exciting to perform these
differentiations alongside iPSCs reprogrammed from fibroblasts obtained from patients with
neurodevelopmental disorders like autism, especially considering the role of other CRLs in these
diseases. (Fischer et al., 2020; Liu et al., 2020)

If CUL9 function has a greater impact on aging neuronal cells, or even the later stages of
development, our CUL9 KO hiPSC model would be ineffective at identifying CUL9 function in the
brain. CUL9 mRNA and protein expression continue to increase for more than 70 days during
hiPSC cortical differentiation and its levels increase over time in mouse brains, specifically in
parasympathetic neurons (Gama et al., 2014; Hollville et al., 2020; van de Leemput et al., 2014).
An organoid cultured for 60 days is only representative of a developing brain at about four months
post-conception (Kelava and Lancaster, 2016). Although longer time in culture could promote
further development (Gordon et al., 2021), this is still limited by the lack of vascularization, which
is still in its infancy (Cakir et al., 2019). Some have successfully modeled neurodegenerative
disorders in human brain organoids . One group developed a 3D neuronal cell culture model by
overexpressing two key proteins involved in Alzheimer's disease progression. This model
recapitulated protein aggregation in the neurons and increased levels of tangled
hyperphosphorylated tau protein observed in patients more closely than mouse models (Kim et
al.,, 2015). Mouse models of neurodegenerative disease have limitations. Deletion of the most
mutated gene in Parkinson’s patients, Parkin, in mice does not elicit a Parkinson’s-like behavioral
phenotype or the loss of dopaminergic neurons characteristic of the disease unless the mice are
exposed to mitotic stress (Dawson et al., 2010; Hollville et al., 2020). A recent study demonstrated
that though CUL9 is highly homologous to Parkin, co-deletion in mice does not exacerbate the
phenotype (Hollville et al., 2020). However, the authors suggest that mitotic stress or another form
of stress may need to be applied to observe a behavioral phenotype in CUL9 KO mice.
Regardless, if a human-derived model of aging or late-stage development is needed to reveal

CULS9 function in the brain, we will have to wait for more effective tools to emerge.

CUL9 function likely varies across cell types

All currently reported CUL9 substrates seem cell-type specific. Both identified substrates,

cytochrome ¢ and SURVIVIN, promote survival in cancer cells and post-mitotic neurons, both of
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which have increased resistance to apoptosis (Gama et al., 2014; Li et al., 2014). Less
differentiated cells like hESCs and hNSCs, however, are more sensitive to apoptosis (Crowther
et al.,, 2013; Dumitru et al., 2012). We did not identify cytochrome ¢ or SURVIVIN as CUL9
interacting proteins in either our LC-MS/MS analysis of immunoprecipitation of endogenous CUL9
or their altered levels in CUL9 KO hiPSCs, hNSCs, or hNPCs by quantitative proteomic analysis
(Ortolano et al., 2021). Moreover, cytochrome ¢ degradation in the cytosol is not affected as would
be expected in CUL9 KO hiPSCs treated with the DNA damaging agent Etoposide and the
proteasome inhibitor Bortezomib, further indicating that if CUL9 plays a role in regulating survival
of these cells, it is unique from its previously described functions. In fact, our data suggests that
cytochrome c degradation may be differentially regulated all together. Etoposide treatment in WT
hiPSCs also treated with a caspase inhibitor show accumulation of cytochrome c in the cytosol.
Although the addition of bortezomib results in increased levels of cytochrome c in the cytosol,
there are also increased levels of cytochrome c still localized to the mitochondria indicating that
proteasomal degradation may be required for its release from the mitochondria during apoptosis.
In CUL9 KO cells, we observed no significant change in cytosolic cytochrome c levels following
etoposide treatment, but we did see decreased levels of cytochrome c localized to the
mitochondria and the cytosol following additional treatment with bortezomib. This suggests that
cytochrome c protein levels in and outside of mitochondria may be regulated in a non-proteasomal
dependent manner like autophagy (Dikic and Elazar, 2018). Additionally, CUL9 may inhibit this
degradation rather than promote it as observed in more differentiated cell types. Whether this

holds true in other progenitor cell types should be tested.

We plan to leverage our hiPSC KO model to characterize CUL9 function in a variety of
tissues and their progenitors. Outside of the mouse KO model, most CUL9 functional studies have
been conducted in transformed or cancer cell lines due to its reported role in regulating p53
localization in cancer cells (Li and Xiong, 2017a; Li et al., 2014; Nikolaev et al., 2003). While
others have reported that CUL9 affects cell proliferation and cell cycle progression, CUL9 KO and
overexpression hiPSCs had a normal cell cycle profile indicating CUL9 likely has a cell cycle
independent role. We can examine the effect of CUL9 deletion and overexpression in a variety of
cell types and determine any effect it may have on early human development. Determining if our
KO and overexpression lines are capable of differentiation to the endoderm, ectoderm, and
mesoderm lineages (trilineage differentiation) is an important first step. We could also examine
the effect of CUL9 deletion or overexpression on a 3D model of gastrulation known as a

“gastruloid” which models a human embryo around 18 to 21 days old complete with distinct
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development of the three lineages (Beccari et al., 2018; Brink et al., 2014; Moris et al., 2020). It
would also be exciting to leverage the newly developed “blastoid” model which recapitulates early
human blastocyst development in a dish (Liu et al., 2021; Yu et al., 2021). Because CUL9 KO
mice are viable, detailed analysis of embryo histology has never been conducted. Additionally,
mouse and human blastocyst development have major differences (Rossant and Tam, 2017), so
the effect of CUL9 deletion on this early stage of development may provide insight not only into
the holistic function CUL9 has in early development in general, but direct future studies on the

specific cell types or tissues altered CUL9 function may affect.

CUL9 mRNA and protein levels are highly expressed in the testis of mice and humans
(Moynihan et al., 1999; Uhlén et al., 2015). Additionally, the highest rate of CUL9 mutation in
cancer, over 60%, is in human testicular cancer samples or cell lines (Tate et al., 2019). Despite
this, there were no reported reproductive issues in CUL9 KO mice and mice were born at the
expected mendelian ratios. Additionally, the study reporting widespread tumor formation in CUL9
KO mice did not report tumors in the testis (Pei et al., 2011). This, again, could indicate a
distinction between CUL9 function in mice and humans. Researchers have found that human
testicular development, especially during puberty is distinct from that of mice (Guo et al., 2020).
Although we cannot model late stages of development that occur during puberty, we can model
the early stages using hiPSC-derived models. Protocols for differentiation to male germ cells
including spermatids, a cell type where CUL9 is highly expressed (Uhlén et al., 2015), are readily
available (Easley et al., 2012). Additionally, testicular organoid based models have been
developed which could be used to examine the effects of CUL9 deletion on testis organ
development. It would be exciting to do these experiments alongside a hiPSC KO model of a
member of the MAGE family of E3 ubiquitin ligases (Gee et al., 2020). This family of ligases has
well-defined roles in testicular development and emerging roles in cell development making them
an attractive complement and positive control for our experiments (Gee et al., 2020). To examine
the role of CUL9 in testicular cancer, we could develop CUL9 KO and overexpression models in
testicular cancer cell lines to determine their effect. Additionally, we could analyze
immunoprecipitation of CUL9 endogenous protein using LC-MS/MS as we did in hiPSCs and
hNSCs to identify novel CUL9 interacting proteins. A genome wide association study of CUL9
mutations may also provide insight into the effect of CUL9 mutation on the testis as well as other

organisms — this would be well complemented by a phenotype wide association study.

However, one caveat to using our CUL9 KO iPSC line is the variability between our CUL9

KO clones. Although both clones had altered lumen size compared to control, one was
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significantly increased and the other decreased. Additionally, there were significant differences in
the proteins identified by iTRAQ between the clones. The source of this variability should be
identified before moving forward with analyzing differentiation efficiency in these clones. We are
currently performing whole exome sequencing in these lines to determine if there are non-specific
mutations contributing to these effects. Additionally, compensation by other ligases like CUL7
should be investigated. The HERC ligases HERC2 and HERCS5 were also identified in iTRAQ and
should therefore also be investigated. Alternatively, this variability could be indicative that a
consistent phenotype in these cells requires exposure to a stress like DNA damage. Proteomic
and phenotypic analysis of these clones in different environmental conditions could be key to

finding a consistent phenotype in CUL9 KO cells and mice.

CUL9 as a dynamic regulator of gene expression during differentiation

The cell-specific roles of CUL9 indicates that CUL9 may have a more dynamic role during
cellular differentiation than we realized. The combined hits from our LC-MS/MS analysis and
proteomics analysis indicate that CUL9 interacts with proteins involved every stage of gene
expression including transcription, mMRNA processing and export, and translation in hiPSCs and
hNPCs (Table 5-2) (Ortolano et al., 2021). Genes involved in transcription and RNA processing
are upregulated in CUL9 KO hiPSCs, however, they are downregulated in hNPCs (Table 5-2).
This trend further supports the idea that CUL9 plays specific roles in different cell types and that
it may play a dynamic role during cellular differentiation. In fact, this “transcriptional switch” falls
in line with previous observations about the genomic and transcriptional changes during hiPSC
differentiation to hNPCs (Bax et al., 2019; Bi et al., 2019; Chanarat and Mishra, 2018; Saez et al.,
2018; Tee and Reinberg, 2014). Pluripotent stem cells are constantly balancing their self-renewal
capacity with their dynamic ability to respond to external cues and differentiate to a new cell type
with a different transcriptional landscape. Stem cells are in a constant hypertranscriptional state
— their total RNA and mRNA content is double that of NSCs (Efroni et al., 2008; Kim et al., 2017;
Tee and Reinberg, 2014). Chromatin is also less condensed, loosely binding chromatin bound
proteins like histones, a binding state unique to pluripotent cells known as “hyperdynamic binding”
(Meshorer et al., 2006). As hPSCs differentiate to NPCs, their chromatin condenses and binding
to associated proteins becomes stronger (Meshorer et al., 2006). Stem cells also have unique
histone modifications, the most distinctive is bivalent genes. These contain both H3 lysine 27

methylation and H3 lysine 4 methylation, which simultaneously prevents gene transcription while
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poising them for activation upon differentiation (Bernstein et al., 2006). These bivalent

modifications are also present in progenitor cells, including NPCs.

Nucleosomes are composed of four histones: H2A, H2B, H3, and H4 (Cutter and Hayes,
2015). Two of each of the core histones come together to form an octamer that DNA wraps
around, compacting it. Each octamer is then connected by a linker histone known as H1. Our LC-
MS/MS analysis of CUL9 immunoprecipitation in hESCs identified a subunit of H4 as a CUL9
interacting protein (Table 5-2). Interestingly, we identified a subunit of H2A and the linker H1
decreased in CUL9 KO hNPCs as determined by iTRAQ (Table 5-2). We could analyze the
histone modifications present in CUL9 KO hiPSCs and hNPCs using mass spectrometry (Vélker-
Albert et al., 2018). This would be an important experiment to do also considering the number of
fatty acid metabolic proteins significantly altered in CUL9 KO cells (Chapter 4). The rates of fatty
acid synthesis and fatty acid oxidation impact acetylation of proteins in other pathways. This
contributes to transcriptional regulation, particularly in relationship to histone acetylation levels
(Galdieri and Vancura, 2012; McDonnell et al.,, 2016; Morrish et al., 2010). Chromatin
immunoprecipitation sequencing (ChlPSeq) analysis of pluripotent and differentiation specific
transcription factors in CUL9 KO cells would also be interesting (Furey, 2012). Although we did
not see consistent differences in expression of neuronal or pluripotent markers, we did see more
variable protein expression in CUL9 KO cells. ChIPSeq analysis of chromatin bound OCT4 or
PAX6 may provide insight into CUL9 interaction with histones and provide a mechanistic

explanation for the variability in gene expression we observed in CUL9 KO cells.

We identified several components of the spliceosome and related RNA helicases in our
mass spectrometric analysis of hiPSC CUL9 immunoprecipitation (Table 5-2). The spliceosome
is a large molecular machine composed of nearly 100 proteins and five small nuclear RNAs that
remove introns from mRNA precursors (Wilkinson et al., 2020). The small nuclear RNAs complex
with proteins to form the small nuclear ribonucleoproteins (snRPs) U1, U2, U4, U5, and U6. The
spliceosome assembles on mRNA precursors through the recognition of specific sequences
marking the 5" and 3’ ends of introns and intron excision is ultimately catalyzed by the U6/U2
snRNP complex (Matera and Wang, 2014). RNA helicases are required for spliceosome function
and critically alter the structure of snRNP complexes throughout the process. Interestingly,
spliceosome function is elevated in pluripotent stem cells, and some components are
overexpressed indicating the complex has a unique assembly (Kim et al., 2017). There are even
specific subunits of the complex that are required for proper splicing of the mRNA transcripts of

key pluripotency genes like Oct4 (Lu et al., 2013). Characterization of CUL9 interaction with the
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spliceosome should be explored. Specifically, it would be interesting to determine if CUL9
ubiquitinates any of the components identified in the immunoprecipitation. The addition of K63-
linked ubiquitin chains to shnRNPs can affect alternative splicing and has even been shown to
regulate stem cell self-renewal (Chanarat and Mishra, 2018). One of the RNA helicases we
identified, DDX39A, has been shown to be ubiquitinated in human cells, but the mechanism is not
known (Chanarat and Mishra, 2018; Sugiura et al., 2007). De novo mutations of another identified
RNA helicase, DDX3X, result in cortical malformations that cause symptoms like intellectual
disabilities and seizures (Lennox et al.,, 2020). Exploring the dynamic regulation of the
spliceosome by CUL9 during cortical differentiation could provide insight into the mechanism

behind the abnormalities in neural rosette formation we observed.

We also identified a variety of RNA binding proteins through quantitative proteomics
analysis of CUL9 KO iPSC and NPCs (Table 5-2). Notably, RNA binding proteins identified in
CUL9 KO NPCs were all decreased compared to WT. Characterizing the connecting between
CUL9 and the variety of RNA binding proteins we identified could provide insight into CUL9
function during cortical differentiation, and specifically in NPCs. Studies have demonstrated that
RPBs are highly expressed in embryonic stem cells to support hyperactive transcription observed
in the highly proliferative cell type (Bi et al., 2019; Ye and Blelloch, 2014). Expression of several
RBPs decreases during differentiation, and depletion of RBPs promotes expression of
differentiation associated genes (Ye and Blelloch, 2014). Additionally, the altered levels of fatty
acid metabolic enzymes we observed in hiPSCs (Chapter 4) could contribute to regulation of
RNA processing. Metabolic enzymes often moonlight as RNA binding proteins (RBPs) (Castello
etal., 2015). In fact, the extensively studied glycolytic enzyme GAPDH has been shown to directly
bind RNA (Rodriguez-Pascual et al., 2008; Singh and Green, 1993). As PSCs are highly
transcriptionally active to support their rapid proliferation, it comes as no surprise that RBPs are
highly expressed in PSCs; one study demonstrated that significant upregulation of RPB
expression is observed within three days of MEF reprogramming (Kwon et al., 2013). Considering
the metabolic switches engaged during stem cell differentiation, it is no surprise crosstalk between
RPB function and fatty acid metabolism has been observed. Fatty acid synthase (FASN) has even
been identified as a RBP by RNA interactome studies (Castello et al., 2015). Crosstalk has also
been demonstrated in neural progenitors. For example, the RPB Musashi-1 (MSI1), a common
marker of neural progenitor cells, is inhibited by monounsaturated fatty acids (Clingman et al.,
2014). Outside of exploring the connection between RNA processing regulation and fatty acid

metabolism, it will be important to determine if fatty acid metabolism specifically is altered in the
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KO cells via Seahorse since we only analyzed oxidative phosphorylation and ATP production in
these cells. We also identified two mitochondrial specific proteins, one which is a component of
the mitochondrial proteasome (Table 5-2). It would be interesting to investigate CUL9’s role in

mitochondrial transcription as well.

Revealing CUL9 structure and function requires in-depth biochemical characterization

A major challenge to identifying CUL9 substrates is that its structure and the functionality
of its domains are unknown. Ideally, CUL9 protein would be purified, crystalized, and imaged via
cryogenic electron microscopy to determine its protein structure. Structural analysis of CUL9
could provide insight into its ubiquitination mechanism if CUL9 could be isolated in complex with
its adapter proteins and substrate. There are major questions as to how CUL9 domains interact
with one another not only to position a substrate for ubiquitination, but how its catalytic domains
(CULLIN and RBR) are activated. Since CUL9 is a member of the Ariadne family of RBR ligases,
it could, theoretically, promote ubiquitination activity via its CULLIN domain through interaction
between the CULLIN and RBR domain. Additionally, the CTD, where an Ariadne domain would
likely be present based on homology with other Ariadne RBRs, could bind to and inhibit the RBR
domain. How these domains interact with one another and regulate ubiquitination of CUL9
substrates and its autoubiquitination can only be addressed by detailed structural studies. In fact,
some of suggested that analysis of CUL9 structure could reveal an entirely new family of ligases
(Baek, 2016). However, CUL9 is an extremely large protein (over 250 kDa) and it has not been
successfully isolated from cells with enough purity to analyze its structure (Gama et al., 2014; Li
et al.,, 2014; Skaar et al., 2005, 2007). Another strategy for analyzing CUL9 structure is to
biochemically characterize its domains by validating their predicted functions by introducing
truncations and site directed mutations via CRISPR knock-in protocols or expression of lentiviral
CUL9-FLAG constructs utilized to analyze CUL9’s role in cell cycle in Chapter 3 (Table 5-1).

The first challenge to characterizing CUL9 ubiquitin activity is the limited number of
identified substrate and their cell specificity. Therefore, characterization of CUL9 domains would
need to be conducted by measuring ubiquitination levels of a known substrate in a relevant cell
type. Measuring cytochrome c¢ ubiquitination levels in the glioblastoma U87-MG cell line via
Western blotting as a readout would likely be the best option (Gama et al., 2014). U87-MG cells
are transfectable and amenable to CRISPR directed knock-in mutations. Although deletions of

CUL9 domains may be a good preliminary strategy, large deletions can affect protein structure
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and affect its function beyond the contribution of the domain, so site-directed mutagenesis, if
possible, would be the best strategy. The first goal of site directed mutation would be to generate
a mutant version of CUL9 without ligase activity. As CUL9 has two domains with potential ubiquitin
ligase activity, the RBR and CULLIN domain, | would make a construct with an alanine mutation
to key residues in each. The catalytic cysteine in the RING2 domain of the RBR that is required
for ubiquitin transfer should be mutated to an alanine. Since the catalytic cysteine is not known,
performing an RBR truncation initially, and then mutating all cysteines in the RING2 domain would
be the best strategy (Table 5-1). In the CULLIN domain, the conserved lysine residue that is
modified by the ubiquitin-like protein NEDD8 should be mutated to an arginine — mutation to
arginine better conserves the structure of the cullin than mutation to alanine (Sui et al., 2015).
K1886 is the predicted neddylation site of CUL9 based on homology with other cullins, however,
a truncation, followed by site-directed mutations of all lysine residues to delineate which is
modified by NEDD8 would be the best approach. Deletion of the CTD, where an Ariadne domain
is likely present, could also provide insight into CUL9 ubiquitination activity (Table 5-1). The
Ariadne domain can inhibit the RBR domain by blocking the catalytic cysteine in RBR2. However,
it can also activate the Cullin domain, so how the CTD regulates CUL9 activity is important.
Measuring levels of CUL9 ubiquitination as a readout of autoubiquitination may provide a good

readout for its activity as well.

Mutations in the NTDs, where CUL9 is most likely to recruit adapters and substrate
receptors, could provide insight into the composition of CRL complexes. Alanine mutation of Q417
and F419 have already been shown to prevent CUL9 association with p53 (Li and Xiong, 2017b;
Pei et al., 2011). Determining if these mutations prevent co-immunoprecipitation of cytochrome c
and CULO9 or levels of ubiquitinated cytochrome ¢ would determine if the CRL complex targeting
cytochrome c recruits its substrate receptor to this domain. Site directed mutagenesis in the serine
residues of APC10/DOC domain should also be done — mutation of a conserved serine residue
in all APC10/DOC domains renders the APC10 subunit inactive in yeast (Grossberger et al.,
1999). Quantitative proteomic analysis comparing CUL9 endogenous immunoprecipitation
between WT CUL9 and a mutant form of CUL9 that reduces cytochrome c ubiquitination or CUL9

autoubiquitination could reveal CUL9 adapter proteins and help elucidate the first CRL complex.

Although we were able to identify common sets of proteins that were significantly altered
by CUL9 deletion in KO hiPSCs and hNPCs, the fold change differences between CUL9 KO and
WT were small and we were unable to validate the changes in several identified proteins by

Western blot. More sensitive quantitative proteomic approaches may be more effective at
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identifying a CUL9 substrate. SILAC has emerged as a powerful application of quantitative
proteomics (Chen et al., 2015; Ong et al.,, 2002, 2003). By simply culturing cells in media
containing labeled amino acids containing heavy isotopes or normal (“light”) isotopes, one can
quantitatively compare levels of various proteins between experimental conditions in one mass
spectrometry analysis (Ong et al., 2002). Not only does this significantly limit the time spent on
analysis and experiments, it almost eliminates nonspecific background often observed in protein
interaction studies, increasing detection sensitivity (Chen et al., 2015). Using SILAC to compare
the proteomes of CUL9 KO and WT cells may provide the sensitivity needed to identify true
substrates. To further increase the sensitivity of this analysis, di-gly immunoprecipitation could be
performed (Fulzele and Bennett, 2018). Briefly, after trypsinization, ubiquitin polypeptides bound
to substrates will leave a characteristic diglycine (diGLY)-modified lysine residue that can be
recognized by an antibody. Immunoprecipitation with this specific antibody enriches the number
of ubiquitin modified proteins for analysis increasing the specificity of the analysis for analyzing

true substrates and not just proteins with altered levels.

There are other effective tools that could be used to identify CUL9 substrates. It can be
challenging to identify substrates since the interaction between a substrate and a ligase is
transient and unstable. Researchers developed tools to stabilize these interactions improving the
chances of catching a ligase bound to its substrate (Kliza and Husnjak, 2020). One method known
as proximity-dependent biotin labeling (BiolD) could be useful for identifying CUL9 substrates
since information about adapter proteins and the type of ubiquitin chains the ligase catalyzes is
not needed (Coyaud et al., 2015; Roux et al., 2012). This method was successfully used to identify
nearly 50 new substrates of an SCF complex (Coyaud et al., 2015). CUL9 would be fused to a
biotin ligase, BirA, which would biotinylate all proteins within 10nm of CUL9. Biotinylated proteins
would then be purified and analyzed by mass spectrometry. In the end, understanding CUL9
function requires a greater understanding of its biochemical properties to provide direction in

identifying substrates.
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Figure 5-1. CUL9 mRNA and protein expression in mouse tissues.

Data provided by Mohanish Deshmukh laboratory at the University of North Carolina, Chapel Hill
Neuroscience Center. Samples were collected from indicated tissues of a wild-type mouse. RNA
and protein lysate were extracted and mRNA and protein levels of CUL9 were measured by RT-

gPCR and Western blot, respectively.
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Figure 5-2. APC7 depletion in hPSC-derived hNSCs does not affect CUL9 protein levels.

siRNA mediated knockdown of APC7 does not alter CUL9 protein levels in hNSCs levels as
determined by Western blotting. n=2
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Mutant

Tables

Point mutations

Domain’s Reported

Function

References

Promotes survival in

Gama et al. (2014). Sci.

FL CUL9 - -— post-mitotic neurons Signal.; Li et al. (2014). Mol.
and cancer cells Cell.
Mediates interaction of ~ Nikolaev et al. (2003). Cell;
CUL9 and p53 inthe Kaustov et al. (2007). J. of
CULSACPH 363-469 Q417A, F419A cytoplasm of unstressed Biol. Chem.; Pei etal. (2011)
human cells Cancer Res.
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21 123:; 21 ;gg:z domain protein APC10; Grossbergeretal. (1999). J.
CUL9AAPC10/DOC 1167-1297  S1224F, S1227F,  loundinproteins — ~ of Biol. Chem.; Huang etal.
containing ubiquitination 7997; Grossberger et al.
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S1243F, S1257F, and HECT
S1259F
C2154A, C2160A,
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CUL9ARBR 1953-2236  C2177A,C2181A, interactions and gssgr’;ibglf;t al. (2007)
C2184A, C2189A, ubiquitin ligase activity ’
C2192A
Present in other RBR
ligases like TRIAD1 and
HHARI; Ubiquitin activity Duda et al. (2013) Structure;
of domain containing Dove et al (2018) J. Mol. Biol;
CUL9AAriadne 2300-2517 - proteins is activated by Marine and Ferris (2002)
binding to neddylated Molecular Biology and
CRL; Domain Evolution
autoinhibits activity of
RBR ligase domain
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Table 5-1. Planned CUL9 truncations and point mutations

Detailed information about the known and predicted functions of each CUL9 domain and the
associated references are listed. Additionally, proposed truncations and point mutations to
analyze the function of each domain are included. Bolded point mutations indicate these are
predicted to or demonstrated to render the domain non-functional. Specifically, the K1886R
mutation is the predicted lysine modified by NEDD8 based on homology with the neddylation
recognition sites on other cullins (Skaar et al., 2007). Q417A and F419A in the CPH domain
disrupt CUL9-p53 binding in mice (Pei et al., 2011).

133



Gene Description Present in | iTRAQ: iTRAQ:
hESC iPSC fold NPC fold
CuUL9IP change change
DDX3X DEAD-Box Helicase Member of DEAD- Yes - -
3 X-Linked Box domain
containing family of
RNA helicases
DDX39A DEAD-Box Helicase Member of DEAD- Yes - -
39A Box domain
containing family of
RNA helicases
EIF4A3 Eukaryotic Member of DEAD- Yes - -
Translation Initiation Box domain
Factor 4A3; DEAD- containing family of
Box protein 48 RNA helicases
PRPF8 Pre-MRNA Component of the Yes - -
Processing Factor 8 splicesome
SNRNP200 Small Nuclear Component of the Yes - -
Ribonucleoprotein U5 | splicesome;
Subunit 200 Member of DEXH-
box family RNA
helicases
DHX9 DExH-Box Helicase 9 | Member of DEXH- Yes - -
box family RNA
helicases
EFTUD2 Elongation Factor Tu | GTPase component | Yes - -

GTP Binding Domain
Containing 2

of the splicesome
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NUP153

Nuclear Pore
Complex Protein
Nup153

Contains an RNA
binding domain;
regulates transport
of macromolecules
between nucleus

and cytosol

Yes

PABPC4

Poly(A) Binding
Protein Cytoplasmic
4

Binds to mRNA
poly(A) tail;
regulates protein

stability

Yes

PUS10

TRNA Pseudouridine
Synthase Pus10

Post-
transcriptionally
modifies MRNA;
RNA chaperone;
splicesome

biogenesis

No

1.8980244

NCBP1

Nuclear cap binding

protein subunit 1

Component of cap-
binding complex that
binds 5' cap of pre-
mRNA in the

nucleus

No

1.3285394

TAF15

TATA binding protein

association factor 2N

Component of the
transcription
initiation factor
complex involved in
RNA polymerase I
mediated

transcription

No

0.707746

EWSRA1

EWS RNA binding

protein 1

RNA binding protein
involved in many

cellular processes

No

0.791574
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including pre-mRNA

processing

RNGTT mRNA capping Catalyzes the No - 0.698971
enxyme formation of the
mRNA 5' cap
H4C6 H4 clustered histone | Histone component | Yes - -
6
H2AC18 H2A clustered Histone component | No - 0.73423
histone 18
H1-5 H1.5 Linker Histone, | Histone component | No - 0.747703
Cluster Member
ORC4 Origin recognition Origin of recognition | No 1.4947784 | -
complex subunit 4 complex comonent
that initiates DNA
replication
ORC5 Origin recognition Origin of recognition | No 1.3459856 | -
complex subunit 5 complex comonent
that initiates DNA
replication
DNAJB14 DnadJ Heat Shock Protein chaperone No - 0.758616
Protein Family that promotes
(Hsp40) Member B14 | protein folding
RPL23A 60S ribosomal Component of the No - 0.805924

protein L23a

60S subunit of the

ribosome
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Ribosomal Protein

S28

mitochondrial

ribosome

FAU FAU Ubiquitin Like Fusion protein No - 0.690848
And Ribosomal consisting of the
Protein S30 Fusion ubiquitin-like protein
FUBI at the N-
terminus and
ribosomal protein
S30 at the C-
terminus
TRIT1 tRNA  mitochondria | Critically = modifies | No 0.5316315 | -
dimethyltransferase cytoplasmic and
mitochondrial tRNAs
for translation
MRPS28 Mitochondrial 28S subunit of the | No - 0.722117

Table 5 1. LC-MS/MS and iTRAQ hits related to gene expression.

Select proteins of interest identified by LC-MS/MS analysis of CUL9 immunoprecipitation from
hESCs and iTRAQ analysis of CUL9 KO hiPSCs and hNPCs. All proteins are involved in

transcription, mMRNA processing, translation, or DNA replication. Brief description of function and

fold change of CUL9 KO cells compared to WT are included.
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Appendix

METHODS

Cell culture

Human embryonic stem cell lines H9 (WAOQ09) were obtained from WiCell Research
Institute (Wisconsin). Human induced pluripotent stem cell line (GM25256) was obtained from
Coriell. Cells were seeded as undifferentiated colonies on plates coated with Matrigel (Corning),
maintained at 37°C and 5% CO2, and passaged as needed using Gentle Cell Dissociation
Reagent (Stem Cell technologies). H9s were fed daily with mTeSR (Stem Cell Technologies), and
iPSCs were fed daily with E8 (see supplemental information for E8 preparation). Methods for

neuronal and neural rosette differentiation included in supplemental information.

E8 Media Preparation

Large-batch preparation of basal media E4 consists of 48 L of DMEM/F12 HEPES
(Thermo, Cat. 11330057), 3.072 g of L-Ascorbic acid 2-phosphate sesquimagnesium salt hydrate
(Sigma, Cat. A8960), 930.86 uL of sodium selenite solution (0.7mg/mL in PBS) (Sigma, Cat.
214485), 26.04 g of sodium bicarbonate (Sigma, Cat S3817), and sodium chloride (Sigma,
S7653). Final pH was adjusted to 7.4. E4 is then filtered, and 100 uL of insulin solution (Sigma
Cat. 19278), 500 uL of transferrin solution (R&D Systems, Cat. 2914-HT-001G), 50 ug of FGF2
(Peprotech, Cat. 100-18B), and 1 ug of TGFB1 (Peprotech, Cat. 100-21) were added to make ES8.

Cell treatments

Cell treatments were performed on 2-3 day old hPSC colonies. Cells were treated with
proteasome inhibitor Bortezomib at a concentration of 0.5 uM. Pan-caspase inhibitor Q-VD-OPh
(SM Biochemicals) was added to cells at a concentration of 25 uM. The DNA damaging agent
etoposide was added to cells at a concentration of 1 uM or 20 uM for 3 or 24 hours, respectively.
Cells were treated with both 9uM ProTAME (Tocris) and 37.5 uM Apcin (Tocris) for 24 hours.
Nocadozole was added to cell media at 100 ng/mL for 16 hours then cells were washed with fresh

media three times. Lysate was collected every two hours for 24 hours. All stock solutions were
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prepared in DMSO and chemicals were added directly to the media alongside an equivalent
DMSO only control.

Neuronal Differentiation

Differentiation of hESCs into neural stem cells was performed using the STEMdiff Neural
Induction Medium (Stem Cell Technologies). NPCs were split every seven to nine days and fed
daily. Following the third split, cells were maintained in STEMdiff Neural Progenitor Medium (Stem

Cell Technologies). This method was employed for cells analyzed in Figure 5C.

Cortical neuron induction of iPSCs was performed following the dual SMAD protocol
published by Chambers et al. 2009, except that 0.4 uM LDN193189 (Stemgent Cat. 04-0074) was
substituted for Noggin (Chambers et al., 2009; Di Pardo et al., 2017; Neely et al., 2012). Neural
induction media consists of 410 mL of Knockout DMEM/F12 (Invitrogen #12660), 75 mL Knockout
Serum (Invitrogen #10828), 5 uL of B-mercaptoethanol (Sigma #M3148), and N2 medium. N2
medium consists of DMEM/F12 (Invitrogen #10565-018, + glutamax), 0.775 g D-glucose, and
5mL N2 supplement (Thermo Fisher Scientific #17502048). After 10 days of neural induction,
neural differentiation was initiated as reported by (Shi et al., 2012). Details and validation of this
differentiation method have been previously reported (Di Pardo et al., 2017; Joshi et al., 2019;
Neely et al., 2012). Schematic outlining method is in Figure 2A.

Neural rosette differentiation

Cells were dissociated into single cell suspension and seeded 3.0*10° cells/well of an
AggrewellTM 800 (STEM CELL Technologies) in dual SMAD inhibitor media to form neutralized
EBs. EBs were incubated at 37°C with 5% CO2 for 48 hours. 50% of total media volume was
changed every two days to minimize disruption. On day five, EB diameter was measured using
Imaged, and EBs were harvested according to the manufacturer’s protocol (STEM CELL
Technologies) and transferred to a 35mm imaging plate (Cellvis, cat # D35-14-1.5-N) coated with
Matrigel (Corning). Media was changed daily through day nine. Cells were fixed with 100% ice-
cold methanol (Fisher Scientific, cat # A454-4). Images were acquired using an Andor DU-897
EMCCD camera mounted on a Nikon Spinning Disk microscope equipped with a 0.45 NA 10X
and 0.75 NA 20X objectives.
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A neural rosette quantification macro was developed using NIS elements to quantify the
rosette lumenal area based on ZO-1 staining. Max projections were generated per ROI, followed
by advanced denoise of the image. Binary mask intensity thresholding for the ZO-1 was done
using control images. Measured data was exported to an Excel file. Data was analyzed in
GraphPad Prism using a one-way ANOVA. Outliers were removed prior to ANOVA analysis using
ROUT outlier identification method (Q=1%).

RNAIi transfection

Commercially available siRNA (Thermo Fisher Scientific) was used to generate transient
knockdowns of CUL9 and APC7 in hPSCs. hPSCs were seeded at 100,000 cells per well in a 6-
well dish coated with Matrigel on d0. hNPCs were split 1:3 seven to nine days following neural
induction on dO0. Cells were transfected as per the manufacturer protocol using Lipofectamine
RNAiMax (Thermo Fisher Scientific) in mTeSR on d1 and d2. Cells were left to recover for an
additional 24 hours in fresh mTeSR or STEMDIff neural induction media, respectively. Cells were
collected or fixed for analysis by Western blot on d4. Silencer Select Negative Control No. 1
(Thermo Fisher Scientific) was used as a control. The siRNA oligo sequences are as follows:
CuL9 (s23061) 5-GCUCGUCUACUUCACAAALt-3’; APC7 (s229369) 5-
GCUGAACAGUAAUAGUGUULt-3’; FZR1 (s27991) 5-GGAUUAACGAGAAUGAGAALt-3’; APC2
(s29882) 5-CACUGGAUGUAUCUACAALt-3’; APC10 (s20327) 5-
GAGCUCCAUUGGUAAAUUULt-3'.

CRISPR gene editing

hCUL9-/- GM25256 iPSCs were generated using CRISPR-Cas9. Briefly, a sgRNA was
designed to target an early, conserved exon with at least 3bp of mismatch to any other site in the
human genome to mitigate the risk of off-target editing (Supp Figure 1A). GM25256 iPSCs were
pretreated with mTeSR1 (Stem Cell Technologies) supplemented with 1X RevitaCell (Thermo
Fisher Scientific) for 2 hours. Then, approximately 1X106 cells were transiently co-transfecting
with precomplexed ribonuclear proteins (RNPs) consisting of 500 pmol of chemically modified
sgRNA (hCUL9.sgRNA - 5’- ugcucaugaccaagcacgag -3, Synthego), 140 pmol of spCas9 protein
(St. Jude Protein Production Core), and 500ng of pMaxGFP (Lonza). The transfection was
performed via nucleofection (Lonza, 4D-Nucleofector™ X-unit) using solution P3 and program

CA-137 in a large (100ul) cuvette according to the manufacturer’'s recommended protocol. Cells
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were then plated onto Matrigel (Corning) coated plates into prewarmed (37C) mTeSR1 media
supplemented with 1X RevitaCell. Several days post nucleofection, cells were single cell sorted
on viability by flow cytometry and clonally selected as previously described (Chen and Pruett-
Miller, 2018). Clones were screened and verified for the desired out-of-frame indel modifications
via targeted deep sequencing using gene specific primers with partial lllumina adapter overhangs
(hCUL9.F - 5’- gacggtgccatggctgggaggtcag-3' and hCUL9.R — 5’-aatgtactcaccgccageccagect-3’,
overhangs not shown) on a Miseq lllumina sequencer. NGS analysis of clones was performed
using CRIS.py (Connelly and Pruett-Miller, 2019). Normal karyotypes were validated using
metaphase spread analysis (Genomic Associates) and pluripotency was validated using PluriTest

microarray analysis (Thermo) (Mdller et al., 2011).

Western blotting

Cultured cells were lysed in 1% Triton buffer containing PMSF, PhosStop (Roche), and
protease inhibitor cocktail. Protein concentrations were determined using the bicinchoninic acid
method (Thermo Scientific), and 30-50 ug of protein was run on 4-20% Mini-Protean TGX precast
protein gels (BioRad) in Tris-Gly-SDS buffer. Gels were then transferred onto polyvinylidene
difluoride membranes at 4°C overnight to ensure sufficient transfer of large proteins. Membranes
were blocked in 5% milk in 0.1% Tween prior to primary antibody incubation. We used antibodies
against OCT4 (Cell Signaling Technology, Cat. 75463S), NANOG (Cell Signaling Technology,
Cat. 4903S), SOX2 (Cell Signaling Technology, Cat. 5049S), Cleaved Caspase-3 (Cell Signaling
Technology, Cat. 9661S), CUL9 (Bethyl Laboratories, Cat. A300-98A), CUL7 (Bethyl
Laboratories, Cat. A300-223A), ANAPC7 (Bethyl Laboratories, Cat. A302-551), FZR1 (Abcam,
Cat. ab3242), and Cyclin-A2 (Cell Signaling Technology, Cat. 4656T), PAX6 (Cell Signaling
Technology Cat. 60433), Nestin (STEMCELL Technologies, Cat. 60091), TUBB3 (Cell Signaling
Technology, Cat. 4466S), MAP2 (Thermo Fisher Scientific, Cat. 131500), beta-Actin (Sigma, Cat.
A1978), alpha-Tubulin (Sigma, Cat. T9026), and GAPDH (Cell Signaling Technology, Cat.
5147S), SOX3 (Thermo Fisher, Cat. PA5-35983), TM7SF2 (Thermo Scientific, Cat. 12033-1-AP),
CUX1 (Abcam, Cat. ab54583), and SCD1 (Bethyl, Laboratories, Cat. A305-259A-T). HRP-
conjugated secondary antibodies against mouse or rabbit IgG were purchased from Jackson
Laboratories, and blots were developed with ECL Plus reagent (Amersham Biosciences). Clean-

Blot IP detection reagent (HRP) (Life Technologies) was used in place of mouse or rabbit IgG
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secondaries for immunoprecipitation samples. Band density was determined using Image Studio

Lite v5.2. Data was analyzed using unpaired Student’s t-test.

Immunofluorescence and microscopy

Cells were seeded on 35 mm glass bottom plates (Cellvis). Cells were fixed with 4%
paraformaldehyde for 30 min at 4°C and permeabilized during blocking in 2% BSA containing
0.3% Triton X-100 for 1 hr at room temperature. After blocking, cells were treated with primary
and secondary antibodies using standard methods. The following primary antibodies were used:
OCT4 (Cell Signaling Technology, Cat. 75463S), NANOG (Cell Signaling Technology, Cat.
4903S), PAX6 (Cell Signaling Technology Cat. 60433), NESTIN (STEMCELL Technologies, Cat.
60091), TUBB3 (Cell Signaling Technology, Cat. 4466S), MAP2 (Thermo Fisher Scientific, Cat.
131500), Cytochrome c¢ (BD Pharmingen, Cat. 556433). All secondary antibodies were
conjugated to Alexa fluorophore derivatives (Thermo). See detailed information about antibodies
in Supplemental table 6. Nuclei were stained with Hoechst 3342 (Thermo). Fixed and stained
cells were mounted with Fluoromount-G slide mounting medium (Electron Microscopy Sciences).
Images were acquired using an Andor DU-897 camera mounted on a Nikon Spinning Disk. The

software used for image acquisition and producing representative images was Nikon Elements.

Real-Time Quantitative PCR

Total RNA was extracted using Tri Reagent Solution (Thermo). cDNA was prepared per
the manufacturer’s protocol using the high capacity cDNA reverse transcription kit (Thermo). RT-
gPCR was performed using a SYBR Green PCR Master Mix (Thermo) on a QuantStudio 3 Real-
Time PCR System (Thermo) using the manufacturer provided standard curve protocol. mRNA
levels and fold change were calculated using the comparative Ct method (Schmittgen and Livak,
2008). Glucose-6-phosphate isomerase (GPl) was used as a loading control for calculation of
relative mRNA levels. Significance was determined using an unpaired Student’s t-test. The
following primer sets were used: GPI: FW: 5- GTGTACCTTCTAGTCCCGCC -3 RV: 5-
GGTCAAGCTGAAGTGGTTGAAGC-3’; CUL9: FW: 5-GAAGAACTCATTCGACAGAGGC-3'RV:
5-CAGTTGGCGTAGACCTCAGG-3’; OCT4: FW: 5-GGGCTCTCCCATGCATTCAAAC-3’ RV:
5-CACCTTCCCTCCAACCAGTTGC-3’; NANOG: FW: 5-TGGGATTTACAGGCGTGAGCCAC-
3 RV: 5-AAGCAAAGCCTCCCAATCCCAAAC-3’; MAP2: FW: 5’-
CTCAGCACCGCTAACAGAGGE-3 RV: 5-CATTGGCGCTTCGGACAAG-3’; TUBB3: FW: 5'-
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GGCCAAGGGTCACTACACG-3 RV: 5-GCAGTCGCAGTTTTCACACTC-3’; TBR1: FW: 5'-
GCAGCAGCTACCCACATTCA-3' RV: 5-AGGTTGTCAGTGGTCGAGATA-3’; EMX2: FW: 5'-
CGGCACTCAGCTACGCTAAC-3" RV: 5-CAAGTCCGGGTTGGAGTAGAC-3' Efficiency of

primer sets were between 90-110% as determined by standard curve.

Agilent Seahorse XF Cell Mito Stress Test

iPSCs were plated in E8 media on Matrigel-coated Seahorse XF96 V3 PS cell culture
microplates 2 days before the assay at 8 x 104 cells per well. One hour prior to the assay, media
was switched to XF DMEM media containing 1 mM pyruvate, 2 mM glutamine, and 10 mM
glucose. Oxygen consumption rate (OCR) was measured sequentially after addition of 1.0 uM
oligomycin, 1.5 yM FCCP, and 0.5 uM rotenone/antimycin A. To obtain cortical neurons, iPSCs
were differentiated and maintained as described in the Neuronal Differentiation section for 25
days as reported by Shi et al., 2012. Cortical neurons were plated in maintenance media on
Matrigel-coated Seahorse XF96 V3 PS cell culture microplates 2 days before the assay at 8 x
104 cells per well. One hour prior to the assay, media was switched to XF DMEM media containing
1 mM pyruvate, 2 mM glutamine, and 10 mM glucose. Oxygen consumption rate (OCR) was
measured sequentially after addition of 1.5 uM oligomycin, 1.5 yM FCCP, and 0.5 yuM

rotenone/antimycin A.

Cell cycle analysis by flow cytometry

Cells were dissociated to a single cell concentration when they were 70-80% confluent
using Gentle Cell Dissociation. Cells were washed 3X with PBS, then fixed in 70% EtOH at -20
°C for at least 2 hours. 1*106 cells were stained in TmL of 1ug/mL of DAPI in a 0.1% Triton solution
containing RNase overnight in the dark. Stained cells were analyzed using a 405nm (6-
paramaters) laser of a 3-laser BD Fortessa. Forward and side scatter parameters were used to
exclude doublets and debris. DAPI staining intensity was used to determine DNA content of cells.
Gates for sub-G1, G1, S, G2/M, and polyploidy were determined based on DNA content.

Immunoprecipitation

Immunoprecipitation experiments were performed by incubating 2mg of whole-cell lysates
with 2 ug of PARC/H7AP1 (Bethyl, Cat. A300-98A), ANAPC7 (Bethyl, Cat. A302-551A) or FZR1
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(Abcam, Cat. ab3242) for 1 hr at 4°C. 40 uL of 50/50 slurry of Dynabeads (Invitrogen) was added
to sample and left to incubate for 1 hr at 4°C. Beads were separated by magnet and washed in
1% Triton. Protein was eluted and incubated with Elution Buffer (Invitrogen) and LDS/BME sample

buffer at 95°C for 5 min. Immunoprecipitations were analyzed by Western blot or LC-MS/MS.

LC-MS/MS analysis

For in-gel digestion, the samples were solubilized in lithium dodecyl sulfate (LDS) sample
buffer (Invitrogen, Carlsbad,CA, USA). The samples were loaded onto 4-12% NuPAGE Novex
Bis-Tris gel and MOPs running buffer was used for separation (Invitrogen). The samples were
allowed to run into the gel for 1.5-2 cm. The gel was fixed and stained with Colloidal Blue Staining
kit (Invitrogen) then washed and the stained area was excised and diced to 1 mm cubes. Proteins
were reduced with 45 mM DTT for 20 min at 551C, followed by alkylation with 100 mM
iodoacetamide for 30 min at room temperature in the dark. The volume of iodoacetamide added
was the same as the volume of DTT added. After reduction and alkylation, gel pieces were
destained with three consecutive washes with a 50:50 mixture of 50 mM ammonium bicarbonate
and ACN for 10 min, dehydrated with 100% ACN for 10 min, and dried in a SpeedVac. The gel
pieces were rehydrated in a 50 mL of solution containing 10 ng/mL trypsin (Promega, Madison,
WI, USA) in 25 mM ammonium bicarbonate (pH 8.0) for 15 min. 100 mL of 25 mM ammonium

bicarbonate buffer was added to each sample and the samples were incubated at 371C for 18 h.

Peptides were extracted using 60% ACN/0.1% TFA twice. The extracted samples were
pooled and dried in a SpeedVac and reconstituted in 0.1% formic acid for subsequent analysis.
An analytical column was packed with 20cm of C18 reverse phase material (Jupiter, 3 um beads,
300A, Phenomenox) directly into a laser-pulled emitter tip. The peptide solutions were loaded on
the capillary reverse phase analytical column (360 um O.D. x 100 uym I.D.) using a Dionex Ultimate
3000 nanoLC and autosampler. The mobile phase solvents consisted of 0.1% formic acid, 99.9%
water (solvent A) and 0.1% formic acid, 99.9% acetonitrile (solvent B). Peptides were gradient
eluted at a flow rate of 350 nL/min. The 95 minute gradient consisted of the following: 1-98 min,
2-45% B; 98-105 min, 45-90% B; 105-107 min, 90% B; 107-110 min, 90-2% B; 110-120 min
(column equilibration), 2% B. A Q Exactive Plus mass spectrometer (Thermo Scientific),
equipped with a nanoelectrospray ionization source, was used to mass analyze the eluting
peptides. The instrument method consisted of MS1 using an MS AGC target value of 3e6,

followed by up to 15 MS/MS scans of the most abundant ions detected in the preceding MS scan.
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A maximum MS/MS ion time of 40 ms was used with a MS2 AGC target of 1e5, a 3% underfill
ratio and an intensity threshold of 7.5e4. Dynamic exclusion was set to 20s, HCD collision energy
was set to 27 and peptide match and isotope exclusion were enabled. For identification of
peptides, tandem mass spectra were searched with Sequest (Thermo Fisher Scientific) against a
human subset database created from the UniprotKB protein database (www.uniprot.org). Variable
modifications of +57.0214 on Cys (carbamidomethylation) and +15.9949 on Met (oxidation) were
included for database searching. Search results were assembled using Scaffold 4.3.4. (Proteome
Software) and significance was determined using a Fisher’'s exact test. More details on the

analyses can be found in the publically available raw data at Zenodo at 10.5281/zenodo0.4340970.

Quantitative proteomics analysis

Samples were diluted with 100mM TEAB, reduced with 5uL of 200mM TCEP at 55°C for
one hour, and available Cys residues were carbamidomethylated with 5mL of 375mM
lodoacetamide for 30 minutes in the dark at room temperature. Protein samples were precipitated
with acetone at -20°C. A volume of ice-cold acetone six times the sample volume was added to
each sample, and precipitation was carried out overnight. After precipitation, samples were
centrifuged at 18,000xg at 4°C, protein pellets were washed with ice-cold acetone, centrifuged,
and precipitates were allowed to dry. Proteins were then reconstituted in 100 mM TEAB (pH 8.0)
and digested with Promega Gold trypsin overnight at 37°C. Quantitative proteomics analysis was
performed using isobaric tags for relative and absolute quantification (iTRAQ). Peptides were
labeled with iTRAQ reagents according to the manufacturer’s instructions (SCIEX). After labeling
was complete, labeled peptides were combined and fractionation was performed using the
Thermo Scientific Pierce High pH Reversed-Phase Peptide Fractionation Kit (Product No. 84868)
similar to the manufacturer's recommended protocol. After loading peptides onto the reverse
phase resin, a wash was performed with 5% acetonitrile, 0.1% triethylamine. Elution steps
consisted of the following: 7.5%, 10%, 12.5%, 15%, 17.5%, 20%, 22.5%, 25%, 27.55, 30%, 35%,
60%, and 80% acetonitrile with 0.1% triethylamine. Fractions were dried via vacuum
centrifugation in SpeedVac concentrator, and peptides were reconstituted in 0.1% formic acid for
analysis by LC-coupled tandem mass spectrometry (LC-MS/MS). An analytical column was
packed with 35cm of C18 reverse phase material (Jupiter, 3 um beads, 300A, Phenomenox)
directly into a laser-pulled emitter tip. Peptides were loaded on the capillary reverse phase
analytical column (360 pm O.D. x 100 ym 1.D.) using a Dionex Ultimate 3000 nanoLC and

autosampler. The mobile phase solvents consisted of 0.1% formic acid, 99.9% water (solvent A)
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and 0.1% formic acid, 99.9% acetonitrile (solvent B). For the first ten fractions, peptides were
gradient-eluted at a flow rate of 350 nL/min, using a 180-minute gradient. The gradient consisted
of the following: 5-30 %B in 140 min, 30-50 %B in 10 min, 50-70 %B in 5 min, 70 %B in 5 min;
70-5 %B in 4 min, followed by column equilibration for the next sample. A Q Exactive Plus mass
spectrometer (Thermo Scientific), equipped with a nanoelectrospray ionization source, was used
to mass analyze the eluting peptides. The Q Exactive instrument was operated in data-dependent
mode acquiring HCD MS/MS scans (R = 17,500) after each MS1 scan on the 15 most abundant
ions using an MS1 ion target of 3 x 106 ions and an MS2 target of 1 x 105 ions. The HCD-
normalized collision energy was set to 30, dynamic exclusion was set to 30 s, and peptide match
and isotope exclusion were enabled. For the final three fractions, the peptides were combined for
LC-MS/MS analysis. This final combined pool of peptides and the 5% acetonitrile wash were
analyzed using a similar data acquisition method with a gradient that consisted of 5-50 %B in 105
min, followed by 50-98 %B in 50 min, 98 %B for 5 min, 98-5 %B in 3 min, and column re-

equilibration.

Peptide/protein identifications and quantitative analysis were performed using Spectrum
Mill (Agilent) as previously described (Noto et al., 2019). MS/MS spectra were searched against
a subset of the UniProt KB protein database containing human proteins. Auto-validation
procedures in Spectrum Mill were used to filter the data to <1% false discovery rates at the protein
and peptide level. After peptides were identified and proteins were quantified, the results were
then filtered to include those proteins for which a minimum of two unique peptides were identified.
Log2 protein ratios were fit to a normal distribution using non-linear (least squares) regression.
The calculated mean derived from the Gaussian fit was used to normalize individual log2 ratios
for each quantified protein. The normalized log2 ratios were then fit to a normal distribution, and
the mean and standard deviation values derived from the Gaussian fit of the normalized ratios
were used to calculate p values. Subsequently, p values were corrected for multiple comparisons
by the Benjamini-Hochberg method (Noto et al., 2019). More details on the analyses can be found
in the publically available raw data at Zenodo at 10.5281/zenodo.4340970.

Lentiviral transduction

To generate lentiviral-mediated CUL9 overexpression of iPSC, iPSC colonies at 50-70%
confluency were transduced with pLVX-EF1alpha-IRES-mcherry vector (Takara) containing a
CUL9-FLAG sequence (1MOI). Cells were fed with mTESR 24 hours later. 48 hours after initial
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transduction, m-Cherry positive cells were selected for and plated in StemFlex (Thermo) plus
CloneR (StemCell Technologies) in 96-well plates using flow activated cell sorting. After 72 hours,
cells were fed again with StemFlex plus CloneR. Until colonies were apparent, cells were fed
every other day with StemFlex only. Transduction efficiency was validated by Western blot
analysis of recovered colonies. Lentivirus was prepared per manufacturer protocol using Lenti-X
packaging single shots (VSV-G) (Takara). Lentiviral concentration was determined using Lenti-X
GoStix Plus (Takara). Lentiviral particles obtained from Sigma Aldrich (SHCLNV-NM_015089)
were used to produce lentiviral stable KD cells. shRNA #1 (TRCN0000004448) targeted the 3’
sequence: 5-
CCGGTCTGTAGTGCTTCCTGTTTGCCTCGAGGCAAACAGGAAGCACTACAGATTTTT-3 and
shRNA #2 (TRCNO0000424584) targeted the CDS sequence: 5'-
CCGGGATCTCTGTGTCCGTGGAAATCTCGAGATTTCCACGGACACAGAGATCTTTTTTG -3'.

Titer provided by Sigma was used to calculate MOI. Cells transduced at 1 MOI.

CaspaseGlo 3/7 Assay

Cells were plated onto Matrigel (Corning) white round-bottomed 96-well plates at 10,000
cells/well. Triplicate wells were used per condition. After 24 hrs, media was removed and
CaspaseGlo 3/7 reagent (Promega #8091) and fresh media was added at a 1:1 ratio. The samples
were incubated at room temperature in the dark for one hour. Samples were then analyzed in a

Promega GloMax luminometer according to manufacturer instructions.

Statistical Analysis

All experiments were performed with a minimum of 3 biological replicates. Statistical
significance was determined by unpaired, two-tailed Student’s t-test or by one- or two-way
ANOVA as appropriate for each experiment. GraphPad Prism v8.1.2 was used for all statistical
analysis and data visualization. Statistical analysis of quantitative proteomics and LC-MS/MS
experiments was conducted by the Vanderbilt Proteomics core — details about these analyses
can be found in their respective methods sections and corresponding references (Noto et al.,
2019) and in the publicly available data sets at Zenodo at 10.5281/zenodo.4340970.

Error bars in all bar graphs and scatter plots represent standard error of the mean or

standard deviation as described for each figure. No outliers were removed from the analyses
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except in the neural rosette analyses. We employed the ROUT method to exclude outliers in our
analysis of neural rosette lumen size. Briefly, the ROUT method identifies outliners from non-
linear regression using the false-discovery rate (Motulsky and Brown, 2006). This method is more
effective than other common outlier exclusion methods like Grubb’s at identifying more than one
outlier making it the ideal method for our dataset. In each biological replicate (5 ROI), we often
measure the lumen size of 600 or more rosettes. When the data points of all three replicates are
combined, we have as many as 2500 data points. We use ROUT to remove outliers prior to our
one-way ANOVA analysis (Q=1%).
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