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ABSTRACT OF THE DISSERTATION

Ubiquitylation and Phosphorylation Regulate Cell Cycle Progression

by

Joseph Yeejoo Ong

Doctor of Philosophy in Biochemistry, Molecular and Structural Biology

University of California, Los Angeles, 2022

Professor Jorge Torres, Chair

Cell division and cell cycle progression are regulated by various proteins. The activity of
these proteins are fine-tuned by post-translational modifications such as ubiquitylation and
phosphorylation. Identifying what proteins are modified, the enzymes that performed the
modification, and the consequence of the modification has been a core component of
understanding the regulation of cell cycle progression. Here, | present my thesis on examining
various aspects of these post-translational modifications as they apply to cell cycle progression.
First, | discuss the Cul3 substrate adaptor SPOP and its role in regulation of Nup153. Next, |
discuss KCTD proteins and their ability to bind to Cul3. Finally, | characterize Cdk15, a putative
spindle assembly checkpoint kinase. Altogether, these projects further our understanding of how
enzymes and their post-translational modifications orchestrate the various processes necessary
for cell division and cell cycle progression and how misregulation of these processes may lead

to certain disease states like cancer.
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Chapter

E3 Ubiquitin Ligases in Cancer and
Their Pharmacological Targeting

Joseph Y. Ong and Jorge Z. Torves

Abstract

Ubiquitination plays many critical roles in protein function and regulation.
Consequently, mutation and aberrant expression of E3 ubiquitin ligases can drive
cancer progression. Identifying key ligase-substrate relationships is crucial to
understanding the molecular basis and pathways behind cancer and toward identi-
fying novel targets for cancer therapeutics. Here, we review the importance of E3
ligases in the regulating the hallmarks of cancer, discuss some of the key and novel
E3 ubiquitin ligases that drive tumor formation and angiogenesis, and review the
clinical development of inhibitors that antagonize their function. We conclude with
perspectives on the field and future directions toward understanding ubiquitination
and cancer progression.

Keywords: E3 ubiquitin ligase, cancer, pharmacological targeting

1. Introduction

The regulation and turnover of proteins is an essential aspect of cell homeostasis
and one that is commonly disrupted in cancer cells [1]. Regulation of a protein’s
levels, activity, or localization is affected by ubiquitination, a posttranslational
modification that involves the covalent attachment of a 76 amino acid ubiquitin
molecule onto a substrate protein [2, 3]. Depending on the cellular context,
ubiquitinated proteins can affect a myriad of cellular processes, including signaling
[4], epigenetics [5], endosome trafficking [6], DNA repair [7] and protein stability
via the 265-proteasome [8].

The outcome of protein ubiquitination is affected primarily by two properties:
what kind of ubiquitin linkage and how many ubiquitin molecules are present [2].
Ubiquitin is usually covalently attached to its substrate via a nucleophilic lysine
residue on the substrate and the ubiquitin carboxy terminus. Ubiquitin itself can
serve as a nucleophile via one of seven lysine residues (K6, K11, K27, K29, K33, K48,
and K63) [9, 10] though K48- and Ké3-linkages seem to be the most abundant and
are the most well-studied. In some cases, the N-terminal amide of the initiator
methionine (M1) of the substrate can serve as the nucleophile [11, 12]. If one of the
lysine residues or the initiator methionine of ubiquitin serves as the nucleophile for
another ubiquitin molecule, a polyubiquitin chain is formed. A K48-linked
polyubiquitin chain of four or more ubiquitin molecules is typically enough to target
the substrate for 265-proteasome mediated degradation [13]. Meanwhile, poly-K63
linkages are involved in many processes, including endocytic trafficking, inflam-
mation, and DNA repair [5, 6, 14]. Other ubiquitin linkages [11], combinations of

i IntechOpen
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linkages (mixed or branched chains) [15-17], monoubiquitination [5, 18], and
multi-monoubiquitination [19, 20] events have other diverse functions within
the cell.

Ubiquitination occurs in three main steps [21, 22]. First, the E1 ubiquitin-
activating enzyme (two in the human genome) covalently attaches to a ubiquitin
molecule via a thioester bond in an ATP-dependent process. Next, the E1 enzyme
transfers ubiquitin onto an E2 ubiquitin-conjugating enzyme (about 40 in the
human genome). Finally, the E2 enzyme binds a substrate-bound E3 ligase (about
600 in the human genome) to transfer ubiquitin onto a lysine residue of the sub-
strate. Repeating the cycle creates a polyubiquitin chain.

E3 ligases can function either as single peptides (like Parkin), simple complexes
(e.g.: hetero/homodimers, like MDM2/MDMX or XIAP), or as large complexes (like
Cullin-RING-ligase complexes or the anaphase promoting complex/cyclosome).
There are two main classes of E3 ligases [23]: HECT (about 30 in the human
genome) and RING ligases (including RING and RING-like ligases and their acces-
sory proteins, about 600 in the human genome).

HECT ligases contain a C-terminus HECT domain that accepts the ubiquitin
molecule from an E2 conjugating enzyme via a thioester bond before transferring
the ubiquitin to the substrate [24]. RING ligases contain a zinc finger domain, and
these proteins allow the E2 to transfer ubiquitin directly onto the substrate [25]. A
subclass of RING ligases known as RING-between-RING (RBR) ligases contain two
RING domains that have elements of both HECT and RING ligases: one RING
domain binds the charged E2, while the other RING domain accepts the ubiquitin
molecule before transferring it onto the substrate [26].

As E3 ligases ultimately determine the target of the ubiquitination machinery,
they play a critical role in cell regulation. They regulate key players in processes like
apoptosis (caspases), cell senescence and growth (p53, p21, p27; Hippo and

aQ
)
a
m

parkin
LMxq

Figure 1.
E3 ubiquitin ligases (outer circle) regulate hallmarks of cancer (inner circle) to drive cancer progression.
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Hedgehog signaling), proliferation and genomic stability (c-Myc, cyclins), immune
system evasion (PD-L1), inflammation (NFxB), and metastasis and angiogenesis
(Wnt signaling) (Figure 1). Misregulation or mutation of E3 ligases can lead to
overexpression of oncogenes or downregulation of tumor suppressor genes, leading
to cancer progression. Consequently, understanding the molecular targets and
functions of E3 ligases serves as the basis for designing new cancer therapies.

Here, we describe some central and novel E3 ligases related to cancer develop-
ment, pharmacological targeting of those ligases, and perspectives on understand-
ing the role of E3 ligases in cancer progression.

2. E3 ligases and cancer progression
2.1TP53

The tumor protein p53 (TP53) is a transcription factor that serves as one of the
principal regulators of cell function and survival (reviewed in [27]), mediating
cellular responses to proliferation, cell cycle control, DNA damage response path-
ways, and apoptosis. Consequently, it is mutated in approximately 50% of all cancer
types. Thus, regulators of p53 serve as ideal candidates to understand and address
cancer cell progression (Table 1).

E6AP (Ube3a) is a 100 kDa HECT domain ligase discovered for mediating the
interaction between human papillomavirus protein E6 and p53 [28]. Neither EGAP
nor E6 alone have a strong affinity for p53, but together, the E6/E6AP complex
binds to p53 and changes the substrate specificity of EGAP [28], allowing E6AP to
ubiquitinate p53 at the N-terminal DNA binding domain and target it for

E3 ligase Notable substrates and Expression in cancer Cancer types
binding partners
TP33  EGAP ps3 Gain of function via HPV  Cervical, breast [38, 166]
E6
MDMEE p53 Orverexpressed Many; liposarcomas
[48, 187)
SCF Skpl pai, p7 Overexpressed Many [95, 168]

Foxw?  Cyclin E, mTOR Downregulated or Many; endometrial,
dominant-negative cervical, blood [64, 67, 169]
mutant

p-TrCP  TkB, p-catenin, Weel,  Owerexpressed (in some  Many [60, 168]

CdeZ5alb tissues)
APC/C Cdc20 Cyelin A/B, securin Owerexpressed Pancreatic, lung, gastric
[95, 168, 170]
Cdhi Cdc20, Plk1, Aurora Underexpressed Many [171]
kinase A/B
Other XIAP Caspases 3,7, 9 Overexpressed Many [98, 99]
Park2 Cyelin DIE, Cde20/ Underexpressed Breast, pancreatic,
Cdh1, tubulin colorectal, ovarian [172]
SPOP PD-LA, androgen and Downregulated or Prostate, endometrial,
estrOgen receplor dominant-negative kidney [139, 141, 150]
mutant
Table 1.

Ej3 ligases and cancer progression.
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degradation [29]. Consequently, EGAP may play a role in HPV-mediated cervical
cancers [30], particularly for those mediated by high-risk HPV16 strain, as E6 pro-
teins from lower-risk strains of HPV lack the ability to degrade p53 [31].

The E6/E6AP complex plays other roles in cancer cell progression. Neither E6
nor E6AP alone can activate the hTERT promoter, but together, the E6G/E6AP
complex can activate the hTERT promoter, perhaps via interactions with c-Myc and
NEFX-1 to respectively activate and repress promoter activity [32]. The E6/E6AP
complex has also been implicated in the ubiquitination of apoptosis-inducing pro-
teins Bak [33], Fas [34], and TNFR1 [35]. Independent of E6 binding, endogenous
E6AP targets include the tumor suppressor PML [36]; cell cycle regulators p27 [36],
Cdk1, Cdk4; cell proliferation regulator MAPK1 [37];, and guanine nucleotide
exchange factor ECT2 [38]. A published list of 130 likely substrates of EGAP
includes f-catenin and PRMTS, proteins involved in cancer progression [37].

MDM2 is best known as a regulator of p53. MDM2 is a RING ligase [39] that
forms stable heterodimers with a homolog, MDMX (MDM4), via their RING
domains [40]. MDM2 localizes primarily in the nucleus bound to p300/CBP [41].
When complexed to p53, MDM2 inhibits p53 activity in two ways: first, MDM?2
binds the N-terminal transactivation domain [42], inhibiting p53-mediated tran-
scription [43]; secondly, MDM2 modulates p53 protein levels via ubiquitination
near the C-terminus [44]. After MDM2 monoubiquitinates p53, p300 and CBP
catalyze the polyubiquitination of p53, leading to p53 degradation [8, 41, 45].
Overexpression of MDM2 [46, 47], seen in many cancers where p53 is not mutated
[48], leads to a loss of p53 activity.

During p53 activation, p53 is phosphorylated by multiple serine/threonine
kinases at residues near the N-terminus, disrupting p53/MDM2 binding and stabi-
lizing p53. For example, ATM kinase phosphorylates p53 at 515 [49] to promote
p33-mediated transcription. Additionally, ATM phosphorylation of MDM2 on 5395
disrupts the MDM2/p53 complex, allowing p53 to accumulate [50].

2.2 SCF complexes

The SCF complex is a multimeric ubiquitination complex with multiple roles in
cell regulation (Table 1). The main scaffold of the SCF complex, Cullin 1 (Cull),
recruits the substrate to be ubiguitinated at the N-terminus and the charged
ubiquitin at the C-terminus. Rather than bind the substrate directly, Cull uses two
adaptor proteins: Cull binds directly to Skpl, which then binds to one of about 70 F-
box proteins [51] that directly bind their substrates. At the C-terminus, Cull binds
an adaptor protein, either Rbx1 or Rbx2 (also known as Rocl or Roc2), that will
bind a charged E2 ubiquitin conjugating enzyme [52, 53] .

Skp2 (Fbxl1) is a F-box protein that is most active during S-phase [54]. During §
phase, Skp2 binds and ubiquitinates phospherylated p27 [55] by binding the Cdk2-
cyclin E complex [56]. Degradation of p27 frees inhibition of Cdk2-cyclinA/E com-
plexes, allowing for progression into S-phase and entry into mitosis [57]. Other
targets of Skp2 include p21 [58] and E-cadherin [59]. In some cases, Skp2 requires
an accessory protein Cks1 to enhance binding to the substrate [60]. Skp2 both
enhances c-Mye transcriptional activity and promotes e-Mye degradation [61].
Interestingly, p300-mediated acetylation of Skp2 changes the localization of Skp2
from nuclear to cytoplasmic, increasing cellular proliferation, motility, and tumeor-
igenesis [59]. Skp2 is commonly overexpressed in a variety of cancers [62], includ-
ing blood, colorectal, stomach, ovarian, and cervical cancers [60].

Fbxw7 (in yeast, Cdc4) contains a homodimerization domain, an F-box domain
that binds Skp1, and eight WD40 repeats that form a beta-propeller structure to
bind substrates [63]. Substrate binding is dependent on interaction between the
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arginine residues of the Fbxw7 WD40 domains and phosphorylated residues of the
substrate in a recognition motif termed the Cde4 phosphodegron (CPD) [63].
Mutations that disrupt substrate binding, especially point mutations of the arginine
residues of the WD40 region, are commonly found in tumor samples [64]. Because
Fbxw7 homodimerizes, these mutations may have a dominant-negative effect [65],
as wild-type Fbxw7-mutant Fbxw7 dimers are able to effectively bind but not
ubiquitinate their substrates [66]. Fbxw7 is deleted [67] or mutated in many can-
cers, with mutations being especially common in cancers of the bile duct and

blood [68].

One well-characterized substrate of Fbxw7 is cyclin E [69]. The ubiquitination
and degradation of cyclin E is dependent on phosphorylation of by Cdk2 and
glycogen synthase kinase 3 (GSK3) [70]. Dimerization of Fbxw7 can also change its
affinity for cyclin E as well as other substrates [71]. Other substrates of Fbxw7
include transcription factors c-Myec [72]; ¢-JUN, Notch 1; DNA-binding protein
DEK [73]; and nutrient sensing protein mTOR [74]. Interestingly, the SV40 large T
antigen contains a decoy CPD that can mislocalize Fbxw7 and inhibit Fbhxw7-medi-
ated degradation of eyclin E [75].

p-TrCP (BTRC), Fbxwla (p-TrCP1) and Fbxwi11 (p-TrCP2) are protein homo-
logs that appear to have redundant roles [76]. These F-box proteins can form homo-
and hetereodimers with each other [76] and use WD40 domains to bind a DSG
phosphodegron motif (such as DpSGXXpS) [60]. Overexpression of j-TrCP is seen
in various types of cancers, including colorectal, pancreatic, breast, ovarian and
melanomas [77].

B-TrCP plays an important role as a regulator of Cdk1. One substrate of f-TrCP
is Weel, a kinase that inhibits Cdk1 activity [78]. Phosphorylation of Weel at 853
and 5123 by Plk1 and Cdk1 respectively allow B-TrCP to bind to and ubiquitinate
Weel, activating Cdk1 during G2 to promote rapid entry into mitosis. Similarly, in
prophase, B-TrCP also ubiquitinates Emil, an inhibitor of the APC/C [79]. Conse-
quently, j-TrCP accelerates mitotic progression both by increasing Cdk1 activity
and activating the APC/C. In the case of DNA damage, checkpoint proteins
hyperphosphorylate Cdc25a [80], a phosphatase that activates Cdkl by removing
repressive phosphorylation events, f-TrCP binds to and ubiquitinates hyperpho-
sphorylated Cde25a, deactivating Cdk1 and delaying the cell cycle. p-TrCP also
ubiquitinates Cdc25b [81], a phosphatase that activates Cdk2/cyclin A and Cdk1/
cyclin B to progress through the G2/M transition [82]. Other p-TrCP substrates that
are linked to cancer progression include the TkB family [83], p-catenin [76] and
MDM2 [84].

2.3 APC/C

Proper cell cycling and successful mitotic events rely on the coordinated accu-
mulation and destruction of cyclins [85]. Disruption of this coordination can lead to
aberrant mitotic events, aneuploidy, and cancer [86] (Table 1). While entry into
mitosis is mediated by activation of Cdk1/2, progression through and exit from
mitosis is mediated principally by the anaphase promoting complex or cyclosome
(APC/C).

The APC/C is a 1.2 megadalton complex whose activity is necessary for entry to
and exit from mitosis [87]. The structure of the human APC/C was salved via
cryoEM to 7.4 angstrom resolution, allowing for the identification of 20 subunits of
the APC/C and a mechanistic understanding of its function [88]. APC/C ubiquitin
ligase activity depends on two activating subunits, Cde20 or Cdhl (coded by gene
FRZ1; not to be confused with the gene CDH1, which codes for E-cadherin), which
are necessary for APC/C binding to substrate and subsequent degradation [89] via
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K11 ubiquitin linkages [90]. In early mitosis, APC/C-Cdc20 degrades proteins such
as cyclins A and B and Securin, the inhibitor of separase [91]. In later stages of
mitosis and early G1, APC/C-Cdh1 degrades Cdc20, mitotic kinases like Plk1 and
Aurora kinases A/B, and the contractile ring protein Anillin to ensure exit from
mitosis and proper transition into G1 [92]. Binding of the substrate to APC/C is
mediated by two main modalities [93]: for some substrates, Cdc20/Cdh1 binds the
substrate through a KEN box motif; for others, both the APC/C subunit Apel0 and
Cdc20/Cdh1 “sandwich” the substrate at the substrate’s D box. Some substrates
have both and/or additional motifs to bind the APC/C and Cdc20/Cdh1 [92].

Cde20 is found overexpressed in many cancers, including lung, oral, liver, and
colon cancers [94, 95]. Cdhl is generally a tumor suppressor, as downregulation of
Cdh1 is found in some aggressive cancer cell types [95], and loss of Cdh1 sensitizes
cells to DNA damage [96].

2.4 Other

X-linked inhibitor of apoptosis protein (XIAP) is a IAP family E3 ligase charae-
terized by three N-terminal baculovirus IAP repeat domains and a C-terminal RING
domain [97]. Like other IAPs, XIAP plays a central role in mediating the cell’s
response to apoptosis. XIAP is overexpressed in many cancer cell lines, particulatly
in kidney and skin cancers [98, 99].

The linker region of XIAP between BIR1 and BIR2 binds to the active site and
inhibits caspase 3 and caspase 7 [100]. The BIR3 domain of XIAP also binds to
caspase 9, inhibiting caspase 9 dimerization and activity [101]. Moreover, XIAP
ubiquitinates caspase 3 [102], caspase 9 [103], and caspase 7 [104] and targets them
for degradation. As a final level of regulation, in addition to its ubiquitin E3 ligase
role, XIAP can also function as a neddylation E3 ligase, neddylating and inhibiting
the activity of caspases [105].

XIAP also plays important roles in cell motility. On one hand, XIAP degrades
COMMD1 [106], a regulator of NFkB [107] and copper homeostasis. XIAP also
binds to MAP3K7IP1, an event that activates kinase MAP3K7 to phosphorylate sub-
strates leading to removal of NFkB inhibition [108]. XIAP also binds to survivin
[109], activating NFxB signaling and encouraging cell metastasis by activating cell
motility kinases Fadk1 and Src [110]. Conversely, XIAP has also been show to
inhibit cell migration by binding to and ubiquitinating c-RAF to direct another
ubiquitin ligase (CHIP) to degrade c-RAF [111]. Under non-stressed conditions,
XIAP ubiquitinates and degrades MDM2, stabilizing p53 and inhibiting autophagy
[112]. XIAP also binds to and monoubiquitinates TLE3, allowing f-catenin to acti-
vate Wnt-mediated transcription [113]. Finally, in addition to inflammation
involving the NFxB pathway, XIAP suppresses TLR-based inflammation [114].

Park2 (PARKIN) is an RBR-E3 ligase with both RING and HECT ligase charac-
teristics [115]. The Park2 locus is commonly deleted in cancers [116]. In mouse
models, loss of Park2 causes spontaneous liver cancer [117] and contributes to
colorectal cancer in mouse models [118]. Additionally, Park2 plays a central role in
mitophagy [119], which may affect cell redox state [120], proliferation, and metas-
tasis [121].

Park2 plays a prominent role in regulating cyclin levels. Park2 degrades cyclins D
[122] and E [123] in a Cull-dependent manner [124]. Park? mutations found in
cancer lead to stabilization of these G1/5-phase cyclins, an increase in the number of
cells in § and G2/M phase [123, 124], and increased rates of cellular proliferation
[122]. Moreover, Park2 associates with Cdc20 and Cdh1 during mitosis in an
APC/C-independent manner and regulates the levels of many APC/C substrates
including mitotic kinases and mitotic cyclins [125]. Park2 regulates microtubules
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and the mitotic spindle, cytokinetic bridge [126], cell motility [127], and invasion
[128]. Park2 ubiquitinates and degrades HIF-1a to contribute to cell migration, and
loss of Park2 leads to tumor metastasis in mouse models [129].

In Park2 knock-out mouse models, the resulting oxidative stress and the War-
burg effect [130] caused an increase in the mRNA of Aim2, a protein involved in
cytokine production [131]. In these mouse models, activation of Aim2 ultimately led
to upregulation of PD-L1 in pancreatic tumors and lower rates of survival, an effect
seen in human pancreatic tumors and patients [131]. Thus, Park2’s roles in metabo-
lism may affect the ability of the immune system to regulate cancer progression.

SPOP is a Cul3 substrate adaptor mutated in about 10% of prostate cancers and
some kidney cancers [132]. SPOP has three basic domains: an N-terminal MATH
domain for substrate recognition [133], a BTB domain for dimerization and inter-
action with Cul3 [134], and a BACK domain which assembles SPOP dimers into
oligomers [134], a mechanism which increases SPOP binding to and ubiquitination
of the substrate [135]. As SPOP regulates many proteins responsible for maintaining
cell integrity, mutations in the MATH domain that disrupt binding to substrate
encourage cancer progression [136].

SPOP plays a role in immunotherapy by ubiquitinating and degrading PD-L1
[137]. SPOP binding mutants cannot ubiquitinate PD-L1, resulting in larger tumor
growth and fewer tumor-infiltrating lymphocytes compared to tumors harboring
wild-type SPOP in mouse models [137]. Similarly, pancreatic cancer samples with
mutant SPOP had higher levels of PD-L1, demonstrating a role for SPOP in immune
system invasion [137].

Other notable SPOP substrates include the apoptotic protein Daxx [138, 139],
deSUMOlyase SENP7 [140], e-Mye [141], HDACS [142], Cdc20 [143], proto-
oncogene DEK [144], phosphatases PTEN and Dusp7 [139], hedgehog pathway
proteins Gli2 and Gli3 [145, 146], and BET transcriptional coactivators BRD2—4
[147-149]. SPOP is also closely tied to hormone-activated pathways, as steroid
receptor coactivator SRC-3 [150], androgen receptor (AR) [151], enhancer of AR-
mediated transeriptional activity TRIM24 [144], and estrogen receptor « (ERux)
[136] are all substrates of SPOP. Finally, wild-type, but not mutant SPOP degrades
ERG [152]. Interestingly, in some prostate cancer samples, some tumors expressed a
fused ERG protein due to genome rearrangements, a phenotype driven by SPOP
mutation [153]. Unlike wild-type ERG, these ERG-fusions lack an SPOP binding
site, contributing to cancer progression [154].

3. E3 ligases and their inhibitors

One ubiquitin-proteasome inhibitor has already found use in the treatment of
cancer: Bortezomib is a 26S-proteasome inhibitor approved for treating certain
types of myeloma and lymphoma that binds to and inhibits the proteasome from
degrading other proteins [155]. Another compound still in clinical development is
MLN4924 (Pevonedistat), an inhibitor of the Nedd8-activating enzyme and thus of
Cullin RING ligase complexes [155]. As ubiquitination plays many important roles
in cell regulation, these broad inhibitors can affect many cellular pathways, not just
those that are therapeutically useful. As E3 ligases are specific for their substrates,
E3 ligases serve as precise targets for therapeutic intervention (Table 2). Inhibition
of E3 ligases will hopefully minimize off-target effects. Moreover, as some E3
ligases have many oncogenes as their substrates, targeting E3 ligases may serve to be
more efficient than targeting individual substrates.

While most inhibitors have been identified via high throughput screens, the
most clinically relevant inhibitors have been derived from structure—function
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analyses of E3 ligases complexed to their substrates. For example, the crystal struc-
ture of MDM2 bound to p53 allowed for the identification of the MDM2-p53 bind-
ing pocket and the design of small molecules [156] (like Nutlins and their
derivatives) and stapled peptides [157] that bind to MDM2 and inhibit p53 binding.
Similarly, the structure of the IAP family of E3 ligases and their endogenous inhib-
itors, the SMAC peptides, allowed for the development of higher affinity peptides
[158] and peptidomimetics and the discovery of one small molecule inhibitor,
Embelin [159]. Of the inhibitors mentioned here, MDM2 and XIAP inhibitors have
advanced the farthest in clinical trials. A erystal structure of the SPOP substrate
binding domain was also used to develop an SPOP inhibitor, suggesting that strue-
tural studies may greatly enhance development of small molecule inhibitors [160].
Most inhibitors disrupt E3 ligase-substrate binding by blocking the binding
pocket of the E3 ligase. However, because HECT domains first transfer the
ubiquitin molecule to themselves via a thicester bond [24], HECT ligases have an

Invitro  Cell Mouse ..,
assay  culture model

TP53  E6AP CM-11 peptides [161] Binds HECT X X
domain
Compound 9 [173] Binds HFV E& X X
MDMXX Nutlins [156], Binds p53 binding X X X
RGT112 [174] site
Idasanutlin X X X X
(RGTIBR) [175]
MI-888 [176], Binds p53 binding X X X X
SAR405838 [151] site
AMG-232 [177] Binds p53 binding X X X X
site
NVP-CGMO97 [178], Binds p53 binding X X X X
HDM201 [179] gite
JNJ-26854165 Assumed to bind to X X X
(Serdemetan) RING domain of
MDMZ2 [180]
ALRN-6924 [157] Stapled peptide X X X X
binds MDM2 and
MDMX at p53
binding site
SCF Shp2 Compound #25 [181] Binds Skpl binding X X X
site
C1, C2, C16, C20 Presumed: Binds X X
(163, 182] Skp2, Cksl at p27
binding site
CpdA [165) Inhibits Skp2-Skp1 X X
binding
NSCe89857, Inhibits Skp2-Chksl X
NSCE81152 [164] binding
Fhxw?  Oridonin [183] Stabilizes Fhxw?, X X
increases the
Grsle-3
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clinical
In vitre  Cell Mouse .4
assay  culture model

p-TeCP  Erioflorin [184] Inhibits p-TrCP1 X X

binding to
subastrate

G5143 [185) Presumed: Inhibits X X
binding of
B-TrCP1 and
p-TkBa

APCIC Cde20 Apcin [1886] Binds to D-box X X

binding site of
Cdc20

Cdc20/  ProTAME [187) Inhibits formation X X X
Cdhl of APC/C-Cdc20, -
cdh1

Other XIAP LCL161 [158] Binds to BIR3 X X X X
domain of
KIAP [188)

AEG 35156 [189] XIAP antisense X X
olignmucleotide

SPOP Palbociclib [137] Cdk4 X X X
phosphorylates
SPOP, destabilizes
PD-L1

Compound 6b [160]  Binds to substrate X X X
pocket

*Palbaciclib is clinically approved for treatment of breast cancer,

Table 2.
E3 ligases and their inhibitors.

additional mode of pharmacoelogical inhibition. The CM-11 peptides (E6AP inhibi-
tors) are one such therapy that takes advantage of this step to inhibit or disrupt the
HECT-Ubiquitin transthiolation reaction [161]. Future work may focus on design-
ing small molecules that disrupt this function of the HECT domain.

To degrade its most clinically relevant targets p21 and p27, Skp2 functions with
an adaptor protein, Clks1 [162]. At least two classes of inhibitors (NSC689857/
NSC681152 [163] and the C1/2/16/20 compounds [164]) have been developed that
disrupt the Skp2-Cks1 interaction. Similarly, the SCF ligase complex is only active
upon the binding of an F-box protein to Skpl. CpdA inhibits Skp2-Skp1 binding
[165]. These results suggest that another method of inhibitor design may focus on
disrupting crucial activators and binding partners of E3 ligases instead of merely
disrupting E3 ligase-substrate binding.

Upen phosphorylation by Cdk4, SPOP protein levels are stabilized, and PD-L1
expression levels decrease [137]. To improve the efficiency of anti-PD-L1 immuno-
therapies, mice treated with both Cdk4/6 inhibitors (to destabilize SPOP and thus
stabilize PD-L1) and anti-PD-L1 immunotherapy showed improved survival when
compared to untreated mice or mice with each individual treatment [137]. In this
case, stabilization of an oncogenic protein led to improved efficacy of a compli-
mentary therapy. Whether a similar combination of therapies can be used to
improve the overall survival rate in other pathways remains to be seen.
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4. Conclusions and perspectives

Recent research has highlighted the role of ubiquitination in cell regulation,
division, and cancer cell progression. While much work has advanced the identifi-
cation of E3 ubiquitin ligases and their substrates, untangling how these ligases act
upon interconnected pathways remains a challenge in cancer cell biology. For
example, understanding in which contexts certain E3 ligases are tumor-supportive
or tumor-suppressive (like p-TrCP) is still not clear. Genome-wide analyses and
advancements in systems biology have aided in and will continue to contribute to
addressing these issues.

The tumor microenvironment has established itself as a central component in
understanding and treating cancer progression. The macro-level questions of
tumors—how cancers induce angiogenesis, interact with the immune system and
cytokines, interact with the microbiome, and metastasize—are some questions that
are best addressed with research in animal models, not human cell culture models.
For example, the recent discoveries that both SPOP and Park? play a role in medi-
ating PD-L1 stability demonstrate the need to study the roles of E3 ligases in animal
meodels. Given the recent success of immuno-oncology and CAR-T cell therapy, a
further understanding how E3 ligases affect macro-level phenotypes like tumor
sensitivity to immunotherapies may influence the design of clinical therapies.

While many E3 ligase inhibitors are being identified via high-throughput small
molecule screens that assess inhibition of E3 ligase-substrate binding or
ubiquitination activity, the most clinically advanced inhibitors have been refined
from structural analysis of the E3 ligase binding pocket. The structures of many E3
ligases have already been determined (for example, all 11 ligases discussed here
have at least a partial structure), so further pharmacological development may
involve identifying binding pockets and designing inhibitors to perturb ligase func-
tion, and optimizing already identified inhibitors. On the other hand, E3 ligases are
often redundant, so inhibition of one ligase may not completely stabilize a beneficial
substrate. Nonetheless, the early clinical success of some E3 ligase inhibitors sug-
gests that ubiquitin ligase inhibition is a promising venue for therapeutic interven-
tion in cancer patients.
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Chapter 2: Cul3 substrate adaptor SPOP targets Nup153 for degradation

Abstract

SPOP is a Cul3 substrate adaptor responsible for degradation of many proteins related
to cell growth and proliferation. Because mutation or misregulation of SPOP drives cancer
progression, understanding the suite of SPOP substrates is important to understanding
regulation of cell proliferation. Here, we identify Nup153, a component of the nuclear basket of
the nuclear pore complex, as a novel substrate of SPOP. SPOP and Nup153 bind to each other
and colocalize at the nuclear envelope and some nuclear foci in cells. The binding interaction
between SPOP and Nup153 is complex and probably multivalent. Nup153 is ubiquitylated and
degraded upon expression of SPOPWT but not its substrate binding-deficient mutant SPOPF102¢,
Loss of SPOP via siRNAs leads to Nup153 stabilization. Upon overexpression of SPOPWT, the
localization of spindle assembly checkpoint protein Madl, which is tethered to the nuclear
envelope by Nup153, is weaker. Altogether, our results demonstrate SPOP regulates Nup153

and expands our understanding of the role of SPOP in protein homeostasis.

Introduction

The Cullin subset of proteins are E3 ubiquitin ligases responsible for about 20% of
ubiquitin-mediated proteasomal degradation within a cell (Soucy et al., 2009). Cul3 assembles
an active E3 ubiquitin ligase complex by simultaneously binding an E2 ubiquitin conjugating
enzyme charged with the ubiquitin and a BTB-domain containing substrate adaptor which bound
to the substrate to be ubiquitylated (Petroski and Deshaies, 2005). Prominent Cul3 substrate
adaptors include Keapl, LZTR1, and SPOP. Keapl binds to and targets the transcription factor
Nrf2, a protein responsible for responses to oxidative conditions and cellular stress, for

degradation (Cullinan et al., 2004; Furukawa and Xiong, 2005). LZTR1 binds to and targets the
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Ras family of GTPases (Steklov et al., 2018; Bigenzahn et al., 2018) and Ras-related GTPase
RIT1 (Castel et al., 2019) for degradation.

SPOP is a Cul3 substrate adaptor with three main domains: a MATH domain that binds
to substrates, a BTB domain that causes SPOP to dimerize and also mediates interaction with
Cul3, and an oligomerization BACK domain through which SPOP dimers can chain to form
higher-order structures (Marzahn et al., 2016). Hydrophobic residues within the MATH, such as
Y87, F102, Y123, W131, and F133, mediate the interaction between SPOP and its substrates
(Zhuang et al., 2009), and mutations of these residues generally disrupt the ability of SPOP to
bind to its substrates (Geng et al., 2013a; Janouskova et al., 2017; Ostertag et al., 2019a).
Because SPOP plays important roles in cell grow regulation, SPOP is commonly mutated or
misregulated in cancers, suggesting an important role for SPOP as a tumor suppressor (Barbieri
et al., 2012; Le Gallo et al., 2012; Hu et al., 2016; Wang et al., 2020Db).

Whereas the principle substrate of Keapl is Nrf2 and that of LZTR1 are Ras-related
GTPases, SPOP regulates many proteins involved in cell growth and proliferation. For example,
androgen receptor (AR)-mediated signaling regulates cell proliferation and differentiation
transcriptional programs (Culig and Santer, 2014). SPOP mediates the degradation of AR (An et
al., 2014; Geng et al., 2014), its co-activator SRC-3 (Geng et al., 2013b; Zhou et al., 2010), and
TRIM24, an enhancer of AR-mediated gene activation (Groner et al., 2016), and SPOP
mutations derived from prostate cancers disrupt SPOP’s ability to regulate AR-signaling.
Similarly, SPOP targets estrogen-receptor for degradation in endometrial cancers (Zhang et al.,
2015). In development, SPOP regulates Hedgehog signaling by degrading transcription factors
Gli2 and Gli3 (Chen et al., 2009) and consequently influences morphogenesis in both
Drosophila and vertebrates (Cai and Liu, 2016, 2017; Schwend et al., 2013; Seong and Ishii,
2013; Kent et al., 2006). Correspondingly, SPOP misregulation is associated with dysfunction of
Hedgehog signaling in a variety of cancer types (Li et al., 2014; Zhi et al., 2016; Jin et al.,
2019b; Zeng et al., 2014; Li et al., 2019; Burleson et al., 2022). In some cancer types, the
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cancer stem cell-associated transcription factors c-Myc (Luo et al., 2018; Geng et al., 2017) and
Nanog (Wang et al., 2019; Zhang et al., 2019) are also degradation targets of SPOP.

More broadly, wild-type SPOP promotes genomic stability, and loss of SPOP function
can result in defects in DNA replication stress (Hjorth-Jensen et al., 2018), double-stranded
break repair (Boysen et al., 2015), and the DNA-damage response (Jin et al., 2021). Altogether,
given SPOP’s regulatory roles in cell growth, proliferation, and development, understanding the
suite of SPOP substrates is crucial to understanding SPOP’s role in cell biology and its
pathological roles when mutated or misregulated.

The human nuclear pore complex (NPC) is an approximately 120 MDa complex
consisting of multiple copies of about 30 proteins termed nuclear pore complex proteins (Nups)
(Beck and Hurt, 2016). As the main channel between the nucleoplasm and the cytoplasm, the
NPC plays a crucial role in the trafficking of proteins and RNAs in and out of the nucleus (Beck
and Hurt, 2016). The NPC also plays other roles in transcription and gene regulation,
cytoskeletal regulation, and nuclear membrane architecture (Strambio-De-Castillia et al., 2010).
During mammalian cell division, the NPC disassembles during open mitosis/meiosis and
reassembles upon completion of chromosome segregation (Otsuka and Ellenberg, 2018).
Emerging work demonstrates that the Nups, despite NPC disassembly, are not passive during
cell division. Many Nups have roles during cell division including the promotion of microtubule
nucleation, regulation of the anaphase promoting complex/cyclosome, and localization of
spindle assembly checkpoint proteins Madl and Mad2 (Mossaid and Fahrenkrog, 2015; Garcia
et al., 2021). For example, during interphase, Nup153 is a nuclear pore complex protein in the
nuclear basket that plays roles in nuclear trafficking (Ball and Ullman, 2005) and transcription
(Toda et al., 2017), but during mitosis, Nup153 plays roles in nuclear pore complex assembly
and nuclear envelope modeling (Duheron et al., 2014; Vollmer et al., 2015) and spindle
assembly checkpoint regulation via an interaction with Mad1 (Lussi et al., 2010; Mossaid et al.,
2020).
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Here, we identify Nup153 as a novel SPOP substrate. We demonstrate that SPOP
binds, ubiquitylates, and degrades Nup153. We also demonstrate that SPOP overexpression
results in the mislocalization of the spindle assembly checkpoint protein Madl1 from the nuclear
envelope, presumably via depletion of Nup153. Altogether, our results demonstrate Nup153 is a
substrate of SPOP and suggest that the SPOP-Nup153 axis may be a mechanism by which

SPOP regulates aspects of cell cycle progression and cell division.
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Methods

Molecular cloning

To generate pDONR221 vectors containing the coding sequence (or truncated coding
sequence) of each protein used in this study, primers containing Gateway cloning sites were
designed against the coding sequence (or the desired truncation) of each gene and the genes
were amplified via PCR. The PCR products were extracted and purified from an agarose gel.
The appropriate pDONR221 plasmids and subsequent destination vectors were generated with
Gateway cloning as previously described (Torres et al., 2009).

To generate amino acid substitution and deletion mutants, primers were designed with
Agilent’s QuikChange Primer Design program and the mutagenesis was performed with Agilent
QuikChange Lightning using the appropriate pPDONR as a template according to manufacturer’s

instructions.

Cell culture, drug treatments, and transfections

Cells were maintained in DMEM/F12 media supplemented with 10% FBS (v/v) and
penicillin/streptomycin at 37°C in 5% CO2. HeLa and HEK293T cells were maintained with
standard FBS, and Flp-In T-REXx cells were maintained with FBS that contained no detectable
tetracycline. The doxycycline-inducible Flp-In T-REXx cell lines were generated as previously
described (Bradley et al., 2016). The doxycycline-inducible protein was induced in Flp-In T-REx
cells by addition of 0.1 ug/mL doxycycline for 16-24 hours. Cells were discarded within 12
weeks of thawing to avoid high passage numbers.

For plasmid DNA and siRNA transfections, for one well of a 12-well plate (surface area
3.5 cm2), about 80,000 cells were plated. The next day, the cells (at about 70% confluence)
were transfected. For plasmid DNA transfection, 1 ug of total DNA was transfected with 4 pL of
Fugene HD in 100 pL of Opti-MEM, according to manufacturer’s instructions. For control
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plasmid DNA transfections, non-coding DNA (pCS2-Myc empty plasmid) was used. For siRNA
transfection, 0.3 pL of 100 uM siRNA was transfected with 5 pL of Lipofectamine RNAiMax in
100 uL of Opti-MEM, according to manufacturer’s instructions (final concentration of siRNA: 30
nM). For control siRNA transfections, siGLO was used. The media was changed about 6-8
hours after plasmid DNA transfection and the next day (about 20 hours) after SiRNA
transfection. DNA transfected cells were assayed after 48 hours, while siRNA transfected cells
were assayed after 72 hours.

For cell cycle arrests, cells were treated with 2 mM thymidine or 232 nM Taxol for 16-20 hours.
For protein degradation experiments, cells were transfected with indicated plasmids, then, 48
hours after transfection, treated with 20 yM MG132, 50 mM chloroquine, or both for 5 hours. For
in cell ubiquitylation experiments, pgLAP1-Nup153 HeLa cells were treated with 20 yM MG132

for 4-5 hours before lysis.

Mass spectrometry

pgLAP2-SPOP WT HEK293 Flp-In T-Rex cells were generated and tandem affinity
purification was performed as previously described (Torres et al., 2009). The eluates were run
onto an SDS-PAGE gel and gel slices were subjected for in-gel digestion with trypsin. Mass
spectrometry and sequence analysis was performed at the Harvard Microchemistry and
Proteomics Analysis Facility by microcapillary reverse-phase HPLC nano-electrospray tandem
mass spectrometry (LLC/MS/MS) on a Thermo LTQ-Orbitrap mass spectrometer as previously

described (Taniguchi et al., 2002).

Cell lysis, co-immunoprecipitations, SDS-PAGE, and immunoblotting

To produce cell lysates, the media was removed and cells were lifted from the plate
using cell dissociation solution (5% (v/v) glycerol, 1 mM EDTA, 1 mM EGTA in PBS) for 5
minutes at 37°C. The cells were pelleted by centrifugation at 500 x g for 5 minutes. Cell lysates,
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co-immunoprecipitations, SDS-PAGE, and immunoblotting were performed as previously
described with the following modifications (Cheung et al., 2016):
1. The salt and detergent concentration in the lysis buffer was increased to
200 mM KCI and 1% (v/v) NP40. ATP was not added to the lysis buffer.

2. Cells were lysed on ice by vortexing for 3 seconds every 3 minutes, 5 times

total, before clearing via centrifugation at 13.1k x g at 4°C for 10 minutes.

3.  For co-immunoprecipitations, the lysis buffer was supplemented with 10 yM

of MG132, 10 mM of NEM, and phosphatase inhibitor cocktail. Two
volumes of lysis buffer without NP40 was added to the cell lysate during the
binding so that the final concentration of NP40 during binding was 0.33%.
Lysates were incubated with solid phase for 2 hours at 4°C on a rotating
platform. The solid phase was washed with the supplemented lysis buffer
containing 0.2% NP40.

4.  For co-immunoprecipitation experiments using S-Tag agarose, 200 uL S-

Tag agarose slurry was used (about 100 uL packed volume). The agarose
solid phase was collected by centrifugation at 500 x g for 2 minutes at 4°C.

5.  The lysates were run on 4-20% 15-well SDS-PAGE gels.

For immunoblots, molecular weight markers are shown to the right in kDa. Blots were
imaged on a LI-COR Odyssey fluorescent scanner. In some cases, for a given experiment,
lysates were loaded equivalently onto multiple gels and/or the blot was cut horizontally to allow
for probing by multiple antibodies. See Supplementary File 1 for antibodies used and their

dilutions.

In vitro transcription/translation and binding experiments
To produce IVT-expressed protein, 200 ng of indicated pCS2 plasmid was added to 8 uL
of SP6 TNT-master mix, 0.5 yL of 1 mM methionine, and the volume was brought to 10 uL per
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reaction. The tubes were incubated at 30°C for 1.5 hours with shaking at 250 rpm. Upon
completion of the incubation, 0.5 uL (approximately 5%) of the protein was saved as for the
input portion of a gel and heated at 95°C for 5 minutes with 3 uL of water and 5 pL of 2x
Lammeli buffer. The binding reaction, washing, and elution was performed in the same way as

detailed for co-immunoprecipitations, except the concentration of NP40 was 0.25% throughout.

Immunofluorescence and microscopy

For fixed cell immunofluorescence microscopy, HelLa cells were plated onto poly-D-
lysine coated coverslips in a 24-well plate. The same transfection procedures as a 12-well plate
were followed, except everything was halved to adjust for the smaller surface area. Fixation with
PFA, staining, and microscopy were performed as previously described (Guo et al., 2021).
Methanol fixation was performed via the addition of absolute methanol cooled to -20°C and
fixing the cells at -20°C for 20 minutes. See Supplementary File 1 for antibodies used and their
dilutions.
Images were acquired as a single plane or as a z-stack of 8 images encompassing a z-volume
of 6.23 microns. For z-stack images, the maximum projection of the images is presented.

Figures were processed in FIJI and exported as .tif files.

CellProfiler quantification and other code
A Python script used to identify SPOP consensus binding sites is available on Github:

https://qgithub.com/jong2ucla/PythonScripts/blob/main/SPOP ConsensusFinder.

The CellProfiler pipeline used to quantify nuclear Nup153/nuclear DNA fluorescence is

available on Github: https://github.com/jong2ucla/CellProfiler/blob/main/roNup153toDNA.cppipe.

The CellProfiler pipeline used to quantify nuclear nuclear envelope Madl/nuclear
CREST fluorescence is available on Github:

https://github.com/jong2ucla/CellProfiler/blob/main/Mad1toCREST.cppipe. Here, we normalized
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Madl intensity to CREST instead of DNA fluorescence because with the z-stacks used in image
acquisition in this experiment, DNA fluorescence produced too much out of focus signal that

posed a technical challenge for quantification.

RT-qPCR

For RNA extraction, between 70-72 hours after siRNA transfection, the media was
removed from HelLa cells and 200 pL of TriReagent was added directly to the wells of the plate
to lyse the cells. RNA extraction and Dnase | digestion, RT-PCR, and qPCR were performed as
previously described (Guo et al., 2021). For RT reaction, 750-1500 ng of RNA was used, and for
gPCR reaction, 75-150 ng of cDNA with 400 nM each of forward and reverse gPCR primer was
used.

Data were processed using the delta delta Ct method as previously described, using
Gapdh as a housekeeping gene for normalization (Livak and Schmittgen, 2001). gPCR values

were normalized to cells transfected with siGLO.

Statistical analyses

For image quantification, statistical significance was determined via one-way ANOVA
and Tukey-HSD. For gPCR quantification, each siRNA transfection, RNA extraction, and RT-
PCR were performed three separate times (three biological replicates). For each biological
replicate, the cDNA was assayed twice via qPCR (two technical replicates). For reported
knockdown efficiencies, the two technical replicates of a biological replicate were averaged, and
these averaged values were used to calculate the reported average and standard deviation
(avgxSD) of the three biological replicates. Statistical significance was determined via one-way

ANOVA and Tukey-HSD.

STAR Protocols
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Recombinant DNA

See Supplementary File 1 for all plasmids and vectors used in this study.

Oligonucleotides

SPOP siRNA #100 Millipore Sigma siRNA ID:
SASI_Hs01_00034100
SPOP siRNA #101 Millipore Sigma SiRNA ID:
SASI_Hs01_00034101
SPOP siRNA #102 Millipore Sigma SiRNA ID:
SASI_Hs01_00034102
siGLO Red Transfection Dharmacon D-001630-02-05

Indicator

Oligonucleotide sequences
for siRNA, qPCR primers,
and primers used for cloning

are in Supplementary File 1

Eurofins Genomics

See Supplementary File 1

Experimental Models: Cell Li

nes

Hela Flp-In T-REx

Stephen Taylor (University of

Manchester)

PMID: 18541701 (Tighe et

al., 2008)

pPgLAP1-Nup153 HelLa Flp-In

This paper
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T-REx

Flp-In™ T-REx™ 293 Cell Invitrogen R78007
Line

pgLAP2-SPOP WT HEK293 | This paper

Flp-In T-REx

HelLa ATCC CCL-2
HEK293T ATCC CRL-3216
Antibodies

See Supplementary File 1 for all primary and secondary antibodies used for immunoblotting

and immunofluorescence microscopy in this study.

Critical Commercial Assays

QuikChange Lightning Site-

Directed Mutagenesis Kit

Agilent

210518

Fetal Bovine Serum —

Atlanta Biologicals

Cat No: S10350, Lot No:

Premium F17085
4-20% Mini-PROTEAN® BIORAD Life Science Group | #4561096
TGX™ Precast Protein Gels,

15-well, 15 pL

Precision Plus Protein Dual BIORAD Life Science Group | #1610374

Color Standards, 500 pL
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Fetal Bovine Serum -

BIOWEST LLC

Cat No: S162TA, Lot No:

Premium, USDA Origin 045G19
Tetracycline Free

Gibco™ Opti-MEM™ | Fisher Scientific 31-985-070
Reduced Serum Medium

MilliporeSigma™ Immobilon- | Fisher Scientific Co. IPFLOO005
FL PVDF Membrane

gPCRBIO SyGreen Blue Mix | Genesee Scientific 17-507
Separate-ROX

UltraScript 2.0 cDNA Genesee Scientific 17-702
Synthesis Kit

DMEM/Ham's F-12, with L- Genesee Scientific 25-503
Glutamine

Trypsin-EDTA, 0.25% 1X, Genesee Scientific 25-510
phenol red

BP Clonase I Invitrogen 11789020
LR Clonase I Invitrogen 11791020
Anti-HA-tag mAb-Magnetic MBL International M132-11

Beads (Monoclonal Antibody)
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Phosphatase Inhibitor Millipore Sigma P5726-1ML
Cocktail 2

TNT® SP6 Quick Coupled Promega L2080
Transcription/Translation

System

FUGENE® HD Transfection Promega E2311
Reagent, 1ML

QIAquick DNA gel extraction | Qiagen 28706

kit

Anti-FLAG® M2 Magnetic Sigma-Aldrich Corp. M8823-1ML
Beads

Platinum Tag DNA Thermo Fisher Scientific 10966018
Polymerase

Pierce™ Protease Inhibitor Thermo Fisher Scientific A32965
Tablets, EDTA-free

Tris-Glycine-SDS, 10X Thermo Fisher Scientific BP13414
Solution (Electrophoresis),

Fisher BioReagents

PBS, Phosphate Buffered Thermo Fisher Scientific BP39920

Saline, 10X Solution, Fisher

BioReagents
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TAE Buffer, Tris-Acetate-
EDTA, 50X Solution,
Electrophoresis, Fisher

BioReagents

Thermo Fisher Scientific

BP13324

Lipofectamine™ RNAIMAX

Transfection Reagent

Thermo Fisher Scientific

13778150

Invitrogen™ Molecular
Probes™ ProLong™ Gold

Antifade Mountant

Thermo Fisher Scientific

P36934

EMD Millipore™ Novagen™

S-protein Agarose

Thermo Fisher Scientific

Novagen 69704-4

Hardware and Software

S1000 Thermal Cycler with BIORAD Life Science Group | 1852148
Dual 48/48 Fast Reaction

Module

CFX Connect Real-Time BIORAD Life Science Group | 1855201

PCR Detection System;
software: CFX Manager,

Version 3.0

CellProfiler v4.2.1

https://cellprofiler.org/

PMID: 34507520 (Stirling et

al., 2021)
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ImageJ2/FIJI

https://imagej.net/software/fiji/

PMID: 22743772 (Schindelin

etal., 2012)

Leica DMI6000 microscope
(Leica DFC360 FX Camera,
63x/1.40-0.60 NA oil
objective); software: Leica

AF6000

Leica

LI-COR Odyssey Imager;

software: Odyssey v3.0

LI-COR

Model 9120

NanoDrop 2000c; software:
NanoDrop 2000/2000c

version 1.6.198

Thermo Fisher Scientific

ND-2000C

SuperPlots of Data

https://huygens.science.uva.n

I/SuperPlotsOfData/

PMID: 33476183 (Goedhart,

2021)

Inkscape 0.92.4

https://inkscape.org/
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Results

SPOP binds Nup153

To identify novel substrates of SPOP, we overexpressed tagged SPOP in HEK293 cells
and analyzed affinity-purified complexes via mass spectrometry (Supplementary Figure 1A).
Our results showed a number of known SPOP substrates and interactors, such as Caprinl (Shi
et al., 2019) and G3BP1 (Mukhopadhyay et al., 2021). The most abundant protein identified
was Nupl153, a nuclear pore complex protein, and its binding partners Nup50 and some importin
subunits like KPNAG. A direct interaction between these proteins is involved in nuclear
trafficking through the nuclear pore complex (Makise et al., 2012). Given that Nup153 (Lan et
al., 2019), Nup50 (Hjorth-Jensen et al., 2018), KPNA6 (Ewing et al., 2007; Yuan et al., 2020),
and other importin subunits (Huttlin et al., 2021; Yuan et al., 2020) have all been identified as
possible interactors of SPOP by mass spectrometry, and given their high abundance in our
mass spectrometry results, we pursued these proteins as possible substrates of SPOP.

To determine whether SPOP binds these substrates, we expressed HA-tagged SPOPYWT,
its binding mutant SPOPF92¢ and FLAG-tagged Nup153, Nup50, and KPNAG in a cell-free, in
vitro transcription and translation rabbit reticulolysate system (hereafter, IVT-expressed protein).
We also expressed FLAG-tagged Cdc20, a known SPOP substrate (Wu et al., 2017), as a
positive control, and Plk1, which lacks SPOP binding consensus motifs (Zhuang et al., 2009), as
a negative control. Binding reactions between these SPOP constructs and potential substrates
demonstrated that SPOPYWT could readily immunoprecipitate the positive control Cdc20,
Nup153, Nup50, and KPNAG, and the binding mutant SPOPF1°2¢ could only weakly
immunoprecipitate KPNA6 (Figure 1A).

Having established that SPOP and these potential substrates can associate as proteins
expressed in a cell-free system, we sought next to establish if these proteins associate in
human cell lysates via co-immunoprecipitation experiments. We first observed that Nup153 and
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known SPOP substrates Caprinl and Myd88 was able to co-immunoprecipitate with exogenous
HA-SPOPYT but not binding mutant HA-SPOPF1%2¢ (Supplementary Figure 1B). We also
observed that Nup153 levels, but Nup50 levels, increased in cells arrested in mitosis via Taxol
treatment relative to cells arrested in G1/S phase via thymidine treatment (Figure 1B). Such a
result is consistent with previous reports that some nucleoporins, including Nup153, generally
increase from G1 to G2/M (Chakraborty et al., 2008), coinciding with nuclear pore complex
synthesis and assembly during S phase. Another SPOP substrate, like DAXX, also increased in
Taxol-arrested cells relative to asynchronous cells (Kwon et al., 2006); in contrast, the levels of
another SPOP substrate, DEK, did not have a cell cycle phase dependence (Theurillat et al.,
2014), suggesting that cell cycle-dependent protein levels are not shared among all SPOP
substrates.

We wondered then if SPOP regulation of the substrates we identified could be
differentially regulated in mitosis. This question was supported by two opposing reasons: first,
SPOP-substrate interactions have been known to be enhanced by or dependent on substrate
phosphorylation (Wang et al., 2020a, 2021; Gan et al., 2015; Li et al., 2011; Jiang et al., 2021)
(although phosphorylation of some substrates weaken SPOP-substrate binding (Ostertag et al.,
2019b; Zhuang et al., 2009; Zhang et al., 2009; Wang et al., 2019)). Nuclear pore complex
proteins are phosphorylated by mitotic kinases as the cell enters into mitosis, an event that
precedes nuclear envelope breakdown and the dissociation of the nuclear pore complex (Linder
et al., 2017; Martino et al., 2017). Indeed, we observed a significant decrease in the mobility of
Nup98 in the mitotic population, suggestive of post-translational modifications such as
phosphorylation (Figure 1B). While not as dramatic, we also observed a slight decrease in
mobility for Nup153 and Nup50 in the mitotic population as well, suggestive of post-translational
modifications such phosphorylation, a modification which has been previously documented (Ball
and Ullman, 2005). Whether or not these mitotic phosphorylation events would promote or
decrease SPOP binding to our substrates was an open question.
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On the other hand, during mitosis, the nuclear envelope is disassembled and SPOP can
no longer associate with the nuclear pore complex proteins. Dilution of SPOP into the cytoplasm
could weaken the SPOP-nuclear pore complex protein interaction. In a similar vein, SPOP was
previously reported to be active in interphase and deactivated during late mitosis due to
degradation by the APC/C substrate adaptor Cdh1/Fzrl (Zhang et al., 2017a). We note that
whereas Zhang et al. observe a decrease of SPOP protein levels in mitosis and an increase of
SPOP protein levels in interphase via immunoblotting, we observe no difference in SPOP levels
between the two phases (Figure 1B). Whether or not inactivation of SPOP during mitosis, either
due to degradation or dilution (or some other mechanism), was also an open question.

To assess whether mitotic events could mediate the effect of SPOP binding to our
identified substrates, we performed co-immunoprecipitation experiments with asynchronous,
cycling cells (about 80% in G1/S) and Taxol-arrested mitotic cells (about 80% in M phase)
(Figure 1C,D). We observed that, similar to before, Nup153 co-immunoprecipitates with SPOP
in the asynchronous cell population. However, the amount of immunoprecipitated Nup153 was
less in the mitotic cell population than the asynchronous population, suggesting that the SPOP-
Nupl153 interaction is weaker in mitotic cells (when Nup153 is hyperphosphorylated and the
nuclear envelope has broken down) than in interphase cells (which contain an intact nuclear
envelope).

Despite observing a binding interaction between SPOP and Nup50 with IVT-expressed
proteins, we did not observe co-immunoprecipitation of Nup50 with SPOP in either an
asynchronous or mitotic cell lysates (Figure 1C). This result may suggest that the SPOP-Nup50
interaction may be weak or transient within cells. Such an idea is supported by the highly mobile
nature of Nup50 and its transient association with the nuclear pore complex (and thus perhaps
SPOP) (Buchwalter et al., 2014). We also observed that KPNA6 co-immunoprecipitated with
both SPOPWT and its binding mutant SPOPF%2€ in both the asynchronous and mitotic cell
lysates (Figure 1D). Why the mutant construct of SPOP can bind KPNAG in cell lysates but not
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with IVT-expressed protein is unclear. One possibility is that in cell lysates, endogenous SPOP
can oligomerize with the mutant SPOP such that the interaction between exogenous
SPOPF102C and endogenous KPNAG is mediated through endogenous, wild-type SPOP
(Pierce et al., 2016) (also note the stronger co-immunoprecipitation of endogenous SPOP with
exogenous HA-SPOPF92C than HA-SPOPYT in Figure 1C). Consistent with this idea, we also
observe that, in HEK293 cells, expression of SPOPF02¢ also results in weaker (relative to
SPOPYT) but detectable co-immunoprecipitation of Nup153 and KPNA6 (Supplementary Figure
1C).

Because Nupl153 presented the clearest case of SPOP binding (that is, we observe the
SPOP-Nup153 interaction in both IVT-expressed proteins and in HelLa cell lysates, and the
interaction is disrupted by the canonical SPOP binding mutant F102C), we proceeded to
examine the possibility of Nup153 as an SPOP substrate. We first sought to determine if the two
proteins colocalize in the nucleus by transiently DNA coding for both proteins into HeLa cells.
We observed that SPOPYT and Nup153 colocalize along the nuclear envelope and in some
nuclear speckles, similar to the localization observed with SPOP and other SPOP substrates
(Bunce et al., 2008; Marzahn et al., 2016). In contrast, the binding mutant SPOPF°2€ has a
different localization, and these nuclear speckles exclude Nup153. In particular, Nup153 lacks
nuclear speckle localization when co-expressed with SPOPF102C, suggesting that Nup153
associates with SPOPYT but not SPOPF1%2¢ compartments, similar to what has been observed
previously for other SPOP-substrates coacervates (Bouchard et al., 2018).

Altogether, these results demonstrate SPOP binds to and colocalizes with Nup153,

suggesting that Nup153 is a substrate of SPOP.

SPOP binds to Nup153 at least within the N-terminal Nuclear Pore Complex domain
The SPOP MATH domain binds to an SPOP binding consensus site on its substrates, a
canonical five amino acid motif of nonpolar—polar—S—S/T-S/T, though some motifs with
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mismatches (underlined in this sentence) are known, such as with GL9 (Zhang et al., 2021)
(GL9 SPOP site #1: ADTTS; GL9 SPOP site #2: ADTTT) and Myd88 (Guillamot et al., 2019; Jin
et al., 2019a) (VDSSV). One SPOP substrate, Pdx1, has SPOP binding consensus sites that
are significantly different from the canonical SPOP binding consensus site (Pdx1 SPOP site #1
(Ostertag et al., 2019b): VTSGE; Pdx1 SPOP site #2 (Usher et al., 2021): PQPSS) but
nonetheless use the same binding modality in the MATH domain. We sought to determine the
SPOP binding consensus sites on Nup153.

Unfortunately, unlike other SPOP substrates which tend to have only a few SPOP
binding consensus sites, Nup153 contains 15 SPOP canonical binding consensus motifs (and
many more “near-miss” binding sites where a mismatch is allowed). Individually mutating these
sites was deemed impractical. Instead, we opted to first truncate Nup153 to determine which
domains could bind to SPOP, and then mutate the SPOP binding consensus motifs of the
Nup153 domains that did bind to SPOP. Accordingly, Nup153 was truncated according to its
three domains: the N-terminal nuclear pore complex domain (NPC), the central zinc finger
domain (ZnF), and the C-terminal phenylalanine and glycine repeat domains (FG). We also
generated the NPCZnF and ZnFFG domains (Figure 2A). Immunoprecipitation experiments
using IVT-expressed protein demonstrated that SPOP binds to the Nup153 NPC, NPCZnF,
ZnFFG, and FG truncations (Figure 2B). Altogether, these results suggest that SPOP binds to
the Nup153 NPC and the FG domains and not the ZnF domain.

To further verify that SPOP can bind to the NPC and FG domains of Nup153, we co-
expressed each Nup153 truncation with SPOPWT in HeLa cells. We observed co-localization of
SPOP and Nup153 NPC and NPCZnF, but not any of the other truncations (Figure 2E and E’).
We note that the truncations of Nup153 that lack the N-terminal NPC domain did not localize
within the nucleus and thus would not bind to the nuclear protein SPOP (Ball and Ullman, 2005).
The mislocalization of these Nup153 truncations that do not contain the N-terminal NPC domain
may bias the interpretation of this experiment, at least for these truncations. In particular, the
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observation that SPOP does not co-localize with the Nup153 FG domain does not rule out the
possibility that SPOP may bind to the FG domain of Nup153. Nonetheless, these microscopy
results suggest that the Nup153 NPC domain co-localized with SPOP, further suggesting that
SPOP binds to Nup153 at least within the N-terminal NPC domain. Given the easy read-out that
we could obtain via microscopy, we opted to continue characterization of the Nup153 NPC
domain instead of the FG domain.

The Nup153 NPC domain contains three SPOP binding consensus sites at amino acids
303y TSST308, 479 TSSS*84, and *1GSSST®®. To determine which binding site(s) were sites of
SPOP-Nup153 NPC binding, we mutated the middle three amino acids (underlined in the
previous sentence) to three alanine residues, generating Nup153 NPC 304AAA, 480AAA, and
562AAA, an approach adopted from studies of other SPOP substrates like Geminin (Ma et al.,
2021) and GLP (Zhang et al., 2021). We also generated a construct of the Nup153 NPC
whereby all three aforementioned sites were mutated to AAA (3xAAA). LCMT1, a protein that
contains no SPOP consensus binding sites, was used as a negative control (Xia et al., 2015).

Surprisingly, all four alanine constructs of the Nup153 NPC, including the 3xAAA where
all three SPOP binding consensus sites were mutated, still bound to SPOP (Figure 2C).
Intrigued, we again truncated the Nup153 NPC into two truncations, chosen to avoid disrupting
secondary structures within the NPC: NPC amino acids 1-330 and NPC amino acids 331-619.
Binding experiments with IVT-expressed proteins demonstrated that the Nup153 NPC 1-330 but
not 331-619 binds to SPOP (Figure 2D). Via microscopy, the Nup153 NPC 1-330 domain
localized within the nucleus but Nup153 NPC 331-619 did not. Similar to how the Nup153 FG
domain does not localize within the nucleus, we were also unable to use the localization of the
Nup153 NPC 331-619 to support an SPOP binding site. Nonetheless, given the binding of
Nup153 NPC 1-330 to and colocalization with SPOP, we pursued the SPOP binding site within

the first 330 amino acids of Nup153.
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SPOP binding to the Nup153 NPC is not dependent on traditional SPOP binding
consensus motifs

To determine where the SPOP-Nup153 1-330 binding site is located, we again mutated
Nup153 1-330 by introducing premature stop codons about every 30 amino acids (with some
consideration to not disrupt predicted secondary structure) to generate C-terminally truncated
constructs of Nup153 that spanned from the full 1-330 amino acids to the smallest segment
generated, 1-167 amino acids. Binding reactions with these IVT-expressed proteins
demonstrated that SPOP binds only to the full 1-330 amino acids, as Nup153 1-300 and smaller
constructs exhibited weaker binding to SPOP (Supplementary Figure 2A). We thus further
examined these final 30 amino acids in detail. In these 30 amino acids

(**ISYGVTSSTARRILOSLEKMSSPLADAKRIPS®%®), we identified three polar amino acid

stretches (underlined in this sentence) that could serve as potential SPOP-Nup153 1-330
binding sites: amino acids 303-307 (the exact match to SPOP binding consensus motifs
previously mutated to AAA), amino acids 312-316 (which resembles the first Pdx1 SPOP
consensus binding site VTSGE as both sites contain a mismatch in the fourth position and a
glutamate residue in the fifth position), and amino acids 319-214 (which we selected for its
serine residues). We deleted these amino acids to generate Nup153 NPC 1-330 A303-307,
Nup153 NPC 1-330 A312-316, and Nup153 NPC 1-330 A319-324.

Surprisingly, mutation of any one of these sites did not disrupt the Nup153 NPC 1-330
construct from binding to SPOP (Supplementary Figure 2B). We confirmed that binding of
Nup153 NPC 1-330 was dependent on the substrate-binding MATH domain of SPOP by
performing the same experiment but with the SPOP mutant F102C (Supplementary Figure 2C).
Combining two these deletions in the Nup153 1-330 also did not disrupt Nup153 1-330 binding
to SPOP, as the double deletion constructs (denoted as A1+A2, A1+A3, and A2+A3 for which
deletions were generated) also bound to SPOP with the same affinity as the intact Nup153 1-
330 construct (Supplementary Figure 2D). These results suggested that unlike other SPOP
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substrate binding interfaces, which can be easily disrupted by deleting or mutating
approximately 5 amino acids, the SPOP-Nup153 binding interface within the Nup153 1-330 may
span over a larger stretch of amino acids and/or may involve structural motifs in three-
dimensional space that are not disrupted by deletions of small portions of the substrate.
Consistent with this idea, deleting the same three regions either individually or simultaneously
within the entire Nup153 NPC (amino acids 1-619) did not disrupt SPOP-Nup153 binding
(Supplementary Figure 2E). This result suggests that other amino acids within Nup153 residues
331-619 can compensate for the lack of the potential SPOP binding site within Nup153 residues
300-330. One hypothesis is that SPOP forms oligomers that can bind to multiple binding motifs
on its substrate (Pierce et al., 2016). Consequently, an oligomeric chain of SPOP may bind to
the Nup153 NPC (or full length Nup153) at multiple locations, granting an interaction with higher
avidity. An additional SPOP binding site(s) — particularly a non-canonical binding site that does
not match the usual consensus motif — within the Nup153 NPC may explain why deletion of
residues 300-330 within the Nup153 NPC does not abrogate binding to SPOP. Altogether, these
results suggest that the SPOP-Nup153 NPC binding interface is not dependent on canonical

SPOP consensus binding sites and is complex.

SPOP targets Nup153 for ubiquitin-mediated degradation

Having established that SPOP binds Nup153, we sought to establish the consequence
of this interaction: namely, does SPOP target Nup153 for ubiquitin-mediated degradation? Most
SPOP substrates are degraded (Wang et al., 2020b; Cuneo and Mittag, 2019), but some, such
as MacroH2A (Hernandez-Mufioz et al., 2005), HIPK2 (Jin et al., 2021), and G3PB1
(Mukhopadhyay et al., 2021), are not. We began by overexpressing SPOP WT or its binding
mutant F102C and probing the substrates of SPOP by immunoblotting. We saw a decrease in
Nup153 and KPNAG, but not Nup50, upon expression of SPOPYT but not SPOP"1%2¢ (Figure
3A). We saw a corresponding decrease in known SPOP substrates Caprinl and Myd88. These
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results suggest that SPOP targets Nup153 and KPNAG, but not Nup50, for degradation. We
note that the observed pattern for protein degradation is the same as our co-
immunoprecipitation results (Figure 1B,C): that is, we neither detected co-immunoprecipitation
of Nup50 by SPOP nor a change in Nup50 levels upon SPOP overexpression.

To determine the mechanism of Nup153 degradation, we again overexpressed SPOP
WT or its binding mutant F102C and treated the cells with proteasomal inhibitor MG132,
lysosomal inhibitor chloroquine (an inhibitor of autophagy (Mauthe et al., 2018)), both MG132
and chloroquine, or left the cells untreated. Both MG132 and chloroquine prevented SPOPWT-
mediated degradation of Nup153, suggesting that Nup153 degradation may be both via
proteasomal and lysosomal degradation.

Having determined that SPOP overexpression degrades Nup153, we sought to
determine whether SPOP ubiquitylates Nup153. We generated a HelLa cell line that expressed
GFP-S Tag-Nup153 in a doxycycline-inducible manner (Torres et al., 2009), overexpressed
either SPOP WT or its binding mutant F102C, induced exogenous Nup153 overexpression via
doxycycline addition to cell culture media, and precipitated the exogenously expressed Nup153.
We probed immunoblots from these lysates with an antibody that detects polyubiquitin chains.
These blots showed that polyubiquitylation of Nup153 is increased when SPOPWT, but not
SPOPF102€ is overexpressed (Figure 3C), suggesting that the degradation of Nup153 by SPOP
is mediated through ubiquitylation. However, whether this degradation is proteasomal or
lysosomal (or both) is not clear.

We then determined the effect of SPOP knockdown on Nup153 levels. We tested three
siRNAs against SPOP, siSPOP #100, #101, and #102. While we had difficulty detecting
endogenous SPOP via western blotting, we were able to readily detect knockdown of SPOP
MRNA levels via RT-gPCR (normalized to Gapdh mRNA levels and relative to control, non-
targeting SiRNA siGLO; Figure 3D) with siSPOP #101 (24+9% SPOP mRNA remaining) and
#102 (27£10% SPOP mRNA remaining) but not siSPOP #100 (128+13% SPOP mRNA
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remaining). In HeLa cells, use of these siRNAs demonstrated that siSPOP #101 and #102, but
not the SPOP siRNA #100 (that did not knockdown SPOP) nor the control siGLO, resulted in an
increase in Nup153 and Caprinl protein levels and a modest increase in Myd88 levels (Figure
3E). No change in protein levels was detected for KPNA6 or Nup50. We note that protein levels
of KPNAG, which co-immunoprecipitates with SPOP and is degraded upon SPOP
overexpression, do not change upon SPOP knockdown. We are unsure as to whether the
moderate change in Myd88 levels, a known SPOP substrate of degradation, and the apparent
no change in protein levels for KPNAG6 are due to an incomplete loss of SPOP. Similarly, the
protein levels of Nup50, which only binds to SPOP from IVT-expressed proteins but neither co-
immunoprecipitates with SPOP from HelLa cell lysates nor is degraded upon SPOP
overexpression, also do not change upon SPOP knockdown.

Finally, we used immunofluorescence microscopy to confirm that SPOP overexpression
depletes Nup153 levels. We saw a moderate decrease of endogenous Nup153 fluorescence
upon overexpression of SPOPWVT (an average of 82% of Nup153 levels in untransfected cells)
but not SPOPF92€ (an average of 105% of Nup153 levels in untransfected cells) (Figure 3F, G)
upon normalization to DNA fluorescence. We normalized to DNA fluorescence here because
the number of nuclear pore complex proteins (and thus Nup153 fluorescence) should roughly
scale with DNA synthesis (and thus the amount of DNA fluorescence) in S phase (Maul et al.,
1972). Altogether, these results suggest SPOP targets Nup153 for ubiquitin-mediated

degradation, similar to many other SPOP substrates already identified.

SPOP overexpression results in Madl1 mislocalization

The nucleoporin Nup153 plays many roles in cell biology. One such role involves
regulating the localization and thus function of Mad1l, a spindle assembly checkpoint protein
(Lussi et al., 2010). Lussi et al. showed that loss of Nup153 via siRNAs resulted in a weakened
localization of Mad1 at the nuclear envelope, a stronger Mad1l association with the mitotic
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spindle, and cytokinetic defects (Lussi et al., 2010). We sought to determine whether loss of
Nupl153 via SPOP overexpression could also recapitulate the Madl phenotypes observed due
to loss of Nup153 via siRNA knockdown.

We sought to determine whether Mad1 was mis-localized in cells overexpressing
SPOPYT, To this aim, we quantified the amount of Mad1 localized to the nuclear envelope in
cells expressing SPOPYT or SPOPF92C, We again observed a moderate decrease in Mad1 at
the nuclear envelope in cells expressing SPOPWT (average of 71% relative to untransfected
cells) but not SPOPF%2C (average of 91% relative to untransfected cells) when Mad1 intensity
was normalized to CREST fluorescence.

However, our results must be interpreted with caution. Without a construct of Nup153
that does not bind to SPOP, overexpression of SPOP, in addition to decreasing Nup153 levels,

may also decrease other proteins that can result in the observed phenotype.

Discussion

The nuclear pore complex is a crucial structure to scaffold other proteins and regulate
nuclear trafficking. Here, we demonstrate that the Cul3 substrate adaptor SPOP binds to
Nupl153 and targets Nup153 for degradation. We also show that overexpression of SPOP leads
to loss of Mad1 at the nuclear envelope, presumably via lower levels of Nup153 available to
scaffold Madl to the nuclear envelope.

Most SPOP substrates are degraded through the ubiquitin proteasome system, but
recent reports have demonstrated that, at least in Saccharomyces cerevisiae, the nuclear pore
complex is degraded through the autophagy via recognition of Nup159 on the cytoplasmic side
of the NPC (Lee et al., 2020; Tomioka et al., 2020). It is unclear how the protein stability of the
nuclear pore complex is regulated in vertebrates. Here, we show that SPOP can degrade
Nup153 but does not rule out autophagy as a means of degradation of the nuclear pore
complex. Understanding the relationship between nutrient flux (for example, low nutrient
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conditions to stimulate autophagy) and SPOP-mediated degradation of Nup153 remains to be
determined, as SPOP regulation can change under autophagy-inducing conditions. Indeed,
SPOP mutants that no longer degrade BRD4 result in AKT and mTORCL1 activation in prostate
cancer cells and cell proliferation (Zhang et al., 2017b); perhaps the nuclear pore complex is
degraded “in bulk” via autophagy during nutrient-poor conditions but Nup153 levels are “fine-
tuned” via SPOP during nutrient-rich, proliferative conditions.

One possible piece of evidence to support this idea comes from the half-life of the NPC
components: whereas NPC proteins in the central channel generally have a long half-life
(approximately 200-700 hours in some cell types), Nup153 has a shorter half-life on the scale of
about 50 hours (Mathieson et al., 2018). The observation that some NPC components are long-
lived and obdurate whereas Nup153 is a more dynamic and readily-turned over NPC
component is also generally true in C. elegans models of aging (D’Angelo et al., 2009). Of the
NPC protein components, Nup153 and Nup50 are the most dynamic, only transiently interacting
with the NPC (Rabut et al., 2004) and perhaps are accessible to be regulated by SPOP. Thus,
SPOP-specific mediated regulation of one component of the NPC, Nup153, may be one
component of Nup153’s relatively rapid protein turnover. We note that while proteasomes have
been shown to localize at the nuclear basket (where Nup153 resides) in yeasts and C.
reinhardtii (Albert et al., 2017) and some mammalian NPC components are ubiquitylated
(Chakraborty et al., 2008), we believe the SPOP-Nup153 interaction is the first identification of
an E3 ubiquitin ligase for the nuclear pore complex in mammals. Generally, few E3 ubiquitin
ligases have been recognized that target the nuclear pore complex: one example would be a
Cdc53-Skpl-Grrl complex (homologous to mammalian Cull-Skpl-F box complex) that
monoubiquitylates Nup159 in S. cerevisiae to control nuclear migration during mitosis
(Hayakawa et al., 2012).

Indeed, how SPOP expression and activity can change in different cellular conditions,
such as nutrient flux, is an important question for SPOP regulation. For example, in kidney
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cancers, SPOP increases during hypoxia and relocalizes into the cytoplasm where it gains a
new suite of non-nuclear substrates (Li et al., 2014). During DNA damage, ATM kinase
phosphorylates SPOP in the MATH domain and increases the affinity of SPOP for the
substrates 53BP1 (Wang et al., 2021) and HIPK2 (Jin et al., 2021) (of note, these two SPOP
substrates are ubiquitylated but not degraded). In proliferative, cycling cells, Aurora A kinase
also phosphorylates SPOP in the MATH domain (Nikhil et al., 2020). While this phosphorylation
was suggested to promote SPOP degradation (Nikhil et al., 2020), whether or not
phosphorylation of SPOP in the MATH domain also allows SPOP to interact with a new suite of
substrates is unclear. At least for one cell cycle-related kinase, Cdk4-mediated phosphorylation
of SPOP resulted in association of SPOP with 14-3-3y, an event that protected SPOP from
Cdh1/Fzrl binding and resulting degradation (Zhang et al., 2017a). Phenotypes related to
SPOP-mediated degradation of Caprinl were only evident when cells underwent stress and
form stress granules (Shi et al., 2019). Finally, SPOP-mediated degradation of Cyclin E1 was
only observed in some prostate and bladder cancer cells and not in the other tested cell types
(Ju et al., 2018). Given the changing roles of SPOP under varied cellular conditions and cell
type, there is a possibility that the effect of SPOP on Nup153 degradation may be stronger than
the modest effect we see here or previously reported under other cellular conditions (Lan et al.,

2019).
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Figure 1. SPOP binds to and colocalizes with Nup153. (A) IVT-expressed HA-SPOP and

FLAG-substrates underwent HA-immunoprecipitation to determine which substrates can bind to
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SPOP. Cdc20 is used as a known SPOP substrate (positive control) and PIk1 is a negative
control. (B) HelLa cells were arrested with 2 mM thymidine (Thy) or 232 nM Taxol (Tax) 17 hours
and the lysates were probed for the indicated proteins. pHH3 serves as a mitotic marker. (C, D)
HelLa cells were transfected with HA-SPOP and either left asynchronous or treated with 232 nM
Taxol. The lysates were subjected to HA-immunoprecipitation and the resulting blots were
probed with the indicated antibodies. In (C), ex refers to exogenous (HA-tagged) and end refers
to endogenous SPOP. (E) HelLa cells transfected with Myc-Nup153 and HA-SPOP were imaged
(z-stack) after staining with the indicated antibodies. The scale bars in both the full images and

the insets are 10 ym.
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Figure 2. SPOP binds at least to the N-terminal NPC domain of Nup153. (A) Nup153 was
truncated according to its domains. (B) IVT-expressed HA-SPOP and FLAG-Nup153 truncations
were subjected to HA-immunoprecipitation and the resulting blots probed with HA and FLAG
antibodies. (C) IVT-expressed HA-SPOP and FLAG-Nup153 NPC with indicated alanine

substitutions were subjected to FLAG-immunoprecipitation and the resulting blots probed with
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HA and FLAG antibodies. FLAG-LCMT1 serves as a negative control. SPOP only refers to a
condition with HA-SPOP and the FLAG beads (no FLAG tagged protein). (D) Same as (C),
except with FLAG-Nup153 NPC, 1-330, or 331-619. FLAG-Cdc20 is used as a known SPOP
substrate (positive control). (E) HeLa cells transfected with (GFP) pgLAP1-Nup153 truncations
and HA-SPOP were imaged (z-stack) after staining with the indicated antibodies. (E’) Insets
showing colocalization of HA-SPOP and GFP-Nup153. The scale bars in both the full images

and the insets are 10 um.
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Figure 3. SPOP degrades Nup153. (A) Immunoblots from lysates from HelLa cells
overexpressing HA-SPOP WT or F102C were probed with the indicated antibodies. (B) HelLa
cells transfected with HA-SPOP WT or F102C were left untreated, treated with 20 uM of
MG132, 50 uM of chloroquine, or both for 5 hours. (C) pgLAP1-Nup153 HelLa cells were
transfected HA-SPOP WT or F102C and pgLAP1-Nup153 expression was induced with
doxycycline (dox). The lysates were subjected to S-Tag immunoprecipitation and probed with
the indicated antibodies. The arrow indicates the location of pgLAP1-Nup153, and Top indicates
the top of the gel. (D) MRNA levels of SPOP relative to Gapdh, normalized to siGLO, were
determined by qPCR in Hela cells transfected with the indicated siRNAs. Each color
corresponds to a different biological replicate, and cDNA from each biological replicate was
analyzed twice. Error bars represent the mean and standard deviation. p-values compared to
SiGLO: siSPOP #100: p=0.030; siSPOP #101: p<0.00001; siSPOP #102: p<0.00001. (E)
Immunoblots from lysates from HelLa cells overexpressing HA-SPOP WT or F102C were
probed with the indicated antibodies. (F) HeLa cells overexpressing HA-SPOP were imaged
(single plane) and the (G) ratio of nuclear Nup153 / nuclear DNA fluorescence was determined
using CellProfiler. Untransf., untransfected. Number of cells quantified: untransfected, 36; HA-
SPOPYT: 16; HA-SPOPF%2C: 21, The scale bar is 10 ym. All p-values in this figure were

determined by one-way ANOVA and Tukey-HSD.
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Figure 4. SPOP overexpression reduces Mad1l levels at the nuclear envelope. (A) HelLa
cells transfected with HA-SPOP were imaged (z-stack) after staining with the indicated
antibodies and the (B) ratio of Mad1 at the nuclear envelope / nuclear CREST fluorescence was
determined using CellProfiler. Untransf., untransfected; NE, nuclear envelope. The different
colors represent different biological replicates. The large circles are the median of each
biological replicate. Total number of cells analyzed: untransfected, 79; SPOPWT, 44; SPOPF102¢,
33. All p-values in this figure were determined by one-way ANOVA and Tukey-HSD. The scale

baris 10 ym.
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Supplementary Figure 1. Identification and validation of SPOP-Nup153 binding
interaction. (A) Coomassie-stained gel from tandem affinity purification of pgLAP2-SPOP from
HEK293 cells. MW, molecular weight marker, given to left in kDa. HSS, high spin supernatant.
Elu., elution. Proteins of interest are noted on the right. (B) Cytoscape analysis of proteins
detected by mass spectrometry. The thickness of the line is proportional to the peptide count.
Known SPOP interactors are in blue, and SPOP interactors focused on in this study are in
green. The ten most abundant hits are on the right. (C) Lysates from HeLa cells or (D) from
HEK293T cells transfected with the indicated HA-SPOP plasmids were subjected to HA-
immunoprecipitation and the resulting blots were probed with the indicated proteins. In (D), light
and dark refer to low and high intensity scans. For (C) and (D), molecular weight markers are

shown to the right in kDa.
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Supplementary Figure 2. SPOP binds to Nup153 1-330 but not Nup153 1-300. (A) IVT-

expressed HA-SPOPYT and increasing N-terminal segments of FLAG-Nup153 were subjected

to FLAG-immunoprecipitation. (B) IVT-expressed HA-SPOPYT and (C) binding mutant HA-

50
50
37

SPOPF192€ and FLAG-Nup153 1-330 with single deletions in the 300-330 region were subjected

to FLAG-immunoprecipitation. (D) IVT-expressed HA-SPOPYT and FLAG-Nup153 1-330 with

double deletions in the 300-330 region were subjected to FLAG-immunoprecipitation. The

double deletions in Nup153 are noted below the blot. (E) IVT-expressed HA-SPOPYT and

FLAG-Nup153 NPC with single deletions in or the complete deletion of the 300-330 region were
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subjected to FLAG-immunoprecipitation. For all blots, FLAG-LCMT1 is used as a negative
control, SPOP only refers to HA-SPOP and the FLAG beads (no FLAG-tagged protein), and

molecular weight markers are shown to the right in kDa.
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Chapter 3: Determination of which KCTD proteins can bind to Cul3

Abstract

Cul3 binds to substrates via a BTB domain-containing substrate adaptor, but which BTB
domain-containing proteins can bind to Cul3 and which cannot is unclear. Using the KCTD
family of BTB proteins as a model set, we investigated which KCTD proteins can bind to Cul3.
Via in vitro binding reactions using in vitro translated/transcribed proteins and co-
immunoprecipitation experiments from HeLa cells, we show that KCTD3, KCTD18 (previously
only shown to associate with Cul3 via mass spectrometry), KCTD4 and KCTD19 (unknown as
to whether these can associate with Cul3) can bind to Cul3, but KCTD14 cannot. Interpretation
of whether KCTD8 can bind to Cul3 was more complicated and requires further validation. We
also characterize the localization of these proteins via immunofluorescence microscopy. Overall,
our work expands on the knowledge of what BTB proteins can function as Cul3 substrate

adaptors.

Materials and Methods
The reagents and experimental procedures are the same as Chapter 2 (SPOP) with the
following modifications:
1. For co-transfections of HA-Cul3 and a KCTD protein, twice the amount of DNA for KCTD
protein was added relative to HA-Cul3 (for example, 333 ng of KCTD and 167 ng of
Cul3)
The primers and plasmids used in this study are found in Supplementary File 1. The FLAG-

EGFP construct (pCS2 FLAG S-Tag EGFP) was a gift from PMID: 33865857 (Guo et al., 2021).

Introduction
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Cul3 regulates many proteins via a BTB domain-containing substrate adaptor (Cheng et
al., 2018). There are about 400 BTB domain-containing proteins in the human genome, and
which one of these can function as Cul3 substrate adaptors is not known (Liu et al., 2013). To
identify new substrate adaptors of Cul3, we performed mass spectrometry. Tandem-affinity
purification of HEK293 cells expressing pgLAP2 Cul3 revealed a number of BTB proteins that
may be potential Cul3 substrate adaptors (Figure 1A). For these BTB proteins, the sequences
for the BTB domains were aligned in Clustal Omega and a phylogenetic tree was generated
(using EMBL-EBI Simple Phylogeny tool) (Sievers and Higgins, 2018) (Figure 1B). From the
phylogenetic analysis, we identified three main classes of BTB proteins that co-purified with
Cul3. We generated amino acid conservation images (Crooks et al., 2004) for these three
different clades and superimposed secondary structural elements predicted from PsiPred
(McGuffin et al., 2000) (Figure 1C). Class 2, which primarily composes the KCTD family of
proteins, has a unique protein sequence within the BTB domain.

The KCTD family of proteins are generally poorly characterized at a molecular level, but
mutations of these proteins are nonetheless implicated in a number of neurodevelopmental and
neurological disorders (Teng et al., 2019). Broadly, the KCTD proteins are predominantly
expressed in neurons and regulate different signaling pathways including Wnt, Sonic
hedgehog, and GABA signaling (Liu et al., 2013), and misregulation of KCTD proteins has been
implicated in cancer progression (Angrisani et al., 2021). KCTD proteins tend to form oligomers
(usually, but not necessarily, tetramers or pentamers), and those that can bind Cul3 bind an
equivalent molar amount of Cul3 (for example, a pentamer of KCTD proteins will bind five Cul3
proteins) (Ji et al., 2016; Smaldone et al., 2015; Pinkas et al., 2017).

Most, but not all, KCTD proteins can bind to Cul3. For example, KCTD1, KCTD16,
KCTD12, and KCTD15 have been shown not to bind to Cul3 via biophysical experiments such
as isothermal calorimetry or analytical size exclusion chromatography (Ji et al., 2016; Smaldone
et al., 2015; Pinkas et al., 2017). Interestingly, KCTD12 was shown to associate with Cul3 in
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one mass spectrometry experiment (Bennett et al., 2010), creating an inconsistency within our
knowledge of Cul3-binding KCTD proteins. KCTD5, KCTD9, KCTD10, the long isoform of
KCTD11, KCTD13, KCTD17, and SHKBP1 have all been shown to bind to Cul3 via a
biophysical experiment (Ji et al., 2016; Smaldone et al., 2015; Pinkas et al., 2017). BACD2,
KCTD2, KCTD3, KCTD6, KCTD7, KCTD18, and KCTD21 have all been shown to associate
with Cul3, but only via mass spectrometry (that is, these results are not supported by a
biophysical experiment). Finally, KCTD4, KCTD8, KCTD14, and KCTD19 have neither been
identified as potential Cul3-interacting proteins via mass spectrometry, nor have they been ruled
out as potential Cul3-interacting proteins via a biophysical experiment.

Given that the KCTD family of proteins is generally poorly molecularly characterized, is
relatively small (about 25 protein members) and thus would serve as a good set to examine in
its entirety, and has both some preliminary information and some controversy as to which KCTD
proteins can bind to Cul3, we set out to determine which KCTD proteins can bind to Cul3. We
chose the following KCTD proteins to test Cul3 binding: KCTD9 (positive control); KCTD1
(negative control); KCTD12 (controversial); KCTD4, KCTD8, KCTD14, and KCTD19 (all poorly
characterized); KCTD3 and KCTD18 (only validated as Cul3-binding via mass spectrometry via
other groups and our results here but not validated via biophysical studies). Our results expand
the suite of Cul3 substrate adaptors and may assist in the identification of novel substrates of

these new Cul3 substrate adaptors.

Results

To identify which KCTD proteins can bind to Cul3, we expressed each KCTD protein as
an IVT protein and subjected them to HA-immunoprecipitations with HA-Cul3. We opted for this
approach first because there is the possibility that KCTD proteins can oligomerize with each

other; using the IVT-expression system to avoid a situation where KCTD proteins could form
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“mix and match” oligomers simplified our analysis. In this way, we observed KCTD4, KCTD18,
KCTD3, KCTD8, and KCTD19 all bound to Cul3 (Figure 2A and 2B).

To further validate our results, we performed the same co-immunoprecipitation reactions
but from lysates prepared from HelLa cells co-transfected with HA--Cul3 and a FLAG-tagged
KCTD protein. Again, we observed that KCTD9, KCTD4, KCTD18, KCTD3, and KCTD19 were
able to co-immunoprecipitate HA-Cul3 (Figure 3A and 3B). Interestingly, in contrast with the
results obtained via IVT-expressed protein, KCTD8 was not able to co-immunoprecipitate HA-
Cul3 (Figure 3B). We repeated the experiment but with HA-Cul3 and a C-terminally GFP-tagged
KCTD protein (KCTD-GFP) (Figure 4A and 4B). In this case, KCTD8 was able to co-
immunoprecipitate HA-Cul3 (Figure 4B). Whether KCTD8 can actually bind Cul3 thus remains
an open question. While artifacts due to protein tags are well established, it is unclear as to why
the smaller FLAG-tag would disfavor Cul3-KCTD8 binding while the larger GFP-tag would
promote it. Perhaps the N-terminal FLAG tag, despite being relatively small, prohibits BTB-
mediated oligomerization in KCTD8 (which is also at the N-terminus in KCTD8) necessary for
Cul3-binding.

To clarify whether KCTD8 can actually bind to Cul3, we examined the localization of
Cul3 and the KCTD proteins in HelLa cells (Figure 5). Transfection of Cul3 only showed that
Cul3 has a moderate nuclear localization and weaker cytoplasmic localization. KCTD1, KCTD3,
KCTD4, KCTD9, KCTD12, and KCTD14 all have a prominent cytoplasmic localization. The
cytoplasmic localization does not seem to correlate with the KCTD’s ability to bind to Cul3; for
example, KCTD1, which does not bind to Cul3, and KCTD9, which does bind to Cul3, both are
cytoplasmic whereas Cul3 is nuclear. Interestingly, KCTD18 and KCTD19, which both do bind
Cul3, are nuclear proteins. Sequence analysis of KCTD18 and KCTD19 did not show any
obvious nuclear localization signals (Nguyen Ba et al., 2009), although some basic regions were

identified (for KCTD18, 3'RKRR3* and *"’RRKAAQR?3; for KCTD19, """ PPKRAG®*) that may
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serve as nuclear localization signals. Finally, KCTD8 was observed to form filaments within the

cytoplasm. Tubulin filaments formed similar structures as these KCTD8 filaments.

Discussion

There are roughly 600 E3 ubiquitin ligases and their associated proteins. Most of these
ubiquitin ligases are “orphan” ligases in that they have no known substrates. Here, we have
identified a number of putative Cul3 KCTD proteins that may serve as substrate adaptors for
Cul3. This work helps complete our understanding of Cul3-KCTD ubiquitin-mediated regulation
in cell biology.

The work presented here takes a molecular biology approach. Structural and
computational approaches would both strengthen the results presented here: namely, instead of
asking which KCTD proteins can bind to Cul3, these approaches would allow us to ask why can
some KCTD proteins bind to Cul3 and some cannot? Information contained within the three-
dimensional structure and information that can be gleamed from the primary amino acid
sequence may be of use to make rules as to what determines whether a KCTD protein is a
Cul3-binding substrate adaptor or not. For example, previous work has identified that Cul3
interacts with its substrate adaptors via a negatively charged patch on Cul3, so BTB domain-
containing proteins tend to have a corresponding positive patch. Preliminary work that examines
the charge of each predicted Cul3-binding interface suggests that charge is one element that
can be used to form rules as to which KCTD protein can bind to Cul3. Given that KCTD proteins
bind to Cul3 using two interfaces — Cul3 is “sandwiched” between two KCTD molecules in the
oligomer such that the back of Cul3 touches both the front of one KCTD protein and the front of
Cul3 touches the back of another KCTD protein (Ji et al., 2016) — structural information would
allow for better identification of where the positive charges would accumulate and how they
would present a proper binding patch in the KCTD surface. Computational approaches that can
identify what other elements, besides charges, may contribute to this binding interaction.
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Given that it is unclear whether these KCTD proteins can “mix and match” in their oligomers (for
example, a KCTD9-KCTD5 pentamer), Cul3-binding experiments should be performed with
caution, as a non-binding KCTD protein may appear to be a binding protein if it can associate
with a Cul3-binding KCTD oligomer (say, a KCTD1-KCTD9 pentamer). Whether or not these
“mix and match” oligomers can form is an interesting question; thus far, structural and
biophysical studies that have examined the composition of KCTD oligomers have only
expressed and purified one species of KCTD protein at a time.

KCTD8 was observed to form curvy filaments that resemble intermediate filaments, like
vimentin (Duarte et al., 2019). Whether or not KCTD8 associates with intermediate filaments is
an interesting question, particularly given the role of intermediate filaments in neuronal
development, maintenance, and disease progression (Bott and Winckler, 2020) and the known

roles of these KCTD proteins in neurological diseases.
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Figure 1. Mass spectrometry of Cul3 identifies novel potential BTB substrate adaptors.
(A) Coomassie-stained gel of tandem-affinity purification of pgLAP2-Cul3 from HEK293 cells.
MW, molecular weight marker, given to left in kDa. HSS, high spin supernatant. Elu., elution.
pgLAP2 Cul3 is marked with an asterisk. (B) Phylogenetic tree of BTB domain-containing
proteins identified via mass spectrometry. KCTD proteins in red are KCTD proteins which have
not been validated as Cul3 binding partners. (C) Sequence alignment of BTB domains from
proteins identified via mass spectrometry. Above the sequence alignment is the secondary

structure predicted by PsiPred.
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Figure 2. IVT-expressed Cul3 binds to FLAG-KCTD4, KCTD18, KCTD3, KCTD8, and
KCTD19. In both (A) and (B), the indicated IVT-expressed proteins were subjected to FLAG-
immunoprecipitation and the resulting blots probed with the indicated proteins. In (A), SPOP is
used as a positive control (binds to Cul3) and the red asterisk denotes the KCTD4 band. In
both, KCTD9 is used as a positive control (binds to Cul3) and KCTDL1 is used as a negative
control (does not bind to Cul3). In (B), weak or strong exp. (exposure) refers to the low or high

intensity scans.
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Figure 3. Cul3 co-immunoprecipitates with FLAG-KCTD4, KCTD18, KCTD3, and KCTD19,

but not FLAG KCTDS8. In both (A) and (B),

cell lysates from HelLa cells co-transfected with HA-

Cul3 and the indicated FLAG-KCTD proteins were subjected to FLAG-immunoprecipitation and

the resulting blots were probed with the indicated proteins. In (A), EGFP serves as a negative

control. Because the blots were not stripped between probing with different antibodies, the

FLAG bands are still present in the Gapdh

images. In both, KCTD9 is used as a positive control

(binds to Cul3) and KCTD1 is used as a negative control (does not bind to Cul3).
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Figure 4. Cul3 co-immunoprecipitates with GFP-KCTD4, KCTD18, KCTD3, KCTD8, and
KCTD19. In both (A) and (B), cell lysates from HelLa cells co-transfected with HA-Cul3 and the
indicated GFP-KCTD proteins were subjected to GFP-immunoprecipitation and the resulting
blots were probed with the indicated proteins. In (A), SPOP serves as a positive control. In both,
untransf. refers to an untransfected cell lysate, KCTD9 is used as a positive control (binds to

Cul3), and KCTD1 is used as a negative control (does not bind to Cul3).
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Figure 5. Cul3 shares the same localization as some KCTD proteins. HelLa cells were
transfected with plasmids encoding for HA-Cul3 and pgLAP1-KCTD and stained with the

indicated antibodies. The scale bar is 20 pm.
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Chapter 4: Phosphorylation regulates mitotic spindle assembly

This chapter is reproduced from

Joseph Y. Ong, Michelle C. Bradley, and Jorge Z. Torres. Phospho-regulation of Mitotic

Spindle Assembly. Cytoskeleton (Hoboken). 2020 Dec;77(12):558-578. doi:

10.1002/cm.21649. PMID: 33280275

This chapter introduces phosphorylation and the protein kinases that regulate many aspects of

mitotic spindle assembly and cell cycle progression.
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ing the proteins involved in early mitotic spindle assembly processes. Here, we
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1 | INTRODUCTION necessary for faithful cell division, and their dysregulation can lead to

chromosomal  instability (Maniswami et al, 2018), apoptosis
The faithful congression and segregation of chromosomes durng {Steegmaier et al, 2007; Torres et al, 2011), and aneuploidy (Kang
mitosis requires the assembly and regulation of a large and complex et al, 2006; Tan, Caro, Potnis, Lanza, & Slawson, 2013; Yasui et al,
microtubule-based structure called the mitotic spindle. Numerads pro- 2004). Understanding how centrosomes, microtubule-associated pro-
teins with structural and signaling roles coordinate to assemble and teins, and the mitotic spindle are regulated are important avenues
regulate the mitotic spindle (Prosser & Pelletier, 2017). Importantly, toward understanding diseases like aging (Fu et al, 2008; Macdo
these spindle components are often regulated by posttransiational et al., 2018) and cancer (Gordan, Resio, & Pellman, 2012).
modifications such as phosphorylation and ubiguitylation that allow Kinases are critical for regulating proteins that have essential
for precise spatial and temporl control over their adivity (Ong & roles in early spindle assembly through their ability to transfer phos-
Torres, 201%). The preparations for mitotic spindle assembly initiate phate groups onto their substrates to modulate protein activity
during 5 phase where centrioles must duplicate and recruit and {Amuint & MNigg 201é; Johrson & Hunter, 2005; Joukov & De
assemble the appropriate factors to mature into centrosomes (Nigg & Micola, 2018). In particular, phosphorylation regulates centridle dupli-
Holland, 2018). The centrosomes then disioin and move to opposite cation and procentriole elongationin S phase, centrosome maturation,
ends of the cell where they will serve as the spindle pdes for the disjunction, and separation in G2 phase, and microtubule nucdleation
bipolar spindle. Subsequently, in early mitosis, the spindle poles nucle- and spindle assembly in late G2 and early M phase (Figure 1)
ate and form the microtubule spindle, which promotes kinetochore- {Arquint & Migg. 2016 Carmena, Wheelock, Funabild, &
microtubule attachments and the alignment of the chromosomes at Earnshaw, 2012; lohmura et al., 2011; Mardin et al, 2010; Prosser &
the cell mid-plane for cell division (Prasser & Pelletier, 2017). The syn- Pelletier, 2017). Here, we review the activation and roles of the key
chronization and execution of these processes is highly regulsted and kinases Plk4, Plkl, Aurora A, Aurora B, and Cdkl, the key

This is an open access articke under the terms of the Creative Commons Attribution -MonCommercial License, which permits use, distribution and reproductfon inamy
medium, provided the oniginal work ks propery dted and ks not used for comm erdial purposes.
£ 2020 The Authors. Cytoskeleton published by Wiley Periodicals LLC
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FIGURE 1 Kinases regulate early mitotic spindle assembly. Key
Kinases, induding P4, Auror A, Plk1, and Aurora B regulate aspects.
of centriole duplication, centrosome maturation, and spindle assembly
throughout the cell oycle [Color figure can be viewed at
wileyordinelibrary.com]

phosphatases PP1and PP24, and substrates of these enzymes as they
function to promote mitotic spindle assembly from 5 phase to eady M
phase (Table 1) We discuss useful techniques for understanding the
kinase-substrate relationship and identifying and chamcted zing phas-
phorylation sites and conclude with perspectives on future avenues
into understanding the roles of phosphorylation and other posttrans-
lational modifications on spindle assembly.

2 | CENTRIOLE DUPLICATION AND
PROCENTRIOLE ELONGATION

The centrioles are rod-shaped microtubu e-based structures that fom
the core of the future centrosome (Nigg & Holland, 2018). Before 5
phase, a cell has two centrioles connected by a protein linker (Bahe
et al., 2005). Durng S phase, an emerging procentricle will form at the
base of each centriole, eventually forming two centride pairs (Ohta
etal, 2014). Each centriole pair will subsequently serve as one of the
two poles of the bipolar spindle (Mandin et al, 2011). Plkd is a keyreg-
ulator of centriole biogenesis (Nigg & Holland, 2018) and is recruited
to rascent centrioles through its binding to the centridar proteins
Cepl52 and Cepl92 (Kim et al,, 2013; Sonnen, Gabryjonczyk, Anselm,
Mige, & Stierhof 2013) (Figune 2) Although Plkd phosphorylates
Cepl52, which residue(s) it phosphorylates and the importance of this
modification is unknown (Hatch et al, 2010). At the centricles, Plk4
binds STIL, a protein marker for the site of procentriole elongation,
activating Plk4 kinase activity via autophosphordation of its T-loop
on Thri70 (Moyer et al, 2015). Once activated, Plk4 phosphorylates
STIL at Seri108 and Seriilé (Moyer et al, 2015 Moyer &
Holland 2019). These modifications are required for maintaining STIL
localization at the centricle (Moyer et al, 2015) and for downstream
recruitment of Sasé (Ohta et al, 2014), which forms the symmetric
core of the centriole. Plk4 also phosphorylates STIL at Ser428
(Dzhindzhev et al, 2017; Moyer & Holland, 2019), which promotes
the binding of STIL with CPAP, a protein involved in procentriole
elongation, and connects the growing microtubule cartwheel to the
centriole wall (Moyer & Holland, 2019). While Plkd is necessary
upstream of Sasé, it remains unknown whether Plk4 modifies Sasé in
mammals. In Coenorhabditls elegans, Zyg-1 (the ortholog of Plkd)

S_WILEYL**

phosphorylates Sasé at Serl23, to promote centrole formation
(Kitagawa et al., 2009) However, this residue is not conserved in the
human sequence of Sasé. Beyond its roles in centriole biogenesis,
Plk4 also has rales in recruiting the y-tubulin ring complex (y-TuRC), a
key protein invalved in microtubule nudleation, to the centrosome.
GCPé is a member of the y-TuRC complex and a substrate of Plkd
(Bahtz et al, 2012). Plk4 phosphorylates GCPé on at least 10 residues
throughout the sequence, and these modifications may be required
for centride duplication (Bahtz et al., 2012).

Plkd protein levels are precisely regulsted by posttranslational
modifications (Rogers et al,, 2009) and misregulation of Plk4 is associ-
ated with tumorigenesis (Maniswami et al, 2018). Overexpression of
Plk4 leads to centriole over-duplication, wheneas loss of Plkd leads to
a reduction in centriole number (Arquint & Nigg, 2016; Habedanck,
Stierhof, Willdnson, & Nigg, 2005; Keylein-Sohn et al, 2007) Both
overexpression and underexpression of Plkd are charactedstic of
numerous types of cancers, Plk4 autophosphorylates itself at Seré98,
Ser700, Thi704, and Thi707 to promote the formation of phase sepa-
rated condersates (Park et al, 2019). These condensates localize and
concentrate Plkd and exclude its ubiquitin ligase, f-TrCP, promoting
Plk4's stability (Gouveia et al., 2019; Park et al, 2019). Moreover, Plké4
autophosphorylates itself in trans at Ser285 and Thr2B8% (Cunha-
Ferreira et al. 2013; Guderian, Westendorf, Uldschmid, & Nigg
2010). Phosphorylation of these nesidues generates a phosphodegron
recognized by p-TrCP and promotes Plkd4 degradation in 5 and G2
phases (Cunha-Femeira et al., 2013; Guderian et al, 2010). In Drosoph-
ila melonogaster, Slimb (-TrCP ortholog) binding to Plk4 at the centro-
some is antagonized by the phosphatase PP2A-Twins, as PP2A-Twins
dephasphorylates Plkd, presumably removing the phosphodegron and
promoting Plkd stability (Browrlee et al, 2011). There is no obwious
mammalian ortholog of the Drosophila PP2A regulatory B subunit
Twirs in mammalian systems. However, Cdc14B is a likely candidate
as a regulator of Plkd activity, as it localizes to the centrosomes and
loss of CdcldB  activity leads to centriole amplification
(Wu et al, 2008). As Plkd localization and concentration both drive
Plk4 kinase activity and degradation (autophosphorylation in trans
both increases kinase activity and recognition by i-TrCP), Plkd levels
and activity are tightly regulated. For example, lysine acetylation on
Plk4 at Lys45 and Lysdé by acetyltransferases KAT2A and KAT2E are
thought to induce structural changes that inactivate Plkds kinase
activity (Foumier et al., 2016).

3 | CENTROSOME MATURATION AND
EARLY SPINDLE POLE ASSEMBLY

To become competent for nucleating mitotic spindle microtubules,
centrosomes must undergo a maturation process where they accumu-
late pericentriolar material (PCM) and recruit the y-TuRC. These two
factors nudeate new microtubades and recruit microtubue-associated
proteins for microtubule organization, growth, and stability. The
Aurora A kinase regulates many proteins with roles in centrosome
maturation, spindle pole assembly, and mitotic spindle integrity
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TABLE 1

Relevant phosphatases

Consequence of phosphorylation

Substrate function

Key substrates

Kinase

Pkl localization to kinetochores and formation of

kinetachare-MT attachments
Phosphorylation possibly promotes CEMP-F localization to

kinetochores

Phasphorylation promotes KMM complex localization at

kinetochares

In mitosis, recruits other proteins to
Cochapenone for heat-shock proteins

CENP-F

kinetochares
Phasphorylation promotes CLIP-170 localization at

Sgtl

kinetochares and kinetochore-MT attachments

Component of mitatic checkpoint comples;  Phasphorylation and binding by Plk1 requires priming

MT plis-end tradking protein

CLIP-170

phasphorylation by CdkL; recruits phosphatase PP2A-
B5éa to kinetochomes to antagonize Aurora B (Wang

et al, 2016)

Abbreviations: APC/C, anaphase promoting complex/ cyclosome; CPC. chromosomal passenger complex; MT, microtubules; PP2A, protein phosphatase 24 y-TuRC, y-tubulin ring complex.

promates spindle assembly chedkpaint

BubR1

S_WILEY_ L

(Brittle & Ohkura, 2005) [Figure 3). However, prior to daing so, Aurora
A must be activated, a process dependent on phosphorylation and
protein-protein interactions. First Aurora A kinase acthvity is acti-
vated by phosphorylation of The288 on its T-loop (Litthepage
et al., 2002), a modification that may be carred out by another kinase,
such as PAKL (Zhao, Lim, Mg, Lim, & Manser, 2005), or via
autophosphorylation Zorba et al, 2014). Phosphorylation at The288
is opposed by phosphatases, such as PP6 (Zeng et al, 2010). Second,
Aurora A activity is further promoted by binding to branched microtu-
bule nudleator TPX2 (Bayliss, Sardon, Vernos, & Conti, 2003; Zorba
et al, 2014), a regulatory event that causes a conformational shift in
Aurora A toward an open conformation. Moreover, the binding of
TPX2 to Aurora A may protect Aurara A from dephosphorylation at
The288 (Bayliss et al, 2003) and ubiquitin-mediated degradation
(Giubettini et al, 2011). Similady, Aurera A binding to TACCS, a
microtublile-associated protein that generally stabilizes microtubules
{Peset & Vernos, 2008), promotes activation of Aurora A kinase activ-
ity (Burgess et al, 2015). Additionally, Aurora A activity may also be
enhanced by incorporation into phase sepamted mndensates via
binding to microtubule-associated protein BuGZ at the cenfromenes
(Huang et al, 2018) and by binding to Cep192 (Joukov et al, 2010).

Once activated, Aurora A phasphorylates TPX2 at Ser121 and
Serl25, promoting an interaction between TPX2 and CLASPL, a
microtubule stabilizing protein (Lawrence, Zanic, & Rice, 2020), and
consequently normal spindle length (Fu et al, 2015). Similarly, Aurara
A phosphorylates NDELL, a microtubule-associated protein, on
Ser251 (Mori et al, 2007). This modification promotes NDEL1 locali-
zation to the centrosomes and may be required for ubiquitin-mediated
degradation of NDELL (Mori et al,, 2007). Moreover, this modification
was not required for the binding of NDEL1 to TACC3 but nonetheless
may promote the localization of TACC3 and y-tubulin to the centro-
some, suggesting that phosphorylation on Ser251 of NDELL serves to
recrit other proteins to the centrosome (Mo et al, 2007). Aurora A
phosphorylates Ser34, Ser552, and Ser558 on TACCS, a regulator of
microtubules and a component of the TACCI/MMAP215/dathrin
complex (Kinoshita et al, 2005). Phosphorylation of TACC3 on
Ser558is not necessary for localization to the centrosomes or recruit-
ment of XMAP215 (also known as ch-TOG), a key microtubule nuclea-
tor and poymerase (Thawari, Kadzik & Petry, 2018} to the
centrosomes (Barmos et al, 2005). Rather, this phosphorylation event
promotes TACC3 binding to the minus ends of microtubules, stabilizes
astral microtubules (Bamaos et al, 2005) and promotes the binding of
TACC3 to dathrin ([Burgess et al, 2018; Hood et al, 2013; Lin
et al, 2010) Phosphorylation at Ser552 and Ser558 of TACCS by
Aurora A also promotes TACC3 localization to the centrosome,
mitotic spindle, and mitotic spindle assembly (Fu et al,, 2010). Simi-
larly, TACC3 binding with Aurora A is necessary for TACC3 targeting
to the mitotic spindle (Burgess et al, 2015). Although TACC3 can bind
KMAP215 without Aurora A Kinase activity (Thakur et al, 2014),
TACC3 binding to XMAP215 stimulates XMAP215 microtubule nucle-
ation activity (Kinoshita et al, 2005). Together, the TACC3/
XMAP215/ dathrin complex localizes to the mitotic spindle and pro-
motes spindile stability (Hood et al,, 2013; Lin et al, 2010).
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Cep192 binds Aurora A and promotes Aurora A phosphorylation
at The288 (Joukov, Walter, & De Nicolo, 2014). Once activated,
Aurora A phosphorylates PIkL at Thr210 (Joukov et al., 2014; Mac-
Grek et al, 2008; Seki Coppinger, Jang, Yates, & Fang, 2008). Plki
binds to Cepl92 wia recogrition of a phasphorylated Thedé on
Cepl92 in Xenopus laevis (Thrd4 in humans) though whether this
modification comes from Plkl or from another kinase is uncartain
UJoukov et al, 2014). Nevertheless, in Xenopus egg exiracts, once
bound to Cepl92, Plkl phosphorylates SerdB1, Ser507, Ser509,
Serd19, and Ser923 [amino adid numbering refers to X, laews Cep192
sequence), promoting y-TuRC recruitment and centrosome maturation
(Joukov et al, 2014). In human cells, Plk1 also binds Cep192 through
the conserved phospho-Thrdd (Meng et al, 2015) However, whether
Plkl also modifies Cepl92 for the pumpose of y-TuRC recruitment in
humare is unclear, a5 the phosphorylated serine residues in X. laevis
ane not conserved in humans.

Besides Cep192, Plk1 phosphorylates the long isoform of PCNT,
a protein necessary for PCM expansion and centrosome maturation,

FIGURE 2  Plk4 kinase activity regulates centriole duplication and
procentriole elongation. Plkd binds to STIL, a marker of the site of
procentrole formation, and auto-phospharylates itselfin trans to
activate its kinase activity. Once activated, Plk4 phosphorylates STIL.
Sasé binds to STIL and promotes procentrole elongation. Once:
autophosphorylated Plkd binds to f-TrCP fsubstrate adaptor for SCF
ubiquitin ligase complex), promoting Plkd degradation [Color figure
can be viewed at wileyonlinelibrary.com]

at Thr1209, Thri221, Ser1235, and Serl241 (Lee & Rhee, 2011).
While these modifications are not necessary for PCNT tageting to
the centrosome, they are requined for subsequent microtubule nucle-
ation activity (Lee & Rhee, 2011). In particular, phosphorvlation of
Ser1235 and Ser1241 promotes bipolar spindle formation and recruit-
ment of PCM proteins incduding Cepl92, Aurora A, Neddd, Plk1, and
y-tubulin, proteins which are all invdlved in y-TuRC recruitment and
microtubule nudeation (Lee & Rhee, 2011). Nedd, the andior for the
y-TuRC complex in the centrosome, is first phosphoryated on The550
by Cak1, abowing for the binding of Plk1 and subsequent phosphory-
lation by Pkl on Thr382, Ser397, Ser426, and Ser&37 (Zhang
et al,, 200%). These modifications promote y-TuRC recruitment to the
centrosome (Zhang et al, 2009). Moneover, Cdk1 also phosphorylates
Neddl an Ser4s0, which again promotes Pkl binding to Neddl
(Johmura et al, 2011). The Plki-Neddl complex phosphonylates the
Hice1 suburit of Augmin, a noncentrosomal microtubule nudleator, at
17 urique sites (Johmura et al, 2011). These modifications drive Aug-
min binding to the microtubule spindle, microtubule nudleation, and
spindle stability (Johmura et al, 2011) Interestingly, Aumora A akso
phosphorylates Hicel at a number of nesidues in its N-terminal micro-
tubwile binding region, including Thrl7, Serl?, Ser20, and Ser20 (Tsal
et al, 2011). In contrast to Plkl phospharyation, which promotes
Hice 1-microtubule binding, Aurora A phosphorylation of Hice1 weak-
ened the affinity of Hicel for microtubules (Tsal et al, 2011). Plki
phosphorylation of Kizuna, a centraosomal protein involved in centro-
some cohesion, on Thi379 does not affect localization to the centro-
sofnes, but does promote spindle bistability and certrosome cohesion
{Oshimoni et al., 2006). This modification is antagonized by the phos-
phatase Cde25B (Thomas et al, 2014)

Plk1 also activates a number of kinases that regulate processes in
centrosome maturation (Fgure 4). Plk1 phosphorylates LRRKL, a
kinase involved in cytoskeletal regulation and endosome trafficking
{Hanafusa et al, 2019; Kedashiro et al, 2015), at Ser1790, then Cdkl

FIGURE 3 Aurora A regulates centrosome maturation and eary spindle assembly. Aurora A activates Plkl at the centrasome and
phosphorylates microtubule-associated proteins like TPX2 and TACC3. These microtubule-associated proteins promote centrosome maturation
and microtubule onganizing center activity, and corsequently serve to assemble and stabilize the microtubule spindle [Cdor figure can be viewad

at wileyorlinelibrary.com)
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FIGURE § Kinases regulate Eg5 in centrosome separation and bipalar spindle formation. Once the centrosomes have disjoined, they need to
separate to opposite ends of the cell to fomn a bipdar spindle. NEKS activates NEKS and NEKT, which in turn phosphorylate Eg5, localizing it to
the centrosome and promoting centrosome separation and bipolar spindle formation. Other kinases also regulate Eg5S activity [Color figure can be

wiewed at wileyonlinelibrary.com]

activity (Rellos et al, 2007). Plkl also phosphorylates an upstream
regulator of NEK2A, Mst2 (also known as STK3) (Mardin et al, 2011).
MEK2A activity i antagonized by phosphatases (Meraldi &
Nigg, 2001}, including PP1y. Conversely, NEK2A binds to and phos-
phorylates PP1y at Thr307 and Thr318 to reduce its phosphatase
activity (Helps, Luo, Barker, & Cohen, 2000). NEK2A forms a complex
with PP1y and Hippo-pathway kinase Mst2 (Mardin et al, 2010,
2011). Mst2? phosphorylates NEK2A at Serd56, Ser365, Thed06, and
Ser438 (Mardin et al, 2010). These modifications do not affect
NEK2A kinase activity but are necessary for NEK2A localization to
the centrosome (Mardin et al, 2010} To regulate NEK2A activity,
Plk1 phosphorylates Mst2 at Serl5, SerlB, and Ser316, disrupting the
binding of PP1y to the NEK2A-PP1y-Mst2 complex and promoting
NEK2A, activity (Mardin et al, 2011).

During G2 phase, the two pairs of centrioles are linked by a net-
work of filaments that must be removed for centrosome digunction
and separation (Paintrand, Moudjou, Delacrobs, & Bornens, 1992).
While the composition of these filaments is not entirely known, a
number of candidate proteins have been identified, including C-Nap1
and Rootletin (Hinchcliffe & Sluder, 2001; Wang et al, 2014). When
activated, NEK2A phosphorylates 27 residues in the C-terminus of C-
MNapl, a protein that resides at the proximal end of centricles and may
serve as the point of attadhment for the protein linker network (Hardy
et al, 2014). These modifications weaken the affinity of C-Nap1 for
Cepl35 presumably via electrostatic interactions, and promote the
redease of C-Nap1 from the centrosome, freeing the pairs of centrioles
from each other and promoting centrosome digjunction (Hardy
et al, 2014) (Figure 5). Rootletin is a protein that forms fibers that
bridge the preimal ends of centrioles and binds to C-Napl and is sim-
ilarly phosphorylated by NEKZ2A at many sites to promote centrosome
disjunction (Bahe et al, 2005). A similar mechanism may apply for
MEK2A phosphorylation of protein fiber LRRCAS at Seréél
(He et al, 2013). f-catenin also forms a complex with Rootletin at the
centrosomes, ks phosphorylated by NEK2A, and plays a role in

centrosome separation (Bahmanyar et al, 2008). Whereas C-MNapl
and Rootletin do not localize at the centrosomes during mitosis,
[i-catenin is found at mitotic centrosomes, suggesting additional roles.
for fi-catenin in centrosome function (Bahmanyar et al, 2008).

Once centrosomes have been disjoined they must separate to
oppasite ends of the cell to farm a bipolar spindle. Eg5 is a tetrameric
bipolar kinesin that acts on antiparallel microtubules to generate
forces that separate centrosomes and promote spindle bistability
(Kapitein et al, 2005; Shimamoto, Forth, & Kapoor, 2015) (Figure é).
NEK? is a downstream kinase of Plkl that phosphoryates NEKS at
Ser206 and MNEKT at Serl95 at the T-loop to activate NEK&/7
(Belham et al., 2003). NEK&/7 phasphorylate Eg5 at Ser1033, promot-
ing Eg5 binding to TPX2 (Eibes et al, 2018), indudng Eg5 localization
to the centrosome, and ultimately promoting centrosome separation
{Bertran et al, 2011; Rapley et al, 2008). Cdki also phosphorylates
Eg5 on Thro2é (Slangy et al, 1995), increasing the affinity of Eg5 for
microtubules (Cahu et al, 2008).The PP2A-B55ax complex dephas-
phorylates this nesidue to regulate Eg5 activity (Liu et al, 2017). SRC
kinases phosphorylate Eg5 on Tyr125, Tyr211, and Tyr231 (Bicke
et al, 2017). These modifications decrease Eg5 motor activity (Bidkel
et al, 2017). Of interest, Aurora A has been shown to phosphorylate
Eg5 in X. loevis, but the site of phosphorylation and the consequence
of this modification ks unknown, and there are no reports of Aurom A
phosphorylating Eg5 in human cells (Giet et al,, 1999).

5 | EARLYMITOTICSPINDLE ASSEMBLY—
CENTROMERE

Critical to chromosome congression are kinetochore-microtubule
attachments. Centromenes are regions of DNA that recruit centro-
meric proteins (CENPs, such as CENP-A) and function to physically
link the chromosomes to the microtubule spindle via the kinetachare
(Fukagawa & Earnshaw, 2014). At the centromens, the dromosomal

113



114



| WILEY-8

FIGURE § Kinases regulate Eg5 in centrosome separation and bipalar spindle formation. Once the centrosomes have disjoined, they need to
separate to opposite ends of the cell to fomn a bipdar spindle. NEKS activates NEKS and NEKT, which in turn phosphorylate Eg5, localizing it to
the centrosome and promoting centrosome separation and bipolar spindle formation. Other kinases also regulate Eg5S activity [Color figure can be

wiewed at wileyonlinelibrary.com]

activity (Rellos et al, 2007). Plkl also phosphorylates an upstream
regulator of NEK2A, Mst2 (also known as STK3) (Mardin et al, 2011).
MEK2A activity i antagonized by phosphatases (Meraldi &
Nigg, 2001}, including PP1y. Conversely, NEK2A binds to and phos-
phorylates PP1y at Thr307 and Thr318 to reduce its phosphatase
activity (Helps, Luo, Barker, & Cohen, 2000). NEK2A forms a complex
with PP1y and Hippo-pathway kinase Mst2 (Mardin et al, 2010,
2011). Mst2? phosphorylates NEK2A at Serd56, Ser365, Thed06, and
Ser438 (Mardin et al, 2010). These modifications do not affect
NEK2A kinase activity but are necessary for NEK2A localization to
the centrosome (Mardin et al, 2010} To regulate NEK2A activity,
Plk1 phosphorylates Mst2 at Serl5, SerlB, and Ser316, disrupting the
binding of PP1y to the NEK2A-PP1y-Mst2 complex and promoting
NEK2A, activity (Mardin et al, 2011).

During G2 phase, the two pairs of centrioles are linked by a net-
work of filaments that must be removed for centrosome digunction
and separation (Paintrand, Moudjou, Delacrobs, & Bornens, 1992).
While the composition of these filaments is not entirely known, a
number of candidate proteins have been identified, including C-Nap1
and Rootletin (Hinchcliffe & Sluder, 2001; Wang et al, 2014). When
activated, NEK2A phosphorylates 27 residues in the C-terminus of C-
MNapl, a protein that resides at the proximal end of centricles and may
serve as the point of attadhment for the protein linker network (Hardy
et al, 2014). These modifications weaken the affinity of C-Nap1 for
Cepl35 presumably via electrostatic interactions, and promote the
redease of C-Nap1 from the centrosome, freeing the pairs of centrioles
from each other and promoting centrosome digjunction (Hardy
et al, 2014) (Figure 5). Rootletin is a protein that forms fibers that
bridge the preimal ends of centrioles and binds to C-Napl and is sim-
ilarly phosphorylated by NEKZ2A at many sites to promote centrosome
disjunction (Bahe et al, 2005). A similar mechanism may apply for
MEK2A phosphorylation of protein fiber LRRCAS at Seréél
(He et al, 2013). f-catenin also forms a complex with Rootletin at the
centrosomes, ks phosphorylated by NEK2A, and plays a role in

centrosome separation (Bahmanyar et al, 2008). Whereas C-MNapl
and Rootletin do not localize at the centrosomes during mitosis,
[i-catenin is found at mitotic centrosomes, suggesting additional roles.
for fi-catenin in centrosome function (Bahmanyar et al, 2008).

Once centrosomes have been disjoined they must separate to
oppasite ends of the cell to farm a bipolar spindle. Eg5 is a tetrameric
bipolar kinesin that acts on antiparallel microtubules to generate
forces that separate centrosomes and promote spindle bistability
(Kapitein et al, 2005; Shimamoto, Forth, & Kapoor, 2015) (Figure é).
NEK? is a downstream kinase of Plkl that phosphoryates NEKS at
Ser206 and MNEKT at Serl95 at the T-loop to activate NEK&/7
(Belham et al., 2003). NEK&/7 phasphorylate Eg5 at Ser1033, promot-
ing Eg5 binding to TPX2 (Eibes et al, 2018), indudng Eg5 localization
to the centrosome, and ultimately promoting centrosome separation
{Bertran et al, 2011; Rapley et al, 2008). Cdki also phosphorylates
Eg5 on Thro2é (Slangy et al, 1995), increasing the affinity of Eg5 for
microtubules (Cahu et al, 2008).The PP2A-B55ax complex dephas-
phorylates this nesidue to regulate Eg5 activity (Liu et al, 2017). SRC
kinases phosphorylate Eg5 on Tyr125, Tyr211, and Tyr231 (Bicke
et al, 2017). These modifications decrease Eg5 motor activity (Bidkel
et al, 2017). Of interest, Aurora A has been shown to phosphorylate
Eg5 in X. loevis, but the site of phosphorylation and the consequence
of this modification ks unknown, and there are no reports of Aurom A
phosphorylating Eg5 in human cells (Giet et al,, 1999).

5 | EARLYMITOTICSPINDLE ASSEMBLY—
CENTROMERE

Critical to chromosome congression are kinetochore-microtubule
attachments. Centromenes are regions of DNA that recruit centro-
meric proteins (CENPs, such as CENP-A) and function to physically
link the chromosomes to the microtubule spindle via the kinetachare
(Fukagawa & Earnshaw, 2014). At the centromens, the dromosomal
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6 | EARLY SPINDLE ASSEMBLY—
KINETOCHORE

Key to ensuring the timing and fidelity of chromosome movements an:
kinetochore-microtubule attachments. Plkl kinase activity is necessary
for mitotic spindle formation and kinetochare-microtubule attachments
(Lera et al, 2014 Liu Davydenko, & Lampson, 2013 and is tightly reg-
ulated by modifications (Figure 7, top). PIk1 kinase activity is activated
via phosphorylation of its T-loop on Thr210 by Aurora A kinase
(Machirek et al, 2008; Seld et al, 2008) and possibly by other kinases
(Paschal, Maciejowski, & Jallepali, 2012). Methylation on Lys191 of
Pkl by methyltransferases SET7/9 inhibits Pkl kinase activity
{Yu et al, 2020). This modification presumably allows for fine-tuning of
Plkl acthity at the kinetochores, though a demethylase has not yet
bheen identified. Moreover, phosphoryation of Pkl The210 is also regu-
lated by phosphatases. Cdk1/Cydlin A phospharylates Mypti, a binding
partner and localization subunit for phosphatase PP1 at Serd73
(Duritru et al, 2017). Phosphorylation at Serd73 promotes Myptl
localization to the kinetochores ([Dumitru et &, 2017) and subsequent
binding to Plkl (Dumitru et al, 2017; Yamashiro et al, 2008). Once
bound to Plk1, the Mypt-PPL cmplex antagonizes Pkl function by
dephasphorylating Thr210 (Dumitru et al,, 2017).

Plk1 localization to the kinetochores is mediated by several protein
interactions. Plk1 phosphorylates kinetochore protein PEIPL at a num-
ber of residues, and phosphorylation at Thr78 generates a consensus
polo-bax domarrbinding motlf that is necessary for Pk 1-PBIPL binding
(Kang et al, 2006). This interaction is required for Plkl targeting to the
kinetochores (Kang et al, 2006). Similarty, NudC, a dynein-associated
protein, is phosphorylated by Pkl at Ser274 and Ser328, and, in the
absence of NMudC, Plk1 localization at the kinetochores is weakened
(Nishino et al, 2004). Cdkl phosphorylation of kinetochore protein
Bubi at Thré609 akso promotes Plk 1 binding to Bub1 and localization of
Pkl to the kinetodhores (Ol Tang & Yu, 2006) Pkl phosphoryates
Bubi, but which residues are phosphorylated and the consequence of
the modification are not fully understood (O et al,, 2006). One possible
downstream application of Plk1-Bub1 binding may be to enhance Plkl
phasphorylation of Cdc20 at Ser®2, a modification that inhibits the E3
ubiquitin ligase anaphase promoting complex/cyclosome (APC/C) and
regulates mitotic progression (Nia Li, & Yu, 2016). Another consequence:
of Plk1-Bub1 binding may be that Bubl serves a5 a scaffald for Plk1 to
phasphorylate other substrates, such as the Mpsl kinase (lkeda &
Tanaka, 2017)

At the kinetochores, Pkl phosphorylation activates a number of
microtubule-associated proteins with the purpose of promoting stable
kinetochore-microtubule  attachments Lera et al, 2014; L
Davydenko, & Lampson, 2012). Cdkl phosphorylates CLASP2 at
Serl233, Ser1234, and Ser1250, with Ser1234 being the main modifi-
cation pming CLASP2 for recognition and subsequent phasphoryla-
tion by Pkl at Serl2348, Serl255, Serl274, and Serl313 Maia
et al, 2012) These modifications are necessary for maintenance of
spindle bipolarity and proper Knetochore-microtubule attachments
(Maia et al., 2012). CENP-F is a large microtubule-associated protein
with roles in stabilizing kinetochore-microtubule  attachments

{Auckland, Roscioli, Coker, & McAinsh, 2020). Plkl phosphorylates
CENP-F an at least eight residues, and these phasphorylation marks
may be important for CENP-F localization at the kinetochores
(Santamania et al, 2011).

Similarly, Pkl phosphorylates Sgtl, a co-chaperane for heat-
shock proteins, at Ser331, and this phosphorylation is necessary for
Sgtl localization at kinetochores and enhances subsequent localiza-
tion of the KMN microtubulekinetochore complex (Liu, Song,
et al., 2012). In a similar manner, CLIP-170, a major component of the
microtubule phus end-binding proteirs [Bieling et al, 2008), was phos-
phorylated by Pkl at Serl9 and kinase CK2 at Serl3l8
{Li et al, 2010). Phosphorylation at Serl95 does not affect CLIP-170
binding to micrtubules but enhances the association of kinase CK2
with CLIP-170, CLIP-170 localization to the kinetochores, and the for-
mation of microtubule-kinetochore attachments (Li et al, 2010). After
Cakl primes kinetochone protein BubR1 by phasphorylating Thes20,
PIk1 phosphorylates BubR1 at Sers76 (Elowe, Hommer, Uldschmid,
Li, & Nigg, 2007) and at Thré80 (Sujkerbuilk, Vieugel, Teixeir, &
Kops, 2012). Together with other phosphorylation marks by kinases
like Mps1 (Huang et al, 2008), these modifications recruit PP2A-B56a
which may balance Aurora B activity at the kinetochare (Suijkerbuijk
et al, 2012; Xu, Raetz, Kitagawa, Virshup, & Lee, 2013).

7 | PHOSPHATASESINMITOTICSPINDLE
ASSEMBLY

Phosphatases antagonize the activity of protein kinases, While they
play a role in suppressing kinase activity, the timely activation of pro-
tein phosphatases is also necessary to promote timely cell cycle pro-
gression and spindle assembly. Here, we focus on the two main
classes of phosphatases in mitotic spindle assembly: PP1 and PP2A.
The PP1 holoenzyme generally consists of the catalytic PPL subunit
and one or mone substrate-recognition and/or localization co-factors
{Bertolotti, 2018), whereas the PP2A holoenzyme generally consists
of a scaffolding A subunit, a catalytic C subunit, and a regulatory,
substrate-recognition B subunit (Sents, lvanova, Lambrecht, Haesen, &
Janssens, 2013)

In mitosis, PP2A functions to promote proper kinetochore-
microtubule attachments at the kinetochores and centromeres. At the
kinetochores, PP2A-B56y binds to Cdkl- and Plkl-phosphorylated
BubR1 (Kruse et al. 2013 Wang et al, 2014. Binding of PP2A to
BubR1 may be promoted by the presence of centromeric protein Sgol
(Vallardi, Allan, Crozier, & Saurin, 201%). At the centromere, PP2A-
B56x localization is dependent on Sgo2, not on Sgol (Vallardi
et al, 2019). Interestingly, however, Sgol dso binds the CPC via Bore-
alin, and a Borealin-Sgol-PP2AC complex was reconstituted in vitro
from recombinant proteins (Bonner et al, 2020). Together, these data
suggest that Sgol may coondinate to allow PP2A-B56 to antagonize
CPC-based Aurara B activity at the centromere (Meppelink, Kabeche,
Viramans, Compton, & Lens, 2015 Vallardi et al, 2019) and inner kinet-
ochore (Suilkerbuijk et al., 2012; Xu et al, 2013). Altogether, PP2A reg-
ulates kinetochore-microtubule attachments, as loss of PP2A leads toa
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loss of stable k-fibers and chromosome attachment, regulating both
Aurora B and PlkL activity (Foley, Maldonado, & Kapoor, 2011).

In contrast to PP2A, which has roles at both the centromene and
kinetochores, PP1 functions mainly at the kinetochores. PP1 binds
competitively to kinetochore protein KNL1 at the same location as
KNL1's microtubule-binding site, suggesting that KNL1 could either
bind microtubules or PP1 (Bajal Bollen, Peti, & Page, 2018). Once
bound to KNL1, PP1 dephosphorylates KNL1, causing dissodation of
spindle assembly checkpoint kinetochone proteins from KML1, thus
silencing spindle assembly checkpoint signaling (Bajaj et al., 2018).
PP1 i also recruited to the kinetochores wia binding to Skal
(Sivakumar et al, 2014). At the kinetochares, both PPL and PP2A
dephosphorylate and inactivate Mspl, a master kinase of spindle
assembly chedpoint signaling, shutting down the spindle assembly
checkpoint (Hayward et al, 2019; Moura et al, 2017). Thus, the
proper localization and accumulation of PPL and PP2A at the kineto-
chomes serve to antagonize Aurora B activity and quench spindle
assembly checkpoint signaling.

Besides regulating kinetochore-microtubule attachments, PP1
and PP2A also function to regulate spindle orientation and stability
during mitosis. NuMA is a microtubule-binding protein that anchors
the mitotic spindle to the cortex via the plasma membrane (Kotak,
Busso, Gonezy, & Ganczy, 2014). Cdkl phosphorylates Thr2055 of
MuMA; this phosphorylation event inhibits NuMa localization at the
cortex, such that only NuMA not phosphoryated at this residue local-
izes to the cortex (Kotak et al, 2013). The proper extent of NuMA
localization at the cortex is regulated by PP2A-BS5y (Keshd
et al, 2020) and by PP1-Repo-Man (Lee et al, 2018). Expression of a
construct of NuMA that could not be phosphorylated on Thr2055
resulted in spindle oscillations e, the mitotic spindle wobbled
unsteadily) (Kotak et al, 2013), and inhibition of either phosphatase
complex resulted in improper metaphase spindle positioning (Keshd
etal, 2020; Kotak et al, 2013). During anaphase, when Cdk 1 activity
is low, these phosphatases promote increased NuMA localization to
the cortex, generating dynein-dependent forces that result in spindle
elongation and progression through anaphase (Keshd et al. 2020;
Kotak et al, 2013). At the spindle poles, NuMA also foms the END
(Emi1, NuMA, dynein-dynactin) networ, a complex that localizes the
APC/C at the spindle poles and inhibits its activity, allowing for proper
Cdk1-mediated spindle assembly in eady mitosis (Ban et al, 2007)
Lass of PP2A-B55ax led to the mislocalization of the APC/C from the
spindle poles during mitatic spindle assembly, the formation of multi-
polar spindles, and failures in dromosome congression suggesting
that PP2A antagonizes Cdki-regulation of APC/C localization at the
spindle poles in early mitosis (Tomes etal., 2010).

8 | TECHNIQUESIN IDENTIFYING AND
STUDYING PHOSPHORYLATION

Numerous methads of identifying and studying phosphoryation and
the relationship between kinase and substrate have been developed
(Johnson & Hunter, 2005; Xue & Tao, 2013). A traditional method for

chamacterizing a kinase-substrate pair has been an in vitro kinase
assay, where the isolated kinase and putative substrate are incubated
with radicactive y-=P ATP and the transfer of the radicactive phos-
phoryl group onto the substrate is monitored by western blotting and
radiometry. If the substrate is phosphorylated, then the neaction is
mepeated using nonradioactive ATP and the sites of phosphorvlation
on the substrate are identified via mass spectrometry, as the addition
of a phosphate group leads to a detectable mass increase of ~80 Da.
These types of approaches have been used to identify numerous Plkl
substrates incdluding the StarD? protein that is important for PCM
cohesion at the centrosome [Senese et al, 2015). Similar experiments.
can be parformed in cells aither in the presence or absence of kinase
inhibitors or by overexpressing or knocking down,/knodking out the
kinase of intenest and assessing for differential phosphorylation on
potential substrates using immunoblotting (with a phospho-specific
antibody) or mass spectrometry-based approaches, which have also
been used toidentify Plki substrates (Santamaria et al,, 2011).

Other popuar approaches indude classical yeast two-hybrid
approaches or affinity proteomics approaches, which can also identify
potential kinase-substrate relationships (Johnson & Hunter, 2005;
Xue & Tao, 2013). Once a phosphorylation site has been mapped, a
common approach to study the effect of the modification is to mutate
the site{s) of phosphorylation to a nonphosphorylatable residue jusu-
ally Ser/Thr to Ala and Tyr to Phe) or a phosphomimetic nesidue usu-
ally to Asp or Glu, though sometimes these phosphomimetic residues.
do not recapitulate the phosphorylated state of the protein)
{lohnson & Hurter, 2005; Xue & Tao, 2013) and analyze the cellular
corsequences of the modification.

In some cases, understanding what motif the kinase will phos-
phorylate is useful for identifying additional substrates of that kinase.
Computational approaches, such as ScarSite (Obenauer, Cantley, &
Yaffe, 2003) or PhasphoPredict (Song et al, 2017) have been devel-
oped that analyze phosphosites and their motifs and predict potential
substrates, such as the prediction and validation of SPICEL as an
Aurora A and Aurora B substrate (Deretic, Kerr, & Welburn, 2019).
Phage display approaches or peptide-library based approaches have
also been used to define kinase phosphorylation motifs. in the case of
peptide-library based approaches, a micochip with a peptide ibrary is
allowed to react with the kinase of interest, such as with the NEK
family of kinases fvan de Kooij et al, 2019). Phosphorylated peptides
are identified and computationally analyzed to identify a consensus
phosphorylation motif. In the case of phage-hased approaches, phages
are modified to display a library of peptides on their surface. The
kirase is allowsed to react with the peptides, and phages that ane phos-
phorylated are enriched, usually via binding to a phospho-antibody.
After sequential rounds of enrichment, the selected phages have their
DNA sequenced, and again the selected peptides are computationally
analyzed to identify a consensus phosphoryation motif. Such a tech-
nique was used to expand the phosphorlation motif for Plki
{Santamaria et al, 2011).

‘While these dlassic approaches have been useful in understanding
kinase-substrate relationships, these techriques have difficulty
addressing important biclogical questions. First, in vitro kinase assays
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are low-throughput and biased, requiring a guess as to what a kinase's
substrate may be. Momeover, while numerous techniques hawve been
used to assay kinase activity in vitro, assessing kinase activity in cells
has been a challenge. Finally, chemical inhibitors are useful agents in
understanding a kirase's role, but chemical inhibitors lack spatial spec-
ificity that make it difficult to study a kinase with more than one local-
ization. Here, we highlight some innovative technigues used for
understanding kinase-substrate relationships and kinase activity in
cells. We facus on *bump-hole™ technology for orthogonal identifica-
tion of kinase substrates, FRET sensors for in situ readouts of kinase
activity in cells, and strategies for localized inhibition of kinases for
targeted kinase inhibition. Strategies for studying phosphatases ane
similar, incduding techniques in mass spectrometry and the use of
FRET- or fluorescence-based assays, and are reviewed elsewhene
(Fahs, Lujan, & Kéhn, 2016).

8.1 | Bump-hole

While mass spectrometry can identify phosphoration sites that
incnease or decrease in abundancoe upon expression or inhibition of a
kinase, these modifications may come about from the activation or
inactivation of downstream kinases. For example, many Cdkl phos-
phorylation events serve as priming modifications for later binding
and phosphorylation by Plk1 [Elowe et al, 2007; Maia et al, 2012; Qi
et al, 2006; Zhang et al, 2009) Thus, if mass spectrometry is per-
formed on cell lysates where Cdkl is overexpressed, the identified
phosphorylation sites may not simply be Cdk 1 sites but also Plkl sites.
While in witro kinase assays can confim whether or not those sites
are due to Cdk 1, such assays are time-consuming and/or expensive, A
high-throughput, unbiased, and more direct method of identifying
kinase substrates employs “bump-hole™ technology (Figure 82'). First,
an analogue of ATP is synthesized that is sterically larger than
unmodified ATP. This increased steric size creates a “bump™ in ATP
that renders it unable to bind to unmodified kinases or ATPases
(Figure 82", Cirdle 1) (Liu Shah Yang, Witucki, & Shokat, 1998; Shah,
Liu, Deimnenglan, & Shokat, 1997). The gamma phosphate of the
modified ATP analogue (e, the phosphate group that is transferred
to the substrate) is also modified to contain a thiophosphate group for
later detection (Blethrow, Glavy, Morgan, & Shokat, 2008; Hengeweld
et al, 2012). Mutation of a bulky “gatekeeper” residue in the ATP
binding pocket to an amino add with a smaller side chain, such as gly-
cine or alanine, introduces a “hole™ into the kinase of interest. This
“hole” allows the mutated kinase of interest, but not other kinases or
ATPases, to bind to the “bumpy™ substrate (Figure 8a', Cirde 2) [Liu
et al, 1998; Shah et al, 1997). Since the mutated kinase can bind the
analogue of ATP, these kinases are often refemed to as “analog sensi-
tive” enzymes. Importantly, the “hole™ also decreases the affinity of
the mutated enzyme for unmodified ATP, allowing the mutated
enzyme to bind to and use “bumpy™ ATP with reasonable selectivity
for its enzymatic reactions (Fgure 84, Cirde 3). Proteins modified by
the “bumpy™ substrate can subsequently be isolated via endchment
for the thiophosphate tag and analyzed wia mass spectrometry,

allowing for high-throughput and unbiased identification of substrates
of a particular kinase (Figure 82%) (Blethrow et al, 2008; Hengeveld
et al, 2012), Such an approach has been used to identify substrates of
Aurora B Hengeveld et al, 2012) and Cdk1 (Blethrow et al,, 2008) via
mass spectrometry. One limitation of this approadh is that due to poor
cell permeability of the ATP analogue, these experdments are usually
performed in cell extracts, not in whole cells. However, some cll-
permeable inhibitors have been identified, allowing for more physio-
logical labeling conditions (Bishop et al, 1998, 1999, 2000). Addition-
ally, further developments have allowed the generation of otherwise
cell-impermeable ATP analogues within cells (Hertz et al, 2013) and
for the use of ATP analogues in animal models (Cibridn Uhalte et al.,
2012; Soskis etal,, 2012).

82 | FRET sensors

In vitro kinase assays are useful for assessing kinase activity. These
assays typically employ a means of measuring ATP hydrolysis over
time (e.g., with colorimetric assays) or of measudng phosphorylation
of the substrate over time fe.g. via intensity of the phosphoprotein
band by western blotting or via radiolabeled phosphate incorporation
on the substrate) (Johnson & Hunter, 2005; Xue & Tao, 2013). How-
ever, a read-out of kinase activity within Eving cells had been largely
intractable until the recent development of fluorescence resonance
enengy transfer (FRET)-based sensors. From N-termirus to C-termi-
nus, an FRET construct for kinase activity consists of an FRET donor
(CFP), a phospho-amino acid binding domain, a linker peptide with a
phospharylation matif for the kinase of interest, and an FRET accep-
tor (YFF) (Zhang. Ma, Taylor, & Tsien, 2001). When the kinase is inac-
tive, excitation of the FRET donor results in a low or no FRET signal,
as the FRET donor is usually not within the vicinity of the FRET
acceptor for an FRET signal to occur (Figure 8b, left). When the kinase
is active, however, it phosphorylates the phosphoryation motif within
the linker peptide. The phosphorylated residue binds to the phospho-
amino acid binding domain, bringing the FRET acceptor dloser to the
FRET donor and increasing the FRET signal (Figure 8b, rightl.
Assecsing the FRET signal over time and distance allows for an under-
standing of when and where a kinase is active in situ. Such a reporter
was used to determine the spatial and temporal activity of Aumora B
(Fuller et al., 2008).

83 | Localized inhibition

While small molecule inhibitors have been weful tooks to elucdate
kinase function, they lack predse temporal or spatial precision. For
excample, Pl i an enzyme with prominent rales at both the centro-
some and the kinetochores. If one has an interest in the role of
Plk1 at the centrosome, adding a Plk1 inhibitor will disturb Plk1 signal-
ing at both the centrosome and the kinetochores, causing unwanted
artifacts and complicating subsequent analysis (Figure 8¢ left). Con-
versely, if one has aninterest in the role of Pkl at the kinetochone, a

119



S-_WILEY L

Plk1 irhibitor will disturb the function of Pkl at the centrosome,
inhibiting downstream mitotic spindle assembly and potentially intra-
ducing artifacts into the analysis of the kinetochore. One recent tech-
nological advancement that provides for localized inhibition of kinases
employs the use of localized kinase inhibition (LoKl) (Bucko
et al, 2019). An Lokl construct consists of two self-labeling protein
SNAP-tags followed by a localization domain, such as the PACT
domain for centrosome localization (Bucko et al, 201%) (Figure 8¢,
right; only one SNAP-tag is shown in Figure 8¢ for clarity). The inhibi-
tor of interest is chemically modified such that it &5 compatible with
the self-labeling protein tag (i.e., it will form a covalent bond with the
protein tag) while still retaining its abilities to inhibit the kinase of
interest. Adding the modified inhibitor to a cell expressing the Lokl

- @ ®

unmodified
l ATP ,.-a
- .
modified
unmodified e c enzyme
ENEyTHE ATP “hole”
analogue

ﬁ;
“ @
— L_, enrichment
and identification

(b) cep ./ & ‘Em
¥ E
:::13;::0 binding FRET,/ X
Kinase + ATP o
Em Phosphatase
Kinase activity * Kinase activity f
FRET signal * FRET signal f
(c) Global ~*" Localized
inhibition inhibition
- -'
inhibiter
active inactive _ #7

-
”
-

construct will localize the inhibitor to the region of interest, allowing
for acute and reglon-specific inhibition of a kinase [Figure 8¢, right).
The original Lokl construct could be targeted to centrosomes, kineto-
chores, mitochondria, and the plasma membrane. In theory, Lokl can
be targeted to any cellular location, as long as an appropriate localiza-
tion signal is used Similarly, while Plk1 and Aurora A inhibitors have
been used for this purpose, any kirase inhibitor can be used with the
Lokl system as long a5 the inhibitor can be chemically adapted to be
compatible with the selfiabeling protein tag without the loss of
funiction.

While the original LoK| construct used two SNAP-tags, in theory,
other self-labeling protein tags, such as the HaloTag or CLIP-tag, could
beused as well (Gautier et al, 2008, Stagge, Mitronova, Belov, Wurm, &
Jakobs, 2013). These tags could be used in the same Lokl canstruct to
fine-tune contrad of enzyme activity for downstream analyses. For
example, a corstruct may consist of an Lok construct with an SNAP-
tag and a HaloTag used in conjunction with an SMNAP-modified Plk1
inhibitor and a Halo-maodified APC/C inhibitor. In this way, ane Lokl
construct will contain two for more, if multiple selfdabeling protein
domains ane used) inhibitors, allowing for localized and spedfic inhibi-
tion of two for more) biological processes within one region.

Other localization-based kinase inhibition strategies hawe also
besn developed. In one example, Lera et al. generated two alleles of
Plk1 within one cell (Lera et al., 2014). The fist allde coded for an
analogue sensitive construct of Plkl with mutations that rendered it
sersitive to the “bumpy™ inhibitor 3-MB-PP1 but insensitive to the
Plk1 ATP-competitive inhibitor BI-2534. This allele retained the wild-
type localization of PlkL. The other allele coded for a construct of

FIGURE 8 Selected techniques in determining kinase function.
fa) Bump-hole technolagy. (2 A “bump” is chemically added to ATP
{brown) to make it sterically bulky (red) and unable to bind to a wild-
type kinase (left, purple) (Cirde 1). A corresponding “hole™ is made in
a modified kinase {right, blue) that allows it to bind to and use the
modified ATP analogue [Cirde 2). The catalytic efficiency of the
modified kinase for unmodified ATPis usually weakened (Circle 3).
{a™) The modified kinase selectively incorporates the ATP analogue
onto its substrates. These substrates are then enriched and identified
viamass spectrometry-based approaches. (b} Fluonescence resonance
energy transfer (FRET) sensors. When the kinase is inactive (left), the
FRET donor and acceptar are not within FRET distance and the FRET
signal is low. When the kinase is active fright), the kinase
phosphorylates a phosphosite (dark blue) in the linker sequence,
causing the linker saquence to bind to the phaspho-binding domain
{dark brown)whidh brngs the FRET donor and acceptor cdose to each
other, producing an FRET signal. i) Localized kinase inhibition (LoK].
Akinase inhibitor (purple triangle) has poor location specificity,
inhibiting its tanget kinase fred circular sector) at all locations and
prohibiting the study of the kinase at a specific location Jeft
centrosome and kinetochores used as examples). In an Lok construct
fright), the inhibitor is covalently bound via an SNAP-tag (brown) to a
protein targeting domain forange; centmsome-targeting sequence
used as example). The Lokl construct promotes inhibition of the
kinase only at that domain fhere, only at the centrosome and not at
the kinetochores) [Color figure can be viewad at

willey onlinelibrary.com]

120



121



2 | WILEY-8

Plk1 that was wild-type in the ATP binding padcet but with varying C-
temninal localization domains that localized it to dwomating the inner
centromene and outer kinetochore, or the inner kinetochore. The
localization-spedific construct of Plkl was sensitive to the inhibitor
BI-2536 but insensitive to the inhibitor 3-MB-PPL Thus, by using dif-
ferent combinations of inhibitors and localization constructs, the
authors were able to selectively inhibit Pkl at different cellular struc-
tures to understand the different functions of Plkd at each structure.
For example, the authors found that Plk1 localized to the inner cen-
tromene and outer kinetochore, but not Pl localized to chromatin or
the inner kinetochore, was responsible for chromosome alignment in
metaphase. These experdments were performed under 3-MB-PPL
inhibition (suppressing the activity of the analog sensitive Pkl with
wild-type localization) to allow for precise control of Plk1 localization.
Furthemore, the authors showed that the ability of Plkl to localize to
the inner centromere and outer kinetochore to promote chromosome
alignment was due to Plkl activity, as the phenotype was sensitive to
BI-2536 treatment.

? | CONCLUSIONS AND PERSPECTIVES
Although this review has focused on the phosphonegulation of mitotic
spindle assembly, many other posttranslational modifications have
key roles in regulating various aspects of early mitatic spindle assem-
bly. The APC/C, for example, promotes mitotic progression by
ubiquitylating and degrading substrates throughout mitosis
(Pines, 2011; Primorac & Musacchio, 2013} Misregulation of the
APC/C canlead to defects in spindle assembly and in cyclin B distribu-
tion on the mitotic spindle (Torres et al, 2010). Moreover, tubulin
itself is heavily modified in mitosis. Besides phosphorylation, tubulin is
also modified via detyrosination, acetylation, and polyglutamylation
(Barisic & Mailato, 2014; Femeira, Figusireda, Orr, Lopes &
Maiata, 2018; Janke & Maglera, 2020). In some cases, these modifica-
tions promote or direct motor localization or activity, but understand-
ing how these modifications “cross-talk™ and how the ensemble of
these modifications gives dse to the complex dynamics of mitasis
remains an open question (Badsic & Maiata 2014; Femeira
etal, 2018; Janke & Magiera, 2020). Other modifications, such as the
addition and removal of OHlinked N-acetylglucosamine (O-GlcNAc) to
serine or threonine residues of nuclear or cytoplasmic proteins is
essential for cell cycle progression. Misregulation of O-GleNAc cydling
leads to defects in spindle size and shape (Slawson et al., 2005), in part
due to misregulation of Cdk1 and Aurora B (Tan et al, 2013). Most of
the identified O-GleNAc sites in mitosis are in dose proxdmity or e
within known phosphorylation sites, causing altered phosphorylation
of proteins associated with the mitotic spindle (Wang et al, 2010).
Other modifications, including famesylation Moudgil et al, 2015) and
myristoylation (Timm, Titus, Bemd, & Barroso, 1999), promote the
localization of microtubule-associated proteins to the mitotic spindle.
Thus, while phosphorylation and ubiquitylation have been heavily
studied as regulators of the events leading to mitotic spindle assembly
(Ong & Tomes, 2019) other posttranslational modifications have

received less attention, perhaps because of the difficulty of studying
these modifications in a high-throughput manner with mass spectrom-
etry (An, Froshlich & Lebrilla, 2009 Tate, Kalesh, Lanyon-Hogg
Storck, & Thinon, 2015). Nonetheless, improvements in computation
and analytical techriques have emerged to ald our understanding of
the role of these modifications in spindle assembly (Klamer, Hsueh,
Ayala-Talavera, & Haab, 2019). Altogether, understanding how the
miyriad of modifications coordinate as a signaling network to give rise
to the dynamic process of mitotic spindle assembly will be a prime
future goal for the field of cell division.
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Plk1 that was wild-type in the ATP binding padcet but with varying C-
temninal localization domains that localized it to dwomating the inner
centromene and outer kinetochore, or the inner kinetochore. The
localization-spedific construct of Plkl was sensitive to the inhibitor
BI-2536 but insensitive to the inhibitor 3-MB-PPL Thus, by using dif-
ferent combinations of inhibitors and localization constructs, the
authors were able to selectively inhibit Pkl at different cellular struc-
tures to understand the different functions of Plkd at each structure.
For example, the authors found that Plk1 localized to the inner cen-
tromene and outer kinetochore, but not Pl localized to chromatin or
the inner kinetochore, was responsible for chromosome alignment in
metaphase. These experdments were performed under 3-MB-PPL
inhibition (suppressing the activity of the analog sensitive Pkl with
wild-type localization) to allow for precise control of Plk1 localization.
Furthemore, the authors showed that the ability of Plkl to localize to
the inner centromere and outer kinetochore to promote chromosome
alignment was due to Plkl activity, as the phenotype was sensitive to
BI-2536 treatment.

? | CONCLUSIONS AND PERSPECTIVES
Although this review has focused on the phosphonegulation of mitotic
spindle assembly, many other posttranslational modifications have
key roles in regulating various aspects of early mitatic spindle assem-
bly. The APC/C, for example, promotes mitotic progression by
ubiquitylating and degrading substrates throughout mitosis
(Pines, 2011; Primorac & Musacchio, 2013} Misregulation of the
APC/C canlead to defects in spindle assembly and in cyclin B distribu-
tion on the mitotic spindle (Torres et al, 2010). Moreover, tubulin
itself is heavily modified in mitosis. Besides phosphorylation, tubulin is
also modified via detyrosination, acetylation, and polyglutamylation
(Barisic & Mailato, 2014; Femeira, Figusireda, Orr, Lopes &
Maiata, 2018; Janke & Maglera, 2020). In some cases, these modifica-
tions promote or direct motor localization or activity, but understand-
ing how these modifications “cross-talk™ and how the ensemble of
these modifications gives dse to the complex dynamics of mitasis
remains an open question (Badsic & Maiata 2014; Femeira
etal, 2018; Janke & Magiera, 2020). Other modifications, such as the
addition and removal of OHlinked N-acetylglucosamine (O-GlcNAc) to
serine or threonine residues of nuclear or cytoplasmic proteins is
essential for cell cycle progression. Misregulation of O-GleNAc cydling
leads to defects in spindle size and shape (Slawson et al., 2005), in part
due to misregulation of Cdk1 and Aurora B (Tan et al, 2013). Most of
the identified O-GleNAc sites in mitosis are in dose proxdmity or e
within known phosphorylation sites, causing altered phosphorylation
of proteins associated with the mitotic spindle (Wang et al, 2010).
Other modifications, including famesylation Moudgil et al, 2015) and
myristoylation (Timm, Titus, Bemd, & Barroso, 1999), promote the
localization of microtubule-associated proteins to the mitotic spindle.
Thus, while phosphorylation and ubiquitylation have been heavily
studied as regulators of the events leading to mitotic spindle assembly
(Ong & Tomes, 2019) other posttranslational modifications have

received less attention, perhaps because of the difficulty of studying
these modifications in a high-throughput manner with mass spectrom-
etry (An, Froshlich & Lebrilla, 2009 Tate, Kalesh, Lanyon-Hogg
Storck, & Thinon, 2015). Nonetheless, improvements in computation
and analytical techriques have emerged to ald our understanding of
the role of these modifications in spindle assembly (Klamer, Hsueh,
Ayala-Talavera, & Haab, 2019). Altogether, understanding how the
miyriad of modifications coordinate as a signaling network to give rise
to the dynamic process of mitotic spindle assembly will be a prime
future goal for the field of cell division.
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Chapter 5: Molecular characterization of Cdk15, a putative spindle assembly checkpoint
regulator

Abstract

The spindle assembly checkpoint (SAC) regulates the metaphase to anaphase transition
in cell division. While many aspects of SAC signaling and regulation have been identified, much
about SAC signaling is still being discovered. We identified a novel kinase Cdk15 as a potential
regulator of the SAC. Here, we demonstrate that Cdk15 can bind to important mitotic regulators
Mad2, PIk1, Aurora Kinase B, and Survivin both from in vitro transcribed and translated proteins
and from HelLa cell lysates. For Plk1, we suggest that PIk1 is a substrate of Cdk15 and that Cdk15
is not a substrate of Plkl. We also show that the localization of Cdk15 to the nucleus during
interphase is dependent on a canonical nuclear localization sequence. Altogether, we present

some elements of the molecular characterization of this putative SAC kinase.

Introduction

The faithful segregation of chromosomes during mitosis is regulated by the spindle
assembly checkpoint (SAC), which delays the metaphase to anaphase transition and is
composed of two main modules (Musacchio and Salmon, 2007). The first module involves the
anaphase promoting complex/cyclosome (APC/C). The APC/C is a mitotic E3 ubiquitin ligase
responsible for two major events in mitosis: (1) the ubiquitylation and subsequent degradation of
securin, the inhibitor of the protease separase; once uninhibited, separase degrades the cohesion
proteins that binds sister chromosomes together during metaphase; and (2) the degradation of
cyclin B1, which inactivates Cdkl and promotes mitotic exit (Pines, 2011; Primorac and
Musacchio, 2013). In the first module of the SAC, a mitotic checkpoint complex (MCC) comprised
of Mad2, Cdc20, BubR1, and Bub3 is generated at unattached kinetochores and inhibits the
APC/C, thus preventing sister chromosome separation until all the kinetochores are attached to
microtubules.
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In the second module of SAC regulation, the chromosomal passenger complex (CPC)
comprised of Aurora Kinase B, Survivin, INCENP, and Borealin phosphorylates microtubule-
associated proteins like the Ndc80 complex, phosphorylation events that broadly serve to weaken
microtubule-kinetochore attachments (Ong et al., 2020). In this way, incorrect microtubule-
kinetochore attachments are disrupted and the kinetochore gets another “chance” at capturing a
microtubule. Only when an amphitelic (bipolar) microtubule attachment has been generated at
each kinetochore, and tension is generated across the sister chromosomes such that the
microtubule-kinetochore sites are now pulled away from the centrosomes and the CPC, are the
microtubule-associated proteins free from Aurora Kinase B-mediated regulation of kinetochore
attachment. Thus, in this parallel module of SAC regulation, cell division is prohibited until proper
(bipolar and with tension) spindle-chromosome attachments are generated.

The SAC is a highly controlled process. In order to further understand SAC regulation, we
performed an siRNA screen against the “druggable” human genome using the HeLa FUCCI cell
line (Sakaue-Sawano et al., 2008). Briefly, HeLa FUCCI cells were treated with a library of sSiRNAs
and treated with 6 nM Taxol. Cells whose SAC was not perturbed will arrest in mitosis and
fluoresce green; cells whose SAC function was compromised will continue through with cell
division and fluoresce red. By quantifying the ratio of red:green cells, sSiRNAs may modulate SAC
function can be determined. Through this method, we identified Cdk15, a cyclin dependent kinase
whose knockdown via siRNA resulted in SAC bypass. Cdk15 is a poorly studied protein implicated
in some cancer types via broad genetic analyses; generally, higher Cdk1l5 expression
corresponds to a worse prognosis (Shiraishi et al., 2014; Zhang et al., 2021). Few studies have
examined Cdk15 at a molecular basis: one study identifies Survivin as a substrate of Cdk15 (Park
et al., 2014) and suggests a role in protecting some cell types from apoptosis, and another
identifies Pak4 as a substrate and suggests that Cdk15 phosphorylation of Pak4 leads to

subsequent amplified ERK signaling, cell proliferation, and tumor growth of colorectal cancer cells
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(Huang et al., 2022). Given that Cdk15 is an emerging factor in cell proliferation, we sought to

characterize Cdk15 and its effects on mitosis and the SAC.

Materials and Methods
The reagents and experimental procedures are the same as Chapter 2 (SPOP) with the
following modifications:
1. The solid phase for Myc-immunoprecipitations is Anti-Myc-tag mAb-Magnetic Beads (MBL,
MO047-11).
2. The Survivin antibody (Abcam, ab76424) used for immunoblotting was used at 1:1000.
3. pDONR221 Mad2, Aurora B Kinase, and Survivin were already generated in the Torres
lab.
4. The purchased Cdk1l5 ORF (GenScript) codes for the 429 amino acid isoform given by

Uniprot ID Q96Q40-5.

Primers used for Gateway cloning are as follows and are all from Eurofins:

Primer name Sequence (5’-3)

Cdk15 Fwd GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGG

AGATAGAACCATGGGTCAAGAGCTGTGTGCAAAGAC

Cdk15 NT_RevS GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATGA

GGCTGCCCCAAAAGGGAGG

Cdk15 KD_Fwd GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGG

AGATAGAACCATGGGGTCTTACTTGAACTTGGAGAAGC

Cdk15 KD_RevS GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGAA

ATAATCATGAACAAGTGC
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Cdk15 CT_Fwd GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGG

AGATAGAACCATGGGGAGCGCCCTGCCATCTCAGC

Cdk15 RevS GGGGACCACTTTGTACAAGAAAGCTGGGTCCTACCA
GCATTTGCTAAACTGGGC
Plk1 Fwd GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGG

AGATAGAACCATGGGGAGTGCTGCAGTGACTGC

Plk1 KD_RevS GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAAAA

GAACTCGTCATTAAGCAGC

Plk1 LinkPDB_Fwd | GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGG

AGATAGAACCATGGGGACTTCTGGCTATATCCCTGCC

Plk1 PDB_Fwd GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGG

AGATAGAACCATGGGGATGCTGCAGCAGCTGCACAGTG

Plk1l RevS GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGGA

GGCCTTGAGACGGTTGCTGG

Results

Cdk15 binds to mitotic proteins Mad2, Plk1, Aurora Kinase B, and Survivin

We began by analyzing the domains of Cdk15. By homology to other Cdks, we identified
the only domain in Cdk15 as the kinase domain. We thus truncated Cdk15 according to its
domains using PCR: full length (FL, amino acids 1-429); N-terminus (NT, 1-101); kinase domain
(KD, 102-387); C-terminus (CT, 388-429); NTKD (1-387); and KDCT (102-429).
We next sought to determine the binding partners of Cdk15. We chose a subset of mitotic
proteins of interest determined via mass spectrometry of overexpressed Cdk15: Mad2, PIk1,

Aurora Kinase B (AurK B), and Survivin. First, we expressed these proteins via IVT and
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subjected them to binding experiments with Cdk15 FL, NT, KD, or CT (Figure 1A-D). In all
cases, the Cdk15 FL and KD, but not the NT or CT, co-immunoprecipitated with the mitotic
protein. Broadly, this is not altogether unsurprising, considering neither the NT nor the CT of
Cdk15 have any structural elements that would support binding. We sought to validate whether
these binding interactions could be recapitulated in HelLa cell lysates. HelLa cells were
transfected with Myc-Cdk15 and the four mitotic proteins, treated with Taxol to arrest the cells in
mitosis, and subjected to Myc-immunoprecipitation. Again, Cdk15 was able to co-
immunoprecipitate HA-PIk1 and Mad2 (Figure 2A) and FLAG-AurK B and Survivin (Figure 2B).
Altogether, these results suggest that Cdk15 can interact with these four proteins with key roles

in the spindle assembly checkpoint, albeit while both proteins are overexpressed.

Cdk15 binds to the kinase domain of Plk1

We were interested in examining the interaction between Cdk15 and PIk1, as both are
kinases. In particular, we sought to determine the kinase relationship between the two: does
Cdk15 phosphorylate Plk1; does Plk1 phosphorylate Cdk15; or do they phosphorylate each
other? Preliminary kinase assays using 32P-labeled ATP were technically challenging, so we
opted for another approach. Plk1 binds to its substrates using its polo box domains (PBD).
Broadly, the PBD recognizes phosphorylated peptides (for example, a residue phosphorylated
by a priming kinase like Cdk1) and allows for subsequent Plk1 phosphorylation on a different
residue (Tsvetkov et al., 2005; Liu et al., 2004; Elia et al., 2003). Thus, if Cdk15 is a substrate of
Plk1, it should bind to the PBD of PIk1.

We truncated PIk1 into its different domains (Lee et al., 2014; Schmucker and Sumara,
2014): full length (FL, amino acids 1-603); kinase domain (KD, 1-305); polo box domains (PDB,
377-603); and Linker + PBD (306-603). Given that the PDB of Plk1 often requires
phosphorylated substrates and we did not know the kinase that would phosphorylate Cdk15, we
opted to perform this binding reaction in asynchronous Hela cells instead of with IVT protein, as

139



this approach would give us the highest likelihood that the necessary phosphorylation to
mediate Cdk15-Plk1 binding would be present. A co-immunoprecipitation demonstrated that
both PIk1 FL and KD, but not the domains containing the PBD, bound to Cdk15 (Figure 3).
Thus, at least using the basis that substrates of PIk1 bind to its PBD, it seems that Cdk15 is not
a substrate of PIk1. Rather, it seems that Cdk15 binds to (and possibly phosphorylates) PIk1 at

the kinase domain of Plk1.

Cdk15 nuclear localization is dependent on a classical nuclear localization sequence

Having established that Cdk15 can bind to mitotic proteins, we next sought to determine
the localization of Cdk15 in cells. We could not determine a clear mitotic localization for Cdk15.
However, we did observe that Cdk15 FL localized slightly within the nucleus. Using a
computational tool (Nguyen Ba et al., 2009) to identify canonical nuclear localization signals
(NLS; we used a cut off value of 0.4 instead of the default 0.5), we identified a putative
monopartite NLS within the N-terminus of Cdk15: 67TKFKSKRP73. As NLS tend to involve basic
residues, we disrupted the NLS via mutation of amino acids KR (underlined in previous
sentence) to AA, giving Cdk15 KR71AA. We transfected pgLAP1-tagged Cdk15 WT or KR71AA
into HelLa cells and assessed the localization of each protein (Figure 4). For Cdk15 FL and
NTKD, mutation of these residues to alanine significantly weakened the nuclear localization of
Cdk15. For the Cdk15 NT, mutation of these residues did not have as significant an effect on
the nuclear localization of the Cdk15 NT. Given that pgLAP1 Cdk15 NT is about 30 kDa (28 kDa
EGFP-S Tag + 1.3 kDa Cdk15 N-terminus), the Cdk15 NT is small enough to avoid exclusion by
the nuclear pore complex, which generally excludes molecules larger than approximately 60

kDa (Wang and Brattain, 2007).

Discussion
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The full ensemble of proteins that regulate the spindle assembly checkpoint are
unknown. Here, we describe Cdk15 as a potential regulator of the spindle assembly checkpoint
and document its ability to bind the key mitotic proteins Mad2, Plk1, Aurora Kinase B, and
Survivin and its nuclear localization, dependent on a nuclear localization sequence.

We initially identified Cdk15 as a novel mitotic regulator via a high-throughput siRNA
screen. Subsequent experimentation has suggested that the original siRNAs used in the screen
to identify Cdk15 as a novel mitotic regulator may have also had off-target effects on Mad2, a
common off-target effect of sSiRNAs (Hubner et al., 2010). In particular, loss of Cdk15 via some
siRNAs also led to loss of Mad2 via immunoblotting. Thus, Cdk15 may be a false positive as a
regulator of the spindle assembly checkpoint. Why the key mitotic proteins Mad2, PIk1, Aurora
Kinase B, and Survivin thus seem to bind to Cdk15 is unclear. Perhaps, if the loss of Mad?2 via
Cdk15 siRNAs is due to off-target effects, Cdk15 may nonetheless be an important mitotic
regulator like Cdk1. On the other hand, the consistent loss of Mad2 by various Cdk15 siRNAs
may suggest that Cdk15 may serve a role in stabilizing Mad2, either transcriptionally (discussed
below) or directly through protein-protein interactions.

The observation of Cdk15 in the nucleus is reminiscent of transcriptional Cdks, like Cdk5
or Cdk9. These transcriptional kinases bind to cyclins that are not cell-cycle regulated and thus
the regulation of these kinases is not cell cycle-dependent (Malumbres, 2014). However, Cdks
cannot be simply divided into “transcriptional” or “cell cycle” Cdks. Indeed, in S. cerevisiae,
Cdk1, a canonical “cell cycle” Cdk, has strong roles in transcriptional activation of RNA
polymerase and promoting the transcription of S-phase genes (K6ivoméagi et al., 2021). Perhaps
Cdk15 is also similarly responsible for the transcription of other genes necessary for cell cycle
progression.

Key questions in understanding the role of Cdk15 remain. What is the cyclin that binds to
and regulates Cdk15? We were unable to pursue any viable in vitro kinase assays with Cdk15
because Cdks are not active in the absence of their cyclin. Consequently, we were unable to
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determine the substrates of Cdk15. These experiments were done with exogenous Cdk15
because no commercial antibody against Cdk15 could be validated. The localization and role of
endogenous Cdk15, which would be possible via good antibodies against Cdk15 and/or
CRISPR-based tagging or disruption of the genetic locus of Cdk15, would greatly aid our
understanding of Cdk15. Similarly, the reagents available to disrupt Cdk15 (while leaving Mad1

intact) to study its function are necessary for understanding the role of Cdk15 within the cell.
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Figure 1. The Cdk15 kinase domain binds to Plk1, Mad2, Aurora Kinase B, and Survivin.
IVT-expressed Myc-Cdk15 full length (FL, amino acids 1-429), N-terminus (NT, 1-101), kinase
domain (KD, 102-387), or C-terminus (CT, 388-429) and (A) HA-Mad2, (B) HA-PIk1, (C) FLAG-
Aurora Kinase B (AurK B), and (D) FLAG-Survivin were subjected to Myc-immunoprecipitation
and the resulting blots probed with the indicated antibodies. In (D), no vector refers to no Myc-
tagged protein (just the IVT master mix and water), and Myc-SPOP is used as a negative

control.
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Figure 2. PIk1, Mad2, Aurora Kinase B, and Survivin co-immunoprecipitate with Cdk15

from HelLa lysates. (A) Lysates from HelLa cells co-transfected with Myc-Cdk15 and HA-PIk1 or

HA-Mad2 were subjected to Myc-immunoprecipitaiton and the resulting blot probed with the

indicated antibodies. (B) Same as (A), except with FLAG-AurK B and FLAG-Survivin and

subjected to Myc-immunoprecipitation. Because FLAG-Survivin migrates at the same weight as

the 1gG light chain, the blot was also probed with a Survivin antibody. LCMT1 was used as a

negative control.
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Figure 3. Cdk15 binds to the kinase domain of PlIk1. Lysates from HelLa cells co-transfected
with Myc-Cdk15 and FLAG-LCMT1 or FLAG-PIK1 truncations (FL, full length: amino acids 1-
603; KD, kinase domain: 1-305; Linker + PBD: 306-603; PBD, polo box domains: 377-603) were
subjected to Myc-immunoprecipitaiton and the resulting blot probed with the indicated

antibodies. LCMT1 was used as a negative control.
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Figure 4. The nuclear localization of Cdk15 is dependent on an N-terminal NLS. HelLa cells
were transfected with pgLAP1 Cdk15 FL, NT, NTKD, either WT or with the putative N-terminal

NLS mutated (KR71AA) and stained with the indicated antibodies. The scale bar is 20 ym.
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Appendix Chapter 1: Dissecting the mechanisms of cell division

This chapter is reproduced from

Joseph Y. Ong and Jorge Z. Torres. Dissecting the mechanisms of cell division. Review.

J Biol Chem. 2019 Jul 26;294(30):11382-11390. doi: 10.1074/jbc.AW119.008149 PMID:

31175154

150



|BC ASBMB AWARD ARTICLE

=

Dissecting the mechanisms of cell division

Published, Papersin Press, June 7, 2019, DOl 101074/)bc AW119.008149
JosephY. Ong* and © Jorge Z. Torres*™"

From the *Department of Chemistry and Blochemistry, “The Jonsson Comprehensive Cancer Center, and the "Molecular Biology

Institute, UCLA, Los Angeles, California 90095
Edited by Enrique M. Ce La Cruz

Cell division is a highly regulated and carefully orchestrated
process. Understanding the mechanisms that promote proper
cell division is an important step toward unraveling important
questions in cell biology and human health. Eardy studies seek-
ing to dissect the mechanisms of cell division used classical
genetics approaches to identify genes involved in mitosis and
deployed biochemical approaches to isolate and identify pro-
teins critical for cell division. These studies underscored that
post-translational modifications and cyclin-kinase complexes
play roles at the heart of the cell division program. Modern
approaches for examining the mechanisms of cell division,
inchuding the use of high-throughput methods to study the
effects of RNAi{, cDNA, and chemical libraries, have evolved to
encompass a larger biological and chemical space. Here, we out-
line some of the classical studies that established a foundation
for the field and provide an overview of recent approaches that
have advanced the study of cell division.

Introduction to cell division

Cell division, or mitosis, is the process by which a mother cell
divides its nuclear and cytoplasmic components into two
daughter cells. Mitosis is divided into four major phases pro-
phase, metaphase, anaphase, and telophase. Careful regulation
of the cell division program is crucial for proper cell growth,
development, and gametogenesis. Dysfunction or misregula-
tion of cell division can lead to growth defects (1, 2) and prolif-
erative diseases like cancer (3) and aging-related diseases (4),
including Alzheimer’s disease (5). Therefore, analyses of the
pathways and mechanisms that promote proper cell division
are important avenues through which we can understand cell
regulation and its misregulation in human disease.

Cell division is driven by two main modes of post-transla-
tional modifications. First, protein kinases like cyclin-depen-
dent kinases (CDKs)® (6, 7) and Polo-like kinases (8) phosphor-
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ylate their substrates to modify their activity or stability; this
modification is opposed by protein phosphatase—mediated
dephosphorylation (for example, Cdc25 (9) and various PP2ZA
(10) complexes). Second, E3 ubiquitin ligases like the anaphase-
promoting complex/cyclosome (APC/C) (11} and Cullin
1-based SCF {Skp-Cullin-F box) {12) complexes ubiquitylate
their substrates and target them for proteasomal degradation;
this modification is opposed by deubiquitylases such as USP37
(13) and Cezanne (14). Spatiotemporal control of when these
post-translational modifications occur gives rise to the ordered
events of cell division. Our current understanding of key regu-
lators of cell division is founded upon many classical genetic
and biochemical studies aimed at understanding the cell cycle.
We begin by highlighting some of these seminal studies, tran-
sition to discussing modern techniques and approaches used to
dissect the mechanisms of cell division, and conclude with
future directions and perspectives on the cell division field

Classical studies of cell division: post-translational
regulation

Early cell cycle studies established that phosphorylation was
important for cell division. These studies assessed the DNA
content, size, and doubling time of mutant strains of the yeast
Schizosaccharomyces pombe to identify genes, termed cell divi-
sion cycle (cde) genes (15). One of the first cde genes to be
characterized was cdc9-50, later renamed WEE] (16). WEEI-
mutant yeast divided at a smaller size than their WT counter-
parts, suggesting that loss of Wee Lp activity accelerated mitotic
entry and that Weelp was an inhibitor of mitosis. Later, it was
discovered that overexpression of the S. pombe gene cdc25,
determined to encode a protein phosphatase (17), led to
increased rates of mitotic entry (18). Moreover, Weelp and
Cdc25p worked in opposition to each other, suggesting a bal-
ancing act between these two proteins to regulate the initiation
of mitosis (19). The cloning of WEE! indicated that it resem-
bled a protein kinase (20), suggesting that phosphorylation
could regulate cell division. This analysis also suggested that a
common substrate of Cdc25p and Weelp was Cdc2p, a protein
kinase (21) known to be involved in the initiation of DNA rep-
lication (Cde2p in . pombe and Cdc28p in Saccharomyces
cerevisiae, now known as CDKI in humans) {22). The possibil-
ity that Weelp and Cdc25p worked in opposition to each other
at the biochemical level was later confirmed when it was shown
that Weelp phosphorylated and inactivated Cdc2p (23) and
that Cdc25p dephosphorylated and activated Cdc2p (17). Thus,
the ability of Cdc2p to regulate mitotic entry depended on its
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phosphorylation state (24), a theme that has now extended to
other mitotic kinases.

Meanwhile, parallel studies in frog oocytes demonstrated
that a cytoplasmic substance, termed maturation-promoting
factor (MPF), regulated the initiation of meiosis (25, 26). Curi-
ously, the levels of MPF seemed to go up and down during the
different phases of meiosis (27). Purification of MPF (28) sug-
gested that this protein complex contained two proteins: a pro-
tein kinase of ~32 kDa, later identified to be a homologue of
5. pombe Cdc2p (29), and a protein of ~45 kDa, later identified
to be cyclin B (30). The interaction between the kinase Cdc2p
and cyclins, a class of proteins named because their protein
levels cycled with each mitotic division in sea urchins and clams
(31), became a key resource for understanding the mechanisms
of cell division. The discovery of CDK2 and CDK2-cyclin A
complexes (32, 33) and Cdc2—cyclin A and Cdc2—cyclin B
complexes (30, 34) suggested that different cyclin-kinase pairs
could regulate different aspects of mitotic entry and progres-
sion (32). Subsequent studies in model organisms demon-
strated that, among its many substrates, Cdc2 phosphorylated
nuclear lamins for nuclear envelope breakdown (35, 36) and
cytoskeletal elements for important morphological changes
during mitosis (37, 38). The ability of cyclins and their kinases
to mediate mitotic entry and progression has become the
engine that drives cell division.

Similar to phosphorylation and protein kinases, ubiquityla-
tion and E3 ubiquitin ligases play important roles in cell divi-
sion (39). For example, the cycling levels of cyclin B were par-
tially explained by the ubiquitination (40, 41) and subsequent
degradation of cyclin B by the APC/C (42, 43). Degradation of
Emil (44) and Weel (45) via ubiquitylation of the Cull-based
SCF (Skp-Cullin-F box) complex is necessary for proper mitotic
exit. Whereas phosphatases (such as Weel or PP2A (10)) have
been well studied as antagonizers of cell division kinases, the
role of deubiquitinating enzymes and the identification of their
substrates remain to be fully explored (46).

Beyond these classical genetic and biochemical studies,
modern approaches aimed at dissecting the mechanisms of cell
division have greatly advanced our understanding of this
dynamic process. Here, we present a broad overview of recent
approaches that take a comprehensive and “-omics” view to
identify novel components critical for cell division, to under-
stand the function of the cell division machinery, and to analyze
the pathways and other novel factors that contribute to cell
division.

Genetic dissection of cell division

Although the aforementioned traditional yeast mutagenesis
studies were seminal to the field of cell division, in the era of
moderngenomics, genetic analyses of cell division have become
more targeted and efficient. The availability of RNAi and
CRISPR-Cas9 gRNA (47) libraries has made studying gene
expression knockdowns a viable option for discovering novel
genes involved in cell division (Fig. 1, upper left). Approaches
that screen these libraries are usually coupled with a high-
throughput method of multiparametric data analysis, such as
assessing mitotic progression via microscopy and DNA content
or via the HeLa fluorescence ubiquitination cell cycle indicator
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(FUCCI) cell lines, which change color based on the cell cyce
phase (48). As an example, our group performed an siRNA
screen to assess the importance of ~600 mitotic microtubule-
associated proteins for their function in cell division and used
high content imagers to quantify the mitotic index and apopto-
tic index of each knockdown (49). Through this approach, we
discovered StarD9, a novel protein involved in centrosome
cohesion and whose depletion led to a dynamic unstable
mitotic arrest (49). Combined with microscopy and computer-
aided imaging, siRNA screens have now analyzed the impor-
tance of ~22,000 genes for cell division, uncovering novel pro-
teins critical for this process (50).

Similarly, expression of fluorescently-tagged fusion proteins,
by transfecting vectors encoding cDNAs (51) or bacterial arti-
ficial chromosomes containing a gene with its endogenous pro-
moter (52), has enabled the identification of novel cell division
proteins. The use of a fluorescently-tagged protein allows for an
easy visual analysis for whether the protein has a relevant local-
ization, such as at the kinetochores during mitosis, and is par-
ticularly useful when an antibody for the protein of interest is
unavailable, either because the protein of interest is novel or
because commercially available antibodies could not be vali-
dated. Combined with other analyses, such as proteomic data,
these approaches have been used to identify novel protein com-
plexes and pathways, such as a subunit of the APC/C (52), the
MOZART family of tubulin-associated proteins (52}, and the
katanin family of microtubule-severing enzymes (53).

Together, these genetic approaches have defined a parts list
of the critical factors that are required for proper cell division.
Importantly, they have allowed for the dissection of key cell
division processes like centrosome homeostasis, early mitotic
spindle assembly, spindle assembly checkpoint function, and
cytokinesis. These studies have also aided the understanding of
human genetic diseases, like developmental disorders and can-
cers, that have cell division dysregulation at the core of their

pathophysiology.
Proteomic dissection of cell division

Classical yeast two-hybrid screens have been used to identify
novel protein—protein interactions (54, 55) and to define key
domains or amino acids necessary for protein—protein interac-
tions (Fig. 1, upper leff) (56). However, modern proteomic
approaches have greatly expanded the identification of novel
protein—protein interactions and protein complexes involved
in cell division. We outline two main approaches to the pro-
teomic mapping of cell division: first, affinity-based purifica-
tions, based on the strength of protein—protein interactions;
and second, proximity-based purifications, based on the spatio-
temporal localization of the protein of interest. In affinity puri-
fications, a tagged protein is expressed within cells, and the
protein complexes are immunoprecipitated via antibodies that
target the protein tag and are analyzed by MS (Fig. 1, upper
right) (51, 57). We have used this approach to study various
protein complexes of the cell division machinery, including
enzymes that regulate the length of the mitotic spindle (58),
ubiquitylation complexes that regulate cytokinesis (59), novel
light chains of the dynein machinery (60), and a novel kinesin
involved in centrosome cohesion (49, 61, 62). In proximity-

1 Biol, Chem. (2015) 254{30) 11382-11390 11383

153



154



ASBMB AWARD ARTICLE: Dissecting mechanisms of cell division

3o-c 37'c NOVEL
wr P FACTORS
CdeX II” M/\/\./\J\-lo.
3 Lipids, sugars?
Mutagenesis / Y2H @' Small molecules?

Metabolites, ATP? .,

¥
otododo &
B!

CELL
DIVISION

o

PROTEOMIC

Intensity

PIk1 phosphorylation
cor motif

Dfg-X-S/r-0-X-Dig

T

FOXM1 (pS715) DISFPG

Miwt Cdc25C (pS198) EFSKKD

Nnf1 p150Glued (pPS179) ELSSSE
COMPUTATIONAL

2104

Figure 1. Overview of approaches used to dissect the mechanisms of cell division. Multiple approaches have been used to dissect the mechanisms of cell
division, including genetic, proteomic, chemical, structural, and computational approaches. Figure contains the structure of the MIND complex from Kluyvero-
myces lactis (84) (Protein Data Bank code 5T58 (127), created using the NGL Viewer (128)). Examples of Plk1-interacting proteins are Bub1 (129),Cdh1 (130),and
Chk2 (131). Examples of PLK1 substrates are FOXM1 (8), Cdc25C (132), p150Glued (133), Myt1 (134),and Wee1 (45).

based purifications, the protein of interest is tagged with alabel-
ing enzyme such as a BirA biotin-ligase mutant called BiolD
(135) (or its derivatives BioID2 (136), TurbolD, or miniTur-
bolD (63)) or a peroxide-based enzyme APEX (64). Upon addi-
tion of the small ligand biotin to the cell culture media, these
labeling enzymes modify proximal proteins with biotin via
accessible lysine residues. Following the labeling step, the cells
are lysed in denaturing conditions, biotinylated proteins are
immunoprecipitated by binding to streptavidin beads, and pro-
tein complexes are analyzed by MS. Examples of proximity-
based approaches include the identification of CDK1 protein
interactors (65) and the spatial mapping of protein—protein
associations within the centrosome (66).

Our group has been interested not only in defining novel
components of the cell division machinery but also how these
components interact with each other in a spatiotemporal man-
ner. The mapping of cell division protein—protein interactions
has been and will continue to be important for understanding
how the cell division machinery coordinates to execute cell

11384 .. Biol. Chem. (2019) 294(30) 11382-113%0

division with high fidelity. For example, protein interactors of a
mitotic protein kinase could represent components of a protein
complex, regulators of its activity or localization, and/or sub-
strates for modification. Therefore, cell division protein—
protein interaction networks are critical for defining protein
function and more broadly how these proteins affect a specific
pathway within the cell division program.

Chemical dissection of cell division

Natural and synthetic small molecules that target the cell
division machinery are useful research tools that can be used in
an acute and temporal manner to dissect the mechanisms of cell
division. They can also serve as lead molecules for the develop-
ment of therapeutics for treating proliferative diseases like can-
cer. However, these compounds have shown limited use in clin-
ical trials, emphasizing the need to discover new or improved
compounds and/or more viable biological targets. Moreover,
many critical regulators of cell division have no specific inhibi-
tors, hindering research to improve our understanding of their

ZASBMB

155



156



ASBMB AWARD ARTICLE: Dissecting mechanisms of cell division

1:1 stoichiometry of Aurora kinase B and Borealin, and visual-
ized Aurora kinase B localization to the cytokinetic bridge
(103).

Beyond microscopy, computational approaches have also
been used to discover novel substrates of mitotic protein
kinases. The basic structure of these algorithms is to use
sequence information of known phosphorylation sites to iden-
tify a consensus phosphorylation motif and predict novel sub-
strates, as outlined in Fig. 1 (fower right) for Plk1. Many com-
putational tools that expand on this basic approach have been
published (104, 105}; we highlight a recent study that identified
SPICEL as an Aurora kinase A substrate via a computational
algorithm and validated the interaction via biochemistry (106).

Given the wealth of information generated by chemical, pro-
teomic, and genetic screens and cheminformatics and bioinfor-
matics analyses, there is a pressing need to develop computa-
tional methods to integrate and analyze these data. In regard to
this, our group recently used computational cell cycle profiling
for prioritizing Food and Drug Administration-approved
drugs with the potential for repurposing as anticancer therapies
(68). Methods like this that combine and synthesize data sets
from multiple sources into multiparametric analyses will
become increasingly critical for developing a comprehensive
view of cell division and how best to target it for therapeutic

purposes.

Future perspectives

Although much has been discovered about the mechanisms
that drive cell division, many novel factors that play a role in cell
division are still being discovered. For example, endogenous
RNA interference (RNAi) has been shown to regulate the
expression of cell division proteins like Plk1 {107, 108), Madl
(109}, Bub1(110), and Aurora kinase B (111). Many other RNAi
have been shown to affect at least one aspect of cell division
{112-116), and some have no identified targets (117). Given the
clinical importance of these RN Ai and the therapeutic potential
of exogenous RN A, a systematic understanding of how differ-
ent forms of RNAi influence the proteins involved in cell divi-
sion may help uncover novel levels of regulation for cell
division.

In addition to RNAI, small molecules and reactive oxygen
species (ROS) have been shown to play critical roles in mitotic
progression. For example, folate deficiency leads to replicative
stress during DNA replication and consequently to mis-segre-
gation defects during mitosis (118). Similarly, the lipid family of
phosphoinositides was shown to directly influence mitotic
progression through proteins like NuMA (119) or phos-
phatases (120) and by regulating cytoskeletal elements (121,
122). Sterols have also been shown to play a role in cell division:
cells deprived of cholesterol have difficulty undergoing cytoki-
nesis (123), and the cholesterol derivative pregnenolone local-
izes to the spindle poles, binds Shugoshin 1, and promotes cen-
triole cohesion (124). In 5. porbe, intracellular concentrations
of glucose affect Weel activity and thus cell size at mitotic entry
{125). Whether glucose or other metabolites serve roles during
mitosis in human cells is largely unexplored. Interestingly, in
cancer cells, ROS levels are elevated during mitosis, leading to
an increased oxidation of biomolecules, but the functional

11386 . 8iol Chem (2019) 294(30) 11382-11350

implications of this oxidation, if any, are unknown (126). Thus,
comprehensive metabolomic, lipidomic, and nucleic acid stud-
ies of cell division are likely to yield interesting and previously
underappreciated biological aspects of cell division (Fig. 1,
upper middle).

Concluding remarks

Methods to dissect the mechanisms that govern cell division
have progressed rapidly over the last few decades. The strate-
gies discussed here allow for a genome- or proteome-wide
assessment of proteins, drugs, and small molecules involved in
cell division. In addition, advances in structural biclogy and
computation have aided the study of cell division, particularly
with regard to complex structures that are difficult to study
with traditional biochemical techniques. Altogether, these
approaches have allowed for the discovery and study of the
ensemble of proteins and other factors necessary for proper cell
division.

Acknowledgnent—We thank the Journal of Biological Chemistry for
artistic help in constructing Fig. 1.

References

1. Tomkins, IV ], and Sisken, ]. E. (1984) Abnormalities in the cell-division
cycle in Roberts syndrome fibroblasts: a cellular basis for the phenotypic
characteristics? Am. | Hum. Genet. 36, 1332-1340 Madline

2. Hung, C. Y., Volkmar, B, Baker, . D)., Bauer, |. W'., Gussoni, E., Hainzl, 5.,
Klausegger, A., Lorenzeo, |, Mihalek, L, Rittinger, O, Tekin, M., Dallman,
].E, and Bodamer, O. A, (2017) A defect in the inner kinetoc hore protein
CENPT causes a new syndrome of severe growth failure. PLaS ONE 12,
21189324 CrossRef Medline

3. Hanahan, I, and Weinberg, B. A. (2011) Hallmarks of Cancer: the next
generation. Cell 144, 646 — 674 CrossRef Medline

4. Macedo, . C, Waz, 5., Bakker, B., Ribeiro, R, Bakker, P. L., Escandell,
J. M., Ferreira, M. G.,, Medema, R., Foijer, F., and Logarinhe, E. (2018)
Foxrh 1 repression during human aging leads to mitotic decline and ane-
uploidy-driven full senescence. Nat. Commuen, 9, 2834 CrossRef Medline

5. Yang, Y., Varvel, N. H., Lamb, B. T., and Herrup, K. (2006) Ectopic call
cycle events link human Alzheimer's disease and amyloid precursor pro-
tein transgenic mouse models. | Newroscl. 26, 775-784 CrossRef
Medline

6. Deter, M., MNakagawa, ], Dorée, ML, Labbé, . C,, and Migg, E. A. {1990)
Identification of major nucleclar proteins as candidate mitotic substrates
of odc2 kinase. Cell 60, 791 -801 CrossRef Medline

7. Bischoff, J. R, Friedman, . M., Marshak, D. R, Prives, C., and Beach, D.
(1990) Human p53 is phosphorylated by p&0-cdc? and cyclin B-cde2.
Proc. Natl. Acad. Sci. LL5.A. 87, 4766 —4770 CrossRef Medline

8. Fu, Z, Malureanu, L., Huang, J., Wang, W', Li, H., van Deursen, ]. M.,
Tindall, 0. ], and Chen, J. (2008) Plkl-dependent phosphorylation of
FoxM1 regulates a transcriptional programme required for mitotic pro-
gression. Nat. Cell Bisl 10, 1076 1082 CrossRef Medline

9. Lammer, C., Wagerer, 5., Saffrich, R., Mertens, D, Ansorge, W., and
Hoffmann, L (1998) The cdc25B phosphatase is essential for the Gy/M
phase transition in human cells. [ Cell Sei 111, 2445-2453 Medline

10. Tarres, J. Z., Ban, K. H, and Jackson, P. K. (2010) A specific form of
phosphoprotein phosphatase 2 regulates anaphase-promoting complex/
cyclosome association with spindle poles. Mol Biol Cell. 21, 897-904
CrossRef Medline

11. Davey, M. E., and Morgan, D O. (2016} Building & regulatory network
with short linear sequence motifs: lessons from the Degrons of the ana-
phase-promating complex. Mol Cell 64, 12-23 CrossRef Medline

12. Yu, Z K., Gervais, ]. L., and Zhang, H. (1998) Human CUL-1 associates
with the SKP1/SKP2 complex and regulates p21{CIP1/WAF 1) and cyclin

SASBMB

157



158



14.

15

17.

&

ASBMB AWARD ARTICLE: Dissecting mechanisms of cell division

D proteins. Proc. Natl. Acad Sei LL5.A. 95, 11324-11329 CrossRef
Medline

Huang, X, Summers, M. K, Pham, V., Lill, J. R, Liw, ], Lee, G., Kirkpat-
rick, D. 5., Jackson, P. K., Fang, G., and Dixit, V. M. (2011} Deubiquitinase
USPAT is activated By CDK2 to antagonize APCCDH] and promote S
phase entry. Mol Cell 42,511-523 CrossRef Medline

Bonacci, T., Suzuki, A., Grant, G. D, Stanley, M., Cock, ]. G., Brown,
M. G., and Emanuele, M. ]. (2018) Cezanne/OTUD7E is a cell cycle-
regulated deubiquitinase that antagonizes the degradation of APCIC
substrates. EMBO [ 37, e98701 CrossRef Medline

Hartwell, L. H., Mortimer, R. K., Culotti, T, and Culotti, M. (1973) Ge-
netic contrel of the cell division cycle in yeast: V. genetic analysis of cde
mutants, Genetics 74, 267-286 Medline

Murse, P. {1975} Genetic control of cell size at cell division in yeast.
Nature 256, 547-551 CrossRef Madline

Lee, M. 5. Oga 5. Xu, M., Parker, L. L., Donoghue, D ], Maller, . L., and
Piwnica-Worms, H. (1992) cdc25+ encodes a protein phosphatase that
dephosphorylates p3dede2. Mol. Biol Cell 3, 73— 84 CrossRef Medline
Russell, P., and Murse, P. (1986) cdc25+ functions as an inducer in the
mitotic control of fission yeast. Call 45, 145-153 CrossRef Medline

. Fantes, P. (1979) Epistatic gene interactions in the control of division in

fission yeast. Nature 279, 428 —430 CrossRef Medline

20, Russell, P, and Murse, P. (1987) Megative regulation of mitosis by weel+,

2L

25

7.

L

a gene encoding a protein kinase homolog. Cell 49, 559567 CrossRef
Medline

Hindley, .. and Phear, G. A. (1984) Sequence of the cell division gene
CDC2 from Schizosaceharomyces pombe; patterns of splicing and homa-
logy to protein kinases. Gene 31, 129—134 CrossRef Medline

Conrad, M. M., and Newlon, C. 5. (1983) Saccharontyces cerevisiae ode2
mutants fail to replicate approximately one-third of their nuclear ge-
nome. Mol Cell. Biol 3, 10001012 CrossRef Medline

Lundgren, K., Walworth, M., Bocher, R., Dembski, M., Kirschner, M., and
Beach, D (1991) mik] and weel cooperate in the inhibitory tyrosine
phosphorylation of cdc2. Cell 64, 1111-1122 CrossRef Medline
Gould, K. L., and Nurse, P. (1988) Tyrosine phosphorylation of the fission
yeast cde2+ protein kinase regulates entry into mitosis. Nature 342,
39 —45 CrossRef Meadline

Hara, K., Tydeman, P, and Kirschner, M. {1980) A cytoplasmic clock
with the same period as the division cycle in Xemopus eggs. Proc. Natl
Acad, Sci LL5.A. 77, 462-466 CrossRef Medline

Masui, Y., and Markert, C. L. (1971) Cytoplasmic control of nuclear
behavior during meiotic maturation of frog cocytes. [ Expn Zool 177,
129-145 CrossRef Medline

Garhart, J., W, M., and Kirschner, M. (1984) Cell cycle dynamics of an
M-phase-specific cytoplasmic factor in Xenopus laevis oocytes and eggs.
J. Cell Biol 98, 1247 —1255 CrossRef Medline

Lohka, M. [, Hayes, M. K., and Maller, . L. {1988) Purification of matu-
ration-promoting factor, an intracellular regulator of early mitotic
events. Proc. Natl Acad Sci [LS.A. 85, 3009 —3013 CrossRef Medline

. Dunphy, W. G, Brizuela, L, Beach, D, and Newport, ]. (1988} The Xe-

nopus odel protein is a component of MPF, a cytoplasmic regulator of
mitesis. Cell 54, 423431 CrossRef Medline

Draetta, G, Luca, F, Westendorf, |, Brimela, L., Ruderman, J., and
Beach, D. (1989) cdc2 protein kinase is complexed with both cyclin A and
B: evidence for proteclytic inactivation of MPF. Cell 56, 820-838
CrossRef Medline

Evans, T, Rosenthal, E. T., Younghlom, |, Distel, I, and Hunt, T. {1983}
Cyclin: a protein specified by maternal mRNA in sea urchin eggs that is
destroyed at each cleavage division. Cell 33, 389 -396 CrossRef Medline
Pines, J., and Hunter, T. (1990} Human cyclin A is adenoviras ELA-
associated protein ps0 and behaves differently from cyclin B. Natre
346, 760 -763 CrossRef Medline

Tsai, L.-H,, Harlow, E., and Meyerson, M. {1991) Isolation of the human
cdk2 gene thatencodes the cyclin A- and adenovirus E1A-associated p33
kinass. Nature 353, 174-177 CrossRef Medline

Labbé, J. C., Capony, ]. F., Caput, D., Cavadore, J. C.,, Derancourt, J.,
Kaghad, M., Lelias, J. M., Picard, A., and Dorée, M. (1989) MPF from
starfish cocytes at first meiotic metaphase is a hetercdimer containing

ZASBMB

35.

a7.

38

38,

41

42,

45,

47.

50.

5L

159

one moleculs of cdc2 and one molecule of cyclin B, EMBO [ 8,
30533058 CrossRef Madline

Dessev, G., lovcheva-Dessev, C., Bischoff, J. R, Beach, D., and Goldman,
R.(1991) A complex containing p34cdc2 and cyclin B phosphorylates the
nuclear lamin and dissssembles nuclei of clam cocytes in vitro, [ Cell
Biol 112, 523533 CrossRef Medline

. Peter, M., Nakagawa, |, Darée, M., Labbé, |. C., and Migg, E. A. (1990} In

vitro disassembly of the nuclear lamina and M phase-specific phosphor-
vlation of lamins by cde2 kinase. Celf 61, 591— 602 CrossRef Medline
Chou, ¥. H., Mgai, K. L, and Goldman, R. (1991) The regulation of interme-
diate filament reorganization in mitosis. p34cdc? phosphorylates vimentin
ata unique N-terminal site. [ Biol Chem. 266, 73257328 Medline
‘Yamashiro, 5., Yamakita, Y., Hosoya, H., and Matsumura, E. (1991) Phos-
phoryation of non-muscle caldesmon by p34cdc? kinase during mitosis.
Naturz 349, 169 172 CrossRef Madline

OngJ. Y., and Torres, ]. Z. (2019) E3 ubiquitin ligases in cancer and their
pharmacological targeting CrossRef

. Hershkeo, A, Ganoth, D., Pehrson, |, Palazze, R. E, and Cohen, L. H.

(1991) Methylated ubigquitin inhibits cyclin degradation in clam embryo
extracts. J. Biol Chem. 266, 16376 —16379 Medline

Glotzer, M., Murray, A. %W, and Kirschner, M. W. {1991} Cyclin is de-
graded by the ubiquitin pathway. Nafure 349, 132-138 CrossRef
Medline

King, R. W., Peters, ]. M., Tugendreich, 5, Rolfe, M., Hieter, P., and
Kirschner, M. W. ({1995) A 205 complex containing CD{C27 and CDC1&
catalyzes the mitosis-specific conjugation of ubiquitin to cyclin B. Cell
81, 279-288 CrossRef Medline

. Sudakin, V., Ganoth, D, Dahan, A., Heller, H., Hershke, |, Luca, E. C,

Ruderman, ]. V., and Hershko, A. (1995) The cyclosome, alarge complex
containing cyclin-selective ubiquitin ligase activity, targets cyclins for
destmuction at the end of mitosis. Mol Biel Cell 6, 185-197 CrossRef
Medline

Margottin-Goguet, E., Hsu, |. Y., Loktev, A, Hsieh, . M., Reimann, ]. D0,
and Jackson, P. K. (2003) Prophase destruction of Emil by the SCF
(BTrCP/5limb) ubiguitin ligase activates the anaphase promoting com-
plex to allow progression beyond prometaphase. Dev. Cell. 4, 813826
CrossRef Medline

Watanabe, M., Arai, H., Mishihara, Y., Tanignchi, M., Watanabe, M.,
Hunter, T., and Osada, H. (2004) M-phase kinases induce phospho-de-
pendent ubiquitination of somatic Weel by SCFE-TrCP. Proc Natl
Acad Sci [ISA. 101, 4419 —4424 CrossRef Medline

. Mapa, C. E, Arsenanlt, H. E, Conti, M. M., Poti, K. E, and Benanti, J. A.

(2018) A balance of deubiquitinating enzymes controls cell cycle entry.
Mol Biol Cell 29, 28212834 CrossRef Medline

McKinley, K. L, and Chesseman, L M. (2017) Large-scale analysis of
CRISPR/Cas? cell-cycle knockouts reveals the diversity of p53-depen-
dent responses to cell-cycle defects. Dev. Celf 40, 405— 42002 CrossRef
Medline

Sakaue-Sawane, A., Kurokawa, H,, Morimura, T., Hanyu, A, Hama, H.,
(vsawn, H., Kashiwagi, 5., Fukami, K., Miyata, T, Miyoshi, H, Imamura,
T., Ogawa, M., Masai, H., and Miyawaki, A. (2008) Visualizing spatio-
temporal dynamics of multicellalar cell-cycle progression. Cell 132,
487—498 CrossRef Medline

. Torres, . Z, Summers, M. K., Peterson, D., Braver, M. J., Les, |, Seness,

5. Ghalkar, & A, Lo, ¥.-C., Lei, X., Jung, K., Anderson, D. C,, Davis, D. I.,
Belmont, L., and Jackson, P. K. (2011) The STARD9/Kifl6a kinesin asso-
clates with mitotic microtubules and regolates spindle pole assembly.
Cell 147, 1309—1323 CrossRef Medline

Meumann, B.,, Walter, T., Hériché, ].-K., Bulkescher, J., Exfle, H., Conrad,
., Rogers, P, Poser, L, Held, M., Liebel, U., Cetin, C., Sieckmann, F., Pau,
G., Kabbe, R, Wiinsche, A., ef al (2010) Phenotypic profiling of the
human genome by time-lapse microscopy reveals cell division genes.
Nature 464, 721-727 CrossRef Medline

Tarres, |. Z, Miller, ]. I, and Jackson, P. K. (2009) High-throughput
generation of tagged stable cell lines for protecmic analysis. Proteomics 9,
2888 -2891 CrossRef Medline

Hutchins, J. R, Toyoda, Y., Hegemann, B, Poser, L, Hériché, ].-K., Sylora,
M. M, Augsburg, M., Hudecz, O, Buschhorn, B. A, Bulkescher, ], Conrad,

1 Biol Chem. (2015) 254{30) 11382-11390 11387



160



ASBMB AWARD ARTICLE: Dissecting mechanisms of cell division

55,

&L

2

C., Camartin, I, Schleiffer, A, Sarov, M, Pozniakovaky, A, et al (2010)
Systematic analysis of homan protein complexes identifies chromosome
segregation proteins. Scfence 328, 593599 CrossRef Medline

Cheung, K., Senese, 5., Knang, ], Bui, M., Ongpipattanaknl, C., Gholkar,
A., Cohn, W, Capri, ], Whitelegge, J. P, and Torres, ]. Z. (2016) Pro-
teomic analysis of the mammalian Katanin family of microtobule-sever-
ing enzymes defines Katanin p80 subunit B-like 1 (KATMBLI) as a
regulator of mammalian Katanin microtubule-severing. Mol Cell. Pro-
teomics 15, 1658 — 1669 CrossRef Medline

Jeong, A. L., Lee, 5, Park, ]. 8, Han, 5., Jang, C.-Y., Lim, ].-5, Lee, M. 5,
and Yang, ¥. (2014) Cancerous inhibitor of protein phosphatase 24
(CIPZA) protein is involved in centrosome separation through the regu-
lation of MIMA (never in mitosis gene A)-related kinase 2 (MEKZ) pro-
tein activity. J. Biol Chem. 289, 28 —40 CrossRef Medline
Hwang, L. H,, Lan, L. F,, Smith, D. L., Mistrot, C. A, Hardwick, K. G,
Hwang, E. 5., Amon, A., and Murray, A. W, (1998) Budding yeast Cdc20:
a target of the spindle checkpoint. Science 279, 10411044 CrossRef
Medline

Vidal, M., Braun, P, Chen, E, Boeke, . D, and Harlow, E. (1996) Genetic
characterization ofa mammalian protein—protein interaction domain by
using a yeast reverse two-hybrid system. Proc. Natl Acad Scl LLSA. 93,
1032110326 CrossRef Medline

. Bradley, M., Ramirez, L, Cheung, K., Gholkar, A. A., and Torres, ]. Z

(2016) Inducible LAP-tagged stable cell lines for investigating protein
function, spatiotemporal localization and protein interaction networks.
J. Vis. Exp. 2016 CrossRef

ia, X., Gholkar, A., Senese, 5., and Torres, . Z. (2015) A LCMT1-PME-1
methylation equilibrivm controls mitotic spindle size. Cell Cycle 14,
1938 —1947 CrossRef Medline

. Gholkar, A. A, Senese, 5., Lo, Y.-C., Vides, E., Contreras, E, Hodars, E.,

Capri, ., Whitelegge, ]. P, and Torres, ]. Z. (2016) The X-linked-intellec-
tual-disability-associated ubiquitin ligase Mid2 interacts with astrin and
regulates astrin levels to promote cell division. Cell Rep. 14, 180188
CrossRef Medline

Gholkar, A. A, Senese, ., Lo, Y.-C., Capri, J., Deardorff, W, ., Dharma-
rajan, H., Contreras, E, Hodara, E., Whitelegge, . P., Jackson, P. K., and
Tarres, I Z (2015) Tetex1d? associates with short-rib polydactyly syn-
drome proteins and is required for cliogenesis. Cell Cyele 14, 11161125
CrossRef Medline

Senese, 5., Cheung, K., Lo, Y.-C., Gholkar, A. A., Xia, X, Wohlschlegel,
]. &, and Torres, J. Z (2015) A unique insertion in STARD®s motor
domain regulates its stability. Mol Biol Cell 26, 440452 CrossRef
Medline

Taorres, | Z. (2012) STARDY/Kifl&a is a novel mitotic kinesin and anti-
mitotic target. Bioarchitecture 2, 19-22 CrossRef Medline

Branom, T. ., Bosch, ]. A., Sanchez, A. D., Udeshi, M. D, Svinkina, T.,
Car, 5. A, Feldman, [. L., Perrimon, M., and Ting, A. Y. (2018) Efficient
proximity labeling in living cells and organisms with TurbolD. Nat. Bio-
technol 36, 880 887 CrossRef Medline

Rhee, H-%", Zou, P., Udeshi, M. v, Martell, ]. D, Mootha, V. K., Carr,
5. A, and Ting, A. Y. (2013) Proteomic mapping of mitochondria in living
cells via spatially restricted enzymatic tagging. Science 339, 13281331
CrossRef Medline

Schopp, I. M., Amaya Ramirez, C. C., Debeljak, ], Kreibich, E., Skribbe,
M., Wild, K. and Béthune, . (2017) Split-Biol D a conditional protecmics
approach to monitor the composition of spatiotemporally defined pro-
tein complexes. Nat. Commuon. 8, 15690 CrossRef Medline
Firat-Karalar, E. M., Rauniyar, N., Yates, |. R, 3rd, Stearns, T., and
Stearns, T. (2014) Proximity interactions among centrosome compo-
nents identify regolators of centriole duplication. Curr. Biol 24,
664 — 670 CrossRef Medline

. Senese, 5, Lo, Y. C., Huang, I, Zangle, T. A., Gholkar, A. A., Robert, L.,

Homet, B., Ribas, A, Summers, M. K, Teitell, M. A, Damoiseans, B., and
Torres, . Z. (2014) Chemical dissection of the cell cycle: probes for cell
biclogy and anti-cancer drug development. Cell Death Dis. 5, el462
CrossRef Medline

La, Y.-C, Senese, 5, France, B, Gholkar, A A., Damoiseanx, R, and
Taorres, |. Z. (2017) Computational cell cycle profiling of cancer cells for

11388 . 8iol Chem (2019) 294(30) 11382-11350

a8,

T0.

7l

72

73.

T

5.

Th.

77

T8

8.

0.

8L

82,

83,

85,

161

prioritizing FDA-approved drugs with repurposing potential. Sei Rep. 7,
11261 CrossRef Medline

Lo, Y.-C., Senese, 5., Li, C.-M., Hu, Q., Huang, Y., Damoiseaux, R., and
Tarres, ]. Z. (2015) Large-scale chemical similarity networks for target
profiling of compounds identified in cell-based chemical screens, PLaS
Comput. Biol 11, 1004153 CrossBef Medline

La, ¥.-C, Seness, 5., Damoiseaux, R, and Torres, J. Z. (2016) 30 chemnical
similarity networks for structure-based target prediction and scaffold
hopping. ACS Chem. Biol. 11, 22442253 CrossRef Medline
McMNamara, DL E, Senesa, S, Yeates, T. O, and Torres, J. Z. (2015) Strac-
tures of potent anticancer compounds bound to tubulin. Protein Sci 24,
11641172 CrossRef Medline

Xia, X, Lo, Y.-C, Gholkar, A. A, Senese, 5, Ong, |. Y., Velasquez, E F,,
Damoiseanx, ., and Torres, J. Z. (2019} Lenkemia cell cycle chemical
profiling identifies the G,-phase leukemin specific inhibitor lensin-1.
ACS Chem. Biol 14, 994-1001 CrossRef Medline

Werma, B, Peters, M. R, I’ Onofrio, M., Tochtrop, G. P, Sakamoto, K. M.,
Waradan, B, Zhang, M., Coffine, P, Fushman, D0, Deshaies, R. ], and
King, R. W, (2004) Ubistatins inhibit proteasome-dependent degrada-
tion by binding the ubiquitin chain. Science 306, 117-120 CrossRef
Medline

Steegmaier, M., Hoffmann, M., Baum, A., Léndrt, P., Petronczki, M.,
Krasdk, M., Giirtler, U, Garin-Chesa, P, Lieb, 5., Quant, ], Grausrt, M.,
Adclf, G. R, Kraut, N, Peters, ].-M., and Rettig, W. ]. (2007) B 2536, a
potentand selectiveinhibitor of polo-like kinase 1, inhibits tamaor growth
in vivo, Curr. Biol. 17, 316 —322 CrossRef Medline

Ditchfield, C., Johnson, V. L., Tighe, A., Ellston, E.,, Haworth, C., Johnson,
T., Martlock, A, Keen, M., and Taylor, 5. 5. (2003) Aurora B cooples
chromosome alignment with anaphase by targeting BubR1, Mad2, and
Cenp-E to kinetochores. [ Cell Biol. 161, 267-280 CrossRef Medline
Gadea, B. B, and Ruderman, J. V {2005} Aurcra kinase inhibitor
ZM447439 blocks chromosome-induced spindle assembly, the comple-
tion of chromosome condensation, and the establishment of the spindle
integrity checkpoint in Xenopus egg extracts, Mol Biol. Cell 16, 1305-18
CrossRef Medline

Lémirt, P, Petronczhd, M., Steegmaier, M., Di Fiore, B, Lipp, J. |, Hoff-
mann, M., Rettig, W. [, Kraut, N., and Peters, [.-M. (2007) The small-
molecule inhibitor BI 2536 reveals novel insights into mitotic roles of
polo-like kinase 1. Curr. Biol. 17, 304315 CrossRef Medline

Zeng, X, Sigoillot, F., Gaur, 5., Chol, 5., Pfaff, K. L., Oh, D.-C., Hathaway,
M., Dimova, N., Cuny, G. D\, and King, R. W, {2010) Pharmacologic
inhibition of the anaphase-promoting complex induces a spindle
checkpoint-dependent mitotic arrest in the absence of spindle damage.
Cancer Cell 18, 383305 CrossRef Medline

Luo, X, Tang Z., Rizo, I, and Yu, H. (2002) The Mad? spindle check-
point protein undergoes similar major conformational changes apon
binding to either Madl or Cdc20. Mol Cell 8, 5971 CrossRef Medline
Luo, X., Tang, Z, Xia, G., Wassmann, K., Matsumoto, T., Rizo, ., and Yu,
H. (2004) The Mad?2 spindle checkpoint protein has two distinct natively
folded states. Nat Struct. Mol Biol. 11, 338 —345 CrossRef Medline
Hara, M., Gzkan, E., Sun, H., Yu, H., and Lug, X (2015) Structure of an
intermediate conformer of the spindle checkpoint protein Mad2. Proc
Natl Acad. Sei [L5A. 112, 1125211257 CrossRef Medline

Yang M., Li, B, Lin, C.-],, Tomchick, D. R, Machins, M., Rize, [., Yu, H,
and Luo, X (2008) Insights into Mad2 regulation in the spindle check-
point revealed by the crystal structure of the symmetric Mad2 dimer.
PLoS Biol 6, e50 CrossRef Medline

Hewitt, L., Tighe, A, Santaguida, 5., White, A. M., Jones, C. D, Musac-
chio, A, Green, 5., and Taylor, 5. 5. (2010) Sustained Mps] activity is
required in mitosis to recruit O-Mad2 to the Madl—C-Mad2 core com-
plex. J. Cell Biol. 190, 2534 CrossRef Medline

Dimitrova, Y. M. Jennl, 5, Valverde, R, Khin, Y., and Harrison, 5. C.
(2016) Structore of the MIND complex defines a regulatory focus for
yeast kinetochore assambly. Celf 167, 1014—1027.212 CrossRef Medline
Sirond, L., Mapelli, M., Knapp, 5., De Antoni, A., Jeang, K.-T., and Musac-
chio, A. (2002) Crystal structare of the tetrameric Madl-Mad2 core
complex: implications of a “safety belt” binding mechanism for the spin-
dle d‘l.eckpah‘lt EMBO . 21, 2496 —2506 CrossRef Medline

SASBMB



162



9L

93,

95,

100,

10L

102.

103

ASBMB AWARD ARTICLE: Dissecting mechanisms of cell division

Chao, W, C,, Kulkarni, K., Zhang, £, Kong, E. H., and Barford, D (2012)
Structure of the mitotic checkpoint complex. Nature 484, 208-213
CrossRef Medline

. Chang, L. F, Zhang, Z, Yang, ], McLanghlin, 5. H., and Barford, D.

(2014) Molecular architecture and mechanism of the anaphase-promot-
ing complex. Nature 513, 388 —393 CrossRef Medline

Chang, L., Zhang, 7., Yang, ]., McLaughlin, 5. H., and Barford, D. {2015}
Atomic structure of the APC/C and its mechanism of protein ubiquiti-
nation. Natwre 522, 450 — 454 CrossRef Medline

. Brown, M. G., VanderLinden, R, Watson, E. B, %Weissmann, F., Or-

dureau, A., W, K.-P., Zhang, %, Yu, 5., Mercredi, P. Y., Harrison, J. 5.,
Davidson, I. F., Qiao, R, Lo, Y., Dube, P, Brunner, M. R, et al. (2016) Dual
RIMG E3 architectures regulate multiubiquitination and ubiquitin chain
elongation by APCC. Call 165, 14401453 CrossRef Medline
Yamapguchi, M., VanderLinden, B., Weissmann, F., Qiae, B, Dube, P,
Brown, M. G., Haselbach, D, Zhang, %, Sidhu, 5. 5., Peters, .-M., Stark,
H., and Schulman, B. A {2016) Cryo-EM of mitotic checkpaoint complex-
bound APC/C reveals reciprocal and conformational regulation of ubig-
uitin ligation. Mol. Cell 63, 593— 607 CrossRef Medline

Mg, C. T, Deng, L., Chen, C,, Lim, H. H,, 5hi, J., Surana, U,, and Gan, L.
(2019) Electron cryotomography analysis of Dam1C/TASH at the kine-
tochore-spindle interface in sits. | Cell Biol. 218, 455—473 CrossRef
Medline

Gonen, 5., Akiyoshi, B., Iadanza, M. G., Shi, D., Duggan, N., Biggins, 5.,
and Gonen, T. (2012) The structure of purified kinetochaores reveals mul-
tiple microtubule-attachment sites. Nat. Struct Mol Biol 19, 925-929
CrossRef Medline

Hinshaw, 5. M., and Harrison, 5. C. {2019) The structure of the Ctf19¢/
CCAN from budding yeast. Elife 8, 244239 CrossRef Medline
Mavak, B., and Tyson, . J. (1993) Namerical analysis of a comprehensive
model of M-phase control in Xemopus oocyte extracts and intact em-
bryos. J. Cell Sci. 106, 1153-1168 Medline

Pomerening, ]. R, Sontag, E. D, and Ferrell, ]. E. {2003} Building a cell
cycle oscillator: hysteresis and bistability in the activation of Cde2. Nat.
Cell Biol. 5, 346351 CrossRef Medline

Sha, W', Moore, ], Chen, K, Lassaletta, A. D, Yi, C.-S,, Tyson, ]. ., and
Sible, 1. C. (2003) Hysteresizs drives cell-cycle transitions in Xenopus fae-
vis egg extracts. Proc Natl Acad. Sci LLSA. 100, 975-980 CrossRef
Medline

. Chen, K. C,, Calzone, L., Csikasz-Magy, A., Cross, F. B, Movak, B, and

Tyson, J. . (2004) Integrative analysis of cell cycle control in budding
yeast. Mol. Biol. Cell 15, 38413862 CrossRef Medline

Cueralt, E.,, Lehane, C., Mavak, B., and Uhlmann, F. (2006) Downregula-
tion of PP2ACdeS5 phosphatase by separase initiates mitatic exit in bod-
ding yeast. Cell 125, 719-732 CrossRef Medline

. Henze, B., Dittrich, P, and Ibrahim, B. {2017} A dynamical model for

activating and silencing the mitotic checkpoint. Sei Rep. 7, 3865
CrossRef Medline
mmHB.,MnL{hﬂumD.Eq]aﬂnmR.CMChaplﬂimMm and
Davidson, F. A. (2008) Modeling the temporal evolation of the spindle
assembly checkpoint and role of Aurora B kinase. Proc. Natl Acad Sci
LL5.A. 105, 2021520020 CrossRef Medline

Civelekoglu-Scholey, G., Sharp, D. ], Mogilner, A., and Scholey, J. M.
(2006) Model of chromozome motility in Drosophila embryos: adapta-
tion of a general mechanizm for rapid mitosis. Blophs [ 90, 3066 —3982
CrossRef Medline

Lacroix, B., Letort, G, Pitayn, L., Sall4, |, Stefanutti, M., Maton, G.,
Ladouceur, A.-M., Canman, ]. C., Maddox, P. 5, Maddox, A. 5., Minc, M.,
Médélec, F., and Dumont, . (2018) Microtubule dynamics scale with cell
size to set spindle length and assembly timing. Dev. Cell 45, 496 -51Lef
CrossRef Medline

Cai, Y., Hossain, M. ., Hériché, .-K, Politi, A. Z, Wilther, ., Kach, B,
Wachsmuth, M., Nijmeijer, B., Kueblbeck, M., Martinic-Kavur, M., La-
durner, R, Alexander, 5., Peters, ].-M.,, and Ellenberg, J. (2018) Experi-
mental and computational framework for a dynamic protein atlas of
hurman cell division. Nature 561, 411—- 415 CrossRef Medline

104, Ayati, M., Wiredja, D, Schlatzer, Dv, Maxwell, 5, Li, M., Koyutirk, M.,

and Chance, M. R. (2019) CoPhosE: a method for comprehensive kinase

ZASBMB

105,

107,

103,

110.

111

112,

113,

114,

115.

116,

117.

11a.

118,

120,

121

163

substrate annotation using co-phosphorylation analysis, PLOS Comiput.
Biol. 15, e 1006678 CrossRef Medline

Song J. Wang, H, Wang, |, Leier, A, Marquez-Lago, T., Yang, B,
Zhang, 7., Akatsu, T, Webb, G. I, and Daly, B ]. (2017) PhosphoPredict:
& bininformatics tool for prediction of human kinase-specific phosphor-
ylation substrates and sites by integrating heterogeneous feature selec-
tion. Sci. Rep. 7, 6862 CrossRef Medline

. Deretic, [, Kerr, A., and Welburn, ] P. I (2019) A rapid computational

approach identifies SPICEL as an Aurora kinase substrate. Mol Biol Cell
30, 312323 CrossBef Medline

Wang, Z-D., Shen, L-P., Chang, C., Zhang, }.-Q., Chen, Z-M., Li, L,
Chen, H, and Zhou, P.-K. (2016) Long noncoding RNA Inc-RI is a new
regulator of mitosis wia targeting miRMA-210-3p to releass PLKL
mRNA activity. Sci Rep. 6, 25385 CrossRef Medline

Shi, W, Alajez, N. M., Bastianutts, C., Hui, A. B, Mocany, J. D, Ite, E,
Busson, P., Lo, K.-%, Ng, R, Waldron, ., O'Sullivan, B., and Lin, F.-F.
(2010) Significance of Plk1 regulation by miR-100 in human nasopharyn-
geal cancer. Int. | Cancer 126, 2036 —2048 CrossRef Medline

. Bhattacharjya, 5., Math, 5., Ghose, J., Maiti, G. P., Biswas, N., Bandyopad-

hyay, 5., Panda, C. K., Bhattacharyya, . I, and Roychoudhury, 5. (2013)
miR-125b promotes cell death by targeting spindle assembly checkpoint
gene MAD] and modolating mitotic progression. Calf Death Differ. 20,
430 —442 CrossRef Medline

Luo, M., Weng, ¥, Tang, ], Hu, M, Liu, Q., Jiang, F.,, Yang D, Liu, C,
Zhan, X, Song, P., Bai, H,, Li, B., and Shi, Q. (2012) MicroRNA-450a-3p
represses cell proliferation and regulates embryo development by regu-
lating Bubl expression in mouse, PLoS ONE 7, 247914 CrossRef Medline
Mki-Jouppila, . H, Pruikkonen, 5., Tambe, M. B, Aure, M. R., Halonen,
T., Salmela, A.-L., Laine, L., Barresen-Dale, A.-L., and Kallio, M. 1. (2015)
MicroRNA let-7h regulates genomic balance by targeting Aurora B ki-
nase. Mol. Oncal. 9, 1056 —1070 CrossBef Medline

Hwang, W.-L., Jilang, J.-K., Yang, 5.-H., Huang, T -5, Lan, H-Y,, Teng,
H-%., Yang C.-Y, Tsai, Y.-P,, Lin, C.-H,, Wang, H-%, and Yang
M.-H. (2014) MicroRMA-146a directs the symmetric division of Snail-
dominant colorectal cancer stem cells. Nat Cell Biol 16, 268280
CrossRef Medline

Ray, 5., Hoalveld, G. ], Seehawer, M., Caruso, 5., Heinzmann, F., Schnei-
der, A. T., Frank, A. K., Cardenas, . V., Sonntag, R, Luedde, M., Tran-
twein, C., Stein, L, Pikarsky, E., Loosen, S., Tacke, E, ef @l (2018) mi-
croRMA 193a-5p regulates levels of nucleclar- and spindle-associated
protein 1 to suppress hepatocarcinogenesis. Gastroemterology 155,
1951-1965.026 CrossRef Medline

Takacs, C. M., and Giraldez, A. ]. (2016) miR-430 regulates oriented cell
division during neural tube development in zebrafish. Dev. Biol 409,
442450 CrossRef Madline

Pruikkonen, S, and Kallio, M. J. (2017) Excess of a Rassf1-targeting mi-
croRMNA, miR-193a-3p, perturbes cell division fidelity. Br. J. Cancer 118,
1451-1461 CrossRef Madline

Kriegel, A. |, Terhune, S. 5., Greene, A. 5., Noon, K. R., Pereckas, M. 5.,
and Liang, M. (2018) Isomer-specific effect of microRNA miR-29b on
nuclear morphology. [ Biol Chem. 293, 14080 —14088 CrozsRef Medline
Stein, P, Rozhkow, M.V, Li, F, Cérdenas, F. L., Davydenke, 0., Vandivier,
L. E, Gregory, B. D., Hannon, G. ], Schultz, R. M., and Schultz, R. M.
(2015) Essential role for endogenous siRMNAs during meiosis in mouse
aocytes. PLoS Gemet. 11, 21005013 CrossRef Medline
Bjerregaard, V. A., Garribba, L, McMurray, C. T., Hickson, L I, and Lin,
¥. (2018) Folate deficiency drives mitotic missegregation of the human
FRAXAlocus. Proc Natl. Acad. Sci 115, 13003— 13008 CrossRef Medline
Kotak, 5., Busso, C., and Génczy, P. (2014) NuMA interacts with phos-
phoinositides and links the mitotic spindle with the plasma membrane.
EMBO [ 33, 1815-1830 CrossRef Medline

Sierra Potchanant, E. A., Cerabona, D, Sater, Z. A., He, Y., Sun, Z., Gehl-
hausen, ], and Walepa, G. (2017) INPPSE preserves genomic stability
through regulation of mitosis. Mol Cell. Biol 37, e00500-16 CrossRef
Medline

Zheng, P., Baibakov, B., Wang, X.-H., and Dean, ]. (2013) PtdIns(3,4,5)P3
is constitatively synthesized and required for spindle translocation dur-
ing meiosisin mouse oocytes. J. Cell Seil 126, 715-721 CrossRef Medline

1 Bicl, Chem. (2015) 294(30) 1138211390 11389



164



ASBMB AWARD ARTICLE: Dissecting mechanisms of cell division

122,

123

124,

125,

126,

127.

128,

129,

Tuncay, H., Brinkmann, B. F., Steinbacher, T , Schiirmann, A., Gerke, V.,
Iden, 5., and Ebnet, K. (2015} JAM-A regulates cortical dynein localiza-
tion through Cded2 to control planar spindle orientation during mitosis.
Nat. Commun 6, 8128 CrossRef Medline

Ferndndez, C., Lobo, Md Mdel, V., Gémez-Coronado, Dv, and Lasuncidn,
M. A. (2004) Cholesterol is essential for mitosis progression and its de-
ficiency induces polyploid cell formation. Exp. Cell Res. 300, 108120
CrossRef Medline

Hamasaki, M. Matsumura, 5, Satou, A., Takahashi, C., Oda, Y. Hi-
gashiura, C., Ishihama, Y., and Toyoshima, F. (2014) Pregnenclone func-
tions in centricle cohesion during mitosis. Cheme Biol 21, 1707-1721
CrossRef Medline

Allard, €. A H, Opalko, H. E, and Moseley, ]. B. (2019) Stable Poml
clusters form a glucose-modulated concentration gradient that regulates
mitotic entry. Eljfe 8, 846003 CrossRef Medline

Patterson, . ., Joughin, B. A., van de Kooij, B., Lim, D C., Lanffenburger,
[n. A, and Yaffe, M. B. (2019) ROS and oxidative stress are elevated in
mitosis during asynchronous cell oycle progression and are exacerbated
by mitatic arrest. Call Syst. 8, 163-167.62 CrossRef Medline
Berman, H. M., Westbrook, |, Feng, Z., Gilliland, G., Bhat, T. M., Weissig,
H., Shindyalow, L ., and Bourne, P. E. {2000) The Protein Data Bank.
Nucleic Acids Rez. 28, 235-242 CrossRef Medline

Rose, A. 5, Bradley, A. R, Valasatava, Y., Duarte, ]. M., Prlic, A, and Rose,
PV (2018) MGL viewer: web-based molecolar graphics for large com-
plexes. Bioinformatics 34, 3755-3758 CrossRef Medline

Jia, L, Li, B, and Yu, H. {2016) The Bub1-Plkl kinase complex promates
spindle checkpoint signalling through Cdc20 phosphordation. Nat.
Commun. 7, 10818 CrossRef Medline

11390 1 8iol Chem. (2019) 294(30) 11382-11350

130.

131

132,

133,

134,

135,

136,

165

Bassermann, F., Frescas, [, Goardavaccaro, D., Busino, L., Peschiaroli,
A, and Pagano, M. (2008) The Cdc14B-Cdhl-Plkl axis controls the G,
DMA-damage-response checkpoint. Cell 134, 256-167 CrossRef
Medline

van Vugt, M. A, Gardine, A. K, Linding R., Ostheimer, G. ., Reinhardt,
H. C, Ong 5.-E, Tan, C. 5, Miao, H,, Keezer, 5. M., Li, ], Pawson, T,
Lewis, T. A, Carr, & A, Smerdon, 5. |, Brummelkamp, T. B, and Yaffe,
M. B. (2010) A mitotic phosphorylation feedback network connects
CdkL, Plkl, 53BP1, and Chk2 to inactivate the G(2)/M DNA damage
checkpud.lm PLgS Biol B, el000287 CrossRef Medline
Toyoshima-Morimota, F., Taniguchi, E., and Mishida, E. (2002) PLk1 pro-
motes nuclear translocation of human Cde25C during prophase. EMBO
Rep. 3, 341348 CrossRef Medline

Li, H., Liu, X. 5., Yang, X., Song, B, Wang, Y., and Liu, X. (2010) Polo-like
kinase 1 phosphorylation of pl50Glued facilitates nuclear envelope
breakdown during prophase. Proc Natl Acad Sci LLSA 107,
14633-146 38 CrossRef Medline

Makajima, H., Toyoshima-Morimoto, F.,, Taniguchi, E., and Mishida, E.
(2003) Identification of a consensus motiffor Pk (Polo-like kinase) phos-
phorylation reveals Mytl as a Plkl sobstrate. [ Biol Chem. 278,
2527725280 CrossRef Medline

Roux, K. ], Kim, D. L, Raida, M., and Burke, B. (2012) A promiscucus
hiotin ligase fusion protein identifies proximal and interacting proteins
in mammalian cells. . Call Biol 196, 801— 810 CrossRef Medline

Kim, D L, Jensen, 5. C., Moble, K. A, Ke, B, Roux, K. H., Motamedch-
abold, K, and Roux, K. J. {2016) An improved smaller biotin ligase for
BiolD proximity labeling. Mol Biol Cell 27, 1188-1196 CrossRef
Medline

SASBMB



Appendix Chapter 2: Phase separation in cell division

This chapter is reproduced from

Joseph Y. Ong and Jorge Z. Torres. Phase separation in cell division. Review. Mol Cell.

2020 Aug 19;S1097-2765(20)30550-5. doi: 10.1016/j.molcel.2020.08.007 PMID:

32860741

166



Molecular Cell

P

Phase Separation in Cell Division

Joseph Y. Ong' and Jorge Z. Torres™2%"
"Department of Chemistry and Biochemistry, University of California, Los Angeles, Los Angeles, CA 80095, USA
2Molecular Biology Institute, University of Califomia, Los Angeles, Los Angeles, CA 90095, USA

3Jonsson Comprahensive Cancer Canter, University of Califomia, Los Angeles, Los Angeles, CA 80085, USA
tores@ chemucla.edu
https:/dod.ong/ 10,1016/ maol cel 2020.08 007

SUMMARY

Cell division requires the assembly and organization of a microtubule spindle for the proper separation of
chromosomes in mitosis and meiosis. Phase separation is an emerging paradigm for understanding spatial
and temporal regulation of a variety of cellular processes, including cell division. Phase-separated conden-
sates have been recently discovered at many structures during cell division as a possible mechanism for
propery localizing, organizing, and activating proteins involved in cell division. Here, we review how these
condensates play roles in regulating microtubule density and organization and spindle assembly and func-
tion and in activating some of the key players in cell division. We conclude with perspectives on areas of

future research for this exciting and rapidly advancing field.

INTRODUCTION

In biclogy, phase separation is the phenomanon whereby bio-
molecules form phase-separated condensates (also called
membraneless compartments or coacervates) that have
different physical and biclogical functions from the free, soluble
macromolecule {Banani et al, 2017; Boeynaems et al., 2018)
This process has recently emerged as being important for
cellular processes such as ANA function (Bouchard et al,
2018), transcription (Han et al., 2020; Sabari et al., 2018), DNA
repair (Duan et al., 2019}, ubiquitylation (Bouchard et al,, 2018;
Daoc et al, 2018; Sun et al., 2018; Yasuda et al., 2020}, nuclear
pore complex trafficking (Celetti et al., 2020; Milles et al.,
2013), and cell division (Ding et al., 2019; Jiang et al., 2015; So
et al., 2019; Trivedi et al, 2019). Underscoring the importance
of phase-separated macromolecules to human physiology, their
dysregulation has been linked to muliiple disease states,
including neurodegenerative diseases and cancer (Spannl
et al., 2018), and possibly developmental disorders (Desai and
Pathe, 2020; Hubstenberger et al., 2013; Plys et al., 2019;
Schoenfelder et al., 2015)

In particular, the field of cell division has seen an emergence of
advancements in understanding the molecular function of
phase-separated macromolecules. Gell division is a highly dy-
namic process that relies on the proper formation of a bipolar
microtubule-based spindle that functions as the primary me-
chanical structure for driving chromosome congression 1o the
metaphase plate and for the equal segregation of DNA into two
daughter cells (Lacroix et al., 2018). Three key features essential
to microtubule spindle function are the spindle poles, the micro-
tubule spindle itself, and kinetochores. The spindle poles anchor
the minus ends of microtubules and serve as the nucleation sites
for spindle microtubules. In most animal cells, the centrosome
seives as the primary microtubule organizing center (MTOC)
and spindle pole for the dividing cedl (Azimzadeh, 2014). The

L}
e

spindle microtubules provide the structural framework for the
spindle (Prosser and Pelletier, 2017) and include astral microtu-
bules, which radiate toward the cell periphery; k-fibers (or kinet-
ochore microtubules), which are captured at the kinetochore;
and polar for interpolar) microtubules, which extend toward the
chromosomes but usually form an attachment to an opposing
polar microtubule. The kinetochore, a large protein structure
that bridges the interaction betwean a k-fiber and the centro-
meric DNA of chromosemes ((Musacchio and Salmon, 2007), is
impaortant for the capture and movement of chromosomes.

Although the repertoire of proteins necessary for cell division
has been well documented and characterized, what roles phase
separation play in the fidelity of cell division is an exciting area of
ongoing research. Phasa separation serves as a novel and
attractive mechanism for orchestrating the cell division machin-
ery and for coordinating and crganizing complex spatially and
temporally sensitive processes. Phase separation has been
documented at key cell division structures, namely, the spindle
pole (centrosomal and acentrosomal), spindle body, kineto-
chore, inner centromere, chromosomes, and elsewhere
(Figure 1; Table 1). In thisreview, we focus on the function, prop-
erties, and key components of phase separation at these cell di-
vision structures and provide perspectives on future avenues for
understanding the role of phase separation within the context of
mitosis and meiosis.

Properties of Phase Separation

Broadly, phase-separated components share a number of prop-
erties (Figure 2; Banani et al, 2017; Boeynaems et al., 2018).

Free, soluble macromolecules, usualy RNA, proteins, or RNA-
protsin complexes, can undergo phase separation to form
membrandgess condensates (Figure 2A). These condensates
are usually spherical in appearance bacausa of surface tension
(Banani et al., 2017; Boeynaems et al., 2018). Moreover, their
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contents are selective (Banani et al., 2017; Boeynaems et al,
2018): some macromolecules are incorporated within the con-
densates (dark blue macromolecules), some are axcluded from
the condensates (ed macromolecules), and some are neither
included nor excluded and have equal concentrations within
and outside the condensate. Macromeolecules incorporated
into the condensate tend to have higher concentrations than
macromolecules in the bulk solution. In the case of enzymes
and their substrates, this may lead to faster ratesofreaction (Ba-
nani etal., 2017).

The formation of phase-separated condensates depends ona
variety of factors. In general, macromolecules with intrinsically
disordered, low complexity, or repetitive regions tend to form
phase-separated condensates (Banani et al,, 2017; Boeynaems
etal., 2018). Condensation is usually mediated by post-transia-
tional modifications such as phosphorylation or poly(ADP-ribo-
sylation) (PARylation) (Duan et al., 2019) and by multivalent
interactions (Banani et al, 2017), parficularly via hydrophobic
or charged amino acid residue-mediated protein-protein interac-
fions, ANA-RNA interactions, or protein-RMNA interactions (Mit-
tag and Parker, 2018). Condensation is generally promoted by
molecular crowding (induced either by high concentrations of
proteins or by the addition ofa crowding agent such as PEG; Mil-
les et al., 2013) and lower ionic strength solutions (Lin et al,
2015). Caution must be used when interpreting in vitro experi-
ments using purified protein, however, as the concenirations of
purified protein used to cbserve phase separation by micro-
scopy are often much higher than physiclogical conditions.
Momeover, experiments using crowding agents such as PEG
must similarly be interpreted carefully, as the use of reagenis
such as PEG may result in artifacts that are not physiclogically
relevant. Although high concentrations of proteins and the use
of crowding agents are used as aids to form and study phase-
separated condansates in vitro, furthar experiments are nacas-
sary to confim the existence and understand the role of
phase-separated condensates within a cell. Phase-separated
condensates may dissolve when diluted, in high salt solutions,
or in the presence of small molecules that disrupt hydrophobic
interactions, such as 1,6-hexanediol (Ding et al., 2019). In yeast,
autophagy-related phase-separated condensates were pro-
moted by an acidic pH of 6, the approximate pH of the yeast
cytoplasm during starvation conditions (Fujicka et al, 2020).
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force propogation

Many phase-separated condensates
have a liquid-like character, sometimes
earning them the name liquid-liquid
phase-separated (LL PS) condensates, as the liquid-like condan-
sates are separated (another commaon term is " de-mixed") from
the liquid of the cytoplasm (Hyman et al., 2014). Thesa condan-
sates are distinct from the bulk solution. When in close proximity,
these condensates can fuse togather, mixing their components
and growing in size (Figure 2B; Banani et al., 2017). They may
alzo undargo fission in the presence of an extarnal force such
as a shear force (Figure 2B; Banani et al, 2017). Within liquid-
like condensates, macromolecules diffuse quickly, and the con-
tents of the condensate undergo internal rearrangements at fast
fimescales, usually demonsirated by photobleaching experi-
ments (Figure 2C; Banani et al, 2017). Macromolecules can
also exchange in and out of the liquid-ike condensate. For
example, nuclear ransport receptors enriched in nuclear pore
complex-based gels recover quickly after photobleaching, sug-
gesting that the nuclear transport receptors within the condan-
sate exchange quickly and freely with their scluble counterpart
(Schmidt and Gbrich, 2015). In contrast, the nuclear pore com-
plax-based gels, which are in a solid-like condensate because of
aging over time (Celetti et al, 2020; Milles et al, 2013), do not
recover after photobleaching, suggesting that the nuclear pore
complex-based gels are more static and do not freely diffuse
within tha condansate or exchange with solution. In biological
systems, this dynamic aspect of condensates may allow the
equal distribution of protein complexes over a large cellular sub-
structura.,

Some condensates have bean observed to “age™ over time.
Aged condensates can “harden” into solid-ike or geHike states
(Celetti et al., 2020; Milles et al., 2013) wherein the dynamics of
their internal rearrangements become slower, as demonstrated
via photobleaching experiments (Figure 2D, top; Gouveia et al.,
2019; Lin et al., 2015; Park et al., 2019), and their ability to fuse
decreases (Figure 20, bottom; Patel et al., 2015). Instead of
fusing, aged condensates tend to clump, sometimes forming
networks and amyloid-ike aggregates (Lin et al., 2015). For pro-
teins involved in amyloid diseases, the formation of these amy-
loids can be affected by patient-derived mutations and may
play a role in disease progression (Conicella et al,, 2016; Mack-
enzie et al., 2017; Malliex et al., 2015; Patel et al, 2015; Weg-
mann et al,, 2018). In the nuclear pore complex, the formation
of gel-iike states may play a role in nuclear trafficking (Celeti
et al, 2020; Milles at al, 2013; Schmidt and Gérlich, 2015)
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Table 1. Summary of Phase-5eparated Condensates in Cell Division

Structure Key Components Proparties Biological Function System
Spindle poles cantrosome: SPD-5 # SPD-5 condensates ® concentrates tubulin C. elagans embryos

(C. slegans), Pl promoted by Pk1, and generates SPD-5) (Woodmnuff

(X. laewis extracts and incorporated microtubule asters; et al, 2017)

cultured human celis) centrosome factors, promotes MTOG
nucleated MTs, formation
hardened over time
® Plkd condensates ® centrosome maturation recombinant Plkd and
promoted by X, laevis extracts
autophaosphanylation, {Gouvsia et al, 2018}
hardened over time, cultured human cells
promated centrosome {Park ot &, 2015
maturation and stability

acentrosomal: ® LISD promoted by ® promotes spindle recambinant proteins

centrosome and Aurora A kinase activity, assembly and formation and mammalian cocytes

centrosome-associated TACC3 binding to of MTOC Soet al, 2018

proteins CHC1T and to
microtubules

Spindla body tubulin, microtubule # tubulin polymers form # local range liquid-ike X, laevis extracts
mgtors and crosslinkers tactoids that can fuse gtate preserves {Brugués and

with other tactoids microtubule spindle Meadiaman, 2014; Gatlin
assambly and st al., 2009), purified
homeostasis tubulin and recombinant

» diffusion of o regulates microtubule proteins (Edozie

microtubule-sssociated oentation and density et al,, 2014)

proteins

# two bipalar spindles will

fuse into ane bipolar

spindle in a dyneain-

dependent manner

Tau # concentrates tubulin, # unknown role in spindle recambinant proteins
promotes nuckaation, assambly {Heméndez-Vaga
alongation, and bundling et al, 2017)
of MTs

TPX2 # concentrates tubulin, ® promotes mitotic recambinant proteins,
promotes nucleation spindle density and X. laevis extracts (King
of MTs assembly and Patry, 2020)

BuGZ @ concentrates tubulin ® promotes mitotic X laevs extracts,
promotes nucleation and gpindie density and recambinant proteins,
bundiing of MTs assambly and cultured human cells
® incorporates and {Huang st al.,, 2018; Jiang
promotes activity of et al, 2015
Aurora A kinase

Cantromere chromosomal passenger » Borealin condensates & promotes localization Cuitured human cells

complex (INGENP, promated by Cdk1/ of GPG to inner (Trivedi stal, 2018)

Baorealin, Survivin) Cyclin B kinsse activity, centromers and
microtubules, a-sateliite midzone, spinde
DMA, and nudlecsomes assembly checkpoint,

& nudleates and mitotic timing
microtubules; hardens

in vitro and in cells
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Table 1. Continued
Structure Kay Components Properties Biological Function System
Chromosomes mitotic: KI-67 & KI-67 protein surfac tant » Ki-6T promotes cultured human cells
properties mediated via chromosome dispersal {Cuylen et al, 2016)
steric hindrance and/or and promotesMT spindle
electrostatic interactions fonmation
maiatic: RNA binding & meiatic IncRNA # IncRANA droplats 5. pombe [Ding
proteins and IncANA droplets fuse with promote pairing of et al, 2019)
droplats of same RNA homdogous
species chromosomes
Other mastly stress granules, ® DYRK3 promotes ® promotes spindle cultured human celis (Rai
RNA spiicing specides, condensate dissdution formation and mitotic et al, 2018)
centrosome/ at NEBD to release timing
pericentrialar matrix mitatic factors

MT, microtubule; MTOG, microtubule onganizing center; NEBD, nuclear envelope breakdown.

The physiological function, if any, of the aggregation of aged
condensates in other biclogical systems is largely unknown.

Phase Separation at the Centrosome

The centrosome is the main MTOC of most eukaryotic cells and
usually serves as the spindle pole in mitesis (Nigg and Holland,
2018; Prosser and Pelletier, 201 7). Cantrosomes. are composed
of two centricles sumounded by pericentriclar matrbc (PCM) that
serves to scaffold proteins necessary for microtubule nucleation
and anchoring (Azimzadeh, 2014). During interphase, the centri-
cles undergo a complex round of duplication and maturation into
acentrosoma befora it can serve as a proper MTOC for cell divi-
sion (Nigg and Holland, 2018). Many microtubule-associated
proteins localize at the centrosome to provide structural support
and cohesion and to promote microtubule nucleation, polymer-
ization, and omganization (Nigg and Heolland, 2018). Of interest,
recent examples have surfaced in which the phase separation
of key centrosomal proteins is essential for centrosome matura-
tion and homeostasis.

In the C. elegans embryo, SPD-5 is a protein with roles in
cantrosome maturation, and loss of SPD-5 leads to defects in
spindle assembly (Laos et al, 2015. In a study to reconstitute
cenfrosome morphology and microtubule organization in vitro,
SPD-5 was found to form phase-separated condensates as a
function of molecular crowding (Woodruff ef al., 2017). Whemsas
newly formed, "young” SPD-5 condensates incorporated other
SPD-5 into their condensates, older, “aged” SPD-5 condensates
did not exhibit dynamic exchange with the solution orinternal re-
amrangement after photobleaching in vitro (Woodruff et al., 2017).
Within the embryo, the dynamics of SPD-5 at the centrosome also
resembled that of the aged SPD-5 condensates (Woodnff et al,,
2017). These data suggest that in wio, SPD-5 undergoes a
liquid-iike to a solid-like rearrangement as a function of time or
droplet size. Droplet formation was enhanced by Pk kinase ac-
tivity and via incorporation of SPD-2 (mammalian homolog:
Cep192), and in cells, key cenfrosomal proteins Plk1, SPD-2,
TPXL-1 {mammalian homolog: TPX2), and Zyg-9 (mammalian
homalog: CKAPS; also known as ch-TOG or the mammalian ho-
molog of XVAP215) incomorated into these condensates at the
centrasomes (Woodruff et al., 2017). The microtubule-associated
protein EB1 was not incorporated into SPD-5 condensates
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in vitro, suggesting that these condensates are selective (Wood-
ruff et al., 201 7). In thepresence of TPXL-1and Zyg-9, SPD-5 con-
densates incorporated and concentrated tubulin both in vitro and
in vivo (Woodruff et al, 2017). These SPD-5, Zyg-9, and TPXL-1
condensates also formed microtubule asters in vitro (Woodnuff
et al, 2017). These data indicate that phase separation at the
centrosome s crifical for its function as a MTOC.

InXenopus egg extracts, the ability of Plk4 to form condensates
was dependent on its kinase activity (Gouveia et al, 2019) in
particular, in cultured human cells, Plkd4 autophesphorylation on
key residues in its cryptic polo box (CPB) domain promoted
phase-separated condensates (Parket al., 2019). These Plkd con-
densates concentrated tubulin and acted as the MTOC that re-
cruited and ordered the centrosomal protein STIL and gamma-
tubulin (Gouveia et al, 2019). During centrosome biogenesis
and maturation, Plké4-Cep152 binding in a ring-like structure is first
necessary for Pl localization to the centricles (Park et al,, 2014),
then Plk4-STIL binding in a dot-like structure is necessary for the
inifiation of procentricle formation (Moyer and Holland, 2019).
When Plkd formed phase-separated condensates, the hinding
betwean Plkd and Cep152 became weaker, whemeas the binding
between Plk4 and STIL became stronger (Park et al., 2015), sug-
gesting a role for phase separation in procentricle formation.
When in condensates, Plk4 also resisted ubiquitin-mediated
degradation by excluding the ubiquitin ligase p-TrCP (Park et al,,
2019), suggesting that phase separation may stabilize proteins
by excluding the factors that degrade them. Unlike many other
condensates, condensates made from recombinant Plkd in vitro
did not recover after photobleaching experiments, suggesting
that Plk4 condensates msemblea more solid geHike state (Gou-
veiaetal, 2019; Park etal,, 2019). These data suggest that, during
centrosome maturation, Plkd may transition from a liquid-like to a
solid gel-ike state {ina manner similar to SPD-5 in the C. elegans
embryo), perhaps to prevent degradation factors or further matu-
ration factors from accumulating at the centrosome. Alternatively,
the hardening of the centrosome may serve to “cament” microtu-
bules within the centrosome, to maintain an ordered array of
microtubules, and to resist forces generated by microtubue mo-
tors. Phase separation then may serve as a means by which
different protein interactions are controlled through time to
spatially and temporally regulate centrosome maturation.
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Phase Separation at the Acentrosomal Meiotic Spindle
Pole and Spindle Body

Whereas all eukaryotic cells form a microtubule spindle to divide,
not all cells use centrosomes to nucleate microtubule spindles.
For example, plants, fungi, and some algae all divide without
centrosomes, instead using other organelles or protein com-
plexes fo organize their microtubules (i and Goshima, 2018)
Among mammalian cells, the mammalian oocyte is unique in
that although it expresses many centrosomal proteins, the
oocyte lacks a centrosome and undergoes an acentrosomal
cell division (Dumont and Desai, 2012). How these proteins are
localized and omganized to form a microtubule spindle within
the oocyte, a large cell relative to other mammalian cells, is an
active area of investigation.

Immuncfluorescence microscopy of centrosome- and spin-
dia-related proteins in mouse metaphasa | oocytes identified a
number of proteins that localized at the acentrosomal MTOG at
the spindle poles (So et al., 2019). However, a number of other
proteins localized in a structure that encompassed the MTOC
as well as the spindle itself. This structure exhibited droplet-
like behavior and high rates of diffusion, suggestive of phase
separation (So et al., 2019). This structure, which the authors
temrmed the liquid-like meiotic spindle domain (LISD), was disrup-
ted by depletion of microtubule-associated protein TACCS, by
depletion of CHC17 (a binding partner of TACC3), and by inhibi-
tion of Aurora A kinase activity (So et al., 2012),

In contrast to phase separation at the centrosome, the LISD
did not appear to concentrate tubulin (So et al., 2019). However,
disruption of the LISD resulted in reduced density of k-fibers and
interpolar microtubules, spind e volume, and resulted in delays in

inatead of fusing.

* Prevents overmaturation by
restricting accumulation of factors,
promoting exit of cell division

meiotic progression (So et al., 2019).

Consequently, the authors speculate that

the LISD may serve at least two purposes:
first, as the cocyte is a large cel, the formation of the LISD may
saquester and concentrate important melotic spindle proteins;
second, the LISD may promate an aven distribution of spindle
proteins across the entire spindle, preventing the accumulation
of a particular protein in a confined area (So et al, 2019).

Phase Separation at the Microtubule Spindle

The microtubule spindle isa large and dynamic cellular structure
that needs to be assembled and disassembled every cell divi-
sion. Moreover, it is a complicated machine: during cell division,
microtubules undergo dynamic instakility, wherein their lengths
change rapidly because of fluctuating periods of growth and
depolymerization, and the spindle itself is permeated with a
number of microtubule motors and microtubule-associated pro-
teins that also affect microtubule polymerization dynamics, force
genermtion, and mechanical stress propagation (Prosser and
Pelletier, 2017). How the spindle isorganized across manylength
scalas and how spindle architecture gives rise to the mechanical
properties of the microtubule spindle are stil under study (La-
croix et al, 2018). Phase separation has begun to describe
how the microtubule spindle is organized at small and large
length scales.

The foundation of the microtubule spindais the tubulin dimer.
Purified tubulin was observed not only to polymerize into fila-
mants but also to form spindle-shaped, highly criented domains
(Edozie et al., 2019). Thess micron-scale almond shapad do-
mains, which the authors termed tactoids, formed condense
bundles in the presence of the Amabidopsis thalana microtubule
crosslinker MAPB5 (human ortholog: PRC1) (Edozie et al., 2019).
Tactoids that elongated and approached a neighboring tactoid
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fused together into a longer tactoid, but only if the two tactoids
were parallel along the long axis (end-to-end) (Edozie et al,
2019). Interestingly, via photobleaching experimants of the tac-
toids, MAPES is able to quickly difiuse within the tactoid, but
the polymerized tubulin of the microtubule itself cannot (Edozie
et al., 2019). The abiity of MAPES5 to diffuse within the tactoid
is reminiscent of the diffusion of proteins in the meiotic LISD
and may suggest that phase separation-based diffusion may
serve fo distribute microtubule-associated proteins evenly within
the meilotic and mitotic spindles. As thesa results come from an
in vitro system using methylcellulose as a crowding agent and
GMPCPP to stabilize the microtubule filaments, this system fails
to account for manyimportant aspects of microtubule dynamics,
including the actions of molecular motors in shaping the micro-
tubule spindle as well as the property of dynamic instability at
microtubule ends. MNonetheless, these experiments suggest
that, at least under some conditions, microtubules and microtu-
bule crosslinkers such as MAPGS have the capacity to self-orga-
nize microtubules into local domains.

Mitotic spindles isclated from frog extracts display similar
properties (Gatlin et al., 2002). Using microneede manipulation,
two metaphase mitotic spindles brought close togsther would
fusa into one mitotic spindle (Gatlin et al., 2009). Unlike tubulin
tactoids, mitotic spindles could fuse under a variety of orienta-
tions: both parallel and perpendicular mitotic spindles fused
(Gatlin et al., 2009). The ability of these spindles to fuse was
dependent on the activity of the motor protein dynein (Gatlin
etal., 2009). Later experiments that used quantitative polarized
light microscopy and computational modeling to study the
X. laevis metaphase mitotic spindle demonstrated that the spin-
dle is self-organized via local domains govemed by microtubule
polymerization dynamics, crosslinkers, and motors (Brugués
and MNeedleman, 2014).

Given that recent experiments using microneedle manipula-
fion to probe biomechanical properties of the spindle demon-
strated that different regions of the spindle have different
degrees of stifiness and viscosities (Suresh et al., 2020; Takagi
et al,, 2019), local phase-separated domains may serve io give
rise to the morphology of the mitotic spindle and accounts for
the generation and propagation of mechanical stress.

Phasae separation may thus play a role in providing a physical
means for microtubules to find and attach to kinetochores in the
otherwise crowded micretubule spindle body. Which microtu-
bule-associated proteins grant different biomechanical proper-
fies, how they are localized within the entire microtubule spindie,
and how they are affected by phase separation within sub-re-
gions or sub-condensates of the microtubule spindle, however,
are not entirely clear. Moreover, tubulin itself is a highly modified
protein (Janke and Magiera, 20:20), and thess modifications play
important roles in cell division (Barisic and Maiato, 2016).
Because post-translational modifications regulate the formation
of phase-separated condensates, tubulin medifications that
affect the phase separation properties of the microtubul e spindle
may also affect the organization, morphology, and mechanical
properties of the microtubule spindle. For example, the velocity
and the time bound to microtubules of molecular motor dynein,
which is necessary for the fusion of Xenopus mitotic spindles
(Gatlin et al., 2009), increases when dynein binds to acetylated
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tubulin (Al per etal., 2014). Although it is unknown whether tubulin
post-transiational modifications have any effect on the ability of
dynein or othermicrotubule-associated proteins to induce phase
separation of tubulin, these modifications nonetheless may regu-
late the phase separation properties of the microtubule spindle
either directly through the ability of tubulin to assemble and
associate with itself or indirectly, via the ability of microtubule-
associated proteins to bind to micotubules.

Key proteins involved in assembling the microtubule spindle
alzo axhibit phase separation propearties. We highlight the roles
of microtubule binding proteins tau, TPX2, and BuGZ. Tau is a
microtubule-stabilizing protein that has been highly studied
because aggregates of tau have been implicated in a number
of neurodegenerative diseases (Wang and Mandelkow, 2016)
Although a clear role for tau in mitosis or spindle assembly has
not yet been identified, tau is differentially phosphorylated in
mitosis (Pope et al, 1994; Tatebayashi et al., 2006) and deco-
rates the microtubule spindle (Connclly et al, 1977; Preuss
and Mandelkow, 1238). Tau regulates the activity of molecular
motors such as kinesins and severing enzymes such as the ka-
tanins (Siahaan et al, 2019), two families of enzymes that play
roles in shaping the mitotic spindle (Cheung et al, 2016; Mayr
et al., 2007; Splinter et al., 2010; Stumpff et al,, 2008}, and over-
exprassion oftauled to the formation of monopolar spindles and
mitotic arrest in the Drosophila mefanogaster wing disc (Bougé
and Parmentier, 2016} In experiments with purified protein, tau
formed liquid-iike condensates {(Hemnandez-Vega et al, 2017;
Wegmann et al., 2018) that incorporated and concentrated
tubulin dimers. These tau-tubulin drops served as sites for
microtubule nucleation, and the tau droplets spread out along
the emerging microtubule (Hemandez-Vega et al., 2017). Tau-
coated microtubules could fuse or bundle with each other, form-
inga network of parallel flaments (Hemandez-Vega et al., 2017).
Similar to MAPS5 on tubuiin tactoids, photobleaching experi-
ments demonsirated that the fluorescence of tau on microtubule
bundles, but not the tubulin itself, quickly recovered after photo-
bleaching, suggesting that tau was able to diffuse along the
microtubule length and with free tau in solution (Hernandez-
Vega et al, 2017). Moreover, tau condensates were observed
o age and harden, promoting the formation of tau aggregates
(Wegmann et al., 2018), though whether this aspect of tau con-
densates has any function in normal spindle assembly or is
part of the progression of neurodegenerative diseases is
unknown.

Similarly, purified TPX2, a microtubule nucleator that pro-
motes branched microtubules from an exdsting microtubule fila-
ment (Petry et al., 2013), formed phase-separated condensates
that incomporated and concentrated tubulin (King and Petry,
2020). In solufion, these TPX2-tubulin condensates formed
microtubule asters, and in Xenopus egg extracts, these TPX2-
tubulin condensates served as microtubule nucleation points
{King and Petry, 2020). Purified TPX2 preferentially formed
droplets on existing microtubules and enhanced branched
microtubule nucleation (King and Patry, 2020). Interestingly, im-
portin-a/p, inhibitors of TPX2 nucleation (Schatz et al,, 2003), dis-
sohved TPX2-tubulin condensates (King and Petry, 2020). Given
that the concentration of impertin that can inhibit TPX2 is low
near the chromosomes by nature of a Ran-GTP gradient (Kalab
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et al, 2002), importin-mediated dissolution of TPX2 conden-
sates may partly explain why TPX2 microtubule nucleation is
high near the chromesomes and how TPX2 promotes comect
spindla size and function (Bird and Hyman, 2008). Moreover,
as TPX2 protects Aurora A from proteasome-mediated degrada-
tion (Giubettini et al., 2011), TPX2-based phase separation may
play a role in stabilizing Aurora A by excluding ubiquitin ligases
that target Aurora A for destruction.

BuGZ iz a mitotic spindle (Jiang et al., 2014; Toledo et al,
2014) and kinetochore-associated (Jiang et al., 2014) protein
thatbinds to and stabilizes Bub3, a protein that scafiolds and re-
cruits proteins that monitor the proper attachment between mi-
crotubules and chromosomes through a mechanism known as
the spindle assembly checkpoint to prevent improper cell divi-
sion (Musacchio and Salmon, 2007). During mitosis, BuGZ facil-
itates the loading of Bub3 onto the kinetochore, and loss of
BuGZ leads to a weakening of the spindle assembly checkpoint
(Jiang et al., 2014; Toledo et al., 2014). Recombinant BuGZ was
found to phase-separate in a temperature-dependant manner,
as BuGZ condensates were disrupted at colder temperatures
(Jiang et al, 2015). In Xenopus egg exiracts, which allow the
study of kinetochore-independent roles of BuGZ, disruption of
BuGZ phase separafion resulted in fewer microtubule-associ-
ated proteins associated with MTOCs generated from Aurora A
kinase (Jiang et al., 2015). The microtubule aster-ike MTOCs
formed in the presence of phase separation-deficlent BuGZ
were also smaller and contained fewer microtubules than phase
separation-capable BUGZ (Jiang et al., 20 15). Moreover, in vitro,
Aurora A could incorporate into BuGZ droplets, promoting
Aurora A kinase activity (Huang et al., 2018).

The incomporation of Aurora A into BuGZ phase-separated
condensates is particularly interesting given the kinetochore
localization and function of BuGZ. Although Aurora A predomi-
nately functionsin centrosome maturation and spindle assembly
(Joukov and De Micolo, 2018), Aurora A has also been demon-
strated o phosphorylate a component of the kinetochore,
Hecl (Deluca et al, 2018). BuGZ-based phase separation
may thus function to enhance Aurora A phosphorylation both
at tha centrosome and at tha kinetochores. However, the sxper-
iments demonstrating the phase separation properties of BuGZ
were performed in Xenopus egg extracts. Xenopus egg extracts
allow the study of phase separation of BuGZ with Aurora A
(Huang et al., 2018) and microtubule-associated proteins (Jiang
et al., 201 5), but because thase extracts lack chromosomes and
kinetochores, the role of BuGZ phase separation at the kineto-
chores is unclear. For example, axpression of mutant forms of
BuGZ that lacked the ability to phase separate resulted in
abnormal mitotic spindles in Hela cells (Jiang et al., 2015). How-
ever, these mutant BuGZ constructs had a weaker association
with tubuiin (Jiang et al, 2015). As BuGZ promotes Bub3 lcading
on the Kinatochores in a microtubule-dependant manner (Jiang
et al., 2014; Toledo et al., 2014), itis possible that the observed
spindle assembly defects may be attributed to ermors in kineto-
chore-microtubule attachment from a lack of Bub3 and not
necessarnily to the phase separation properties of BuGZ. Further
experiments are necessary to detemmine if Bu3Z phase separa-
tion, the BuGZ-Bub3 interaction, or both are necessary for
proper microtubule spindle formation. Interestingly, Aurcra A
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binding partners TACCS (So et al,, 2019), TPX2 (King and Petry,
2020), and BuGZ (Huang et al., 2018) are all involved in phase-
separated microtubule assembly processes, potentially
suggesting animportant role of Aurora A inmediating spindle as-
sambly via phase separation.

Phasa Separation at the Centromere

The centromere is a celular substructure assembled around
CENP-A nuclecsomes located at centromeric DNA (McKinley
and Cheeseman, 2016). One of the major regulators of cell divi-
sionlocated within the centromera is the Aurora B kinase, whose
kinase activity generally destabilizes incormect kinetochore-
microtubule attachments, delaying anaphase onset until proper
kinetochore-microtubule attachments are formed (Hindriksen
et al., 2017). Aurora B, togather with Survivin, Borealin, and IN-
CENP, form the chromosomal passenger complex (CPC) (Car-
mena et al., 2012).

Purified Survivin, Borealin, and INCENP formed phase-sepa-
rated droplets in vitro andin cells at the inner centromere (Trived
et al, 2019). i vitro, components of the inner centromere,
including a-satellite ANA and DNA, histone H3 phosphorylated
at The3, SGO1, phosphorylated HP1a, microtubules, and Aurcra
B, promoted the formation of these phase-separated droplets,
were enriched in these phase-separated droplets, or both (Triv-
edi et al., 2019). Incontrast, Mad2, an outer kinetochore protein,
was excluded from CPC-based droplets (Trivedi et al., 2019).
In vitro, the ability of Borealin to form phase-separated droplets
was enhanced by Cdk1/Cyciin B phosphorylation. Disruption of
phasa separation of the CPC via expression of a mutant form of
Baoraalin rasulted in reduced localization of the CPC and Aurora B
at the inner centromere and spindle midbody by about half (Triv-
ediet al., 2019). Thisresult suggests that phase separation medi-
ated by Borealin contributes to or enhances CPC localization
and assambly but is not the only factor that contributes to CPC
localization or assembly (Carmena et al., 2012; Hindriksen
et al, 2017). Less of GPC phase separation also resulted in a
deday in mitotic prograssion, a weakening of the spindle assem-
bly checkpoint, and an increase in the number of lagging
chromosomes, though whather this is simply due to less Aurora
B activity from reduced Aurora B localization or some other
aspect of phase separation is unclear (Trivedi et al., 2012).

Given that Aurora B phosphorylates components of the kinet-
ochore in eary mitesis (Broad et al., 2020), phase separation of
the centromere may serve to spatially separate Aurcra B and
the inner centromere from kinetochore proteins. This hypothesis
is particularty intriguing given that Mad2 was excluded from the
CPC-based droplets. In this way, the formation of phase-sapa-
rated condensates at the centromere serves as a physical
meaans of separating the kinetochore and centromere. Phase
separation, then, along with other physical methods (Akiyoshi
et al., 2010), may serve to decrease Aurcra Bactivity at the kinet-
ochore and promote the formation of stable kinetochore-micro-
tubule attachments.

Aurora C is a homaolog of Aurora B that is expressed predom-
inantly in gametes and has important functions inmelosis (Quar-
tuccio and Schindler, 2015). Similar to Aurgra B, Aurora C binds
INCENP and performs similar functions during meiotic divisions
{(Abdul Azeez et al, 2019). Whether Aurora G also undergoes
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phase separation during meiesis isunknown. However, because
the phase separation described here was reconstituted with Sur-
vivin, Borealin, and INCENP, all of which are also present and
active in melosis, phase separation may also play a role in the
progression of medosis and gamete formation. Perhaps Aurora
C can change the localization and function of CPC-based con-
densates in meiosis to fine-tune the CPC for functionin melosis.

Phase Separation at the Chromosomes
Whereas chromatin and transcription factors form phase-sepa-
rated compartments that aid in franscription (Han et al., 2020;
Sabari et al, 2018), chromesomes themselves play roles in
phase saparation-mediated processes in cell division. In a small
interfering RNA (siRNA) screen for proteins involved in chromo-
some separation, loss of Ki-67 in Hela cells was observed to
cause chromosomes to dump together (Cuylen et al, 2016). Mi-
crotubules were notable fo access the kinetochores of clumped
chromosomes, leading to mitotic fallure (Cuylen et al,, 2016). No
one domain of Ki-67 was responsible for the proper separation of
chromosomes; rather, Ki-67 acted as a molecular surfactant,
coating the surface of the chromosome and using electrostatic
and/or steric interactions to separate chromosomes from each
other and to promote a functional mitesis (Cuylen et al,, 2016).
In contrast, in meiosis, long noncoding RNA (InCRNA) may
serve 1o join homologous chromosomes together. In S. pombe
meiosis, sme2 ANA is a IncRANA that accumulates at its genelo-
cus and plays a role in fadiitating the pairing of homologous
recombination (Ding et al., 2019). Via microscopy of proteins
that localized near the sme2 IncAMNA foci, two other genstic
loci wera identified (Ding et al., 2019). Thesa two loci also coded
for meiosis-specific IncANA, and similar to sme2 IncRMA, these
two novel IncRANAs also accumulated and formed foci at their
respective genomic locations (Ding et al, 2019). Each of the
three chromosomes of S. pombe had one gene locus that ex-
hibited fusion under physiological conditions (Ding et al., 2019).
In particular, two sme2 IncRNA foci fone on each homologous
chromosoma) would fuse, bringing the two chromosomes
together for homologous recombination; the other two IncRANA
behaved likewise (Ding et al., 2019). Interestingly, the different
IncRMAs weme phase separated from each other and would
fuse only with the compartment that shared the same RNA
species (Ding et al., 2019). In meicsis, then, phase separation
of protein-incRNA foci served to exclude non-homelogous chro-
maosomes and to physically join homologous chromosomes.

Other Factors in Phase Separation during Cell Division

Cell division is highly regulated by kinases such as the cyclin-
dapendent kinases, Polo kinases, and Aurora kinases (Malum-
bres and Barbacid, 2009; Mistry et al, 2008; van Vugt et al,
2010). Evidence for the role of kinasesin promoting the formation
of phase-separated condensates is growing. Many of the dis-
cussed condensates are promoted by phosphorylation {centro-
somal SPD-5 by Plk1, cenfrosomal Plkd by Plkd, the melotic
LISD by Aurora A, centromeric CPC by Cdk1), and in at least
one case, kinase activity is enhanced by the formation of a
phase-separated condensate (BuGZ enhancing Aurora A) A
prime example of a kinase regulating condensate formation is
DYRK3(Wippich etal., 2013), which is a cell-cycled regulated ki-
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nasa that increases in concentration from G1 to M phase and is
degraded in late mitosis by the APC/C (Rai et al,, 2018). DYRK3
localizes to and associates with proteins of multiple membrane-
less compartments such as the centrosome, stress granules,
and splicing speckles (Rai et al, 2018). Overexpression of
DYRK3 led to dissolution of these membraneless compart-
ments, and chemical inhibifion of DYRK3 stabilized them (Rai
et al., 2018). These membraneless compariments dissolve dur-
ing mitosis and reform at the end of mitosis dependent on
DYRK3 kinase activity and the ratio of DYRK3 to substrate,
which increases at nuclear envelope breakdown (NEBD)
because of the mixing of the nucleoplasm and cytoplasm (Rai
ot al, 2018). Inhibition of DYRK3 kinasa activity lad to the persis-
tence of membraneless compartments during mitosis and the
sequestration of mitotic regulator BuGZ (Rai et al., 2018). The in-
hikition of DYRAK3 consequently resulted in multipolar spindie
formation and an increase in mitotic timing (Rai et al, 2018).
Therefore, DYRKS kinase activity may serve as a means of solu-
bilizing or freeing mitotic factors from membraneless compart-
ments in early mitosis for proper spindle assembly and cell
division. However, thesa axperiments were performed with
only one chemical inhibitor of DYRK3, GSK-626616, and at the
relatively high concentration of 1 pM. Given that GSK-626616
has known off-target effects at 1 M, including other DY RK ki-
nases and important signaling and cell cycle-related kinases
such as ERKS, PIM1, JAK kinases, and NEK kinases (Wippich
et al, 2013), further study of the role of DYRK3 and other kinases
is necessary to understand how condensate formation and
dissolution may serve as regulators of mitosis.

Conclusion and Perspactives
Phase separation is an increasingly studied phenomenon with
emarging rolas in regulating the fidelity of cell division. At the mo-
lecular level, phase-separated condensates concentrate and
localize proteins of interest; thus, microtubules are more easily
nucleated at the centromere, microtubule-associated proteins
and motors am diffuse and spread throughout the microtubule
spindla, and meiotic factors are sequestenad and spraad within
a particular domain of the otherwise large oocyte. Phase-sepa-
rated condansates also sequester other factors and provida a
means of spatial regulation, as Plk4-condensates exclude ubig-
uiin ligases and the CPC-based centromeric condensate
excluded the kinetochore protein Mad2. Finally, as the centro-
some and centromens were both cbserved to harden over time
and asIncANA complexes in meiosis keep homologous chromo-
somes together, phase-separated condensates may serve a
siructural role, allowing the formation of an omdered microtubule
armay at tha centrosome and for the accommodation of stresses
and forces at the centromere and within the microtubule spindle.
To what extent does phase separation serve to organize
cellular substructures? Understanding whether certain organ-
elles or substructures exhibit properties of phase separation
and how, if at all, those properties affect their function is an active
area of research. For example, here, we highlighted the phase
separation properties of centrosomal protein SPD-5 and Plkd
in centrosome maturation. However, other proteins involved in
centrosome maturation do not undergo phase separation. Puri-
fied D. melanogaster centrosomal protein Centrosomin (human
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ortholog: COKS5RAP2; probable Drosophia ortholog for
C. elegans: SPD-5), for example, was found to form structures
that resembiled phase-separated aggregates by microscopy. In
contrast to most phase-separated systems, however, Cenfroso-
min did not dynamically rearrange after photobleaching, sug-
gesting that these Centrosomin structures are not liquid-iike
phase-separated aggregates but a micron-scale ordered struc-
tue or a soliddike phase-separated condensate (Feng
et al,, 2017).

Do these data suggest that the centrosome is not regulated by
phasa saparation? It is possible that the dynamic liquid-like state
of Centrosomin could not be observed for technical reasons.
Certain nuclear pore complex proteins have long been known o
form aggregate-like gels (Miles et al., 2013), but it was only
recently discovered, via innovative microfluidics and imaging sys-
tems, that nuclear pore complex proteins first transition through a
liquid-ike state before maturing into gel-ike states (Celetti et al,,
2020). There is a possibiity that solid-ike structures, such as
Centrosomin-based structures, are simply “aged” liquc-ike
phase-separated structures and that technical detals prevent
the capture of the liquidlike states. Altematively, cellular struc-
turas such as tha centrosomea may simply be composad of both
ordered structures and phase-separated structures.

Much work has focused on how mitotic and meiotic structures
are assembled by phase separation, but less work has focused
on the relationship between phase separation and disassembly.
As cells progress through cell division, the activity of kinases
such as Plk1 or Aurora kinases generally decreases as they are
degraded by the APC/C (Lindon and Pines, 2004; Stewart and
Fang, 2005). Given the importance of kinase activity in forming
phase-separated condensates (So et al., 2019; Woodmnuff et al.,
2017), it is reasonable to hypothesize that condensates may
dissolve as kinases and other mitofic and meiofic factors are
degraded. Is it pessible that force by the microtubule spindle
has arole in physically breaking apart phase-separated conden-
sates or in reducing the concentration of factors such that they
no longer undergo phase separation? For example, CPC
phase-separated condensates, which lecalize at the centro-
memes of two homologous chromosomes, likely experience
baoth a physical force during the metaphase to anaphase transi-
tion and a change in the local concentration of GPC components,
both factors which may cause its dissclution.

How a cell commits to enter and complete cell division has
baan an active area of study. In particular, the rapid events in
cell division nead to be executed in a non-reversible, temporally
regulated, and sequential manner. Characteristics of kinases
have been shown to assist in decisively executing events in
cell division. For example, in mitosis, Cdidl exhibits hysteresis
and bistability, meaning that once Cdk1 is active, a small
decrease in the concentration of its activator Cyclin B does not
significantly inhibit Cdk1 activity (Pomerening et al, 2003; Sha
et al., 2003). This mechanism prevents regression from mitosis
because of a small change in Cyciin B levels. Moreover, Cdkl
is regulated by positive feedback loopsat the entry to mitosis, al-
lowing a rapid and ireversible entry into mitosis (Santos et al,,
2012). Can phase separation play a similar role in promoting
rapid and ireversitle temporal regulation of cel division? As
cell division-promofing factors accumul ate, they may spontane-
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ously phase separate as a function of concentration or other
cellular events, such as NEBD (Rai et al,, 2018). These phase-
separated condensates may activate kinases by concentrating
kinases and their substrates, excluding phosphatases or ubiqui-
tin ligases, or other means. (Fujioka et al, 2020; Huang et al.,
2018). Thus, the formation of phase-separmated condensates
may also serve to enhance rapid and ireversible progression
through the steps of cell division.

Post-translational modifications, particularly via kinases and
ubiquitin ligases, play crucial roles at the heart of cell cycle pro-
gression and inthe establishment of phase separation (Bouchard
et al,, 2018; Dao etal., 2018; Heinkel etal., 201%; Park etal., 201%;
Su et al., 2016; Sun et al., 2018; Yasuda et al, 2020). Although
phosphatases have been studied in regulating phase separation
in other systems, they are largely unstudied in cell division. For
example, phosphatases have been shown to abrogate phase
separation in T cell recepfors (Su et al, 2016) and in
M. tuberculosis membrane proteins (Heirkel etal,, 2019). Interest-
ingly, atthough the M. tubercuiosis phesphatase was incorporated
into the phase-separated condensate, the phosphatase was also
localized to distinct foci within the condensate, perhaps repre-
senting selective enrichment or phase-within-phase separation.
Whether these findings apply to phosphatases in cell division re-
mains to be uncovered. When kinase activity is essential, are
phosphatases sequestered within their own condensates, and
when phosphatase activity is required, do these condensates
then fuse with condensates containing phosphorylated sub-
strates? Such a mechanism would allow spafia regulation of
phosphatases and their subsirates.

Similarly, although phase separation may also be driven by
ubiquitylation, the main ubiquitin igase in cell division, the APC/
G (Pines, 2011}, has not yet been shown to undergo phase sepa-
ration. However, the APC/C is active at and localizes to many
structures during cell division (dcguaviva et al, 2004; Huang
and Raff, 2002; Melloy and Holloway, 2004; Torres et al, 2010),
many of which have been demonsirated to be sites of phase sep-
aration, 0 phase separation involving the APG/C or its substrates
may ba possibie. Athough the presence of poly-ubiquitin chains
has been shown to induce phasa separation (Sun et al, 2018),
no deubiquitylases have yet been identified as agents of ubiqui-
tinr-mediated phase-separated condensate dissolution as phos-
phatases have for kinase-mediated condensates.
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Appendix Chapter 3: Human Protein-l-isoaspartate O-Methyltransferase Domain-Containing

Protein 1 (PCMTD1) Associates with Cullin-RING Ligase Proteins

This chapter is reproduced from

Rebeccah A. Warmack, Eric Z. Pang, Esther Peluso, Jonathan D. Lowenson, Joseph Y.

Ong, Jorge Z. Torres, Steven G. Clarke. The human protein-L-isoaspartate O-

methyltransferase domain-containing protein 1 (PCMTD1) associates with Cullin-RING

ligase proteins. Biochemistry. 2022 Apr 29. doi: 10.1021/acs.biochem.2c00130. PMID:

35486881

This chapter describes a rather peculiar working model of protein degradation. Whereas most
E3 ubiquitin ligases are specific for a particular subset of proteins, the working model for the E3
ubiquitin ligase PCMTDL1 is that it can target any protein with an isoaspartyl residue, a form of
protein damage generally caused by protein age. Whether or not this model holds true is still to
be determined, as we were unable to determine any definitive substrates for PCMTD1, although

affinity mass spectrometry has given us some interesting leads.
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ABSTRACT: The spontaneous L-isoaspartate protein modifica-
tion has been observed to negatively affect protein function.
However, this modification can be reversed in many proteins in
reactions initiated by the protein-Lisoaspartyl (p-aspartyl) O-
methyltransferase (PCMT1). It has been hypothesized that an
additional mechanism exists in which L-iscaspartate-damaged
proteins are recognized and proteolytically degraded. Herein, we
describe the protein-l-isoaspartate O-methyltransferase domain-
containing protein 1 (PCMTD1) as a putative E3 ubiquitin ligase
substrate adaptor protein. The N-terminal domain of PCMTD1
contains I-isoaspartate and S-adenosylmethionine (AdoMet)
binding motifs similar to those in PCMTL. This protein also has
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a C-terminal domain containing suppressor of cytokine signaling (SOCS) box ubiquitin ligase recruitment motifs found in substrate

receptor proteins of the Culin-RING E3 ubiquitin ligases

. We demonstrate specific PCMTD1 binding

to the canonical

methyltransferase cofactor S-adenosylmethionine (AdoMet). Strikingly, while PCMTDI is able to bind AdoMet, it does not
demonstrate any L-isoaspartyl methyltransferase activity under the conditions tested here. However, this protein is able to associate
with the Cullin-RING proteins Elongins B and C and CulS in vitro and in human cells. The previously uncharacterized PCMTD1
protein may therefore provide an alternate maintenance pathway for modified proteins in mammalian cells by acting as an E3

ubiquitin ligase adaptor protein.

H INTRODUCTION

Proteins can accumulate a number of nonenzymatic post-
translational modifications over time that alter the normal
enzymatic function and threaten protein stability. These
modifications include oxidation, carbonylation, glycation,
deamidation, and isomerization, which can occur by inter- or
intramolecular reactions.” Despite this variety of damaging
alterations, few protein repair mechanisms have been
characterized. Examples of protein repair pathways include
methionine sulfoxdde reductases, protein deglycation, and 1-
isoaspartate methylation.”™* The latter is accomplished via the
protein-L-isoaspartyl (Dp-aspartyl) O-methyltransferase
(PCMT1) enzyme. By methylating L-isoaspartate and D-
aspartate sites, PCMT1 allows for subsequent reformation of
L-as

In parallel, many modified proteins are fonneled to the
lysosome or the proteosome in mammalian cells for
degradation.” While the lysosome is a powerful protein
degradation system capable of breaking down whole
aggregates, organelles, and aged cytosolic proteins, proteaso-
mal degradation is highly regulated and is monitored by the
ubiquitin—proteosome system. The latter system involves aver

& 2} American Chamical Sodety
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879

600 E3 ubiquitin ligases in eukaryotic cells where targeted
substrates are recognized.” the E3 ubiquitin ligases,
the CullinRING ligase (CRL) family is the largest subset®
These E3 ubiquitin ligases contain conserved RING domains
that recruit Cullin scaffold proteins. Full complex formation
positions an E2 enzyme opposite bound substrates for
ubiquitin transfer.”

The Elongin—Cullin—suppressor of cytokine signalin§
(SOCS ) box family is a subgroup of the RING ligase family."
This group is characterized by the presence of a SOCS box
motif found in the C-terminus of the complex’s substrate
adaptor protein (the SOCS box-containing protein).'® This
motif consists of both a Cul-box and a BC-box, which facilitate
interactions with Cullin § (Cul$), and the heterodimer adaptor
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Table 1. Bacterial Expression Plasmids Used in This Study

plasmid description sonroe or refenence
T28a+-thPCMT T2 N nall s PCMT from De Bruee D
pE' pE (+) vector expressing Woterminally GaHit-tagged human P ﬂ(ihd#net L 1;;1;1)
pMAPLa—PCMTDL pMAPLed vector ol M dly GxHis-tagged homa thi
PCMTDNL nupuu;e (mih I—g?) ° " » sndy
PMAPLeA-PCMTDI™ 2! pMAPLet dN Iy 6His-tagged homan PCMTDL this study

uqum'(};“:tﬂh& 1-231)

p fullength human Elongin B and
pET 28 vector expressing Col 5 with an Neterminal frHis-tag, GBI tag, and TEV

ELONGIN BC El Band H C coexpre asmid;
(XX01TCER 1 A-001) :‘i: acide |7ﬂ—"|‘i‘; men
pET28a_Cul5
deavage site (GxHis—GB1—TEV—Culs)
pETila_Ria2 PETLla vector expretsing untogged Rind

Addgene (catalog & 110274)

gift from Dr. Blimabeth Komives

prergl

gift from D Elisabeth Kormives

proteins Elongins B and C, respectively. The S0OCS box-
containing E3 ligase adaptor protein and the Elongins interact
with the N-terminus of the Cul$ scaffold protein, while the C-
terminal domain of Cul$ binds Rbxl or Rbx2 for recruitment
of an activated E2 ligase. The open-ring structure of this
complex allows coordination between a substrate (recruited to
this complex by the SOCS box-containing E3 ligase) to an
activated E2 ligase bound to the tail end of the complex. This
allows for ubiquitin transfer to a lysine on the surface of the
substrate protein.'

A degradation pathway for L-iscaspartate-damaged proteins
was proposed when levels of L-isoaspartate residues in proteins
unexpectedly plateaued with respect to age in tissues yet
appeared in urinary peptides of transgenic mice lacking the -
isoaspartate repair enzyme, PCMTL, in all cell types except
neurons.'” In this work, we describe a potential pathway for
such degradation with the initial characterization of protein-r-
isoaspartate O-methyltransferase domain-containing protein 1
(PCMTD1)." At its N-terminus, PCMTDI contains L-
isoaspartate and S-adenosylmethionine (AdoMet) binding
motifs comparable to the PCMTL . The protein also
contains an extended SOCS box motif within its C-terminus.
Previous reports have linked mutations or deletions of the
PCMTDL and PCMTD2 genes to neurodevelopmental
disorders,'*" wiral activation,” and cancer.'” Thus, the
biochemical characterization of these poody understood
proteins may be of dinical importance.

Using recombinantly expressed constructs, we show that the
human PCMTD1 protein interacts with Elongins B and C and
Culs. We observe that the interaction with Elongins B and C
appears to stabilize recombinantly expressed PCMTDI protein
lewels. Furthermore, using a truncated variant of PCMTDY, the
C-terminal SOCS box motif has been found essential for CulS
and Elongin B and C interactions. While the PCMTD1
enzyme binds the methyltransferase cofactor AdoMet, it has no
detectable methyltransferase activity when tested against
canonical PCMT1 L-isoaspartate-containing substrates in
vitro. Lastly, we observe interactions between recombinantly
purified preparations of PCMTD1—EloBC and Cul5—Rhbx2
subcomplexes, which suggests that these proteins oligomerize
into a larger protein complex reminiscent of other Cullin-
RING E3 ligases. Although specific substrates have yet to be
identified, the PCMTD1 protein may represent a novel protein
damage-specific E3 ubiquitin ligaise when complexed with
components of the Cullin-RING E3 ligase.

B EXPERIMENTAL PROCEDURES

Reagents and Plasmids. Fulllength (1-357) and
truncated (1-231) PCMTD1 were expressed as N-terminal
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6xHis-tagged constructs in pMAPled vectors designed and
generated in the UCLA DOE Protein Expression Technology
Core. The vector includes a pBR322 origin and lacl gene
Transgenes in this vector are expressed as an N-terminal
MBP-TVMV—6aHis fusion protein. This vector also coex-
presses the TVMV protease, which allows for intracellular
processing of the fusion protein transgene yielding a target
protein with a TEVcleavable N-terminal 6xHis-tag. Elongins
were expressed on the ELONGIN BC plasmid (30{01TCE-
BLA-c001), which was a gift from Dr. Nicola Burgess-Brown
(Addgene plasmid #110274). The plasmid encoding the
recombinant human L-iscaspartyl protein methyltransferase
(thPIMT) with an N-terminal polyhistidine tag was a generous
gift from Dr. Bruce Dowmie (available as plasmid #34852 from

Addgene). Plasmids for the recombinant expression of GxHis—

GB1-TEV—CulS (pET28a_Culs) and untagged Rbx2
(pET11a_Rbx2) were generous gifts fom Dr. Elizabeth
Komives. pGLAP2 plasmids (Addgene plasmid #19703) for
PCMTDL and enhanced green fluorescent protein (EGFP)
were constructed from their respective pDONR2211

using LR Clonase II (Invitrogen, catalog #11791020) with
standard doning techniques.

Protein BLAST, Sequence Identification and Align-
ment, and Phylogenetic Analyses. For PCMTDI1
sequence alignment and subsequent phylogenetic analyses, an
NCBI protein BLAST search was first performed.' The
protein sequence for PCMTDI isoform 1 was used as a query
against the nonredundant protein sequence (nr) database with
nonredundant RefSeq proteins (WP) excluded. The blastp
(protein—protein BLAST) algorithm was used The max
number of target sequences selected was 5000 with an
expected threshold cutoff of 1 X 1075 All other parameters
were left as default. This search yielded 4118 sequences.
PCMTD! isoform 1 sequences from organisms were manually
selected resulting in a total of 399 sequences selected. These
sequences were imported into JALVIEW 211.10" and
aligned using the T-Coffee algorithm with default settings
unless otherwise noted,”™ and sequences were color-coded
according to ClustalX rules. T-Coffee alignments were
imported into the MEGAX program,’' and trees were
generated using the phylogeny tool with maximum likeihood
methods. Default methods for maximum likelihood analysis
were used and are as follows: test of phylogeny (none),
substitution model (Jones—Taylor—Thornton (JTT) model),
rates among sites (umiform rates), data subset to use (use all
sites), ML heuristic method (nearest-neighbor-interchange
(NNT)), and branch swap filter (none). Multiple sequence
alignment of PCMT with the PCMTDs was done with Clustal
Omega®™ and UniProt accession numbers P22061-1
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(PCMTI1), Q96MGS-1 (PCMTDI1), and Q9NV79-1
(PCMTD2)

Recombinant Protein Expression and Purification.
Plasmids used for recombinant protein purification are
described in Table 1. The PCMTD1-EloBC coexpression
strain was created by cotransforming competent BL21(DE3)
cells with pMAPLe4—PCMTDI and ELONGIN BC. The
PCMTD1'"! expression strain was created by transforming
competent BL21(DE3) cells with pMAPLe—PCMTD1!-31,
The PCMTD1'"*'~EloBC coexpression strain was created by
cotransforming competent Escherichia coli BL21(DE3) strains
with the pMAPLe—-PCMTD1""*' and ELONGIN BC
plasmids. The Cul5—Rbx2 coexpression strain was created by
sequentially transforming competent BL21(DE3) cells with
pET28a_Culs, pETlla_Rbx2, and ELONGIN BC. Al
transformants were selected by plating on Luria—Bertani
(LB) agar with appropriate antibiotics.

For growth and expression, the PCMTD1-EloBC coex-
pression strain was grown in LB media and induced with 0.5
mM isopropyl f-p-1-thiogalactopyrancside (IPTG) for 3 h at
37 °C when ODgg = 05-0.7. The PCMTDI™™' and
PCMTD1*"'~EloBC expression strains were also grown in
LB media but were instead induced overnight for 16-18 h at
18 °C with 1 mM IPTG. These strains were also induced when
ODgyy = 05=0.7. The Cul5-Rbx2 coexpression strain was
grown in M9 minimal media supplemented with casein
enzymatic hydrolysate (M9-NZ). This strain was induced at
an ODgg of 1.0 with 0.5 mM IPTG. Just prior to induction,
M9-NZ was supplemented with ZnCl; to a final concentration
of 200 uM to stabilize Rbx2-containing cultures. Cul5—Rba2
was induced for 16—18 h at 18 °C.

Following expression, cells for all expression strains were
spun down for 15 min at 5000g at 4 °C and frozen at —80 °C
until lysis and purification. Thawed cells were resuspended in 5
mL/g pellet of lysis buffer (50 mM N-(2-hydroxyethyl)-
piperazine-N'-¢thanesulfonic acid (HEPES), pH 76, 300 mM
NaCl, 5% glycerol, 1 mM f-mercaptoethanol (fME), 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 1 ethylenediami-
netetraacetic acid (EDTA)-free Pierce protease inhibitor tablet
per 50 mL). Lysis was performed by three passes through an
Avestin Emulsiflex at 15,000 psi with incubations on ice to
minimize the temperatures of lysates. Lysates were then spun
at 13,000 rpm for 50 min at 4 °C. Filtered lysates were then
loaded onto three 5 mL HisTrap HP columns e ated
with wash buffer (50 mM HEPES, pH 7.6, 150 mM NaCl, 5%
glycerol, 20 mM imidazole, 1 mM JME ) on a Bio-Rad Biologic
FPLC system. Proteins were eluted from the column over two
steps, first a linear gradient of 0—100% elution buffer (50 mM
HEPES, pH 7.6, 150 mM NaCl, 5% glycerol, 300 mM
imidazole, 1 mM fME) over 60 min, followed by a 100%
elution buffer wash for 30 min at 1 mL/min. Fractions
containing the purified protein were pooled and loaded onto a
HiPrep 16/60 Sephacryl 5-200 HR gel filtration column
equilibrated with gel filtration buffer (S0 mM HEPES, pH 7.6,
150 mM NaCl, 1 mM FME). Gel filtration was performed by
running 1.7 column volumes (CVs) of gel filtration buffer at
04 mL/min after protein samples were injected into the
column. Fractions containing purified proteins were pooled
and concentrated with 10 kDa molecular weight cut-off
(MWCO) Amicon centrifigal filters prior to storage at —80
*C with 5% glycerol. Protein concentrations were determined
by a TCA-Lowry assay.™
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Antibodies Used in This Study. The primary antibodies
used in this study were monse anti-Elongin B (1:2000, Santa
Cruz Biotechnology, catalog # sc-135895), mouse anti-Elongin
C (1:2000, Santa Cruz Biotechnology, catalog # sc-166554),
mouse anti-GxHis (1:2000, Proteintech, catalog # 66005-11g),
mouse anti-GAPDH (1:3000, ProteinTech, catalog # 60004-1-
Ig), mouse anti-FLAG antibody conjugated to Dylight 800
(1:10000, Rockland, catalog # 200-345-383), rabbit anti-
thPCMT1 (1:1000, noncommercial; a kind gift from Dr. Mark
Mamula), rabbit antiCuls (1:2000, Bethyl Laboratories,
catalog # A302-173A), goat ant-S-Tag (1:100, GeneTex,
catalog # GTX19321), and rabbit anti-FLAG (1:200, Cell
Signaling Technology, catalog # 14793).

Secondary antibodies used in this study were goat antimouse
IgG (H + L) cross-adsorbed Alexa Fluor 488 (1:2000, Thermo
Fisher, catalog # A-11001; Figures 8C and 54), goat antirabbit
IgG (H + L) Alexa Fluor Plus 647 (1:2000, Thermo Fisher,
catalog # A32733; Figure 7A), donkey antimouse IRDye
800CW (1:10,000, LI-COR, catalog #926-32212; Figure 7B},
donkey antirabbit IRDye 680RD (1:10,000, LI-COR, catalog #
926-68073; Fignre 7B), and antirabbit horseradish peroxidase
(HRP) conjugated (1:100,000, Abcam, catalog # ab6721)
visualized with Amersham ECL immunoblotting detection
reagent (GE Healthcare, catalog # RPN2106; Figure 6).

Expression and Solubility Trals of PCMTD1 and
PCMTD1—-EloBC. Fifty milliliter cultures of either PCMTDI1
alone or PCMTD1-EloBC strains were inoculated at a
starting OD\gq of 0.05. When cultures reached 0.5 ODgy, an
uninduced aliquot corresponding to 0.4 OD of cells was
removed, and the expression of constructs was induced by the
addition of 0.5 mM IPTG. Expression continued for 4.5 h at 37
°C. Then, an induced aliquot corresponding to 04 OD of cells
was removed and cells were pelleted at 5000 at 4 °C. Cell
pellets were resuspended in 125 mL of lysis buffer (50 mM
HEPES, pH 76, 300 mM NaCl, 5% glycerol, 1 mM fME, 1
mM PMSF, and 1 EDTA-free Pierce protease inhibitor tablet
per 50 mL) and lysed using a 550 Sonic Dismembrator at a
50% duty cycle with 15 rounds of 30 s on, 30 s off Debris was
pelleted at 13,000 rpm at 4 °C. The resultant supernatant was
removed as the soluble fraction, and the pellet was
resuspended in 12.5 mL lysis buffer as the insoluble faction.
Ten microliters of the uninduced, induced, soluble, and
insoluble samples were analyzed by SDS-PAGE and anti-His
immunoblot detection.

PCMTD1 Degradation Trials within Tetracycline-
Treated E. coli. Fifty milliliter expression cultures were
inoculated from PCMTDL or PCMTD1—-EloBC owvernight
cultures at a starting ODggy = 0.05. When expression cultures
reached OD g = 0.4, uninduced aliquots of cells were removed
and expression was induced with 0.5 mM IPTG at 37 °C. After
30 min, an aliquot of cells corresponding to 0.4 OD of cells
was taken as an induced sample. Then, tetracycline (Sigma-
Aldrich, catalog # T7660) was added at a final concentration of
25 pg/mL. Aliquots corresponding to 04 OD of cells were
removed at 10 min, 30 min, 1 h, 2 h, and 3 h time intervals
after tetracycline addition and analyzed by both Coomassie
staining or Ponceau staining and anti-His immunoblot
detection.

[*H1AdoMet:Protein Ultraviolet Light Cross-Linking
Experiments. In a final volume of 60 pL, 3.85 uM protein
was mixed with 0.5 M S-adenosyl-L-[methyl *H] methionine
([*H]AdoMet; PerkinElmer Life Sciences; 75—85 Ci/mmal,
0.55 mCi/mL in 10 mM H,80,/ethanol (9:1, v/v)) in 50 mM
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tris—HCL pH 7.6. Where indicated in the figure legend, 0.5
mM of either nonradicactive S-adenosylhomocysteine or
adenosine triphosphate (ATP) was added. Reactions were
placed into NUNC 96-well clear-bottom plates and exposed to
254 nm ultraviolet ight at 4 °C for 1 h. The reaction was
stopped by adding 15 uL 5% SDS-PAGE sample buffer (250
mM tris—HCL, pH 6.8, 10% SDS, 50% glycerol, 5% fME, and
0.05% bromophenol blue ). Samples were heated at 95 °C for 3
min and separated on a 4—20%, 10-well ExpressPlus PAGE gel
(Genscript, catalog # M42010) at 140 V for 1 h. Gels were
stained with Coomassie (0.1% (w/v) Brilliant Blue R-250, 10%
(w/v) glacial acetic acid, and 50% (v/v) methanol) for 1 h and
destained with 10% (v/v) acetic acid and 15% (v/v) methanol.
For fluorography, gels were subsequently incubated with
EN’HANCE (PerkinElmer Life Sciences, catalog number
6NE9701) for 1 h, incubated in water for 30 min, and dried
before the gels were exposed to film (Denville Scientific, 8 X
10+in. Hyblot Cl} for the length of time designated in the
figure legends at —80 °C.

Determination of L-lsoaspartate-Methylation Levels
by the Methanol Vapor Diffusion Assay. PCMT] was
used as an analytical reagent to quantify L-isoaspartate levels; it
was purified as a His-tagged enzyme from the expression
plasmid #34852 available from Addgene.com as described by
Patananan et al.™ with a specific activity at 37 °C of 5,300
pmol of methyl esters formed on KASA(isoD)LAKY/min/mg
of enzyme. The isoaspartate-containing substrates nsed in this
assay were the synthetic peptide KASA(isoD)LAKY and the
protein ovalbumin (SIGMA A5503). In a final volume of 100
HL, 10 pmol of PCMTI or 15 pmol PCMTD1—EloBC was
incubated with 25 pmol KASA(isoD)LAKY or 500 pmol
ovalbumin (typically ~6% isomerized ). Final concentrations in
the reactions included 135 mM bis—tris—HC, pH 6.4, and 10
M S-adenosylL-[methy'H Jmethionine ([*H]AdoMet) (pre-
pared b};{a 1600-fold isotopic dilution of a stock of 72 Ci/
mmol ["H]AdoMet (PerkinElmer Life Sciences, NET155H00)
with nonisotopically labeled AdoMet (p-toluenesulfonate salt;
Sigma-Aldrich A2408)). The reaction was stopped by adding
10 pL of 2 M sodium hydroxide, and 100 yL of the 110 uL
mixture was transferred to a 9 X 2.5 em® piece of folded thick
filter paper (Bio-Rad; catalog number 1650962) wedged in the
neck of a 20 mL scintillation vial above 5 mL scintillation
reagent (Safety Solve, Research Products International, catalog
aumber 121000), tightly capped, and incubated at room
temperature, After 2 h, the folded filter papers were removed,
the caps were replaced, and the vials were counted thrice for 5
min each in a Beckman LS6500 scintillation counter.
Background radioactivity in a reaction containing no substrate
was determined by incubating the recombinant human
PCMT! or PCMTD 1-EloBC, 135 mM bis—tris—HCI buffer,
and 10 yM [*H]AdoMet, as described above. Samples were
analyzed in triplicate.

Animal Husbandry. Pemtl—/— animals were generated
through breeding of Pemtl+/— animals and maintained as
reported previously.'*”* These animals have been interbred for
20 years to obtain a genetically homogeneous population.
Pemtl=/= and Pemtl+/+ offspring were used in this study.
Mice were kept on a 12 h light/dark cycle and allowed ad
libitam access to water and NIH-31 7013 pellet chow (18%
protein, 6% fat, 5% fber, Harlan Teklad, Madison, WI).

Preparation of Wild-Type and Pantl Knockout
Mouse Tissue Lysates. Fifty-two day old wild-type and
Pemit] knockout mice were enthanized in a CO, chamber.
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Brain tissue was removed and weighed, and 5 mL/g tissue of
ice-cold lysis buffer (250 mM sucrose, 10 mM tris—HCI, pH
74, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM
phenylmethylsulfonyl fluoride (PMSF); one Roche protease
inhibitor cocktail tablet) was added per 50 mL buffer. Tissues
were homogenized with a Fisher LR400A Lab-Stirrer with a
Potter-Elvejem Teflon and glass homogenizer at ap proximately
300 rpm and then spun at 20,000g for 20 min at 4 °C. The
supernatant was removed as the soluble extract and stored at
=20 °C until future vse.

SDS-PAGE Fluorography for the Analysis of Methyl-
transferase Activity. Twenty-five micrograms of wild-type
and Pemtl knockout mouse brain cytosolic proteins were
incubated in a 30 yL reaction volume with 6 pg recombinant
human PCMT 1 or PCMTD1—-EloBC, and 0.3 uM S-adenosyl-
L{methyl-*H] methionine (PerkinElmer Life Sciences; 75—85
Ci/mmol, 0.55 mCi/mL in 10 mM H,50,/ethanol (9:1, v/¥))
in 74 mM bis—tris—HCl, pH 64, for 2 h at 37 °C. The
reaction was stopped by adding 5x SDS-PAGE sample buffer
and boiling at 95 °C for 3 min. Samples were then separated
on a gel, and Coomassie stining and fluorography were
performed as described above.

Cell Culturing Conditions. HeLa Flp-In TRex and
hTERT-RPE-1 cells were maintained in Dulbecco’s modified
Eagle's medium (DMEM)/F12 media (Hyclone, catalog #
SH30023.01) sup ted with 10% fetal bovine serum
(FBS) by volume (Atlnta Biological, catalog #510350; note
this FBS contains no detectable tetracydine to awvaid
expression of the doxycydline-inducible proteins until the
addition of doxycydine) and penicillin/streptomycin (Gibco,
catalog #15140148). Cells were passaged using trypsin (Gibco,
catalog # 25300054) and in cell culture plates (Thermo,
catalog #150350 and 140685).

To generate cell lines expressing doxycycline-inducible
pGLAP2 PCMTD1 and EGFP, 4 ug of pOG44 (encoding
Flippase recombinase) and 1 ug of pGLAP2 PCMTDI or
EGFP were transfected with 15 pL of Fugene 6 (Promega,
catalog # E2691) into one well of a six-well plate of HeLa Flp-
In TRex cells at 66% confluency. Forty-eight hours after
transfection, the cells were expanded into a 10 cm plate and
allowed to grow for another 48 h. The cells were selected with
400 pg/mL of hygromycin B (Gibeo, catalog # 10687010} for
2 weeks, whereupon untransfected (control) HeLa Flp-In
TRex cells died and hygromycin-resistant colonies were visible
in both pGLAP2 PCMTDI and pGLAF2 EGFP phtes. The
colonies were allowed to grow in media without hygromycin
for 2 weeks before the colonies were pooled together and used
for experiments.

Ni-NTA and STag Pulldowns for the Analysis of
PCMTD1-CulS Interactions In Vitre and in Cells. For Ni-
NTA pulldowns, 1.12 nmol of N-terminal Histagged
PCMTD1-EloBC or PCMTD1'** was immobilized by
gentle rocking onto 100 pL HisPur Ni-NTA resin (Thermo
Fisher, catalog # 88221) pre-equilibrated with wash buffer (50
mM HEPES, pH 7.6, 150 mM NaCl, 5% glycerol, 1 mM JME,
20 mM imidazole) for 1 h at RT. h\TERT-RPE-1 (retinal
pigment epithelial cells) cell lysate samples were then freshly
prepared by incubating 110 pL cell lysis buffer (50 mM
HEFES, pH 7.6, 150 mM NaCl, 1 mM PMSF, 1% NP40, 1
mM fME) with 3 % 10° K\TERT-RPE-1 cells (lysate Cp ~ 0.4
mg/mL) on ice for 12 min with gentle mixing. Lysates were
then cleared by a 13,300g spin at 4 °C for 10 min. Following
immobilization of purified proteins to the Ni-NTA resin, 110
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Figure 1. Sqmed@uumdhmﬂhﬂl{ﬂbﬂ] the PCMTD proteins, and SOCS box proteins. {A) Sequence alignment of PCMT1
with PCMTD1 and PCMTDZ For conserved residues, the cdor scheme is as follows: hydrophobic (blue), positive charge {red) uegmvedurge
{magenta), polar (green), cysteine {pink), glycine {orange), proline {yellow), and aromatic {cyan). Sequences outlined in blue correspond to
PCMT] iscaspartyl-binding motifs, while sequences cutlined in red represent PCMT1 AdoMet binding motifs. Residues boxed in green in the
PCMTD proteins comprise the BC-box and CulS box binding motifs of the SOCS box domain. {B) Sequence alignment of the C-temminal region
of PCMTD1 and PCMTD2 { residues 225=357) with the SOCS box proteins. Residues boxed in green comprise the BC-bex and Cul5 box binding
motifs of the SOCS box domain. {C) Domain comparison of PCMT], the PCMTDs, and SOCS bex proteins. Blue bozes comespond to PCMT1
isoaspartyl binding motifs, red boxes correspond to PCMT 1 AdoMet binding motifs, and green boxes represent the BC-box and Cul$ box binding
motifs of the SOCS box domain.

HL of cell lysate was directly added to the Ni-NTA resin and boiled for 5 min at 95 °C. The resulting proteins were
rocked for 2 h at RT. The resin was then washed three times. subjected to SDS-PAGE and immunoblot detection.
After the final wash, immobilized proteins and potential CRL5-PCMTD1 Complex Constitution and Analytical
binding partners were eluted with 160 pL elution buffer (50 Gel Filtration Chromatography. CRLS—PCMTD1 was
mM HEPES, pH 7.6, 150 mM NaCl, 5% glycerol, 1 mM fME, made by incubating Cul5—Fbx2 and PCMTD1-EloBC at a
300 mM imidazole). Samples were then analyzed by molar ratio of LL:1 for 2 h at room temperature with gentle
Coomassie staining and immunoblot detection. rocking CRLS—PCMTDI, CulS—Rbx2, and PCMTDI-
For 5-Tag pulldowns, two wells of a six-well plate each of EloBC were then concentrated to 0.2 mg/mL prior to
HeLa pGLAP2 PCMTDI and pGLAP2 EGFP were plated at a analytical gel fltration chromatography. Four hundred micro-
66% confluency. For each cell line, one well was left without liters of cancentrated samples were then injected and ran on a
gwhﬁ aa ﬁt:‘of];:?gr,[t ﬁr “u‘l' uéfs’;ml'f Superdex 200 Increase 10/300 GL column with an
oxycycline was a  The cells were lysedin 120 UL s praprime plus FPLC system for 2 CVs with gel filtration

LAP200 buffer supplemented with dithiothreitol (DTT),
protease inhibitors, and 1% NP40. Five microliters of lysate buffer (S0 eaM HEPES, pH 7.6, 150 mM NaCl, 5% glycerol, 1

was added to 2 uL of 6x Laeoumli bufer and boiled for S min ™M AME at 03 mL/min).

at 95 °C. From the remaining doxycycline-induced lysates, 110 Native-PAGE, FProtein samples for native-PAGE were
L was added to 50 uL of S-protein agarose beads (Millipore, ~ Prepared by mixing four parts of protein sample with one
catalog # 69704) in 250 L of LAP200 without NP40 (for a  Part of SX native sample buffer (124 mM tris base, pH 6.8, 3.8
final concentration of about 0.3% NP40) and allowed to bind, ™M bromophenol blue, 50% glycerol, 143 M SME) without
rotating end over end, for 2 hat 4 °C. The beads were pelleted =~ beating. Five micrograms of total protein was loaded onto a
by centrifugation at 500g for 2 min at 4 °C and washed with  10-well 4-20% gel (Genscript, catalog # M42010). Gels were
250 yL of LAP200 with 0.33% NP40 four times, After the final electrophoresed with a native running buffer (50 mM tris, pH
wash, the beads were pelleted, the supernatant was aspirated, 7.4, 50 mM 3-(N-morpholino Jpropanesulfonic acid (MOFS),
and 20 yL of 6X Laemmli buffer was added. The beads were 1 mM EDTA) at 30 V until the dye front migrated to the
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POMTLN -containing organiirms

Figure 2, PCMTD 1 is present within select metazoan phyla and is well conserved in most chordate organisms. (A) A protein BLAST search was
pethmedagimmTDlhﬁmlkhﬂmwmmwﬁu&umﬁwﬁdmwwﬂ;w&mmm
wnwuwwmwwmmmumumwnmmmym

PWTDI C-terminal domain was identified in porifera and used to root the tree; no significant matches were identified in ctenophom. The
phylogenetic tree of the full-length PCMTD 1 sequences was generted utilizing the maximum likelihood method in MEGAX, as described in the
Experimental Procedures and rooted in the outgroup species Amphimedon queenslndica PCMT1-lke protein. (B) T-Coffee multiple sequence
alignment of PCMTD] motifs from the selected organisms in panel {A). AdoMet binding motifs are labeled in red, 1-isoaspartyl recognition motifs
are hibeled in blue, and SOCS box motifs are labeled in green. For conserved residues, the color scheme is as follows: hydrophobic {blue), positive

charge {red), negative charge (magenta), polar (green), cysteine {pink), glydne (orange), proline {yellow), and aromatic {cyan).
bottom of the gel. Gels were then stained and destained with SOCS box recruitment domain: the BC-box and the Cul-box

Coomassie as described above, that are found in E3 ubiquitin ligases. Both of these motifs
align well with other human SOCS box proteins, with the
B RESULTS PCMTD! BC-box and Cul-box motifs having an average of 54

PCMTD Proteins Contain Both -lsoaspartyl Methyl- and 73% sequence identities, respectively, compared across the
transferase and Cullin-RING Ligase Motifs. Figure 1A seven human SOCS proteins (Figures 1B and S1). The BC-
displiys an alignment of the primary sequences of human box is a 12-residue motif that recruits proteins Elongin B and
PCMT1 (227 residues), PCMTD1 (357 residues), and  Elongin C, which are Cullin-RING E3 ubiquitin ligase adaptor
PCMTD2 (;6;6:“““}‘ PC:EDI a»il wz ;rm proteins, Elongins B and C form a heterodimer, which
approximate similarity PCMT re mediates interactions between SOCS box-containing proteins
inclode both motifs common for seven fstrand methyl iy, Culs to form a partial CollinRING E3 ubiquitin ligase

F E 16
':’?m PCAITDT and BT comm vl omand,q  complex”® A leucine o the +4 position withi the BC-box has

1 been shown to be critical for this interaction™" and is
mmu;f'm’ mmﬂm&“ﬂ conserved within the sequences of both PCMTDI and
actions (Figwre 1A)” However, PCMTD] and PCMTD2  PCMTD2 (Figures 1B and S1). In contrast to other SOCS
have ~130 additional residues comprising a novel C-terminal ~ box-containing proteins, which contain an 11-residue spacer
domain. Encompassed within the additional ~130 amino acids separating the Cul- and BC-boxes, the Cul-box in PCMTDI1
of the PCMTD proteins are two motifs that comprise the and PCMTD?2 is separated from the BC-box by ~90 residues,
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chromatography of His-tag purified preparations of PCMTD1-EBC reveal that PCMTD] and Elongins B and C

wehmdﬁmphx-{ﬂﬂl&agpuﬂﬁuﬂmmd exclusion

y result in the purification of PCMTD1"™ alone when

1=231 v II-G'.SI
PCMTDI is coexpressed with Elongins B and C. This suggests that PCMTD 1™ does not interact with Elongins B and C.

whc‘L‘ch generates a novel extended SOCS box motif (Figure
1C).

PCMTD1 Is Present within Certain Metazoan Phyla
and Is Highly Conserved in Chordates. Using BLAST and
phylogenetic analyses, a tree was generated displaying
PCMTDI protein sequence similarities from select organisms
representative of all phyla in which PCMTD1 was identified
(Figure 2A)."" Unlike the PCMT1 methyltransferase, which is
present within bacteria, archaea, and eukaryota, PCMTDI1 was
only found within select phyla of the metazoan kingdom.™*
Specifically, this previously uncharacterized protein was found
within the superphyla bilateria, cnidaria, and placozoa but not
within ctenophora, porifera, nor choanoflagellatea. Interest-
ingly, SOCS box-containing proteins have been identified in
bilateria, cnidaria, placomoa, ctenophora, and porifera, in
addition to a putative SOCS Imwnwm% protein found in
the choanoflagellate Salpingeca rosetta.™ These observa-
tions may suggest that the PCMTD proteins originated from a
gene duplication event within the last common ancestor of the
bilateria, enidaria, and placozoa superphyla. Phylogenetic
analysis indicates that the human PCMTDI sequence is on
average 76% identical to sequences across the chordate phylum
(Figure 2A). PCMTDI sequence alignment across representa-
tive organisms is shown in Figure 2B, Across all phyla shown,
the AdoMet binding motifs and the L-isoaspartyl recognition
motifs are on 88 and B9% identical, respectively
(Figure 2B). While the Cul-box of the SOC box motif is 92%
identical, there is more variation within the BC-box at 62%
identity averaged across the species shown here. At this point,
it is unclear what the roles of the variant BC-box are in lower
organisms. However, the +4 leucine is perfectly conserved
within the BC-box, suggesting strong positive selective
pressure. This residue is abo conserved across all human
SOCS box<ontaining proteins (Figure S1).

As mentioned above, the human PCMTD1 and PCMTD2
sequences represent a unique extension of the canonical 50CS
box motifs due to the insertion of +90 residues between the
BC-box and the Culbox, compared to the canonical +11

residues within previously characterized SOCS box-containing
proteins (Flg.:res IB and SIB). In‘berestingly. the tunicate

Orchesella cincta, the mollusk Crassostrea virginica, and the
echinoderm Apostichopus japonicus each has over 200 residues
between the BC-box and the Cul-box of their PCMTDI
sequences, with the longest distance being 386 residues within
A. japoricus. In stark contrast, the cnidarian Dendronephthya
gigantea and the placozoan Trichoplax, which are approx-
imately as distantly related to humans as the previously listed
sms, have 15 and 12 residues extending between their
BC- and Cul-boxes, Within these elongated interim sequences,
there are several stretches with conserved residues including a
positive patch corresponding to residues 275-KRKRKR-280 in
the human PCMTDI sequence (Figure S2C), as well as a
highly negative patch corresponding to residues 303
EEDEEMEEDNEEEEEED-319 in the human PCMTD1
sequence (Figare S2G—L). The positive and negative patches
within the human PCMTD1 sequence are on average 96 and
61% similar to the other chordate sequences, respectively.

A protein BLAST query of the linker region of the
nonredundant protein database using human PCMTDIL
residues Arg252—Lys340 did not reveal significant sequence
similarities with any non-PCMTD proteins. The C-terminal
domains of both human PCMTD1 and PCMTD2 are
predicted to exist as independent isoforms lacking the
methyltransferase domain (PCMTDI1 isoform 2 and
PCMTD? isoform 3, res?ecﬁvdy} resulting from alternative
splicing (Figure 53)**™" Given the presence of the BCbox,
the Cul-box, and the large region of residues with unknown
purposes, it is possible that these are active isoforms with
distinct functions from the foll-length PCMTD proteins.

Recombinant Human PCMTD1 Expression Is Stabi-
lized by Coexpression with Elongins B and C. The BC-
box found within the SOCS box motif is conserved for
Elongins B and C binding. To investigate the function of the
BC-box identified within the PCMTD 1 sequence, His-tagged
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Figure 4. Elongins B and C help stabilize recombinant PCMTD 1. (A) Coomassie-stained SDS-PAGE gel of PCMTD] IPTG-induced expression
wt&ﬂmwﬁands.replm]mdﬂdmltﬁmwhMC&WM@&IM{M%M%WLMMMW
tification of the PCMTD] band (indicated by a red asterisk ). (B) Coc sie-stained SDS-PAGE gel of the supematant ($) and
pdh{?]dlpedﬁaﬁapmdugdﬂlﬁPMDlahm{lmw 1-4) or PCMTD1-ElcBC {lanes 5—8). The lower panel represents
tion of the PCMTD1 band indicated by a red risk. (C) E coli cells expressing PCMTD1 alone (lanes 1-7) or
PCNTDIWMIEIW;MBMC{MWS-H]mmﬂﬂhﬁp@ﬂm@h&udmﬁedhdwhwmmm Procedures section.
Lmeslwdswwtdeulllm&um—'* d cultures. St lanes rep whdle cell lysates from induced cultures treated
with tetracycline at increasing time points The lower panel represents d tric quantification of the PCMTD] band detected by an anti-His

PCMTD1 was recombinantly coexpressed with untagged explore the stability of the PCMTDI protein, E. coli cultures
Elongins B and C proteins in E. coli (Figure 3A). PCMTDI were grown to midlog phase and the PCMTDIL constructs
and Elongins B and C were pusified within the same fractions were induced with IPTG. After 30 min of expression, the
in immobilized metal affinity chromatography and size protein synthesis inhibitor tetracycline was added to cells and
exclusion chromatography (Figures 3A and S4A). Thus, the aliquots of the culture were taken at increasing time points,
amsociation and complex formation between PCMTDI and Lysates were separated by SDS-PAGE, and levels of PCMTD1
Elongins B and C, now termed PCMTD1-EloBC, were were evaluated by both Coomassie stain and immunoblot
demonstrated (Figure 3A). Cotransformation and subsequent against the N-terminal His-tag (Figure 4C). While the
coexpression of a C-terminally truncated construct of His- PCMTDl-alone culture has higher initial signal at 30 min of
tagged PCMTD1, PCMTD1"", and Elongins B and C in E. expression, the protein levels decrease steeply after 1 h of
coli resulted in the purification of PCMTD1'~" slone after treatment with tetracycline and are completely depleted after 2
size exclusion chromatography (Figures 3B and $S4B). These h (Figure 4C, lanes 2—7). Strikingly, while the PCMTDI-
results suggest that the BC-box found within the C-terminus of Elongins samples display lower levels of initial signal, His-
PCMTDI facilitates the interactions between PCMTDI and PCMTDI could be detected by immunoblot throughout the
Elongins B and C. course of the tetracycline treatment (Figure 4C, lanes 9-14).
For SOCS box-containing proteins, several regions respon- This result was replicated, indicating that the Elongins help
sible for the E3 ubiquitin ligase complex association have been stabilize recombinant PCMTDI protein levels (Figure 55).
suggested to be intrinsically disordered in the absence of Thus, all subsequent in vitro experiments were performed with
Elongins B and C.**~* To investigate the nature of the effects the recombinantly coexpressed complex of PCMTD1 and
Elongins B and C may have on PCMTDI expression, Elongins B and C (PCMTD1-EloBC; Figure 4).
recombinant expression trials for constructs of PCMTDI PCMTD1-EloBC Spedfically Binds to the Methyl-
alone and PCMTD1 coexpressed with Elongins B and C were transferase Cofactor AdoMet, To assess possible binding
compared in duplicate E. coli cultures. Uninduced and induced between AdoMet and PCMTDI, PCMTDI-ElBC or
whole cell lysates were analyzed by SDS-PAGE (Figure 44), PCMTD1'** purified proteins were incubated with S-
Densitometry of the band corresponding to induced PCMTD1 adenosyl- [methyl’l—l]%methionine ([PH]AdoMet) and ex-
suggested that there were modest increases of ~11% in the posed to a UV light source with or without the addition of
expression or stability of PCMTD1 with the coexpression of S-adenosylhomocysteine (AdoHey) or adenosine 5'triphos-
the Elongins (Figure 44, lower panel). The lysates from phate (ATP). Cross-linking results were then monitored with
induced cultures were then separated into soluble supernatant SDS-PAGE and fuorography. Signals observed on the film
(S) and insoluble pellet (P) fractions. These samples were correspond to the PCMTDI band within the gel, indicating
analyzed by SDS-PAGE, and densitometry performed on the that PCMTD1-EloBC is able to crosslink to [*H]AdoMet
band cormresponding to PCMTD1 revealed no detectable (Figore 5). Addition of the methyltransferase site-specific
increases in the solubility of PCMTDI with the Elongins. To inhibitor, AdoHcy, inhibited crosslinking between [*H]-
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Coomassie-stained SDS-PAGE gel (upper
panels) show [*H]AdoMet cross-linked to the PCMT 1 positive contral (lane 1), PCMTD 1-EloBC (llul3 and §), and
3H]AdoMet binding to PCMT 1 (AdoHcy) was able to abrogate [*H]AdoMet

PCMTDI1-ElbBC (lane 4) and PCMTD1'** (lane 8). ATP was not able to inhibit binding between

<PCMTD1
*
<PCMTDT' 2!

«Elongin B
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Spommon
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panel) and two

(lanes 7
blndlngbrbod:
PCMTD1-EloBC or PCMTD1"3! to

[*H]AdoMet (lanes S and 9). The film was exposed for 5 days (middle panel) and 30 days (lower panel) for the same experiments. Asterisks

indicate potential PCMTDI degrdation products.

AdoMet and PCMTDI1~EloBC. However, ATP did not inhibit
binding. Together, these results suggest that PCMTDI1-
EloBC is able to site-specifically cross-link to [*H]AdoMet.
PCMT!1 exhibits similar binding behavior, whereas bovine
serum albumin, a negative control, exhibits no binding activity
to [*H]AdoMet in cross-linking reactions (data not shown).

195

Performi_g these experiments with the truncated
PCMTD1"'"*! variant shows that AdoMet binding is localized
in the PCMT1-homologous N-terminus of PCMTDIL.
PCMTD1'"™®! similarly cross-links [H]AdoMet in a site-
specific manner (Figure $). The signal for binding was lower in
comparison to PCMTDI1-EloBC. This may be caused by
allosteric effects induced by the interactions between
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using the vapor diffusion assay, as described in the Experimental Procedures. Assays were performed d

M{C}TMMWHWWM&WM&MD[M%M]MM [’H]J\duMet]mddm
WMWWMWGMIWWM as described in the Experimental Procedures. All ]-I;beled;wwl.usm
sepanated by sodium dodecyl sulfate-palyacrylamide gel electrophoresis (SDS-PAGE). Proteins were visualized by Coomassie stining (upper
panel), and [*H]-methylated proteins were detected by flucrography (lower pane) by exposure to film for 6 days. Asterisk represents PCMT1

PCMTD1 and the adaptor proteins, Elongins B and C. These PCMT1 substrate, at an ~3% stoichiometric ratio, which is

effects may enhance binding between AdoMet and PCMTD1—- consistent with previous studies (Figure 6A)." Incubation of
EloBC when compared to AdoMet binding of the truncated substrates with the PCMTD1—EloBC, however, did not show
variant of PCMTDL. any methylation of I-iscaspartate above the enzyme-alone

PCMTD1-EloBC Complex Does Mot Display Methyl- background (Figure 6A). Furthermore, methylation activity is
transferase Activity. The sequence conservation of the not observed with the truncated variant of PCMTD] in similar
AdoMet- and 1-isoaspartyl-binding sites between PCMT1 and assays (data not shown).

PCMTD1 suggests that this protein may retain similar 1- It is possible that the KASA(isoD)LAKY peptide and the
isoaspartyl-methylation activity. Using L-isoaspartate-contain- ovalbumin protein are not preferred L-iscaspartate substrates
ing peptide and protein substrates of the canonical repair for PCMT'D1 or that it is a protein methyltransferase that does
enzyme PCMTL, we tested for L-isoaspartyl methylation by not methylate L-isoaspartate residues. To test these hypotheses,
PCMTD1—-EloBC via a methanol vapor diffusion assay, which we incubated PCMTL and PCMTD1-EloBC with mouse
takes advantage of the greater base lability of ispaspartyl methyl tissue lysates and [PH]AdoMet Using [*H]AdoMet at an
esters compared to other sites of methylation (Figure 6A). The undiluted specific activity of ~80 Ci/mmol, it would be
canonical I-isoaspartyl repair methyltransferase PCMT1 is able possible to detect as little as 1 fmol of methylated product (176
to methylate the synthetic r-isoaspartyl-containing peptide dpm). Tissue extracts from both Pemitl—/— mice and WT
KASA(isoD)LAKY at a near 1:1 stoichiometric ratio. In mice were prepared from brain, eye lens, ovaries, and testes,
addition, PCMT 1 was able to methyhte ovalbumin, a known PCMT1 was then used to quantify L-iscaspartate levels within
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proteins in each extract sample (Figure 6B). Because PomtI—/
— mice brain extracts contained the highest level of 1-
isoaspartate protein damage overall, this tissue extract was used
for subsequent assays (Figure 6B). In the lanes containing
Pcmtl—f— mouse brain extract and repair enzyme PCMT], a
significant signal as a result of methylation was observed As
expected, methylation signal was more intense in reactions
with PCMTL and brain extract fom PomtI—/— mice (lanes 4
and 7, Figure 6C). Due to endogenous PCMT1 homologues
present in WT mice, the background methylation signal was
seen in WT mouse brain lysate but was absent in Pemitl—/—
mice. In lanes 5 and 8 in which PCMTDI-EloBC was
incubated with WT and Pemit—/— lysates, no significant signal
is observed above the lysate-alone lines 3 and 6. Thus, while
the PCMTD1-EloBC complex is able to bind AdoMet, it does
not exhibit any detectable protein methyltransferase activity in
these in vitro assays.

PCMTD1 Assodates with Known Components of the
Cullin-RING E3 Ubiquitin Ligase. The PCMTD1 C-
terminus contains the SOCS box domain, which fclitates
the formation of a Cullin-RING E3 ubiquitin ligase complex
within SOCS box-containing proteins (Figure 1). Within this
domain, the BC-box is responsible for recruiting the
heterodimeric adaptor proteins Elongin B and C.** As shown
above, E. coli cotransformed with plasmids expressing full-
length PCMTDL and B and C allowed for the
purification of complexed PCMTDI1-EloBC. Within the
SOCS box, the Cul-box motif further mediates the complex
formation between SOCS box-containing proteins and Culs.
To investigate interactions with Cullin-RING ligase compo-
nent proteins, His-tagged PCMTD1~EloBC was immobilized
onto the Ni-NTA resin. We found that recombinant Ni-NTA-
immobilized PCMTD1-EloBC was able to pulldown and
coelute endogenous Cul5 from RPE-1 cell lysates, as
demonstrated with an anti-CulS immunoblot (Figure 7A).
Using the truncated PCMTD1"™3! construct, only a small
amount of CulS coimmunoprecipitation was seen. These
results suggest that the recombinant PCMTD1-EloBC
interacts with Cul5 and these interactions may be facilitated
by the C-terminus of PCMTDL. To investigate whether Culs
could interact with PCMTDI in human cells, HeLa cell lines
expressing doxycycline-inducible FLAG- and S-tagged
PCMTDI1 or EGFP were generated. Tagged PCMTD1 and
EGFP were precipitated with S-protein agarose beads, and the
subsequent immunoblots were probed for endogenous Culs.
Cul5 coprecipitated with PCMTD1 but not with EGFF
(Figure 7B). This suggests that complex formation may occor
between PCMTD1 and Cul5 within human cell lysates.

To test whether PCMTDI is truly capable of a
complete Cullin-RING E3 ligase complex with Cul and Rbxd
in vitro, recombinantly purified preparations of CulS—Rbx2
and PCMTD1-EloBC were incubated r to promote
oligomerization into PCMTD 1-EloBC—~CulS—Rbx2 ECKLS—
PCMTD1). This sample was then chromatographed on an
analytical gel filtration column. The CRL$-PCMTDI1
complex elutes earlier than Cul5—-Rbx2 and PCMTDI-
EloBC when chromatographed under identical conditions
(Figure 8A). These results suggest that Cul5—Rbx2 and
PCMTDI1-EloBC do indeed oligomerize to form a larger
complex in vitro. Native-PAGE analysis of these samples
suggests that protein migration behavior of CRLS=PCMTD1
resembles Cul5—Rbx2 more than PCMTD1~EloBC (Figure
8B). This may be caused by particle shape differences in

201

comparison with CRLS—PCMTD1 to PCMTD1-EloBC—
oli into the larger complex may cause CRL5—
PCMTDL to adopt a nonglobular shape that may be important
for its proposed enzymatic fmctions. SDS-PAGE followed by
Coomassie staining and immunoblotting verifies that the
CRL5—PCMTDI peak collected during analytical gel filtration
does indeed contain the proposed protein components needed
for constituting the CRLS—PCMTDI1 complex (Figure 8C).
Together, these results suggest that PCMTDI is indeed
capable of forming an E3 ubiquitin ligase complex through
direct interactions with these CRL proteins, which is
reminiscent of other substrate adaptor proteins implicated in
the Cullin-Ring E3 ligase family.

B DISCUSSION

Disruption of protein homeostasis by protein misfolding or
aggregation can be the result of numerous factors including
cellular stress, inherited mutations, or protein aging, Aging can
contribute to errors within protein homeostasis through the
damage and aggregation of long:lived proteins and through the
disruption of the protein homeostasis network.™” A thorough
understanding of the proteins involved in this network and
their substrates helps inform the therapeutic design for related
diseases.*’ The function of the PCMTDI1 and PCMTD2
proteins was previously proposed to be a link between the
methylation and ubiquitylation of the protein age-related
modification, 1-isoaspartate, based on their interactions with
Elongins and Cullins.** However, we have not detected any
methyltransferase activity for these proteins. PCMTDL and
PCMTD2 have also been linked to various disease states
induding neurodevelopmental disorders and cancer.*™"7
These proteins therefore potentially represent an important
part of the protein homeostasis network but they remain
largely uncharacterized.

In this study, we have developed both recombinant bacterial
and mammalian cell systems for the expression and character-
ization of PCMTDI in complex with Cullin-RING ligase
(CRL) proteins, PCMTD1 and PCMTD?2 are 79% identical,
and it is likely that they have similar mechanisms. Our
PCMTDI constructs demonstrated consistent interactions
between PCMTD1, Elongins B and C, and CulS across in
vitro and in cell experiments (Figures 3 and7). Importantly, C-
terminally truncated PCMTDI1 constructs did not assodate
with Elongins B and C, supporting the role of the C-terminally
localized PCMTD1 SOCS box motif in Elongin recruitment
(Figure 3). SOCS box-containing proteins perform a variety of
regulatory fanctions within the cell, including SOCS1
vbiquitination of Jak2, Asbl targeting of actinbinding
filaments in leukemia cells, and VHL ubiquitination of HIF-
12.%7" It is clear from these few examples that the 80+ SOCS
box proteins in the human genome play a significant role in
maintaining cellular and human health, and thus an under-
standing of the putative PCMTD 50CS box protein
mechanisms and targets is of utmost importance.

While substrates for the PCMTD proteins have yet to be
identified, the discovery of the PCMTDI association with CRL
proteins in both recombinant and cellular contexts is an
important step forward in our understanding of the SOCS box
motif Outside of the PCMTD proteins, the degenerate
sequence between the BChox and the Culbox is typically
10 amino acids (Figure 1)."" In both PCMTDI and PCMTD2,
this linker region is comprised of ~90 residues (Figure 1). This
study demonstrates that the extended linker does not disrupt
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the association between PCMTDI, Elongins B and C, and
Culs (Fignres 3 and 7). Phylogenetic analysis of the PCMTDI
extended linker sequence across select metazoan phyla
indicates a wide variety in sequence lengths ranging from 12
to 386 residues, with the average length being 145 residues,
and the mode of these sequence lengths being 89 residues
(Figure 52). When compared to previous PCMT1 crystal
structures, the predicted structural models from AlphaFold
demonstrate that the length of this linker could allow for a loop
to wrap around the PCMTDI gobular core (PCMTI-
homologous region) to extend over the presumed substrate
binding site, where canonical 1-isoaspartate binding motifs are
localized, without disrupting the BC- or Culboxes (Figure
56)% If accurate, these models would indicate that the
extended linker may play a role in substrate recruitment,
binding, or release. Mutational studies, including the removal
of this extended linker, could shed light on its role in future
studies.

Purification of the fulllength PCMTDI1 alone proved
difficult, while either coexpression with Elongins B and C or
truncation of the PCMTD]1 C-terminal domain allowed for
robust purification of the PCMTD1-EloBC complex or
PCMTDL"®", respectively (Figure 3). Expression and
solubility tests revealed only modest increases in the expression
of PCMTDL in the presence of Elongins B and C (Figure
4AB). Intriguingly, when PCMTDL protein levels were
monitored in induced cultures by immunoblot at various
time points after the addition of a protein synthesis inhibitor,
the results showed nearly complete loss of signal fom the N-
terminal His-tag of PCMTDI after 120 min without Elongins
(Figure 4C). In contrast, when PCMTDI1 was coexpressed
with Elongins, a strong signal from the N-terminal His-tag
persisted throughout all time points. Loss of signal in the
PCMTD1-alone samples may be explained by occlusion of the
tag through misfolding, aggregation, or interacting partners or
degradation of the PCMTDI protein. While a faint band is
seen near the molecular weight of PCMTD] (42 kDa) in the
Poncean-stained blot, protein degradation cannot be ruled out,
as the PCMTD1 construct also produces cleaved maltose
binding protein after protein expression, which is approx-
imately the same polypeptide molecular weight as PCMTD1
(425 kDa). The association between PCMTDI and Elongins
B and C within the E. coli expression system may prevent
interaction with other partners that may occlude the His-tag
from immunoblot detection or it may stabilize inherently
disordered portions of the protein that may otherwise trigger
unfolding or aggregation. The predicted AlphaFold model of
PCMTD1 shows the lowest confidence metrics in the
extended C-terminal linker region between the BC-box and
the Cul-box, which may be an indicator of disorder within the
protein structure (Figure $6). It is possible that Elongins B and
C binding at the BC-box help order this region and prevent
a ord tion. Future biochemical and structural
studies of PCMTD] alone and in the presence of Elongins B
and C may shed light on their stabilization of PCMTD1
protein levels,

PCMTDI appears to associate better with Cul$ in our in
vitro reconstitution experiments compared to either of our
pulldown strategies (Figures 7 and 8). These results may be
due to the sources from which PCMTD1 and Culs were
derived in these experiments. For instance, recombinant
PCMTDI and Cul$ expressed in E. coli may not have their
respective posttranslational modifications or other supplemen-
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tal binding partners when found within their endogenous
mammalian environments. However, these experiments still
collectively suggest that a direct interaction occurs between
PCMTDI and CulS.

In addition to demonstrating the interaction between
PCMTDI and CRL proteins, we have shown that PCMTDI1
and PCMTD1"** associate with the methyltransferase
cofactor AdoMet (Figure 5). Sequence comparisons, as well
a8 structural comparisons between the PCMT] structure and
the AlphaFold predicted the PCMTDI structure, reveal a few
disruptive substitutions in the AdoMet binding domains, which
corresponds with the observation that PCMTD1-EloBC is
able to bind AdoMet (Figures 1 and5). Interestingly, the C-
terminally truncated PCMTD1 construct PCMTD1'~5!
appears to exhibit decreased binding to AdoMet with respect
to PCMTD1-EloBC (Figure 5). The PCMT1 crystal
structure reveals that the C-terminus is approximately 8 A
away from the AdoMet binding site, while the predicted
AlphaFold model of PCMTDI1 shows the C-terminus
extending from this point to form the SOCS box domain
and forther wrap around the PCMT1-homologous region
(Figure 56).% It is possible that the removal of this extended
C-terminus disrupts the PCMT1-homologous region of
PCMTDL adjacent to the AdoMet binding pocket, thereby
lowering the affinity of the truncated PCMTDI for the
methyltransferase cofactor. There may also be an additional
role for Elongins B and C in which the adaptor protein binding
may allosterically enhance the assodation between PCMTDIL
and AdoMet. Elongins B and C binding have been shown to
induce conformational rearrangements of the substrate I:dndi%
interface for ASB9, another Cullin-RING E3 ubiquitin ligase.

Surprisingly, despite evidence for AdoMet binding and
conservation of the Liscaspartylbinding and AdoMet binding
motifs within PCMTDI, no methyltransferase activity against
L-isoaspartate-containing substrates or L-isoaspartate-rich tissue
extracts was observed (Figure 6). The PCMTD1 construct is
N-terminally 6xHis-tagged, and it is possible that the tag
interferes with substrate binding; however, the recombinant
PCMT 1 construct used in this study is similarly N-terminally
6xHis- and exhibits robust methyltransferase activity
(Figure 6). Additionally, the iscaspartyl-binding site within the
PCMT 1 strocture lies adjacent to the AdoMet binding pocket,
and PCMTD1-EloBC is still able to bind AdoMet (Figures
56B and 5). While the radiolabeling methods used in this study
are sufficent to detect as little as 1 fmol of methylation, further
testing of different conditions and substrates may be necessary
to detect PCMTD1 methyltransferase activity or demonstrate
that the methyltransferase activity of this protein has been lost.

The cellular localization of the PCMTD proteins may affect
their proposed physiological roles and enzymatic functions, We
do note that these proteins contin a candidate nuclear
localization signal—specifically 275-KRKRKR-280 in
PCMTDIL. Fluorescence microscopy of overexpressed
PCMTDI1 shows localization within the nucleus as well as
the cytosol (Figure 57), consistent with Elongins B and C and
Culs localization. ™! This localization may be driven by its
proposed basic nuclear localization signal (**KRERER™),
but given the small size of the pGLAPZ PCMTD1 construct
used here (~50 kDa), the observed nuclear localization may
also be due to diffusion into the nuclens.*” Consistent with the
idea of small proteins diffusing through the nuclear pore
complex into the nuclevs, our pGLAP2 EGFP (~30 kDa)
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construct was also observed within the nucleus in our
experiments (Figure 57).

This study adds to the limited knowledge available for the
biochemical mechanisms of PCMTD1 and PCMTD?2, and to
the best of the authors knowledge, only one previous stud‘zhas
included biochemical experiments with these 5" We
have built on the previous study by investigating the
interactions between PCMTD1 and CRL components, as
well as its AdoMet binding and putative methybransferase
function, These results showed specific interactions with CRL
components with the C-terminus of PCMTDI1 and AdoMet
binding within the N-terminus. These results suggest that the
PCMTD proteins may be Cullin-RING E3 ubiquitin ligases
that may recognize substrates that contain L-isoaspartate
residues, Future work exploring the substrate specificity,
ubiquitination activity, and structure of these proteins will
reveal much about the mechanism and function of these
proteins, This would represent a significant step forward in our
understanding of RING ligase targeting, as recognition of L-
isoaspartate in proteins would be the first example of an age-
specific molecular switch. In this way, PCMTD1 and
PCMTD2 may help maintain a fonctional proteome within
the cell through the regular turnover of age-damaged proteins.
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Abstract

RNA mterference (RINA1) 1s a useful techmque for knocking down a protemn of
interest, allowing for the study of the function of a gene product. However, RNA1
techniques are prone to off-target effects, such as non-specific knockdown of genes
besides the proten of interest An important control and compamon to RNAi
knockdown expenments 1s the rescue expeniment, wherem gene function 1s restored
by expression of an RMAi-resistant construct of the protein of interest. Generating an
RINAi-resistant construct of the protein of interest involves generating silent mutations
within the coding sequence of the protemn so that the resulting amino acid product 1s
the same, but the protein mRNA 1s no longer a target for the RNAi1 Here,
Synonymous Mutation Generator, a Python-based web tool that takes an input DNA
coding sequence and outputs a synonymous DNA coding sequence that 15 RINA1-
resistant, 1s descnbed. This web tool should be a useful resource for researchers
cloning RNA1-resistant constructs. Synonymous Mutation Generator 1s easy to use
and can be found at jong? pyvthonanywhere com, and the source code 1s available on
GitHub.

Introduction

RNA interference (RNAi) is an established genetic techmique for
understanding protein function. RNA1, including short interfering RNA (siRNA) and
small hairpin RNA (shRNA), enables specific and selective repression of a gene of
interest, allowing for functional studies with ]]J.Fh ~throughput. Commercial genome-
wide libraries of short interfering RNA (siRNA)™ and small hairpin RNA (shRNAY*
have both been used i a varnety of screens to identify genes of interest in an unbiased
manner. Thus, having tools to properly design RNAi experiments is an important
component foward thorough and careful science.

The mechanisms of RNAi fimetion have been well-documented® and will only
be bnefly summanzed here. For most molecular biology expenments involving
RINAi, an exogenous siRNA or shRNA 1s expressed or transfected within a cell or
tissue of mterest. The RNA1 15 then processed mnto single-stranded RNA of about 21
nucleotides complimentary to the mRINA of the protemn target. This complementanity
between the mature RNA1 and the target mENA grants RINAi its specificity. Together
with the RISC complex, the RNAi binds to the target mRNA, leading to the
degradation, mhibition of translation, or deadenylation (removal of the 3° poly(A) tail
and subsequcnt mRNA decay) of the target mRNA. Altogether, the resulting protein
product 1s produced at lower rates, allowing for phenotypic assessment when the
protein is knocked down.

Importantly, RINA1 techniques have been well-documented as having off-
target effects® For example, the kinetochore protemn Mad? (gene MADZLI) 1s
frequently knocked down by EINAi1 not complimentary to and not designed to target
Mad2? mRNA transcripts’. As a result, care must be taken when designing and
interpreting RNA1 expenments. One important control is the rescue experiment,
where the RNA1 1s co-expressed with an RNAi-resistant construct coding for the
protein of inferest. The RNAs-resistant construct allows for the expression of the
protein of interest should restore the loss of function phenotype observed with the
RINA1 alone, assuming the RNA1 has no off-target effects.

In addition to performing the rescue experiment with the wild-type protein of
interest, rescue expenments can also be performed with alleles of the protemn to gain
greater genetic control over which protein construct is expressed. For example, siRNA
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can be co-transfected with RNAi-resistant profein constructs contamming mutations
such as point mutations or domain deletions. RNA1 and RINAi-resistant protein
complementation approaches like these suppress the endogenous, RNAi-sensitive
protein and allow a more controlled analysis of the mmtant allele. These expenments
have been used to determine the consequence of post-translational modifications like
phosphorylation® or to determine which domamn or isoform™® of a protein is
responsible for a phenotype.

The most straight-forward approach towards these RNAi and protein
complementation expeniments is to use RNAi that targets the 5° or 3° untranslated
regions (UTR) of the mRNA of the target gene. In this way, the protein of interested
1s knocked down by the RINA1 and the desired rescue construct can be expressed from
an exogenous source (with UTRs that are not recognized by the RNA1). However, in
many cases, RINA1 must be designed against the coding sequence of the protein. To
perform these expeniments, an RNAi-resistant construct must first be cloned.

Ideally, to make the most RINAi-resistant construct, the number of nucleotide
differences between the RNA1 and the RINAi-resistant sequence would be maximized
(that is, the degree of complementarity between the RNAi and RNAi-resistant
sequence would be munimzed). Generating these nucleotide differences involves
making silent mutations that cause the protein coding sequence to differ from the
RNAI target but do not change the protein encoded by the DNA. While there are web
tools for generating silent murations in DNA sequences (such as WatCut,
http://watcut uwaterloo.ca/template php7act=silent_new), these tools are mainly for
creating or removing restriction enzyme sites for clomng, and the output sequence
contains only one silent mufation, probably not enough to render the modified
sequence RNAi-resistant. One web tool for generating RNAi-resistant mutations is C.
elegans Codon Adaptor™ -/fworm mpi-cbg de/codons/cgi-bin/optimize. '
elegans Codon Adaptor recerves an mput DNA protemn coding sequence with a start
and stop codon and modifies some codons of the sequence such that within every 7
consecutive codons, at least 2 have been mutated mto a synonymous codon. However,
this approach still means that within an RINAi target sequence, 5 of 7 codons might
stll be the same and thus mught still be targets of the RNA1. Moreover, C. elegans
Codon Adaptor uses C. elegans codon frequency tables to determine the altemative
codon, and human codon frequency and C. elegans codon frequency are different
enough such that use of C. elegans Codon Adaptor may not be ideal for use in
mammalian systems, such as expenmments using cultured human cells (see
Dhscussion).

Here, a web tool for generating silent mmitations within a protemn coding
sequence is described. Synonymous Mutation Generator fakes an mnput human DNA
sequence and outputs a synonymous DNA sequence that codes for the same amino
acids but should be resistant to RINA1 targeting the onginal sequence. Synonymous
Mutation Generator 15 easy fo wuse and freely awvailable online at

jong? pythonanywhere com.

Results

To devise a program that would generate a synonymous DNA sequence from a
given user input sequence, a Python-based script that operates similar to DNA
translation scripts was used. Simular to how DNA translation scnipts match a codon
with a corresponding ammeo acid, a scrpt that would match a codon to a synonymous
codon was emploved. The first step was to generate a dictionary of altemative codons
that could be used to “translate™ a given codon to a synonymous codon.
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To generate a dictionary of alternative codons, each of the 59 codons that can
code for one amino acid were examined. No alternative codons were generated for the
Met (ATG) or Trp (TGG) codons, as these anuno acids only have one codon, or for
the three stop codons. For the amino acids encoded by only two codons (Asn, Asp,
Cys, Glu, His, Lys, Phe, Tyr), identifying the best altemative codon was
straightforward: the alternative codon was the other codon that preserved the identity
of the ammino acid. For the remaining anino acids encoded by more than two codons
(Ala, Arg, Gly, le, Len, Pro, Ser, Thr, Val), rules for designing which codon would
be the best synonymous codon were adapted from the prior work". In particular, the
synonymous codon that caused the greatest number of nucleotide mismatches were
chosen (favoring mismatches m the first or second position), avoiding making
mutations that would result in wobble base pairing (namely. avoiding A to G and C to
T mutations in the third position, as these mutations would allow the RNA1 to still
target these synonymous codons') and favored codons with the highest usage
frequency” to promote translation efficiency’®. The Kazusa database described by
Nakamura et al. was the main database used for human codon frequency™, but the
frequencies here were checked against the GenSenpt human codon frequency table
(https://www.genscript.com/tools/codon-frequency-table). There were no major
disagreements between these two sources. The complete alternative codon table is
found in Table 1 and an example of how an altemative codon was determined is
given in Box 1.

Box 1. Example of alternative codon determination
For example, to determune the altemative codons for the six codons that code for

Leu:
Leu

Frequency Alternative
Codon (Kazusa) Codon
CTG 040 CTC
CTC 0.20 CTG
CTT 0.13 TIG
TG 013 CTIC
TTA 0.08 CTC
CTA 0.07 TTA

For CTG, the altemative codon that would cause the greatest number of
mucleotide matches 1s TTA (two mismatches). However, TTA 1s a codon of much
lower frequency and was avoided. The remaimng codons all have one musmaich
with CTG. Of these, CTC was chosen because it avoids wobble base painng and
has the highest frequency.

For CTC, the alternative codon that would cause the preatest number of
mismatches 1s TTG or TTA (iwo nusmatches). However, both of these codons are
of much lower frequency and were avoided. The remaimng codons all have one
mismatch with CTC. Of these, CTG was chosen because 1t avoids wobble base
pairing and has the highest frequency.

For CTT, the altemative codon that would cause the greatest number of
nucleotide musmatches 1s TTG or TTA (two nusmatches). TTG was chosen because

it has a higher frequency than TTA.
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To generate a dictionary of alternative codons, each of the 59 codons that can
code for one amino acid were examined. No alternative codons were generated for the
Met (ATG) or Trp (TGG) codons, as these anuno acids only have one codon, or for
the three stop codons. For the amino acids encoded by only two codons (Asn, Asp,
Cys, Glu, His, Lys, Phe, Tyr), identifying the best altemative codon was
straightforward: the alternative codon was the other codon that preserved the identity
of the ammino acid. For the remaining anino acids encoded by more than two codons
(Ala, Arg, Gly, le, Len, Pro, Ser, Thr, Val), rules for designing which codon would
be the best synonymous codon were adapted from the prior work". In particular, the
synonymous codon that caused the greatest number of nucleotide mismatches were
chosen (favoring mismatches m the first or second position), avoiding making
mutations that would result in wobble base pairing (namely. avoiding A to G and C to
T mutations in the third position, as these mutations would allow the RNA1 to still
target these synonymous codons') and favored codons with the highest usage
frequency” to promote translation efficiency’®. The Kazusa database described by
Nakamura et al. was the main database used for human codon frequency™, but the
frequencies here were checked against the GenSenpt human codon frequency table
(https://www.genscript.com/tools/codon-frequency-table). There were no major
disagreements between these two sources. The complete alternative codon table is
found in Table 1 and an example of how an altemative codon was determined is
given in Box 1.

Box 1. Example of alternative codon determination
For example, to determune the altemative codons for the six codons that code for

Leu:
Leu

Frequency Alternative
Codon (Kazusa) Codon
CTG 040 CTC
CTC 0.20 CTG
CTT 0.13 TIG
TG 013 CTIC
TTA 0.08 CTC
CTA 0.07 TTA

For CTG, the altemative codon that would cause the greatest number of
mucleotide matches 1s TTA (two mismatches). However, TTA 1s a codon of much
lower frequency and was avoided. The remaimng codons all have one musmaich
with CTG. Of these, CTC was chosen because it avoids wobble base painng and
has the highest frequency.

For CTC, the alternative codon that would cause the preatest number of
mismatches 1s TTG or TTA (iwo nusmatches). However, both of these codons are
of much lower frequency and were avoided. The remaimng codons all have one
mismatch with CTC. Of these, CTG was chosen because 1t avoids wobble base
pairing and has the highest frequency.

For CTT, the altemative codon that would cause the greatest number of
nucleotide musmatches 1s TTG or TTA (two nusmatches). TTG was chosen because

it has a higher frequency than TTA.
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Synonymous Mutation Generator

About

This sonk takes & protein coding DA sequence anl gemerates silent mutations (human coedos optimized) tsonipur s sysonymows DNA sequence,
Thavtoai usss tha standard codon mile xod deses not congider the mirachardrial sodon cewem

1€tk taput sequencs & en RNAL st this ool con be wed o geecieie an BNAG reustase ecquence that preseress proven sodicg sequence

Usage

Emter vour ingimt sequence below.

"

gl seguein’e alaihd be in all epger cine, Condon seadkag Gase 1, aod & skl af 3

W

G0N BEQUECE Al uld R08 hane Liiet baeaks wpaces sl dhowld Aot have chasacrens other than ACTG. 11 +hatkl flie 01 S0l 4 #0g 200
Tihis form dess nog (verd check far invaled inpws, se doable-check ta make sre everdhing is fermaned corvectly

1§ thasa ix 2 farmeorsing aress, s weh pags will srach inetead =f dipboing o srer masogs. Tue rednad snd my sgain )

SHGIpCHLCTRg

Gt RS T ot sequance:

Lagi updsind 2 Jan 2021 in inchade the difSsencs cousier

Yo input DINA is:

CACGAGCTGOCCATGGAG

This input DNA sequence is 18 base pairs

The amine acid wanslation of vour inpur DNA is:

HELPME

This wanslation corresponds 10 6 residuas.

Your svnonvemous, RMNA-resistant DIVA is-

CATGAACTCOCCAATGGAA

This tool changed & puclzotide bases which means 27.78% of vour input DNA bases have besn changed.
Tlore that vour original BMNAL sequence may be longer than vour ingur DNA sequence.

This tool already checked to maks sures the amino acid translation of the output DNA matched the translation of vour input DA

Figure 1. Using Synonymous Mutation Generator.

Top: The user inputs the DNA sequence in the text box at the bottom of the page and
clicks “Get RNAi-resistant sequence”. The input sequence is “cacgagctgcccatggag™
Bottom: Synonymous Mutation Generator reiterates the input DNA sequence,
translates the DNA sequence into amino acids, returns the synonymous, RIVAi-
resistant DNA sequence, and details the number of mutations made.

Examples

As a gmde, four worked examples using human genes to demonstrate the use
of Synonymous Mutation Generator have been included in Table 2. The examples
generate RNAi-resistant sequences for 4 examples: (1) three shRNAs from Sigma
Mission shRNA collection agamst Lammn A (LMNA), (2) five shRNAs from the
Dharmacon GIPZ shRNA collection aganst mmcrotubule sevenng enzyme katamin
subunit Al (E4TNAT), (3) three siRNAs against E3 ubiquitin ligase Cullin 3 (CULS),
and (4) four siRNAs against cholesterol trafficking membrane protein NPC1 (NPCI).
These proteins were chosen semi-randomly . One example. using Sigma Mission

* Author's note: | simply picked proteins of varying function | have encountered throughout my
career. | specifically chose KATNAI because there is a possibility that | may obtain an shRNA
sequence against KATNAI and may be able to demonstrate the cloning of an shRNA-resistant
construct of KATNAL If this plan comes o fruition, | will update this manuscript.
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shRNA TRCNO000061835 agamnst Lamun A, 15 worked out visually in Figure 2 and
will be discussed here, but all examples described in Table 2 have parallel comments
demonstrating the use of Synonymous Mutation Generator.

1. Obtain RNAi sequence 2. Identify larget 3. Modify protein target
protein sequence sequence for Silent

C:Eﬂ]ﬂﬂﬂﬂﬂﬂu C)]Mu Mutation Generator

GAAGCAACTTCAGGATGAGAT AAGCAACTTCAGGATGAG

Example:
Lamin A, TRCNOOJOD061835 181 186 - Length is multiple of 3
4, Input sequence into Synonymous 5. Clone output sequence 1o create
Mutation Generator and receive output RNAi-resistant protein construct
sequence RMAi-gensitive seguence

li ¥ & & '
Output  AAACAGTTGCAAGACGAA

00009 S -%

RMAI-resletart sequance

pratgin

. J ..
input AAGCAACTTCAGGATGAG "
T I e R
ming  (Cmmm,

Figure 2. Example for using Synon}muus Mutation Generator.

Step 1: The RNA1 sequence 15 obtamed from the manufacturer or designer. Here,
Sigma Mission shRNA TRCNO000061835 against Lamin A 15 used as an example.
Step 2: The protein sequence targeted by the RINA1 1s determined. Here, the Lanun A
shRNA sequence GAAGCAACTTCAGGATGAGAT targets ammo acid residues
181-186, KQLQDE.

Step 3: The target protein sequence is modified to remove nucleotides such that the
sequence 1s 1n the first codon reading frame and 1s a multiple of three. Here, the mitial
nucleotde G and final nucleotides AT were removed fo give mput sequence
AAGCAACTTCAGGATGAG.

Step 4: The modified sequence 15 used as an input to Synonymous Mutation Generator
and a corresponding, synonymous DNA sequence is obtained. Here, the output
sequence from Synonymous Mutation Generator 1s AAACAGTTGCAAGACGAA
Note the output DNA sequence also codes for the same amimo acids.

Step 5: The output sequence 1s cloned into a vector of choice. As the output sequence
contains mufations that distinguish it from the RINA1 target, the vectors containing the
output sequence should be resistant to the RNA1

Worked example for Sigma Mission shRNA TRCNO0000061835
against Lamin A

Step I: The RNAi sequence is obtained from the manufacturer or
designer.
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The sequence for shRNA TRCN0000061835 agamst Lanun A was obtained
from the manufacturer’s website and i1s given as follows:

CCGGGAAGCAACTTCAGGATGAGATCTCGAGATCTCATCCT
GAAGTTGCTTICTTTTTG

Note that this is not the matre RNA sequence that targets Lamin A Rather,
Sigma provides the entire DNA sequence of the translated hawpin RNA  Some
manufacturers simply provide the portion of the RNA1 sequence that targets the
protein of mterest.

Step 2: The protein sequence targeted by the RNA1 1s determined.

To identify the portion of shRINA TRCN0000061835 that targets Lamin A, an
alignment of three shRMNAs against Lamin A was performed to identify shared
(comresponding to vector backbone sequences) and umique (the Lamin A-specific
RNA1 sequences) regions of DNA (Figure 3A). This RNA1 sequence lies on the stem
of the shRINA (Figure 3B). This analysis allowed the identification of a 21-nucleotide
protein targeting sequence:

GAAGCAACTTCAGGATGAGAT

Translation of this sequence using web tool Expasy Translate'® and subsequent
manual alignment of the translation identified this sequence as comesponding to
Lamin A amno acid residues 181-186, KQLQDE (see Figure 2 Step 2).

For manufacturers who provide only the RNA1 sequence (and no backbone or
other information), only translation and alignment to 1dentify the targeted amino acid
residues 1s necessary. Some manufacturers provide the anti-sense sequence (that 1s,
the reverse complement of the protemn coding DNA sequence) and/or provide the
sequence as RNA sequences. The sequence must be converted mnto a DNA sequence
(by changing U to T) and the protein coding sense orientation.
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A 3_Lamina_TRCN@BEERS1333 CCOGEGALTOETREARAT AL TETCGAGATTGTCAATCTCCACCARTEGTTTTTG 58
1_LaminA_TRCN@BES2E2E97 EC.:GG:\TGATCC CTTGCTGAC TTJ'AQCTCGAGETI’A&G CAGCAMGGGATCATCTTTTTG 58
2_Lamind TRCNEEB8BEL1E3S CC .JQGMGEAAC T TEAGG.&TEAEA'!: TCGAGATCTCATCCTEGRAGTTGCTTCTTTITG S8

" proteintargeting T YUY Y parete
Sequence

Lamin A protein
targeting sequence
(aligned)

Secondary structure of
TRCNOODDO61835

Figure 3. Identl.fil:ahon of protein targeting sequence of TRCN0000061835. (A)
Clustal Omega™ alignment of three shRNAs against Lamin A from the Sigma
Mission shRINA collection. The DNA sequence that did not align was determined to
be the RNA1 sequence that targeted Lamun A. (B) Predicted structure of the RNA
product of TRCNO000061835 by Vienna RNA Websuite™. The identified Lamin A
protein targeting sequence for TRCIN0000061835 15 located along the shRINA stem.

Step 3. The target protein sequence is modified to remove nucleotides
such that the sequence is in the first codon reading frame and 1s a multiple
of three.

Synonymous Mutation Generator reads the input DNA sequence as a series of
codons. The tool does not read in multiple reading frames, nor does it accept
incomplete codons as an input. As such, the sequence must be grven m the first codon
reading frame and as a multiple of three. As the identified protein target sequence was
in the second codon reading frame, the mitial nuclectide G was removed to shift the
target sequence into the first reading frame The last two nucleotides AT were
removed to delete the termmnal mcomplete codon, malang the sequence a multiple of
three.

The resulting modified sequence is (compare Figure 2 Step 3 to Figure 2 Step
2):

AAGCAACTTCAGGATGAG

In some cases, when the protein targeting sequence is already in the first
codon reading frame and a multiple of three, no modification 1s necessary.
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Step 4: The modified sequence is used as an mnput to Synonymous
Mutation Generator and a corresponding, synonymous DNA sequence is
obtamed.

The modified sequence was input (as in Figure 1) into Synonymous Mutation
Generator at jong2 pythonanywhere com The output sequence from Synonymous
Mutation Generator was:

AAACAGTTGCAAGACGAA

Step 5: The output sequence is cloned into a vector of choice.

(Note: This cloning step was not performed for shRNA TRCNOQGO0061835 against
Lamin A and is presented as a description of the next step.)

Using the nucleotide sequence for Lammn A (NCBI NM_170707.4), the
TRCN0000061835 Lammn A RNAi-sensitive (not mutated) sequence 1s-

ATGGAGACC.. GAGGCCAAGAAGCAACTTCAGGATGAGAT
GCTGCGG.. AGCATCATGTAA (the RNAi target is bolded)

The RNAi-resistant sequence would then be cloned into a wvector of choice,
replacing the RNA1 target. Any cloning method could be used. The resulting RINAs-
resistant sequence would read:

ATGGAGACC. GAGGCCAAGAAACAGTTGCAAGACGAAATG
CTGCGG.. AGCATCATGTAA (the TRCNO000061835 Lanun A
RNAi-resistant sequence is underlined)

Note that there are still three nucleotides (the initial G and the terminal AT,
bolded) that are still present i the RNAiresistant sequence. Both RNAi-sensitive
sequence and RNAi-resistant Lamin A constructs translate to:

MET... EAKKQLQDEMLR.. SIM[Term] (the RNAi-targeted amino
acids are bolded)

As the output sequence contains nucleotide mutations that distingsh 1t from
the RNAi target. the mRINA product of the vector containing the output sequence
should be resistant to the RNA1.

Discussion

RNA interference expeniments are complemented by expression of a construct
that restore the function of the target gene. These experiments may include expressing
the wild-type protemn to demonstrate that the observed RNAi-related phenotype can be
rescued by re-expression of the RINA1 target or may include molecular biology
experiments, wherein an alternative construct (such as a point nmtant or a truncation
mutant of the target protein) 1s expressed. Introducing an RNAi-resistant construct of
the target protein 1s necessary for these complementation experiments. Here,
Synonymous Mutation Generator was designed as a tool for cloning such an RNAi1-
resistant construct. Synonymous Mutation Generator 1s a web tool that takes a user
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human DNA mput sequence (such as the target of RNA1) and generates a synonymous
DNA output sequence. The resulting DNA output sequence codes for the same amino
acids but, as 1t contains mutations that differentiate 1t from the RNA1 target sequence,
should be resistant to RNAI.

While the resulting output DNA sequences from Synonmymous Mutation
Generator codes for the same amino acids as the input sequence, such mutations in
DNA sequence are not necessanly silent. Synonymous Mutation Generator does not
account for factors like maintaining GC content or predict structural elements. As a
result, sequences generated by Synonymous Mutation Generator may be more or less
thermodynamucally stable than the ongmal transcnpt and may contamn secondary
structural elements that inhibit translation”. Synonymous Mutation Generator does
not consider whether or not splice sites have been mntroduced within the coding
sequence”. These are all factors that may influence how “silent” these synonymous
mutations are.

Even though multiple codons can code for a given amino acid, not all codons
are used equally. This phenomenon is known as codon usage bias, and a denivative of
this bias is the codon adaptation index (CAI)™. Briefly, a protein coding DNA
sequence with a higher CAT (maximum value: 1) uses the lnghest frequency codons,
and the protein will be maximally expressed. In contrast, a protein encoded by DNA
with a lower CAI will have lower expression. Modulating the CAI of a protein coding
sequence allows for control over protein expression’>. When generating an RNAi-
resistant sequence, C. elegans Codon Adaptor allows for adjusting the CATI of a
profein and control over protein expression levels. Synonymous Mutation Generator
does not take into account the CAI of the mput or output DNA sequences. In fact,
since Synonymous Mutation Generator was designed to pick a codon of higher usage,
the CAT of a given input protein is expected to increase. Whether or not this increase
in CAI of the ~6 codons needed to generate an RNA1 protemn will sigmficantly change
the expression of the protein 1s unknown and must be tested in a case-by-case basis.

However, as C. elegans Codon Adaptor was designed for use with C. elegans,
the codon frequency (and thus the ocutput DNA sequence) was optimized using C.
elegans, not human codon frequency. One advantage of Synonymous Mutation
Generator 15 that the codon frequency (and thus the altemative codon in the output
DNA sequence) is optinuzed for human expression. The codon biases between C.
elegans and humans are different enough such that one may reconsider using C.
elegans Codon Adaptor for use with human proteins (see example in Box 2).

Box 2. The human and C elegans codon bias differ enough such that a strong
codon m C. elegans, like GGA. may not be the ideal synonymous codon in human
systems. For example, comparing the human and C elegans codon frequency for
Gly (from the Kizusa database):
Gly

Codon Human frequency C. elegans frequency

GGC 0.34 012

GGA 0.25 0.59

GGG 0.25 0.08

GGT 0.16 0.20
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Finally, while Synonymous Mutation Generator mutates all mput codons (for
most typical 21-nucleotide RINA1 sequences, at least 5 input codons and up to 7),
whether or not all these codons need to be mutated to obtain an RNAi-resistant
sequence is unclear. For example, in a Drosophila melanagaster embryo lysate
system, a mismatch between siRNA and target mRNA sequence of only a single
nucleotide out of a 21-nucleotide sIRNA effectively abrogated the ability of an siRNA
to degrade the mRNA target”. Whether ~6 codons of an RNAi target (as
Synonymous Mutation Generator mutates) or only a couple nucleotides need to be
mutated to generate an RNAiresistant construct is unclear However, given
advancements m clomng techniques, clomng the output sequence should be
straightforward, whether ~6 codons of a siIRNA target or just a couple nucleotides
need to be mutated™®?".

Conclusions

Synonymous Mutation Generator, a web tool for easy generation of
synonymous human DNA protem coding sequences, 1s descnbed. Synonymous
Mutation Generator receives a user input sequence of human DNA and outputs a
DNA sequence that codes for the same amino acids but has a different coding
sequence. The resulting output DNA can be cloned to generate a protem-coding DNA
construct whose mRNA product will be resistant to RINA1 that target the ongmal
DNA sequence. Synonymous Mutation Generator should be useful for researchers
who use RNA1 and want to implement RNA1 knockdown and rescue expenments.

Abbreviations used
CAT: codon adaptation index
shRNA- small hairpin RNA

siRNA: short interfering RNA
RENAi: RNA interference

UTR: untranslated region of mRNA
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Table 1. Alternative Codon Dictionary. Gives the codon, corresponding amino acid,
and the determined altemative codon used by Synonymous Mutation Generator.

Table 2. Worked examples for Synonymous Mutation Generator. Includes a total
of 4 examples: (1) three shRNAs from Sigma Mission shRNA collection against
Lamin A (LMNA), (2) five shRNAs from the Dharmacon GIPZ shRNA collection
against microtubule severing enzyme katanin subunit A1 (K4TNAT), (3) three siRNAs
agamst E3 ubiquitin higase Cullin 3 (CUL3), and (4) four siRNAs aganst cholesterol
trafficking membrane protein NPC1 (NPCI).
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Appendix Chapter 5: Leukemia cell cycle chemical profiling identifies the G2-phase leukemia

specific inhibitor leusin-1

This chapter is reproduced from

Xiaoyu Xia, Yu-Chen Lo, Ankur A. Gholkar, Silvia Senese, Joseph Y. Ong, Erick F.

Velasquez, Robert Damoiseaux, Jorge Z. Torres. Leukemia Cell Cycle Chemical Profiling

Identifies the G2-phase Leukemia Specific Inhibitor Leusin-1. ACS Chem Biol. 2019 May

17;14(5):994-1001. doi: 10.1021/acschembio.9b00173 PMID:31046221

This chapter describes my work in characterizing a small molecule inhibitor of cell growth,
Leusin-1. Determining the target of small molecules has been an interesting question in my PhD
research experience. In collaboration with the Backus lab at UCLA, we are also working to
determine the target and mechanism of some cysteine-reactive compounds. In particular, the
compounds of interest can react with Cys of some proteins, and these reacted proteins are then
targeted for degradation, presumably through proteasomal degradation. The working model
behind the Backus lab project is quite interesting: a protein of interest (whether the SARS-CoV-
2 protein nsp14 or the human proteins Nup153, Aurora Kinase A, or PCMT1) reacts with the
compound, the compound acts as a molecular glue to recruit an E3 ubiquitin ligase (perhaps
HUWEL), and the protein is ubiquitylated and degraded. We can observe a number of cell
division related defects when we add these drugs in cells: namely, depending on the drug, we
observe monopolar spindles, poor spindle separation and poor establishment of spindle
bipolarity, and multipolar spindle formation and PCM fragmentation. Altogether, working with

and studying these small molecules has been a fascinating aspect of my PhD experience.
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Leukemia Cell Cycle Chemical Profiling Identifies the G2-Phase
Leukemia Specific Inhibitor Leusin-1
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cells that does not rely on flow-cytometry analyses.
the development of a novel leukemia cell-based
throughput chemical screening rm for the discovery

platfo
cell cycle phase specific inhibitors that utilizes chemical cell
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death. Most importantly, Leusin-1 was more active in acute

lastic lenkemia CCRF-CEM cells to each of 181420 druglike

ring, *Department of Molecular and Medical Pharmacology,
Biology Institute, University of

compounds. This approach
yielded cell cycle phase specific inhibitors of leukemia cell proliferation. Further analyses of the top G2-phase and M-phase
inhibitors identified the leukemia specific inhibitor 1 (Leusin-1). Leusin-1 arrests cells in G2 phase and triggers an apoptotic cell

tic lenkemia cells other types of leukemias, non-

blood cancers, or normal cells and represents a lead molecule for developing antilenlemic drugs.

Q_ cute lymphoblastic leukemia (ALL) originates from single
or T-lymphocyte progenitors that proliferate and
accumulate, resulting in the suppression of normal hematopo-
esis.” The disease is most common in children but can occur in
any age group.” A successful strategy in the treatment of
leukemias has been to inhibit leukemia cell proliferation by
targeting DNA synthesis, protein synthesis, cell cycle
progression, and proliferation-promoting signaling cascades.’
Although some antileukemic drugs have been successful at
treating specific types of leukemias, most have limited
efficacies, mainly due to leukemia cell drug resistance
mechanisms, a lack of specificity, and toxic side effects.”™”
Therefore, there is a critical need to identify novel antileukemic
drugs with improved chemical properties and efficacy.
Leukemia drug discovery studies have mainly relied on
predefined targets identified by genetic abnormalities, differ-
ential gene expression, or protein abundance between normal
and disease states.” Traditional target-based drug discovery is
then used to identify inhibitors of these targets.” However, this
process often relies on in vifro activity assays, and candidate
inhibitors identified using this approach are frequently not cell-
permeable, lose their activity, or have unintended consequen-
ces within the context of the cell, primarily due to off target
effects.” As an alternative approach, chemical genetic drug
discovery approaches have utilized cell-based assays to identify
anticancer agents, which has been highly successful with
adherent cancer cells” However, the difficulty in utilizing

VACS Publications  © 2819 Amesican Chemical Society
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suspension cells for highthroughput chemical screens has
hampered the progress in identifying novel inhibitors of
bloodborne cancers. Therefore, only a limited number of
compounds have been tested for their anticancer activities on
human acute myeloid leukemia or | a cells ! For
example, flow-cytometry-based approaches have been used to
develop lenkemia cell cycle profile responses to compounds.™
However, these ches were time-consuming, expensive,
and not amenable to high-throughput screening only capable
of processing ~1000 compounds/day)." ' As an alternative, end
point cell viability assays like Alamar Blue staining have been
used to identify compounds that inhibit leukemia cell
proliferation.'” However, these approaches lack critical
information with regard to the phase of the cell cycle in
which these compounds are active that could mform their
mechanism of action.'”

Here, we report the development and application of a novel
leukemia suspension cellbased high-throughput chemical
screening approach for leukemia cell cycle profiling and
antileukemic drug discovery. This approach has practical
advantages over previous lenkemia drug screening approaches,
which include the saving of time and money and compatibility
with current screening platforms that are used for adherent cell
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chemical screening, This approach is capable of generating a
cell cycle profile response for each test compound and allows
for easy comparison and ranking of compounds based on
leukemia cell responses. Using this approach, we identified
novel G1/S-, G2, and M-phase specific leukemia inhibitors
with diverse chemotypes. Importantly, we discovered and
characterized the leukemia specific inhibitor 1 (Lensin-1),
which specifically arrests leukemia cells during G2 phase and
triggers an apoptotic cell death. Leusin-1 showed specificity
toward acute lymphoblastic leukemia cells compared to other
types of leukemias, nonbloodborne cancers, or normal cells
and represents a lead molecule for antilenkemic drug
development.

B RESULTS AND DISCUSSION

Discovery of Leukemia Cell Cycle Modulators. The
limited efficacy, lack of specificity, and toxic side effects of
cm'ent antnlwlnumc drogs™™ inspired us to establish an

ion cell-based strategy for
ldenhfymg ama]l mo]'.,g:Put

cycle modulators for use in
dissecting the mechanisms of lwlnu:ma cell and
for the development of novel leukemia therapies (Fignre 14).
Briefly, human CCRE-CEM acute lymphoblastic leulemia
(ALL) cells were plted into 384-well plates. A diverse
compound library (181420 small druglike molecules)
encompassing a broad chemical space was used to place one
compound per well at a final concentration of 10 yM. The cells
were fixed 16 h later and stained with the DNA-selective stain
Vybrant DyeCycle Green, which emits 2 fluorescent signal
when exited at 488 nm that is proportional to the DNA mass
of a cell Plates were then scanned with an Acumen X3
fluorescence microplate cytometer using its 488 nm Lser, and a
cell cycle histogram profile was generated for each compound
(Figare 1A). Cell cycle profiles were ranked according to
percent G1/Sphase arrest and percent G2/M-phase arrest
(Figure 1B,C and Table 51). An example of a compound from
each class and its associated cell cycle profile are shown in
panels D and E of Figure 1. Compounds that arrested cells in
G1/5 phase with >2 standard deviations (SDs) from the
dimethyl sulfoxide (DMSO) control or in G2/M phase with
>80% of the Taxol control were retested in triplicate to
confirm their bioactivity. In total, 30 G1/S-phase and 471 G2/
M-phase inhibitors were reconfirmed and accounted for an
overall hit rate of 0.28% (Figure 1F and Table S1),
Antileukemic Compound Chemical Analysis. The
chemical structures and potential targets of the G1/S-phase
and G2/M-phase hit antilenkemic compounds were analyzed
using CSNAP (Chemical Similarity Network Analysis Pull-
down), a recently developed computational compound target
inference approach based on chemical similarity net-
works.*™"* Specifically, CSNAP compared hit compounds to
oox ounds with annotated targets from the ChEMBL
e that shared a high degree of chemical similarity
(see Methods for similarity search parameters ). The annotated
and hit compounds were then ordered into chemical similarity
networks where nodes represented compounds and
represented compound smﬂ:ﬁm Using a s:‘.m:i.la:itythmm
of 0.6 previously determined to be the optimal threshold for
clustering six known drug classes into separate subnetworks
from a training com set,'* the networks were forther
partitioned into multiple subnetworks that shared similar
chemotypes. The chemical similarity networks were used to
predict the targets of query compounds based on a nearest-
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Figure 1, Overview of the leukemia suspension cellbased high-
throughput cell cyde profiling chemical screening approach and
summary of screening msubs. (A) S y of the in
Wmmmummwmmmm
each of 181420 compounds (at 10 M) for 16 h. Cells were then fixed
and stained with Vybrnt DyeCyde Green, and a cytometer was used
to generate a cell cycle profile for each compound on the basis of the
Auorescence intensity that is proportional to a cell's DNA mass. The
Auorescence intensity & in arbitrary units (x-axis), and the totd
number of cells is on the y-axis. (B md C) Graphs show the percent
G1/S-phase and G2,/M-phase arrest {y-axis) for each of the 181420
compounds {xaxs). The cuteffs for G1/S-phase inhibitors was set at
>2 SDs from the average of the DMSO controls. The cutoff for G2/
M-phase inhibitors was set at >80% of the Taxol positive control
average. (D and E) Emmples of compounds armesting the cell cyde in
G1/S phase and G2/M phase and their cell cyde profiles. (F)
Summary of screen hits. In total, 30 G1/5-phase inhibitors and 471
G2/M-phase inhibitors were identified with an overall 0.28% hit rate.
For panels B=F, see also Table 51

e 8¢ ﬁmcton.s-soome.ﬂwtranlmﬂzfrequmqof
wgﬁwﬁom@;smd compounds in the neighborhood of

each query.'® For our analysis, we generated two chemical
similarity networks that corresponded to G1/5- and G2/M-
phase networls (Figure 2A,B and Table 52). We visualized the
number of predicted targets observed in each cell cycle phase
using a heat map in which the color intensity was scaled and
normalized according to the S-score of each target (Figure
2C,D and Table 52). Purthermore, we identified the most
abundant by determining the accumulated S-score
(X5 Score) across both G1/5- and G2/M-phase compounds
(Figure 2C, D and Table 52). This analysis grouped the 30 G1/
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into 96 chemotypic dusters, and 45 compounds remained crphaned
D) Heat map summaries of CSNAP S-scores, scaled from 0 to 1. The cumulative S-score { ¥ 5-score) of each assigned target in the target specirum

and the major predicted targets and off-targets are indicated. For panels A=D,

Query compounds are colored red, and ChEMBL compounds gray. (C and

see also Table 52.

S-phase compounds into 25 chemotype clusters and the 471
G2/M-phase compounds into 96 chemotype dusters (Figure
2AB and Table 52). The top predicted targets for G1,/5-phase
inhibitors were proteins involved in signaling pathways that
promote cell growth and proliferation (Figure 2C and Table
52). The top predicted targets for G2/M-phase inhibitors were
tubulin isoforms (Figore 2D and Table 52). Because of our
interest in cell division, we sought to analyze the G2/M-phase
network further, However, due to the overabundance of
screening campaigns aimed at discovering microtubule-
targatmg agents, we eliminated all chemotype clusters that
were predicted to be targeting microtubules (a/f-tubulin)

232

from further consideration. This resulted in four remaining
chemotype clusters and 45 orphan compounds that did not
share significant chemical similarity with other compounds in
the ChEMBL database (for example, see the boxed compounds
in Figure 1B). Two compounds from each novel chemotype
cluster and the 45 orphan compounds (total of $3
compounds} were selected, resynthesized, and subjected to
further evaluation in secondary assays (Table 53).
G2/M-Phase Antileukemic Compound Potency. To
assess the potential of the 53 selected compounds as
antileukemic agents, we tested them for their ability to inhibit
CCRE-CEM ALL cell viability. For viability assays, cells were
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Figure 3. Leukemis G2/M-phase inhibitor potency. {A) CCRE-CEM cells were treated with increasing concentrations {frorm 9537 pM to 50 pM)

each

of each compound for 72 b, and the cell viability was assessed using the Cell Titer-Glo assay. {B) Summary graph showing the cell viability 1Cs, of

compound (z-axis) on a micromolar scale {y-axis). Note that 53 compounds hawe an ICy, of <5 M. See also Table 53. (C) Assay for
measuring the percentage of mitotic cells. Cells were stained with Hoechst 33342 DNA dye {to measure total cells) and Alexa Fluor 488-
antibodies {to measure the mumber of mitotic cells). The scale bar indicates 5 pm. (D) Summary of the percentage of cells in mitosis {yaxis

=

each of the 53 compounds (x-axis). (E) Chemical structures of Leusin- I and compound 1 G2-phase inhibitors.

treated with each compound for 72 h, and their viability was
measured using the CellTiter-Glo luminescent cell viability
assay (Promega), which measures total ATP levels (indicative
of metabolically active cells) using a lominometer at a

of 560 nm (Figure 3AB). These assaps were
carried out in triplicate with a 20-step series of 2-fold dilutions
(from 50 M to 9537 pM) for each compound, and their cell
viabilities, ICs, (half-maximal inhibitory concentration), were
derived (Figure 3B and Table 53). This analysis revealed that
most compounds (51) had an ICy, of <5 pM (Figure 3B and
Table 53).

Multiparametric Phenotypic Analysis of Leukemia
G2/M-Phase Inhibitors. To further explore the mechanism
of action of G2/M-phase inhibitors, we analyzed the cellular
response of cells to these inhibitors by immunofluorescence
(IF) micrescopy. Due to the difficolty in performing IF
microscopy on CCRE-CEM cells, Hela cells were treated with
each of the 53 compounds at a concentration corresponding to
their CCRF-CEM cell viability (ICy) for 16 h. Cells were then
fixed, permeabilized, costained for DNA and a-tubulin, and
imaged at 63X magnification. Surprisingly, 51 compounds
arrested cells with depolymerized microtubules, indicating that
they represented novel chemotypes that were targeting
microtubules (Table 53). Consistently, staining of the cells
with a FITC fluorescently labeled antibody that recognizes the
mitotic marker phosphorylated histone H3 (p-H3'™"™)
indicated that 51 compounds had an increased percentage of
cells arrested in mitosis [% mitotic cells = (number of p-H3
positive cells)/ (total number of cells that stained positive with
the Hoechst 33342 DNA dye)] compared to controls (Figure
3C,D). However, N-(5-methyl-4,5,6,7-tetrahydrothiazolo[ 5,4-
c]pyridin-2-y1})-5-nitrobenzo b]thiophene-2-carb oxamide  hy-
drochloride [lenkemia specific inhibitor 1 (Leusin-1)] and 4
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{[(3,5-dimethoxybenzyl)thioJmethyl}thiazol-2-amine (com-
pound 1) induced a decrease in the percentage of mitotic
cells (Figure 3D,E and Table 53}. In HeLa cells, Leusin-1 and
compound 1 had no effect on the interphase microtubule
cytoskeletal network or the mitotic microtnbule spindle, even
at the high concentration of 137 M for Leusin-1 or 180 uM
for compound 1 (Figure 4A and Figure S1}. Further testing of
Leusinl and compound 1, using an in vitro microtubule
polymerization assay, showed that they had no effect on
microtubule polymerization, similar to the DMSO control
(Figore 4B). In contrast, Taxol increased the rate of
microtnbule polymerization, whereas colchicine and nocoda-
zole abolished microtubule polymerization (Figure 4B).
However, compound 1 proved to be an unstable compound
and lost activity over time in suspension. Therefore, we
selected Leusin-1 for further analysis on the basis of its novel
chemotype, its stable biochemical properties, and its inhibition
of leukemia cell division through a G2-phase arresting and
non-microtubule targeting mechanism. To further verify that
Leusin-1 was a G2-phase inhibitor, we treated CCRFE-CEM
cells with thymidine (G1/Sphase arrest), Taxol (M-phase
arrest), RO-3306 (G2-phase arrest'”), or Leusin-1 and
analyzed the status of cell cycdle biochemical markers by
immunoblot analysis, Consistently, Taxol, RO-3306, and
Leusin-1 arrested cells with lower levels of Cyclin E (levels
peak at G1/S phase) and increased levels of Cyclin B (levels
peak at G2/M phase} (Figure 4C). However, unlike Taxol,
RO-3306 and Leusin-1 also arrested cells with lower levels of
p-H3 (present in only M phase) and increased levels of Cyclin
A (levels peak in G2 phase) (Figure 4C). Additionally, flow-
cytometry analyses of CCRF-CEM cells treated with either
DMSO, nocodazole, or Leusin-1 showed that Leusin-1 was
arresting cells in G2/M phase (Figure 52). Together, these
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Figure 4. Leusin-l and compound 1 do not target tubulin. {A)
Immunofluorescence micrescopy of Hela cells reated with DMSO,
Leusn-1 (137 uM), wmpouul 1 (180 pM), Taml (100 M),
celchicine (366 nM), or RO-3306 (10 pM) for 3 b and co-stained for
a-tubulin {anti-g-tubulin antibodies, red) and DMNA {Hoechst 33342,
blue). The scale bar indicates 10 pm. For 3 summary of
chssification for all 53 G2/M-phase inhibitors, see Table S3. (B)
Summary of in vitro microtubule polymerization mactions in the
presence of DMSO or 3 M Leusin-1, compound 1, colchicine,
nocodazole, RO-3306, or Taxel. Note that Leusin-1 and compound 1
have no effect on microtubule polymerization. The time is in minutes
{z-axis), and AFU denotes arbitrmary Auorescence units (y-axis). (C)
CCRF-CEM cells were treated with DMSO, thymidine (2 mM),
Taxol (100 nM), RO-3306 {10 uM), or Leusin-1 {5 M) for 24 h.
Extracts were prepared and immuncblotted for Cydin A, B, and E and
for the phospho-histone H3 (p-H3 serl0) marker of mitotc cells.
Note that Leusin- I-treated cells have low p-H3 and stabilized Cydin
A and B levels, indicative of a failure to enter mitosis, similar to RO-
3306. In contrast, Taxol-treated cells amrest in mitosis with high levels
of p-H3 and Cydin A levels are lower.

data indicated that Leusin-1 was arresting CCRF-CEM cells
sw@! in G2 phase through a nonmicrotubule targeting
m ism

Leusin-1 Arrests Cells in G2 Phase and Triggers an
Apoptotic Cell Death. To determine the consequences of
arresting cells in G2 phase with Leusin-1, we analyzed the
biochemical response of cells treated with Leunsin-1. CCRF-
CEM cells were treated with Leusin-1, cisplatin (G2-phase
inhibitor), or Taxol (M-phase inhibitor), and protein extracts
were p after 48 h. Consistent with our previous data,
immunoblot analyses of protein samples using antibodies
directed against pH3 (phosphorylated in mitosis) indicated
that Leusin-1 and cisplatin arrested cells with limited p-H3
shﬁnﬁ indicative of a G2-phase arrest, whereas Taxol
arrested cells with increased p-H3 levels, indicative of a M-
phase arrest (Figure 5A). Interestingly, Lensin-1 induced the
cleavage of caspase-3, indicative of apoptotic pathway
activation (Figure 5A). These data indicated that Leusin-1
arrested cells prior to mitosis and triggered an apoptotic cell
death. To further test this, CCRF-CEM cells were treated with
DMSO, Leusin-1, or Taxol for 48 h and the extent of caspase-
3/7 activation was measured using the Caspase-Glo
luminescent caspase activity assay.”” This assay revealed that
Leusin- 1 was indeed inducing an apoptotic cell death similar to
that seen with Taxol treatment (Figure SB). Next, we
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Figure 5. Leusin-1 arrests cells in G2 phase and triggers an apoptotic
cell death. {A) CCRF-CEM cells were treated with DMSO or the
indicated concentrations of Leusin-1, Taxol, or cisplatin for 48 h.
Extracts were prepared and immuncblotted for p-H3, caspase-3, and
Gapdh. Note that Leusin-1- and dsplatin-treated cells have low p-H3
levels, indicative of a failure to enter mitosis. In contrast, Taxcl-treated
cells arrest in mitosis with high levels of p-H3. Also note that Leusin- 1
and Taxol treatment led to caspase-3 cleavage (the cleaved product is
labeled with an arrow). (B) CCRE-CEM cells were treated with
DMS0, Leusin-1 {5 uM), or Taxol (100 nM) for 48 b, and the
caspase-3/7 activity was quantified wsing the Caspase-Glo lumines-
cent caspase activity assay RLU indicates relative light units. Data are
presented as the average + SDs. Note that Leusin-1 induced caspase-
3/7 activation, similar to Tamol, indicative of apoptosls. (C) Live-cell
timelapse microscopy of CCRF-CEM cells treated with DMSO or
Leusin-1 {5 yM). Note that Leusin-1-treated cells £l to divide and
undergo apoptosis.

performed livecell time-lapse microscopy on CCRFE-CEM
cells treated with DMSO or Leusin-1. DMSO-treated cells
were able to divide normally, whereas Leusin-1-treated cells
never divided and eventually underwent apoptosis (Figure 5C
and Movies S1 and 52). Together, these data indicated that
Leusin-1 was arresting cells in G2 phase and triggering an
apoptotic cell death.

Leusin-1 Is an ALL Specific Inhibitor. To determine
whether Leusin-1 was active against a broad array of cancers or
was specific for leukemias, we treated a diverse panel of cancer
cell lines and normal cell lines with Leusin-1 for 72 h. These
incloded cervical adenocarcinoma (Hela), breast adenocardi-
noma (MCF-7), melanoma (M233), osteosarcoma (U-2 OS),
lmg adenocarcinoma (NCI-HS60), acute lymphoblastic
leukemia (CCRF-CEM), retinal pigment epithelial (WTERT-
RPE), lymphoma (Jeko-1), and carcinoma (HCT
116) cells. Cell viability IC,, was then quantified and
compared to that of the DMSO control (Figure 6A).
Interestingly, Leusin-1 showed specificity for CCRE-CEM
cells compared to all other adherent types of cancers (CCRF-
CEM cell viability IC, for Leusin-1 = 2.64 M ¢ d to
values 4—50-fold higher for all other cell lines) (Figure 6A).
To determine if Lensin-1 was active all levkemias (non-
adherent cells) or only a subset of leukemias, we analyzed the
efficacy of Leusin-1 on a panel of leukemia cell lines. These
incloded acute lymphoblastic leukemia (ALL; CCRE-CEM
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Figure 6. Lwah]hhbtsmmbu(h}hhudpweld
cancer cell lines was treated with increasing concentrations of
liur?zh,an-ldwkwlmhltyl%wamdm I:e
CellTiter-Glo assay. The graph shows the summary of results for cell
visbility Cy {y-axis) for each cell line {x-axis). (B) A panel of
leukemia cells were treated with increasing concentmtions of Leusin-
1, and cell viability ICg (y-axis) was determined for each cell line (x-
ans)mu.(ocmumlm ) AML (HL-80 and THP 1), and
CML (K562 and KCL22). (C and D) ALL assay. ALL
CCRF-CEM cells were treated with DMSO, Leuunl(zmll.
Taxol (50 nM) for 3 weeks, and the percent colony Prmation,
normalized to DMS0, was quantfied Data are represented as the
average percent + SDs. (E) ALL transformation assay. ALL CCRF-
mekmtwmnmqul{zm.urwl(se
nM) for 7 days, and the total Huorescence was quantified Data are
represented as the average percent % SDs.

and TOM]I), acute myeloid leukemia (AML; HL-60 and
THP1}), and chronic myeloid lenkemia (CML; K562 and
KCL22) cell lines. Surprisingly, ALL cell lines were the mast
sensitive to Leusin-1 (CCRE-CEM IC, = 2.66 uM and TOM1
IC 5y = 0.877 uM, compared to values of 5—30 M for all other
leukemia cell lines) (Figure 6B). These results indicated that
Leusin-1 was most potent against acute lymphoblastic
leukemias.

Leusin-1 Inhibits ALL Colony Formation. Next, we
assessed the ability of Leusin-1 to inhibit CCRF-CEM colony
formation using two separate clonogenic assays (Figore 6C—
E). First, an agar-based colony formation assay was performed
in the presence of DMSO, Taxol, or Leusin-1; colony
formation was visualized with crystal wiolet stain, and the
total number of colonies was quantified. Interestingly, Leusin-1
was able to inhibit calony formation like Taxol (Figure 6C,D).
Next, we analyzed the effect of Leusin-1 on colony formation
using the CytoSelect Cell Transformation Assay kit (Cell
Bu;‘gz' 5, Inc.), which measures the total number of viable cells
in solutions. Comsistently, Leusin-1 inhibited colony
formation like Taxol (Figm'! 6E). Together, these data
indicated that Leusin-l was inhibiting CCRF-CEM colony
formation.

Conclusions. Cell cycle checkpoints ensure that the
progression of the cell cycle from one phase to another is
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regulated with precision and occurs with high fdelity™

Dysregulation of the G1/5-, 5, G2, and M-phase cell cycle
checkpaints can lead to abnormal cell proliferation and
carcinogenesis.”’ A strategy for developing lenkemia ther-
apeutics has been to inhibitors that perturbed the cell
cycle and lead to a cell cycle arrest and subsequent apoptotic
cell death®™™ However, the difficulty of analyzing the cell
cycle response of suspension cells to chemical treatments has
hampered leukemia cell-based high-throughput drug discovery
efforts. Although a limited number of compounds have been
screened in acute myeloid leukemia and lym a cells, these
studies have relied on flow cytometry that is not easily
amenable to high-throughput screening or on end point assays
that lack eritical information about the cell cycle phase where
these compounds are active!™' To address this, we
engineered our high-throughput cell eycle profiling chemical
mg;ng platFoms; be compatible with suspension leukemia
cells and screened 181420 druglike compounds in leukemia
CCRF-CEM cells."* Importantly, this approach bypasses the
need for flow cytometry and makes use of a laser scanning
cytometer that is a staple of modern screening platforms. The
use of laser scanning cytometery has the added benefits of
reducing screening costs and screening run time while
increasing throughput and the impact of data analyses. In
comparison to end point chemical screens that use cell viability
to select hit compounds, this approach provides a cell cycle
profile for each drug that not only provides information about
cell viability (cell death is represented by the subG1 population
of cells) but also provides critical information about the cell
cycle phase in which the drug is active. This additional cell
cycle chemical profiling information can be used to better
focus dowmstream experimentation to define the d
mechanism of action. Additionally, when coupled wi
chemical similarity analyses, like CSNAF, the cell cycle profile
can be used to validate drug target predictions. For example, a
hit predicted to be an of Taxol (a lmown M-
phase inhibitor) would be expected to have a cell cycle profile
with an increased percentage of cells in M . Thus, this
approach has s:ul:!l advantages that mﬁlp expedite
leukemia drug discovery and characterization.

Our leukemia cell cycle chemical profiling approach yielded
novel GI/S-, G2-, and M-phase specific inhibitors of acute
lymphoblastic leukemia cell proliferation, which included novel
chemotypes that were targeting each cell cycle phase. Although
we did not pursue the M-phase microtubule-targeting agents, it
is important to note that microtubule-targeting agents continue
to be used broadly for the treatment of cancer and the new
che admooremdmthnwt-.vdycwldbumdboderelop

ctive microtubule-targeting therapentics™ Our data
mdwahathatlmm-l is an exciting molecule to pursue for
developing new acute lymphoblastic leukemia therapies. First,
Leusin-1 potently arrests the leukemia cell cycle in G2 phase
and triggers an apoptotic cell death, thereby inhibiting
lenkemia cell proliferation. Second, Leusin-1 is not a
microtubule-targeting agent, which is often associated with
numerous side effects like neurotoxicities and neutropenia.™
Third, in comparison to other leukemia therapeutics, either in
the clinic or approved for the treatment of leukemias like
vinblastine by the Food and Drug Administration, Leusin-1
appears to have a greater specificity for leukemia cells (ALL in
particular) compared to other cancer cell types and normal
cells. This Leusin-1 specificity for acute lymphoblastic
leukemias represents a vantage point for the development of

D8 10L1001 facse Freaibio, SOOI T3
ACYH Chem, Biol, 2009, 14, 594 1001



239



ACS Chemical Biology

therapeutics with a more favorable therapeutic window: Future
studies related to defining the Leusin-1 mechanism of action
should help to elucidate the underlying sensitivity of acute
lymphablastic leukemias to Leusin-1.

B METHODS

Compounds. Leusin-1 and compound 1 were purchased from
Life Chemicals Inc at »95% purity. For "H NMR of Leusin-] and
compound 1, see Figure 53,

Cell Culture. All buman cell lines, with the exception of M233,
were purchased from ATCC. Their identities were verified by short-
tandem repeat profiling. Cells were passaged for <6 th
receipt and were maintined in 5% CO, at 37 °C in RPMI 1640
medium {CCRF-CEM, Jeko-1, NCI-H560, TOM], KCL2Z, and
THP1), DMEM/F12 {Hela and hTERT-RPE), McCoy's SA (U-2
05 and HCT 166), IMDM (K562 and HL-60), or EMEM {MCF-7)
ﬂdﬁ]ﬂ%&dbﬁﬂmm{l’ﬂ&)zm and
antibiotics. M233 was blished it
Uﬂmmwl}zmﬂﬁ?.uwﬂm

biopey
T M233 was
genotyped using the Oncomap3 platform for 33 genes, Affymetrix
Gene Chip for SNP, and Ion Torrent for next-genemtion sequencing,
passaged for <6 months following wverification, and maintained in
RPMI 1640 medium with 10% FBS and antiblotics in 5% COy at 37
“C. All media were purchased from ThermoFisher.
condiions were s
modifications. CCRF-CEM
plates {1000 cells/well) and treated with
10 M drugs for 16 h. Cells were fized with 4% paraformaldebyde and
stained with 25 uM Vybmnt DyeCycle Green {Iuvitrogen) for 3 hat
room temperature. Pltes were scanned with an Acumen eX3 (TTP
Labtech) fucrescence cytometer using its 488 nm hser, and a cell
cyde histogram profile was generated for each well. For the G2/M-
phase secondary screen, 16 h after the addition of the drug HeLa cells
were fized with 4% formaldehyd bilized with 0.1%
Triton X-100/phosphatebuffered saline (PBS), and stained with
Alexa Fluor 488 phospho-histone-H3 (Ser10, Cell Signaling) and 025
pg/mL Hoechst 33342 for 1 h. Plates were washed twice with PBS
using a microplate washer {BicTek) and then imaged with an
ImageXpress Micro {Molecular Devices) high-content fuorescence
microscope. Data analyds was performed using the CDD (Callabo-
rative Drug Discovery) software, and outputs were exported to Excel.
Compound Potency. For cell viability ICy, CCRF-CEM cells
were treated with a 20-step series of 2-fold dilutions (from 50 M to
9537 pM). Cell viability IC, was determined using the CellTiter-Glo
Assay (Promega), which measures total ATP levels. Plates were read
with a Tecan M1000 microplate reader at 540 nm, and CDD software
was used for generating IC g and Iy, values.
Immunofluorescence and Time-Lapse Microscopy. Immuno-
flucrescence microscopy was carded out as described previoudy™
using HeLa cells, that images were captured with a Lelca

DMIS000 microscope Microsystems) and deconvolved with
deconvolition microscopy was pedformed
a5 described .'7 Briefly, CCRF-CEM cells were treated with

DMSO or Lewsin-1 {5 pM), and 10 Z-stack images (0.9 pm steps)
were captured at 15 min intervals. Images were deconvolved and
converted to AVI movie files.

Apoptosis Assays. CCRF-CEM cels were weated with the
indicated for 48 b, and the Caspase-Glo luminescent caspase
activity assay was used to measure the activity of effector
caspases, as a readout of apoptosis. Plates were scanned with a
luminometer at a war of 520 nm, and the apoptotic index
[(total caspase activity)/(total number of cells)] per wel was
measured Quantitation is in relative light units {RLU) compared to
the DMSO control

Leukemia Clonogenic Assays. Five thousand CCRF-CEM cells
per well were grown in siz-well plates with semisclid RPMI 1640
medium containing 10% FBS, 0.45% agarose, and drug {1% DMSO, 2
M Lewsin-l, oc 50 oM Tamol). A byer of 500 L of medium
containing the corresponding drug was added on top, and plates were

the samples were plotted as rehitive light units (RLU).

CSNAP Chemical Analysis. CSNAwaeder&uthe
targets of G],I'S-phse and G2/M-phase inhibitors as described
previously.” meﬂymmwueqmdmmwfilﬂml
database version 18 using the following search parameters: Tanimoto
cutoff of 0.75 and z-score cutoff of 25 The ChEMBL target
annotations were retrieved from the database on the basis of the
following criteria: confidence score of 4 and binding assay type.
Finally, chemical simibiity networks and ligand—target interaction
fingerprints (LTIFs) were analyzed using Cytoscape and the R
statistical package, respectively.

In Vitro Tubulin Polymerization Assays. Tubulin polymer-
ization reactions were carried out according to the manufacturer’s
instructions { Cytoskeleton, BKD11P) in the presence of DMSO and 3
#M Leusin-1, compound 1, Taxol, or colchicine. Polymerization was
menitored with a Tecan M 1000 microplate reader at 420 nm for 120
min at 37 °C.

Antibodies. The following antibodies were used in this study:
phospho-histone-H3 Alexa Fluor 488 (Swll'l) (Cdlswng. atlog
no. M65); a-tubulin (Serotec, catadlog no. MCAPTIG); caspase3
{Cell Sigmaling Technalogy, catalog no. 9665); p-H3 (Cell Sigmaling,
catalog ne. 9701); Cydin A, Cydin B, and Cyclin E (Santa Cruz
B , catalog nos sc-751, sc-245, and sc-481, respectively);
and Gapdh (GeneTex, catalog no. GTX627408). FITC- and Cy3-
conjugated secondary antibodies were from Jackson Immuno

Software. The CSNAP progmm is awibble as a web server
Ittp:/ fservices.mbiudaedu/CSN AP/,
Statistical Analysis. The quality of the screen was msessed by

calauhting the Z' factor [Z' factor = 1 = 3(g, + o)/ (ks = )],
which takes into account the dynamic range of the msay and the
varlance of the data™ The screen was performed with an average

Tf“d%immtothwmw
0.5=1
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Appendix Chapter 6: Supplemental File 1 for Chapter 2 (SPOP)

Table 1: List of plasmids

Item
Plasmid name
#
1 pDONR221 (empty vector)
2 pgLAP1 (empty vector)
3 pCS2-3xHA (empty vector)
4 pCS2-Myc (empty vector)
5 pCS2-FLAG-S Tag (empty vector)
6 pPEGFPx3-Nup153
7 pDONR221 Nup50 (no stop codon)
8 pDONR221 KPNAG (no stop codon)
9 pCS2-3xHA Cdc20

Plasmid Source

Invitrogen

Addgene

Torres lab (UCLA)
Torres lab (UCLA)
Torres lab (UCLA)

Jan Ellenberg

(EMBL Heidelberg)

DNASU plasmid
repository
DNASU plasmid
repository

Peter Jackson lab
(Stanford

University)

244

Plasmid
Identifier/Catalog
Number
12536017
Addgene Plasmid
#19702

PMID: 26929214
PMID: 26929214

PMID: 26929214

PMID: 11448991

HsCD00296748

HsCD00040555

PMID: 15469984



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

pCS2-3xHA Plk1

pDONR223 SPOP WT

pDONR223 SPOP F102C

pDONR223 SPOP E50K

pDONR221 Nup153
pDONR221 Nup50
pDONR221 KPNA6
pDONR221 Cdc20
pDONR221 PIk1
pCS2-FLAG-S Tag Cdc20
pCS2-FLAG-S Tag Plk1
pCS2-FLAG-S Tag Nup50
pCS2-FLAG-S Tag KPNA6
pCS2-FLAG-S Tag LCMT1
pgLAP1 SPOP WT
pgLAP1 SPOP F102C
pGLAP1 SPOP E50K
pCS2-FLAG-S Tag Nup153

pCS2-Myc Nup153

Peter Jackson lab
(Stanford

University)

Addgene

Addgene

Addgene

This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
Torres lab (UCLA)
This paper
This paper
This paper
This paper

This paper
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PMID: 15469984

Addgene Plasmid
#81856
Addgene Plasmid
#81642
Addgene Plasmid

#81631

PMID: 25839665



29

30

31

32

33

34

35

36

37

38

39

40

41

42

pgLAP1 Nup153 NPC (aa 1-619)
pgLAP1 Nup153 NPCZnF (aa 1-872)
pgLAP1 Nup153 ZnF (aa 620-873)
pgLAP1 Nup153 ZnFFG (aa 620-
1475)

pgLAP1 Nup153 FG (aa 873-1475)
pCS2-FLAG-S Nup153 NPC (aa 1-
619)

pCS2-FLAG-S Tag Nup153 NPCZnF
(aa 1-872)

pCS2-FLAG-S Tag Nup153 ZnF (aa
620-873)

pCS2-FLAG-S Tag Nup153 ZnFFG (aa
620-1475)

pCS2-FLAG-S Tag Tag Nup153 FG
(aa 873-1475)

pCS2-FLAG-S Tag Nup153 NPC
304AAA

pCS2-FLAG-S Tag Nup153 NPC
480AAA

pCS2-FLAG-S Tag Nup153 NPC
562AAA

pCS2-FLAG-S Tag Nup153 NPC

3xAAA (304AAA, 480AAA, 562AAA)

This paper
This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper
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43

44

45

46

47

pCS2-3xHA SPOP WT
pCS2-3xHA SPOP F102C
p0G44

pgLAP2-SPOP WT

pgLAP2 (empty vector)

This paper
This paper
Invitrogen

This paper

Addgene

247

V600520

Addgene Plasmid

#19703



Table 2: List and sequence of oligonucleotides

Name  Sequence (given 5'to 3')

SPOP
SiRNA

#100

Sense GUCAACAUUUCUGGCCAGA[T][dT]
Antisen

UCUGGCCAGAAAUGUUGACIAT][dT]
se

SPOP
siRNA

#101

Sense GAAAUGGUGUUUGCGAGUAI[dT][dT]
Antisen

UACUCGCAAACACCAUUUCIAT][dT]
se

SPOP

SiRNA

#102

248

Comments
Millipore
Sigma siRNA
ID:
SASI_Hs01_00

034100

Millipore
Sigma siRNA
ID:
SASI_Hs01_00

034101

Millipore
Sigma siRNA
ID:
SASI_Hs01_00

034102



Sense

Antisen
se
Nupl5
3 N-
term
Fwd
(Start
aal)
Nupl5
3 NPC
Rev
(End aa
619)
Nup15
3ZnF
Fwd
(Start
aa 620)
Nup15
3 ZnF
Rev
(End aa

872)

GAGCAAAUGAUAAACUGAA[T][dT]

UUCAGUUUAUCAUUUGCUC[T][dT]

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

GCCTCGGGAGCCGGAGG

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTA

CGATGCGAAACCAGGGCTTTTCAG

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

GGGCCGAAGATAGATTCTGTTGC

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTA

CAAACATTTGGTAGAGTCTGCC

249

Used to
attach
Gateway
cloning sites

to Nup153

Used to
attach
Gateway
cloning sites
to Nup153
Used to
attach
Gateway
cloning sites
to Nup153
Used to
attach
Gateway
cloning sites

to Nup153



10

11

12

Nupl5
3FG
Fwd
(Start
aa 873)
Nup15
3¢C-
term
Rev
(End aa
1475)
Nupl5
31-330
Rev
(End aa
330)
Nup15
3 331-
619
Fwd
(Start
aa 331)
Nup15

31-167

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

GCATGTGAAAGTGCAAAGCCAGG

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATTTCCTGCGTCTAACAG

CAGTCTTTATCTTGC

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGGATGGAATTCTTTTTG

CATCC

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

GGGATTGTTTCTTCTCCTCTGAATTC

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTACTTTACAAGGGAAAATC

CCG

250

Used to
attach
Gateway
cloning sites

to Nup153

Used to
attach
Gateway
cloning sites

to Nup153

Used to
attach
Gateway
cloning sites

to Nup153

Used to
attach
Gateway
cloning sites

to Nup153

Used to

attach



13

14

15

16

Rev
(End aa
167)
Nup15
3 168-
330
(Start
aa 168)

Nupl5

303VTS
ST>
VAAAT
#1

Nup15

303VTS
ST >
VAAAT
#2

Nup15

479ITSS

S>

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

GAAATTAAAGATTCTACC

CAATATTCGCCGAGCTGTTGCAGCGGCCACACCGTAAGATTGTGCAC

GTGCACAATCTTACGGTGTGGCCGCTGCAACAGCTCGGCGAATATTG

CTAAAATTAAAGGTAGGCAGTGAAGCAGCGGCGATCGGTAGAGAGATTT

TCGGTAAT

251

Gateway
cloning sites
to Nup153
Used to
attach
Gateway
cloning sites
to Nup153
Used with
QuickChange
Lightning to
mutate
Nup153
residues
Used with
QuickChange
Lightning to
mutate
Nup153
residues
Used with
QuickChange
Lightning to

mutate



17

18

19

20

IAAAS

#1

Nup15

479ITSS ATTACCGAAAATCTCTCTACCGATCGCCGCTGCTTCACTGCCTACCTTTAAT

S>

IAAAS

#2

Nupl5

561GSS GCTGAACTACTTATAATTGGTTCTAAAGTAGCAGCAGCACCAGAAAGTTC

ST >
GAAAT
#1

Nup15

561GSS CCTGTTGCAAAAACAGCAGAACTTTCTGGTGCTGCTGCTACTTTAGAACCA

ST >

GAAAT

#2

Nupl15

3

TTTAG

TGCTGTTTTTGCAACAGG

ATTATAAGTAGTTCAGC

TATTCGCCGAGCACCGTAAGATTGTGCACTGAGT

252

Nup153

residues

Used with
QuickChange
Lightning to
mutate
Nup153
residues
Used with
QuickChange
Lightning to
mutate
Nup153
residues
Used with
QuickChange
Lightning to
mutate
Nup153
residues
Used with
QuickChange

Lightning to



21

22

23

24

del303-

7#1

Nup15

del303-

7 #2

Nupl5

del312-

316 #1

Nup15

del312-

316 #2

Nup15

31-330

ACTCAGTGCACAATCTTACGGTGCTCGGCGAATA

AAAGGGCTTGACATCTTTATTCGCCGAGCTGTTGAAC

GTTCAACAGCTCGGCGAATAAAGATGTCAAGCCCTTT

ATTGCAGTCTTTAGAGAAGATGGCAAAAAGAATTCCATCCTAGG

253

mutate
Nup153
residues
Used with
QuickChange
Lightning to
mutate
Nup153
residues
Used with
QuickChange
Lightning to
mutate
Nup153
residues
Used with
QuickChange
Lightning to
mutate
Nup153
residues
Used with
QuickChange

Lightning to



25

26

27

28

del319-

324 #1

Nup15

31-330

del319-

324 #2

Nupl5

219Ter

m #1

Nup15

219Ter

m #2

Nup15

CCTAGGATGGAATTCTTTTTGCCATCTTCTCTAAAGACTGCAAT

AGCTGAACGTTCTCACTCACTCTAACAGCACACTGC

GCAGTGTGCTGTTAGAGTGAGTGAGAACGTTCAGCT

GGATTGAAGAATTCCCAAGTGACTAGGAAAGTGTTCCAAAGGCAGAC

254

mutate
Nup153
residues
Used with
QuickChange
Lightning to
mutate
Nup153
residues
Used with
QuickChange
Lightning to
mutate
Nup153
residues
Used with
QuickChange
Lightning to
mutate
Nup153
residues
Used with
QuickChange

Lightning to



29

30

31

32

241Ter

m #1

Nup15

241Ter

m #2

Nupl5

276Ter

m #1

Nup15

276Ter

m #2

Nup15

GTCTGCCTTTGGAACACTTTCCTAGTCACTTGGGAATTCTTCAATCC

GCAGCAGCTGCTGTAAGACAGTAGAAACTACGAAATACACCTTATC

GATAAGGTGTATTTCGTAGTTTCTACTGTCTTACAGCAGCTGCTGC

CTGGTCACACCCTAAGATTGTGCACTGAGTTGC

255

mutate
Nup153
residues
Used with
QuickChange
Lightning to
mutate
Nup153
residues
Used with
QuickChange
Lightning to
mutate
Nup153
residues
Used with
QuickChange
Lightning to
mutate
Nup153
residues
Used with
QuickChange

Lightning to



33

34

35

301Ter

m #1

Nup15

301Ter

m #2

Nupl5

del300-

330#1

Nup15

del300-

330 #2

GCAACTCAGTGCACAATCTTAGGGTGTGACCAG

ATTCAGAGGAGAAGAAACAATTTGTGCACTGAGTTGCTTAGC

GCTAAGCAACTCAGTGCACAAATTGTTTCTTCTCCTCTGAAT

256

mutate
Nup153
residues
Used with
QuickChange
Lightning to
mutate
Nup153
residues
Used with
QuickChange
Lightning to
mutate
Nup153
residues
Used with
QuickChange
Lightning to
mutate
Nup153

residues



36

Nupl5

Double

Del

del312-

316 #1

ATTCAGAGGAGAAGAAACAATTTGTGCACTGAGTTGCTTAGC

257

This primer
was used with
QuickChange
Lightning to
delete
residues 312-
316 using the
Nup153 1-330
del303-307
and del319-
324 asa
template. The
previous set
of primers
could not be
used as
deleting
nucleotides
coding for
amino acids
303-307 and
319-324
removed

some of the



37

Nup15

Double
Del
del312-

316 #2

GCTAAGCAACTCAGTGCACAAATTGTTTCTTCTCCTCTGAAT

258

annealing
regions for
the previous

primer set.

This primer
was used with
QuickChange
Lightning to
delete
residues 312-
316 using the
Nup153 1-330
del303-307
and del319-
324 asa

template. The



38

39

Gapdh
qPCR,
fwd
Gapdh
gPCR,

rev

TGCACCACCAACTGCTTAGC

GGCATGGACTGTGGTCATGAG

259

previous set
of primers
could not be
used as
deleting
nucleotides
coding for
amino acids
303-307 and
319-324
removed
some of the
annealing
regions for
the previous
primer set.
Adapted from
PMID:
19036168
Adapted from
PMID:

19036168



40

41

SPOP

qPCR,

fwd

SPOP

qPCR,

rev

TGCTGACAAGTATGCCCTGG

TTCCACCCAGAGGTCTCCAA

260

These primers
were also
verified to
detect
overexpresse
d SPOP;
designed
using NCBI
Primer-BLAST
tool to span
an exon and
produce a
product of
193 bp

These primers
were also
verified to
detect
overexpresse
d SPOP;
designed
using NCBI
Primer-BLAST

tool to span



42

43

44

45

Plk1 N-

term,

fwd

Plk1 C-

term,

rev

Cdc20

N-term,

fwd

Cdc20

C-term,

rev

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

GGGAGTGCTGCAGTGACTGC

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGGAGGCCTTGAGACGG

TTGCTGG

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

GCACAGTTCGCGTTCGAGA

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATCAGCGGATGCCTTGGT

GGATG

261

an exon and
produce a
product of

193 bp

Used to
attach
Gateway
cloning sites
to Plk1
Used to
attach
Gateway
cloning sites
to PIk1
Used to
attach
Gateway
cloning sites
to Cdc20
Used to
attach

Gateway



46

47

48

49

KPNA6
N-term,

fwd

KPNAG6
C-term,

rev

Nup50
N-term,

fwd

Nup50
C-term,

rev

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

GAGACCATGGCGAGCCCAG

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATAGCTGGAAGCCCTCCA

TGGG

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

ATGGCCAAAAGAAATGCCGAG

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGGCATCCTTTTTCTCCA

GTAAAATTTTG

262

cloning sites
to Cdc20
Used to
attach
Gateway
cloning sites
to KPNAG6
Used to
attach
Gateway
cloning sites
to KPNA6
Used to
attach
Gateway
cloning sites
to Nup50
Used to
attach
Gateway
cloning sites

to Nup50



Table 3: List of primary antibodies

Primary antibodies for IB were diluted in blocking buffer (0.5% (w/v) BSA + 0.1% Tween 20 (v/v) in

PBS) + 0.1% (w/v) sodium azide. Secondary antibodies for IB were diluted into blocking buffer.

Item

#

10

11

12

13

Name
HA

HA

FLAG800
Nup153

Nup50

KPNA6

Daxx

DEK

SPOP

CREST

Mad1

Myd88

Caprinl

Company
CST

Abcam

Rockland
Abcam

Abcam

ProteinTech

Sigma

ProteinTech

ProteinTech
Antibodies

Incorporated

GeneTex

ProteinTech

ProteinTech

Catalog
Number
3724S

ab18181

200-345-
383
ab84872

ab151567

12366-2-AP

D7810-.2ML

16448-1-AP

16750-1-AP

15-234

GTX109519

23230-1-AP

15112-1-AP

Notes

Used for IB at 1:1000; used for IF at 1:250

Used for IB at 1:1000; used for IF at 1:250

Used for IB at 1:10,000; note this antibody is already
conjugated to a fluorophore and does not require a
secondary antibody

Used for IB at 1:1000; used for IF at 1:100

Used for IB at 1:1000

Used for IB at 1:1000

Used for IB at 1:10,000

Used for IB at 1:1000

Used for IB at 1:500

Used for IF at 1:200
Used for IF at 1:100; must be used with MeOH

fixation

Used for IB at 1:1000

Used for IB at 1:1000

263



14

15

16

17

18

19

20

21

22

Poly
ubiquitin
GFP
Myc
Nup98
Lamin

A/C

pHH3
Alpha
tubulin
Gapdh

S-Tag

Enzo

Abcam

ProteinTech
Abcam
Santa Cruz
BioTech
Millipore

Sigma

BioRad

ProteinTech

GeneTex

BML-

PW8805

ab13970

60003-2-1G

ab50610

sc-376248

06-570

MCA77G

60004-1-1g

GTX19321

Used for IB at 1:1000

Used for IB at 1:1000; used for IF at 1:100

Used for IF at 1:250

Used for IB at 1:1000

Used for IB at 1:500; used for IF at 1:100

Used for IB at 1:1000

Used for IB at 1:1000; used for IF at 1:250

Used for IB at 1:3000

Used for IB at 1:1000
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Table 4: List of secondary antibodies

Secondary antibodies for IB
All IB secondaries were purchased from LI-COR Biotechnology, resuspended in 800 microliters of 50%

glycerol (stock concentration = 0.625 mg/mL), stored at 4C in the dark, and used at 1:10,000

Item

# Name Catalog #
1 IRDye® 800CW Donkey anti-Goat IgG (H + L), 0.5 mg 926-32214
2 IRDye® 800CW Donkey anti-Rabbit IgG (H + L), 0.5 mg 926-32213
3 IRDye® 800CW Goat anti-Rat IgG (H + L), 0.5 mg 926-32219
4 IRDye® 800CW Donkey anti-Mouse IgG (H + L), 0.5 mg 926-32212
5 IRDye® 800CW Donkey anti-Chicken IgG (H + L), 0.5 mg 926-32218
6 IRDye® 680RD Donkey anti-Goat IgG (H + L), 0.5 mg 926-68074
7 IRDye® 680RD Goat anti-Rat IgG (H + L), 0.5 mg 926-68076
8 IRDye® 680RD Donkey anti-Rabbit IgG (H + L), 0.5 mg 926-68073
9 IRDye® 680RD Donkey anti-Mouse 1gG (H + L), 0.5 mg 926-68072
10 IRDye® 680RD Donkey anti-Chicken IgG (H + L), 0.5 mg 926-68075

Secondary antibodies for IF
All IF secondaries were purchased from Jackson ImmunoResearch Laboratories, resuspended in 400
microliters of 50% glycerol (stock concentration = 1.25 mg/mL), stored at -20C in the dark, and used at

1:500
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10

11

Name

Fluorescein (FITC) AffiniPure Donkey Anti-Rat IgG (H+L)

Fluorescein (FITC) AffiniPure Donkey Anti-Rabbit IgG (H+L)

Fluorescein (FITC) AffiniPure Donkey Anti-Mouse IgG (H+L)

Fluorescein (FITC) AffiniPure Donkey Anti-Chicken IgY (IgG) (H+L)

Cy™5 AffiniPure Donkey Anti-Rat IgG (H+L)

Cy™S5 AffiniPure Donkey Anti-Rabbit IgG (H+L)

Cy™S5 AffiniPure Donkey Anti-Mouse IgG (H+L)

Cy™5 AffiniPure Donkey Anti-Human IgG (H+L)

Cy™3 AffiniPure Donkey Anti-Rat IgG (H+L)

Cy™3 AffiniPure Donkey Anti-Rabbit IgG (H+L)

Cy™3 AffiniPure Donkey Anti-Mouse IgG (H+L)

266

Catalog #

712-095-150

711-095-152

715-095-151

703-095-155

712-175-150

711-175-152

715-175-151

709-175-149

712-165-153

711-165-152

715-165-151



Appendix Chapter 7: Supplemental File 1 for Chapter 3

Table 1: List of plasmids

# Plasmid name

1 pGLAP1 (empty vector)

2 pCS2 FLAG DEST

3 pCS2 HA DEST

4 PENTR221 Cul3

5 pCS2 HA Cul3

Source (Catalog
Number)

Addgene, #19702

PMID: 26748699

PMID: 26748699

Thermo Fisher
Scientific, Ultimate ORF

Clone IOH26262

(This study)

267

Notes

For mammalian expression;
backbone (empty) vector
codes for EGFP-S Tag-
(protein)

For IVT and mammalian
expression; Gateway-
compatible vector;
backbone (empty) vector
codes for FLAG-S Tag-
(protein)

For IVT and mammalian
expression; Gateway-
compatible vector;
backbone (empty) vector
codes for 3xHA-(protein)
Gateway vector containing
human Cul3 coding
sequence with stop codon,
matching NM_003590.4
For IVT and mammalian

expression; generated via



10

PENTR223 KCTD1

pDONR223 KCTD3

pDONR221 KCTD4

pDONR221 KCTD5

pDONR223 KCTD8

DNASU,

HsCD00288028

DNASU,

HsCDO00353755

DNASU,

HsCD00076174

DNASU,

HsCD00829069

DNASU,

HsCDO00353710

268

Gateway cloning; codes for

3xHA-Cul3

Gateway vector containing
human KCTD1 without stop
codon; matches
BC063652.1 except for the
addition of nucleotides TAC
(coding for Tyr) at the 3'
end of the sequence
Gateway vector containing
human KCTD3 without stop
codon, matching HQ258497
Gateway vector containing
human KCTD4 with stop
codon, matching BC018063
Gateway vector containing
human KCTD5 without stop
codon; sequence matches
NM_018992.4 except for
the addition of nucleotides
TTG (coding for Leu) at the
3’ end of the sequence
Gateway vector containing
human KCTD8 without stop

codon, matching HQ258617



11

12

13

14

15

16

pDONR223 KCTD9

PENTR223 KCTD12

pDONR221 KCTD14

PENTR223 KCTD16

pDONR221 KCTD18

pDONR223 KCTD19

DNASU,

HsCDO00352800

DNASU,

HsCD00515338

DNASU,

HsCD00044794

DNASU,

HsCD00511508

DNASU,

HsCD00718393

DNASU,

HsCD00398604

269

Gateway vector containing
human KCTD9 without stop
codon, matching HQ447786
Gateway vector containing
human KCTD12 without
stop codon, matching
BC013764.1

Gateway vector containing
human KCTD14 with stop
codon, matching
BC001062; note that this
sequence codes for Isoform
3b (Uniprot Q9BQ13-2) and
is distinct from the protein
isoform NDUFC2-KCTD14
(Uniprot E9PQ53)

Gateway vector containing
human KCTD16 without
stop codon, matching
BC113435.1

Gateway vector containing
human KCTD18 without
stop codon, matching
NM_001321547.2

Gateway vector containing
human KCTD19 without
stop codon, matching

HQ258662



17 pENTR221 KCTD1 stop (This study) Generated via PCR
amplification of coding
sequence (appending a
stop codon) and BP
reaction into empty
pDONR221 plasmid

18 PpENTR221 KCTD9 stop (This study) Generated via PCR
amplification of coding
sequence (appending a
stop codon) and BP
reaction into empty
pDONR221 plasmid

19 pENTR221 KCTD16 stop (This study) Generated via PCR
amplification of coding
sequence (appending a
stop codon) and BP
reaction into empty
pDONR221 plasmid

20 pENTR221 KCTD18 stop (This study) Generated via PCR
amplification of coding
sequence (appending a
stop codon) and BP
reaction into empty
pDONR221 plasmid

21 pDONR223 KCTD3 stop (This study) Generated via inserting a
stop codon with
QuikChange Lightning at

end of coding sequence

270



22

23

24

25

26

27

28

pDONR221 KCTD5 stop

pDONR223 KCTD8 stop

pDONR223 KCTD12 stop

pDONR223 KCTD19 stop

pGLAP1 KCTD1

pGLAP1 KCTD3

pGLAP1 KCTD4

(This study)

(This study)

(This study)

(This study)

(This study)

(This study)

(This study)

271

Generated via inserting a
stop codon with
QuikChange Lightning at
end of coding sequence
Generated via inserting a
stop codon with
QuikChange Lightning at
end of coding sequence
Generated via inserting a
stop codon with
QuikChange Lightning at
end of coding sequence
Generated via inserting a
stop codon with
QuikChange Lightning at
end of coding sequence
For mammalian expression;
generated via Gateway
cloning; codes for EGFP-S
Tag-KCTD

For mammalian expression;
generated via Gateway
cloning; codes for EGFP-S
Tag-KCTD

For mammalian expression;
generated via Gateway
cloning; codes for EGFP-S

Tag-KCTD



29

30

31

32

33

34

35

pGLAP1 KCTD5

pGLAP1 KCTDS8

pGLAP1 KCTD9

pGLAP1 KCTD12

pGLAP1 KCTD14

pGLAP1 KCTD16

pGLAP1 KCTD18

(This study)

(This study)

(This study)

(This study)

(This study)

(This study)

(This study)

272

For mammalian expression;
generated via Gateway
cloning; codes for EGFP-S
Tag-KCTD

For mammalian expression;
generated via Gateway
cloning; codes for EGFP-S
Tag-KCTD

For mammalian expression;
generated via Gateway
cloning; codes for EGFP-S
Tag-KCTD

For mammalian expression;
generated via Gateway
cloning; codes for EGFP-S
Tag-KCTD

For mammalian expression;
generated via Gateway
cloning; codes for EGFP-S
Tag-KCTD

For mammalian expression;
generated via Gateway
cloning; codes for EGFP-S
Tag-KCTD

For mammalian expression;
generated via Gateway
cloning; codes for EGFP-S

Tag-KCTD



36

37

38

39

40

41

42

pGLAP1 KCTD19

pCS2 FLAG KCTD1

pCS2 FLAG KCTD3

pCS2 FLAG KCTD4

pCS2 FLAG KCTD5

pCS2 FLAG KCTD8

pCS2 FLAG KCTD9

(This study)

(This study)

(This study)

(This study)

(This study)

(This study)

(This study)

273

For mammalian expression;
generated via Gateway
cloning; codes for EGFP-S
Tag-KCTD

For IVT and mammalian
expression; generated via
Gateway cloning; codes for
FLAG-S Tag-KCTD

For IVT and mammalian
expression; generated via
Gateway cloning; codes for
FLAG-S Tag-KCTD

For IVT and mammalian
expression; generated via
Gateway cloning; codes for
FLAG-S Tag-KCTD

For IVT and mammalian
expression; generated via
Gateway cloning; codes for
FLAG-S Tag-KCTD

For IVT and mammalian
expression; generated via
Gateway cloning; codes for
FLAG-S Tag-KCTD

For IVT and mammalian
expression; generated via
Gateway cloning; codes for

FLAG-S Tag-KCTD



43

44

45

46

47

48

49

50

pCS2 FLAG KCTD12

pCS2 FLAG KCTD14

pCS2 FLAG KCTD16

pCS2 FLAG KCTD18

pCS2 FLAG KCTD19

pDONR221

pGLAP2 (empty vector)

pGLAP2 Cul3

(This study)

(This study)

(This study)

(This study)

(This study)

Thermo Fisher
Scientific, 12536017

Addgene, #19703

(This study)

274

For IVT and mammalian
expression; generated via
Gateway cloning; codes for
FLAG-S Tag-KCTD

For IVT and mammalian
expression; generated via
Gateway cloning; codes for
FLAG-S Tag-KCTD

For IVT and mammalian
expression; generated via
Gateway cloning; codes for
FLAG-S Tag-KCTD

For IVT and mammalian
expression; generated via
Gateway cloning; codes for
FLAG-S Tag-KCTD

For IVT and mammalian
expression; generated via
Gateway cloning; codes for
FLAG-S Tag-KCTD
Backbone (empty) vector
for Gateway cloning

For mammalian expression;
backbone (empty) vector
codes for FLAG-S Tag-
(protein)

For mass spectrometry



pCS2 FLAG DEST protein sequence (where the last M is the initiator Met of the tagged protein):

MDYKDDDDKAGGGGENLYFQGGGGGKETAAAKFERQHMDSGGGGINYNGHQTSLYKKVGTM...

pCS2 HA DEST protein sequence (where the last M is the initiator Met of the tagged protein):

MYPYDVPDYAYPYDVPDYAYPYDVPDYAGRPEFKDQTSLYKKAGTM...
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Table 2: List and sequence of oligonucleotides

# Primer
name
1 KCTD1 fw

d

2 KCTD1_re

vStop

3 KCTD9_fw

d

4 KCTD9_re

vStop

5 KCTD16_f

wd

Primer sequence (5' to 3")

GGGGACAAGTTTGTACAAAAAAGCAGGCTT
CGAAGGAGATAGAACCATGGGGTCAAGAC

CTCTGATCACTAG

GGGGACCACTTTGTACAAGAAAGCTGGGT

CCTAGTCCAGAGGCTCTTGCTTTATCCGG

GGGGACAAGTTTGTACAAAAAAGCAGGCTT
CGAAGGAGATAGAACCATGGGGAGGCGGG

TGACCCTGTTCC

GGGGACCACTTTGTACAAGAAAGCTGGGT

CCTATCTGACACTTTGTGACATGTG

GGGGACAAGTTTGTACAAAAAAGCAGGCTT
CGAAGGAGATAGAACCATGGCTCTGAGTG

GAAACTGTAGTCG
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Notes

Used to amplify out coding
sequence with stop codon
added; PCR product used
for BP reaction with empty
pDONR221

Used to amplify out coding
sequence with stop codon
added; PCR product used
for BP reaction with empty
pDONR221

Used to amplify out coding
sequence with stop codon
added; PCR product used
for BP reaction with empty
pDONR221

Used to amplify out coding
sequence with stop codon
added; PCR product used
for BP reaction with empty
pDONR221

Used to amplify out coding
sequence with stop codon

added; PCR product used



KCTD16_r

evStop

KCTD18_f

wd

KCTD18 r

evStop

KCTD3_Q

CL_stopl

KCTD3_Q

CL_stop2

GGGGACCACTTTGTACAAGAAAGCTGGGT

CCTATAGATGATACTTCCTTAAAAGTTC

GGGGACAAGTTTGTACAAAAAAGCAGGCTT

CGAAGGAGATAGAACCATGGAAGGCCACA

AGGCAGAAGAAG

GGGGACCACTTTGTACAAGAAAGCTGGGT

CCTAATTTCCCTTGTTCTTCCCGTTC

CAGGAGTACAGCTTGTAATTGCCAACTTTC

TTGTAC

GTACAAGAAAGTTGGCAATTACAAGCTGTA

CTCCTG
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for BP reaction with empty

pDONR221

Used to amplify out coding
sequence with stop codon
added; PCR product used
for BP reaction with empty
pDONR221

Used to amplify out coding
sequence with stop codon
added; PCR product used
for BP reaction with empty
pDONR221

Used to amplify out coding
sequence with stop codon
added; PCR product used
for BP reaction with empty
pDONR221

Used to insert a stop codon
at the end of the protein
coding sequence with
QuikChange Lightning
Used to insert a stop codon
at the end of the protein
coding sequence with

QuikChange Lightning



KCTD5_Q

CL_stopl

KCTD5_Q

CL_stop2

KCTD8_Q

CL_stopl

KCTD8_Q

CL_stop2

KCTD12_
QCL_stop

1

KCTD12_
QCL_stop

2

KCTD19_
QCL_stop

1

CTCAAGGATGTTGTGAGACCCAGCTTTC

GAAAGCTGGGTCTCACAACATCCTTGAG

GTTGCAGAAGTATGGGTTATAATTGCCAAC

TTTCTTGTAC

GTACAAGAAAGTTGGCAATTATAACCCATA

CTTCTGCAAC

GTCTTCTGCAGGGAGTAATTGCCAACTTTC

TTGTAC

GTACAAGAAAGTTGGCAATTACTCCCTGCA

GAAGAC

GTACCTACAAGAGGACTAATTGCCAACTTT

CTTGTAC
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Used to insert a stop codon
at the end of the protein
coding sequence with
QuikChange Lightning
Used to insert a stop codon
at the end of the protein
coding sequence with
QuikChange Lightning
Used to insert a stop codon
at the end of the protein
coding sequence with
QuikChange Lightning
Used to insert a stop codon
at the end of the protein
coding sequence with
QuikChange Lightning
Used to insert a stop codon
at the end of the protein
coding sequence with
QuikChange Lightning
Used to insert a stop codon
at the end of the protein
coding sequence with
QuikChange Lightning
Used to insert a stop codon
at the end of the protein
coding sequence with

QuikChange Lightning



1 KCTD19_ GTACAAGAAAGTTGGCAATTAGTCCTCTTG Used to insert a stop codon
8 QCL_stop TAGGTAC at the end of the protein
2 coding sequence with

QuikChange Lightning
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